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ANXIETY: DEFINITION, DIAGNOSIS, EPIDEMIOLOGY,
AND CURRENT TREATMENT STATUS

Anxiety isacommonly occurring negative human emotional state and is character-
ized by subjective feelings of worry and fear. By definition, worry or apprehension
refers to thoughts and expectations about future events while fear is an acute
reaction to perceived imminent danger. Subjective phenomena are usually accom-
panied by physical symptoms such as increased heart rate, shakiness, fatigue, and
muscle tension, as well as cognitive, and behavioral manifestations. Anxiety can be
adaptive that occurs in response to a threat and prepares to cope with the environ-
ment. However, anxiety becomes pathological when it causes significant personal
distressand impairs everyday functioning. In order to be diagnosed with an anxiety
disorder, individuals have to experience a certain number of symptoms that are
disproportionate to either actual orimagined environmental threat for at least six
months [1,2].

Anxiety disorders are chronic, disabling conditions that impose enormous costs
both on individuals and on society [3-6]. These disorders are prevalent in Western
countries. According to a recent 3-year multi-method study covering 30 European
countries, 14% of the total population (i.e., 514 million people) were suffering from
anxiety disorders [4]. In the Diagnostic and Statistical Manual of Mental Disorders,
Fifth Edition (Dsm 5) [1], seven anxiety syndromes are classified, including panic
disorder, agoraphobia, social anxiety disorder (SAD), generalized anxiety disorder
(cAD), specific phobias, separation anxiety disorder and selective mutism. The eti-
ology of anxiety disorders is multifactorial and includes geneticliability to a certain
extent for some syndromes. In addition, drug withdrawal, substance/medication
(e.g. alcohol, caffeine, and benzodiazepines) abuse and dependence, occupation-
al exposure to organic solvents, and life stresses have been related to the etiology
of anxiety disordersm while psychiatric complications of endocrine disorders like
pheochromocytoma and hyperthyroidism have been demonstrated to mimic
anxiety disorders. Taken together, the phenomenologically-based diagnostic clas-
sificationand the multifactorial nature of anxiety disorders are expected to affected
efficacy of anxiolyticcNsactive drugs thathave been discovered in the pastdecades.

Current treatment modalities for anxiety disorders can be categorized into psy-
chological treatments (e.g., exposure therapy, cognitive therapy and cognitive
behavioral therapy) and pharmacological interventions [2]. The pharmacological
interventions can be further divided to chronic or maintenance treatments and
short-term treatments inducing acute anxiolysis. Monoamine modulating drugs
such as the selective serotonin reuptake inhibitors (ssRis) and serotonin-noradren-
aline reuptake inhibitors (sNRis) are considered the first-line drugs for anxiety
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disorders. This is mainly due to their ‘broad spectrum’ anxiolytic efficacy in both
short-term and long-term therapy and the relatively good tolerability in terms of
side effects and treatment adherence [2]. However, since it is not unusual for treat-
ment response to be reached only after12 weeks of treatmentata therapeuticdose,
the delayed onset of action of ssris and SNRIs remains a major disadvantage. In
addition, when patients do not respond to or are intolerant of SSRI/SNRI treatment,
alternative classes of psychotropic drugs, such as other antidepressant drugs (e.g.,
tricyclic antidepressants [TCAs], irreversible monoamine oxidase inhibitor [MAoI]
phenelzine), anticonvulsant drug pregabalin, antipsychotic drugs (e.g., queti-
apine), and anti-histamine drug hydroxyzine, are considered. Nonetheless, even
after treatment with multiple anxiolytic drugs, up to 40% of patients with anxiety
disorders do not respond to such drugs at all or only respond partially [7]. Given the
rapid-onset effectiveness of benzodiazepines (BzDs) in many patients with anxi-
ety disorders, especially in panic disorder, GAD and SAD patients, these drugs are
generally reserved for the treatment of patients who have failed to respond to at
least three previous treatments (such as after non-response to an SSRi,an SNRI and
apsychological intervention). The use of BzDs should however be minimalized and
preferably be reserved for short-term treatments to mitigate the risks of trouble-
some sedation, cognitive impairment and discontinuation symptoms after abrupt
withdrawal [8] in both short-term and long-term treatment, and to avoid develop-
ment of tolerance and dependence with prolonged use. Taken together, an obvious
unmet clinical need in the pharmacological treatment of anxiety disorders opens
anopportunity for novel pharmacological approaches that demonstrate rapid anx-
iolyticefficacy thatis superior to existing treatments and lacks tolerance induction,
abuse liability and withdrawal symptoms.

THE BRAIN CIRCUITRY INVOLVED IN ANXIETY AND THE ROLE
OF GAMMA-AMINOBUTYRIC ACID A (GABA) IN THE AMYGDALA

On a neurobiological level, anxiety disorders arise from disruption of the highly
interconnected circuits normally serving to process the stream of potentially threat-
ening stimuli detected by the human brain from the outside world. Perturbations
anywhere in these circuits cause imbalance in the entire system, resulting in a
fundamental misinterpretation of neural sensory information as threatening and
leading to the inappropriate emotional-and thereby behavioral-responses seen in
anxiety disorders [9].

Briefly speaking, anxiety is linked to compromised interactions between the amyg-
dala and the dorsal and ventral medial prefrontal cortex (mpFc). Tract-tracing
studies in rats show that axons originating in the infra-limbic cortex of the mpFrc
terminate most densely in the ventromedial lateral nucleus, the rostral part of the
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accessory basal amygdala, lateral capsular subdivision of the central nucleus and
the superficial nuclei (lateral olfactory tract, periamygdaloid cortex and cortical
nuclei) [10-12]. Neurons in the more caudal areas of the infra-limbic sub-region also
project to the medial and intermediate subdivisions of the central nucleus [11,13].
The pre-limbic cortex of the mprc is located dorsally adjacent to the infra-limbic
sub-region and it has a different pattern of connectivity with the amygdala. Pre-
limbic cortex neurons target the basal nucleus of the amygdala (BA), primarily
the dorso-medial part [11,14], while caudal pre-limbic cortex neurons concentrate
inputs in the medial parvicellular basal nucleus [15].

Fear extinction is defined as a decline in conditioned fear responses following
repeated exposure to a feared conditioned stimulus (e.g., a tone in both animals
and humans) in the absence of the unconditioned stimulus (usually a footshock in
animals) with which it was previously paired [16]. Extincted fear can be recovered
with time or change of the experimental context, suggesting that fear extinction
reflects a learning process. The fear reduction is associated with inhibition rather
than erasure of the original fear memory. Given that fear extinction has a close
therapeuticanalogue in the form of exposure therapy for patients with anxiety dis-
orders, ithas beenimplicated in many preclinical studies to investigate drugs acting
as adjuncts to strengthen extinction and reduce intrusive fear memories in PTSD
and specific phobias [17]. The acquisition, consolidation and retrieval of extinction
therefore are separable processes thatare controlled by different brain regions and
neural systems [18].

Inboth experimental animaland human functionalimaging studies, theamygdala
and the mprc has been demonstrated to be associated with the regulation of neg-
ative emotion, such as anxiety or worry and apprehension. Neuroimaging studies
consistently show that higher levels of anxiety are associated with both attenuated
ventral medial prefrontal cortex (vmpFc) activity and exaggerated dorsal medial
prefrontal cortex (dmPFc) activity [19,20] in the presence of threatening stimuli.
In the absence of threatening stimuli (i.e., at rest) Kim and colleagues [21] report-
ed that the negative connectivity normally seen between the amygdala and the
dmpFc at rest was attenuated in high anxious subjects, whereas the positive con-
nectivity normally observed between the amygdala and vmpFc at rest, manifested
as negative connectivity in high anxious subjects. Interestingly, the mprc-amyg-
dala coupling is inversely correlated with self-reported measures of anxiety or
anxious temperament, indicating that the mprc functions to actively regulate the
amygdala and impaired connection between the two neural structures may lead
to inadequate response to threatening stimuli. On the other hand, the amygdala
—nuclei situated in the median temporal lobes —appears to play a crucial role in
the regulation of negative affect and therefore anxiety-related symptomatology.
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Emerging evidence from functional magnetic resonance imaging supports that
amygdalais the key brain region of activity in response to negative emotional stim-
uliin healthy volunteers [22-24]. Besides, patients with anxiety disorders are prone
to amygdala activation in response to a given threatening stimulus more than the
non-anxious controls [25]. Moreover, successful treatment of anxiety disorders
with cognitive behavioral therapy leads to extinction of this hyperactivation in the
amygdala [26]. Taken together, mpFc functions to regulate amygdala function by
actively suppressing activity, and so deficiency in the top-down regulation of mprc
and hyperactivation of the amegdela have been implicated in the pathophysiology
of anxiety-related disorders.

In the amygdela, two groups of nuclei should be noted, namely the basolateral
amygdala complex (BLA) and the centromedial amygdala complex, in particular
the central nucleus (cea) [27,28]. The BLA receives afferent information on poten-
tially negative emotional signals from the thalamus and the sensory association
cortex. The BLA activates the ceA either directly through an excitatory glutamater-
gic pathway or indirectly by activating a relay of inhibitory cABAergic interneurons
thatlie between the BLA and the ceA and exertan inhibitory influence upon the lat-
ter [29,30]. The cea is the principal efferent pathway from the amygdala. Inhibitory
GABAergic neurons project from the cea to the hypothalamus and brainstem; the
activation of these neurons leads to the somatic manifestations of anxiety [31].
Projections to other basal forebrain nuclei such as the ventrotegmental area and
the locus ceruleus may be involved in the subjective effects that are related to anx-
iety, such as apprehension and dysphoria [32]. In addition, neurons from the BLA
also activate cells in the adjacent bed nucleus of the stria terminalis, which project
tothesameareasasthe ceaand apparently play asimilarrole [28,32].

The knowledge about the neurobiology underlining anxiety disorders serves as the
basis for the search of novel anxiolytic agents. Compounds that manipulate this
potential pathway may provide new options for the treatment of anxiety disorders.
Moreover, neuroimaging and neurophysiological measurements that address the
corresponding processes may be used to assess human responses to drug-mediat-
ed target modulation.

THE INVOLVEMENT OF GABA SYSTEM IN THE PATHOPHYSIOLOGY
OFANXIETY AND ANXIETY DISORDERS

Mounting evidence has suggested the pathogenesis of human anxiety disorders is
related to a dysfunction of central top-down inhibitory mechanisms. By providing
the major source of inhibitory neurotransmission in the mprc and amygdala, cABA
exerts a powerful influence on a range of fear- and anxiety-related behaviours,
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including fear extinction [33-37]. Temporary inactivation induced by CABA(A)
receptor agonists has been implicated to establish necessary contribution of the
infralimbic subregion or basolateral amygdala (BLA) (but not prelimbic cortex) to
fear extinction [38,39]. Infusions of GABA or GABA receptor agonists into the amyg-
dala were found reducing measures of fear and anxiety (possibly related to effects
on memory reconsolidation) in several animal species [40,41]. On the other hand,
infusion of the cABA antagonist bicucullinewas found to block chlordiazepoxide-in-
duced anxiolytic-like activity in rats, whereas injecting bicuculline methiodide to
the anterior basolateral amygdala of rats elicited anxiogenic-like effects in both
the social interaction paradigm and the conflict paradigm. Microinjection of bicu-
culline methiodide into the central nucleus of the amygdala elicited no change in
experimental anxiety [42].

In humans, administration of benzodiazepines is translated to anxiolytic effect by
attenuating amygdala activation in response to negative emotional stimuli [43,44].
To the contrary, Nutt et al. [45] performed an interesting study, in which they
injected the benzodiazepine-antagonist flumazenil to 10 patients with panicdisor-
derand 10 control subjects. Subjective anxiety responses after flumazenil infusion
were significantly higher in patients with panic disorder than in the controls, and
panic attacks were successfully induced in eight patients with panic disorder but
no panic attack occurred in the controls. Although such findings have not been
replicated [46], they are regarded as a potential signal for the possible shift of
the “receptor set-point” [45]. Nikolaus et al reviewed 14 nuclear neuroimaging
(Positron emission tomography [PET] and Single-Photon Emission Computed
Tomography [sPEcT]) studies conducted in patients with anxiety disorders (160
patients [mostly GAD patients] vs. 172 healthy controls). They identified a wide-
spread decline of GABA(A) receptor binding sites and reduced binding extent in
the whole mesolimbocortical system in patients suffering from anxiety disorders,
suggesting attenuation of physiological central depression. The disturbances of the
downstream dopaminergic and serotonergic neurotransmission are thought to, at
least partly, result from the diminished tone of cABAergic neurotransmission [47].
A decrease of cortical cABA neurons and reduction of GABA levels were reported in
patients with major depressive disorder (MDD) using proton magnetic resonance
spectroscopy [48]. Considering the frequent comorbidity of MDD with anxiety
states, a shared underlying pathology that emphasizes the causal contribution of
cABAergic deficit is proposed for both anxiety disorders and depression [49-51].
Similar GABA(A) receptors reduction is also seen in patients with panic anxiety
or post-trauma stress disorder (PTSD). Noteworthy, the extent of GABA(A) recep-
tor deficit is significantly correlated to the clinical severity of these two disorders
[52-56], suggesting an ‘exposure-response relationship and hence reinforcing the
contribution of cABAergic deficit to anxiety status.
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In summary, all aforementioned research findings suggest cABAergic neurotrans-
mission in the mpFc-amygdala coupling is a promising target for modulation of
anxiety-related responses.

GABA(A) RECEPTOR STRUCTURE, FUNCTION, AND ITS IMPLICATION
IN THE PHARMACOTHERAPY OF ANXIETY DISORDERS

Thediscovery of the GABA(A) receptor in the 1970s, originally called benzodiazepine
receptor, was essential forelaborating the mechanism of action of benzodiazepines,
it was the recognition of benzodiazepine-sensitive GABA(A) receptor subtypes that
opened up a new GABA pharmacology [57].

GABA(A) receptors belong to the class of ligand-gated ion channels [58]. The GAB-
A(A) receptors are hetero-pentamers traversing the neuronal membrane. To date, a
large number of GABA(A) receptor subtypes have been identified: a1-6,81-3,y1-3,
A,51-3,8, Tt [59]. The majority of GABA(A) receptorsin the brain are comprised of two
a subunits, two 8 subunits, and a y sub-unit. These subunits construct a cylinder.
Activation of the receptor by GABA leads to a conformational change in the protein
subunits and results in transient opening of a pore along the axis of the cylinder,
allowing the flow of chloride ions from one side of the membrane to another [60].
The pharmacological interaction between benzodiazepines and GABA(A) receptors
occurs at a different site independent from the cABA binding site on the cABA(A)
receptor. GABA binds within the two interfaces between the a and R subunits on
the GABA(A) receptor. Benzodiazepines bind within the interface between the a
and y sub-units, thereby potentiating GABA-related activation of the chloride con-
ductance through allosteric modulation [61]. Nevertheless, such benzodiazepine
recognition site does not exist in all a and y2 subunit combinations. Therefore,
although caBA(A) receptors containing {3, y2 plus either ay, a,, a3, or as subunits pos-
sessabindingsite for classical benzodiazepines, analogous receptors containing a4
or a6 subunits do not. The research by Seeburg et al has attributed the benzodiaze-
pine-sensitivity of ay, a;, a3, and as subunits to the histidine residue ina homologous
position in their N-terminal extracellular region, which switches to an arginine res-
idue in the benzodiazepine-insensitive a4 and a6 subunits [62].

