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The GABAg receptor agonist baclofen reduces urethral resistance and detrusor overactivity in patients with spasticity. However,
baclofen’s side effects limit its use for the treatment of overactive bladder (OAB). Here, we tested a novel GABAg positive

allosteric modulator (PAM) ADX71441 in models of OAB in mice and guinea pigs.
EXPERIMENTAL APPROACH

Mice were left untreated or given (p.o.) vehicle (1% CMC), ADX71441 (1, 3, 10 mg kg™) or oxybutynin (100 mg kg™';
Experiment 1) or vehicle (1% CMC), baclofen (1, 3, 6 mg kg™") or oxybutynin (Experiment 2). Treated mice were then
overhydrated with water, challenged with furosemide, before being placed into micturition chambers and monitored for
urinary parameters. In anaesthetized guinea pigs, intravesical infusion of acetic acid was used to induce OAB and the
effects of ADX71441 (1, 3 mg kg™) or baclofen (1 mg kg™), administered i.v., on cystometric parameters were

monitored.

KEY RESULTS

In mice, 10 mg kg™' ADX71441 increased urinary latencies, reduced the number of urinary events and the total and average
urinary volumes. In guinea pigs, ADX71441 (1 and 3 mg kg™") increased the intercontraction interval (ICl) and bladder
capacity (BC), and reduced micturition frequency (MF) compared to vehicle. At 3 mg kg™ ADX71441 completely inhibited
the micturition reflex and induced overflow incontinence in five out of 10 animals. Baclofen slightly increased ICI and BC and

reduced MF.
CONCLUSION AND IMPLICATIONS

Our findings demonstrate, for the first time, that a GABAz PAM has potential as a novel approach for the treatment of OAB.

Abbreviations

AA, acetic acid; BC, bladder capacity; BP, basal pressure; ICI, intercontraction interval; i.ves, intravesical; MF,
micturition frequency; MIA, monosodium iodoacetate; OAB, overactive bladder; ThP, threshold volume
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Introduction

Overactive bladder (OAB) is a common, chronic and debili-
tating disorder characterized by wurinary urgency often
accompanied by incontinence (involuntary urine leakage),
frequency (=8 micturition in 24 h) and nocturia (=1 awaken-
ing per night to void; Lam and Hilas, 2007). OAB has a
significant negative effect on the patient’s quality of life
and emotional well-being. It leads to withdrawal from
social activities and isolation, increased risks of falls and
fractures (especially in elderly patients), depression, sleep dis-
turbances and associated fatigue (Ouslander, 2004; Chu and
Dmochowski, 2006).

OAB is abnormal and involuntary contraction of the det-
rusor muscle in the bladder during the filling phase. Its
pathophysiology appears to be complex and believed to
involve peripheral as well as central mechanisms. The first-
line pharmacotherapy for OAB involves several muscarinic
receptor antagonists, including oxybutynin and tolterodine
(Lam and Hilas, 2007). While these drugs have been shown to
produce some improvement in OAB symptoms, they are also
linked to significant side effects, including dry mouth, con-
stipation, tachycardia, sedation, impaired cognitive function
and blurred vision that cause non-compliance and discon-
tinuation of treatment (Erdem and Chu, 2006). Thus, alter-
native pharmacological strategies are needed to deliver more
effective and better tolerated compounds compared to those
available at present.

There is a wealth of experimental, preclinical and clinical
evidence suggesting that the GABA; receptor is a viable target
for the discovery of new pharmacotherapies for OAB. GABAg
receptors play an important role in the regulation of bladder
activity at several sites in the CNS and periphery (Santicioli
et al., 1984; Maggi et al., 1985; Chen et al., 1992; Malcangio
and Bowery, 1996; Coggeshall and Carlton, 1997). In several
animal models of OAB, baclofen, the orthosteric agonist of
the GABA; receptor, reduced signs of bladder overactivity. For
example, intrathecal baclofen abolished bladder overactivity
induced in female rats by intravesical oxyhaemoglobin
administration (Pehrson et al., 2002). Also, baclofen dose-
dependently inhibited bladder contractions and decreased
micturition pressure in female rats showing bladder overac-
tivity as a result of spinal cord injury (Miyazato et al., 2008).
Importantly, baclofen has been shown to alleviate the symp-
toms of OAB in patients with idiopathic detrusor instability
(Taylor and Bates, 1979), neurogenic voiding disturbances
(Haubensak, 1977) and non-neurogenic dysfunctional
voiding (Xu etal.,, 2007). However, while the efficacy of
baclofen in OAB has been shown in several clinical studies,
the drug is not widely prescribed due to its short half-life and
long list of side effects.

