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Vasopressin Vi receptor antagonists may be effective for the treatment of depression and anxiety and the objective of this
study was to characterize the pharmacological profiles of two newly synthesized arginine vasopressin receptor 1B (Vis

receptor) antagonists, TASP0233278 and TASP0390325.
EXPERIMENTAL APPROACH

We investigated the in vitro profiles of TASP0233278 and TASP0390325. In addition, the effect of TASP0390325 on the
increase in plasma adrenocorticotropic hormone (ACTH) levels induced by corticotropin-releasing factor (CRF)/desmopressin
(dDAVP) was investigated. We also investigated the antidepressant and anxiolytic profiles of TASP0233278 and TASP0390325

in animal models.

KEY RESULTS

Both TASP0233278 and TASP0390325 showed a high affinity and potent antagonist activity for Vg receptors. Oral
administration of TASP0390325 antagonized the increase in plasma ACTH levels induced by CRF/dDAVP in rats, indicating
that TASP0390325 blocks the anterior pituitary Vig receptor in vivo. Oral administration of TASP0233278 or TASP0390325 also
exerted antidepressant effects in two models of depression (a forced swimming test and an olfactory bulbectomy model).
Moreover, TASP0233278 improved depressive-like behaviour induced by repeated treatment with corticosterone, a model that
has been shown to be resistant to treatment with currently prescribed antidepressants. In addition to depression models,
TASP0233278 or TASP0390325 exerted anxiolytic effects in several anxiety models (social interaction, elevated plus-maze,
stress-induced hyperthermia, separation-induced ultrasonic vocalization and sodium lactate-induced panic-like responses in

panic-prone rats).

CONCLUSION

TASP0233278 and TASP0390325 are potent and orally active Vig receptor antagonists with antidepressant and anxiolytic

activities in rodents.

Abbreviations

AVP, arginine vasopressin; CDP, chlordiazepoxide; CORT, corticosterone; CRF, corticotropin-releasing factor; dDAVP,
desmopressin; EPM, elevated plus-maze; FST, forced swimming test; HPA, hypothalamic-pituitary-adrenal; MDD, major
depressive disorder; OT, oxytocin; PD, panic disorder; SIH, stress-induced hyperthermia; SIV, separation-induced

ultrasonic vocalization
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Introduction

The dysfunction of the hypothalamic—pituitary-adrenal
(HPA) axis, which is caused by exposure to chronic stress, has
been reported in patients with major depressive disorder
(MDD) and panic disorder (PD) (Holsboer etal., 1984;
Roy-Byrne et al.,, 1986). Patients with MDD also exhibit
increased levels of CSF corticotropin-releasing factor (CRF)
(Nemeroft etal., 1984), the primary hypothalamic factor
driving stress-induced adrenocorticotropic hormone (ACTH)
secretion from the anterior pituitary.

In addition to CRE, arginine vasopressin (AVP), a cyclic
nonapeptide, has been considered to be a primary factor
in the regulation of HPA axis activity (Aguilera and
Rabadan-Diehl, 2000). AVP is linked to the activation of the
HPA axis, and the expression level of AVP in the paraventricu-
lar nucleus is increased by both acute and repeated stress
(Berkenbosch et al., 1989; Aguilera and Rabadan-Diehl,
2000). Moreover, clinically, both the plasma AVP levels and
the level of AVP immunoreactivity in the paraventricular
nucleus are elevated in patients with MDD, compared with
healthy controls (Purba et al., 1996; van Londen et al., 1997),
and AVP release is significantly correlated with anxiety
symptom responses in healthy subjects challenged with an
anxiogenic cholecystokinin-B agonist (Abelson et al., 2001).
Thus, AVP seems to be a key component in stress-related
disorders, such as depression and anxiety (for reviews, see
Scott and Dinan, 1998; Zelena, 2012).

AVP binds specifically to the Vi, Vi3 and V, receptors (for
receptor nomenclature see Alexander et al., 2013) to exert its
physiological effects (Antoni, 1984; Lolait et al., 1992; Morel
et al., 1992). Of these, the V;; receptor is of interest in light of
its implications in emotional processes, based on the follow-
ing findings. V5 receptor mRNA is expressed in the majority
of anterior pituitary corticotrophs that secret ACTH; within
the brain, significant populations can be found within the
hypothalamus and limbic brain regions, which regulate stress
and affect (Morel et al., 1992; Lolait et al., 1995). The involve-
ment of Vi receptors in stress and emotional states was
highlighted in reports that a Vi3 receptor antagonist,
SSR149415, exhibits antidepressant and anxiolytic effects in
several animal models of depression and anxiety, particularly
under high-stress conditions (Griebel et al., 2002; Serradeil-Le
Gal et al., 2002; Overstreet and Griebel, 2005). Collectively,
the majority of previous evidence suggests that Vi3 receptor
antagonists may be effective for the treatment of depression
and anxiety. However, because SSR149415 has been reported
to have an additional potent antagonist activity for the oxy-
tocin (OT) receptor (Griffante et al., 2005), the antidepressant
and anxiolytic potential of V5 receptor blockade needs to be
further explored using other V,; receptor antagonists, includ-
ing ones that display a high selectivity for the V,; receptor.