Given the evolutional preservation of the GABA(A)/Cly receptor-like (GRL) gene
sequences in the vertebrates [63], the function of each GABA(A) receptor subunit
wasinitially investigated through a gene knock-out approach. Thanks to the gained
experience in gene targeting techniques that enables introduction of specific point
mutations, and the recognition that a single amino acid residue in the a subunit
determines the sensitivity of a GABA(A) receptor to diazepam, point mutation
of the histidine to an arginine in the ay, az, as, and as subunits was employed in in
vivo animal studies to convey the interaction between benzodiazepines and the
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01,2,3,5-containing GABA(A) receptors from agonism to inverse agonism [64]. This
knock-in approach was used to investigate the underlying pharmacological action
of the manipulated receptor subunit.

Based on various experimental knock-in and knock-out mice models, a;-containing
GABA(A) receptors are linked to sedative effect [65-68], while spinal a,/as GABA(A)
receptors are found to mediate analgesia [69-71] and as-containing GABA(A) recep-
tors, which relatively specifically express in the hippocampus (the central domain
for learning and memory), are associated with cognition [72-77]. The GABA(A) sub-
type responsible for the anxiolytic effects of benzodiazepines are less clear. The
involvement of a, GABA(A) receptors in anxiolysis is anticipated given their high
expression in human amygdala-prefrontal circuitry [78,79]. Most studies suggest
that the a; rather than the os subtype is related to the benzodiazepines-induced
anxiolysis [80,81], while pharmacological studies using either an as-selective
inverse agonist[82] oran as-selective agonist [83] implicates the as subtype. Despite
of the controversies, the affinity and efficacy of current investigational compounds
acting at the a; and a3 subtypes are mostly similar at the a,- and as- subunits con-
taining GABA(A) receptors [84].

NOVEL (2,3-SUBTYPE SELECTIVE COMPOUNDS FOR ANXIOLYSIS

In contrast to other areas of pharmacology, in the field of cABAergic receptor
modulator, it has been particularly difficult for medicinal chemists to develop sub-
type-selective ligands [85], mainly because the high flexibility of GABA(A) receptors
and the existence of multiple drug-binding sites. In addition, the distinct subunit
composition among the GABA(A) receptor subtypes, the contribution of distinct
subunit sequences to binding sites of different receptor subtypes, as well as the
fact that even subunits not directly connected to a binding site are able to influ-
ence affinity and efficacy of drugs, contribute to a unique pharmacology of each
GABA(A) receptor subtype [86].

The binding and efficacy profiles of candidate a,; subtype-selective drugs can
be classified to either binding-selectivity or efficacy-selectivity. A compound
with binding-selectivity is expected to have higher affinity for a, and/or as sub-
types in vitro and hence specific receptor occupancy and cNs distribution in vivo.
Even though the compound may have comparable efficacy at the four benzodi-
azepine-sensitive GABA(A) receptor subtypes, its pharmacological selectivity is
determined in vivo by preferential occupancy. As for efficacy-selectivity, an ideal
compound should have opposite pharmacological interactions at different sub-
types. In other words, it should exert agonism at the a3 subtypes whereas present
antagonism or inverse agonsim at the o; and as subtypes. Between these two
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extreme conditions, there could be multiple permutations, including a compound
behaves as a full agonist or a relatively high partial agonist at a, and/or a3 subtypes
but hasweak or none activity at the a; and as subtypes.

Based on these principles, a number of conceptually GABA(A) a3 subtype-selec-
tive compounds have been identified through in vitro studies using recombinant
human cABA(A) receptors and carried forward into clinical development. Because
of their pharmacological selectivity, these compounds are expected to have favor-
able therapeutic effect with less sedating or cognition impairing effect. Table 1
listed the in vitro pharmacological properties of these novel cABAergic compounds.

Table1-Invitro pharmacological properties of the GABAergic compounds

o, oy a3 as
Compound Ki? Efficacy? K; Efficacy K; Efficacy K; Efficacy
(nM) (%) (nM) (%) (nM) (%) (nM) (%)

TPA0233 0.27 o# 0.31 11 0.19 21 0.41 5
MK-03433 0.22 18 0.40 23 0.21 45 0.23 18
SL65.14984 17 45 73 115 80 83 215 48
Zolpidem 20 75° 400 (d) 785 400 (d) 80° 5000(d) 95
AZD7325° 0.5 0 0.3 18 1.3 15 230 8
AZD62807 0.5 0 21 32 31 34 1680 7
NS118218 1.6 4 9.7 17 3.8 40 2.5 a4

1. Ki=constant of receptor-subtype binding / 2. Relative efficacy is defined as the extent of the potentiation of
GABA(A) ECyo-equivalent current produced by the compound compared to that produced by a nonselective
full agonist (chlordiazepoxide/diazepam) | 3. Mean values of 3 experiments in Xenopus oocytes with human
recombinant af33yz receptors; efficacy relative to chlordiazepoxide [86,89] / 4. Mean values of 3 experiments in
HEK293 cells with recombinant rat receptors afS2y2; efficacy relative to chlordiazepoxide [97] / 5. Mean values
of 3experiments in Xenopus oocytes with human recombinant afSzyz receptor; efficacy relative to diazepam
[98,991/ 6. Data adapted from [100] /7. Data adapted from [101] / 8. Data adapted from [102].

EVALUATION OF HUMAN PHARMACOLOGY

BzDs exert their CNS actions in a concentration-dependent manner [87]. The
anxiolytic, hypnotic, muscle relaxant, and amnesic effects of benzodiazepines
generally appear concomitantly, and the onset and duration of action correlate
closely with the pharmacokinetic profiles of these compounds. Based on non-
clinical investigations using in vitro assays and animal models of anxiety, the
human pharmacology of novel caBAergic agents is approached through clinical
pharmacology studies investigating pharmacokinetics, receptor occupancy, and
pharmacodynamics (PD) in healthy volunteers. Direct links have been proposed
between plasma drug concentration and GABA receptor occupancy [84], as well as
between plasma drug concentration and the pharmacodynamic measurements
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[88-91]. Such pharmacokinetic/pharmacodynamic (Pk/PD) relationships warrant
the use of surrogate biomarkers in healthy volunteers treated with single-dose
administration of selective novel GABAergic compound(s).

More than 170 pharmacodynamic tests or test variants have been developed to
assess the cNs effects of benzodiazepines. De Visser et al. [87] analyzed the inter-
study consistency, sensitivity, and pharmacological specificity of the frequently
used biomarkers. Saccadic peak velocity (spv) and visual analogue scale of alertness
(VASalertness) were identified as the most sensitive parameters for benzodiazepines.
Both measurements showed consistently dose-dependent responses to a variety
of benzodiazepines. Based on these finding, the Centre for Human Drug Research
(cHDR) has established a selection of computerized cNs-pharmacodynamic tests
called the Neurocart battery [92]. The components of this battery target a variety of
neurophysiological and/or neuropsychological domains (Table 2).

Table 2 - Component tests of the Neurocart battery and the related cNs domains

Neurocart test Targeted function Related cNs domains

Saccadic eye movement Neurophysiologic function  Superior colliculus, substantia nigra, amygdala
Smooth pursuit Neurophysiologic function ~ Midbrain

Adaptive tracking Visuo-motorcoordination ~ Neocortex, basal nuclei, brain stem, cerebellum
Body sway Balance Cerebellum, brain stem

Visual verbal learning test (vvLT) Memory Hippocampus

VAS Bond and Lader Alertness, mood, calmness ~ Cortex, prefrontal cortex

VAS Bowdle Feeling high,internaland  Cortex, prefrontal cortex,amygdala

external perception

Of this battery, adaptive tracking, saccadic eye movements, and body sway were
proven sensitive to the sedating effects of sleep deprivation [93], as well as to the
effects of benzodiazepines and other caBAergic hypnotic drugs [89,91]. In the
recent years, the Neurocart battery was used in a series of phase | studies to assess
cNs pharmacodynamics of partial a3 subtype selective GABA(A) agonists. Both
nonselective and/or selective GABA(A) agonists were administered as single oral
dose to healthy volunteers. Clear distinctions were observed between the effect
profile of non-subtype-selective full cABA(A) agonist and that of selective partial
GABA(A) agonist in these trials [88-90], probably because the subtype specificity
of the pharmacodynamic measurements for the pharmacological modulation of
GABA(A)-ergic compounds. Unfortunately, none of the novel receptor subtype-se-
lective compounds have reached the market: the development of GABA(A) receptor
a2 and az subunit agonist sL65.1498 [90], was discontinued owing to unexpect-
ed amnestic effects, while the phase 2 studies of another compound of this drug
class, TPAO23, were terminated prematurally due to preclinical toxicity (cataract
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formation) in long-term dosing studies [94], despite exhibiting anxioselective
activity in GAD; MK-0343 also displayed an anxioselective profile in animal models
but produced sedation in humans at low levels of receptor occupancy (<10%) [95].

In summary, these reports indicate that the human pharmacodynamic approach
with sensitive and cNs-domain specific neuropsychological and neurophysiologi-
cal measures is useful in predicting the drug's clinical effect on the central nervous
system. Inter-species difference is also noted between human and rodents or pri-
mates: although a low in vitro efficacy at the a;-containing GABA(A) receptors may
not lead to an overtly sedative effect in the experimental animals, it apparently
causes sedationin humans at comparable exposure levels. The following questions
remain to be answered: 1) is reduction of saccadic peak velocity a promising surro-
gate marker for clinical anxiolysis? 2) can we also differentiate partial agonism from
the full agonism of benzodiazepines via this pharmacodynamic package?3) is such
selective cNs-pharmacodynamic effect profile characteristic for the family of caB-
A(A) az,3-subtype receptor agonists?

CONCLUSION AND AIM OF THESIS

Anxiety disorders are highly prevalent psychiatricdisorders and have high personal
and societal costs. The transition from “normal” negative affect oranxiety toan anx-
iety disorder is implemented by the interplay between psychosocial stressors and
a wide array of neurobiological alterations which lead to subjective suffering and
functional impairment. Monoamine modulating treatments are widely applied to
treatanxiety disorders but are not effective in a large proportion of patients. As the
predominantinhibitory neurotransmitter system in the human brain, the caBaer-
gic system in general and its a; 3 subunit-containing GABA(A) receptor subtypes in
particular, have beenimplicated in the pathophysiology of anxiety disorders. Novel
pharmacological treatments selectively targeting the anxiolysis-mediating GAB-
A(A) receptor subtypes are currently emerging. These range from affinity-selective
agents to efficacy-selective agents and represent potentially useful future pharma-
cological treatments for anxiety disorders [95].

In this thesis, we report several human pharmacology studies that were performed
to identify the pharmacologically active doses/exposure levels of several novel
compounds with potential anxiolytic effects (Chapter 2, 3, 4). Because of their
pharmacological selectivity at the a,,3 GABA(A) receptor subtypes, the novel drugs
were expected to elicit clinical anxiolysis and less sedating effects. An overview of
the performance of the selected and validated pharmacodynamic measurements
is composed to summarize the utility of these neurophysiological and neuropsy-
chological biomarkers in early clinical development of novel anxiolytic drugs
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(Chapter 5). However, the difficulty of evaluating therapeutic anxiolytic drug
effects in healthy volunteers has led to further explorations on the neuroendocrine
biomarkers (Chapter 6) and the integration of a stress-challenging procedure into
the evaluations (Chapter7).
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ABSTRACT

Aims: AzD7325isa novel a, 3-subtype-selective partial GABA-A-receptor modulator.
This study investigated the pharmacodynamics of single-oral-dose AzD7325 2 mg
and10mgon the central nervous system (CNs) compared to placebo and lorazepam
2 mg. Methods: This double-blind, randomized, 4-way-crossover study enrolled
sixteen healthy males and administered two validated cNs-test-batteries to mea-
sure drug effects on cognitive, neurophysiologic and psychomotor function, and
subjective feelings. The pharmacological selectivity of AzD7325 was compared to
lorazepam by plotting saccadic peak velocity change from baseline (Aspv) against
body sway (Asway) and visual analogue scale for alertness (AVAS;jertness). This
analysis has previously been used to identify a, s-subtype-selectivity. Results: In
contrast with the robust impairment caused by lorazepam (all p<0.05 vs. placebo),
neither dose of AzD7325 induced statistically significant effects on any pharmaco-
dynamic measurements. Lorazepam-induced spv-reduction was linearly related to
changesinotherneurophysiologic biomarkers. In contrast, the slopes of the regres-
sion lines were flatter for AzD7325, particularly for the ALog(Sway)-Aspv relation
(estimate slope, AzD7325 10 mg vs. lorazepam, difference [95% confidence inter-
val], p-value: -0.00036 vs. -0.00206, 0.001704 [0.000639, 0.002768], p=0.0018)
and the AVAS,jertness-ASPV relationship (0.01855 vs. 0.08216,-0.06360 [-0.1046,
-0.02257]; p=0.0024). AzD7325 10 mg and lorazepam induced different response
patterns on VAs ‘feeling high’ and electro-encephalography. Conclusion: The
characteristic Aspv-relative effect profiles of AzD7325 versus lorazepam suggests
anxio-selectivity related to a,,s-selective GABA-A agonism. However, exploration of
higher doses may be warranted. The paucity of effects on most cCNs-PD parameters
also indicates a mitigated side-effect pattern, with potentially lower cognitive and
neurophysiological side-effect burden than non-selective benzodiazepines.
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INTRODUCTION

Benzodiazepines (BzDs) are widely used in the treatment of anxiety disorders and
for symptomatic relief of various anxiety states related to diverse psychiatric dis-
orders, including mood-, psychotic- and personality disorders. However, concerns
have been raised regarding the untoward effects of these drugs, which include
movement/balance disorders, cognitive impairment, as well as problems with tol-
eranceand abuse liability. All these facts limit the usefulness of BzDs as a long-term
therapy in vulnerable patient populations.

Benzodiazepines elicit their pharmacological effects through allosteric modu-
lation of GABA-A receptors. These compounds have non-selective binding affinities
and present full in vitro efficacy at the GABA-A receptors that contain subunits a,
0z, a3 or as. A collection of loss-of-function studies were performed to compare the
BzD-mediated behavior between wild-type animals and knock-in animals [1] and
the pharmacological role of each cABA-A subtype. These studies in experimental
animals have suggested that the GABA o, subtype is associated with sedation [2,3];
a2/as receptors are responsible for the anxiolytic properties of BzDs [4,5], where a,
is found more correlated to anxiolysis than as [1]; and the as subunit is related to
modification of memory and cognition [6,7]. Based on these findings, the adverse
effects of benzodiazepines are attributed to the pharmacological effects of these
compounds on GABA-A receptors other than the a3 subtype. Compounds with
relatively high efficacy at the a,,; subunits but reduced efficacy at the o; and/or
as subunits are classified as subtype-selective GABAergic compounds and expected
to be potential anxioselective treatments with reduced sedation and no impacton
cognition and psychomotor performance.

