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CHAPTER 1

Introduction




BACKGROUND

Gabaergic systems

The inhibitory neurotransmission in the vertebrate central nervous
system (CNS) is primarily mediated by y-aminobutyric acid (GABA). It
is estimated that depending on the brain region about 20 to 50% of all
central synapses use GABA as their transmitter [1]. The enhancement
of neuronal inhibition by GABA is one of the most powerful therapeutic
strategies for the treatment of diseases in which some form of cNs
over-activation seems to play a role, such as generalized anxiety
disorders, sleep disturbances, muscle spasms and seizure disorders
(see table 1). Historically the GABA, receptor has been the target

of many drug treatments. The earliest compounds were ions like
bromide, then came barbiturates, and finally, from 196o0s onwards,

a number of benzodiazepines. Existing treatments are efficient but
are often hampered by the presence of side effects. At present, the
GABAy receptoris still a drug target of interest, and involved in the
development of many novel treatments forvarious diseases, with an
improved efficacy and a reduced adverse event profile. In this thesis,
several studies are presented, which are devoted to various aspects of
different GaBAErgic drugs. A range of methodologies have been used
to describe relevant characteristics of GABAErgic agents in different
stages of development.

independently activate this process but rather facilitate the action of
GABA by increasing the frequency of ion channel opening [2]. Other
psychoactive drugs, including barbiturates, anaesthetic steroids and
alcohol allosterically modify the receptor at different sites, and have
the same effect of enhancing the neuronal inhibition [6] (see figure
1). Binding of an inverse agonist to the GABA receptor reduces the
chloride fluxin the absence of GABA [7] and decreases the inhibitory
effects of GABA. Furthermore, there is a spectrum of efficacies that
range from full-agonists, through partial agonist, antagonist and
partial inverse agonist to full inverse agonist [8] (see figure 2).

Many possibilities in the pentameric composition of the GABA
receptor are possible because of the heterogeneity of subunits [4,9].
There are several molecular families of mammalian subunits (0t1-0.6,
B1- B4, y1- y4, , €, T, p1- p3) [2] and the most receptors seem to be
composed of two of four o subunits (1, 2, 3, or 5), two [ subunits
(20r3)and oney subunit [5]. Benzodiazepines only bind to GABA,
receptors that include the o1, 0.2, 0.3 or a5 and not the 0.4 or 0.6
subunit. The benzodiazepine site is located at the interface between
the oo and y2 subunit. Both the affinity and efficacy of benzodiazepines
is determined by the type of o and y subunits that are present in the
receptor [5].

GABAERGIC DRUG DEVELOPMENT

GABA and its receptor o ) )
Pharmacokinetic modification

The action of GABA is mostly mediated by two classes of receptors,
GABA type A (GABA,) and type B (GABAg) receptors. In contrast to
the GABA receptor, the GABAg receptor is a metabotropic receptor
that is present on pre- and postsynaptic neurons. The GABA type C
receptors, which are comprised of proteins that are related to GABA,
receptor subunits [2], are found primarily in the retina [3]. GABAg
and GABAc will not be discussed further here. GABA, receptors are
ligand-gated chloride ion channels which are not only stimulated
by GABA but also by pharmacologically and clinically important
drugs, such as benzodiazepines, barbiturates, steroids, anaesthetics,
and anticonvulsants [4]. The GABA, receptoris a pentameric
structure composed of five distinct glycoprotein subunits that

span a lipid bilayer and form a cylindrical structure whose center
constitutes an ion channel. Binding of GABA to its recognition sites
on the receptor results in conformational changes that can lead to
opening of the channel with a resulting influx of chloride into the
cell [3,5]. The resulting hyperpolarisation of the post-synaptic cell
membrane increases the inhibitory tone. Benzodiazepines do not

PHARMACOLOGICAL DIFFERENCES OF GABAERGIC COMPOUNDS: A PHARMACODYNAMIC CHARACTERIZATION

As so many treatments involve the GABA receptor, the pharmaco-
kinetic properties of a compound often determine the indication
ofthe drug. Forexample, the differential use of benzodiazepines

as muscle relaxants, hypnotics or anxiolytics is largely determined
by the pharmacokinetic characteristics, like the dose, route of
administration, effect compartment half-life and formation of active
metabolites. In the prevention of epileptic seizures and anti-anxiety
treatment, continuous treatment is pursued, so that compounds
with long elimination half-lives of parent drug or active metabolites
are of advantage. If on the other hand a benzodiazepine is taken

as a hypnotic, the concentration should be high enough to cause
sleep and the duration of action should be restricted to the night;
hence a compound with a short elimination half-life is preferred.
Benzodiazepines forinduction of anesthesia or interruption of
status epilepticus should have pharmacokinetic properties that are
compatible with high cNs-concentrations, a rapid onset and a limited
duration of action. The method of changing the pharmacokinetic
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properties among benzodiazepines has shown to be an effective
approach, to adapt drugs with a similar pharmacological activity
to different therapeutic indications.

Primarily based on their diverse pharmacokinetic properties,
benzodiazepines have been in widespread use for more than 40
years, as drugs for conditions like anxiety, epilepsy, sleep disorders,
mania, muscle spasms and anesthesia [10]. Benzodiazepines have
a safer mechanism of action compared to earlier GABA5-agonists
like barbiturates and bromide derivatives, since they only enhance
the action of GABA while barbiturates can directly activate the GABA,
receptorin the absence of GABA, making them less safe in case of
an overdose. The disadvantages of benzodiazepines are the side
effects, like sedation, postural instability, memory impairment and
the potential development of tolerance, abuse and dependence
after long-term use. Depending on the clinical setting, the various
pharmacological attributes of the benzodiazepines may be either
beneficial or a liability. Forexample, the myorelaxant and cognitive
impairing properties may be beneficial when they are used as
premedication for anesthesia [11,12], but are clearly disadvantageous
for everyday activities when given for other indications. The sedative/
hypnotic properties are useful for treating sleep disorders, but are
undesirable for an anxiolytic [11]. Patients with anxiety disorders,
who are a large part of the benzodiazepine consumers, are particularly
prone to experience side effects [13]. Benzodiazepines are also often
used in the elderly population as hypnotics or tranquilizers, while
particularly in this group the side effects are associated with higher
incidences of falls [14] and cognitive impairment [15,16]. Therefore,
a clear medical need remains for the development of improved
therapies that are more efficacious, easy to use, and better tolerated
than those already marketed. There is a limit to how this can be
achieved with modifications of the pharmacokinetic properties of
benzodiazepines. Consequently, GABAx-ergic drugs with distinct
pharmacological characteristics have been designed.

Pharmacological modification

As there was still need for more therapeutic selectivity and a larger
therapeutic window, more GABAergic agents were developed to
improve the side effect profile.

In the late 1980s and the early 1990s, non-selective, partial
agonists were launched with equivalent affinity for all GABA,
subtypes but lower efficacies [17]. Their development was based on
the assumption that neurons mediating anticonvulsant and anti-
anxiety effects have a higher receptor reserve than neurons mediating
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other unwanted effects. Pre-clinical profiles showed that they all
demonstrated a margin between doses that produce anxiolysis and
sedation that is superior to that associated with the non-selective
full agonists such as diazepam [18]. For some of these agents,

like bretazenil and pazinaclone, the sedative effects could not be
differentiated from anxiolytic effects [19-22]. For other non-selective
partial agonists, the development fate is unknown [8].

The development of GABAergic compounds has not been limited
to partial agonists but also other compounds that directly or indirectly
affect GABA or its receptor.

Vigabatrin elevates brain GABA levels by inhibiting the enzyme
GABA transaminase which is responsible for intracellular GABA
catabolism [23]. In contrast, tiagabine elevates synaptic GABA levels
by inhibiting the GABA uptake transporter, GAT1, and preventing
the uptake of GABA into neurons and glia [23]. Neuroactive steroids
allosterically modulate the GABA, receptor and were seen as a
potential therapeutic use in neurological and psychiatric disorders
[24]. So far, ganaxolone has shown to be effective in the treatment of
epilepsy [25]. Ethanol also modulates the GABA, receptor and elicits,
in a dose-dependent manner, an array of central depressant effects.

Recently, several GABA analogues have been synthesized, but
interestingly none of these actually influence the GABA-binding
site on the GABA receptor. Tiagabine affects the GABA, receptor by
inhibiting GAT1. GABApentin and pregabalin are chemically related
lipophilic GABA-analogues, which do not mimic GABA at GABA
or GABAg receptors, nordo they augment GABA, responses like
benzodiazepines or barbiturates [26]. Pregabalin rather seems to bind
primarily to the 028 subunit of voltage-gated calcium channels in the
cNs. Binding to these channels induces release of neurotransmitters
at many sites in the CNs to attenuate abnormal hyperexcitability
and abnormal synchronization of neuronal networks, thereby
providing anticonvulsant and analgesic effects [27]. The details of the
mechanism of reducing the neurotransmitters remain to be defined.
Pregabalin was originally launched for the treatment of neuropathic
pain and epilepsy, and has recently also been registered as an
anxiolytic [28]. In this thesis, possible sleep improving properties
of pregabalin are investigated.

All these agents were developed to affect the action of GABA or its
receptor using different approaches to improve the side effect profile.
This thesis describes several ways to show how the pharmacological
improvements are reflected in potential therapeutic advantages
in humans. It is shown that studies in healthy volunteers can
demonstrate distinctive pharmacodynamic characteristics of novel
GABAergic drugs in comparison to existing treatments. In the early
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stages of development, the clinical relevance of these improved
pharmacological characteristics is not always clear, particularly
ifthe pathophysiology and the involvement of GABAergic systems
are incompletely understood. In such cases, studies in patients can
explore the potential therapeutic usefulness of innovative GABA-
ergic agents, and the role of GABAergic mechanism in the disease.
This thesis describes how these different strategies were explored
in a range of studies with different GABAergic or GABA-like drugs

in healthy volunteers and patients.

THE ASSESSMENT OF PHARMACODYNAMIC
EFFECTS OF NEWLY DESIGNED GABAA-
ERGIC AGENTS IN EARLY PHASE DRUG
DEVELOPMENT

New development of subtype selective (partial) agonists

The insights into the complexity of the GABA, receptor family and the
identification of the subtypes modulated by benzodiazepines raised
the possibility that some of the clinical properties of benzodiazepines
might be mediated through different receptor subtypes. The different
receptor subtypes are located at diverse brain areas with the a1
subtype present in most brain areas and a5 only in the hippocampus.
Several preclinical studies were undertaken to elucidate the different
pharmacological effects of the discrete GABA receptor subtypes.

The anxiolytic effect of benzodiazepines is thought to be mediated

by GABA, 0.2 receptors [29,30], and recently more emphasis is given
to GABA, (13 [8,31,32]. These two subtypes are also believed to be
associated with muscle relaxation [33,34]. The widespread a1 subtype
appears to be involved in the sedative effects of generalized cNs-
depression [30,35-38]. The hippocampal o5 subtypes could have a
role in memory [39]. These findings have stimulated the development
of compounds that are selective for a certain subtype to cause specific
pharmacological effects; or conversely don’t bind to subtypes to
avoid undesirable effects. This selectivity could be achieved by
selective affinity or efficacy for the receptor subtype involved with a
certain function (see figure 3). Zolpidem and zaleplon are examples
of compounds with a higher affinity for the oi1 subtype, and both are
registered as selective hypnotics [40]. Additionally, imidazo[1,2-a]
pyrimidines with selectivity for the 02,3 subtype have been developed
as anxiolytics with putatively reduced sedative properties [41].
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Pharmacodynamic measurements in early drug
development

An important question is whether the pre-clinical differentiating
pharmacological characteristics of these novel agents are reflected by
a similar distinctive profile in humans. Unfortunately, the functional
relevance of the different GABA, receptor subtypes has not yet been
determined in human health and disease, which thwarts the direct
evaluation of pharmacological properties of subtype-selective
GABAx-agonists in early clinical development. Benzodiazepines have
shown effects on a wide range of pharmacodynamic measurements
including saccadic eye movements, smooth pursuit performance,
body sway, adaptive tracking, memory testing and Visual Analogue
Scales (vas) of alertness, contentedness and calmness [19,42-45].
Itis not unreasonable to assume that these rather diverse effects

of benzodiazepines in some way reflect the variations in GABA,
receptor subtypes. By inference, it seems plausible that subjective
alertness and impairment of body sway in humans are related to
ai-stimulation. Reduction of saccadic peak velocity has been shown
to be closely related to the anxiolytic potencies of benzodiazepines
[46], and could thus reflect 0.2,3-activity. Memory effects could be
related to a5-receptor subtypes. The effects of different compounds
with different binding and efficacy profiles on this cNs-test battery
could therefore provide an accurate impression of their selectivity.
Knowledge about the pharmacodynamic profile of these selective
agents is primarily helpful in the prediction of side effects. Secondly,
measurement of pharmacodynamic parameters might be useful

in the determination of a biomarker for the therapeutic efficacy.