Recently, we synthesized two non-peptide Vs recep-
tor antagonists, (4R)-1-[5-chloro-1-[(2,4-dimethoxyphenyl)
sulfonyl]-3-(2-methoxyphenyl)-2-oxo-2,3-dihydro-1H-indol-
3-yl]-4-fluoro-N,N-dimethyl-L-prolinamide =~ (TASP0233278)
and 2-[2-(3-chloro-4-fluorophenyl)-6-|[3-(morpholin-4-yl)
propoxy]-4-oxopyrido[2,3-d]pyrimidin-3(4H)-yl]-N-isopropy-
lacetamide hydrochloride (TASP0390325), which have differ-
ent scaffolds (Figure 1). Using these V3 receptor antagonists,
we have provided additional evidence that Vi3 receptor
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Figure 1
Chemical structures of TASP0233278 and TASP0390325.

antagonists exhibit antidepressant and anxiolytic effects in
several animal models, presumably through the blockade of
the anterior pituitary Vi receptor. We further investigated
the potential of Vi receptor antagonists in animal models
that mimic pathological conditions.

Methods

Animals

Male Sprague-Dawley (SD) rats (211-246 g) were used for
membrane preparation from the rat anterior pituitaries, the
forced swimming test (FST), the elevated plus-maze (EPM)
test, an ACTH secretion study, and the examination of loco-
motor activity. Male SD rats (250-330 g) were also used for
the social interaction (SI) test and the panic-like responses.
Male Wistar rats (301-404 g) were used for the olfactory bul-
bectomy model. Male SD rats (beginning of the experiments,
74-87 g) were used for repeated corticosterone (CORT) treat-
ments. After treatment with CORT or saline for 21 consecu-
tive days, the rats (225-313 g) were subjected to a FST. Male
Institute of Cancer Research mice (25-32 g) were used for the
stress-induced hyperthermia (SIH) test and to evaluate loco-
motor activity. Male SD rat pups (21-30 g) were used for the
separation-induced ultrasonic vocalization (SIV). The total
number of animals used was 678 (the number of animals in
each experimental group was 4 to 10). All the animals were
purchased from Charles River (Yokohama, Japan) and were
maintained under a controlled temperature (23 + 3°C) and
humidity (50 £ 20%) with a 12 h light/dark cycle (lights on at
07:00). Food and water were available ad libitum except
during the test. All the studies were conducted in accordance
with Taisho Pharmaceutical Co., Ltd. Animal Care Commit-
tee. All studies involving animals are reported in accordance
with the ARRIVE guidelines for reporting experiments involv-
ing animals (McGrath et al., 2010; Kilkenny et al., 2011).

Chemicals

TASP0233278 and TASP0390325 were synthesized at Taisho
Medicinal Research Laboratories (Saitama, Japan). [Arg®]-
Vasopressin (AVP) was purchased from Peptide Institute,
Inc. (Osaka, Japan). OT acetate salt hydrate, [deamino-
Pen', O-Me-Tyr? Arg®]-Vasopressin [dPTyr(Me)AVP], CORT,
l-allylglycine (I-AG), and sodium lactate were purchased from
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Sigma-Aldrich Co. (St. Louis, MO, USA). Fluvoxamine, chlor-
diazepoxide (CDP), and diazepam were purchased from
Wako Pure Chemical Industries, Ltd. (Osaka, Japan). [*H]-AVP
(2431 GBg'mmol™") and [*H]-OT (1676 GBq-mmol') were
purchased from PerkinElmer, Inc. (St. Waltham, MA, USA).
For the in vitro studies, TASP0233278, TASP0390325 and all
the other chemicals were dissolved in DMSO. For the in vivo
studies, TASP0233278 was suspended in 5% cremophor
EL/0.03 M HCI. TASP0390325 or CDP was suspended in 0.5%
methylcellulose 400. Fluvoxamine was dissolved in saline.
Diazepam was dissolved in saline with 0.3% polyoxyethylene
glycol sorbitan monooleate (Tween 80). CORT was suspended
in saline with 0.3% Tween 80.

Membrane preparation from rat

anterior pituitaries

Membranes prepared from male SD rat anterior pituitaries
were used to evaluate the affinities of the tested compounds
for rat Vi3 receptors. The tissues were homogenized in
homogenization buffer [10 mM HEPES (pH 7.4), 250 mM
sucrose, 10 mM MgCl,, 1 mM EDTA, 100 uM PMSF and
protein inhibitor cocktail (cOmplete; Roche Applied Science,
Penzberg, Germany)], and the homogenate was centrifuged
at 190x g for 5 min at 4°C. The supernatant was centrifuged
at 48 000x g for 20 min at 4°C, and the resulting pellets
were suspended in homogenization buffer. These steps were
repeated twice, and the membranes obtained were suspended
in a small volume of homogenization buffer. Aliquots of the
membranes were stored at —80°C until used.