Here, we evaluated the effects of a novel GABA; positive
allosteric modulator (PAM), ADX71441, in experimental
models of OAB. GABA; PAMs have long been recognized as a
powerful pharmacological approach to achieve activity-
dependent efficacy in drug action while offering the potential
of being devoid of side effects associated with GABA; receptor
agonists (Pin and Prézeau, 2007). ADX71441 was discovered
through the lead optimization of a chemical series acting as
PAMs, which was identified following a high throughput
screening campaign of the corporate chemical library of
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Addex Therapeutics (L. Tang et al. unpubli. obs.). A series of in
vitro and in vivo studies identified ADX71441 as a potent,
selective, reversible and orally bioavailable GABA; PAM,
which recently received approval for Phase I clinical studies
(Addex Therapeutics Web page). In rodents, ADX71441
showed efficacy in the marble burying and elevated plus
maze tests relevant for anxiety-like reactivity (M. Kalinichev
et al., unpubl. data), supporting and expanding earlier evi-
dence of the broad anxiolytic-like profiles of GABA; PAMs
CGP7930 and GS39783 (Cryan et al., 2004; Mombereau et al.,
2004; Jacobson and Cryan, 2008). Acute ADX71441 reduced
visceral pain in the acetic acid (AA) writhing test and also
reduced chronic pain in the monosodium iodoacetate (MIA)-
induced model of osteoarthritis, after acute and subchronic
administration regimens (M. Kalinichev, unpubl. obs.). Also,
ADX71441 was found to markedly and specifically reduce
alcohol consumption in mouse models of binge drinking and
chronic alcoholism (Hwa et al., 2013). Here, we tested the
effects of ADX71441 and baclofen in two rodent models of
OAB: (i) bladder overactivity in conscious mice undergoing
water overload and (ii) overactivity induced by intravesicle
administration of diluted AA in anaesthetized guinea pigs.
ADX71441 reduced the signs of bladder overactivity in both
models of OAB, suggesting that the GABA; PAM approach has
potential for the pharmacological treatment of OAB.

Methods

Animals

Unless otherwise indicated below, studies used adult male
C57Bl16/] mice (24-30 g), purchased from Charles River Labo-
ratories (Wilmington, MA, USA) and group-housed (3-5 per
cage) in the animal facility of Melior Discovery (Exton, PA,
USA), as well as adult female Dunkin Hartley guinea pigs
(290-370 g) purchased from Charles River (L’Arbresle, France)
and group-housed (four per cage) in the animal facility of
UROsphere (Toulouse, France) under standard conditions.
Animals were kept on a 12-h light/dark cycle and were pro-
vided with food and water ad libitum.

All experimental procedures and conditions were per-
formed in full compliance with the Directive 2010/63/EU of
the European Parliament and of the Council on the protec-
tion of animals used for scientific purposes, the French
National Committee (décret 87/848) for the care and use of
laboratory animals, the National Institutes of Health and the
Declaration of Helsinki. All studies involving animals are
reported in accordance with the ARRIVE guidelines for
reporting experiments involving animals (Kilkenny et al.,
2010; McGrath et al., 2010).

Model of OAB in mice

Equipment. Micturition chambers consisted of two clear
cylindrical Plexiglas observation tubes (20 cm length x 13 cm
diameter), where the top tube was designed to hold the
animal, while the bottom one was equipped with the urine
collection and detection system comprised of omega load
sensors with a plastic cup on top to collect urine. Data were
collected using pDAQ data collection box and Dataquest
pDAQ programme every 5 s post-furosemide injection. Uri-
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nation events were determined by calculating the differences
between subsequent load sensor readings. A difference of
5 mg or more for 60 continuous seconds was recorded as an
event, total volume equals final reading minus initial reading
and the average volume per event was calculated as the total
volume divided by the number of events. The time to the first
event was also determined by calculating the amount of time
from furosemide injection to the first event.

Experimental procedure. The mouse stress incontinence model
was modified from the procedure described previously in rats
(Harada et al., 1992; Harada and Constantinou, 1993). In a
pilot study in mice, oxybutynin, administered p.o. (via
gavage), at doses between 10 and 100 mg kg™, induced
maximal effects on the OAB variables. Also, according to
Yoshida et al., (2010), in mice, 30 mg kg™ oxybutynin resulted
in 50% binding on bladder tissue. Thus, in the present study,
100 mg kg™' oxybutynin was used as a positive control.

Mice (n =8 per group) were deprived of food for 24 h prior
to the study, and were either left untreated (although handled
to imitate dosing) or were administered p.o. (via gavage),
vehicle [1% carboxymethyl cellulose (CMC)], ADX71441 (1,
3, 10 mg kg™') or oxybutynin (100 mg kg'; Experiment 1). In
Experiment 2, mice (n = 8 per group), were either untreated or
received (p.o.) vehicle (1% CMC), baclofen (1, 3, 6 mg kg™') or
oxybutynin (100 mg kg'). The doses of ADX71441 and
baclofen in this study were chosen to avoid robust and poten-
tially confounding effects on locomotor activity. Earlier, we
observed that at 10 mg kg, the effects of ADX71441 on
locomotor activity in mice, if any, were mild, while at the
same dose, baclofen causes near-complete suppression of
locomotor activity (M. Kalinichev et al., unpubl. data). Fifty-
five minutes after administration of vehicle/ADX71441/
baclofen or 5 min after administration of oxybutynin, the
treated animals were administered 1 mL of water s.c. Within
5 min after water administration, furosemide (10 mg mL™;
dissolved in water) was administered i.p. to all animals except
the untreated controls. Immediately following the furosemide
injection, mice were individually placed in micturition cham-
bers for 90 min. Terminal blood samples were collected from
all animals treated with ADX71441 at the end of the experi-
ment, approximately 150 min following treatment, and
plasma was analysed as described for pharmacokinetic
studies. The following variables were assessed: total urinary
events (the event being defined as production of at least
100 uL of urine in less than 1 min), latency to the first urinary
event (s), total urinary volume (mL) and average urinary
volume per event (mL). All variables (except the latency) were
analysed as totals for the first (0-45 min) and the second
(45-90 min) 45-min periods. The data were analysed with
one-way ANOVA, followed by Dunnett’s test with comparison
of treatment groups to vehicle treatment and to the control
group. P < 0.05 was accepted as being statistically significant.

