RESEARCH PAPER

AQWO051, a novel, potent
and selective a7 nicotinic
ACh receptor partial
agonist: pharmacological
characterization and phase |
evaluation

Dominik Feuerbach', Nicole Pezous', Markus Weiss!,
Kasra Shakeri-Nejad!, Kurt Lingenhoehl', Daniel Hoyer?,
Konstanze Hurth', Graeme Bilbe?, Christopher R Pryce?,

Kevin McAllister!, Frederique Chaperon®, Klaus Kucher®, Donald Johns®,

Thomas Blaettler® and Cristina Lopez Lopez®

Novartis Institutes for BioMedical Research, Basel, Switzerland, *Department of Pharmacology
and Therapeutics, University of Melbourne, Victoria, Australia, *®DNDi — Drugs for Neglected
Diseases initiative, Geneva, Switzerland, *Department of Psychiatry, Psychotherapy and
Psychosomatics, Zurich University Hospital for Psychiatry, Zurich, Switzerland, STranslational
Medicine Neurosciences, Novartis Pharma AG, Basel, Switzerland, and °F Hoffinann-La Roche
Ltd., Basel, Switzerland

BACKGROUND AND PURPOSE

DOI:10.1111/bph.13001
www.brjpharmacol.org

Correspondence

Dominik Feuerbach, Nervous
System Research, Novartis
Institutes for BioMedical
Research, Novartis Pharma AG,
WSJ386.9.08.27, CH-4056 Basel,
Switzerland. E-mail:
dominik.feuerbach@novartis.com
Cristina Lopez Lopez,
Translational Medicine
Neurosciences, Novartis Pharma
AG, Novartis Campus,
WSJ-154.4.03, CH-4002 Basel,
Switzerland. E-mail:
cristina.lopez_lopez@novartis.com

Received

27 June 2014
Revised

14 October 2014
Accepted

27 October 2014

Activation of the a7 nicotinic ACh receptor (nACh receptor) is considered an attractive target for the treatment of cognitive
impairment associated with neurological disorders. Here we describe the novel o.7-nACh receptor agonist AQWO051 as a

promising drug candidate for this indication.

EXPERIMENTAL APPROACH

AQWO051 was functionally characterized in vitro and cognitive effects evaluated in rodent behavioural models.
Pharmacokinetics and tolerability were evaluated in three phase | placebo-controlled studies in 180 healthy subjects.

KEY RESULTS

In vitro, AQWO051 bound with high affinity to a7-nACh receptors and stimulated calcium influx in cells recombinantly
expressing the human a7-nACh receptor. In vivo, AQW051 demonstrated good oral bioavailability and rapid penetration into
the rodent brain. AQWO051 administered over a broad dose range facilitated learning/memory performance in the object
recognition and social recognition test in mice and the water maze model in aged rats. Clinically, AQWO051 was well tolerated
in healthy young and elderly subjects, with an adverse event (AE) profile comparable with placebo. No serious AEs were
reported and all AEs were either mild or moderate in severity at single oral doses up to 200 mg and multiple daily doses up
to 75 mg. Once-daily oral administration of AQWO051 resulted in continuous exposure and a two- to threefold accumulation

compared with steady state was achieved by 1 week.

CONCLUSIONS AND IMPLICATIONS

These data support further development of AQWO051 as a cognitive-enhancing agent, as a therapeutic, for example, in

Alzheimer’s disease or schizophrenia.
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Abbreviations

o-BTX, o-bungarotoxin; AD, Alzheimer’s disease; AE, adverse event; ATCC, American Type Culture Collection; AUC,
area under the concentration-time curve; AB, f-amyloid; CI, confidence interval; Cnax, maximum concentration; KRH,
Krebs-Ringer HEPES buffer; MLA, methyllycaconitine; MTD, maximum tolerated dose; nACh receptor, nicotinic ACh
receptor; ORT, object recognition test; p.o., orally; PK, pharmacokinetic; RT, room temperature; SAD, single-ascending
dose; SAE, serious adverse event; SAO, stretched attend posture towards the object; t;,,, terminal elimination half-life;

Tmax, time to maximum concentration

Tables of Links

5-HT3AB receptor
0.7-nACh receptor

nACh receptors

a-bungarotoxin (a-BTX) Chlordiazepoxide Nicotine
[1251]-0-BTX Choline PHA-543613
ACh Epibatidine PNU-282987
AQWO051 EVP-6124 TC-5619
B-amyloid (AB) Methyllycaconitine (MLA) Rivastigmine

These Tables list key protein targets and ligands in this article which are hyperlinked to corresponding entries in http://
www.guidetopharmacology.org, the common portal for data from the IUPHAR/BPS Guide to PHARMACOLOGY (Pawson et al., 2014) and are
permanently archived in the Concise Guide to PHARMACOLOGY 2013/14 (Alexander et al., 2013).

Introduction

Neuronal nicotinic ACh receptors (nACh receptors) belong to
a superfamily of ligand-gated ion channels that includes
receptors for GABA, 5-HT and glycine. Two of the most abun-
dant nACh receptor subtypes within the CNS are o7 and
04p2*, formed by the association of five subunits in homo-
pentameric and heteromeric complexes respectively (Gotti
and Clementi, 2004; Gotti et al., 2006). a7-nACh receptor
is further characterized by its low affinity for the agonist
ACh, choline activation, high affinity for the antagonist
o-bungarotoxin (a-BTX), rapid desensitization and high per-
meability to calcium. Within the CNS, the o.7-nACh receptor
is highly expressed in the hippocampus, thalamus, frontal
cingulate and occipital cortices; regions important for learn-
ing, memory and sensory gating (Young and Geyer, 2013).
Interestingly, outside the CNS, a.7-nACh receptor is expressed
on tissue-macrophages and synoviocytes, key participants in
the cholinergic anti-inflammatory pathway. Choline activa-
tion of a7-nACh receptor inhibits NF-xB nuclear transloca-
tion and suppresses cytokine release from these cells,
supporting resolution of immune responses (Tracey, 2002;
2009).