Binding studies for Vi, Via, V2 and

OT receptors

Human Vi, Vi, and V, receptor-expressing 1321-N1 cell
membranes were purchased from PerkinElmer, Inc. Human
OT receptor-expressing Chem-1 cell membranes were pur-
chased from Millipore (Billerica, MA, USA). Membrane prepa-
rations from cells or rat tissues were suspended in assay buffer
[50 mM Tris-HCI (pH 7.4), 10 mM MgCl, and 0.1% BSA]. The
reactions with the test compounds were started by the addi-
tion of [*H]-AVP (final concentration, 0.4 nM) for human and
rat Vi receptor, human V,, receptor, human V, receptor, or
[*H]-OT (final concentration, 0.5 nM) for human OT receptor,
and the reaction mixtures were incubated for 60 min at room
temperature. The reaction was terminated by rapid filtration
under vacuum through a UniFilter GF/C microplate pre-
soaked with 0.3% polyethyleneimine using a UniFliter96 har-
vester (PerkinElmer, Inc.). The filters were washed three times
with about 0.3 mL of 50 mM Tris-HCI buffer containing
10 mM MgCl,, and the filter-bound radioactivity level was
assessed. Non-specific binding was determined in the pres-
ence of 10 uM AVP (for Vi3, Vi, and V, receptors) or 10 uM OT
(for OT receptors).

AVP-induced [Ca®"]; assay in CHO-K1 cells
expressing human Vi receptors

CHO-K1 cells stably expressing human V5 receptors seeded
in 96-well black/clear bottom plates were incubated with
loading buffer [10 mM HEPES-buffered HBSS (pH 7.4) con-
taining 0.1% BSA, 0.25 mg-mL"' amaranth, 1.25mM
probenecid, 0.02% pluronic F-127 and 1.5 uM Fluo-4/AM] for

1 h in a 5% CO, incubator. The loading buffer was switched
to 10 mM HEPES-buffered HBSS (pH 7.4) containing 0.1%
BSA, 0.25 mg-mL"' amaranth, 1.25 mM probenecid, and
several concentrations of the test compounds, and the cells
were then incubated for 30 min in a 5% CO, incubator. The
maximum ratio of fluorescence emission evoked by 2.5 nM
AVP-induced increase in [Ca?']; was measured using the Func-
tional Drug Screening System (Hamamatsu Photonics, Shi-
zuoka, Japan). When the concentration-response data for
AVP-induced increase in [Ca*]; was determined, AVP was
added in the absence of the test compounds. When the
effects of TASP0233278 and TASP0390325 were investigated,
the maximum ratio of fluorescence emission was measured
immediately after addition of the compound.

CRF/desmopressin (dADAVP)-induced increase
in plasma ACTH in rats

Rats were anaesthetized with pentobarbital (40 mg-kg™’, i.p.).
The depth of anaesthesia was assessed by monitoring the
response to pinching the hindleg of the anaesthetized rats
using forceps. Experts confirmed the response of rats, and we
used rats with no response to pinching for the operation. The
catheter was inserted into the right jugular vein. Two days
after catheter implantation, CRF (0.3 pg-kg') and dDAVP
(0.5 mg-kg™) were injected through the vein catheter 50 and
60 min after the administration of TASP0390325 (0.3 and
1 mg-kg™"). Injections of CRF and dDAVP were performed at a
flow rate of 0.2 mL-min™' using infusion pumps (Harvard
Apparatus, Holliston, MA, USA). In the control group, PBS
containing 0.1% BSA was injected instead of CRF and dDAVP.
Ten minutes after dDAVP or PBS injection, the animals were
killed by decapitation. Blood was immediately centrifuged at
1200x g for 10 min at 4°C, and the plasma was collected. The
plasma ACTH levels were then determined using an ACTH
eLisA Kit (MD Bioscience, St. Paul, MN, USA).

FST in rats

A FST was performed according to a previously reported
method (Chaki et al., 2004), and the effect of the test com-
pounds was evaluated by measuring the period of immobility.
Two sessions were conducted: an initial 15 min pretest, fol-
lowed 24 h later by a 5 min test. TASP0233278 (0.3, 1 and
3 mg-kg™"), TASP0390325 (0.1, 0.3 and 1 mg-kg™), or fluvox-
amine (3 mg-kg™) was administered p.o. during the period
between these two sessions (right after the pretest and 1 h
before the test). The test sessions were videotaped from the
front of the cylinders for later scoring. Floating in the water
without struggling and only making movements necessary to
keep the head above the water were regarded as immobility.