Pharmacokinetic study in the guinea pig
using the i.v. route

Adult male Dunkin Hartley guinea pigs were purchased from
Vital River Laboratories (Beijing, China) and kept in the
animal facility of WuXi (Shanghai, China) under standard
conditions. Experimental animals (n=3) were anaesthetized
with pentobarbital (60 mg kg™, i.p.) before being surgically

implanted with catheters in the carotid artery and the jugular
vein using polyethylene tubing and heparin (50 [U mL™)/
glucose (50%) solutions as the lumen lock solution. Squeez-
ing the animal’s foot with forceps and observing its breathing
was used to assess the depth of anaesthesia.

Three to five days of recovery were allowed after the
surgery before starting the pharmacokinetic experiment.
ADX71441 (1 mg kg', i.v.), dissolved in PEG400/saline (50/
50) and was administered at a volume of 3 mL kg™'. Blood was
collected from the carotid artery (approximately 200 pL per
sample) via a catheter at 0.083, 0.17, 0.25, 0.5, 1, 2, 4, 8 and
24 h post dosing. Blood samples (taken on K2-EDTA) were kept
on ice (up to 30 min) until centrifugation for approximately
15 min at 2-8°C at approximately 3000x g. Plasma samples
were stored at —80°C, until analysis. In order to precipitate
proteins, 160 uL of 0.1% formic acid in 50% acetonitrile/
methanol (containing 100 ng mL™" of diclofenac and
200 ng mL™ tolbutamide as internal standards) were added to
either 40 pL of plasma for unknown samples or to plasma
containing ADX71441 for calibration and QC samples. After
vortex mixing, centrifugation (15 min, 4°C, 10347x g), an
aliquot (80 uL) was removed and mixed with 240 pL 0.1%
formic acid in 95% water/acetonitrile, vortexed for 10 min and
centrifuged again at 980x g. Five microlitres of the supernatant
was injected into the UPLC system (Waters, Milford, MA, USA)
coupled with a mass spectrometer (API 4000, Applied Biosys-
tems, Lucerne, Switzerland): the samples were assessed as
electrospray positive in MRM mode. The calibration curve was
set between 2 and 3000 ng mL™ (linear 1/X?), with four levels
of QC samples at 3, 50, 800 and 2400 ng mL™".

Calculation of pharmacokinetic parameters was per-
formed using WinNonLin® Pro 5.2 (Pharsight Corporation,
Sunnyvale, CA, USA). A non-compartmental analysis was per-
formed using the linear trapezoidal method. The area under
the concentration-time curve (AUC,s and AUC,..) was calcu-
lated by linear trapezoidal rule. The clearance (CL) and
volume of distribution (V) were calculated for the drug after
it had been administered i.v. The elimination rate constant
value (k) was obtained by linear regression of the log-linear
terminal phase of the concentration-time profile using at
least three declining concentrations in terminal phase. The
terminal half-life value (t,,) was calculated using the equa-
tion In2/k. For the calculation of the pharmacokinetic param-
eters, the theoretical sampling times were used.

Model of OAB in guinea pigs

Surgical procedures. Guinea pigs were anaesthetized with ure-
thane (1.2 gkg™, i.p.). Body temperature of the animal was
maintained at 37 £ 2°C with the aid of TCAT-2LV controller
heating pads (Physitemp, ADInstruments Pty Ltd, Castle Hill,
Australia) throughout the experiment. After tracheotomy, a
plastic tube was inserted into the trachea. After a midline
incision of the abdomen, a polyethylene catheter was
inserted into the bladder dome and secured with a purse-
string suture. Another catheter was inserted into a jugular
vein for administration of test substances. The intravesical
catheter was connected via a T-tube to a strain gauge MX 860
Novatrans III Gold (Medex Medical, Nantes-Carquefou,
France) and another one was connected to a syringe pump
(Model II plus, Harvard Apparatus, Les Ulis, France).
Intravesical pressure was recorded continuously using a
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Figure 1

The design of the guinea pig OAB model.

PowerLab interface (ADInstruments Pty Ltd) and Chart® soft-
ware running on a PC.

Cystometric experiment. The design of the protocol is shown
in Figure 1. Fifteen minutes after surgery, physiological saline
(at room temperature) was infused into the bladder at a con-
stant flow rate (12 mL h™') for 30-45 min and then switched
to 0.2% AA in saline. Thirty minutes after the first micturi-
tion, ADX71441 (1 or 3 mg kg', i.v.) or its vehicle (PEG400/
saline, i.v.) were administered (n = 10 per group). Additional
groups (n = 10 per group) received baclofen (1 mg kg™, i.v.) or
its vehicle (saline, i.v.). Vesical pressure was recorded continu-
ously for 1 h post-administration. The cystometric param-
eters measured were the following: intercontraction interval
(ICI), micturition frequency (MF), bladder capacity (BC), cal-
culated by ICI (s) x infusion rate (mL s™), threshold pressure
(ThP), the intravesical pressure before micturition (mmHg)
and basal pressure (BP; mmHg).

Data analysis. For each guinea pig, control values were cal-
culated as the mean of two to four micturition cycles during
physiological saline infusion. Basal values for each parameter
were calculated as a mean of three micturitions observed
during the period of 30 min of 0.2% AA infusion, before test
substance or vehicle administration. Each cystometric param-
eter was analysed post-administration and presented as
means of values per 15 min periods. The effect of ADX71441
was analysed by two-way repeated measures ANOVA followed
by one-way ANOVA and Dunnett’s test at each time point.
The effect of baclofen was analysed by two-way repeated
measures ANOVA followed by one-way ANOVA and Student’s
t-test at each time point. P < 0.05 was accepted as being
statistically significant.