In this thesis, the pharmacodynamic profile of four different GABA,
subtype selective agents has been investigated. Chapter 2, 3and 4
of this thesis describe studies that have been performed with o2,3
selective (partial) GABA, agonists TPA023, MK-0343 and 5L65.1498
that showed promising differential effects in the pre-clinical phase.
In these studies, the pharmacodynamic effects have been determined
and compared to the effects of the full agonist lorazepam in healthy
volunteers. Another selective compound in this thesis is the hypnotic
zolpidem, which is selective for the o1 subtype. Its pharmacodynamic
and pharmacokinetic/pharmacodynamic effects are described in
Chapter 5. One subject developed florid pseudo-hallucinations
during this study. A comparison of the detailed pharmacokinetic
and pharmacodynamic profiles of the selective at1-agonist between
this subject and the other healthy volunteers, allowed us to describe
several aspects of zolpidem-induced pseudo-hallucinations in
Chapter6.
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Search for biomarkers to predict pharmacological
selectivity

In preclinical research, different animal models are used to quantify
various effects of GABAergic drugs on memory, sedation, anxiety

and muscle tension. These studies are used to predict the functional
selectivity of novel compounds in drug development [35,47,48].
Clearly, such an approach would also be very helpful in the early
clinical phases of development. However, no clear a priori hypothesis
can be formulated, to predict the anticipated effect profile for a certain
subtype-selective GABA, agonist. The different studies described in
Chapters 2, 3 and 4 and previous cHDR-studies with benzodiazepines
allowed us to evaluate the relationships between the pharmacological
characteristics of different GABAergic compounds, and their distinc-
tive cNs-effect profiles. The relationships between body sway and
visual analogue scales (vAs) of alertness relative to saccadic peak
velocity (spv) were compared among different GABAergic drugs. spv
was chosen because in clinical studies, this eye movement parameter
has been shown to be closely associated with anxiolytic and sedative
effects of benzodiazepines [46] and sedative effects of other drugs
and circumstances [43,44,49]. VAs alertness and body sway reflect
otherfunctional aspects of GABAergic stimulation (subjective sedation
and postural instability). Chapter 7 describes how the relative effect
relationships differed among GABAergic compounds with distinct
pharmacological characteristics. This provided a first step in the
charting of selective cNs-biomarkers for GABA, receptor subtypes

in healthy humans.

THE EXPLORATION OF PHARMACODYNAMIC
EFFECTS TO IDENTIFY NOVEL INDICATIONS

The studies presented in Chapters 2, 3 and 4 suggest that the
selectivity for certain GABA, receptor subtypes is also present in
humans. These pharmacological properties can be demonstrated in
healthy volunteers, but such studies provide limited indications for
the therapeutic relevance of subtype selectivity. Several studies were
performed in patients, to explore potential therapeutic effects of novel
GABAergic or GABA-like compounds.

As described in the previous section, the 02,3 subtypes are
associated with both anxiolysis and muscle relaxation [33]. It was
decided to investigate the clinical effects of TPA023 in essential tremor,
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a neurological condition that increases with anxiety and improves with
muscle relaxation. Essential tremor (et) typically shows a postural and
kinetic tremor between 4-12 Hz [50]. Benzodiazepines, barbiturates
(primidone) and alcohol —all GaBAergic compounds [51] have a
well-determined therapeutic efficacy on T [52], which is limited by
a partial response and by side effects. Although the pathophysiology
of ET is unknown, the clear effects of various GABAergic drugs suggest
that certain GABA, receptor subtypes may be involved. Chapter 8
describes the effect of the 02,3 selective partial GABA, agonists
TPA023 on essential tremorin comparison to that of ethanol, of
which the activity is largely mediated by the GABA receptor [53].
Laboratory tremography was used to determine the effects on tremor
and pharmacodynamic cNs effects were also assessed in this patient
group.

Giving a subunit-selective agent to this patient group could reveal
the role of the different GABA, receptor subtypes in attenuating this
type of tremor and consequently provide a new class of successful
drugs for this disorder with potential fewer side effects.

Pregabalin was originally launched for the treatment of neuro-
pathic pain and epilepsy, and has currently also been registered as
an anxiolytic [26]. Clinical studies showed that pregabalin did
not only seem to improve neuropathic pain but also affected sleep
interference scores that were part of these studies. This raised the
question whether pregabalin, besides the indirect effect of sleep
improvement as a consequence of pain relief, might have a direct
sleep-modulating effect [54]. This possibly novel finding and
consequently novel indication of the drug was a serendipitous
discovery that was not based on pre-clinical assumptions as for the
compounds described in the previous section. Subsequently, new
studies in animals, healthy volunteers and patients with disturbed
sleep were set up to verify the effects of pregabalin on sleep. The
last part of this thesis describes efforts to identify a new potential
indication for pregabalin, and to explore its effects on sleep disorders
in patients with partial epilepsy.

As pregabalin was in development as adjuvant therapy in
patients with partial epilepsy, it was thought that pregabalin could
have beneficial effects on sleep in patients with partial epilepsy.
However, the prevalence of sleep disturbance and the need fora
sleep-improving agent in this patient group was unknown. A small
number of articles about epilepsy and sleep had been published
[55-59] which resulted in studies in which the effects of antiepileptic
drugs on sleep were investigated [60]. However, before studies with
pregabalin and sleep disturbed epilepsy patients were initiated, it
was necessary to investigate the incidence of the problem and its
effect on daily life in this patient group. Therefore, an inquiry study
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was performed to investigate the prevalence of sleep disturbance in
patients with partial epilepsy and its effects on quality of life. This
study is described in Chapter g of this thesis. Based on the results of
this inquiry study, a study to determine the effects of pregabalin on
sleep disturbance seemed useful. Polysomnographic registrations and
sleep questionnaires were used to determine the effects of pregabalin
in patients with partial epilepsy, which is described in Chapter1o.

SUMMARY

This thesis describes different ways of exploring the pharmacological
and therapeutic effects of novel GABAergic and GABA-like agents

in humans. Systematic pharmacodynamic evaluations, using well-
characterised positive controls, can confirm or refute the unique
pharmacological properties of GABA, subtype selective drugs in
healthy volunteers. Such studies can help to predict dosing regimens
and therapeutic advantages of these drugs. The distribution of
different GABA, receptor subtypes provides clues for their functional
relevance. This knowledge can be used to optimise the desirable

and undesirable effect profiles of selective GaBAergic drugs. Very
little is still known about the pathophysiological relevance of GABA-
systems in cNs-disorders, although GABAergic treatments are in

use fora wide range of clinical conditions. The availability of novel
compounds with well defined pharmacological characteristics can
clarify the involvement of these mechanisms in normal or abnormal
physiology. This thesis hopes to show that carefully designed studies,
using a range of cCNs-measurement that reflect different GaBaergic
systems, can aid in the development of new GaBaergic drugs, and help
to unravel the role of the different GABAergic systems in health and
disease.
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ABSTRACT
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TPA023, a GABA, (12,3 subtype-selective partial agonist, is expected to
have comparable anxiolytic efficacy as benzodiazepines with reduced
sedating effects. The compound lacks efficacy at the a1 subtype,
which is believed to mediate these effects. This study investigated the
effects of 0.5 and 1.5 mg TPA023 and compared them with placebo
and lorazepam 2mg (therapeutic anxiolytic dose). Twelve healthy
male volunteers participated in this placebo controlled, double

blind, double dummy, four-way, crossover study. Saccadic Eye
Movements and Visual Analogue Scales (vAs) were used to assess the
sedative properties of TPA023. The effects on postural stability and
cognition were assessed using body sway and a standardised battery
of neurophysiological memory tests. Lorazepam caused a significant
reduction in saccadic peak velocity (spv), the vAs alertness score and
impairment of memory and body sway. TPA023 had significant dose
dependent effects on saccadic peak velocity (85 deg/sec maximum
reduction at the higher dose) that approximated the effects of
lorazepam. In contrast to lorazepam, TPA023 had no detectable effects
on saccadic latency or inaccuracy. Also unlike lorazepam, TPA023 did
not affect vas alertness, memory or body sway. These results show that
the effect profile of TPA023 differs markedly from that of lorazepam,

at doses that were equipotent with regard to effects on saccadic peak
velocity. Contrary to lorazepam, TPA023 caused no detectable memory
impairment or postural imbalance. These differences reflect the
selectivity of TPA023 for different GABA, receptor subtypes.
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INTRODUCTION

Generalised anxiety disorder (GAD) is a severe, chronic, and distress-
ing illness that often requires long-term management. The lifetime
prevalence is approximately 4 to 6 percent in the general population
and is more common in women than in men [1]. Benzodiazepines
are the most frequently prescribed pharmacological treatment

for GAD [2,3]. Although benzodiazepines are relatively safe drugs
and are widely used in the treatment of anxiety, they may produce
untoward side effects such as memory impairment, sedation, and
muscle relaxation. Particularly in the elderly, these adverse effects
are associated with higherincidences of falls [4] and cognitive
impairment [5,6].

The anxiolytic effect of benzodiazepines is thought to be mediated
by GABA, 0.2 receptors [7,8], although more recently more emphasis
is given to GABA, 003 [9-11]. TPAO23 is a GABA, (12,3 subtype-selective
partial agonist with higher efficacy at the o.2 and 0.3 subtypes, com-
pared to antagonist efficacy at the a1 and o5 subtype [12,13]. The
o1 subtype appears to be involved in the sedative effects [8,14-17].
TPA023 is therefore expected to result in comparable anxiolytic effi-
cacy as clinically used benzodiazepines, with reduced sedation at
therapeutically equivalent dosages. Pre-clinical studies in rodents and
primates have already shown that TPA023 has anxiolytic effects with-
out showing sedation [12,13]. Based on tolerability findings in healthy
volunteers, two doses of TPA023 were selected for this study: 0.5 mg
and 1.5 mg. Both doses were within the range expected to be anxi-
olytic. Lorazepam 2 mg, which is known to be therapeutically relevant
[18,19], was chosen for comparison. Benzodiazepines typically impair
memory, alertness and postural stability [20-23]. It is expected that
therapeutic doses of partial subtype-selective GABA, agonists will not
show these side effects to the same extent. The aims of this study were
to identify the side effect profiles of a TPA023-dose that was expected
to be anxiolytic, and compare them to those of a therapeutic dose of
lorazepam. It was hypothesised that for at least one of the two dose
levels of TPA023 administered, the sedating effects of a single oral
dose in healthy male subjects would be similar to placebo.

METHODS

Design
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This study was a placebo controlled, randomised, double blind,
double-dummy, four-way, crossover, single-centre study in twelve
healthy male volunteers. Subjects visited the research unitin the
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morning of each study period and stayed at the site until ten hours
postdose. The next morning they visited the unit again for the last
measurements.

Subjects

Twelve healthy non-smoking volunteers were recruited from the
Centre for Human Drug Research database. All volunteers gave
written informed consent and were medically screened before entry
to the study. Subjects were asked not to drink alcohol 48 hours prior
to the study, abstain from caffeine-containing products 8 hours
prior to the study and from grapefruit (juice) and St John’s Wort at
least 2 weeks prior to study start until completion of the study. The
study was approved by the Medical Ethics Review Board of Leiden
University medical Centre, and performed according to the principles
of the Helsinki Declaration and the International Conference on
Harmonisation/Good Clinical Practice (ICH/GCP).

Treatments

Safety

Each subject received a single oral dose TPA023 0.5mg, TPA0O23 1.5mg,
lorazepam 2mg and placebo in a randomized orderwith at least

a five-day washout period. Medication was administered with 250

ml of water in a fasted state at approximately 8 to g AM. As itwas a
double-dummy study, subjects always received three tablets of TPA023
or matching placebo and two capsules of lorazepam or matching
placebo. The treatment sequences were determined using 4x4 Latin
Squares, balanced for first order carry-over.

Adverse events, ECG, blood pressure and heart rate measurements
were assessed throughout the study. ECGs were assessed with

a Cardiofax, equipped with ecaps12 analysis program (Nihon
Kohden, Japan). Blood pressure and heart rate were measured with
an automated blood pressure monitor (MPv1072, Nihon Kohden,
Japan), which displays an average value for two sequential (duplicate)
measurements at each time point. All EcG, blood pressure and heart
rate measurements were made after the subject had been sittingin a
semi-recumbent position for at least 5 minutes.

Pharmacokinetics

28

Blood samples (5ml) were taken during each study period within 30
minutes predose and 0.5, 1, 1.5, 2, 2.5, 3, 4, 5, 6, 8, 10 and 24 hours

PHARMACOLOGICAL DIFFERENCES OF GABAERGIC COMPOUNDS: A PHARMACODYNAMIC CHARACTERIZATION

postdose and were processed to obtain plasma for assay of TPA023
and lorazepam concentrations.

Plasma was separated from heparinized blood samples by
centrifugation (2000 gs, 10 min, 4°C) to 4.5 cc Nunc cryotubes and
stored at -20°c within 30 minutes after sampling. TPA023 analysis
was accomplished by solid phase extraction of the analyte and an
internal standard from plasma using a g6-well plate format followed
by reversed phase HPLC and ms/ms detection. Lorazepam and its
stable-isotoped labeled internal standard were extracted from basified
plasma into methyl-t-butyl ether with an automated procedure using
a Tomtec Quadra g6 Model 320. Extracts were evaporated under
nitrogen, reconstituted and analyzed by Ic/ms/ms using positive ion
Turbo lonspray with multiple reaction monitoring.

Pharmacodynamics
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Pharmacodynamic measurements were performed predose (within

30 minutes priorto dosing) and 0.5, 1, 1.5, 2, 2.5, 3, 4, 5, 6, 8and 10
hours postdose. Pharmacodynamic tests were performed in a quiet
room with ambient illumination with only one subject in the same
room per session. Each session consisted of the following sequence of
tests: saccadic eye movements; body sway eyes open; body sway eyes
closed; vas. Cognitive function tests were performed in the 1-3 hours-
postdose period between the other measurements.

Saccadic Eye Movements

Saccadic eye movements were recorded using a micro-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) [24]. Average values of latency (= reaction time),
peak saccadic velocity and inaccuracy (difference between stimulus
angle and corresponding saccade in %) were calculated for all arte-
fact-free saccades. Saccadic peak velocity has been validated as the
most sensitive measure for the sedative effects of benzodiazepines
[25-28].

Visual Analogue Scale

Visual analogue scales as originally described by Norris [29] were
previously used to quantify subjective effects of benzodiazepines [27].
From the set of sixteen scales three composite factors were derived as
described by Bond and Lader [30], corresponding to alertness, mood
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and calmness. A higher score on these scales indicates a negative
effect (sedation, excitation and decrease in mood respectively).
These factors were used to quantify subjective drug effects.