Consistent with the CNS expression pattern, several
lines of evidence support a functional role for o7-nACh
receptor in learning and memory. The first highly selective
07-nACh receptor agonist, AR-R17779, was shown to
enhance cognition in a number of animal models (Levin
et al., 1999). This evidence has led to the idea that cognitive
deficits in certain neuropsychiatric and neurological disor-
ders might be ameliorated by administration of o7-nACh
receptor agonists. Indeed, gating deficits experienced by
patients with schizophrenia are corrected following

07-nACh receptor agonist administration (Olincy etal.,
2006). Furthermore, a7-nACh receptor expression is reduced
in post-mortem brain samples of patients with schizophrenia
(Freedman et al., 1995), and genetic linkage studies have
identified a7-nACh receptor as a predisposing factor for
sensory gating deficits (Freedman et al.,, 1997; Gault et al.,
2003); a hallmark of schizophrenia and also associated with
Alzheimer’s disease (AD) (Jessen etal.,, 2001). In AD, a
number of pathophysiological changes alter the function of
the 07-nACh receptor, not least the cholinergic deficit
observed because of cholinergic neuronal loss early on in
the disease course. Furthermore, f-amyloid (AB) binds with
high affinity to o7-nACh receptor, inducing a pathway
switch that is detrimental to neurons (Wang et al., 2000)
and creating a seed for further AB accumulation. To this
end, a number of selective and potent o7-nACh receptor
agonists have been discovered, for example GTS-21 (de
Fiebre et al., 1995), JN403 (Feuerbach et al., 2007; 2009) and
PNU-282987 (Hajos et al., 2005), including some that have
reached advanced clinical testing (phases II and III) in
patients with schizophrenia or AD, for example TC-5619
(Hauser et al., 2009; Mazurov et al., 2012; Lieberman et al.,
2013), EVP-6124 (Prickaerts etal.,, 2012; Preskorn etal.,
2014) and ABT-126 (NCT00948909 and NCT01095562)
(Bitner et al., 2013). Notably, an a7-nACh receptor positive
allosteric modulator, JNJ-39393406, whose activity depends
on the cholinergic tone, did not demonstrate efficacy on
evoked potentials or EEGs after acute dosing in patients
with schizophrenia (Winterer ef al., 2013). Here we describe
the preclinical characterization and phase I evaluation in
healthy volunteers of the potent and selective o7-nACh
receptor partial agonist, (R)-3-(6-p-tolyl-pyridin-3-yloxy)-1-
aza-bicyclo(2.2.2)octane (AQWO0S1) (Hurth et al., 2014).
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Methods
Cell lines

The following cell lines were cultured and maintained as
previously described: human rhabdomyosarcoma cell line
endogenously expressing ol1B1y8-nACh receptor, TE671
[American Type Culture Collection (ATCC) ]; murine neurob-
lastoma cell line endogenously expressing the 5-HT receptor
5-HT;AB, N1E-115 (ATCC); HEK cell line, HEK293 (ATCC),
transfected with recombinant human 04p2 and a3p4-nACh
receptors (HEK293-ha4b2 and HEK293-ha3b4 respectively)
(Michelmore et al., 2002); rat pituitary epithelial-like tumour
cell line transfected with human neuronal o.7-nACh receptors
(GH3-ha7-22) (Feuerbach et al., 2005); and human neurob-
lastoma cell line, transfected with human «7-nACh receptors
(SH-SYSY-ha7) (Charpantier etal., 2005). nACh receptor
nomenclature used is according to BJP’s Concise Guide to
PHARMACOLOGY (Alexander et al., 2013).

In vitro radioligand-binding assays
Radioligand-binding assays were performed as previously
described (Feuerbach et al., 2007) using SH-SYSY cells and
125]-labelled o7-nACh receptor antagonist, o-BTX ( ['*I]-o-
BTX).

Measurement of intracellular calcium

Calcium influx assays were performed using a fluorescence
method as previously described using the full panel of cell
lines (Feuerbach et al., 2005).

Electrophysiological studies in

Xenopus oocytes

Xenopus oocyte preparation, injection with human a7-nACh
receptor mRNA and measurement of response to application
of AQWO051 were performed as previously described
(Feuerbach et al., 2005).

Animals

All experiments were carried out in accordance with the
authorization guidelines of the Swiss federal and cantonal
veterinary offices for the care and use of laboratory animals.
Studies described in this report were approved by the Swiss
cantonal veterinary office. Animals were housed in plastic
cages in a room with a 12 h light/dark cycle (lights on
07:00 h) and free access to food and water. The following
mouse and rat strains were used: OF/1C mice (Charles River,
Lille, France), Sprague Dawley rats (RA238, OFA/IC, Iffa
Crédo, France) and Listar-hooded rats (Harlan, Venray, The
Netherlands). AQWO0S51 was suspended in 0.5% methylcellu-
lose, or dissolved in 0.035 mL 0.1 M hydrochloric acid and
diluted in distilled water (pH of about 5.0) to 1 mL. AQWO051
(or associated vehicle) was administered p.o. unless otherwise
stated. All studies involving animals are reported in accord-
ance with the ARRIVE guidelines for reporting experiments
involving animals (Kilkenny etal., 2010; McGrath etal.,
2010).

Concentration of AQWO0S51 in the brain and

plasma of mice
Plasma and brain homogenates were extracted and analysed
as previously described. (Feuerbach et al., 2009). The limit of
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detection, defined as the lowest concentration of the
extracted standard sample with a signal to noise ratio of
about 3, for AQWO051 was 1.5 fmol per injection (correspond-
ing to 0.15 pmol-mL™" plasma and 0.75 pmol-g™' brain).

Ex vivo binding of AQWO051

After administration of AQWO0S51, mice were killed at indi-
cated time points by CO, and brains were removed. Binding
of AQWO0S51 was studied in various brain regions. Sagittal
sections (10 um) were thaw-mounted onto silane-coated
microscope slides and labelled: 30 min pre-incubation at
room temperature (RT) in Krebs-Ringer HEPES buffer (KRH:
20 mM HEPES pH 7.4, 118 mM NaCl, 4.8 mM KCl, 2.5 mM
CaCl,, 1.2 mM MgSO,4, 10 mM NaOH), followed by an incu-
bation for 2h at RT in KRH buffer supplemented with
0.05 mg-mL™" BSA and 2.5 nM [**I]-a-BTX (144 Ci-mmol™,
Perkin Elmer, Waltham, MA, USA). Non-specific binding was
determined in the presence of 100 uM (-)—nicotine. Sections
were rinsed three times for 20 min in ice-cold KRH buffer,
then 20 s in ice-cold KRH (diluted 1:10), with a final brief
rinse in ice-cold distilled water before drying under a stream
of cold air. Labelled sections were exposed to Kodak Biomax
MR films (Eastman Kodak Company, Rochester, NY, USA) for
6 days at 4°C and nuclei counterstained with 0.5% cresyl
violet and localized (Paxinos and Franklin, 2012). Binding
data (total and non-specific) were analysed by optic densi-
tometry using a computerized image analysis system (MCID,
Imaging Research, St Catherine’s, ON, Canada). Results were
compared by one-way aNova followed by a Dunnett’s multi-
ple comparison test.