Plasma analysis
Terminal blood samples were taken from mice and guinea
pigs treated with ADX71441 at the end of the study. They
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were collected in EDTA (K3E) tubes from vena cava or cardiac
puncture after pentobarbital administration. Samples were
stored at 4°C before centrifugation at 177x ¢ (110 mm diam-
eter of the rotor), for 12 min at 4°C. Plasma samples were
then transferred in Eppendorf tubes and stored at —20°C until
analysis at Addex Therapeutics using the same method as that
used for the above-mentioned independent pharmacokinetic
study.

Materials

ADX71441 was synthesized at Addex Therapeutics. Baclofen
(R-baclofen), AA, furosemide, oxybutynin and urethane were
supplied by Sigma-Aldrich (St. Quentin Fallavier, France).
PEG400 was purchased from VWR (Fontenay-Sous-Bois,
France). Physiological saline and pentobarbital were pur-
chased from Centravet (Lapalisse, France). AA was freshly
diluted in physiological saline to a concentration of 0.2%
(v v') each experimental day.

In the OAB study in mice, ADX71441, baclofen and oxy-
butynin were suspended in 1% CMC in saline and adminis-
tered at a volume of 10 mL kg'. In the OAB study in guinea
pigs, preliminary tests on solubility of ADX71441 in saline
showed that it was incomplete, which could have potentially
interfered with the i.v. route of administration. Therefore,
PEG400/saline (50/50) was chosen as a vehicle for
ADX71441, while baclofen was dissolved in saline, for con-
sistency with historical data. PEG400/saline (50/50) and
saline were used as vehicle controls for ADX71441 and
baclofen respectively. In guinea pigs, all drugs were adminis-
tered in a volume of 3 mL kg

Nomenclature

The nomenclature regarding receptors fully conforms to
that of The British Journal of Pharmacology’s Concise Guide
to PHARMACOLOGY (Alexander et al., 2013).
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Results

In both the experiments involving the evaluation of the
effects of ADX71441 and baclofen in the mouse OAB model,
signs of bladder overactivity, induced by overhydration and
furosemide challenge, were robust during the first 45-min
period (0-45 min; see below), but were virtually absent
during the second 45-min period (45-90 min; data not
included). Therefore, analysis of the total activity during the
first 45-min period only is presented for both mouse OAB
experiments below.

Model of OAB in mice

In Experiment 1, during the first 45-min period, animals
overhydrated with water and challenged with furosemide (i.e.
Reference group) showed 70% reduction (P < 0.01) in latency
to the first urinary event, an eightfold increase (P < 0.001) in
the number of urinary events, as well as five- (P < 0.001) and
threefold increases (P < 0.05) in the total and average urinary
volumes, respectively (Figure 2A-D).

During the first 45 min, acute ADX71441 (1, 3,
10 mg kg, p.o.) dose-dependently reduced the total number
of urinary events in overhydrated mice [F(5, 42) = 5.99, P <
0.001], 70% reduction (P < 0.01) was observed at the highest
dose (10 mg kg') in comparison with vehicle-treated mice
(Figure 2A). Also, in OAB mice treated with 3 and 10 mg kg™
ADX71441, the number of urinary events was not signifi-
cantly different from that of untreated (intact) controls. The
total number of urinary events in oxybutynin-treated
animals was 60% (P < 0.01) lower in comparison to those of
vehicle-treated animals and similar to untreated (intact) con-
trols (Figure 2A).

ADX71441 also dose-dependently increased the latency
to the first urinary event [F(5, 42) = 4.80, P < 0.01], by more
than threefold (P < 0.01) at the highest dose used (10 mg kg™)
in comparison with vehicle treatment (Figure 2B). Also, at 3
and 10 mg kg' ADX71441, the latencies to the first urinary
event were not significantly different from those of the
untreated (intact) controls. The latencies in the oxybutynin-
treated animals were threefold higher (P < 0.05) compared to
those in vehicle-treated animals and similar to those of intact
controls (Figure 2B).

Table 1

ADX71441 dose-dependently decreased the total urinary
volume [F(5, 42) = 5.69, P < 0.001], achieving 55% (P < 0.05)
reductions at 10 mg kg™! in comparison with vehicle treat-
ment (Figure 2C). Also, at 10 mg kg' ADX71441, the total
urinary volume was not significantly different from that of
intact controls. The total urinary volume in oxybutynin-
treated animals was approximately 60% (P < 0.01) lower than
that in vehicle-treated animals and similar to intact controls
(Figure 2C).

ADX71441 dose-dependently reduced the average urinary
volume [F(5, 42) = 3.21, P < 0.05] achieving approximately
65% reduction (P = 0.07) at 10 mgkg' in comparison
with vehicle treatment (Figure 2D). At 3 and 10 mg kg™
ADX71441, the average urinary volume was not significantly
different from that of intact controls. The average urinary
volume of the oxybutynin-treated animals did not differ from
that of vehicle-treated OAB animals or from intact controls
(Figure 2D).

The corresponding plasma concentrations of ADX71441
in mice treated with 1, 3 and 10 mg kg of this drug were
101, 208 and 652 ngmL™" respectively (Table 1). These
plasma concentrations of ADX71441 resulted in unbound
plasma concentration over ICs, values of 0.36, 0.74 and 2.31
respectively (Table 1).

In Experiment 2, during the first 45-min period, animals
overhydrated with water and challenged with furosemide
(i.e. Reference group) showed approximately 55% reduction
(P < 0.01) in latency to the first urinary event, 10-fold
increases (P < 0.05) in the total number of urinary events, as
well as six- (P < 0.001) and sevenfold (P < 0.01) increases
in the total and average urinary volumes respectively
(Figure 2E-H).