Body Sway

Body sway was measured with an apparatus similar to the Wright
ataxia meter [31], which integrates the amplitude of unidirectional
body movement transferred through a string attached to the subject’s
waist. Two-minute measurements were made in the antero-posterior
direction with eyes open and eyes closed, with subjects standing
comfortably on a firm surface with their feet slightly apart.

Cognitive function tests

Memory testing was performed using the validated FePsy program
(The Iron Psyche), an automated system containing a battery of
computerised tests for cognitive (neuropsychological) functions
[32,33]. Word and picture recognition and recall tests were performed
to assess reaction time and number of correct and incorrect answers.
The Corsi block tapping test, constructed according the principles

of the original Corsi block tapping task [34], assessed the nonverbal
memory span.

ANALYSIS
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Pharmacokinetics

The pharmacokinetics of TPA023 were investigated using non-linear
mixed effect modelling as implemented in NONMEM version V software
(NONMEM Project Group, University of California, San Francisco,

cA), applying the first order conditional estimation (foce) method
with the ‘interaction’ option. A series of Pk models was attempted
and compared using the likelihood ratio test [35]. Ultimately, a
two-compartment model with first-order absorption and a lag-

time was used to describe the pharmacokinetics of TPA023. Intra-
individual errorwas modelled using a constant coefficient of variation
error model. No pharmacokinetic parameters were calculated for
lorazepam.

Pharmacokinetic/pharmacodynamic relationships

The observed pharmacodynamic effects were plotted against the
predicted TPA023 concentrations foreach individual. Because the
average placebo profile for saccadic peak velocity showed a small
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diurnal decrease, the average placebo profile was subtracted from

all saccadic peak velocity data at corresponding protocol time points
and the result was subjected to PK/PD analysis. Pk/PD modelling was
performed using non-linear mixed effect modelling as implemented
in NONMEM. Empirical Bayes pharmacokinetics estimates were
generated and used to describe the concentration profile for
investigation of the Pk/PD relationship between TPA023 and saccadic
peakvelocity. A linear concentration-effect model was estimated
without an effect compartment. Individual graphs indicated that

no improvement could be obtained using either a more complex
concentration-effect model or an effect compartment and further
analysis was not attempted.

Statistics

Treatment response was characterised for continuously measured
variables by calculating the area under the effect curve (AUEC) relative
to baseline over 6 hours. The pre-values were averaged and set at time
=0 hr. Change from average pre-value (delta) was calculated. The
AUECs were calculated using the linear trapezoidal rule up to 6 hours
on the basis of protocol (planned) time points and were subsequently
divided by the corresponding time span resulting in weighted average
change from pre-value. All variables were analysed untransformed
except for body sway because only body sway clearly indicated

an increase in variability in response with an increase in average
response. As cognitive function test results were assessed only once
foreach treatment, raw scores were analysed. Statistical analysis was
initially performed using analysis of variance with factors treatment
(4 levels) subject (12 levels) occasion (4 levels) and carry-over (5 levels,
coded as the treatment preceding the current treatment, including
‘no preceding treatment’). If the carry-over effect was found to be
non-significant, the analysis was rerun without the carry-over factor.
The four treatments were compared within the ANovA model using the
following contrasts: placebo - TPA023 0.5mg, placebo - TPA023 1.5mg,
lorazepam 2mg - TPA023 1.5mg and placebo - lorazepam 2mg. Overall
p-value for the treatment effect was reported along with the specified
contrasts with 95% confidence intervals and p-values. The current
study had a >0.99 a-priori probability (0:=0.05, two-tailed, MsE=331),
in a sample size of 12 subjects, to detect a larger than 45 deg/sec
difference in average saccadic peak velocity between the treatments
and placebo. A previous study showed that this difference corresponds
to the average change after one night of sleep deprivation [25]. There
was a 0.80 a-priori probability to detect a 21 deg/sec mean difference
between the treatments. All calculations were performed using sas for
Windows V8.1 (sAs Institute, Inc., Cary, NC, USA).
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RESULTS

Subjects

Twelve subjects, judged to be in good health on the basis of medical
history, physical examination and routine laboratory data, partici-
pated in the study after giving written informed consent. Two subjects
dropped out; one was repeatedly unable to swallow the capsules and
anotherwithdrew after the second occasion for personal reasons. Two
other healthy male subjects, using the same randomisation sequence,
replaced these two subjects. Twelve subjects therefore completed the
study. Subjects were on average 25 years of age (range 20-29 yrs), aver-
age weight of 82 kg (range 75-9o kg) and average height of 184 cm
(range 178-192 cm).

Clinical observations

No serious adverse reactions occurred following any of the treatments.
The most frequently reported adverse event after administration

of lorazepam, the high and low doses of TPA023 and placebo

were sedation (including drowsiness) by eight, five, three and two
subjects respectively. Other reported adverse events were, dizziness
afterTPA023 1.5mg administration (four subjects), sleepiness and
headache after lorazepam 2mg administration (seven and three
subjects, respectively) and fatigue and headache after placebo
administration (six and five subjects, respectively).

Pharmacokinetics

The average plasma concentration-time curves for both doses of
TPA023 and lorazepam are shown in figure 1. Both doses of TPA023
and lorazepam showed maximum concentrations after approximately
2 hours. The average pharmacokinetic model based parameters (with
inter-individual variation coefficients (cv) of TPA023 were: apparent
clearance (clearance divided by bioavailability) of 246 mL/min (cv
290%), initial half-life of 142 min (cv 6%), terminal half-life of 437min
(cv 0%, fixed), apparent central volume of distribution (volume
divided by bioavailability) of 71.1 L (cv 20%), absorption half-life of
33.6 min (cv 39%) and a lag-time of 27.4 min (cv 19%).

Pharmacodynamics
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Saccadic Eye Movements

Saccadic peak velocity (spv), which for benzodiazepines relates to
sedative and anxiolytic properties [28], demonstrated significant
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effects with lorazepam and both doses of TPA023 (figure 2 and table
1). There was a dose-dependent increase of spv with TPA023 0.5

and 1.5 mg (AUECo-Ghr decrease of 22 deg/sec and 45 deg/sec). No
changes were observed in saccadic latency and saccadic inaccuracy
for either doses of TPA023, in contrast to the significant increases with
lorazepam. The high dose of TPA023 and lorazepam caused similar
average maximum effects on spv relative to baseline. However, the
effects of lorazepam lasted slightly longer, leading to a significant
difference in time-corrected AUECO-Ghr (table 1).

Visual Analogue Scale

The vas score of alertness, which was used to estimate subjective
sedative effects, only showed a significant average effect after
lorazepam (table 1). The lower dose of TPA023 did not show any effects
on any of the subscales. The average curve for the high dose of TPA023
was in between the average curves of lorazepam and placebo (figure
3), and consequently, the Auc o-6hr of the high dose of TPA023 did
not differ significantly from either lorazepam or placebo. Subjective
calmness was reduced after the high dose of TPA023, while none of
the other treatments showed any effect. No significant effects were
observed for the vas contentedness subscale.

Body Sway

No postural instability was observed after either dose of TPA023
compared to placebo (figure 4). Lorazepam, however, caused a
profound and highly significant increase in body sway (table 1).

Coghnitive Function Tests and Corsi Block Tapping Task

Three of the four recognition tests revealed that lorazepam caused sig-
nificant memory impairment, compared to placebo (figure 5). In con-
trast, neither dose of TPA023 showed any significant effect on memory.
Aside from the effects of lorazepam on the ability to answer correctly,
italso significantly increased the reaction times to the correct answers
of all memory tests with a range of 0.5-1.3 sec from placebo (figure 5).
These significantly higher reaction times were not found with TPA023.
No treatment effects were observed on the Corsi block tapping task.

Pharmacokinetic/pharmacodynamic relationships (PK/PD)

Concentration-effect-relationships were only determined for
statistically significant pharmacodynamic effects of TPA023 (ie only
for spv). The average PK/PD relationship between the changes in
spv from baseline and the predicted concentration for both doses
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of TPA023 is represented in figure 6. A linear concentration-effect
model was estimated without an effect compartment for both doses
of TPA023. Both slope and intercept for spv did not differ significantly
between the two doses of TPA023. There were no obvious signs of
hysteresis or maximum effects. Individual graphs indicated that

no improvement could be obtained using either a more complex
concentration-effect model or an effect compartment.

DISCUSSION
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The current placebo-controlled study in healthy male volunteers
investigated the effects of two doses of TPA023, a GABA, 02,3 sub-
type-selective partial agonist. The benzodiazepine lorazepam

was used in a therapeutic anxiolytic dose, as a positive control. As
expected, lorazepam caused sedation (shown by spv-decreases and
vas-effects), and impairments of memory and postural stability.
These effects are typical for benzodiazepines, and are often used

as indicators for the drugs’ effects [26,27]. TPA023 caused dose
dependent spv-effects of a similar magnitude as lorazepam, but
TPA023 had no detectable effects on vas alertness score, memory or
postural stability. A comparison between the two drugs is dependent
on the relative efficacies of the used therapeutic equipotency.

This cannot be proven at this stage, because the clinical effects

of TPA023 have not yet been determined in patients with anxiety.
However, lorazepam 2 mg and the highest dose of TPA023 caused
similar reductions in spv, and in this respect the two treatments
were equipotent. At these spv-equipotent doses, effects on vas
alertness, body sway and cognitive function differed markedly
between both drugs. These differences may have implications for the
pharmacological activities of the two drugs, and their therapeutic
effect profiles.

The question arises, how the effect selectivity of TPA023 was
observed in this study, relates to the preclinical binding profile to the
different oe subunit subtypes [8,16,361. In pre-clinical experiments,
TPA023 is a GABAy partial 02,3 agonist and an antagonist at the
o1and o subtype. The o1 subunit is believed to primarily mediate the
sedative properties and as a consequence, to contribute to memory
impairment caused by non-selective GABA, agonists. Alpha-2 and
more recently also a3 activity is held responsible for the anxiolytic
effects [7-11]. Preclinical evidence also suggests that the o2, 0.3 and
o5 subunits mediate myorelaxation and motor impairment. If both
the anxiolytic and motor effects of TPA023 are attributed to o2 efficacy,
the compound shows a surprising lack of motor impairment in healthy
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volunteers. There are several explanations. First, the preclinical
binding profile to the different a-subunit subtypes is characterized by
maximal activity, not by measures of sensitivity. The maximal effects
of TPA023 were not determined in the current study. Thus, different
subtypes may show differences in sensitivity, and motor impairment
may become more apparent at higher TPA023-doses that were not
evaluated in this study. The preclinical binding profile would predict
that even high TPA023-concentrations would still cause less body
sway than a full agonist. Alternatively, receptor subtype selectivity
may show different patterns in humans than in preclinical models.

In this case, different studies with a variety of subtype-selective GABA,
agonists would be needed to define distinct effect profiles that are
predictive for the different desired and undesired effects of this new
drug class. Finally, the results of this study may be chance findings.
However, this is unlikely, because effect profiles as different as for
TPA023 are not found among full-agonist benzodiazepines.

Although direct comparative studies are rare, non-selective
benzodiazepines, like diazepam [37,38], zopiclone [39], flurazepam
[39], lormetazepam [39], triazolam [39], temazepam [40] and
lorazepam [19,40,41], usually show comparable effects on memory,
alertness and postural stability. Other GABAergic anxiolytic agents,
that are non-selective partial agonists at all GABA, receptor subtypes,
also show less differentiating effects than TPA023 [42,43]. Bretazenil,
which is less potent on all oi-subtypes compared to a full agonist
like diazepam [44], showed little evidence of a dissociation between
sedative effects and effects on vas alertness and saccadic eye
movements at a dose of 0.5 mg [38]. Ro 41-3690, reported to be a
partial agonist, induced fewer effects on psychomotor performance
and memory than 10 mg zolpidem at 1.5 h after intake [45], but the
effects were still significantly larger than after placebo. Abecarnil,
another non-selective partial agonist, also did not show significant
effects compared to placebo [46,47]. However, it is unknown
whether these doses were equipotent, an important requisite for
comparison of partial agonism and subtype selectivity. True subtype-
selective agonists are novel agents and mostly still experimental. For
compounds like L-838417 [15], NGD 91-2, NGD 91-3 [43], quinolone
‘compound 4’ [42,48] and SL-651498 [14,49], no clinical data are
available. Only for SL-651498 it was reported that different Phase lla/b
trials for GAD and muscle spasms were conducted with this compound
[43], but results have not been provided. Comparative studies with
full agonists have not been published. Thus, experience suggest that
non-selective GABA, and benzodiazepine agonists cause a general
depression of alertness, memory and motor stability, although the
overall level of these reductions is dose-dependent, and probably
different between full and partial agonists.
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Many biomarkers of ‘alertness’ are used in healthy volunteer studies,
and although there are differences in sensitivity, these markers usually
show comparable effects of different sedative drugs or circumstances
[25-28]. Previous studies have shown that a decrease in spv is a highly
sensitive indicator of sedation, not only caused by benzodiazepines
[26,27] but also by sleep deprivation [25] or compounds that are not
particularly anxiolytic, like H1-antagonists [50], o.2-agonists [51,52],
and anticholinergic agents [53]. All these drugs and circumstances
cause reductions in vAas-alertness, saccadic peak velocity, latency

and accuracy. In this respect, subjective alertness scores and

saccadic eye movements can be considered as largely overlapping
ven-diagrams, which both also show a considerable overlap with
anxiolysis. Contrary to other compounds that fall into two or three of
these categories, TPA02 3-effects seem to be restricted to spv alone.
The differences compared to lorazepam were quite apparent and could
not be attributed to differences in test-sensitivity or statistical type
lI-errors. We have not been able to find other compounds that cause
spv-decreases without vas- reductions orvice versa. This separation
thus seems to be unique for TPA023. It is tempting to assign these
divergent effects to the subtype-selectivity of TPA023, although the
exact nature of the relationships between the pharmacological and
functional effect profiles cannot be established from this study.