Social recognition in mice

Adult female (30-35g) and young female (18-20 g) mice
(OF1/IC strain; n = 10/group) were tested as previously
described (Feuerbach et al., 2009). The a7-nACh receptor
antagonist, methyllycaconitine (MLA, 2.5 and 10.0 mg-kg™
or saline) was administered by i.p. injection 30 min after
administration of AQW051 (0.03 and 0.3 mg-kg™'; p.o.).

Object recognition in mice

The object recognition test (ORT) records the number of
stretched attend posture directed by singly housed mice
towards a grey PVC disc (height = 2 cm, diameter = 5 cm)
placed in their home cage (22 x 37 x 15 cm) under moderate
light (approximately 40 Lux) for 3 min on 3 successive occa-
sions (0 min, 10 min and 24 h). To test for any potential
motor disturbances, a novel PVC cone (height = 6 cm, diam-
eter = 5 cm) is presented at 24 h 10 min.

Adult male mice (25-27 g, OF1/IC strain, n = 10 per
group) were pretreated with AQWO051 (0.03 or 0.3 mg-kg™
p-o.) or vehicle 1 h before the test, then treated with MLA,
(3 mg-kg™ i.p.) or saline (NaCl 0.9%) 30 min post-dose. The
frequency of the stretched attend posture towards the object
(SAO) during each exposure was scored from videotape by a
trained observer blind to previous treatment of the animals.
Intragroup differences (between presentations) were analysed
using repeated-measures ANOVA, independently for each treat-
ment group, followed by a post hoc Tukey’s test. Intergroup
differences (between treatment groups) were analysed per
time point using one-way ANOvA, followed by a post hoc Dun-
nett’s test. In addition, this model was used to test whether
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positive effects of AQWO051 (0.3 and 3.0 mg-kg™' p.o.) were
maintained following repeated dosing for 7 consecutive days.

Spatial navigation memory in aged rats

Old male lister-hooded rats (24 months) were tested in the
Morris water maze experiment as previously described (Pryce
et al., 2003). Rats were assigned to either AQWO051 (3 mg-kg™
p-o.) or vehicle based upon mean-trial platform latency (s).
Treatment was administered 1 h pre-test on days 1-4. Rat
swimming path, time and speed were recorded by a video
activity monitoring system (Ethovision, Noldus, Wagenin-
gen, The Netherlands). Parameters measured were distance
travelled, swimming speed and latency to find the platform.
Intergroup differences (among treatment groups) were ana-
lysed using one-way aNova, followed by a post hoc Dunnett’s
test.

Social exploration test in rats

Experiments were performed as previously described
(Feuerbach et al., 2009). Adult male rats (350-400 g) were
designated residents and male juvenile intruder rats (100-
120 g). Intruder rats received AQWO0S51 or vehicle 1, 3, 6 or
16 h before testing. Chlordiazepoxide, an anxiolytic benzo-
diazepine was used as a positive control.

Human single- and multiple-dose studies

Three randomized, double-blind, placebo-controlled phase I
studies evaluated the safety, tolerability and pharmacokinet-
ics (PK) of AQWO0S51 in non-smoking healthy subjects. All
doses were given p.o. in fasted state, apart from the fed arm of
studies 2 and 3 investigating the effect of food. Each study
used an interleaved design and specific details are summa-
rized below:

e Study 1 (n = 62): first time in man, single-ascending dose
(SAD) study of AQWO0S51 (0.5, 2.5, 7.5, 25 and 75 mg) in two
different cohorts of male subjects aged 18-41 years. A third
cohort (male subjects aged 20-44) received a dose of
200 mg AQWOS1 to determine the maximum tolerated
dose (MTD). Cohorts 1 (n = 25) and 2 (n = 25) participated
in three successive treatment periods of two ascending
doses of AQWO0S51 and one placebo, with randomized
assignment to placebo. A 2 week washout period (+5 days)
was allowed between treatment periods. For determining
MTD, subjects were randomized to receive either placebo
(n=4) or AQWOS51 (n =8) (planned MTD of 450 mg, actual
dose 200 mg).

e Study 2 (1 = 64): ascending dose study in elderly male and

postmenopausal female subjects aged 60-80 years treated

with either a single dose followed by once-daily multiple
doses of AQWOS1 over 2 weeks, or 2 weeks of once-daily

multiple AQWO051 doses. AQWO051 was administered at 2.5,

15 or 75 mg.

Study 3 (n=54): SAD study of AQWO0S51 (2.5, 7.5, 25, 75 and

200 mg) in Japanese male subjects aged 20-45 years. Treat-

ment schedule: cohort 1, 2.5 mg AQWO051/placebo then

75 mg AQWOS1/placebo; cohort 2, 7.5 mg AQWOS51/

placebo then 200 mg AQWOS1/placebo; cohort 3, 25 mg

AQWO0S51/placebo then 25 mg AQWOS51/placebo (under

fasted or fed conditions).

The protocol and amendments were approved by the
Independent Ethics Committee and Institutional Review
Board at each study centre. All studies were conducted
according to the ethical principles of the Declaration of Hel-
sinki and two studies were registered on ClinicalTrials.gov
[identifiers NCT00418002 (study 2) and NCT00409500 (study
3) |. Informed written consent was obtained from all patients.

Safety and PK assessments

Safety assessments included adverse events (AEs) and serious
AEs (SAEs) reporting; laboratory tests; vital signs; ECGs; and
neurological assessments. For PK assessments, blood samples
were collected into EDTA-containing tubes according to a
predefined schedule. For single dosing, sampling took place
pre-dose and up to 24 h for 0.5 and 2.5 mg dosing or 120 h
post-dose for all other dose levels. Urine samples were col-
lected from pre-dose to 48 h. Blood and urine concentrations
of AQWO051 were determined using liquid chromatography
tandem mass spectrometry. The lower limit of quantification
was 0.150 ng-mL™ for blood and 0.500 ng-mL™" for urine.