Repeated CORT injection model

Rats were injected daily with CORT (20 mg-kg™) or a vehicle
for 21 days. CORT treatment was conducted according to a
previously reported method (lijima ef al., 2010). The FST was
performed 48 h after the final injection, and the effect of
TASP0233278 was evaluated by measuring the immobility
time. In the present study, the rats were tested in the swim
tank only once, as we sought to assess helplessness induced
by prior exposure to CORT injections, rather than prior
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exposure to the swim task itself. TASP0233278 (3 mg-kg™)
was administered p.o. 24 and 1 h before the FST.

Olfactory bulbectomy model

The rats were anaesthetized with pentobarbital (40 mg-kg™,
i.p.). Removal of the olfactory bulbs was performed by aspi-
ration using a pipette, which was placed according to the rat
brain atlas of Paxinos and Watson (1986), for both olfactory
bulbs. Sham-operated rats were treated in the same way,
including piercing of the dura mater, but their bulbs were left
intact. Hyperemotionality in the olfactory bulcetomized (OB)
rats was measured by scoring the emotional responses to (i)
air blowing on the dorsum; (ii) a rod presented in front of the
snout; (iii) resistance upon capturing and handling; and (iv)
reaction upon tail pinch. These responses were graded as
follows: 0, no reaction; 1, slight; 2, moderate; 3, marked; or 4,
extreme response (Yamamoto efal., 1982; Shibata etal.,
1984). For each emotional response, vocalization during the
test was also scored and graded as follows: 0, no vocalization;
1, occasional vocalization; or 2, marked vocalization. After a
14 to 28 day postsurgical period, the emotional responses
were measured. For the acute administration, TASP0390325
(0.1 and 0.3 mg-kg™") was administered p.o. 1 h before the
measurement of the emotional responses. For the chronic
administration, TASP0390325 (0.1 and 0.3 mg-kg') was
administered p.o. once daily for 14 days, and the emotional
responses were measured 1 h after the final administration.

SI test in rats

This test was performed in an open-field apparatus placed in
an illuminated room (300 lux). The apparatus was an open-
topped vinyl chloride cage (45 x 27 x 30 cm) with a solid
floor. A camera was mounted above the arena. The rats were
allocated to a test pair based on weight. Both members of a
pair were given the same drug treatment. In this test, the rats
were placed in the test arena for a 10 min trial, and the
following behaviours were scored as SI: sniffing, following,
social grooming, and crawling under and over. TASP0233278
(0.1, 0.3, 1 and 3 mg-kg™) or CDP (4 mg-kg™!) was adminis-
tered p.o. 1 h before the test.

Sodium lactate-induced acute panic-like
responses in rats

Sodium lactate-mediated acute panic-like responses were
induced according to a previously reported method (Shekhar
etal., 1996). We placed cannulae in the dorsomedial hypo-
thalamus (DMH; coordinates in relation to bregma being
1.2 mm posterior, 2.1 mm lateral, 9.0 mm ventral) and con-
nected them to an osmotic minipump (Alzet Model; Durect
Corporation, Cupertino, CA, USA) filled with 1-AG (a GAD
inhibitor) solution (3.5 nmol-0.5 uL-h™"). Rats received i.v.
infusions (10 mL over 15 min) of 0.5 M sodium lactate at
least 5 days after the initiation of the 1-AG infusions.
TASP0233278 or CDP was administered p.o. 1 h before the i.v.
infusion of sodium lactate, and panic-like responses, such as
anxiety-like behaviour and an increased frequency of breaths,
were assessed using the SI and whole-body barometric ple-
thysmography (Buxco Research Systems, Wilmington, NC,
USA) respectively. The frequency of breaths in the rats min™
was measured in unrestrained rats using whole-body baro-
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metric plethysmography, as described previously in detail
(Hamelmann et al., 1997). Briefly, rats were placed individu-
ally in the plethysmograph chambers, and the baseline res-
piratory rate was recorded and averaged for 5 min. The
animals were then removed from the chambers, treated p.o.
with TASP0233278 (1 and 3 mg-kg™) or CDP (4 mg-kg™), and
returned to the plethysmographs. Subsequently, the respira-
tory rate was measured for 10 min.

EPM test in rats

This test was conducted according to a previously reported
method (Chaki et al., 2004). Rats were placed in a 40 cm tall,
20 cm wide cylindrical plastic container containing 25 cm of
water maintained at 25°C for 2 min. Rats were then removed
from the tank and allowed to recover for a further 5 min
before the EPM test was performed. The apparatus consisted
of a plus-shaped maze, elevated 50 cm from the floor, with
two opposite open arms, each 50 x 10 cm, crossed at right
angles by two arms of the same dimensions, but enclosed by
40 cm high walls with an open roof. In addition, a 1 cm high
edge made of Plexiglas surrounded the open arms to prevent
falls. The illumination measured at the centre of the maze
was 40 lux. The amount of time spent in the open arms of the
maze was recorded using a video tracking system (Muromachi
Kikai, Tokyo, Japan). Rats were naive to the apparatus. We
previously demonstrated that diazepam (3 mg-kg™”, p.o.)
reversed the reduction of time spent in open arm under
identical conditions (data not shown). TASP0233278 (0.3, 1
and 3 mg-kg') was administered p.o. 1 h before the swim
stress.