There was a significant overall effect of treatment on the
total urinary events [F(5, 42) = 5.82, P < 0.001] during the first
45 min. While baclofen had no effect on this variable, oxy-
butynin (100 mg kg™, p.o.) induced an almost 90% reduction
(P < 0.05) in the total number of urinary events in compari-
son with vehicle (Figure 2E). Also, the total number of
urinary events in the 6 mg kg™ baclofen- and oxybutynin-
treated animals did not differ significantly from that of the
intact controls (Figure 2E).

There was a significant effect of treatment on the latency
to the first urinary event [F(5, 42) = 8.82, P < 0.001].

Plasma, unbound plasma concentrations and unbound plasma concentration/ICso (i virsy Of ADX71441 at the end of the experiment in mice

Unbound
Unbound conc.
conc. (nM)

Plasma Unbound
exposure conc.
(nM) (ng mL™)

Ecso (in vitro)

Plasma

Dose exposure
Treatment Route (mg kg™) (ng mL™")
Vehicle p.o. 8
ADX71441 p.o. 1 8 101
ADX71441 p.o. 3 8 208
ADX71441 p.o. 10 8 652
Oxybutynin p.o. 100 8

231 6 14 0.36
476 13 30 0.74
1493 40 93 2.31

Unbound concentrations of ADX71441 were calculated from total plasma concentration using measured plasma protein binding in the

mouse (fraction unbound = 6.2%).
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Figure 2

Micturition variables in C57BI6/) mice (n = 8 per group) that were left untreated (intact; control groups) or received (p.o.) vehicle (1% CMC),
ADX71441 (1, 3, 10 mg kg™), oxybutynin (100 mg kg™') in Experiment 1 (A-D) or vehicle (1% CMC), baclofen (1, 3, 6 mg kg™"), oxybutynin
(100 mg kg™) in Experiment 2 (E-H). All animals, except controls, were subsequently overhydrated with water before receiving the diuretic drug,
furosemide and monitored for micturition (see text). The variables assessed included number of urinary events (A, E), latency to the first urinary
event (s; B, F), total urinary volume (mL; C, G) and the average urinary volume (mL; D, H). Each point represents the observed mean (+ SEM) for
0-45 min of the 90-min period. *P=0.07, * P < 0.05, ** P< 0.01 compared with the corresponding Reference (Ref) group. *P < 0.05, # P < 0.01,

###* P < 0.001 compared with the corresponding control group.

1000 British Journal of Pharmacology (2014) 171 995-1006

Total urinaryevents / 0-45 min

Total urinary volume (mL) / 0-45 min Latency to the first urinaryevent (s)

Average urinary volume (mL) / 0-45 min

baclofen

E
4-
3,
2 x B i
Ref
1-
ke Hk
ol== 1 =
Control  Veh 1 3 6 100
baclofen oxybutynin
(mg kg™) (mg kg™')
F
4000~
3000 % *k
2000+ £
Ref o ===
1000+ ﬁ
0 T T T
Control  Veh 1 3 6 100
baclofen oxybutynin
{mg kg™) (mg kg™')
G
800+
600+
v ===
4004 Ref
#H
200 ko
ek
o=l
Control  Veh 1 3 6 100
baclofen oxybutynin
(mg kg™') (mg kg™')
H
500-
400-
W "
300+ Ref i
#
200+
1004 .. *k
AI=SHENE
Control  Veh 1 3 6 100
baclofen oxybutynin
(mg kg™') (mg kg™')



GABAB PAM ADX71441 is active in models of OAB

While 6 mg kg™ baclofen-treated animals showed a trend
of increased urinary latencies, oxybutynin-treated animals
showed more than twofold (P <0.01) increases in comparison
to those of vehicle-treated, overhydrated animals (Figure 2F).
Also, the urinary latencies of the 6 mgkg' baclofen- and
oxybutynin-treated animals did not differ significantly from
that of intact controls (Figure 2F).

There was significant effect of treatment on the total
urinary volume [F(5, 42) = 8.85, P < 0.001]. While 6 mg kg!
baclofen-treated animals showed a trend of reduced urinary
volume, oxybutynin-treated animals showed an almost 50%
reduction (P = 0.07) in total urinary volume in comparison
with overhydrated animals (Figure 2G). Also, the total
urinary volumes of the 6 mg kg™ baclofen- and oxybutynin-
treated animals did not differ significantly from that of the
intact controls (Figure 2G).

There was a significant effect of treatment on the average
urinary volume [F(5, 42) = 6.07, P < 0.001]. While 6 mg kg!
baclofen-treated animals showed reduced average urinary
volume as a trend, oxybutynin-treated animals showed more
than 80% reduction (P < 0.01) in this measure in comparison
with vehicle-treated, overhydrated animals (Figure 2H). Also,
the average urinary volume of the 6 mg kg™ baclofen- and
oxybutynin-treated animals did not differ significantly from
that of the intact control animals (Figure 2H).

Pharmacokinetic profile of i.v. ADX71441 in
guinea pigs

The plasma concentrations of ADX71441 in male guinea pigs,
obtained in an independent pharmacokinetic study, are pre-
sented in Figure 3. Following an i.v. bolus of 1 mg kg™ of
ADX71441 in PEG400/saline (50/50) to three guinea pigs,
plasma concentrations of ADX71441 were measured over a
24-h period. From maximum concentration extrapolated at
time zero (Co = 342 ng mL™), a rather fast decay occurred, as
concentrations were reduced to 63 and 45% of C, at 15 min
and 30 min respectively. The volume of distribution was
large, around 7 L kg™!, clearance was high (35 mL min™ kg
i.e. 78% of the normal liver blood flow) and terminal half-life
was approximately 3 h (Table 2). It should be noted that there
was a minimal interindividual variability at each time point.