Statistical methods

Descriptive statistics were used to summarize safety results.
PK parameters were calculated for each dose using non-
compartmental analysis. The relationship between dose and
PK parameters area under the concentration-time curve
(AUC) 0y, AUC(uiny and maximum concentration (Cpax) was
explored using the power model PK = o Dose®. Dose propor-
tionality was assessed by the estimator of B and by explora-
tively assessing whether the 90% confidence interval (CI) for
B is contained in the no effect region of B (1 + In[0.8]/In[r], 1
+ In[1.25]/In[r] ), where r was the dose range tested (highest
dose/lowest dose); only doses with reliably estimated PK
parameters were included. In studies 2 and 3, food effects
were determined using a linear mixed effect model applied to
log-transformed PK parameters with food condition (fed/
fasted) as fixed effect and subject as random effect. The dif-
ference in PK because of food condition was derived and
back-transformed into the natural scale to give the estimation
for ratio of geometric mean together with corresponding
90% CI.

Reagents

AQWO0S51 (R)-3-(6-p-tolyl-pyridin-3-yloxy)-1-aza-bicyclo
(2.2.2)octane (MW 294.40) was synthesized by Novartis Insti-
tutes for BioMedical Research (Basel, Switzerland).

Results

AQWOS1 is a selective partial agonist of the
o7-nACh receptor

The chemical structure of AQWO0S51 is shown in Figure 1.
AQWOS1 displayed high affinity for the human o7-nACh
receptor with high selectivity towards other nACh receptors.
AQWOS1 had a pKp of 7.56 (SEM + 0.04, n = 3) at recom-
binantly expressed human o7-nACh receptor as determined
using ['*I]-0-BTX radioligand-binding studies. Furthermore,
AQWOS51 showed selectivity over a wide range of neurotrans-
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Table 1

Effects of AQWO051 at human o.7-nAChR, o334, 04p2, a11y3 and murine 5-HT; receptors using a fluorescence readout (Feuerbach et al., 2005)

Receptor n pECso = SEM

o7 1 7.41 £ 0.09
alB1yd
0432
o3p4

5-HT3

A L O O O

Emax * SEM pICso = SEM Selectivity
73 £4.1%

4,97 £ 0.05 274

5.40 + 0.07 101

5.28 £ 0.08 144

4.72 + 0.09 488

Figure 1
Structure of AQWO0S51.

mitter receptors, ion channels, kinases and transporters in
radioligand-binding studies; more than 164 targets were
tested to a maximal concentration of 10 uM and at 1 uM,
there was no significant inhibition of any of the 164 targets
(data not shown).

Calcium transients, detected after stimulation of human
07-nACh receptors recombinantly expressed in GH3-ha7-22
cells, demonstrated the potent agonist activity of AQWO051
(pECso 7.41 £0.09, relative to the positive control epibatidine:
73% £ 4.1, n = 18; Table 1). This activity was blocked by the
o7-nACh receptor antagonist, MLA (100 nM, n=2). AQWO051
showed similar pharmacological properties (pECso 7.24 £ 0.1,
efficacy compared with epibatidine, a full a7-nACh receptor
agonist: 68% * 4, n = 9) when interacting with rat «7-nACh
receptor recombinantly expressed in the same cellular back-
ground. The functional selectivity of AQWO051 over other
nACh receptor subtypes and 5-HT3 receptors, using the
calcium influx assay, was at least 100-fold (Table 1). AQWO051
did not display agonistic activity up to 100 uM at these
receptors.

In electrophysiological recordings from Xenopus oocytes
expressing human o7-nACh receptor, inward currents were
generated in response to bath application of AQWO0S51
(30 uM), at a holding potential of —70 mV. The responses
were transient with a fast-rising phase followed by a rapid
decay. The induced peak current amplitudes ranged between
30 and 170 nA (n = 5). Thus, the signal shape was similar to
the response evoked by ACh. The effects of AQWO0S51 were
concentration-dependent with a calculated ECs, value of
7.5uM (95% CI 3.9, 14.6, n = 5). The calculated maximal
response amplitude evoked by AQWO051 was 75% of the
maximally effective ACh response. Thus, AQWO0S51 is best
described as a partial agonist at the recombinant human
07-nACh receptor expressed in oocytes. The response evoked
by 100 uM AQWO0S51 was fully blocked by MLA.
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Levels of AQWO0S1 in the brain and plasma
of mice

Levels of AQWOS51 in mouse brain tissue and plasma were
assessed at three time points (0.25, 1 and 4h) after
10 umol-kg' i.v. and at six time points (0.25, 0.5, 1, 4, 8 and
24 h) after 30 umol-kg™ p.o. (Figure 2A and B). AQWO0S51 pen-
etrated rapidly into the brain following p.o. administration
with a brain/plasma ratio of 20 after 30 min increasing to 60
after 4 h. Apparent terminal elimination half-lives (t,,) of
approximately 0.6 and 1 h were estimated in plasma follow-
ing i.v. and p.o. administration respectively. Bioavailability
was estimated as 50%.

Ex vivo AQWO0S51 binding in mouse brain
Using ex vivo autoradiography, the effects of 3 mg-kg™' i.v.
AQWO051 on [*®I]-0-BTX binding to o7-nACh receptor
was determined in nine brain regions: cerebral cortex,
caudate putamen, hippocampus, presubiculum, amygdalo-
hippocampal area, lateral geniculate nucleus, and more spe-
cifically, in the CA1-3 areas of the hippocampus, polymorph
layer and granular layer of the dentate gyrus and lacunosum
moleculare layer, of which the hippocampus is illustrated in
detail in Figure 3. In all regions studied, displacement of
bound ['*IJa-BTX occurred as early as 5 min following
AQWO0S51 administration when the maximal effect was
reached. This effect was sustained for at least 4 h in all brain
regions and for 7 h in the cortex and hippocampus. By 24 h
post-dose, ['*I]-a-BTX binding was restored to baseline levels
in all brain regions.