SIV of rat pups

The procedure was adapted from that described by Olivier
etal. (1998). On the day of the experiment, rat pups were
injected i.p. with TASP0233278 (3, 10 and 30 mg-kg™') or
fluvoxamine (1 mg-kg'). Immediately following the injec-
tion, each pup was returned to its mother and littermates
until the test. Thirty minutes later, each pup was individually
placed in a 500 mL glass beaker lined with filter paper
(970 mm) located below a microphone in a sonically isolated
box (60 x 70 x 60 cm). The number of vocalizations during
the 5 min test period was detected using a UMA2 amplifier
(Muromachi Kikai, Tokyo, Japan), and a sound pressure of
60 dB was set as the threshold. At the end of the test, the pups
were returned to their mothers and littermates.

SIH test in mice

The test was performed according to a previously reported
method (Spooren et al., 2002). In this test, the rectal tempera-
ture was recorded in singly housed mice at two consecutive
time points (T; and T,), which were interspaced by a defined
time interval. Because the value of the second temperature
recording exceeded the value of the initial measure (mirror-
ing the stress reaction), the difference between the two core
temperatures reflects SIH. Body temperature was measured in
each mouse twice, at t = 0 min (T;) and t = +15 min (T,). The
difference in temperature (T, — T;) was considered to reflect
the SIH. The rectal temperature was measured using a ther-
mometer (BWT-100; Bio Research Center, Nagoya, Japan).



Pharmacological profiles of Vig receptor antagonists

TASP0233278 (3, 10 and 30 mg-kg™"), TASP0390325 (3, 10 and
30 mg-kg™"), or diazepam (1 mg-kg™') was administered p.o.
1 h before the test (T)).

Spontaneous locomotor activity in rats

and mice

Rats or mice were housed individually in transparent acrylic
cages (47 x 28.5 x 29.5 cm for rats, 30 cm x 30 cm for mice),
and spontaneous locomotor activity was recorded for 30 min
using a SCANET apparatus (Neuroscience Inc., Tokyo, Japan)
placed in a sound-proof box. TASP0233278 (3, 10 and
30 mg-kg") or TASP0390325 (3, 10 and 30 mg-kg') was
administered p.o. 1 h before the test.

Statistical analysis

All the data were analysed using a one-way ANOVA Or two-way
ANOVA. Subsequent comparisons between the vehicle and
treatment groups were performed using Student’s f-test or
Dunnett’s test. All the data were analysed using SAS System
Version 9.2 (SAS Institute Japan, Ltd., Tokyo, Japan).

Results

Affinities and antagonist activities of
TASP0233278 and TASP0390325 for

Vs receptors

The in vitro profiles of TASP0233278 and TASP0390325 are
summarized in Table 1. Both TASP0233278 and TASP0390325
dose-dependently inhibited [*H]-AVP binding to recombinant
human V;; receptors, with ICs, values of 4.85 (95% confiden-
tial interval; 3.36-6.99) and 2.72 (95% confidential interval;
2.05-3.59) nM respectively (Table 1, Figure 2). In addition,
both TASP0233278 and TASP0390325 also inhibited [*H]-AVP
binding to rat anterior pituitary membranes, with ICs, values
of 3.98 (95% confidential interval; 3.00-5.28) and 2.22 (95%
confidential interval; 1.68-2.94) nM, respectively (Table 1,
Figure 2), indicating that no difference between species exists.
The antagonist activities of TASP0233278 and TASP0390325
at the human V,; receptor were assessed by quantifying the
inhibition of AVP-increased [Ca®']; in CHO-K1 cells stably

Table 1
In vitro profiles of TASP0233278 and TASP0390325

expressing human V,; receptors. In CHO-K1 cells stably
expressing human Vi3 receptors, AVP concentration-
dependently increased [Ca®]; with ECs, value of 1.74 nM
(Figure 3A). TASP0233278 and TASP0390325 potently attenu-
ated the 2.5 nM AVP-induced increase in [Ca?'];, with ICs,
values of 19.0 (95% confidential interval; 12.7-28.3) and 20.2
(95% confidential interval; 14.1-28.8) nM, respectively
(Table 1, Figure 3B), while they did not change the basal
[Ca*]; up to 10 uM (data not shown).