AZD7325, 4-amino-8-(2-fluoro-6-methoxy-phenyl)-N-propyl-cinnoline-3-car-
boxamide [8], is a novel partial subtype-selective GABA-A a; 3 receptor modulator,
whichisin development for anxiety disorders. In vitro AZD7325 demonstrated func-
tional specificity for the GABA-A a; and GABA-A a3 receptor subtypes. AzZD7325 exerts
neutral antagonism at the o;-subunit and partial efficacy at the a, s-subunits over
the as-subunit (a2~az vs. as: 18%~15% vs. 8%, percentage compared to maximal
diazepam response). Meanwhile, the compound has much higher binding affini-
ty (mean Ki [nm], ay~02~03 VS. as: 0.3~1.3 vs. 230) and larger relative efficacy at the
a2,3-subunits over the as-subunit (AstraZeneca data on file). Selective in vitro prop-
erties have also been confirmed in preclinical biomarker studies using EEG and PET
imagingin rodents and primates, which revealed that exposures that resultin 50%
occupancy produce robust anxiolytic effects without benzodiazepine-like side
effects (AstraZeneca data on file). However, translation of the effects of GABA(A)
a;modulation from pre-clinical studies into human has been unpredictable, with
some weak partial GABA(A) a; modulator showing persistence of sedative prop-
erties [9], whereas some non-subtype selective GABA-A-ergic compounds, such
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as ocinaplon [10] and alpidem [11,12], were found anxiolytic but less sedating or
less psychomotor- and cognition-impairing in the clinic [13]. In addition, the ideal
degree of modulation at each of the two preferred subtypes is not known since
the behavior of non-sedating benzodiazepines has not been extensively inves-
tigated in clinical settings. Since preclinical data that have been obtained on the
pharmacology, pharmacokinetics and toxicology of AzD7325 support the conduct
of clinical studies in humans, the current phase | trial was designed to provide an
initial assessment of the side-effect profile of AzD7325.

The present study aimed to investigate the pharmacodynamic (D) effects and
evaluate the safety and tolerability of single oral doses of AzD7325 in healthy sub-
jects, in comparison with placebo and lorazepam. Lorazepam is clinically effective
asananxiolyticatadose of 2 mg. Single oral doses of lorazepam 2 mg have demon-
strated robust effects on saccadic peak velocity (spv), smooth pursuit, body sway,
and visual analogue scale (vAs) of alertness in healthy volunteers [14,15,16]. These
effects reflect the typical effect profile of benzodiazepines on different central
nervous system (CNs) functions [17]. More importantly, sPv is very sensitive to the
effect of BzDs, and the drug-induced changes of spv seem to reflect the anxiolytic
potency of differentanxiolytic compounds [17]. For this study, the doses of AzD7325
were determined at 2 mgand 10 mg. A previous single-ascending-dose (SAD) study
in healthy volunteersindicated that Azp7325 hasan acceptable safety profilein oral
doses up to100 mg (AstraZeneca dataon file). PET study using ["'C]-flumazenil sug-
gested that AzD7325 2 mg is associated with approximately 50% occupancy of the
GABA-A receptors and 10 mg causes maximal (>80%) displacement of flumazenil at
peak concentration of the compound in occipital cortex (AstraZeneca data on file).
Compared to the low receptor occupancy of lorazepam 1 mg [18] as well as the in
vitro az,3-subtype modulation of AzD7325,AzD7325 2 mgand 10 mg are expected to
fall within the anticipated clinical therapeutic window of this compound.

METHODS
DESIGN

The trial was designed as a randomized, double-blind, double-dummy, placebo-
and comparator- controlled study in sixteen male healthy volunteers, where the
positive control was used to benchmark the effects of the investigational product.

SUBJECTS

Following the approval of the Medical Ethics Review Board of Leiden University
Medical Centre (Lumc), subjects who provided written informed consents received
medical screening at the Centre for Human Drug Research (CHDR). The eligibilities
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of sixteen healthy male subjects were confirmed before their entry into the trial.
These subjects should be aged between 18 and 55 years, with a body mass index
(BMI) of 18 to 30 kg/m?2. All subjects were required to refrain from alcoholic beverag-
es, smoking and caffeine-containing products during study days. A normal diurnal
rhythm was advised from minimally two weeks before the first study day until the
lastvisit.

SAMPLE SIZE DETERMINATION

Based on power calculations using data from previous studies [14], a sample size of
16 was determined to have equal to or greater than 80% power to detect the mean
differences of 1.24 mm in VAS;jertness and 20.6 degree/second in sPv, respectively,
assuming standard deviations of 1.66 mm (vAs alertness) and 27.4 degree/sec-
ond (spv) between placebo and lorazepam 2 mg using a paired t-test with a 0.050
two-sided significance level.

TREATMENTS

The study treatments were randomly allocated based on a 4x4 William's Latin
Square. The treatment sequence was unique for each subject. Each subject received
1) AzD7325 2 mg (two capsules of AzD7325 1 mg and two tablets of lorazepam pla-
cebo), 2) AzD7325 10 mg (one capsule of AzD7325 10 mg, one capsule of AzD7325
placebo and two tablets of lorazepam placebo), 3) lorazepam 2 mg (two capsules
of AzD7325 placebo and two tablets of lorazepam 1 mg), or 4) placebo (two capsules
of AzD7325 placebo and two tablets of lorazepam placebo) on the morning of each
study day. Awashout period of at least 7 days was arranged between treatments.

PHARMACODYNAMIC MEASUREMENTS

A standard Neurocart battery of neurophysiologic and neuropsychological
tests included the following validated pharmacodynamic assessments: body sway,
visual analogue scale (vAs) of Bond & Lader, vas Bowdle, saccadic eye movements,
smooth pursuit eye movements, adaptive tracking and electro-encephalo-
grams (EEC). The repeatable measurements were presented to the subjects during
a pre-dose visit in order to familiarize subjects with the cNs tests and prevent
potential learning effects during the post-dose measurements. In each study peri-
od, the Neurocart battery was performed twice at baselineand at0.5,1,1.5,2,2.5, 3,
3.5,4,4.5,6,8,and 12 hours post-dose. In the meantime, the CogState Early Phase
Battery (described below) was carried out thrice pre-dose and four times (i.e. at1.25,
2.25,3.25, and 4.25 hours) post-dose. Moreover, subjects completed the Cogstate
International Shopping List task, which required them to memorize a shopping
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list of 16 words at 1.75 hours post-dose and recall these items both immediately
and at 21 hours post-dose without being read the words again. All assessments
were performed by one subject at a time, in a quiet room with subdued ambient
illumination.

NEUROCART BATTERY

SACCADIC EYE MOVEMENTS

Saccadic eye movements were evaluated using a computer-based system com-
posed of 1) stimulus display and signal collection (Nihon Kohden Corporation,
Tokyo, Japan), 2) signal amplification (Grass-Telefactor, Astro-Med, Inc., Braintree,
usA), 3) data recording (Cambridge Electronics Design, Cambridge, uk), 4) dis-
posable silver-silver chloride electrodes (Medicotest N-00-S, Olstykke, Denmark),
as well as 5) the sampling and analysis scripts developed by cHDR (Leiden, the
Netherlands). The parameters of this test were the average values of saccadic peak
velocity (spv, degree/sec), latency (i.e. reaction time, sec) and inaccuracy (%) of all
artefact-free saccades that were calculated on each session. Saccadic peak velocity
appearsto be the mostsensitive measure for the sedative effect of benzodiazepines
[17], which has been found to be related to the anxiolytic component of benzodi-
azepines [17] and to be selectively affected by some newly developed cABAergic
compounds with potential anxiolytic effects [14,15,16].

BODY SWAY

Body sway was measured with an apparatus similar to the Wright ataxia meter,
which integrates the amplitude of unidirectional body sway. Two-minute measure-
ments were made in the antero-posterior direction with eyes closed. The subject
was asked to stand comfortably on a stable floor with his/her feet slightly apart.
Body sway measures postural (in)stability. It has demonstrated considerable sensi-
tivity to the effect of benzodiazepines [19].

VISUAL ANALOGUE SCALES (VAS) OF BOND & LADER AND BOWDLE

Visual analogue scales as originally described by Norris have often been used
previously to quantify subjective effects of a variety of sedative agents [20]. Dutch
versions of the scales have been frequently employed at the cHDR, for a variety of
sedative agents [21] and circumstances [22]. During the test, the subject indicated
(with a mouse click on the computer screen) on horizontal visual analogue scales
how he/she feels. From the sixteen measurements of VAs Bond & Lader, three
main factors are the calculated [23] for subjective alertness, contentedness, and
calmness.

The Bowdle Psychotomimetic Effects Scores have been developed to quantify
the psychotomimimetic effects of ketamine [24]. A translated Dutch version of the
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original scales has been computerized and used at the cHDR to study the effects
of cannabinoids [25] and zolpidem [26], among others. This scale has thirteen 10
cm visual analogue lines ranging from o (‘not at all) to 100 mm (‘extremely’) [27],
addressing various abnormal states of mind. From the thirteen measurements
of vas Bowdle, three distinct total sum scores are calculated: internal perception
(reflects inner feelings that do not correspond with reality, including mistrustful
feelings), external perception (reflects a misperception of an external stimulus ora
changeinthe awareness of the subject’s surroundings) and feeling high [28].

SMOOTH PURSUIT EYE MOVEMENTS

The same system as used for saccadic eye movements was also used for measure-
ment of smooth pursuit. For smooth pursuit eye movements, the target moved
sinusoidally at frequencies ranging from 0.3 to 1.1 Hz, by steps of 0.1 Hz. The
amplitude of target displacement corresponded to 22.5 degrees eyeball rotation
to both sides. Four cycles were recorded for each stimulus frequency. The meth-
od has been validated at the cHDR by van Steveninck et al. [21,28] based on the
work of Bittencourt et al. [29] and the original description of Baloh et al. [30]. The
time in which the eyes were in smooth pursuit of the target were calculated for
each frequency and expressed as a percentage of stimulus duration. The average
percentage of smooth pursuit for all stimulus frequencies were used as the test
parameter. Smooth pursuit is a measure of neurophysiological function and has
been shown sensitivity to the effects of BzDs [16], zolpidem [31], and some a;,3-sub-
type selective GABA-A receptor modulators [16].

ADAPTIVE TRACKING

Adaptive trackingis a pursuit-tracking task that measures drug effect on visuo-mo-
tor coordination. The adaptive tracking test was performed as originally described
by Borland and Nicholson [32], using customised equipment and software. After a
0.5-minute run-in time without data-recording, the average performance over 3.0
minutes was scored and was used as the test parameter. The subject was required
to operate a joystick and try to keep a dot inside a circle moving randomly on the
computer screen. If he/she succeeded, the speed of the moving circle increased, or
vice versa.

EEG

Pharmaco-electroencephalography (Pharmaco-Eec) was used to monitor any drug
effects, which can be interpreted as evidence of penetration and activity in the
brain [33]. EEG recordings were made using gold electrodes, fixed with Ec2 paste
(Astromed) and using standard pharmaco-eec lead placement, with the same
common ground electrode as for the eye movement registration (international
10/20 system). The electrode resistances were kept below 5 kOhm. The signals were
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amplified with a Grass 15LT series Amplifier Systems, using a time constant of 0.3
secondsandalow pass filterat10o Hz. Data collection and analysis were performed
using customized cep and Spike2 for Windows software (Cambridge Electronics
Design, Cambridge, UK). Per session eight consecutive blocks of eight seconds
were recorded. The signal was AD-converted using a CED 1401 Power (Cambridge
Electronics Design, Cambridge, uk) and stored on hard disk for subsequent analy-
sis. Data blocks containing artifacts were identified by visual inspection and these
were excluded from analysis. For each lead, fast Fourier transform analysis was
performed to obtain the sum of amplitudes in the delta- (0.5-3.5 Hz), theta- (3.5-7.5
Hz),alpha- (7.5-11.5 Hz), beta- (11.5-30 Hz) frequency ranges. Frequency band above
30 Hz was also recorded for exploratory pharmaco-gec analyses, in order to test
whether the findings of an effect of AzD7325 on gamma-frequency band (>30 Hz)
inanimals translate to humans.

COGSTATE BATTERY

The CogState Early Phase Battery isa computer administered cognitive test battery
that takes about 12 minutes to perform. It is designed to provide objective infor-
mation regarding possible drug effects on cognitive function [34]. The CogState
Early Phase Battery consists of the following tests that address pharmacodynamic
effects on different cognitive domains [35]. The tests were presented in the order
listed below. In addition, the 16-word CogState International Shopping List Task
and its delayed recall session were presented once per dosing period, respectively
[36].

GROTON MAZE LEARNING TASK (GMLT)

A 28-step pathway was hidden among the 100 possible locations of a10 x 10 grid of
tiles showing on a computer touch screen. Subjects were instructed to move from
the start location (top left), one tile at a time, toward the end (bottom right). The
entire 28-step pathway could be figured out based on the computer's feedbacks.
Once completed, subjects returned to the start location and repeated the task for 4
more times. Twenty well-matched alternate forms of this task were cycled among
measurements so that subjects would not take a same trial during one dosing peri-
od. The cMLT is a measure of executive functioning. During a ‘timed chase’ part of
the test, the subject was asked to quickly follow a moving tile around ina10 x 10
grid of tiles on a computer touch screen with a stylus pen for 30 seconds. This test
measures attention and psychomotor function.

DETECTION TASK

During the test, a playing card was presented in the center of the screen. Subjects
were required to press the ‘Yes’ key whenever the card flipped over and faced up.
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Subjects were encouraged to work as quickly and accurately as they could, but
try not to press the ‘Yes’ key before a card flips over. If subjects did this or did not
respond to a card that had flipped over, they would hear an error sound. After a
short period for practice, the real test began. The test measures attention and psy-
chomotor function.

IDENTIFICATION TASK

A playing card was presented in the center of the screen and flipped over from time
to time. When the card faced up, the subject should press ‘Yes’ for a red card but
‘No’foranon-red one. An error sound would appear when the subject pressed a key
before a card flipped over or made a mistake. The real test began after practice. The
test measures speed of mental processing and attention.

ONE CARD LEARNING TASK

Subjects were asked to identify whether the playing card presented on the screen
had been shown during the current test trial. They responded by pressing the ‘Yes’
or ‘No’ key. An error noise would appear when there was an incorrect or missing
response. The real test began after practice. The test measures spatial learning.