AQWO0S51 treatment enhanced
learning/memory in mice in the social
recognition test

Mice treated with AQWO0S1 at 0.03 and 0.3 mg-kg"' p.o.
before baseline trial spent significantly more time scrutiniz-
ing the novel partner than the familiar partner during the
re-test trial at 24 h, suggesting that AQWOS1 facilitated
the learning/memory performance (P < 0.001 and
P < 0.01, respectively, Figure 4). Co—-administration of MLA
(2.5 mg-kg'or 10 mg-kg™ i.p.) significantly reversed the posi-
tive memory-enhancing effects of 0.3 mg-kg"' AQWO051 p.o.
(data not shown).
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Figure 2

(A) Concentration of AQWO051 in mouse brain and plasma following
acute i.v. administration of 10 umol-kg™'. Mean values (+SD) for six
mice are given in pmol-mL™ plasma or pmol-g™' brain tissue. (B)
Concentration of AQWO051 in mouse brain and plasma following oral
administration of 30 umol-kg™'. Mean values (+SD) for six mice are
given as pmol-mL™" plasma or pmol-g™' brain tissue.

MLA reversed the cognitive-enhancing effect
of AQWO0S1 in the object recognition test
(ORT) in mice

In the ORT, compared with the first presentation to the disc
(t = 0 min), the SAO frequency during the second exposure
(t=10 min) was, as expected, decreased in the vehicle-treated
group as well as in all drug-treated groups, indicating that
the disc was perceived as familiar. (Figure SA). During the
third presentation (t = 24 h), mice treated with 0.03 and
0.3 mg-kg"' (p.o.) AQWO051 displayed less SAO than the
vehicle-treated group (P < 0.05), indicating improved recog-
nition memory. MLA-treated mice showed no improvement
in retention, even when AQWO0S51 was co administered. No
inter-group difference was observed on presentation of a
novel object (fourth presentation; £ =24 h 10 min) or change
in SAO frequency compared with the first exposure to the
original object.
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Figure 3

Time-dependent effect of 3 mg-kg™ i.v. AQWO051 on the displace-
ment of ['#I]-0-BTX from mouse hippocampus in ex vivo binding
studies. Bars represent specific binding at the different time points
indicated or control (no injection) or vehicle (NaCl)-treated mice
(n = 6). *P < 0.05, **P < 0.01 in comparison with vehicle-treated
animals. Error bars indicate SD.
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Figure 4

Acute administration of AQWO051 improves learning/memory in the
social recognition task in mice. Bars represent the mean time (s)
within the 3 min trial during which the adult female mice scrutinized
the young partner (n = 10 pairs of mice per treatment group). Black
bars, time scrutinizing a young mouse during the baseline trial; grey
bars, time scrutinizing the familiar (previously encountered) or an
unfamiliar partner during the re-test trial performed 24 h after the
baseline trial. AQWO051 (0.03 or 0.3 mg-kg™ p.o.) and oxiracetam
(100 mg-kg™ s.c.) was administered 1 h before the baseline trial.
Comparisons with baseline trial within each treatment group were
made using the Mann-Whitney U-test. Significant values of *P <
0.001 and **P < 0.01 are shown.

As shown in Figure 5B, the cognitive-enhancing effects of
AQWO0S51 were maintained with daily dosing for 7 consecu-
tive days and no tolerance developed; the effect was compa-
rable with a single dose of rivastigmine (0.03 mg-kg™ p.o.).
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Figure 5

(A) The effects of acute administration of AQWO051 and (B) of single
(1x) or subchronic [for 7 days (7x), once daily] oral application of
AQWO51 in the ORT in mice. Mice (n = 10 per group) received
vehicle or AQWO051 (0.03, 0.3 mg-kg™") 1 h (p.0.), and saline or MLA
(3 mg-kg™), 30 min (i.p.) before the first disc presentation; (B)
vehicle, AQWO051 (0.3, 3 mg-kg™) acutely or after subchronic treat-
ment or rivastigmine (0.03 mg-kg™'; acutely only) was administered,
1 h before the first disc presentation. Each graph represents the
mean frequency (£SEM) of stretched attend posture towards the
object (SAO) directed by singly housed mice towards a disc (pres-
entations at 0, 10 min and 24 h) or a cone (presentation at 24 h
10 min). Objects were placed for 3 min within the home cage. # P <
0.05 intragroup differences; *P < 0.05 intergroup differences.

Effects of AQWO0S1 in the water maze in
aged rats

This experiment was conducted to determine whether
repeated daily AQWO0S51 enhanced spatial long-term memory
between days or working memory within days in aged rats.
For acquisition training, aNova of swimming distance indi-
cated a significant interaction between drug and day (P <
0.05) (Figure 6). A posteriori re-analysis of single days was
conducted: On day 1, there was a drug x trial interaction (P <
0.01) and post hoc analysis indicated that swimming distance
was decreased in AQWO0S51-treated compared with vehicle rats
in trial 1 (P=0.01) specifically. Also on day 2, there was a drug
x trial interaction (P = 0.01) and swimming distance was
again decreased in AQWO0S51-treated compared with vehicle
rats in trial 1 (P = 0.01) specifically (Figure 6). By day 3,
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Figure 6

AQWO051 enhances spatial navigation in the water maze test. Mice
were given four visual cue test trials on day —1 (visual) and counter-
balanced to AQWO051 and vehicle groups using their trial 4 swim-
ming distance. Compound was administered at day 0 and days 1-3,
1 h before testing. On days 1 and 2, four acquisition trials were run,
and to avoid over-training, only two trials were run on day 3. For
acquisition training on days 1-3, there was an anova Drug x Day
interaction. Single day re-analysis identified anova Drug x Trial inter-
action, and using post hoc Dunnett’s test, decreased swimming dis-
tance (i.e. enhanced spatial navigation) on trial 1 specifically in
AQWO051-treated compared with vehicle-treated rats, on days 1 and
2. Values are expressed as mean (£SEM).

swimming distance was already at its nadir of around 400 cm
at trial 1 in both treatment groups. There was no drug effect
in the probe test on day 4; both drug groups spent approxi-
mately 40% of the probe trial in the training quadrant (quad-
rant effect P < 0.001 for AQWO0S1 and vehicle groups). When
escape latency was used as the dependent measure, similar
findings were obtained (data not shown). AQWO051 was
without effect on swim speed. The reduced swimming dis-
tance to locate the platform on trial 1 on days 1 and 2 is
consistent with an enhancing effect of AQWO0S51 on long-
term consolidation and/or recall of the context of the task.
Aged AQWOS1 treated rats appeared to have an enhanced
memory about the platform per se from day -1 to day 1, and
an enhanced memory of its location from day 1 to day 2.