Selectivity of TASP0233278

and TASP0390325

The selectivity of TASP0233278 and TASP0390325 over other
vasopressin receptor subtypes (V14 and V, receptors) and OT
receptos was determined using [*H]-AVP binding to human
Via and V, receptors and [*H]-OT binding to human OT
receptors respectively. TASP0233278 weakly inhibited ligand
binding to human V,, and V, receptors, and human OT
receptors, with ICs, values of 286, 511 and 45.8 nM respec-
tively (Table 1, Figure 2). In contrast, TASP0390325 did not
exhibit an affinity for any of these receptors, even at 10 pM.
Moreover, TASP0390325 did not show a significant affinity
for 85 other molecules, including receptors, transporters and
ion channels at 10 uM (data not shown). Thus, TASP0390325
is selective for Vi receptors, while TASP0233278 shows weak
affinities for Vi, V, and OT receptors, in addition to Vi
receptors.

Effects of TASP0390325 on CRF/dDAVP-
induced plasma ACTH in rats

AVP and analogues of AVP (e.g. dDAVP) potentiate the effect
of CRF on the stimulation of ACTH secretion through Vg
receptors. In vivo receptor antagonism of the anterior pitui-
tary Vi receptor with TASP0390325 was evaluated by meas-
uring the inhibition of CRF/dDAVP-induced increases in
plasma ACTH in rats. The vehicle-treated group showed a
significant increase in the plasma ACTH levels, compared
with the control group, indicating that injections of CRF
and dDAVP elevated the plasma ACTH levels (Figure 4).
TASP0390325 significantly antagonized the increase in the
plasma ACTH level at a dose of 1 mgkg" (Figure 4). In

[3H]-AVP binding [3H]-OT binding [Ca*];
rVigR (pituitary) hVaR hOTR hVqsR
TASP0233278 4.85 3.98 286 511 45.8 19.0
TASP0390325 2.72 2.22 >10 000 >10 000 >10 000 20.2
AVP 0.467 0.864 0.591 0.998 - -
oT - - - - 0.567 -
dPTry(Me)AVP - - - - - 2310

Data represent mean value obtained from three separate experiments, each done in duplicate.
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Figure 2

Inhibition of radioligand-specific binding to Vs, Via, V> and OT receptors by TASP0233278 and TASP0390325. Effect of TASP0233278,
TASP0390325, AVP and OT was determined by [*H]-AVP binding to human Vi receptors (A), rat Vi receptors (B), human Vi, (C) or V, (D)
receptors, and by [*H]-OT binding to human OT receptors (E). Data represent mean value obtained from three separate experiments.

A,zo . 120-
-+ TASP0233278
100 100+ -a- TASP0390325
© dP Tyr(Me)AVP
% 80 S 80 o= dPTyr(Me)
= =
=2 60 S 60+
= s
- 40 2 40
2 20 20
OJ T ¥ T ¥ T T T 1 o
102 10'®  10°° 10°¢ 104 10-'2  10-'®  10-% 10-¢ 10-4
Log [AVP] (M) Log [compound] (M)

Figure 3

Concentration-response curve of AVP-induced increase in [Ca*']; in CHO-K1 cells stably expressing human Vi receptors (A) and inhibition of
AVP-induced increase in [Ca*]; by TASP0233278 and TASP0390325 (B). Data represent mean value obtained from two (A) and three separate
experiments (B).
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contrast, TASP0390325 (0.3 and 1.0 mg-kg™") itself did not
significantly affect basal ACTH levels (vehicle, 49.3 + 11.7
pg-mL™; 0.3 mg-kg™?, 37.4+£9.6 pgmL™"; 1 mg-kg™', 16.8£4.8
pg-mL™) [F(2, 19) = 3.04, P = 0.07].
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Figure 4

Effect of TASP0390325 on the increase in plasma ACTH levels
induced by CRF/dDAVP injections in rats. The vertical axis shows the
concentration of ACTH (pg-mL™). All data are expressed as the mean
+ SEM (n = 7-8). ##P < 0.01 indicates significant effects compared
with the vehicle-treated PBS group (Student’s t-test). **P < 0.01
indicates significant effects compared with the vehicle-treated CRF/
dDAVP group (Dunnett’s test).
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Effects of TASP0233278 and TASP0390325
during the FST in rats

Fluvoxamine (3 mg-kg™') significantly reduced the immobil-
ity time in the FST in rats (Figure 5A and B). Likewise, both
TASP0233278 [F(3, 28) = 5.41, P < 0.01] and TASP0390325
[F(3, 36) =6.01, P <0.01] significantly reduced the immobility
time in the FST in rats (Figure 5A and B).

Effect of TASP0233278 on the repeated
CORT injections-increased immobility time
during the FST in rats

Repeated CORT injections significantly increased the immo-
bility time in the FST in rats, compared with a vehicle-treated
group. A two-way ANOvA revealed a significant interaction
between the repeated CORT treatment and TASP0233278
(3 mg-kg™) [F(1, 36) = 5.81, P < 0.05]. Thus, TASP0233278
(3 mg-kg™) significantly reduced the increase in the immobil-
ity time induced by the repeated CORT injections (Figure 6).
TASP0233278 (3 mg-kg") did not affect the immobility time
in the vehicle-treated group (Figure 6).