Model of OAB in guinea pigs

Representative cystometric recordings in guinea pigs treated
with ADX71441 1 and 3 mg kg™ are illustrated in Figure 4.
When cystometric values obtained during intravesical saline
infusion (control values) were compared to the correspond-

Table 2

Mean pharmacokinetic parameters following i.v bolus (1 mg kg™ over 5 min) of ADX71441 in three male guinea pigs (G1-3)

ing values obtained during intravesical AA infusion (basal
values) in the same animal, it was evident that AA elicited
significant decreases in ICI, BC and ThP as well as increases
in MF values in all groups (Figure 5). A slight, but sig-
nificant decrease in ThP was also observed (Figure 5D,I),
whereas AA had no effect on the BP (Figure SE]J). In
five out of 10 animals, 3 mgkg' ADX71441 completely
inhibited the micturition reflex and induced overflow
incontinence (Figure 4B). Moreover, for one animal in both
ADX71441-treated groups (1 and 3 mgkg”), micturition
did not occur during the first 15 min post-administration.
Consequently, the results presented here were obtained
from n = 9 and n = 4 for ADX71441 at 1 and 3 mg kg
respectively.

ADX71441, 1 or 3 mg kg i.v., significantly increased ICI
compared with vehicle (P < 0.05) 0-15min post-
administration (Figure 5A). Baclofen significantly increased
ICI compared with vehicle (P < 0.05) 45-60 min post-
administration (Figure 5F). ADX71441 (1 mg kg™, i.v.) signifi-
cantly decreased MF (P < 0.05) compared with vehicle
0-15 min post-administration, while at 3 mg kg a similar
trend was seen (Figure 5B). Baclofen significantly decreased
MF compared to vehicle (P < 0.05) 45-60 min post-
administration (Figure 5G). ADX71441, 1 or 3 mg kg i.v,,
significantly increased BC (P < 0.05) compared with vehicle
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Figure 3

Plasma concentration (ng mL™")-time profiles of ADX71441 following
i.v. administration of 1 mg kg™ ADX71441 over 5 min in three male
guinea pigs (G1-3).

Co (ng mL™) 367 366
tiyz (h) 2.57 3.11
Vaas (L kg™) 6.6 7.5

Cl (mL min~" kg™") 35.7 34.3

293 342 34.6
2.88 2.85 0.3
7.0 7.0 0.5
33.5 34.5 1.1
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A Saline intravesical infusion Acetic acid intravesical infusion
5 mmHg
15 min
T B Wi
ML) A
I |
| Aol f
Vo L/I B . P
ADX71441 (1 mg kg™, i.v. bolus)
B

Saline intravesical infusion

5 mmHg

15 min

ADX71441 (3 mg kg™, i.v. bolus)

Acetic acid intravesical infusion

MULLI Urinary leakage

Figure 4

Representative cystometric recordings from the anaesthetized female guinea pig bladder in response to saline followed by acetic acid infusion.
Animals were treated i.v. with ADX71441 at 1 mg kg™ (A) or 3 mg kg™ (B).

Figure 5

»
»

Cystometry variables in anaesthetized female guinea pigs after infusion of saline (control values) and acetic acid (AA; basal values) followed by i.v.
administration of PEG400 (n =10), 1 mg kg™ (n=9) or 3 mg kg”'ADX71441 (n = 4; A-E). Additional groups were administered i.v. saline (n =
10) or 1 mg kg™ baclofen (n = 10; F-J). After the treatment, micturition was monitored for 60 min (see text). The variables assessed included
intercontraction interval (ICl; A, F), micturition frequency (MF; B, G), bladder capacity (BC; mL; C, H), threshold pressure (ThP; mmHg; D, 1) and
bladder pressure (BP; mmHg; E, J). Each point represents the observed mean (+ SEM) *P < 0.05 compared with PEG400, #P < 0.05 compared with

saline.

0-15 min post-administration (Figure 5C). Baclofen signifi-
cantly increased BC compared to vehicle (P < 0.05) 45-60 min
post-administration (Figure SH). ADX71441 at 3 mg kg™ sig-
nificantly increased ThP (P < 0.05) compared to vehicle
0-15 min post-administration (Figure 5D), while baclofen
had no effect on this variable (Figure 5I). BP was unaltered in
all the treated animals (Figure SE,J).

The corresponding plasma concentrations of ADX71441
in guinea pigs treated with 1 and 3 mg kg™ (i.v.) at the end
of the experiment were 67 and 195 ng mL™" respectively
(Table 3). These plasma concentrations resulted in unbound
plasma concentrations over I1Cs, values of 0.3 and 0.9 respec-
tively (Table 3).

1002 British Journal of Pharmacology (2014) 171 995-1006

Discussion and conclusions

This is the first study in which a GABA; PAM was tested in
models of OAB. Previously, baclofen, a GABA; orthosteric
agonist, showed efficacy in rodent models of OAB (Pehrson
et al., 2002; Miyazato et al., 2008) as well as in several clinical
studies (Haubensak, 1977; Taylor and Bates, 1979; Xu et al.,
2007). Here, ADX71441, a novel, selective and orally bioavail-
able GABA; PAM, showed a robust and dose-dependent
ability to reverse the signs of OAB in conscious mice and
anaesthetized guinea pigs.