AQWOS51 treatment increased social
exploration in rats with a duration of

at least 6 h

Intruder rats pretreated with AQWO051 (1 mg-kg™" p.o.) at 1, 3
and 6 h or the positive control, chlordiazepoxide, an anxio-
lytic benzodiazepine (1 mg-kg™ p.o.; except 3 h pretreat-
ment) showed a significant increase in the duration of social
contact compared with vehicle-treated rats (P < 0.05), indi-
cating an anxiolytic-like effect (Figure 7). No significant dif-
ference versus vehicle group was observed when AQWO051 or
chlordiazepoxide were administered 16 h prior to testing (P >
0.05). No statistically significant difference was observed
between the vehicle-treated animals at different time points.
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In humans, AQWO0S51 has a favourable
safety profile

A total of 180 healthy volunteers were randomized to receive
AQWOS1. In the first two cohorts of study 1, 50 healthy
volunteers (48 + 2 replacements) were assigned to sequences
of three successive treatment periods consisting of two
ascending doses of AQWO051 and one of placebo, with rand-
omized assignment to placebo; the remaining 12 were
assigned to the MTD determination (200 mg) and rand-
omized to active : placebo parallel groups in a 2:1 ratio. In
study 2 (n = 64), 24 volunteers participated in the sequential
single-dose phase, followed by multiple-dose phase; 40

W 1 mgkg™ p.o. chlordiazepoxide
Vehicle
B 1 mgkg™ p.o. AQW051

volunteers were assigned to the multiple-dose phase only. In
study 3, 54 healthy Japanese volunteers were assigned to
three cohorts (n = 18 per cohort) and randomized to receive
ascending doses of AQWO051 or placebo.

AQWOS51 was generally well tolerated in all three studies
at dose levels up to 200 mg, the highest single dose tested.
MTD was not established, as dose escalation was stopped
based on a predefined ceiling exposure. There were no SAEs
reported. All AEs were transient and mild or moderate in
severity; 72/180 subjects experienced at least one AE. AEs
reported under fasting conditions are summarized in
Tables 2—-4. Headache was the most frequently reported AE for
subjects receiving either single (seven subjects) or multiple
(six subjects) doses of AQWO0S51. The incidence of AEs under
fed conditions was only available for study 3, where one
subject receiving AQWO0S51 experienced haematuria. In study
1, treatment-related AEs were reported in cohort 2 (headache,
chest pain and muscle twitching under active treatment), but

S 80- . . . not cohort 1. Three subjects treated with AQWO051 200 mg
u 70 -1h 1 -3h , 6h ' -16h reported CNS-related AEs (dizziness, headache and/or nerv-
g . o X X ousness) within 30 min of receiving AQWO051 that were con-
g5 60 : f < sidered by the investigator to be treatment-related; no effects
3 5 50 : : : on vital signs were reported. In study 2, the most commonly
g g : : : reported treatment-related AEs were dizziness (five subjects),
g a 40 T : : : headache (five subjects), nausea (four subjects), pharyngola-
e 304 ' : - : L ryngeal pain (three subjects) and somnolence (three subjects).
g g ; ; ; Subjects receiving 2.5 mg AQWOS1 experienced more
Fs 207 : : : treatment-related AEs (20 subjects) than subjects receiving 15
§ 104 E E E (four subjects) and 75 mg AQWO51 (eight subjects), and

1S ' ' ' placebo (three subjects), but this was not thought to be clini-

- cally significant. In study 3, nine AEs were considered to be
treatment-related, six were reported by subjects receiving low

Figure 7 doses of AQWO051 [2.5, 7.5, and 25 mg (fasted) ] and three by

Comparative effects of AQWO051 and chlordiazepoxide administered
to rats at different time points before the social exploration test. Bars
represent the mean time (s + SEM per 5 min trial) spent by the
‘intruder’ juvenile male rat actively exploring the ‘resident’ adult
male rat. Intruder rats received either vehicle or single doses of
AQWO51 (1 mg-kg™ p.o.) at 1, 3, 6 or 16 h before the test. Three
additional groups of intruder rats received single doses of the positive
control, chlordiazepoxide (1 mg-kg™ p.o.), at 1, 6 or 16 h before the
test. For each group, 10 rats were used. Data were analysed by Anova
followed by a post hoc Dunnett’s test. *P < 0.05 versus vehicle-treated
rats.

Table 2
AEs reported by >2 healthy subjects in study 1

subjects receiving placebo (fed and fasted). No treatment-
related AEs were reported for subjects treated with AQWO051
75 or 200 mg (fasted) or 25 mg (fed). Postural dizziness (three
events in three subjects) and headache (two events in two
subjects) were the most frequent treatment-related AEs; two
of three and one of two subjects, respectively, experienced the
AE while receiving AQWO0S51. There were no clinically signifi-
cant abnormalities in ECG readings (including no evidence of
treatment-related QT prolongation), vital signs or clinical
laboratory parameters reported for any of the studies.

AQWO051, mg Placebo
AE, n (%) 05(N=17) 25(N=17) 75(N=32) 25(N=15) 75 (N=16) 200 (N=8) (N=50)
Any 5(29.4) 3(17.6) 5(15.6) 1(6.7) 0 3 (37.5) 10 (20.0)
Cough 1(5.9) 0 1(3.1) 0 0 0 0
Dizziness 1(5.9) 0 0 0 0 2 (25.0) 0
Eye injury 1(5.9) 0 1(3.1) 0 0 0 0
Headache 1(5.9) 0 1(3.1) 1(6.7) 0 1.(12.5) 4 (8.0)
Musculoskeletal chest pain 0 1(5.9) 1(3.1) 0 0 0 0
Pharyngolaryngeal pain 0 0 1(3.1) 0 0 0 1(2.0)
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Table 3
AEs reported by >2 healthy subjects in study 2