Effects of TASPO390325 on olfactory
bulbectomy-induced hyperemotionality

Acute treatment with TASP0390325 [F(3, 31) =0.41, P =0.75]
did not affect hyperemotionality in OB rats (Figure 7A).
Chronic treatment (14 days) with TASP0390325 (0.3 mg-kg™)
[F(3, 31) =9.3, P < 0.01] significantly reduced hyperemotion-
ality in OB rats (Figure 7B).

Effect of TASP0233278 on the SI test in rats
CDP (4 mg-kg™) significantly prolonged the SI of paired unfa-
miliar rats (Figure 8). Likewise, TASP0233278 significantly
increased the SI time [F(4, 35) = 5.69, P < 0.01] (Figure 8).
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Effects of TASP0233278 (A) and TASP0390325 (B) in the FST in rats. The vertical axis shows the immobility time (s). All data are expressed as the
mean £ SEM (n = 8-10). FLV, fluvoxamine. (A) One-way aNnova: [F(3, 28) = 5.41, P < 0.01]. (B) One-way anova: [A(3, 36) = 6.01, P < 0.01]. #P <
0.05 indicates significant effects compared with the vehicle (Student’s t-test). *P < 0.05 indicates significant effects compared with the vehicle
(Dunnett’s test).
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Effect of TASP0233278 on immobility time, during the FST, induced
by repeated CORT injections in rats. The vertical axis shows the
immobility time (s). vehicle A: 0.3% Tween 80, vehicle B: 5% cre-
mophor EL/0.03 M HCI. All data are expressed as the mean + SEM (n
= 10). Two-way anova: [K(1, 36) = 5.81, P < 0.05]. ##P < 0.01
indicates significant effects compared with the vehicle A (Student’s
t-test). **P < 0.01 indicates significant effects compared with the
CORT-treated vehicle B (Student’s t-test).
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Effects of TASP0233278 on sodium
lactate-induced panic-like responses in rats
After 6 days of 1-AG infusion into the DMH, the infusion of
sodium lactate induced a significant increase in anxiety-like
behaviour, as measured by a decreased interaction time in the
SI test, as well as a significant increase in the respiratory rate
(Figure 9A and B). Thus, the infusion of sodium lactate
induces panic-like responses. CDP (4 mg-kg™) significantly
blocked the lactate-induced decrease in the SI test (Figure 9A).
Likewise, TASP0233278 (3 mg-kg™) [F(2, 15) = 5.60, P < 0.05]
significantly blocked the lactate-induced decrease in SI
(Figure 9A). In addition to the attenuation of anxiety-like
behaviour, CDP (4 mg-kg™") significantly blocked the lactate-
induced increase in the respiratory rate (Figure 9B).
TASP0233278 [F(2, 12) = 3.47, P = 0.06] had a tendency to
counteract the lactate-induced increase in the respiratory rate
(Figure 9B). TASP0233278 (3 mg-kg') and CDP (4 mg-kg™)
did not affect the respiratory rate in the saline-treated group
(data not shown).

Effect of TASP0233278 on anxiety-like
behaviour in the EPM test in rats

Exposure to swim stress for 2 min significantly reduced the
time spent in the open arms in the EPM task, showing that
the rats were more anxious (Figure 10). TASP0233278 [F(3,
27) = 4.30, P < 0.05] reversed the anxiety induced by swim
stress at 1 mg-kg™ (Figure 10). We previously demonstrated
that diazepam (3 mg-kg™') reversed stress-induced changes
under identical conditions (data not shown).
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Effects of acute administration (A) or a 14 day repeated administration (B) of TASP0390325 on the hyperemotionality in the olfactory
bulbectomized rats. The vertical axis shows the emotional response score. All data are expressed as the mean = SEM (n=8-10). (A) Two-way ANOVA:
[A3, 31) = 0.41, P = 0.75] (B) Two-way anova: [A(3, 31) = 9.3, P < 0.01]. #P < 0.05 and ##P < 0.01 indicate significant effects compared with
sham-operated group (Student’s t-test). **P < 0.01 indicates significant effects compared with the vehicle-treated group (Dunnett’s test).
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Effect of TASP0233278 in the Sl test in rats. The vertical axis shows
the interaction time (s). All data are expressed as the mean + SEM (n
= 8). One-way ANOVA: [F(4, 35) =5.69, P< 0.01]. ##P < 0.01 indicates
significant effects compared with the vehicle (Student’s t-test). *P <
0.05 and **P < 0.01 indicate significant effects compared with the
vehicle (Dunnett’s test).
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Frequency of breathing

Effect of TASP0233278 on SIV of rat pups
Fluvoxamine (1 mg-kg™") significantly reduced ultrasonic
vocalization induced by the separation of pups from their
mother and littermates (Figure 11). TASP0233278 [F(3, 36) =
2.5, P = 0.07] had a tendency to reduce ultrasonic vocaliza-
tion, compared with vehicle groups (Figure 11).