A recent literature review showed clear relationships between
anxiolytic doses of benzodiazepines and their spv-effects [28]. For full
benzodiazepines, anxiolytic effects are inseparable from the sedative
effects. spv-reduction is usually (although not always statistically
significantly) accompanied by effects on latency and accuracy. But
for a subtype-selective GABA agonist, sPv reduction without an effect
on latency or any subjective indication for sedation could signify
anxiolysis without impairment of alertness. If spv-reduction is
predictive of anxiolysis, TPA023 1.5 mg could be equally anxiolytic as
lorazepam, but considerably less sedative. Clearly, this remains to be
established in clinical trials.

TPA023 did not cause any effect on memory which was expected
since TPA023 has antagonistic effects at the ai5-subunit that is
believed to be involved in memory and cognition [54,55]. Lorazepam
is known to affect memory [19,56], which was also confirmed in
this study. Based on lack of effects on memory testing and body
sway, TPA023 could also have fewer effects on cognition and
postural stability, perhaps leading to a decreased chance of memory
impairment or falls.

In conclusion, this study showed a clear differentiation in
pharmacodynamic effects for the selective GABA agonist TPA023,
which was not found for the non-selective benzodiazepine
lorazepam. This differentiation seems to reflect the TPA023’s
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selectivity for different GABA, receptor subtypes, although preclinical
pharmacological profiles could not be immediately translated into
predictions of clinical effects. TPA023 1.5 mg and lorazepam 2 mg
showed equipotent reductions of saccadic peak velocity, which could
point to comparable anxiolytic efficacy. Contrary to lorazepam,
TPA023 did not have any effect on subjective alertness, memory or
postural stability. It remains to be established whether the selectivity
of TPA023 is reflected into an improved therapeutic window.
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Variable

Saccadic Peak
Velocity
(deg/sec)
Saccadic
Latency

(sec)
Saccadic
Inaccuracy
(%)

VAS Alertness

(Inmm)

VAS
Contentedness
(In mm)

VAs Calmness

(In mm)

Log Body Sway
Eyes Closed
(log mm)

Log Body Sway
Eyes Open
(log mm)

Overall Placebo
treatment effect -

(p-value) TPAO23 0.5mg

21.58
(8.40/34.76)
p =0.002
-0.002
(-0.014 [ 0.009)
p=0.672
-0.09
(-1.27/1.08)
p=0.874
1.35
(-0.37/ 3.08)
p=0.119
-0.25
(-0.97/0.48)
p=0.492
-0.14
(-0.46/0.17)
p=0.355
0.009
(-0.087 [ 0.106)
p=0.849
-0.026
(-0.102 / 0.050)
p=0.487

Placebo
TPA023 1.5mg
45.24
(32.06 ] 58.42)
p < 0.001
-0.009
(-0.021/0.002)
p=0.116
-0.03
(-1.21/1.14)
p=0.954
-0.33
(-2.05/1.39)
p=0.698
-0.71
(-1.44/0.02)
p=0.055
-0.53
(-0.84 [-0.22)
p=0.002
-0.001
(-0.098 / 0.095)
p=0.976
-0.021
(-0.097 | 0.055)
p=0.575

Lorazepam 2mg
TPA023 1.5mg
-13.99
(-27.17/-0.81)
p=0.038
0.017
(0.006 [ 0.029)
p =0.005
2.21
(1.03/3.38)
p < 0.001
1.47
(-0.25/3.19)
p=0.092
-0.47
(-1.20/0.25)
p=0.193
-0.43
(-0.74 [-0.12)
p =0.009
0.310
(0.214/0.407)
p < 0.001
0.267
(0.192/0.343)
p < 0.001

Placebo
Lorazepam 2mg
59.23
(46.05/72.41)
p < 0.001
-0.027
(-0.039 /-0.015)
p < 0.001
-2.24
(-3.42/-1.07)
p < 0.001
-1.80
(-3.52 /-0.08)
p=0.041
-0.24
(-0.96/ 0.49)
p=0.510
-0.10
(-0.41/0.22)
p=0.529
-0.312
(-0.408 [-0.215)
p < 0.001
-0.288
(-0.364 [-0.213)
p < 0.001

Concentration (ng/mL)

Saccadic Peak Velocity; change from baseline (deg/sec)

Time (minutes)

36
Time (minutes)
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The use of nonselective GABA enhancers, such as benzodiazepines in
the treatment of anxiety disorders is still widespread but hampered

by unfavourable side-effect s. Some of these may be associated with
binding properties to certain subtypes of the GABA, receptor that are
unnecessary for therapeutic effects. Mk-0343 was designed to be a less
sedating anxiolytic, based on reduced efficacy at the a1 subtype and
significant efficacy at a2 and 0.3 subtypes of the GABA, receptor.

This study was a double-blind, 4-way cross-over (n=12) study to
investigate the effects of Mk-0343 (0.25 and 0.75 mg) in comparison
to placebo and an anxiolytic dose (2mg) of the non-selective agonist
lorazepam. Effects were measured by eye movements, body sway,
Visual Analogue Scales and memory tests.

Lorazepam impaired Saccadic Peak Velocity (SPV), VAs alertness
scores, postural stability and memory and increased saccadic latency
and inaccuracy. MK-0343 0.75 mg was equipotent with lorazepam as
indicated by spv (-42.4 deg/sec), saccadic latency (0.02 sec) and VAs
alertness scores (1.50 In mm), while effects on memory and postural
stability were smaller. Mk-0343 0.25mg only affected postural stability
to a similar extent as MK-0343 0.75mg.

The effect profile of MK-0343 0.75 mg is different from the full
agonist lorazepam, which could reflect the selective actions of this
compound. Although less effect on vAs alertness was expected,
diminished effects on memory and postural stability were present.
Clinical studies in anxiety patients should show whether this dose of
MK-0343 is therapeutically effective with a different side-effect profile.

PHARMACOLOGICAL DIFFERENCES OF GABAERGIC COMPOUNDS: A PHARMACODYNAMIC CHARACTERIZATION

INTRODUCTION

47

Benzodiazepines are effective and widely used for the treatment

of panic disorder and generalised anxiety disorder. Despite the
effectiveness of these drugs, the clinical usefulness is limited

due to side effects like amnesia, ataxia, sedation and impaired
concentration and memory [1,2]. Tolerance and abuse are additional
problems after long-term use [3]. This side-effect profile is caused
by the non-selective properties of benzodiazepines for the different
o-subtypes of the GABA receptor [4]. The non-selective full agonist
benzodiazepines led to the development of non-selective partial
agonists with a lower maximum effect for some of the adverse
properties. Although the preclinical profile improved, a translation
to non-sedating anxiolytics failed [5-7]. Subsequently, rodent studies
revealed the involvement of the different GABA, subtypes [4,8-12].
Knock-in and knock-out mice experiments clarified the association
between the GABA, subtypes and their pharmacological response.
This knowledge has stimulated the search for ligands for different
GABA,-receptor subtypes, with a purported higher therapeutic
selectivity and an improved side effect profile.

Pre-clinical studies indicated that the a.2,3 subunit of the GABA,
receptor is responsible for anxiolysis and muscle relaxation [11,13-15],
while the a1 subunitis involved in sedation [8,10,12,16]. MK-0343 is
a compound with a low efficacy at the o1 and a5 subunit (both 18%
relative to chlordiazepoxide) and a high efficacy at the 02,3 subunit
of the GABA, receptor (23 and 45% respectively), as assessed by
wholecell patch clamp recordings with human recombinant GABA,
receptors (MsD, data on file). Based on its functional selectivity and
the results in several animal models it was thought to have anxiolytic
efficacy while being less sedating compared to benzodiazepines.

The maximum tolerated dose (MTD) of MK-0343 in healthy volunteers
was 1.0 mg, as moderate and severe drowsiness was reported by two
of the six subjects after a single dose of 2 mg (MsD, data on file). The
doses chosen for this current study of 0.25 and 0.75 mg, represented
1/4 and 3/4 of the MTD. A full pharmacodynamic evaluation of the
higher dose of Mk-0343 (0.75 mg) would provide an assessment of
the greatest sedative, cognitive, and motor effects expected with
thisdrug in subsequent clinical development. The lower dose of
MK-0343 (~0.25 mg MTD) was also tested in order to establish the
pharmacodynamic effects expected at a dose that, while substantially
lower than the high dose, might still demonstrate anxiolytic efficacy.
Pharmacodynamic (PD) measurements included eye movements,
body sway measurements, Visual Analogue Scales and memory
testing, which have all been shown to be highly sensitive to the effects
of non-selective benzodiazepines [5,17-19]. MK-0343 was compared
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to lorazepam 2 mg, which is known to be therapeutically relevant,
mildly sedative [20,21] and known to affect these PD measurements
[19]. The more selective character of MK-0343 was expected to lead

to diminished subjective sedation, reduced postural instability and
less memory impairment, compared to a benzodiazepine. In contrast,
MK-0343 was expected to cause spv reduction. This parameter

has been shown to be associated with the anxiolytic effects of
benzodiazepines [22], and a previous study with the selective

GABAp 02,3 partial agonist TPA023 showed effects only on spv.
Similar results could therefore be expected in the current study.

Safety

Adverse events, ECG, blood pressure and heart rate measurements
were assessed throughout the study. ECGs were assessed with

a Cardiofax, equipped with ecaps12 analysis program (Nihon

Kohden, Japan). Blood pressure and heart rate were measured with

an automated blood pressure monitor (MPv1072, Nihon Kohden,
Japan), showing an average value for two sequential (duplicate)
measurements at each time point. All safety measurements were
made after sitting in a semi-recumbent position for at least 5 minutes.

METHODS Drug analyses

Design

This study was a placebo controlled, randomised, double-blind,
double-dummy, four-way, cross-over, single-centre study in twelve
healthy male volunteers, with at least a five-day washout period.

Subjects

Twelve healthy non-smoking volunteers were recruited from the
database of the Centre for Human drug Research (CHDR) and gave
written informed consent before medical screening. Subjects were
asked not to drink alcohol 48 hours prior to the study, abstain from
caffeine-containing products 8 hours prior to the study and from
grapefruit (juice) and St John’s Wort at least 2 weeks prior to study
start until completion of the study. The study was approved by the
Medical Ethics Review Board of Leiden University medical Centre,
and performed according to their standards.

Treatments

Each subject received a single oral dose Mk-0343 0.25mg, MK-0343
0.75mg, lorazepam 2mg or placebo, administered with 250 ml of
water in a fasted state at approximately g to 10 AM on each treatment
day. To maintain blinding, subjects always received 3 tablets of
MK-0343 or matching placebo plus 2 capsules of lorazepam or
matching placebo. The treatment sequences were determined

using 4x4 Latin Squares, balanced for 1st order carry-over.
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Blood samples (5ml) were drawn on each occasion day within

30 minutes predose and 0.5, 1, 1.5, 2, 2.5, 3, 4, 5, 6, 8, 10 and 24
hours postdose, and were processed to obtain plasma for assay

of MK-0343 concentrations. Lorazepam concentrations were not
determined. Plasma was separated from heparinized blood samples
by centrifugation (2000 gs, 10 min, 4°C) to 3.6 cc Nunc cryotubes and
stored at -20°c within 30 minutes after sampling. MK-0343 analysis
was accomplished by solid phase extraction of the analyte and an
internal standard from plasma using a g6-well plate format followed
by reversed phase HPLC and ms/ms detection.

Pharmacodynamics

Pharmacodynamic measurements were performed predose (within 30
minutes prior to dosing) and 0.5, 1, 1.5, 2, 2.5, 3, 4, 5, 6, 8 and 10 hours
postdose. Subjects underwent pharmacodynamic tests individually in
a quiet room with ambient illumination. Each session consisted of the
following sequence of tests: saccadic eye movements; body sway eyes
open/closed; vas. Cognitive function tests were performed in the 1-3
hours-postdose period between the other measurements.

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) [23]. 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
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sensitive measure for the sedative effects of benzodiazepines [17,18].
Saccadic peak velocity has also been shown to be closely related to the
anxiolytic properties of benzodiazepines [22].

Visual Analogue Scale

Visual analogue scales as originally described by Norris [24] were
previously used to quantify subjective effects of benzodiazepines [17].
From the set of sixteen scales three composite factors were derived as
described by Bond and Lader [25], corresponding to alertness, mood
and calmness. These factors were used to quantify subjective drug
effects.

Body Sway

Body sway was measured with an apparatus similarto the Wright
ataxiameter [26], which integrates the amplitude of unidirectional
body movement transferred through a string attached to the subject’s
waist. Two-minute measurements were made in the antero-posterior
direction with eyes open and 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 [5].

Cognitive function tests

Memory testing was performed between one to three hours postdose,
using the validated FePsy program (The Iron Psyche), an automated
system containing a battery of computerised tests for cognitive (neuro-
psychological) functions [27,28]. Word and picture recognition and
recall tests were performed after presentation of words and pictures
serially and simultaneously. Reaction time and number of correct

and incorrect answers were assessed. The Corsi block tapping test,
constructed according to the principles of the original Corsi block
tapping task [29], assessed the nonverbal memory span. Memory
tests have been shown to be affected by benzodiazepines [19,30].

ANALYSIS
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Pharmacokinetics

Pharmacokinetics of Mk-0343 were determined using an one-
compartment model with first order absorption and a lag-time.
Parameters determined were absorption half-life, absorption lag-
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time, apparent clearance (clearance divided by bioavailability) and
elimination half-life. A constant coefficient of variation error model
was used. Estimation was performed using NONMEM software
(NONMEM Version V, GloboMax LLc, Hanover, MD, usA) providing
NONMEM population estimates using the first-order conditional
estimation method with interaction.