INTERNATIONAL SHOPPING LIST TASK (ISLT)

At1.75 h post-dose, the test supervisor read a shopping list of 16 words forthe sub-
jectasthey appearon the computer screen ata rate of one word every two seconds.
Subjects were instructed to memorize and recall as many words as possible, while
the test supervisor clicked / touched the appropriate button on the screen with the
stylus or mouse. As such, the entire word list reading session (in the same order)
and the immediate recall session were repeated for another two times. The task
measures verbal learning ability. At 21 h post-dose, subjects were required to recall
the previous shopping list without being read them again, while the test supervisor
clicked / touched the appropriate button on the screen with the stylus or mouse.
Performance on this test reflects long term storage, memory consolidation and
retrieval.

SAFETY

Safety and tolerability were evaluated using clinical laboratory tests, 12-lead elec-
trocardiograms (ECGs), and records of adverse events and vital signs. Twelve-Lead
ECG recordings were assessed with Cardiofax V (Nihon Kohden, Tokyo, Japan) or
Marquette 5000/5500. After a 5-minute rest in supine position, blood pressures
and pulses were taken with a semi-automatic blood pressure recording device (a
Nihon-Kohden Bsm-1101K monitor or a Colin Pressmate BP 8800 or a Dash 4000)
atsupine and, 2 minutes later, at standing position. The Central Clinical Chemistry
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and Haematology Laboratories of LuMmc were responsible for the safety laboratory
assayson blood or urine samples.

PHARMACOKINETIC MEASUREMENTS

In order to acquire the plasma concentrations of AzD7325 or lorazepam, venous
blood samples (6 mL) were collected at pre-dose and 0.5,1,1.25,1.5, 2, 2.5, 3.25, 4,
4.5,6,8,12,and 21 hours post-dose into ethylenediamine tetra-aceticacid (EDTA K2)
spray-dried tubes. These tubes wereimmediately ice-bathed and centrifuged for1o
minutes at2°Cto 8°Cata relative centrifugal force of 2000g within 30 minutes from
collection. Thereafter, the plasma was transferred to two 2 mL Sarstedt tubes and
immediately frozen upright at or below-70°C within 15 minutes of plasma prepara-
tion and stored at this condition until bioassay.

STATISTICAL ANALYSIS

The pharmacodynamic parameters (short names are written in parentheses) of
the Neurocart consist of amplitude of body sway (Sway), saccadic peak velocity
(spv), percentage of smooth pursuit (Smooth), performance of adaptive tracking
(Tracking), visual analogue scale for alertness (VASajertness), feeling high (VASpigh),
internal perception (VASinternal), @nd external perception (VASexternal), Power of
various EEG bands (delta, theta, alpha, beta, gamma bands in the frontal-central
[Fz-Cz] and the parietal-occipital [Pz-Oz] areas, respectively). EEC parameters, body
sway and VAs Bowdle sub-scales were log-transformed prior to analysis and thus
corrected for the expected log-normal distribution of the data. Safety variables
were frequency and incidence of adverse events (AEs) and related information, vital
signs (blood pressure, heart rate, respiratory rate and auricular temperature), lab-
oratory parameters, and ECG outputs. All statistical analyses were performed with
SAS (version 9.1).

ANALYSIS OF THE SPV CHANGE FROM BASELINE
(ASPV)-RELATIVE EFFECT PROFILES

Previous studies suggested good sensitivity of spv to the effect of BzDs [17] and a3
subtype-selective GABA-A receptor modulators [14,15,16]. Based on these results,
spv is hypothesized as a biomarker indicative of clinical anxiolysis associated with
GABA (3,3 activation, and the predictability of sPv was supported by early clinical
findings with TPA023 [6]. BzDs also affected body sway and VAS ertness, suggesting
balance impairment and subjective sedation, respectively [14,15,16,17]. Given the
clinical relevance of these pharmacodynamic parameters, the spv-relative effect
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profiles of both body sway and VAS,jertness have been shown to differentiate the
pharmacological selectivity of a,,3 subtype-selective GABA-A receptor modulators
from the non-selective GABA-A agonism with BzDs [37]. As such, we performed a
regression analysis to demonstrate the relationship of individual changes from
baseline on body sway (Asway) and vAs alertness (AVAS ertness) against the change
from baseline of spv (Aspv). The slopes of these regression lines are thought to cor-
respond with the relation between off-target sedating effects and anxiolysis [37].
A mixed effect model was used, where the fixed factors were treatment and treat-
ment by spv, whereas the random factors were subject, slope and intercept. The
estimates of the slopes of the regression lines of these Aspv-relative effect profiles
were compared between each dose of AzD7325 and lorazepam.

Repeated pharmacodynamic measurements were also compared with a
mixed model analysis of variance with fixed factors of treatment, period, time and
treatment by time, and random factors subject, subject by treatment and subject
by time, and the average pre-value (average over all measurements at or before
time=0) as covariate. The least square means (LsMs) of the measurements up to 8h
post-dose were calculated within the statistical model. Contrasts of placebo vs each
active treatment and between each two active treatments were reported along
with 95% confidence intervals. The log-transformed parameters were back-trans-
formed after analysis, where the results were interpreted as percentage change.

Moreover, the Aspv-relative effect profiles of adaptive tracking (ATracking) and
smooth pursuit (Asmooth) were explored to gain further insights about the phar-
macological selectivity of AzD7325.

The pharmacokinetic analysis was performed at Clinical Pharmacology, Astra-
Zeneca Wilmington, DE, USA using the WinNonlin program (Pharsight Corporation,
MountainView, California, usa) using non-compartmental analysis. The resultant
PK parameters were summarized with descriptive statistics by treatment. The
frequency and incidence of adverse events were summarized based on preferred
terms by system organ class (soc) and treatment. Parameters of vital signs, 12-lead
eccs and safety laboratories, along with their changes from baseline, were summa-
rized using descriptive statistics by treatment.

RESULTS
SUBJECTS

Eighteen healthy male subjects, aged 24.6+7.6 years, were eligible for the trial. Two
subjects withdrew their informed consents for personal reasons after completion
of the first treatment period and were replaced by another two male subjects who
received the same sequences of treatments. Sixteen subjects completed the study
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per protocol. The mean (standard deviation, sp) body weight and body mass index
(BMI) of the completers were 74.3 (7.2) kg and 22.6 (2.4) kg/m?, respectively. Safety
analyses were performed on data from all treated subjects. Valid data from sub-
jects who completed at least one dosing period per protocol were included into the
pharmacokineticand pharmacodynamicanalyses.

PHARMACODYNAMIC (PD) RESULTS

The profiles of various pharmacodynamic parameters were obtained with each
study treatment and graphically presented in Figure 1-4. In general, the maximal
effect of lorazepam 2 mg appeared around 3 hours post-dose, which was slightly
behind the time to peak plasma concentration, whereas the EEG effects of loraze-
pam and AzD7325 reached their peak level around Tp,y.

An overview of the regression analyses for the slopes of effects relative to spv is
plotted in Figure 5, in combination with the calculated population regression lines
(Table1). In figure 5, each dot represents the average change from baseline of the
y-axis PD parameter versus that of the x-axis PD parameter (i.e. Aspv) of 17 subjects
ata certain time point. There are in total 12 dots per treatment arm in each graph
panel. Each dot refers to one post-dose time-point pre-scheduled in the study. The
connecting lines represent the time line, which suggest there was no obvious time-
shift between the effect on spv and any of the other cNs-pD effects. The straight
linesindicate the regression lines for the APD-Aspv relations. These regression lines
are not based on the average dots but on the underlying individual values that are
notshown inthe graphs.

As is can be seen the figure, the slopes of the regression lines are generally flat-
ter for either dose of AzD7325 than for lorazepam.10 mg demonstrated statistically
significant difference from lorazepam 2 mgin most Aspv-relative relations, except
the Asmooth-Aspv relation. The effects of AzD7325 2mg were too small for a reli-
able determination of effect slopes.

The effects of AzD7325 10 mg also failed to reach statistical significance for
VASalertness, SPV, body sway, smooth pursuit, or adaptive tracking. In contrast,
lorazepam 2 mginduced robustand significantly larger effects on these pharmaco-
dynamic parameters compared to either dose of AzD7325 or placebo.

There was a trend towards a short-lasting small increase in VASp;gp after
AZD7325 10 mg, without significant alteration in either internal (VASinternal)
or external (VASeyiernal) Perceptions. The only statistically significant effect of
AZD732510 mg was an EEG power reduction in the delta (2-4 Hz) and theta (4-7.5
Hz) bands of the frontal-central area. These EEG profiles of AzD7325 differed from
the characteristic benzodiazepine EEG signature induced by lorazepam, which was
associated with increased power in delta, beta (13.5-35 Hz) and gamma (35-48 Hz)
bands,aswell asreductionsinthetaand alpha (7.5-13.5 Hz). The pharmacodynamic
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(pD) effects of each active treatment and the results of statistical comparisons are
summarized and tabulated in Table 2 and Table 3.

Results of the CogState Early Phase Battery are presented in Figure 4. As expect-
ed, repeated exposure to the test paradigms resulted in no significant learning
effects in the placebo group. Neither dose of AzD7325 showed statistically signif-
icant effects on any individual CogState variable. In contrast, lorazepam induced
statistically significant impairments on the following cognitive parameters com-
pared to placebo (lorazepam vs. placebo, [unit], p-value): reaction time of correct
responses in the detection task (2.59 vs. 2.52 [log(msec)], p<0.0001), reaction time
of correct responses in the identification task (2.78 vs. 2.70 [log(msec)], p<0.0001),
response accuracy in the one card learning task (0.70 vs. 0.86 [arc(%)], p<0.0001),
moves per second (mps) in the chase test (1.58 vs. 1.84 [mps], p<0.0001), and the
sum of errors in GMLT (62.0 vs. 33.1, p=0.0003), as well as reduced the number of
words recalled in both the 1sLT and the IsL delayed-recall task.

SAFETY

Single oral dose of AzD7325 2 mg, AzD732510 mgor lorazepam 2 mg were generally
safeand well-tolerated in the eighteen selected healthy male participants. Amajor-
ity of subjects reported adverse events after administration of lorazepam 2 mg (AE
frequency, incidence%: 14, 87.5%), whereas the high dose of AzD7325 was associ-
ated with relatively fewer adverse events (12, 70.6%), and even lower incidences of
AEs were observed after AzD7325 2 mg (4, 23.5%) and placebo (9, 56.3%). As was
observed with lorazepam 2 mg (14, 87.5%), most AEs that occurred in subjects
receiving AzD7325 10 mg (11, 64.7%) were classified as ‘nervous system disorders;,
but fewer subjective somnolence (AzD723510 mg: 7, 41.2%; AzD7325 2 mg: 2,11.8%)
and dizziness (AzD723510 mg: 3,17.6%; AzD7325 2 mg: 1,5.9%) were reported with
either dose of AzD7325 than with lorazepam (somnolence: 9, 56.3%; dizziness: 5,
31.3%). On the other hand, the incidence of somnolence and dizziness was higher
with AzD732510 mgthanwith placebo (3,18.8%). The frequency of gastrointestinal
events was also less with AzD732510 mg (2,11.8%) than with lorazepam (6,37.5%).
No changes or individual abnormalities of vital signs or laboratory or ECG results
werejudged clinicallyimportant by the investigator.

PHARMACOKINETIC (PK) RESULTS

Both AzD7325 2 mg and AzD7325 10 mg were quickly absorbed after oral admin-
istration, with a short lag time of maximally 0.5 hours. Mean (sb) peak plasma
concentration (Cpay) arrived at 14.2 (5.36) ng/ml between 1 hours and 3.25 hours
after AzD7325 2 mg, and at 67.4 (33.5) ng/ml between 0.5 hours and 3.25 hours
after AzD7325 10 mg, with a median time to Cyax (Tmax) 0f 1.75 hours and 2 hours,
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respectively. The area under the concentration-time curve from zero to the last
detectable concentration (AUCo-t) was 51.9 (18.9) h-ng/mL for AzD7325 2 mg and 259
(77.6) h-ng/ml for AzD732510 mg. As is shown in Figure 6, drug elimination seemed
to exhibit roughly three phases after T,,,24. The mean elimination half-life was 8.5
t0 9.0 hours for both doses of AzD7325 (ranging from 5.09 to15.4 hr). The apparent
oral clearance (cL/F) of AzD7325 was 38.3 L/hr on average (ranging from 9.87t0 89.9
L/hr). Nostatistically significant differences were found between Azp7325 2 mgand
AZD732510 mg with respect to Tay, T1/2, OF CL/F (p>0.05). In comparison, lorazepam
reached a mean (SD) Cpay Of 20.7 (4.86) ng/ml in a longer median Ty, Of 2.50 hr
(range 0.50-6.00 hr) and was eliminated with a mean Ty, of 14.6 hr (range 8.31-25.1
hr). The AucCo-t for lorazepam was 233 (35.8) h-ng/mL. The average levels of Auc and
Cmaxincreased inadose proportional mannerwith similar dose-normalized values
of Cyax@and AUCo-t between AzD7325 2 mgand AzD732510 mg.

DISCUSSION

In vitro, AZD7325 exhibits relatively potent positive modulation at the a,,3 subunits
together with neutral q;-antagonism and weak as-affinity. Based on these prop-
erties, the compound was expected to have a rapid onset of anxiolysis with less
untoward effects at its therapeutic dose(s) in healthy volunteers. Prior to initiating
phase 11 trials, the present study aimed to provide support for the pharmacological
selectivity of AzD7325 in healthy volunteers by comparing its pharmacodynamic
profile to the non-selective GABA-A receptor modulator, lorazepam.

Compared with lorazepam, both doses of AzD7325 demonstrated smaller
absolute slopes of the regression lines in the Aspv-ALog(Sway) relation and the
ASPV-AVASlertness relation. Thus, Azb7325 is associated with a Aspv-dominant
response profile, whereas the pharmacodynamic responses to lorazepam are
more comparable and balanced among the same set of cNs parameters. This has
also been observed with other subtype-selective GABA-A a5 3 receptor modulators
[14,16]. Since spv was found sensitive [17] and functionally specific to the effect
of anxiolytic drugs acting on the cABAergic system [37], the distinction between
AzD7325 and lorazepam suggests that the a,,s-selective agonist may cause less
sedation than the benzodiazepine,at doses with a similar anxiolytic effect.