The diuretic stress-induced overactive bladder model in
conscious mice has been used to evaluate the efficacy of
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Table 3

Total plasma concentration, calculated unbound plasma concentrations and unbound plasma concentration/ICsq (in vitroy Of ADX71441 at the end

of the experiment in female guinea pigs

Total plasma

Total plasma conc.

Unbound Unbound

Unbound conc./

Dose exposure
Treatment Route (mg kg™) (ng mL™")
Vehicle i.v. 10
ADX71441 i.v. 1 10 67
ADX71441 i.v. 3 10 195
Baclofen i.v. 6 10

exposure (nM)

(ng mL™") conc. (nM) ECso (in vitro)

153 53 12.1 0.3
446 15.4 35.3 0.9

Unbound plasma concentrations of ADX71441 were calculated from total plasma concentration using measured plasma protein binding in

the guinea pig (fraction unbound = 7.9%).

potential therapeutics for OAB. This model has been used
increasingly as an in vivo screening assay, as it shows sensi-
tivity to cholinergic antagonists, such as oxybutynin (Yoshida
et al., 2010). Here, ADX71441 reduced the number of urinary
events, total and average urinary volumes, normalizing the
OAB values to those seen in untreated, intact controls.
ADX71441 also increased urinary latency, restoring it to that
seen in intact controls. The in vitro effects of ADX71441 on
urinary parameters showed a good correlation with those in
vivo, indicative of a target-related, OAB-reducing efficacy. The
magnitudes of the changes in micturition parameters seen in
animals treated with 10 mg kg' ADX71441 were similar to
those seen in oxybutynin-treated animals. In fact, ADX71441
was greater than 10-fold more potent than oxybutynin.
Among the micturition parameters monitored in the study,
urinary latency and the number of urinary events are likely to
be the most clinically relevant and translatable variables.
Baclofen was less active in the mouse OAB model, showing
only trends of activity at the highest dose administered
(6 mg kg™). It is unlikely that somewhat smaller absolute
bladder activity values shown by the reference group in this
experiment made it difficult to detect the effect of baclofen,
as in all urinary parameters the relative changes in compari-
son to intact controls were either comparable to the study
with ADX71441 (urinary latency) or even larger (number of
urinary events, total and average urinary volumes).

As a follow-up study, ADX71441 and baclofen were tested
in a model of OAB in anaesthetized guinea pigs. The guinea
pig has been considered as one of the most appropriate
species to study urinary bladder function since its bladder
physiology and neural control are similar to those in humans
(McMurray et al., 2006). Moreover, as in humans, bladder
voiding in urethane-anaesthetized guinea pigs is largely
dependent on cholinergic neurotransmission (Maggi et al.,
1988). Recently, a model of AA-induced bladder overactivity
in anaesthetized guinea pigs was validated using an antimus-
carinic drug, tolterodine, and an NK; receptor antagonist,
netupitant (Palea et al., 2010).

In all experimental groups, AA elicited bladder overactivity
characterized by increases in MF paralleled by marked
decreases in ICI, BC and a similar trend in ThP. These results are
in agreement with previous data obtained in our laboratories
using the same experimental model of OAB (Palea et al., 2010).
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In the present study, 1 and 3 mg kg’ ADX71441 had a similar
effect, increasing ICI and BC and reducing MF, normalizing
them to the levels seen following saline treatment (i.e. control
values). As the effects of 1 and 3 mg kg™ on all variables were
near maximal (approaching control values), the minimal
effective dose of ADX71441 in this model is likely to be less
than 1 mgkg' (i.v.)). All the effects of ADX71441 on the
cystometry measures were seen during the first 15 min after its
administration, while they were absent at later time points.
In an independent pharmacokinetic experiment, plasma
concentrations of ADX71441 declined rapidly afteri.v. admin-
istration of 1 mg kg™ to guinea pigs. Although the pharma-
cokinetic data were obtained in conscious animals, plasma
concentrations measured in this experiment and the plasma
concentrations evaluated at the end of the cystometric meas-
urements were comparable, indicating that pharmacokinetic
data can be used in support of the interpretation of the time
course of efficacy. The short-lived effect of ADX71441 in the
cystometric guinea pig model can therefore be explained by
the fast decline in plasma concentrations observed after its i.v.
administration, suggesting that concentrations sufficient to
produce an effect were present only during the first 15 min,
but not later. Indeed, concentrations of ADX71441 at the end
of the test, 67 and 195 ng mL"' (at 1 and 3 mg kg, respec-
tively), were below the minimal concentration (~350 ng mL™)
needed to obtain an in vivo effect (M. Kalinichev et al., unpubl.
data). It should be noted that the use of distinct vehicles in the
guinea pig OAB study (PEG400/saline for ADX71441 and
saline for baclofen) could have contributed to the differences
observed for the time profiles of the two drugs.