Statistics

Treatment response was characterised for continuously measured
variables by calculating the area under the effect curve (AUEC) relative
to baseline over 6 hours. The two pre-values were averaged and set at
time = o hr. Change from average pre-value (delta) was calculated.
The Auecs were calculated using the linear trapezoidal rule up to
6 hours on the basis of protocol (planned) time points and were
subsequently divided by the corresponding time span resulting in
weighted average changes from pre-value. All variables were analysed
untransformed except for body sway, because only body sway clearly
indicated an increase in variability in response with an increase in
average response. As cognitive function test results were assessed
only once for each treatment, raw scores were analysed. Statistical
analysis was initially performed using analysis of variance with factors
treatment (4 levels) subject (12 levels) occasion (4 levels) and carry-
over (5 levels, coded as the treatment preceding the current treatment,
including ‘no preceding treatment’). If the carry-over effect was found
to be non-significant (using a p-value cut-off of 5%), the analysis
was rerun without the carry-over factor. The four treatments were
compared within the ANovAa model using the following contrasts:
placebo - MK-0343 0.25mg, placebo - MK-0343 0.75mg, lorazepam
2mg - MK-0343 0.75mg and placebo - lorazepam 2mg. Overall p-value
for the treatment effect was reported along with the specified contrasts
with 95% confidence intervals and p-values.

All calculations were performed using sAs for Windows V8.2 (SAs
Institute, Inc., Cary, NC, USA).

RESULTS

Subjects

Twelve male subjects underwent medical screening after giving written
informed consent and completed the study. Subjects had a mean age
of 25 years (range 18-30), weight of 78 kg (range 55-98 kg) and height
of 183 cm (range 178-192 cm).
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Clinical observations

No serious adverse reactions occurred following any treatment.

The most frequently reported adverse event (AE) was fatigue after
administration of lorazepam (seven subjects), and the high and

low doses of Mk-0343 (five and three subjects, respectively). Other
reported adverse events were sleepiness after MK-0343 0.25mg and
0.75 mg administration (four subjects in each group) and lorazepam
(two subjects), drowsiness after Mk-0343 0.25 mg and 0.75mg
administration (four and three subjects, respectively) and lorazepam
(six subjects) and headache after Mk-0343 0.25mg and 0.75 mg (2
subjects in each group) and lorazepam (three subjects). In the placebo
group fatigue and sleepiness were each reported by one subject. All
AEes were of mild intensity, except for 3 severe sedative-related AEs

in the lorazepam group. The AEs in the lorazepam group were, on
average, of longer duration than those in the Mk-0343 groups.

Pharmacokinetics

The average plasma concentration-time curves for both doses of
MK-0343 are shown in figure 1. Both doses of Mk-0343 showed
maximum concentrations after approximately 1 hour. The Cvax
(mean (sp)) was 9.23 (1.58) ng/mL for the higher dose and 3.25 (0.57)
forthe lower. NONMEM population Pk parameters obtained (mean
(coefficient of inter-individual variability)) were an absorption half-
life of 3.09 min (82%), an absorption lag time of 24.8 min (0.4%), a
Clearance/F of 0.391 L/min (22%), an elimination half-life of 126 min
(15%), and a residual variability of 7.0%.

Pharmacodynamics
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Saccadic Eye Movements

Saccadic Peak Velocity (spv) was decreased by Mk-0343 0.75 mg and
lorazepam 2 mg (42.4 deg/sec and 51.6 deg/sec respectively) (table 1,
figure 2). These treatments also increased saccadic latency, while only
lorazepam affected saccadic inaccuracy (table 1).

Visual Analogue Scales

Lorazepam caused the largest effects on vas alertness (figure 3), while
the effects of the higher dose of MK-0343 were somewhat smaller

but also different from placebo (table 1). No changes occurred after
the low dose of Mk-0343 compared to placebo (table 1). None of the
treatments did affect the vAas contentedness and calmness scale.
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Body Sway

Both doses of MK-0343 increased body sway (eyes closed) to a similar
extent (0.26 logmm; 95%Cl: 0.08/0.44 and 0.22; 95%Cl: 0.05/0.40)
(figure 4). The effects differed from placebo and from the larger effects
of lorazepam (table 1). Body sway measurements with open eyes were
only affected by lorazepam intake (-0.51 logmm; 95%Cl: -0.673/-0.348).

Cognitive Function Tests and Corsi Block Tapping Task

No treatment effects were observed on the Corsi block tapping test
for both doses of Mk-0343 (0.75 mg: 0.33; 95%Cl: -0.50/ 1.17) or
lorazepam (0.42; 95%Cl: -0.42 | 1.25). For the recognition tests, only
lorazepam decreased the number of correct words in the test with
simultaneous words compared to placebo and Mk-0343 0.75 mg.
Lorazepam increased the reaction times of the correct answers in all
tests compared to placebo and MK-0343 0.75 mg, while Mk-0343 0.75
mg itself only increased the reaction time in one test compared to
placebo (Figure 5).

The lower dose of MK-0343 did not show any effect on the cognitive
function test, nor the Corsi block tapping task.

DISCUSSION

53

This study was performed to determine the cNs effects of two doses
of a new subtype selective GABA, agonist, Mk-0343, and to compare
them to those of placebo and the full agonist lorazepam.

Pre-clinical studies showed that Mk-0343 acts as a partial agonist
at 02,3 subtypes, with less efficacy at a1 and o5 subtypes (MsD,
data on file). The selective efficacy profile of this compound seems
to be reflected in the clinical effect profile in this study. As expected
from previous studies with benzodiazepines [5,17-19], lorazepam
impaired saccadic eye movements, VAs alertness scores, memory
and postural stability. The higher dose of Mk-0343 caused similar
reductions in saccadic peak velocity (spv) and vAs alertness scores
compared to lorazepam, showing rough equipotency for these cNs-
effects. In contrast, effects on postural stability and memory were
present to a significantly lesser degree with the subtype specific agent
than with the full benzodiazepine agonist. Although the therapeutic
equipotency is not yet known due to lack of studies with Mk-0343
in anxiety patients, both doses of Mk-0343 are anxiolytic in pre-
clinical studies. The current study suggests that Mk-0343 will show
less memory impairment and postural instability than lorazepam in
patient studies.
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Pre-clinical studies indicated that the 02,3 subunit of the GABA,
receptor is responsible for anxiolysis and muscle relaxation [11,13-
15], while the oi1 subunit is involved in sedation [8,10,12,16]. These
findings have stimulated the search for ligands for different GABA,
receptor subtypes, with a higher therapeutic selectivity. Alpha-1
selective agents were developed for the indication of insomnia, while
0.2,3 selective compounds were developed as anxiolytics.

Pre-clinical studies showed that Mk-0343 was anxiolytic in
different rodent models and one primate model, similar to the effects
of diazepam (MsD, data on file). Sedation models like the mouse
rotarod test, the rat sensitivity test and an equivalent monkey test
showed a clear separation between the doses required to produce
sedation and anxiolysis. However, it is still unclear ifthe preclinical
mechanisms seen in rodents and to a lesser extent in primates can
be translated to humans. So far, the non-selective partial agonists
bretazenil and abecarnil have failed as they did not have sufficient
separation between anxiolytic and sedative effects [31]. In this
respect, a partial agonist seems to behave much like a low dose of a
full agonist, with a built in limit to its adverse as well as therapeutic
efficacy. In theory, subtype selective compounds should not have this
disadvantage, although it has proven difficult to translate this into
practice. For a few compounds, like L-838417 [32], compound 4 [33]
and nsx, only pre-clinical results have been published yet. For TPA023,
pre-clinical and human, although not patient, data are available
[19,34,35]. Development of other compounds has been stopped due
a lack of anxiolytic efficacy [36,37] despite very promising pre-clinical
data. Only ocinaplon [38] and ELB139, a GABA, (13 subtype-selective
agonist [39], seem to be most advanced in their clinical development
[36]. Unexpectedly, ocinaplon seems anxiolytic and non-sedating
in patients despite a relatively o1 subtype selective efficacy profile
[38]. This does not seem consistent with the other pre-clinical data
and hypotheses that anxiolysis is mediated by GABA, 02 and a3, and
sedation by ou1 receptor subtypes [11,13,14]. These inconsistencies
could reflect differences in preclinical predictivity of GABA, subtype-
selectivity for the situation in humans. This may explain that such a
small number of subtype-selective compounds have so far been shown
to be therapeutically relevant. Comparison of adverse and clinical
effect profiles, for different subtype-selective and non-selective GABAx
agonists will improve the predictability of preclinical experiments with
these compounds.

The differences in effects in the current study compared to
lorazepam are very likely to reflect the selective efficacy profile of
MK-0343, although they do not necessarily correspond with preclinical
predictions. vAs alertness was decreased for both the higher dose of
MK-0343 and lorazepam, which suggests that the sedative effects
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for both lorazepam 2mg and Mk-0343 0.75 mg are similar. This

was not expected, based on the low efficacy at the a1 subtype of the
compound. The lower dose of MK-0343 did not show significant effects
on VAS alertness scores. But for this dose no significant spv-reductions
were present, and this dose was not equipotent to lorazepam for any
effect that was measured.

The different results of this study are in some ways comparable
to those of a previous study of our research group, in which another
0.2,3 selective partial GABA, agonist, TPA023, was studied [19].
However, in that study no effects on vas alertness, postural stability
and memory were present, while similar spv-reductions were seen
compared to lorazepam. The difference in efficacy profiles between
the two compounds could be responsible for the differences in
pharmacodynamic effects seen in human. Although both compounds
share a selectivity for the 0.2,3 subtype, TPA023 is an antagonist at the
o1 and o5 subtype while MKk-0343 has shown low but at least some
efficacy at these subtypes (relative efficacy 18% for both). It could be
that the low efficacy at the o1 subtype is already enough to induce
sedative effects, even similar to those of the full-agonist lorazepam,
as seen in this study.

This low efficacy of Mk-0343 at the o1 subtype could also be
responsible for the effects on postural stability, although they were
much smaller compared to the effects of lorazepam. This association
is supported by the fact that zolpidem, selective for the o1 subtype,
also increases body sway even more than diazepam [40] and that
benzodiazepine induced ataxia was blocked in monkeys by an o1
GABA, receptor selective antagonist [41]. This may represent a
significant therapeutic advantage of Mk-0343, since several studies
have shown that benzodiazepines increase body sway [42,43] and
cause falls due to postural instability in elderly [44].

MK-0343 did not show any effects on memory. Lorazepam affected
all memory reaction times, but only one of the four memory tests
(serial word recognition). Consequently, the contrast with Mk-0343
was small, and it cannot be fully excluded that the observed lack of
memory effects of Mk-0343 is due to an insensitivity of the memory
tests in this study. However, a previous study with TPA023 showed
no memory effects of the partial subtype selective GABA, agonist, as
opposed to significant impairment on all tests with lorazepam [19].
This suggests that subtype-selective partial GABA, agonists with low
os-efficacy are memory sparing in humans.

The current study has shown that the subtype-selective GABA,
agonist Mk-0343 has a different effect profile compared to the
benzodiazepine lorazepam. These differences may reflect the subtype-
selectivity, although more subjective sedation was observed with the
higher dose than would be expected from preclinical predictions.
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Concentration MK-0343 (ng/mL)

In VAs Alertness; change from baseline (I/mm)

Time (minutes)
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Number correct answers

11

Reaction time correct answers (sec)

RFSE RFSI RWSE RWSI

] Placebo [ I MK-0343 0.25mg KXXX] Mk-03430.75mg N Lorazepam 2mg

RFSE RFSI RWSE RWSI
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ABSTRACT

66

Benzodiazepines are effective short-term treatments for anxiety
disorders, but their use is limited by undesirable side-effects related to
central nervous system (CNs) impairment and tolerance development.
5165.1498 is a new compound that acts in vitro as a full agonist at the
GABAy 012 and a3 receptor and as a partial agonist at the o1 and o5
receptor-subtype. It is thought that the compound could be anxiolytic
by its activation at the 0.2 and o3 receptor subtypes, without causing
unfavourable side effects, which are believed to be mediated by the
a1and o5 subtypes. This study was a double-blind, five way cross-
over study to investigate the effects of three doses of sL65.1498 in
comparison to placebo and lorazepam 2 mg in healthy volunteers.
The objective was to select a dose level (expected to be therapeutically
active), free of any significant deleterious effect. Psychomotor

and cognitive effects were measured using a validated battery of
measurements, including eye movements, body sway, memory tests,
reaction time assessments and visual analogue scales (vAS).

The highest dose of sL65.1498 showed small effects on saccadic
peak velocity and smooth pursuit performance, although to a much
lesser extent than lorazepam. In contrast to lorazepam, none of
the sL65.1498 doses affected body sway, vas alertness, attention or
memory tests.

This study showed that the three doses of sL65.1498 were well
tolerated and induced no impairments on memory, sedation and
psychomotor and cognitive functions.
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INTRODUCTION

67

In the 1960s, benzodiazepines were considered the gold standard
for treatment of anxiety and various phobias. Although they seemed
the perfect drugs, based on their rapid onset of efficacy, they
have become less favourable for prolonged therapy, due to their
propensity for development of tolerance and dependency, and their
adverse side-effect profile related to central nervous system (CNS)
impairment. These side effects are caused by the non-selective
binding profile of the full agonists to the different GABA, receptor
subtypes. Several pre-clinical studies have shown that stimulation
of receptors containing subunits are associated with anxiolysis
[1,2]. Receptors with a1 subunits are thought to be responsible
for sedation, and the a5 subtype for memory. Therefore, new
compounds have been developed that are more selective agonists
forthe GABA, 012,3 subtype receptors, and are antagonists or partial
agonists at o1 and a5 subtypes. This should resultin an anxiolytic
compound with less of the unwanted side effects that existing
benzodiazepines possess.

sL65.1498 is a full agonist at receptors containing a2 and o3
subunits with an efficacy of 115 and 83% respectively, relative to a full-
agonist. It is a partial agonist at those containing oi1 and a5, showing
a relative efficacy of 45 and 50%, respectively [3]. Behavioural studies
in rodents demonstrated that sL65.1498 elicited similar anxiolytic-
like activity to that of diazepam [3,4]. Other effects like muscle
weakness, ataxia, and sedation were also induced but at much higher
doses than those producing anxiolytic-like effects. In non-human
primates, sL65.1498 also showed anxiolytic-like (anti-conflict) effects
as assessed by a conditioned conflict test model, without showing
sedation [5]. For the current study, three doses of sL65.1498 were
selected that produced plasma concentrations in Phase | studies,
which were predicted to be in the therapeutic range. At these plasma
concentrations, animal studies showed potent anxiolytic-like activity
similar to that of benzodiazepines, without any sedative effects [3,4].