An alternative explanation for the non-significant spv effects of AzD7235 could
be thatthe doses of this compound may have been too low to be pharmacologically
equipotentto lorazepam 2 mg. In the human peT study with ["C]flumazenil, a 50%
receptor occupancy was linked to a free plasma concentration of approximately 4
ng/ml [AstraZeneca data on file] which corresponded to estimated maximal con-
centrations achieved after AzD7325 1.3 mg orally. Doses greater than 5 mg were
linked with high levels of occupancy (>70%). In the present study, the 10 mg dose
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resulted in average peak plasma concentration of 67.4 ng/ml and average plasma
concentration of 12.3 ng/mL over 21 hours, which are expected to produce GABA-A
occupancy levels accounting for 80-90% and 60-70%, respectively, of the maximal
occupancy level. It remains unknown whether higher doses of AzD7325 would have
more profound effects on spv. As another member of the family of GABA-A a3 sub-
type-selective partial agonist, TPA023 also produced average receptor occupancies
over70% ata dose of either 3 mg inimmediate-release (Im) formulation or 8-12 mg
ina controlled release (GEm) formulation [1]. However, a relatively small single dose
of TPA023 (1M 1.5 mg) is required to produce comparable spv reduction as lorazepam
2 mgin healthy volunteers [14]. The development of TPA023 was discontinued due
to toxicity findings in rodents following long-term administration. Nevertheless,
limited clinical efficacy data that were accumulated before termination suggestan
anxiolytic-like effect of TPA023 with flexible-doses (1.5-4.5mg b.i.d. or3-8mgb.i.d.)
of the extended-release (GEM) formulation of TPA023 [1]. In vitro, TPAO23 exerts 11%
and 21% modulation at the a, and az subunits relative to chlordiazepoxide [38],
whereas the a,- and az-agonism of AzD7325 are equivalent to 18% and 15% of the
full efficacy of diazepam, respectively. The combination of these information sug-
gests that relative to the doses of AzD7235 used in this study, either stronger partial
agonismatthe a, or as subunits or higher exposure (with larger or repeated dosing)
are necessary for clinical anxiolysis.

Subsequent to the current study, two double-blind placebo-controlled proof-
of-concept studies were performed in patients with GAD. AzD7325 doses 2 mg BID,
5mg BID, or 10 mg QD were investigated in study NCTO0808249 (register identifier
in ClinicalTrial.gov) [39] and doses 5 mg BID or 15 mg BID and lorazepam 2 mg BID
were investigated in study NCT00807937 [40]. Both studies were of 28 days dura-
tion. These studies were designed when the results of this study were available.
Given that the AzD732510 mg dose was well tolerated in the present study and the
spv-effects of AzD7325 10 mg were not equipotent with the lorazepam effects, it
was decided thata higher dose of Az7325 could be tested in the cAD study (i.e.15 mg
BID). Since the incidence of cNs side-effects appeared to be dose-dependentin the
currentstudy and the use of spv as a benchmark for anxiolytic efficacy is still experi-
mental, the dose of AZD732515 mg BID was selected as the highest dose to be tested
with predicted positive benefit to risk ratio. Although AzD7325 demonstrated some
anxiolytic activity in selected secondary end-points in these two studies, none of
the AzD7325 doses met the statistical significance for the primary end-point of
improvementin Hamilton Rating scale for Anxiety (HAM-A) at 4 weeks. Lorazepam
2mg BID was shown to be marginally anxiolytic at 4 weeks based on the improve-
ment in HAM-A (mean change from baseline + standard error: -10.8 + 0.88 vs.-9.5
+0.88 [with placebo] vs.-10.4 + 0.89 [with AzZD7325 15mg BID]) [40]. In line with our
observations described here, lower incidence of ‘fatigu€’, ‘somnolence’ and ‘seda-
tion’ occurred in the AzD7325-treated groups compared with lorazepam 2 mg BID.

THE CENTRAL NERVOUS SYSTEM EFFECTS OF AZD7325 IN COMPARISON WITH LORAZEPAM IN HEALTHY MALES | CHAPTER 2

37



AZD7325 up to doses of 15 mg BID was generally well tolerated in GAD patients. The
most common adverse event associated with AzD7325 was dizziness. In addition,
more adverse events of euphoric mood were seen with AzD7325 in comparison to
placebo.

The high dose of AzD7325 elicited a transient increase of VAShjgp, with the
maximal back-transformed amplitude (2.01 mm) similar to that after lorazepam
(1.71 mm). In contrast to AzD7325, however, lorazepam also caused concomitant
enhancement of vAs internal (VASinternal) and external (VASeyiernal) Perception.
This is in line with the findings in the phase-1i studies, in which adverse event
‘euphoricmood’was more frequently reported by GAD patients dosed with AzD7325
than those taking placebo [39,40] or lorazepam [40].

The main pharmacodynamiceffects of AzD7325 were on EEG parameters, which
were distinct from the Eec effects of lorazepam. The decrease in delta-activity
contrasts with the increase in delta-power seen with lorazepam and is consistent
with the lack of effect of AzD7325 on measures of sedation and alertness. A reduc-
tion of theta activity was seen with both Azp7325 and lorazepam and may relate
to a common effect independent of sedation. Whatever their physiological or
clinical meaning, these findings demonstrate a central pharmacodynamic effect
of AzD7325. The EEG effects exhibited dose-response relationships and a close
temporal link to the plasma concentrations. Ty, Was short and associated with a
rapid peak effect, which may reflect a potential of quick-onset clinical effect after
AZD7325.

In conclusion, the pharmacodynamic profile of Azp7325 differed from that of a
typical benzodiazepine. At doses up to 10 mg, AzD7235's spv-effects were non-sig-
nificant by themselves, but showed preference over other cNs-effects. Since the
doses of AzD7325 were not equivalent to lorazepam 2 mg, the lack of effects on sub-
jective alertness, visuo-motor coordination, postural balance, and psychomotor
and cognitive functions cannot be directly extrapolated as reduced clinical side-ef-
fects. Therefore, further clinical evaluations with higher doses are warranted, but
the dose-dependent side-effects on the central nervous system should be consid-
ered to balance dose selection. The effects of AzD7325 10 mg on EEG spectrum and
VAShigh suggest entry of the compound into the central nervous system and a rapid
onset of pharmacodynamiceffect.
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Table1-Results of the linear model for the Alog(Sway)-AsPV, AVASajertness-ASPV, ATracking-AsPv,
and Asmooth-Aspv relations

Slope AZD7325 AzD7325 Lora AzD-2mgVvs. Lorazepam AzD-10mgvs. Lorazepam

2mg 2mg Estimate of p-Value Estimateof p-Value

difference [95%Cl] difference[95%Cl]

Alog(Sway)- -0.00124 -0.00036 -0.00206  0.000826 0.1286 0.001704 0.0018
Aspv [-0.00024,0.001892] [0.000639,0.002768]
AVASjertness- 0.003046 0.01855 0.08216 -0.07911 0.0002  -0.06360 0.0024
Aspv [-0.1209,-0.03735] [-0.1046,-0.02257]
ATracking- 0.04789  0.01547 0.04791 -0.00001 0.999  -0.03244 0.0031
Aspv [-0.02190,0.02187] [-0.05390,-0.01098]
ASmooth- 0.000958 0.03297 0.06075 -0.5979 0.0081 -0.02778 0.2087
Aspv [-0.1040,-0.01557] [-0.07115,0.01559]

ci=confidenceinterval

Table 2 - Summary of pharmacodynamic (pp) effect of single doses of lorazepam 2 mg, AzD7325
10 mg,and AzD7325 2 mg, compared to placebo as estimated difference (95% confidence interval)

PD Parameter Lorazepam-2mg AZD7325-2mg AZD7325-10mg
vs.Placebo

VAS,lertness (MM) -7.9(-11.0,-4.7) -1.6(-4.8,1.6) -1.6(-4.7,1.6)
p<0.0001 p=0.3111 p=0.3225

VAS calmness (Mm) 3.5(0.6,6.4) -1.7(-4.6,1.2) 1.1(-1.8,4.0)
p=0.0195 p=0.2417 p=0.4452

VAS mood (Mm) 0.2(-2.9,3.2) -2.0(-5.0,1.1) -1.4(-4.5,1.7)
p=0.9146 p=0.2012 p=0.3593

Sway (%) 89.13(60.99,122.2) 1.03(-13.9,18.50) -10.1(-23.4,5.52)
Pp<0.0001 p=0.8968 p=0.1869

spv (deg/sec) -40.4(-58.6,-22.1) -14.1(-32.2,4.1) -15.2(-33.3,2.9)
p<0.0001 p=0.1240 p=0.0974

Saclnacc (%) 1.1(0.5,1.6) 0.3(-0.3,0.8) -0.1(-0.6,0.4)
p=0.0002 p=0.3385 p=0.6511

SacRT (sec) 0.014(0.001,0.026) -0.009(-0.021,0.003) -0.009 (-0.021,0.003)
p=0.0305 p=0.1337 p=0.1389

Smooth (%) -10.5(-14.3,-6.7) -3.2(-7.0,0.6) -1.9(-5.7,1.9)
P<0.0001 p=0.0997 p=0.3094

Tracking (%) -7.26(-8.98,-5.54) -0.59(-2.32,1.13) -0.15(-1.91,1.61)

P<0.0001

p=0.4890

p=0.8648

VASexterna log(mm)

0.13(0.06,0.19)

0.01(-0.05,0.08)

0.04(-0.03,0.10)

p=0.0003

p=0.6941

p=0.2242

VASinternal log(mm)

0.06(0.03,0.10)

0.00(-0.04,0.04)

0.02(-0.02,0.06)

p=0.0009

p=0.9964

p=0.2613

VAShigh log(mm)

0.25(0.09,0.41)

0.00(-0.16,0.16)

0.16 (-0.00,0.32)

p=0.0028

p=0.9889

p=0.0570

vAs=visual analogue scale; Smooth=Smooth pursuit; Tracking=Adaptive Tracking; spv=saccadic peak velocity;

THE CENTRAL NERVOUS SYSTEM EFFECTS OF AZD7325 IN COMPARISON WITH LORAZEPAM IN HEALTHY MALES

41

SacrT=saccadic reaction time; Saclnacc=saccadic inaccuracy
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Table 3. Summary of electroencephalogram (EEG) effect of single doses of lorazepam 2 mg,

AzD732510 mg,and AzD7325 2 mg, compared to placebo as estimated difference
(95% confidence interval)

EEG Parameters(%) Lorazepan-2mg AZD-2mg AzZD-10mg
vs.Placebo

AlphaFz-Cz -19.5(-27.2,-11.0) 2.89(-6.96,13.80) 0.19(-9.40,10.80)
p<0.0001 p=0.5700 p=0.9696

Alpha Pz-Oz -41.4(-51.4,-29.4) 0.31(-16.8,20.97) 10.33(-8.58,33.15)
p<0.0001 p=0.9732 p=0.2937

Beta Fz-Cz 12.15(3.94,21.00) -0.84(-8.11,7.00) 2.14(-5.32,10.19)
p=0.0040 p=0.8240 p=0.5760

Beta Pz-Oz -12.9(-22.3,-2.34) -4.26(-14.7,7.43) 3.09(-8.21,15.79)
p=0.0194 p=0.4487 p=0.5987

Delta Fz-Cz 10.21(2.42,18.58) -3.66(-10.5,3.67) -18.7(-24.5,-12.4)
p=0.0108 p=0.3087 p<0.0001

Delta Pz-Oz 7.64(-2.54,18.88) 1.16(-8.39,11.70) -15.9(-23.8,-7.11)
p=0.1421 p=0.8157 p=0.0011

Gamma Fz-Cz

8.57(2.39,15.13)

-0.68(-6.52,5.52)

1.73(-4.09,7.90)

p=0.0073

p=0.8207

p=0.5593

Camma Pz-Oz

1.02(-12.6,16.75)

-8.20(-20.8,6.34)

-1.80(-15.2,13.65)

p=0.8885 p=0.2469 p=0.8033

Theta Fz-Cz -7.75(-13.8,-1.33) -2.45(-8.81,4.36) -13.5(-19.1,-7.43)
p=0.0200 p=0.4624 p<0.0001

Theta Pz-Oz -15.0(-24.2,-4.80) 1.55(-9.43,13.86) -10.3(-19.9,0.53)
p=0.0062 p=0.7874 p=0.0610

Fz-Cz=Frontal-central area; Pz-Oz=Parietal-occipital area.
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Figure1- Least square means of change-from-baseline profiles of subjective
pharmacodynamic paramters (i.e. visual analogue sub-scales) after the treatments of placebo,
lorazepam 2 mg, AzD73252 mg,and AzD732510 mg
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Figure 2 - Least square means of change-from-baseline profiles of objective pharmacodynamic
parameters after the treatments of placebo, lorazepam 2 mg, Azp7325 2 mg,and Azp732510 mg
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Figure 3- Least square means of change-from-baseline profiles of electroencephalogram
parameters after the treatments of placebo, lorazepam 2 mg, Azp7325 2 mg,and AzD732510 mg
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Figure 4 - Least square means of change-from-baseline profiles of CogState parameters after
the treatments of placebo, lorazepam 2 mg, AzD7325 2 mg, and AzD7325 10 mg (Panel A);
mean number of correct responses in the International Shopping List Test (1sLT) and
the delayed recall isLT (Panel B).
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Figure 5-The AVASajertness (Mm)-Aspv (deg/sec), Asway(logmm)-Aspv (deg/sec), Asmooth(%)-
Aspv (deg/sec), and Atracking(%)-Aspv(deg/sec) relation profiles of AzD7325 2 mgand
AzD732510 mgvs.lorazepam 2 mg, respectively.
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Figure 6 - Mean concentration-time profiles of AzD7325 2 mg, AzD732510 mgand
lorazepam with standard deviation as error bars linear (Panel A) and semi-logarithmic
coordinates (Panel B)
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ABSTRACT

Objective: AzD6280 is a novel GABA-A receptor modulator with higher in vitro effica-
cy atthea,,s-subtypes as compared to the o;-and as-subtypes. This study compared
the pharmacodynamic effects of single-oral-dose AzD6280 10 mg and 40 mg on
the central nervous system (CNS) with lorazepam 2 mg. Methods: Sixteen healthy
males were enrolled into the double-blind, randomized, 4-way crossover study.
Two validated cNs test-batteries, Neurocart and CogState, were administered to
measure drug effects on cognition, neurophysiologic function, psychomotor and
subjective feelings. Statistical analysis was performed using mixed model analysis
of variance, with fixed factors of treatment, period, time and treatment by time,and
random factors of subject, subject by treatmentand subject by timeand the average
pre-value as covariate. Results: Most pharmacodynamic parameters were affected
by lorazepam. AzD6280 induced dose-dependent smaller-than-lorazepam effects
on saccadic peak velocity (sPv) (AzD6280 10 mg vs. AZD6280 40 mg vs. lorazepam
[degree/second, deg/sec]: -22.6 vs. -50.0 vs. -62.9, p<0.001), while the impacts on
adaptive-tracking, body-sway, smooth-pursuit and the one-card-learning tests
were significant but much smaller than lorazepam. Thus the slopes of regression
lines for the ALog(Sway)-Aspv, ATracking-Aspv, and Asmooth-Aspv relations were
flatter with AzD6280 than with lorazepam. AzD6280 caused a distinct electro-en-
cephalography signature from that of lorazepam. Conclusion: The spv responses
to AzZD6280 suggest potential concentration-related anxiolytic effects, while the
smaller spv-normalized effects of AZD6280 on various non-spv pharmacodynamic
parameters suggest a more favorable side-effect profile compared to lorazepam.
Overall, the pharmacodynamic profile of AzD6280 matches the pharmacological
specificity and selectivity of this compound at the a,,; GABA-A receptor subtypes.