In five out of 10 animals, 3 mgkg' ADX71441 com-
pletely blocked the micturition reflex and induced dribbling
incontinence almost immediately after its administration. In
addition, ADX71441 (3 mg kg, i.v.) significantly increased
ThP, which accords with the finding that 50% of the animals
tested presented urinary leakage, characterized by a strong
increase in intravesical pressure during bladder filling as well
as dribbling incontinence. These results support and expand
those obtained previously, which showed that intrathecal
baclofen (0.5 pug) produced dribbling incontinence in 58% of
rats (Watanabe et al., 1997). Whether or not ADX71441 at
certain doses will induce in incontinence in human patients
with OAB remains to be seen.
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In guinea pigs, baclofen had modest, albeit significant
effects on ICI, MF, BC, while having no effect on ThP and BP.
In accord with this, administration of racemic baclofen,
8-16 mgkg', to conscious rats resulted in progressive
increases in BC, as assessed by cystometry, while causing
dribbling incontinence in some animals (Igawa et al., 1993).
In another study, baclofen 4 mg kg™, i.v., attenuated bladder
overactivity induced by intravesical administration of oxy-
haemoglobin in conscious rats (Pehrson et al., 2002), but was
devoid of effect on BC in normal, conscious rats at 1 mg kg™,
i.v. (Kontani and Ueda, 2005). Therefore, modest effects of
1 mgkg' baclofen (i.v.) on cystometric parameters were
anticipated. The weak activity of baclofen suggests that direct
GABAj; agonism might be less effective than positive modu-
lation in the models of OAB used in the present study.
Indeed, these data indicate that, unlike spinal injury models,
diuretic-induced stress models do not elicit changes in
GABAergic transmission that can be overcome by direct
stimulation of the GABAj receptor. However, enhancing
GABAergic transmission by increasing GABAy receptor
responsiveness and thus enhancing the effects of normal
levels of GABA through the use of PAMs, such as ADX71441,
may be effective in this model of urinary incontinence. Alter-
natively, baclofen may be more effective in guinea pigs than
in mice because of the different pharmacokinetic profiles of
the compound in the two species. Finally, urinary inconti-
nence induced by AA may be more responsive to GABAg
agonism than diuretic-induced stress.

At this point, we can only speculate about the site of
action of ADX71441 as various GABA; receptor populations
localized on different central and peripheral sites have been
implicated in the control of voiding in mammals. From
results obtained in previous investigations it was concluded
that GABA inhibits the micturition reflex by acting on GABAg
receptors localized in several distinct sites, including the
pontine micturition centre in the brain, the sacral parasym-
pathetic neurons in the spinal cord, the pelvic ganglions
and the urinary bladder (Maggi et al., 1988). Since ADX71441
can easily cross the blood-brain barrier and has a balanced
central-peripheral distribution (M. Kalinichev et al., unpubl.
data), the effects we observed in the mouse and guinea pig
studies could involve any or all of the sites described above.

We hypothesize that the inhibitory effects of ADX71441 in
models of OAB are mediated through inhibition of cholinergic
neurotransmission, at the central and maybe also the periph-
eral level, since activation of GABA; receptors was reported to
inhibit electrical field stimulation-induced contractions in the
guinea pig isolated urinary bladder (Maggi et al., 1985). In the
clinic, administration of baclofen is associated with improve-
ments in OAB symptoms in patients with idiopathic detrusor
instability (Taylor and Bates, 1979), neurogenic voiding dis-
turbances (Haubensak, 1977) and non-neurogenic dysfunc-
tional voiding (Xu et al., 2007). Taken together, these findings
confirm the role of the GABA; system in controlling the
micturition reflex and for the first time demonstrate that
GABA; receptor PAMs may represent a novel approach to treat
OAB. However, to confirm this hypothesis, further studies in
conscious animals, using a validated model of bladder overac-
tivity, like rats with chronic bladder outlet obstruction (Igawa
etal., 1993), are needed to further support the therapeutic
potential of ADX71441 for the treatment of OAB.

The possibility that the muscle-relaxant properties of
ADX71441 contributed to its efficacy in our models of OAB in
mice and guinea pigs cannot be excluded from the present
results. In mice, the muscle-relaxant effects of ADX71441
were probably mild, as it has previously been found that
10 mg kg causes a mild reduction in the rotarod activity in
mice in an accelerated setup, while being inactive in a con-
stant speed setup (M. Kalinichev et al., unpubl. data). A small
reduction in rotarod activity was also seen in rats with
10 mg kg ADX71441 (M. Kalinichev et al., unpubl. data). In
addition, ADX71441 has been shown to dose-dependently
reduce spontaneous locomotor activity (SLMA) in mice and
rats. These effects may not be centrally-mediated sedative
effects of the compound per se, as ADX71441 and pentobar-
bital have very distinct sleep/wake EEG and neck muscle
EMG profiles, while resulting in similar reductions in SLMA in
rats (M. Kalinichev, unpubl. data). Also, ADX71441 can dose-
dependently and transiently reduce body temperature in
mice and rats (M. Kalinichev et al., unpubl. data). However, it
is unlikely that the hypothermic effects of the compound had
any effect on its efficacy in models of OAB. In guinea pigs, the
hypothermic effects can be fully excluded, as the body tem-
perature of the anaesthetized animals was maintained at 37°C
by automated heating pads. In mice, the hypothermic effects
of ADX71441, if any, were probably mild, as no shivers or
piloerection were noticed in the treated animals.

Furthermore, ADX71441 has been shown to reduce the
number of buried marbles in mice [minimum effective dose
[MED] 3 mgkg'") and increase open arm exploration in the
elevated plus maze test in mice and rats (both MED 3 mg kg™)
showing a good in vitro/in vivo correlation, indicative of
target-related, anxiolytic-like efficacy (M. Kalinichev et al.,
unpubl. data). Also, ADX71441 reduced acute visceral pain in
the AA-induced writhing test in mice (MED 3 mg kg') and
alleviated chronic osteoarthritic-like pain in the MIA-induced
osteoarthritis model in the rat (MED 15 mg kg™') after acute
and chronic treatment (M. Kalinichev, unpubl. obs.).

In conclusion, ADX71441, a novel, selective and orally
bioavailable GABA; PAM, showed efficacy in two models of
OAB in mice and guinea pigs with a good pharmacokinetic/
pharmacodynamic relationship. These results provide strong
evidence that an orally active GABA; PAM can be considered
as viable approach for the treatment of various forms of OAB
in humans.
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