To determine the psychopharmacological profile of these three
doses, they were investigated using a validated battery of Central
Nervous System (CNS) measurements in comparison to the effects
of lorazepam and placebo. The measurements included saccadic eye
movements, smooth pursuit, body sway, visual analogue scales and
memory, cognition and attention tests. Previous studies have shown
that benzodiazepines significantly decrease saccadic peak velocity,
postural stability and memory [6-11]. The objective was to identify a
dose level that was expected to be in the therapeutic range and that
was free of any clinically significant deleterious effect compared to
placebo.

SECTION 1 * THE ASSESSMENT OF PHARMACODYNAMIC EFFECTS OF NEWLY DESIGNED GABAA-ERGIC
AGENTS IN EARLY PHASE DRUG DEVELOPMENT



METHODS

Design

This study was a placebo controlled, randomised, double-blind, five-
way, cross-over, single-centre study in twenty healthy male volunteers,
with a washout period between 7 and 14 days.

Subjects

Twenty healthy male and female volunteers were recruited from the
CHDR database. All volunteers gave written informed consent and
were medically screened before entry to the study. Subjects were not
allowed to smoke more than five cigarettes per day and had to refrain
from smoking during the study day. They were asked not to drink
alcohol 48 hours priorto and 24 hours following a study day and to
refrain from drinking xanthine- based and grapefruit-containing
products from 24 hours before until the end of the study day. The use
of medication or products containing St John’s Wort was not allowed
during the study period. The study was approved by the Medical Ethics
Review Board of Leiden University medical Centre.

Treatments

Safety
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On randomized treatment days, each subject received a single oral
dose of sL65.1498-00 2.5 mg, 7.5 mg, 25 mg, lorazepam 2 mg (2*1
mg) or placebo administered with 250 ml of water in a fasted state
in the morning. All treatments looked identical and consisted of 2
capsules. Lorazepam and placebo tablets were enclosed in capsules
for blinding purposes. The treatment sequences were determined
using 5x5 Williams design with two subjects per sequence.

Adverse events, ECG, blood pressure and heart rate measurements
were assessed throughout the study. ECGs were assessed with

a Cardiofax, equipped with ecaps12 analysis program (Nihon
Kohden, Japan). Blood pressure and heart rate were measured with
an automated blood pressure monitor (Mpv1072, Nihon Kohden,
Japan), which displays an average value for two sequential (duplicate)
measurements at each time point. All ECG, blood pressure and heart
rate measurements were made after the subject had been sitting in a
semi-recumbent position for at least 10 minutes.
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Pharmacokinetics

Blood samples (7 ml) were drawn on each treatment occasion within
1 hour predose and o.5, 1, 2, 2.5, 3, 3.5, 4, 5, 6, 8,10, 24 and 48 hours
postdose to obtain plasma for assay of sL65.1498 and lorazepam
concentrations.

Plasma was separated from heparinized blood samples by
centrifugation (2000 g, 10 min, 4°c) to 3.6 ml Nunc cryotubes
and stored at -20°c within 30 minutes after sampling. sL65.1498
analysis was accomplished using an Atmospheric Pressure Chemical
lonisation validated Lc-ms/ms method. The quantitation limit of
the assay was 0.5 ng/mL. Assays were performed in the Department
of Clinical Metabolism and Pharmacokinetics at Sanofi-Aventis
Research, Alnwick, Northumberland, uk.

A Lc-ms/ms method using positive ion Turbo lonspray with
multiple monitoring (mrm) was validated for the quantification of
lorazepam in human plasma. The calibration curves of lorazepam
were linear between o0.500 and 50.0 ng/mL in human plasma and the
limit of quantification (log) was 0.500 ng/mL. Assays were performed
by Ppd Development, Richmond, Virginia, UsA.

Pharmacodynamics
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Pharmacodynamic measurements were performed predose (within
30 minutes priorto dosing) and 0.5, 1, 2, 2.5, 3, 3.5, 4, 5,6, 8 and 10
hours postdose. Pharmacodynamic tests were performed in a quiet
room with ambient illumination with only 1 subject in the same room
per session. Each session consisted of the following sequence of
tests: body sway eyes closed; vAs; saccadic eye movements. Cognitive
function tests were performed at fixed times within the 2-4 hours-
postdose period between the other measurements. All subjects were
thoroughly trained and familiarized with the psychometric tests
within 7 days preceding study start to minimize learning effects before
proceeding to the study.

Saccadic Eye Movements

Saccadic eye movements were recorded using a micro-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) [12]. Saccadic peak velocity has been validated as
the most sensitive measure for the sedative effects of benzodiazepines
[6-8].
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Smooth Pursuit

The same system as used for saccadic eye movements was also

used for measurement of smooth pursuit. For smooth pursuit eye
movements, the target moves sinusoidally at frequencies ranging
from 0.3 to 1.1 Hz, by steps of 0.1 Hz. The amplitude of target dis-
placement corresponds to 20 degrees eyeball rotation to both sides.
Four cycles were recorded for each stimulus frequency. The method
has been validated at cHDR by Van Steveninck et al [12] based on the
work of Bittencout et al [13] and the original description of Baloh
[14]. The time in which the eyes were in smooth pursuit of the target
was calculated for each frequency and expressed as a percentage of
stimulus duration. The average percentage of smooth pursuit for all
stimulus frequencies was the parameter used.

Visual Analogue Scale

Visual analogue scales as originally described by Norris [15] were
previously used to quantify subjective effects of benzodiazepines [7].
From the set of sixteen scales three composite factors were derived
as described by Bond and Lader [16], corresponding to alertness,
contentedness 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 [17], which integrates the amplitude of unidirectional
body movements 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 [18]

Cognitive Function Tests

Memory testing was performed using the validated Eprime program
[19,20]. At 2 hours post-dose, subjects were presented 30 words

in three consecutive word trials (word learning test). Each trial

ended with a free recall of the presented words (Immediate Recall).
Approximately thirty minutes after start of the first trial, the volun-
teers were asked to recall as many words as possible (Delayed Recall).
Immediately thereafter, the volunteers underwent the delayed
memory recognition test, which consisted of 15 presented words
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and 15 ‘distractors’ (Delayed Recognition). At 3 hours post-dose,
when the subjects were presented with 14 abstract visual patterns
for 3 seconds. Hereafter, the same visual patterns were presented
along side a ‘distractor’. Subjects were then asked to indicate which
visual pattern was previously presented. This testing was repeated
30 minutes later. Word and picture recognition and recall tests were
performed to assess reaction time and number of correct and incorrect
answers. The Corsi block tapping test, constructed according the
principles of the original Corsi block tapping task [21], assessed the
nonverbal memory span. The visual and auditory reaction times tests
were performed using the validated FePsy program (The Iron Psyche)
[22,23].

Memory tests have been shown to be affected by benzodiazepines
[9,10].

Analysis

Pharmacokinetics

Pharmacokinetics of sL65.1498 were determined using a non-
compartmental analysis model. Parameters determined were
maximum plasma concentrations, time to maximum plasma
concentration, Auc, apparent clearance (clearance divided by
bioavailability) and elimination half-life. Estimation was performed
using WinNonlin software (WinNonlin Network Version 3.1, Pharsight,
Cary, NC, USA).

Statistics

Treatment response was characterised for continuously measured
variables by calculating the area under the effect curve (AUEC) relative
to baseline over 6 hours. The pre-values were averaged and set at time
=0 hr. Change from average pre-value (delta) was calculated. The
AUECs were calculated using the linear trapezoidal rule up to 6 hours
on the basis of protocol (planned) time points and were subsequently
divided by the corresponding time span resulting in weighted average
change from pre-value. All variables were analysed untransformed.
As cognitive function test results were assessed only once for each
treatment, raw scores were analysed. Statistical analysis was initially
performed using analysis of variance with factors treatment (4 levels)
subject (12 levels) occasion (4 levels) and carry-over (5 levels, coded
as the treatment preceding the current treatment, including ‘no
preceding treatment’). If the carry-over effect was found to be non-
significant, the analysis was rerun without the carry-over factor. The
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four treatments were compared within the ANovA model using the
following contrasts: placebo - sL65.1498 2.5 mg, placebo - sL65.1498
7.5 mg, lorazepam 2 mg - 5.65.1498 25 mg and placebo - lorazepam
2 mg. Overall p-value for the treatment effect was reported along with
the specified contrasts with 95% confidence intervals and p-values.

With 20 subjects, there was 95% power to detect a spv-reduction
of at least 35 degree/sec/h after sL65.1498 treatment when compared
with placebo in aueo-6h saccadic peak velocity, assuming the within-
subject sb equal to 30 degree/sec/h.

RESULTS

Subjects

Eleven male and eleven female subjects were medically screened after
giving written informed consent and ten of each group com-

pleted the study. Subjects were on average 25 years of age (range
19-38), had an average weight of 74 kg (range 58-98 kg) and average
height of 175 cm (range 163-191 cm).

Clinical observations

No serious adverse reactions occurred following any of the treat-
ments. The most frequently reported adverse event was sedation,
which was reported in the lorazepam (fourteen subjects), sL65.1498
2.5 mg (six subjects), sL65.1498 7.5 mg (three subjects), sL65.1498
25 mg (eight subjects) and placebo group (seven subjects). Another
reported adverse event was dizziness which was reported by nine
subjects in the lorazepam group and one subject each in the placebo,
5L65.1498 7.5 mg and 25 mg groups.

Pharmacokinetics
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The mean (sD) plasma concentration-time curves for the three doses
of sL65.1498 are shown in figure 1. All doses of sL65.1498 showed
maximum concentrations between 3.01 and 3.75 hours.

The mean cyax X (sD) was dose-proportional at 375 (129) ng/mL for
the highest dose, 126 (40.1) for the middle and 37.3 (12.7) for the
lowest. Elimination half-life was 11.0 (2.9) h, 10.7(2.9) and 12.2 (3.4)
h forsL65.1498 25, 7.5 mg and 2.5 mg respectively.

Lorazepam 2 mg showed maximum concentrations between o.50
and 3.50 h with a mean (sb) Cyax 0f 22.8 (5.1) ng/mL. Elimination
half-life (sp) was 17.3 (4.3) h. These pharmacokinetic properties of
lorazepam were in agreement with published data [24,25].
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Pharmacodynamics

Saccadic Eye Movements

Lorazepam 2 mg and sL65.1498 25 mg decreased Saccadic Peak
Velocity (spv) compared with placebo (decreases in Auc o-6hr 45.7
deg/sec and 15.0 deg/sec respectively (Table 1)). The lower doses of
sL65.1498 doses did not affect the eye movements significantly (table
1, figure 2).

Smooth Pursuit

Lorazepam and to a lesser extent sL65.1498 25 mg decreased smooth
pursuit performance compared with placebo, while the other two
doses of sL65.1498 did not affect this parameter (table 1, figure 3).

Visual Analogue Scale

Only lorazepam caused effects on vas alertness (Figure 4) and vas
contentedness compared with placebo, while none of the sL65.1498
doses caused changes in any vAs subscale (table 1).

Body Sway

Body sway was only affected by lorazepam compared with placebo
and not by one of the three doses of sL65.1498 (table 1, figure 5).

Cognitive Function Tests and Corsi Block Tapping Task

During the learning phase of word recall test, the mean number

of correct responses increased from the first to the third testin all
treatment groups. Lorazepam decreased the number of correct
responses in both the immediate and delayed word recall test,

while responses after each dose of sL65.1498 were comparable with
responses after placebo treatment (table 2). The number of correct
responses for the delayed word recognition test was comparable
between placebo and sL65.1498 treatment. Lorazepam decreased this
number by 6.1 words compared with placebo (table 2).

The number of correct responses of the immediate/delayed
picture recognition was similar between all study groups (results not
shown).

The mean latency of correct responses after the simple auditory
and visual reaction time test was increased after lorazepam
administration (table 3). Results for the dominant and non-dominant
hand (results not shown) were comparable.
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For the binary choice reaction time test, there was no difference in
mean number of correct responses between study treatments and
placebo (table 3)

DISCUSSION

74

This study investigated the effects on cNs measurements of three
doses of a new GABA, subtype selective agonist, sL65.1498, and
compared these with the effects of a full GABA, agonist and placebo in
healthy volunteers. The main aim was to determine whether sL65.1498
was free of deleterious effects at a dose level that was expected to be
therapeutically active, based on animal models [3,4]. It was compared
with lorazepam 2 mg, which is known to be a therapeutically relevant
dose [26,27].