HUMAN PHARMACOLOGY OF CURRENT AND NOVEL GABA(A)-ERGIC TREATMENTS FOR ANXIETY

52



INTRODUCTION

The different anxiety disorders together constitute one of the most prevalent
groups of psychiatric disorders [1]. Evidence supports the use of the selective sero-
tonin reuptake inhibitors (ssris) and the tricyclic antidepressant drugs (TCAs) in
the pharmacological treatment of virtually all anxiety disorders. In addition, the
non-selective GABA-A receptor potentiating benzodiazepines (BzDs) are partic-
ularly effective in the management of acute forms of anxiety due to their robust
anxiolyticeffectsand rapid onset of action. However, patients frequently discontin-
ue ssris and TCAs prematurely due to a delayed onset of action and unacceptable
side effects, and the widespread application of BzDs is restricted by untoward
effects such as day-time sedation, fatigue, deleterious effects on cognition, memo-
ry impairment, tolerance and concerns regarding dependence liability [2,3]. These
limitations of existing anxiolytic drugs underlie the pressing need for the develop-
ment of efficacious innovative anxiolytic agents with more favorable side-effect
profiles.

Itis well-established that BzDs act through modulation of GABA-A receptors. A
range of GABA-A receptor subtypes, defined by their subunit composition, medi-
ate these effects. The use of knock-out and knock-in techniques in rodents has
helped to characterize the physiological role of various GABA-A receptor subtypes
as candidates for mediating the clinical effects of BzDs [4]: GABA-A receptor sub-
types that contain GABA-A a, and as subunits may mediate anxiolytic effects [5,6],
while GABA-A a; and a5 subunits account for sedation and cognitive impairment
[4,7,8,9,10], respectively.

AZD6280 (4-Amino-8-(2,5-dimethoxyphenyl)-N-propylcinnoline-3-carboxa-
mide) [11,12] is a novel, subtype-selective GABA-A receptor modulator, which in
contrastto BzDs, exerts minimal efficacy at a;-subunit containing GABA-A receptors.
Although AzD6280 has relatively high (+standard deviation, sp) binding affinity to
the oy (Ki=0.5+0.2 nM), a, (Ki=21+5 nM), and a5 (Ki=31+17 nM) GABA-A subunits, its
affinity for the as subunit is much lower (Ki=1680+650 nM). On the other hand, the
in vitro efficacy of AZD6280 at the GABA-A a; (32%) or a3 (34%) receptor subtypes is
4-5-fold higher than thatatthe GABA-A o; (8%) or a5 (7%) receptor subtypes relative
to the corresponding maximal responses to diazepam. This profile is distinct from
previously characterized a,,; preferring compounds TPA-023 and AzD7325 in that
AZD6280 has greater intrinsic activity at a, 3 subunits. Clinical relevance of these
pharmacological characteristics has been tested in several pre-clinical animal mod-
els, where the compound demonstrated potential anxiolysis with reduced motor
and cognitive side effects.

The objectives of this study were to investigate the pharmacodynamic (PD)
effects of single oral doses of AzD6280 on the central nervous system (cNs), and
compare those effects to lorazepam, acommonly used BzD.
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AZD6280 10 mg and AzD6280 40 mg were selected as the investigational doses.
In the AzD6280-ascending-dose study single doses up to 60 mg were tested. This
dose was associated with increased rate of sedation and one event of transient
depersonalization. The 10 mg and 40 mg doses were predicted to lead to peak
plasma concentrations above minimally efficacious concentrations in animal
models of anxiety, and provide GABA-A receptor occupancy levels 50% or higher of
the maximal displaceable binding as determined by ["C]flumazenil. These data
demonstrate that AzD6280 crosses the blood brain barrier, interacts with the tar-
get,and has the potential to produce anxiolyticactivity in humans.

For the current study, the Neurocart cNs test battery [13] and the CogState
cognitive test battery were used. Components of these two batteries provide bio-
markers for cNs function(s) that have been shown to be sensitive to the effects of
BzDs and/or a; s-selective GABA-A agonists [13,14,15,16]. Recent studies have sug-
gested that partial selective a,,; GABA-A agonists exhibit distinct effect profilein the
central nervous system, which is characterized by a preserved effect on the saccadic
peak velocity (spv) but relatively reduced impairment of subjective alertness, pos-
tural balance and memory, compared to BzDs [13,14,15,16].

METHODS
DESIGN

This was a single-center, four-way crossover, randomized, double blind, double-
dummy, placebo-controlled study in16 healthy male volunteers.

SUBJECTS

Healthy malevolunteers, aged 18 to 55 years, with a body mass index (BmI) between
18 and 30 kg/m?, were medically screened after provision of written inform con-
sent. Eligible subjects were advised not to use alcoholic beverages from 24 hours
preceding each study day and refrain from smoking and using caffeine-containing
products from 22:00 prior to each study day. Keeping a normal diurnal pattern was
also required from two weeks before the first study day until the last study day.

TREATMENTS

Allsubjects arrived in the research unitataround 08:00hron the dosing day of each
study period. Study medication wasadministered orally between 09:00and 11:00hr
in the morning, when all pre-dose assessments were completed. Either capsules
containing AzD6280 or placebo, or tablets containing lorazepam (identical to the
clinically available formulation of lorazepam) or placebo were orally administered.
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On each study day, subjects received one of the four treatments according to a
randomly allocated treatment schedule: AzD6280 10 mg, AzD6280 40 mg, loraz-
epam 2 mg, and placebo. The study days were separated by washout periods of 7
days minimum. The order of the treatments was defined by a Williams Latin Square
design that led to sixteen completely different sequences of four treatments.

SAFETY

Safety and tolerability were assessed by the incidence and severity of adverse
events, abnormalities in vital sign assessments, clinical laboratory parameters, and
electrocardiograms (Ecc). Twelve-Lead ECG recordings were made, using Cardiofax
V equipped with EcaPsi12 analysis program (Nihon Kohden, Tokyo, Japan) or
Marquette 5000/5500. Supine blood pressure and pulse were measured using
a semi-automatic blood pressure recording device (a Nihon-Kohden Bsm-1101K
monitor or a Colin Pressmate BP 8800 or a Dash 4000). Subjects were required to
restin a supine position for at least 5 minutes prior to these measurements. Safety
laboratory tests on blood or urine samples were assayed in the Central Clinical
Laboratories of Leiden University Medical Centre.

PHARMACOKINETIC MEASUREMENTS

Venous blood samples (6 mL) fordetermination of AzD6280 or lorazepamin plasma
were collected at pre-dose and 0.5,1,1.25,1.5, 2, 2.5,3.25, 4, 4.5, 6, 8,12, and 21 hours
post-dose. The plasma concentrations of AzD6280 and lorazepam were measured
using two validated methods at Bioanalytical Systems, Inc., West Lafayette, IN, USA.
Plasma concentrations of AzD6280 was determined with a solid-phase extraction /
liquid chromatography coupled with tandem mass spectrometry [(SPE)/LC-MS/MS]
method and lorazepam was measured using a liquid/liquid extraction/Lc-ms/Ms
method. In brief, the plasma samples of AzD6280 were pre-purified by solid-phase
extraction (SPE) and analyzed using gradient chromatographic separation on an
Atlantis T3 column with a gradient mobile phase, while the plasma samples of lora-
zepam were pre-purified by liquid/liquid extraction and analyzed using gradient
chromatographic separation on an xBridge C18 column with a formic acid/aceto-
nitrile/water mobile phase. The bioassay method for AzD6280 was validated over
the concentration range of 0.150 to 120 ng/mL. The lower limit of quantification
(LLoQ) was 0.150 ng/mL, utilizing a 50.0 pLsample aliquot with a validated dilution
of s50-fold with human plasma. The bioassay method for lorazepam was validated
over the concentration range of 0.300 to 100 ng/mL. The lower limit of quantifi-
cation (LLOQ) was 0.300 ng/mL, utilizing a 150 pL sample aliquot with a validated
dilution of 20-fold with human plasma. Inter- and intra- batch precision of both
methods were less than 15% and the accuracy was within 85-115%. A matrix-effect
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test indicated that the determination was not affected by the matrix. In addition,
AzD6280 and lorazepam in plasma were proven to be stable under the storage con-
dition of -80°C for at least 205 days and 144 days, respectively.

PHARMACODYNAMIC MEASUREMENTS

A collection of computerized neurophysiologic and neuropsychological tests was
performed during the study. Most of these assessments were given during the
CNS training session to familiarize subjects with the tests and reduce learning
effects. The Neurocart battery was performed in the following chronological order:
body sway, visual analogue scale (vas) Bond & Lader, vAs Bowdle, saccadic eye
movements, smooth pursuit eye movements, adaptive tracking and electro-en-
cephalogram (EEC). In each treatment period, this battery was assessed at pre-dose
(twice) and 0.5,1,1.5, 2, 2.5,3,3.5, 4, 4.5, 6, 8, and 12 hours post-dose. The CogState
early phase battery was carried out before dosing (three times) and at 1.25, 2.25,
3.25, and 4.25 hours post-dose. This cognitive test battery contains the Groton
Maze Learning Task (GmLT), Detection task (DET), Identification Task, and One Card
Learning Task [17,18]. Each abovementioned Neurocart or Cogstate test lasted 1to 5
minutes, thus the total duration of these pharmacodynamicassessments was15-30
minutes at different time points. At 1.75 hours post-dose subjects also completed
the International Shopping List Task, a word verbal list learning test presented
three times, each time followed by an immediate recall trial. Delayed recall was
tested 21 hours later. At each of these assessments, one subject at a time was tested
inaquiet room with ambientillumination.

NEUROCART

BODY SWAY

Body sway was measured with an apparatus similar to the Wright ataxiameter [19],
which integrates the amplitude of unidirectional body sway. Two-minute measure-
ments were made in the anterio-posterior direction with eyes closed. The subject
was asked to stand comfortably on a floor with his/her feet slightly apart. Body sway
measures postural (in)stability. It has demonstrated considerable sensitivity to the
effect of benzodiazepines [20].

VISUAL ANALOGUE SCALES OF BOND ¢ LADER (VAS B&#L) AND BOWDLE

Visual analogue scales as originally described by Norris have often been used pre-
viously to quantify subjective effects of a variety of sedative agents [21,22]. Dutch
versions of the scales have been frequently employed at the Centre for Human
Drug Research (CHDR), for a variety of sedative agents [23] and circumstances [24].
During the test, the subjects indicated (with a mouse click on the computer screen)
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on horizontal visual analogue scales how he/she feels. From the sixteen measure-
ments of vAs Bond & Lader, three main factors are the calculated [25] for subjective
alertness, contentedness, and calmness.

The Bowdle Psychotomimetic Effects Scores have been used to quantify the psy-
chotomimimetic effects of ketamine [26]. A translated Dutch version of the scale
originally developed by Bowdle et al. has been computerized and used at the CHDR
to study glutamatergic drug effects. This scale has thirteen 10 cm visual analogue
lines ranging from o (‘not at all’) to 100 mm (‘extremely’) [27], addressing various
abnormal states of mind.

SACCADIC EYE MOVEMENTS

Saccadic eye movements were evaluated using a computer-based system com-
posed of 1) stimulus display and signal collection (Nihon Kohden Corporation,
Tokyo, Japan), 2) signal amplification (Grass-Telefactor, An Astro-Med, Inc.
Product Group, Braintree, usA), 3) data recording (Cambridge Electronics Design,
Cambridge, uk), 4) disposable silver-silver chloride electrodes (Medicotest N-00-S,
Olstykke, Denmark), as well as 5) the sampling and analysis scripts developed by
CHDR (Leiden, the Netherlands). The parameters of this test were the average values
of saccadic peak velocity (spv, deg/sec), latency (i.e. reaction time, msec) and inaccu-
racy (%) of all artefact-free saccades that were calculated on each session. Saccadic
peak velocity appears to be the most sensitive measure for the effect of benzodiaz-
epines [22] and has been found to be closely related to the anxiolytic component of
benzodiazepines and some newly developed compounds with potential anxiolytic
effect [14,15,16].

SMOOTH PURSUIT EYE MOVEMENTS

The same system as used for saccadic eye movements was also used for measure-
ment of smooth pursuit. For smooth pursuit eye movements, the target moved
sinusoidally at frequencies ranging from 0.3 to 1.1 Hz, by step of 0.1 Hz. The ampli-
tude of target displacement corresponded to 22.5 degrees eyeball rotation to both
sides. Four cycles were recorded for each stimulus frequency. The method has been
validated in healthy volunteers dosed with benzodiazepines at the cHDR by van
Steveninck et al. [23] based on the work of Bittencourt et al. [28] and the original
description of Baloh et al. [29]. The time in which the eyes were in smooth pursuit
of the target were calculated for each frequency and expressed as a percentage of
stimulus duration. The average percentage of smooth pursuit for all stimulus fre-
quencies were used as the parameter.

ADAPTIVE TRACKING

The adaptive tracking test was performed as originally described by Borland and
Nicholson [30], using customised equipment and software. After a 0.5-minute
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run-in time without data-recording, the average performance over the rest 3.0
minutes was scored and was used as the test parameter. Adaptive tracking is a pur-
suit-tracking task. The subject was required to operate a joystick and try to keep a
dotinside a circle moving randomly on the computer screen. If he/she succeeded,
the speed of the moving circle increases, and vice versa.

ELECTROENCEPHALOGRAPHY

Pharmaco-electroencephalography (pharmaco-eec) was used to monitor any
drug effects, which can be interpreted as evidence of penetration across the blood
brain barrier and changes in the activity of the brain [31,32]. EEG provides non-spe-
cific measures of cNs functions. EEG recordings were made using gold electrodes,
fixed with Ec2 paste (Astromed) and using standard pharmacoe€ec lead placement,
with the same common ground electrode as for the eye movement registration
(international 10/20 system for EEG electrode placement [33]). The electrode resis-
tances were kept below 5 kOhm. 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
at100 Hz. Data collection and analysis were performed using customized cep and
Spikez for Windows software (Cambridge Electronics Design, Cambridge, uk). Per
session eight consecutive blocks of eight seconds were recorded. The signal was
AD-converted using a CED 1401 Power (Cambridge Electronics Design, Cambridge,
uk) and stored on hard disk for subsequent analysis. Data blocks containing arti-
facts were identified by visual inspection and these were excluded from analysis.
For each lead, fast Fourier transform analysis was performed to obtain the sum of
amplitudes in the delta- (0.5-3.5 Hz), theta (3.5-7.5 Hz), alpha- (7.5-11.5 Hz), beta-
(11.5-30 Hz) frequency ranges. Frequency band above 30 Hz was also recorded for
exploratory pharmaco€eec analyses in order to test whether the findings of an effect
of AZD6280 on gamma-frequency band (>30 Hz) inanimals translate to humans.

COGNITION MEASURES

The computerized CogState Early phase Battery, consists of four tasks with demon-
strated sensitivity to cognitive change associated with drug effects [34]. These tests
are listed below, in order of administration. In addition Cogstate's International
Shopping List Task immediate and 21 hour delayed recall were administered once
perdosing period.