Single-dose phase

Multiple-dose phase

AQWO051, mg Placebo AQWO051, mg Placebo
AE, n (%) 25(N=6) 15(N=6) 75(N=6) (N=6) 25(N=18) 15(N=18) 75 (N=12) (N=16)
Any 3 (50.0) 2 (33.3) 2 (33.3) 1(6.7) 12 (66.7) 5 (27.8) 8 (66.7) 4 (25.0)
Abnormal dreams 0 0 0 0 2 (11.1) 0 0 0
Constipation 1(16.7) 0 0 0 2(11.1) 0 0 0
Diarrhoea 1(06.7) 0 0 1(16.7) 2(11.1) 0 0 0
Dizziness 0 0 1(6.7) 0 3(16.7) 1(5.6) 2 (16.7) 0
Dizziness postural 0 0 0 0 2(11.1) 0 0 0
Headache 0 2 (33.3) 0 0 2(11.1) 2(11.1) 2 (16.7) 1(6.3)
Nausea 0 0 0 0 4 (22.2) 0 1(8.3) 0
Pharyngolaryngeal pain 0 0 0 0 2(11.1) 0 1(8.3) 1 (6.3)
Somnolence 0 0 0 0 2(11.1) 0 1(8.3) 1 (6.3)

Table 4

AEs reported by >2 healthy subjects in study 3

AE, n (%) 2.5 (N=14) 7.5 (N=14)
Any 2 (14.3) 2 (14.3)
Blood glucose increased 0 0

Dizziness postural 1(7.1) 1(7.1)
Gastrointestinal infection 0 0

Headache 0 0

AQWO051 (mg) Placebo
25 (N = 14) 75 (N = 13) 200 (N = 12) (N=19)
1(7.1) 2 (15.4) 2 (16.7) 3 (15.8)
0 0 1(8.3) 1(5.3)
0 0 0 1(5.3)
0 2 (15.4) 0 0
1(7.1) 0 0 1(5.3)

AQWOS1 provides continuous systemic
exposure with limited fluctuation at
once-daily p.o. administration

PK data for AQWOS51 across all three studies are summarized
in Tables 5-7. There was a negligible lag time in the absorp-
tion of AQWO0S51, with median time to maximum concentra-
tion (Tpax) ranging from 4 to 8 h post-dose in all three studies
under fasting conditions (Tables 5-7). The geometric mean
elimination ¢, following single-dosing ranged from 18.8 to
22.7 h in young male Caucasian subjects (study 1; Table 5),
35.3-43.2 h in elderly subjects (study 2; Table 6) and 22.9-
26.4 h in young male Japanese subjects (study 3; Table 7). In
all three studies, urinary excretion of unchanged AQWO051
was <1.5% of the dose over 24 or 48 h. When adjusted for
body weight, there was little difference in exposure per dose
between Caucasian and Japanese subjects (data not shown).
Cmax and all AUC values showed no relevant deviation from
dose proportionality (Table 5-7). When normalized for dose,
AUC p24n) and AUC.inp values were approximately twofold
higher in the elderly (study 2; Table 6) than in young subjects
(study 1; Table 5).
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After multiple dosing, steady state was achieved by day 7
in elderly subjects. In this population AUC 24 was 2.49- to
3.64-fold higher after 2 weeks compared with single-dose
values, showing that overall accumulation was reflecting the
observed t;, and single-dose PK. In studies 2 and 3, a light
breakfast had no major effect on the PK of AQWO051. In study
2, five subjects per dose group received a single dose of
AQWOS1 in both the fasting and fed state. An average
increase of <20% in Cy.x and AUC24n Was observed in the
fed state compared with the fasting state. In study 3, the
mean T, for fed and fasted states were identical and t;/,, Cpax
as well as AUC values were similar (Table 7).

Discussion

In recent years, a number of novel synthetic a7-nACh recep-
tor agonists have been discovered and characterized preclini-
cally, some of which have undergone clinical evaluation. One
of the first molecules identified was the prodrug GTS-21
(Briggs et al., 1997), which demonstrated limited selectivity
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Table 5

Pharmacokinetic profile of AQWO051 in Caucasian healthy male subjects following single-dose administration (study 1)

AQWO051, mg

PK parameter

(Gmean, %Gmean CV) 0.5 (N=17) 2.5 (N=17) 7.5 (N =32) 25 (N=15) 75 (N=16) 200 (N=38)
Crnax, Ng-mML™! 0.266 (28.3) 1.20 (44.0) 4.34 (37.0) 20.6 (30.0) 47.0 (30.8) 162 (39.2)
ey [ 8 (4-12) 8(3.98-10) 7.98 (3.98-8.13) 8(3.98-8) 4.04 (4-7.98) 4.77 (3.98-5.62)
AUCo_24), Nng-h-mL™! - 18.5 (51.5) 67.3 (41.1) 277 (26.8) 614 (31.7) 2240 (46.4)
AUCo_24/dose, ng-h-mL"-mg™" - 7.40 (51.5) 8.97 (41.1) 11.1 (26.8) 8.19 (31.7) 11.2 (46.4)
AUCo-inp, Nng-h-mL"" - - 136 (56.8) 533 (42.7) 1030 (41.9) 3680 (63.0)
AUC_inp/dose, ng-h-mL"-mg™" - - 18.1 (56.8) 21.3 (42.7) 13.8 (41.9) 18.4 (63.0)
tiz, h - - 22.0 (29.1) 22.7 (31.7) 18.8 (20.0) 20.0 (30.6)
Ae_24), % of dose - 0.207 (63.5) 0.311 (63.6) 0.401 (57.5)  0.210(43.8)  0.360 (42.0)
Ae_4g), % of dose - 0.291 (67.7) 0.439 (62.9) 0.537 (63.4) 0.276 (42.3)  0.489 (50.5)

Ae, amount of drug excreted unchanged in urine; CV, coefficient of variation; Gmean, geometric mean.

towards other nACh receptor subtypes (Michelmore et al.,
2002). Consistent with preclinical findings, the compound
displayed efficacy on cognitive functions in healthy male
volunteers (Kitagawa etal., 2003). In subsequent studies,
GTS-21 was shown to improve P50 inhibition in patients
with schizophrenia (Olincy et al., 2006), but a phase II study
where cognitive parameters after chronic dosing were
assessed was negative (Freedman et al., 2008). Clinical find-
ings for three highly potent and selective o.7-nACh receptor
agonists (PHA-543613, PHA-568487, CP-810123) were
recently reported (Rogers etal.,, 2011). In contrast to the
anabaseine-derived GTS-21, these compounds belong to
the quinuclidine (PHA-543613 and PHA-568487) or
4-azabenzoxazole (CP-810123) chemotype. After single- and
multiple-dose finding studies, development of all three com-
pounds was terminated for cardiovascular safety reasons
(Rogers et al., 2011). The aim of the current treatise was the
identification of a selective a7-nACh receptor agonist that
demonstrates efficacy in preclinical animal models and has a
favourable PK and safety profile in humans.