This study showed that the three doses of sL65.1498 induced no
impairments on memory, subjective alertness and psychomotorand
cognitive functions. Only the highest dose of sL65.1498 showed effects
on saccadic peak velocity (sPv) and smooth pursuit performance,
although much less than lorazepam. In this respect, the aim of the
study was achieved as even the highest dose did not show clinically
significant deleterious effects compared to placebo. The lack of effects
on memory, body sway, attention and vas alertness could mean a
more favourable side effect profile compared to the commonly used
benzodiazepines. The only significant effects of the highest dose of
sL65.1498 were on eye movements. The reductions in sPv and smooth
pursuit were only about one third of the effects of lorazepam. spv
reduction has been shown to be a quite sensitive biomarker for seda-
tion caused by several different cNs-depressants, including GABAergic
[7,8], histaminergic (H1) [28] and noradrenergic [29] or physiological
conditions [6]. The limited spv-decrease of 15 deg/sec with sL65.1498
25 mg is probably still compatible with the lack of subjective sedation
[6].However, a recently published review indicated that a reduction
in spv is also quantitatively associated with the anxiolytic effects of
benzodiazepines [11]. Since the effects on spv are very low in compari-
son to those of lorazepam 2 mg or other anxiolytic benzodiazepines
in the literature [11], this may imply that sL65.1498 25 mg not only
has a lower sedative propensity, but also a lower anxiolytic efficacy.
Recently, two other partial subtype-selective GABA, agonists showed
spv-reductions that were quite similar to lorazepam, hence much
larger than for sL65.1498 [9,30]. These compounds had hardly any
other cNs-effects, indicating that significant spv-reductions can occur
without reductions of alertness. It remains to be seen whether this
translates into anxiolysis without sedation. So far, no clinical trials
have been reported with partial subtype-selective GABA, agonists.
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The lack of significant cNs effects does not seem to be related to
low plasma concentrations. In our study, the plasma levels were
comparable to those in rats receiving doses that produced anxiolytic-
like effects in the punished drinking test and elevated plus-maze
test [3,4]. Plasma levels were high compared to lorazepam, which is
in keeping with the relatively low affinity of sL65.1498 for the GABAx
receptor subtypes (Ki: 6.8-117 nM) compared to those of other GABA,
receptor ligands [31]. Healthy humans showed small cNs-effects on
some cNs-functions but not on others, at plasma concentrations of
sL65.1498 that were anxiolytic but devoid of sedative effects in animal
models [3,5]. This could be related to the selective pharmacological
profile of sL65.1498. However, selectivity cannot be proven, since
none of the three doses of sL65.1498 was equipotent to lorazepam
for any effect that was measured. To date the compound has not
been registered, and no results of clinical trials in anxiety or other
conditions have been published. The putative wider therapeutic
window that is suggested by preclinical experiments and supported by
our results cannot therefore be confirmed at present.

The current study showed that sL65.1498 at doses of 2.5-25 mg
is well tolerated and induces no impairments on memory, sedation
and psychomotor and cognitive functions. It is unclear whether this is
related to subtype selectivity or to relatively low doses.
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ABSTRACT

84

Zolpidem is one of the most frequently prescribed hypnotics, as

itis avery short- acting compound with relatively few side effects.
Zolpidem’s short duration of action is partly related to its short
elimination half-life, but the associations between plasma levels

and pharmacodynamic effects are not precisely known. In the

current study, the concentration-effect relationships for zolpidem
were modelled. A dose of 10 mg zolpidem was administered in a
double-blind randomised placebo-controlled trial to determine
pharmacodynamics (PD) and pharmacokinetics (PK) in 14 healthy
volunteers, as an active control for a novel sleep-promoting drug. A
validated battery of central nervous system (CNs) tests was performed
frequently. Zolpidem was absorbed and eliminated quickly, with a
median Tyax of 0.78 h (range: 0.33-2.50) and t1/2 of 2.2 h. Zolpidem
reduced saccadic peak velocity (spv), adaptive tracking performance,
EEG alpha power and vas alertness score, and increased body sway,
EEG beta power and vas ‘feeling high’. Short- and long-term memory
was not affected. cNs-effects normalised more rapidly than plasma
concentrations decreased. For most effects, zolpidem’s short duration
of action could be adequately described by both a sigmoid Eyax
model and a transit tolerance model. For spv and EEG alpha power,
the tolerance model seemed less suitable. These Pk/PD models have
different implications for the mechanism underlying zolpidem’s short
duration of action. A sigmoid Epmax -model would imply a threshold-
value for the drug’s effective concentrations. A transit tolerance model
is compatible with a rapid reversible desensitisation of GABAergic
subunits.
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INTRODUCTION

Zolpidem is one of the most frequently prescribed hypnotic drugs

in the United States and Europe [1]. It is selective forthe GABA, 01
receptor due to its high affinity for this subtype. The ai1-subtype is
believed to be associated with sedation, while other subtypes are
responsible for different effects of GABAergic ligands, such as muscle
relaxation, anxiolysis and memory impairment [2,3]. The compound is
absorbed quickly, which makes it very suitable to rapidly induce sleep.
The short half-life of the compound may be responsible for fewer
residual effects the next morning when taken at bedtime, since central
nervous system (CNs)-depression has been shown to last less than

5 to 7 hours [4]. Several articles reported on the pharmacokinetics
and pharmacodynamic effects of zolpidem [5-9]. However, the
pharmacokinetic/pharmacodynamic (PKk/PD) relationships have only
been determined once in healthy volunteers [10]. In this earlier Pk/

PD study, an Emax model was used to describe the PKk/PD relationship
but this model was based on only three parameters and does not

seem to explain the rapid increase and decrease in effects. Therefore,
we performed a detailed Pk/PD-analysis of a range of cNs-effects
elicited by zolpidem 10 mg, given as an active control in a study in
which pharmacodynamics and pharmacokinetics were determined
frequently during day time. Several CNS measurements were
performed including saccadic and smooth pursuit eye movements,
visual analogue score (vAs) of alertness, body sway, pharmaco-EEG
and adaptive tracking. These parameters have previously shown

to be sensitive to the effects of non-selective benzodiazepines [11-

14]. Zolpidem was used as a positive control in a study of a novel
sleep-promoting compound, which has been reported in a previous
publication [15]. The current article describes the Pk, PD and Pk/PD
relationships of 10 mg zolpidem, in comparison to placebo.

METHODS

Subjects

85

Atotal of 70 male subjects were selected to participate in the trial with
the novel drug, of which 14 subjects were planned to receive a single
dose of zolpidem 10 mg as active control. After signing informed
consent, subjects were medically screened within 3 weeks prior to
study participation. Subjects were not allowed to smoke more than five
cigarettes perday and had to refrain from smoking during the study
period. They were asked to refrain from strong physical exercise and
consumption of grapefruit (juice) from screening until the end of the

SECTION 1 * THE ASSESSMENT OF PHARMACODYNAMIC EFFECTS OF NEWLY DESIGNED GABAA-ERGIC
AGENTS IN EARLY PHASE DRUG DEVELOPMENT



Safety

study period. The use of medication was not allowed during the study
period. The study was approved by the Medical Ethics Review Board of
Leiden University medical Centre.

Adverse events, ECG, body temperature, blood pressure and heart rate
measurements were performed throughout the study after having
been in a supine position for at least 5 minutes. ECGs were assessed
with a Cardiofax, equipped with ecaps12 analysis program (Nihon
Kohden, Japan). Blood pressure and heart rate were measured with an
automated blood pressure monitor (Mpvi072, Nihon Kohden, Japan).
Vital signs consisted of both supine and corresponding standing
measurements after 1 minute standing position.

Pharmacodynamics

86

Pharmacodynamic measurements were performed pre-dose (within
30 minutes priorto dosing) and 10, 20, 40, 6o, 80 min, 2, 3, 4,6, 8,

10 and 12 h post-dose. Average baseline values for each variable were
obtained by calculation of the mean of two baseline assessments.
Pharmacodynamic tests were performed in a quiet room with ambient
illumination with only one subject in the same room per session. Tests
were performed in the following order: saccadic eye movements (-5
min), smooth pursuit measurement (-4 min), pharmaco-geG (-2 min),
body sway (+1 min), adaptive tracking (+3 min), vAs Bond&Lader (+6
min), vAs Bowdle (+7 min). Cognitive function tests were performed
at fixed times within the 2-6 hours post-dose period between the other
measurements. All subjects were thoroughly trained and familiarised
with the psychometric tests within 14 days preceding study start to
minimise learning effects during the study.

Saccadic Eye Movements

Measurement of saccadic eye movements was recorded as previously
described [16,17]. Average values of saccadic peak velocity (spv),
latency (= reaction time) and inaccuracy were calculated for all
artefact-free saccades.

Smooth Pursuit

Smooth pursuit was measured as previously described [17]. The
average percentage of smooth pursuit for all stimulus frequencies was
used as response parameter.

PHARMACOLOGICAL DIFFERENCES OF GABAERGIC COMPOUNDS: A PHARMACODYNAMIC CHARACTERIZATION

Visual Analogue Scales

The Bond and Lader Visual Analogue Scale was performed to measure
subjective alertness, mood and calmness [17]. The Bowdle vas of
psychedelic effects was also used in this study. It evaluates psychedelic
effects that cluster into two distinct total sum scores: internal
perception (reflects inner feelings that do not correspond with reality,
including mistrustful feelings); and external perception (reflects a
misperception of an external stimulus ora change in the awareness of
the subject’s surroundings) [18]. The Bowdle vAas was expanded with
an additional subscore for ‘feeling high’.

Body Sway

Two-minute body sway measurements were performed as previously
described [17].

Adaptive Tracking

The adaptive tracking test was performed as originally described

by Borland and Nicholson [19] using customised equipment and
software (Hobbs, 2004, Hertfordshire, uk). The average performance
and the standard deviation of scores over a 3.5-minute period were
used foranalysis, including a 0.5 minute run-in time, during which
data were not recorded. Adaptive tracking is a pursuit-tracking task
with a circle moving randomly on a computer screen. The subject
must try to keep a dot inside the moving circle by operating a joystick.
Ifthis effort is successful, the speed of the moving circle increases.
Conversely, the velocity is reduced if the test subject cannot maintain
the dot inside the circle.

Pharmaco-EEG

EEG recordings were made using silver chloride electrodes with

the same common ground electrode as for the eye movement
registration (international 10/20 system). The electrode resistances
were kept below 5 kOhm. EEG signals were obtained from leads
Fz-Cz and Pz-Oz and a separate channel to record eye movements
(for artefacts). The signals were amplified by use of a Grass 15LT
series Amplifier Systems with a time constant of 0.3 seconds and a
low pass filter at 100 Hz. Data collection and analysis were performed
using customised cep and Spike2 for Windows software (Cambridge
Electronics Design, Cambridge, uk). Per session eight consecutive
blocks of eight seconds were recorded. The signal was Ap-converted
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using a CED 1401 Plus or Power (Cambridge Electronics Design,
Cambridge, uk) and stored on hard disk for subsequent analysis.
Data blocks containing artefacts were excluded from analysis.

For each lead, fast Fourier transform analysis was performed to
obtain the sum of amplitudes in the delta-, theta-, alpha- and
beta-frequency ranges. The duration of EEG measurements was 04
seconds per session.

Cognitive function tests

Short-term and long-term memory was similarly tested as recently
described in another publication [17]. The 30-word memory learning
test was performed at two hours post-dose with ‘immediate Recall’
immediately hereafter. Approximately four hours after start of the
Immediate Recall test, ‘Delayed Recall’ was performed and followed
by the ‘Delayed Recognition’.

Pharmacokinetics

Blood samples (4 mL) were drawn within 1 hour pre-dose and 10,

20, 40, 60, 80 min, 2, 2.5, 3, 4, 6, 8, 10 and 12 h post-dose to obtain
plasma for assay of zolpidem concentrations. Plasma was separated
from heparinised blood samples by centrifugation (1500 g, 10 min,
4°C) to 3.6 cc Nunc cryotubes and stored at -20°c within 30 minutes
after sampling. Zolpidem analysis was accomplished using HPLC
with fluorescence detection with a quantification limit of 1.00 ng/
mL. Assays were performed by Xendo Drug Development B.V.
(Groningen, The Netherlands). Precision and accuracy of the quality
control samples showed an accuracy (bias between 3.3% and 7.5%)
and precision (cv% from 2.9% to 5.1%) and were in compliance with
generally accepted requirements [20].

Statistical analysis

88

Pharmacodynamics

For all variables with repeated measurements, the area-under-the-
effect-curve (AUE) 0-4 h was calculated. vas Bowdle scores were log
transformed. Inferential analyses to compare the different treatments
were performed using mixed models for repeated measurements.
The two-sample, two-sided t-test was performed to explore treatment
differences with placebo for the variable measured only once during
the course of the study. The results were compared with the standard
nominal alpha value of 0.05.
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PK and PK/PD analysis

The measured individual plasma concentrations of zolpidem were
used directly to obtain cpyax and Tyax-AUC was calculated according
to the linear trapezoidal rule using the measured concentration-

time values above the limit of quantification (1.00 ng/mL) and was
extrapolated to infinity using log-linear regression of the terminal part
of the curve. For the calculation of other Pk parameters (clearance,
absorption half-life, volume of distribution) and Pk/PD modelling,
non-linear mixed effect modelling as implemented in NONMEM

[21] was performed. Non-linear mixed effect modelling allows the
description of a population of individuals using a common structural
model while allowing the individuals to vary. Estimates of location and
spread between individuals are estimated for the model parameters.
Using the population values, individual-specific empirical Bayes
estimates can be determined that allow description of individual time
profiles. Because the average placebo profile for vas alertness and
adaptive tracking showed a small diurnal change, the average placebo
profile was subtracted from these data at corresponding protocol time
points and the result was subject to Pk/PD analysis. Body sway and
EEG data were log-transformed. Empirical Bayes pharmacokinetics
estimates were generated and used to describe the concentration
profile for investigation of the Pk/pPD relationship between zolpidem
and pp variables. Different linear and non-linear concentration-effect
models were estimated to find the best fitting model to describe

these data. Nested competing models were compared using the log-
likelihood for the models (or minimum value of the objective function:
MVOF). First-order condition estimation (foce) was used throughout,
with additive (on log-scale for concentrations) residual error models.