GROTON MAZE LEARNING TASK (GMLT)

This is an executive problem solving and spatial learning task which requires the
subjectto find a 28-step pathway thatis hidden undera1ox1o grid of tiles displayed
on a computer touch screen. Subjects were instructed to move from the start loca-
tion (top left), one tile at a time, toward the end (bottom right) while adhering to
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several rules (no diagnonals, no skipping, no retracing movements). Once complet-
ed, subjects returned to the start location and repeated the task for 4 more times.
Twenty well-matched alternate forms of this task were cycled among measure-
ments so thatsubjects would not take a same trial during one dosing period. During
a‘timed chase’ part of the test, the subject was asked to quickly follow a moving tile
around ina1ox10 grid of tiles on a computer touch screen with a stylus pen for 30
seconds. This aspect of the task measures attention and psychomotor function.

DETECTION TASK

During the test, a playing card was presented in the center of the screen. Subjects
were required to press the ‘Yes’ key whenever the card flipped over and faced up.
Subjects were encouraged to work as quickly and accurately as possible. If subjects
responded before the card flipped over or did notrespond to a card that had flipped
over, an error sound was emitted. After a brief practice test, the real test began. The
test measures attention and psychomotor function.

IDENTIFICATION TASK

Aplaying card was presented face down in the center of the screen and flipped over
from time to time. When the card faced up, the subject should press ‘Yes’ for a red
card but‘No’ for a non-red (black) one. An error sound would appear when the sub-
ject pressed a key before a card flipped over or made a mistake. The real test began
after practice. The test measures speed of mental processing and attention.

ONE CARD LEARNING TASK

Subjects were asked to identify whether the playing card presented on the screen
had been shown during the current test trial. They responded by pressing the ‘Yes’
or ‘No’ key. An error noise would appear when there was an incorrect or missing
response. The real test began after practice. The test measures working memory
and learning ability.

INTERNATIONAL SHOPPING LIST TASK (ISLT)

At1.75h post-dose, the test supervisor read a shopping list of 16 words to the subject
as they appeared on the computer screen at a rate of one word every two seconds.
Subjects were instructed to memorize and recall as many words as possible, while
the test supervisor clicked / touched the appropriate button on the screen with the
stylus or mouse. The list was read (in the same order) and the immediate recall
session were repeated two more times for a total of three trials. The task measures
verbal learning ability. At 21h post-dose, subjects were required to recall the shop-
ping list without being read them again, while the test supervisor clicked / touched
the appropriate button on the screen with the stylus or mouse. This part of the IsLT
task measures long term memory and retrieval (delayed recall).
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STATISTICAL ANALYSIS

Statistical analysis was carried out using SAs (version 9.1.3). The primary variables
for pharmacodynamic evaluation were outcome parameters from VAS assess-
ments for alertness, CogState battery and tests about other cNs functions. The
secondary variables forsafety and tolerability evaluation were adverse events (AEs),
vital signs assessments (blood pressure, heart rate, respiratory rate and [auricular]
temperature), laboratory parameters, and EcGs. The variables for pharmacokinetic
evaluation were Ciax, Tmax, AUCo-t, Tij2az, and CL/F.

The pharmacokinetic analyses were performed by Clinical Pharmacology,
AstraZeneca Wilmington, DE, USA using the WinNonlin program (Pharsight
Corporation, MountainView, California, usa) and descriptive statistics of the Pk
parameters were summarized by treatment.

In total, twenty-nine pharmacodynamic (PD) parameters and their change
from baseline were analyzed by mixed model analyses of variance (using SAs PROC
MIXED) with treatment, period, time and treatment by time as fixed effects, with
subject, subject by time and subject by treatment as random effects, and with
the baseline value as covariate, where baseline was defined as the average of the
available values obtained prior to dosing. Treatment effects were reported as the
contrasts of each active treatmentvs. placebo, each dose of AZD6280 vs. lorazepam,
aswellasAzD6280 40 mgvs. AzD6280 10 mg. No multiplicity adjustment was used
for this study. The least square means (LsMs) of the measurements up to 8h post-
dose were calculated within the statistical model. Contrasts were reported along
with 95% confidence intervals. The EEG, body sway, and vas Bowdle subscales were
analyzed after log-transformation, while the other parameters were analyzed
without transformation. Log-transformed parameters were back-transformed
afteranalysis where the results were interpreted as percentage change.

Adverse events were listed and summarized by system organ class and treat-
ment. Vital sign assessments, parameters of the 12-lead ECG recordings and
safety laboratories, along with their changes from baseline, were summarized
using descriptive statistics for each scheduled measurement by treatment.

Previous studies demonstrated good sensitivity of spv to the effect of BzDs
[13,22] and a,,3 subtype-selective CGABA-A agonists [13,14,15,16]. As a,,3 subunits
are the common pharmacological targets shared by these compounds, spv is
hypothesized to be a biomarker for GABA-A 1,3 subunit modulation. Moreover,
early clinical findings with TPA023 [4] also link the pharmacodynamics effect on
spv to therapeuticanxiolysis. Body sway, tracking, VASjertness, and smooth pursuit,
on the other hand, are thought to reflect the sedative and adverse properties of
GABA-ergiccompounds. As such, we performed a regression analysis to explore the
relationship of individual changes from baseline in body sway (Asway), tracking
(ATracking), vAs alertness (AVASgjertness), and smooth pursuit (Asmooth), relative
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to the changes from baseline in spv (Aspv). The slopes of these regression lines are
thought to reflect the relations between drug-induced anxiolysis and cNs-depres-
sion. A mixed effect model was used, where the fixed factors were treatment and
treatment by spv, whereas the random factors were subject and subject by spv. The
estimate of the slopes of the regression lines of these Aspv-relative effect profiles
were compared between each dose of AzD6280 and lorazepam.

The pharmacodynamic effects (i.e., the changes from baseline) on spv were
listed with plasma drug concentrations obtained at the same post-dose time
points with AzD6280 and lorazepam, respectively. Based on the effect profile of spv
(Figure 2), the median effect size was summarized from all negative values, that
is, the same direction of effect as the maximal effect of lorazepam and Azp6280.
Plasma drug concentrations of AzD6280 and lorazepam that correspond to 40%
to 60% percentile of the overall pD effect size were summarized. The two resultant
geometric mean concentrations, termed as ‘pharmacodynamically equivalent
concentrations’in this case, were used to normalize the actual concentration mea-
surements of each compound. Subsequently, the post-dose pPD effect values were
plotted with the normalized drug concentrations.

RESULTS
SUBJECTS

A total of seventeen male healthy volunteers participated in the study. Sixteen
subjects completed the study. One subject was withdrawn from the study due to
positive THC result in urine drug screen test on his 2nd treatment period. This drop-
outwas replaced by a subject receiving the same order of study treatments. Subjects
hadanaverageage of31.7+12.6 years,and BMI of 23.4+2.0 kg/m?. Data fromall treat-
ed subjects were used in the analyses of safety and pharmacokinetics. Subjects who
completed the study per protocol were included in the pharmacodynamicanalysis.

PHARMACOKINETICS (PK)

Asdemonstratedin Figure1,both AzD628010 mgand AzD6280 40 mg were rapidly
absorbed after oral administration with no absorption lag time. The median time
to maximum plasma-concentrations (Tay) Was 1.50 hr (range 0.50 hr-3.23 hr) with
AZD628010 mgand1.38 hr (range 0.50 hr-4.00 hr) with AzD6280 40 mg. The mean
termination half-life (T;/2) was comparable between the two dose levels of AZD6280
(710 hrfor 40 mgand 6.65 hr for10 mg) Lorazepam 2 mg had similar T,y (median
1.50 hr, range 1.00 hr-4.50 hr) but longer Ty, (mean 12.9 hr, range 8.28 hr-18.4 hr)
when compared to AzD6280. The dose-normalized Pk parameters appeared to be
independent from the dose of AZD6280 (see Table1).
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PHARMACODYNAMICS

Table 2 summarizes the pharmacodynamic (pp) effects of each active treatment
compared to placebo. VASyjertness, Was not significantlyimpaired by either AzD6280
10 mg or AzZD6280 40 mg compared to placebo (Table 2). However, alertness was
significantly decreased after lorazepam 2 mg. Sedation caused by lorazepam was
significantly larger than that of AzD6280 10 mg (mean change from baseline: -5.9
mm vs. -0.8 mm, p=0.0051), but was marginally distinguishable from the effect of
AZD6280 40 mg (-5.9 mm vs.-3.1 mm, p=0.1055).

Saccadic peak velocity (spv) was significantly reduced by the three active
treatments (Table 2), respectively, compared to placebo (Figure 2). spv reductions
differed between lorazepam and AzD6280 [estimated difference in spv, p-value]
(lorazepam vs. AzD6280 10 mg: -40.3 deg/sec, p<0.0001; lorazepam vs. AZD6280
40 mg: -12.9 deg/sec, p=0.0367) and were dose-dependent (AzD6280 40 mg vs.
AZD628010 mg:-27.3 deg/sec, p<0.0001).

Body sway, smooth pursuit, tracking and vAs ‘feeling high’ were significantly
affected by lorazepam 2 mg and AzD6280 40 mg, compared to both placebo and
AZD6280 10mg. The effects of lorazepam 2 mg on body sway, smooth pursuit, and
tracking were significantly larger than those of AzD6280 40 mg (Sway: 89.04%
vs. 21.12%, p<0.0001; Smooth: -10.8% vs. -4.0%, p=0.0003; Tracking: -9.53% vs.
-2.65%, p<0.0001). VAS ‘feeling high’ [estimated difference between two treat-
ments, 95% cis, p-value] was significantly increased by Azp6280 40 mg and
lorazepam 2 mg (Table 2). Although the effect size of AZD6280 40 mg was compa-
rable to that of lorazepam 2 mg (0.02 [log(mm)], [0.08,-0.12], p=0.6282), the effect
lasted considerably shorter with AzD6280 40 mg (Figure 3). Moreover, lorazepam
alsosignificantly distorted internal and external perceptions compared to placebo,
but the effects of AzD6280 did not differ from placebo (Table 2).

The three active treatments had a different spectrum of pharmaco-eec effects.
All frequencies of EEG bands were statistically significantly affected by lorazepam
2 mg. In comparison, AzD6280 40 mg induced lower effects on alpha bands, no
effecton gamma band, opposite effects on delta band (estimated difference versus
placebo, 95% confidence interval, p-value: AZD6280 40 mg: -6.7% (-12.3%, -0.6%),
p=0.0325; lorazepam 2 mg: 8.6% (1.9%, 15.8%), p=0.0129) and affected only the
theta and beta bands in the Fz-Cz (i.e. frontal-central) leads. AzD6280 10 mg only
induced changes in theta and alpha bands and the extentand distribution of these
effects were similar to those of AzD6280 40 mg.

Results of the CogState early battery are presented in Figure 4. Neither dose
of AzD6280 affected the individual CogState variables, except for the statistically
significant effect of AzD6280 40 mg associated with worse performance on one-
card learning accuracy compared to placebo (AzD6280 40 mg vs. placebo: -0.09 vs.
-0.02, [acr(%)], p=0.0018). However, the effect size of AzD6280 was significantly
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less than that of lorazepam 2 mg (lorazepam vs. placebo: -0.14 vs. -0.02, [acr(%)],
p<0.0001). Moreover, lorazepam was also associated with extensive impairments
on the other CogState cognitive parameters compared to placebo (lorazepam vs.
placebo, [unit], p-value): reaction time of correct responses in the detection task
(0.12vs. 0.03, [log(msec)], p<0.0001), reaction time of correct responses in the iden-
tification task (0.08 vs. 0.02, [log(msec)], p<0.0001), moves per second (mps) in the
chase test (-0.20 vs. 0.03, [mps], p<0.0001), and the sum of errors in GMLT (22.2 vs.
4.5, p=0.0003). Lorazepam also reduced the number of words recalled in both the
IsLT immediate-recall (lorazepam vs. placebo: 25.2 vs. 35.3, p<0.001) and the IsLT
delayed-recall (lorazepam vs. placebo: 4.8 vs.10.1, p<0.001).

Several cNs effects of the different compounds are plotted against theirimpact
on spv. The regression analyses for ALog(Sway)-Aspv and Atracking-Aspv are plot-
ted in Figure 5,in combination with the calculated population regression lines. The
absolute slopes of the regression lines were significantly smaller for the relations
of ALog(Sway)-Aspv (AzD6280 10 mg vs. lorazepam 2 mg: -0.00056 vs. -0.00157,
p=0.0099; AZD6280 40 mg vs. lorazepam 2 mg: -0.00080 vs. -0.00157, p=0.0135),
Atracking-Aspv (AzD6280 10 mg vs. lorazepam 2 mg: 0.03474 Vs. 0.06453,
p=0.0168; AzD6280 40 mgvs. lorazepam 2 mg: 0.03080Vvs. 0.06453, p=0.0006),and
Asmooth-AspPv (AzD628010 mgvs. lorazepam 2 mg: 0.06146 vs.0.01083, p=0.0232;
AZD6280 40 mgvs. lorazepam 2 mg: 0.06106 vs. 0.01083, p<0.0001) for either dose
of AzD6280 than for lorazepam 2 mg, but the relations of AVAS,jertness-ASPV are
comparable between AzD6280 and lorazepam.

As is shown in Figure 6, the effect size on spv generally grows with the increase
of concentration with either AzD6280 or lorazepam. The range of effect size is gen-
erally comparable between lorazepam and Azp6280 on spv. However, when the
effectsizeis higherthan3odeg/sec (i.e. spv reduction >30deg/sec), the correspond-
ing range of normalized drug concentration is much larger with AzD6280 than that
with lorazepam. Moreover, lorazepam produces a relatively sharp decline of spv
with concentration elevation, while the concentration-effect profile of AZD6280 is
less steep. The same concentration-effect profile also applies to the profiles of body
sway and VAS alertness, except that AzD6280 had much lower maximal effect on
the two PD parameters within the observed range of plasma concentrations (Figure
6). These findings indicate that AzD6280 is pharmacologically less potent than
lorazepam, and that higher concentrations of the new compound are needed to
reach the same effect as the benzodiazepine.

SAFETY

The administration of single dose AzD6280 10 mg or 40 mg were safe and well
tolerated in the 17 healthy male subjects. In general, Treatment-emergent AEs (fre-
quency [incidence]) occurred more frequently with AzD6280 40 mg (25 [75.0%])
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than with AzD628010 mg (7 [43.8%)]), but were milder and less frequent than with
lorazepam 2 mg (39 [93.8%]). The frequency and severity of AEs with low dose (10
mg) AzD6280 were comparable to those with placebo (8 [47.1%]). Compared to
lorazepam 2 mg, AzD6280 40 mg (lorazepam vs. AzD6280 40mg) caused fewer
gastrointestinal (2 [12.5%)] vs. 1 [6.3%]) and less frequent and less intensive neu-
rological events (particularly indicative of sedation) (14 [87.5%] vs. 11 [68.8%)]). No
clinically significant abnormalities in vital signs, laboratory or ECG results were
identified during the study.