We characterized AQWO0S51 as a potent and selective
agonist at the human o7-nACh receptor. Importantly,
AQWO0S51 demonstrated similar pharmacological properties at
the rat a7-nACh receptor, distinguishing it from other
o7-nACh receptor agonists that have been reported to mani-
fest marked species-dependent differences in potency, for
example GTS-21. Along the same lines, AQWO051 does not
display any interaction at the 5-HT; receptor, a common
feature reported for some of the recently characterized
o7-nACh receptor agonists, for example EVP-6124 (Prickaerts
et al., 2012) and ABT-126 (Bitner et al., 2013). Although 5-HT;
receptor antagonists have been shown to enhance choliner-
gic function in animal models clinical results have been vari-
able with both encouraging (Broocks etal., 1998a) and
disappointing results (Broocks etal., 1998b). In addition,
patients with irritable bowel syndrome report ischaemic
colitis and constipation as the most common side effects
when treated with long-acting 5-HT; receptor antagonists, for
example alosetron (Camilleri, 2000). Therefore, a o7-nACh

receptor agonist devoid of this activity might offer a more
favourable safety profile and improve compliance.

Functional assessment of AQWO0S51 revealed that the com-
pound acted as a partial agonist of o7-nACh receptor in
calcium influx assays and evoked currents that reached 75%
of the ACh response in electrophysiological studies on
Xenopus oocytes. Under similar electrophysiological condi-
tions two nACh receptors o7 agonists, EVP-6124 (Prickaerts
etal.,, 2012) and TC-5619 (Mazurov etal., 2012), acted as
partial or full agonists demonstrating 82 or 100% of the
activity of ACh respectively. AQWO0S51 demonstrated excel-
lent brain penetration, good oral bioavailability and a short
ti, following p.o. administration. The favourable mouse PK
profile permitted in vivo testing of the compound using p.o.
delivery. In ex vivo binding experiments, direct interaction of
the compound with the o7-nACh receptor was shown in nine
brain regions. To elucidate the effect of AQWO0S51 on learning
and memory, mice treated with the compound were evalu-
ated in the social recognition test. Time spent scrutinizing a
familiar partner was significantly reduced 24 h after p.o.
administration of AQWO0S51 at 0.03 and 0.3 mg-kg!, an effect
that was blocked by co-administration of the selective
07-nACh receptor antagonist MLA. Similar results have been
reported for other a7-nACh receptor agonists, for example
AR-R17779 (Levin et al., 1999), EVP-6124 (Prickaerts et al.,
2012) and JN403 (Feuerbach etal., 2007). Furthermore,
subchronic p.o. dosing of AQWO051 did not affect the
memory retention efficacy of AQWO051, indicating that under
these experimental conditions, tachyphylaxis does not play a
role.

To investigate the duration of action of AQWO0S51, the
social exploration model was applied in rats. In this test,
nicotine has been shown to exert anxiolytic effects at low
doses, and anxiogenic effects at high doses (File et al., 1998).
Our data indicate that AQWO0S51 has an anxiolytic-like effect
(disinhibition of social approaches/contacts) that is preserved
up to 6h after treatment. Preclinical learning/memory
experiments suggest that o7-nACh receptor agonists are
notably active in experimental models involving long-term
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Ae, amount of drug excreted unchanged in urine; CV, coefficient of variation; Gmean, geometric mean; SS, steady state.

memory. Data presented here from the ORT, social recogni-
tion test and spatial navigation test further support this
feature. Similar findings have been presented for a variety of
different a7-nACh receptor agonists (Arendash et al., 1995).
Furthermore, facilitation of long term potentiation has been
demonstrated by other a7-nACh receptor agonists (e.g.
SSR180711) (Biton et al., 2007). In support of this notion,
ABT-107 when tested in the delayed matching to sample in
monkeys showed improved accuracy only at long, but not
the immediate, short or medium delay (Bitner et al., 2010).
Clinically, this might translate into efficacy of delayed recall
and memory consolidation rather than attentional tasks.

Single (0.5-200.0 mg) and multiple doses (2.5, 15.0 and
75.0 mg-day™') of AQWO0S51 were well tolerated in young
healthy male Caucasian and Japanese subjects, and elderly
healthy subjects of both sexes. MTD was not determined, as a
predefined exposure cap was applied limiting dose escalation.
AEs were either mild or moderate in severity, and no AEs led
to study discontinuation. The most frequently reported AE
across all three studies was headache, irrespective of dosing
schedule. The absence of any cardiovascular AEs or clinically
significant changes in ECG parameters, suggests AQWO051
does not produce cardiovascular side effects that have been
reported for compounds with similar modes of action
[e.g. PHA-543613 and PHA-568487 (Rogers etal., 2011)].
Treatment-related AEs were more frequent in the cohorts
receiving AQWOS1 at the lower dose ranges in studies 3 (2.5,
7.5 and 25.0 mg) and 2 (2.5 mg). In study 1, only cohorts 2
and 3 reported treatment-related AEs. The PK profile for
AQWOS51 showed that the compound provided a continuous
systemic exposure with limited fluctuation at once-daily p.o.
administration and was not affected by food intake. This
contrasts with the rodent PK profile of a fast PK with a high
peak exposure. The exposure and elimination t;, were
approximately twofold higher in elderly subjects compared
with younger subjects.

In conclusion, AQWO0S51 demonstrates high affinity for
the a7-nACh receptor, acting as a potent and selective partial
agonist for the receptor. In vivo, AQWO0S1 rapidly crossed the
blood-brain barrier and enhanced memory function. Clinical
data showed that AQWO0S51 was generally well tolerated and
provided a continuous systemic exposure upon once-daily
administration. Together, these data support further develop-
ment of AQWOS1 as a cognitive-enhancing agent in AD
and/or schizophrenia.
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