RESULTS

Clinical observations

Thirteen of the 14 subjects who received zolpidem experienced at
least one adverse event. The most frequently reported adverse events
were dizziness (n=6), somnolence (n=5), coordination disturbance
(n=4) and diplopia (n=4). One subject in the zolpidem group reported
vivid visual pseudo-hallucinations, which are separately described in
a case-report [22]. This subject was included in all group analyses.

In the placebo group, only single cases of pyrexia and increased

lipase were reported. No changes were observed in vital signs, ECG

or laboratory safety parameters.

SECTION 1 * THE ASSESSMENT OF PHARMACODYNAMIC EFFECTS OF NEWLY DESIGNED GABAA-ERGIC
AGENTS IN EARLY PHASE DRUG DEVELOPMENT



Pharmacodynamics

90

Eye Movements (Saccadic and Smooth Pursuit)

Zolpidem decreased saccadic peak velocity by 22.9 deg/sec
compared to placebo (95%Cl: -38.8, -7.0). Reaction time and
accuracy were also diminished after zolpidem treatment (Table 1).
Smooth pursuit decreased by 8.3% compared to placebo (95%ClI:
-12.2, -4.4).

Visual Analogue Scale

Forvas Bond&Lader, the vAs alertness scale was affected by
zolpidem treatment with a decrease of 12.0 mm compared to placebo
(95%Cl: -20.1, -4.0). No effects were seen on the mood and calmness
subscales. For the Bowdle vAs, only an increase in vas ‘feeling high’
was seen, while no changes were detected in internal and external
perception (Table 1).

Body Sway

Body sway increased with 261 mm after zolpidem treatment
compared to placebo (95%Cl: 160, 362).

Adaptive Tracking

Zolpidem influenced adaptive tracking performance with a decrease
of 4.6% performance compared to placebo (95%Cl: -6.8, -2.3).
Standard deviation of performance was also decreased with 0.5%
(95%Cl: -0.8, -0.2).

Pharmaco-EEG

The EEG power bands that were affected by zolpidem treatment were
alpha Pz-Oz (-1.31; 95%Cl: -2.15, -0.47) and beta Fz-Cz (0.36; 95%Cl:
0.12, 0.60) compared to placebo.

Cognitive Function Tests

Zolpidem had hardly any effect on memory, compared to placebo.
Only a decrease in double words during delayed word recall was
seen (p =.021; data not shown)

PHARMACOLOGICAL DIFFERENCES OF GABAERGIC COMPOUNDS: A PHARMACODYNAMIC CHARACTERIZATION

Pharmacokinetics and pharmacokinetic | pharmacodynamic
(PK/PD) relationships

Under fasting conditions, zolpidem was absorbed rapidly (median
Tmax = 0.78 h; range 0.33-2.50 h). The (geometric) mean of Cyax
was 132.0 (range 59.2-136.0) ng/mL. Plasma concentrations decreased
rapidly with a terminal half-life of 2.2 (range 1.2-3.1) h. The AuC 0-0
was 422 (range 208-808) ng h/mL. Zolpidem pharmacokinetics were
described using a one-compartment model with first- order absorp-
tion. Inclusion of a lag-time markedly improved the data description.
Figure 1 shows the average concentration-time profile with the average
NONMEM predicted profile superimposed. Results are presented in
Table 2. In order to derive a plausible Pk/PD-model, initially a linear
plasma concentration-effect relationship was estimated. The

results for almost all PD responses indicated that the peak effect

was underestimated and the decline after the peak was too slow.

Two other options for further modelling were explored: using a non-
linear concentration-effect relationship and implementing a model
describing acute tolerance development.

For all parameters, a sigmoid Emax concentration effect
relationship was estimated which resulted in clear improvement of
the data description. Table 3 shows the population parameters for
this model. This model generally predicts that lower doses (e.g., 5 mg
instead of the applied 10 mg) will have much smaller effects, although
it has been reported that 5 mg zolpidem still result in noticeable
effects [6,23].

The second option, a tolerance model, proved difficult to
implement. The classic approach to acute tolerance is implementation
of'an extra compartment, which is assumed to interfere with the
plasma concentration-effect relationship [24,25]. This compartment
reflects a hypothesised metabolite that antagonises the effect
of zolpidem or a situation in which receptors are (temporarily)
inactivated after binding to the drug resulting in a reduction of
binding sites. This model provides an empirical description and
is therefore hypothetical, as the mechanism responsible for the
acute tolerance development is rarely known exactly. Such a classic
tolerance compartment did not lead to a clear improvement of
the data description: induction of tolerance takes longer than
can be described using such a model, butwhen it occursitis
quite pronounced. Since lag-times cannot be implemented in the
differential equations used to describe such compartmental models,
a number of intermediate compartments were included in the model
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thatincurred such a delay (Figure 2). Such a transit compartmental
approach has been advocated before [26], and has found applications
in modelling drug absorption [27] and in oncology [28]. The number
of intermediate compartments was iteratively tested for some of the
PD responses. Implementation of this tolerance model with 15 transit
compartments provided a satisfactory description of

the data for all PD parameters examined (Table 3).

Concentration-effect relationships were assumed to be linear
and the increasing tolerance was assumed to follow a simple Epax
model with full suppression at Emax. Figure 3 shows the observed
and predicted data for vas alertness using the tolerance model. The
predicted time profile of the zolpidem concentrations and those of the
hypothetical compound are shown in Figure 4.

Forthe spv and the EEG alpha (Pz-Oz) power, data were more
difficult to fit. Both the sigmoid Emax and transit tolerance model
were able to describe the spv data with a small improvement of fit
compared to a linear model. For EEG (Pz-Oz) alpha power, there
seemed to be a better fit for both the linear and sigmoid Emax model
compared with the transit tolerance model. The concentration of the
hypothetical tolerance metabolite was predicted to be low when spv
and EeG alpha Pz-Oz were modelled by the tolerance model, which
indicated less tolerance than for the other parameters.

In order to visually indicate the difference in expected profiles
between a sigmoid Epmax model and the final tolerance model,
simulations were performed for the effect profiles after administration
of two doses of 5 mg separated by one hour. The effect after the second
dose is predicted to be larger for the sigmoid Eyax model and smaller
for the tolerance model (Figure 5). Ultimately, such an experiment
is required to arrive at a final conclusion regarding the adequacy of
either model.

DISCUSSION

92

In this study the pharmacodynamics (PD) and pharmacokinetics (PK)
of zolpidem 10 mg were assessed and related to each otherin a Pk/PD
analysis. The study showed that zolpidem was quickly absorbed and
affected many central nervous system (CNs) variables. Pk/PD analysis
resulted in two models to describe zolpidem’s concentration-effect
relationships.

Zolpidem has been developed as a selective hypnotic with higher
affinity for the the oi1-subtype GABA, receptor, which is believed to be
associated with sedation. The lower affinity for the other subtypes was
expected to cause fewer effects on cNs functions than are normally
seen with non-selective agents such as benzodiazepines. However,
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the behavioural effects of zolpidem are generally similar to those of
benzodiazepines [29]. The current study also showed that zolpidem
affected most cNs functions, although the effects of the 10 mg dose
seemed less intense than generally observed with hypnotic doses

of non-selective benzodiazepines [11,14,16]. At first sight, these
results seem to contradict a selective pharmacological profile of

this compound. However, most adverse events of benzodiazepines
orzolpidem can be either directly orindirectly influenced by
out-activation. Muscle relaxation has been attributed to the o.2,3-
subtype [30,31], but functions related to muscle tone such as postural
stability or saccadic peak velocity may have been indirectly affected
by sedation and lack of concentration. Memory impairment is linked
to the ai5-receptor subtype [32-34] but is also affected by attention
[5,7,35-37]. The lack of a memory effect in our study could be related
to the late assessment, around six hours after dosing.

Zolpidem has been investigated in several studies but Pk/PD
analyses are rarely described. In a previous study, an Epmax model
was used to describe the data, but the fit was less than optimal
immediately after dosing and after the peak [10]. A study in rats
used a sigmoid Epmax model to describe the concentration-EeG effect
relationship [38]. Our analysis showed two models describing the
PK/PD relationship for zolpidem 10 mg, which are both different
from the model previously published for the relationship in man. All
pharmacodynamic effects increased rapidly and disappeared while
concentrations were still present, which suggested a sigmoid Emax
model or a tolerance model. Both models show a comparable fit for
the 10 mg dose, but have different implications for a wider dose-effect
range. The sigmoid Epmax model is widely used in Pk/PD modelling,
and previous studies have shown that such models yield a proper fit
of the concentration-eeG effect relationships for benzodiazepines
[25,39] as well as zolpidem [38]. A typical characteristic of this
model is the ‘lack’ of effects at lower concentrations. Figure 5 shows
that the sigmoid Epax -model would predict very small effects of
zolpidem after a single low dose of 5 mg. However, studies with g5
mg of zolpidem showed effects on spv [6] and on vAs subscales
[23]. In another study zolpidem 7.5 mg showed effects on alertness
scales, EEG [B-activity, the digit-symbol substitution test (DssT) and
tapping speed [40]. Three other studies showed no effects after g
mg [41-43]. Unfortunately, the results of these studies could not be
accurately compared with predictions from our two Pk/PD-models,
as measurements differed and not enough quantitative data were
reported in these publications. Considering the effects with low doses
in some studies, however, the sigmoid Eymax model is probably less
accurate, although it may suffice to describe the Pk/PD-relations
for some cNs-effects (notably spv- and EEG alpha reductions). The
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sigmoid Emax model also predicts that the effects of zolpidem will
surge with a second 5 mg dose after one hour, and such a repeated
low-dose experiment would be required to examine the validity of the
sigmoid Emax -model.

Atolerance model was also investigated. With a single ‘classic*
tolerance compartment, the Pk/PD-model could not capture the
relatively slow onset of the tolerance that was actually observed.
The shiftin time needed to accurately describe the development
of tolerance resulted in the implementation of 15 serial tolerance
compartments, to mimic the apparent delay in tolerance develop-
ment. To our knowledge, the development of acute tolerance in
man has not previously been described for zolpidem. Theoretically,
acute tolerance could be due to (local) formation of an antagonistic
metabolite or to acute receptor-site adaptation. Zolpidem has no
identified active metabolites. Downregulation of GABA, receptors is
known to be involved in tolerance development, and may therefore
also play a role for zolpidem.

The development of tolerance is very well known after chronic
benzodiazepine use [44]. It may play a role in the rebound effects,
the loss of effects and the dependence that generally limit the
prolonged use of benzodiazepines [45]. The literature is less clear
on acute tolerance development with benzodiazepines. It has been
described for different short-acting benzodiazepines on a range of
cNs-effects [25,46-48]. Other studies did not report any tolerance
for these compounds [12,13], but this could have been masked
by the assessment of performance while plasma benzodiazepine
concentrations are declining [49]. In general, the short-acting
benzodiazepines, such as midazolam, have been found to produce
more tolerance, dependence, withdrawal symptoms [50,51] and
abuse liability [52] than the longer-acting benzodiazepines. It has
been suggested that acute tolerance development might be the
first step in the development of chronic tolerance [53]. Despite
zolpidem’s rapid onset, short duration of action and pronounced
tolerance development, most studies in animals and humans show
few indications for long-term adaptive adverse events [29,54-571.
This suggests that acute tolerance development by zolpidem is
related to a particular molecular-pharmacological characteristic of
this compound. Different mechanisms have been discussed in the
literature [58]. It has been suggested that GABA, receptor ligands
affect sensitivity, synthesis and degradation of GABA, receptors,
orelicit uncoupling of the allosteric linkage between GABA and
benzodiazepine sites [58]. On the longer run, alterations in mRNA
synthesis may cause changes in GABA, receptor subunits, thereby
reducing the sensitivity of the GABA receptor to GABA [58]. Our PK/

pD-model indicates that zolpidem’s pd effects are attenuated from two
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hours post-dose, and this raises the question which of these tolerance
mechanisms best fits this relatively slow process. One study in rats
showed that the number of binding sites for zolpidem was diminished
40 minutes after zolpidem intake while affinity for the receptorwas not
changed [59]. It was hypothesised that this decrease in binding sites
was due to a degradation of the oi1-subtype GABA, receptor, or that
zolpidem binding induces a substitution of the at1-subtype by one of
the other subunits [59]. The time course of these events is compatible
with our Pk/PD-tolerance model, but unfortunately most in vivo
studies did not provide evidence of acute tolerance in rodents [60,61].
Ifthe acute tolerance is based on one of the outlined molecular
changes, the lack of chronic tolerance would imply that these changes
are rapidly reversible after clearance of the drug, without affecting the
response upon long-term use.

Our findings indicate that tolerance development can differ
among the range of GABA,-sensitive CNs-functions. Some
functions showed more acute tolerance than others, and the time-
scales also differed, These phenomena could be described by
different P/PD-models, reflecting more or less distinct underlying
pharmacological or functional tolerance mechanisms. This is in line
with the different receptor subtypes for which development of acute
tolerance has been reported [62-65]. Acute tolerance could also be
caused by functional adaptations of different post-receptor systems or
brain networks. Pk/PD-models help to quantitatively describe different
tolerance phenomena, but preclinical research is required to further
elucidate the underlying mechanisms.

In conclusion, zolpidem causes a quick rise in plasma levels that
is associated with a rapid onset of PD effects. This rapid onset seems
to be responsible for the main clinical benefit of this sleep-inducing
hypnotic. The rapid decrease in pD effects, which can be described
by a sigmoid Emax model ora tolerance model, might contribute to
zolpidem’s short duration of action. It is unknown which molecular
or functional characteristics underlie these concentration-effect
relationships. It seems these may differamong the various cNs
effects, since not all cNs effects can be described by the same model.
In order to determine the exact Pk/PD model to describe zolpidem’s
concentration-effect relationship, a study with repeated lower doses of
zolpidem should be performed.
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