DISCUSSION

The currentstudy compared the cNs effects of AzD6280, a novel a,, 5 subtype-specif-
ic GABA-A receptor modulator intended for anxiolytic use, with those of lorazepam.
A comprehensive selection of neurophysiological and neuropsychological tests
was employed to address the pharmacodynamic effects of the two GABA-ergic
compounds on various brain domains. As a positive control, therapeutic dose of
lorazepam was designed to benchmark the effect of clinically relevant cABA-A ago-
nism on each pharmacodynamic measure.

Single doses of AzD6280 10 mg, AzD6280 40 mg, and lorazepam presented
distinct pharmacodynamic effect profiles on the central nervous system. These
effect profiles are likely to result from differences in selectivity and potency of the
compounds to modulate the subtypes of the GABA-A receptor complex (AzD6280
vs. lorazepam) as well as from differences in exposure levels of the same drug
(AzD6280 10 mg vs. 40 mg). The highest dose of AzD6280 in this study caused spv
reductions that on average were somewhat smaller than those of lorazepam. This
indicates that the treatments might not be fully equipotent. spv has been suggest-
ed as a pharmacodynamic biomarker for clinical anxiolysis of benzodiazepines
and novel a;3-subtype selective GABA-A receptor agonists [4,13,22]. The concen-
tration-effect profiles of lorazepam and AzD6280 on spv provide a better approach
for the evaluation of dose equivalence, because they show the entire range of
drug plasma levels and effects. Noteworthy, the range of effect size is comparable
between lorazepam 2 mg and AzD6280 40 mg on spv, although fewer individual
spv measurements reach the level that is regularly attained after lorazepam. Also,
alargerrange of AzD6280 concentrations was linked to significanteffecton spv (i.e.
>30 deg/sec spv reduction) compared with lorazepam (Figure 6). These findings
and the known relevance of spv effect suggest that the anxiolytic effect of peak
concentrations of AzD6280 40 mg may be similar to the effects of lorazepam 2 mg.
Moreover, the spv effects of AzD6280 diminish at relatively high plasma levels,
which are compatible with partial agonism, with a maximum effect that seems to
be smaller than with high doses of the full agonist lorazepam.
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The cNs-PD parameters other than spv are linked to various clinical side-effects of
benzodiazepines, including postural instability, visuo-motor coordination, hyp-
notic effects and cognitive impairments. In Figure 6, the ranges of AzD6280 and
lorazepam concentrations are identical to the concentration-effect plots delineat-
ed for spv; however, larger relative differences are seen in the maximally attainable
effecton sway between lorazepam and Azpé6280, versus the difference seenin peak
spv effects. The smaller maximum effect of AzD6280 on body sway indicates less
impairment of postural stability despite of equal or even higher normalized con-
centrations of the new compound compared to lorazepam. These findings can
be interpreted by the superior pharmacological selectivity of AzD6280 over the
non-selective GABA-A agonism of lorazepam.

Moreover, the relations between drug-induced spv reduction and the drug
effects on these side-effect-related cNS-PD parameters were proposed to quanti-
tatively compare the pharmacodynamic selectivity of a cABA-A-ergic drug with
benzodiazepine, regardless of dose or dose equivalence. In this study, AzD6280
demonstrated relatively flat regression lines in the scatter graphs for body sway,
tracking or smooth pursuit against spv. The slopes for these regression lines were
significantly different from those observed after lorazepam. Such a spv-dominant
effect profileis distinguishable from that of benzodiazepines and is consistent with
our previous reports regarding other GABA a,s-selective partial agonists [13]. On
the other hand, the similar slopes of the regression lines between the two doses of
AzD6280 supportthatsuch spv-relative indices are independent from dose or dose
equivalence.

In line with their distinct pharmacodynamic profile, lorazepam and AzD6280
differed considerably in their profiles of cNs depression. Fewer treatment-emer-
gent adverse events, mostly ‘neurological disorders’ as defined in MedDRrA-ergic,
occurred with the highest dose of AzD6280 than with lorazepam. Lorazepam
caused remarkable concentration-dependent response profiles on adaptive track-
ing, body sway, smooth pursuit, visual analogue scales for alertness, ‘feeling high,
external and internal perceptions, and various cognitive functions. The effects
of AzZD6280 40 mg on these parameters were smaller and often not statistically
significant. All these findings suggest that lorazepam induces substantial impair-
ments in a wide range of cNs domains, but the effects of AzD6280 40 mg were less
extensive. These results are consistent with those reported in previous single-dose
studies with lorazepam and other a5 s-selective GABA-A partial agonists [14,15,16].
Thus the abovementioned pharmacodynamic effect profiles probably reflect the
characteristics of the entire family of a, 3-selective GABA-A partial agonists, which
may translate into a reduced propensity to cause sedative side effects.

AzD6280 and lorazepam also showed different effects on the EEG power spec-
trum. The effect of AzD6280 40 mg on EEG Delta band was opposite to that of
lorazepam and may relate to differencesin the sedative effects of the compounds. In
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the EEG bands between 4 Hzand 35 Hz, the EEG responses to AZD6280 were general-
ly consistent with but smaller than those to lorazepam. Lorazepam was associated
with anincrease in EEG power in the Gamma band, while the effect of AzD6280 was
negligible with either dose. The similarities of EEG signatures between AzD6280
and lorazepam in the medium frequency bands, as well as those between the two
doses of AzD6280, may reflect common pharmacological properties underlying
an anxiolytic action. Furthermore, the relatively low effects of AzD6280 on the EEC
parameters may be explained by the partial cABA-A modulation of this new com-
pound, compared with the full agonism of lorazepam.

In conclusion, the sPv responses to AzD6280 suggest potential anxiolytic effect
of the compound, while the absent or smaller effects of AzD6280 on subjective
alertness, visuo-motor coordination, postural balance, psychomotor and cognitive
functions indicates a more favorable and concentration-related side-effect profile
compared to that of lorazepam. Overall, the pharmacodynamic profile of AzD6280
is consistent with the specificity and selectivity of this compound at the a;,; GABA-A
receptor subtypes. This pharmacodynamic profile, combined with a good toler-
ability profile, support further clinical development of AzD6280 as a potential
fast-onsetanxiolyticat doses around 10 to 40 mg.
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Table 1- Mean (sp) of the dose-normalized pharmacokinetic parameters after administration
of AzZD628010 mgand AzD6280 40 mg (n=16)

Unit AZD6280 AZD6280 Lorazepam
1iomg 4omg 2mg

Cmax,horm* ng/mL/mg 9.9(2.4) 8.2(2.4) NC
AUCo-t,norm h-ng/mL/mg 41.0(8.6) 37.9(10.0) NC
AUCg-,NOrmM h-ng/mL/mg 46.0(10.8) 42.2(11.9) NC

Cmax ng/mL/mg 98.5(24.3) 328(97.5) 21.9(4.67)
AUCo-t h-ng/mL/mg 397(100) 1515(400) 235(47.8)
AUCo h-ng/mL/mg 444(125) 1686(477) 360(103)
AUCq/, h 7.0(1.2) 6.7(0.9) 13.0(2.6)
CcL/F L/hr 24.9(9.55) 25.8(8.09) 5.96(1.56)

Nc=not calculated; *‘norm’ indicates dose-normalized pharmacokinetic parameter

Table 2 - Treatment contrasts as Estimated difference for the PD parameters

Parameters Lorazepamamg AZD628010mg AZD628040mg
vs. Placebo

spv (deg/sec) -62.9(-75.2,-50.6) -22.6(-34.6,-10.6) -50.0 (-62.1,-37.8)
p<0.0001 p=0.0005 p<0.0001

Saclnacc (%) 0.7(0.1,1.3) -0.4(-0.9,0.2) -0.4(-1.0,0.2)
p=0.0206 p=0.2191 p=0.1590

SacrT (sec) 0.029 (0.023,0.035) 0.003 (-0.003,0.009) 0.004 (-0.002,0.010)
p<0.0001 p=0.2964 p=0.1548

Sway (%) 89.0%(62.8%,119.6%) -1.0%(-14.8%,15.1%) 21.1%(4.3%, 40.7%)
p<0.0001 p=0.8965 p=0.0134

Smooth (%) -10.8(-14.2,-7.3) -1.1(-4.6,2.3) -4.0(-7.5,-0.6)
p<0.0001 p=0.5103 p=0.0238

Tracker (%) -9.53(-11.9,-7.21) -0.63(-2.95,1.69) -2.65(-4.97,-0.33)
p<0.0001 p=0.5806 p=0.0266

VAS;lertness (MM) -5.6(-9.1,-2.1) -0.5(-3.9,2.9) -2.7(-6.1,0.7)
p1=0.0024 p=0.7691 p=0.1178

VAScalmness (MmM) 2.2(-0.8,5.3) 1.4(-1.6,4.5) 1.2(-1.8,4.3)
p=0.1429 p=0.3402 p=0.4114

VASmood (Mm) -0.7(-2.5,1.2) 0.5(-1.4,2.4) 0.0(-1.8,1.9)
p=0.4733 p=0.5847 p=0.9723

VASexternal log(mm) 0.10(0.05,0.16) 0.01(-0.04,0.07) 0.05 (-0.00,0.10)
p=0.0004 p=0.5931 p=0.0719

VASinternal log(mm) 0.07(0.03,0.11) 0.01 (-0.02,0.05) 0.01 (-0.03,0.05)
p=0.0007 p=0.4781 p=0.5087

VAshighIog(mm) 0.12(0.02,0.22) -0.01 (-0.11,0.08) 0.10(0.00,0.19)
p=0.0168 p=0.7881 p=0.0474

1. The p-value represent the result of statistical comparison between the corresponding active treatment
(i.e. AZD6280 40 mg, AZD6280 10 mg, or lorazepam 2 mg) and placebo for each pharmacodynamic parameter
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Figure1-Mean (standard error as error bars) concentration-time profiles of AzD628010 mg, AzD6280
40 mgand lorazepam
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Figure 2 - Mean (standard error) profiles of objective pharmacodynamic parameters after the

treatments of placebo, lorazepam 2 mg, AzD628010 mg,and AzD6280 40 mg
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Figure 3- Arithmetic mean (standard error) profiles of subjective pharmacodynamic paramters
(i.e.visual analogue sub-scales) after the treatments of placebo, lorazepam 2 mg, AzpD628010 mg,

and AzD6280 40 mg
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Figure 4 - Means (standard error) profiles of CogState parameters after the treatments of placebo,

lorazepam 2 mg, AzD628010 mg,and AzZD6280 40 mg
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Figure 5- The ALOG(Sway)-ASPV, AVAS;|ertness-ASPV, ATRACK-ASPV, ASMOOTH-ASPV relations
of AzD628010 mgand 40 mgvs. lorazepam 2 mg.
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Figure 6 - Normalized concentration-effect profiles of lorazepam and AzD6280 on saccadic peak

velocity (spv), body sway (sway), and adaptive tracking (track)
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ABSTRACT

NS11821 is a partial GABA-A agonist with relatively dominant a;,; and as subtype
efficacy but negligible a; agonism. This first-in-human study was performed in
healthy male subjects using a single-dose, parallel, double blind, placebo-con-
trolled, randomized, dose-escalation study design. In total six cohorts (n=48) were
enrolled. The eight subjects of each cohort received Ns11821 (10 mg, 30 mg, 75 mg,
150 mg, 300 mg or 600 mg) or placebo in a 6:2 ratio. At low dose levels, NS11821
had a relatively low exposure and a more-than-proportional increase of Auc and
Crmax. Probably due to poor solubility. Saccadic peak velocity (spv) decreased in a
dose-related manner while limited impairments were seen on body sway and the
visual analogue scale (vAs) for alertness. The most common adverse events were
somnolence and dizziness, which were more prominent with the higher doses.
Although no positive control was used in this study, the results were compared
post hoc to a CHDR dataset for lorazepam 2 mg. The maximum spv effects seemed
comparable to the typical effects lorazepam, whereas the other cNs effects were
smaller. These results support the pharmacological selectivity of Ns11821 and show
that pharmacodynamic effective doses of Ns11821 were safe and well tolerated in
healthy subjects.
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INTRODUCTION

Benzodiazepines (BzDs) are one of the most commonly prescribed anxiolyticdrugs,
although therapeutic guidelines generally limit their use to several weeks. The
use of BzDs is restricted by tolerance and dependence, as well as concomitant psy-
chomotor impairments. In general, the effect profile of BzDs is attributed to their
non-selective agonismatthe oy, az, a3, and as subunit-containing GABA-A receptors.
Preclinical studies have linked these subtypes to different pharmacological aspects
of BzDs: 1) qy-containing receptors are associated with sedative and motor effects
(McKernan et al., 2000; Rowlett et al., 2005); 2) a,- and az-containing receptors are
related to anxiolysis and analgesia (Knabl et al., 2008; Knabl et al., 2009); and 3)
as-containing receptors are involved in amnesic effects (Atack et al., 2006; Ballard
etal., 2009). In order to minimize the untoward depressive effects on the central
nervous system (CNSs), several novel a,,3-subtype selective GABAergic compounds
are being developed in preclinical and clinical phases and they are expected to
deliver anxiolytic effects with less adverse effects.

According to the in vitro two-electrode voltage-clamp electrophysiological
assessments performed on receptors expressed in oocytes, although the in vitro
binding affinity is generally comparable (Ki [nM] =1.6,9.7,3.8, 2.5 for a4, a2, az and
as subunits, respectively, for different human GABA-A receptor subtypes expressed
in HEK cells), NS11821 has relatively higher maximum efficacy for GABA-A a5, az and
s Over GABA-A o receptors: compared to diazepam, Ns11821 showed 17%, 40% and
41% relative efficacy at the ay, a3 and as subunits, but 4% relative efficacy for the o
subunit, respectively (Neurosearch data on file). The Ec50 of NS11821 was 59,73 and
44 nM for the in vitro pharmacological effects on human GABA-A a,82y2s, asf32y2s
and asfd2y2s receptors, respectively. (Neurosearch data on file). Such a profile is
translated to low propensity for sedative effects with retained anxiolytic activity:
in both the rat conditioned emotional response (CER) test and the plus-maze task
(Davis, 1990; Rodgers and Dalvi, 1997), Ns11821 dose dependently reduced anxi-
ety-like behavior with a minimum effective dose (MeD) of 3 mg/kg, corresponding
toa human equivalent dose (HED) of 29 mg. On the other hand, Ns11821 was found
to increase exploratory motility at doses between 3-30 mg/kg in mice, but signifi-
cantly reduce motor activity in rats at doses higher than 30 mg/kg. In the rotarod
test, Ns11821 had no significant effect on rotarod performance in rats up to 100 mg/
kg. In contrast, diazepam significantly reduced exploratory motility and rotarod
performance at doses< 3 mg/kg. In addition, the passive avoidance memory test
in mice has been shown sensitive to BzD-induced anterograde amnesia when
the drug was administered prior to the learning session. Compared with a single
dose of chlordiazepoxide, Ns11821 demonstrated little effect on memory in mice
with doses from 10 to 100 mg/kg, wh