Effects of TASP0233278 and TASP0390325
in the SIH test in mice

Diazepam (1 mgkg') attenuated SIH  (Figure 12).
TASP0233278 [F(3, 32) = 8.28, P < 0.01] also significantly
reduced SIH at doses of 10 and 30 mg-kg™ (Figure 12A). In
contrast, TASP0233278 had no effect on the basal rectal tem-
peratures (T;) at any of the doses tested (Figure 12A).
TASP0390325 [F(3, 35) = 3.67, P < 0.05] significantly reduced
SIH at doses of 3 and 30 mg-kg™" (Figure 12B). TASP0390325
also had no effect on the basal rectal temperatures (T,) at any
of the doses tested (Figure 12B).

Effects of TASP0233278 and TASP0390325
on locomotor activity in rats and mice
TASP0233278 did not affect the spontaneous locomotor
activity in rats [F(3, 27) = 1.85, P = 1.85] and mice [F(3, 27) =
1.85, P = 1.85] (Figure 13A). TASP0390325 also did not affect
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Effects of TASP0233278 on sodium lactate (0.5 M)-induced panic-like responses in rats. (A) Indicates the Sl test. The vertical axis shows the
interaction time (s). All data are expressed as the mean £ SEM (n = 5-7). (A) Two-way anova: [F(2, 15) = 5.60, P < 0.05]. $$P < 0.01 indicates
significant effects compared with the saline-treated vehicle (Student’s t-test). ##P < 0.01 indicates significant effects compared with |-AG-treated
vehicle (Student'’s t-test), **P < 0.01 indicates significant effects compared with |-AG-treated vehicle (Dunnett’s test). (B) Indicates the respiratory
rate. The vertical axis shows the frequency of breathing (% of basal level). All data are expressed as the mean = SEM (n = 4-6). (B) Two-way ANOVA:
[A(2,12)=3.47, P=0.06]. $P < 0.05 indicates significant effects compared with the saline-treated vehicle (Student’s t-test). #P < 0.05 indicates

significant effects compared with |-AG-treated vehicle (Student’s t-test).
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Effect of TASP0233278 on swim stress-induced reduction in time
spent on open arms in EPM task in rats. The vertical axis shows the
time in open arms (s). All data are expressed as the mean + SEM (n
= 8). One-way ANOVA: [F(3, 27) =4.30, P < 0.05]. ##P < 0.01 indicates
significant effects compared with the vehicle-treated non-stress
group (Student’s t-test); **P < 0.01 indicates significant effects com-
pared with vehicle-treated stress group (Dunnett’s test).
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Effect of TASP0233278 on SIV in rat pups. The vertical axis shows the
number of calls. All data are expressed as the mean + SEM (n = 10).
FLV, fluvoxamine. One-way ANovA: [F(3, 36) = 2.5, P = 0.07]. ##P <
0.01 indicates significant effects compared with vehicle (Student’s
t-test).

the spontaneous locomotor activity in rats [F(3, 28) = 0.86,
P =0.47] and mice [F(3, 35) = 1.1, P = 0.36] (Figure 13B). In
addition, TASP0390325 did not affect the spontaneous loco-
motor activity in rats at lower doses (counts 30 min: vehicle,
5402.2 £ 464.5; 0.3 mg-kg ™', 5862.3 £ 480.1; 1 mg-kg ', 5446.2
+ 284.5) [F(2,27) = 0.37, P =0.70].
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Discussion and conclusions

In the present study, we further demonstrated that V;; recep-
tor blockade exhibited antidepressant and anxiolytic effects
in a wide range of animal models using two newly synthe-
sized Vi3 receptor antagonists that have different scaffolds,
thereby strengthening the assumption that V,; receptors are
involved in the pathophysiology of depression and anxiety.

Both TASP0233278 and TASP0390325 displayed a high
affinity and potent antagonist activity for human and rat Vi3
receptors. Of these, TASP0233278 has the same scaffold as
SSR149415, while TASP0390325 was derived from a scaffold
different from that of SSR149415. Thus, TASP0233278
showed weak affinities for other vasopressin receptor
subtypes, similar to SSR149415, while TASP0390325 was
highly selective for the V5 receptor. Of note, we observed
in a preliminary study that TASP0390325 shifted the
concentration-response curve of AVP-induced increase in
[Ca*]; rightward without changing the maximal response
(data not shown), indicating that TASP0390325 is a competi-
tive antagonist. In addition, our pharmacokinetic studies
revealed that both compounds were detected in the pituitary
at reasonable concentrations following oral administration
(data not shown). Moreover, we confirmed that orally admin-
istered TASP0390325 blocked Vi receptor in the anterior
pituitary in vivo by demonstrating that TASP0390325 antago-
nized the CRF/dDAVP-induced increase in plasma ACTH level
in rats, which also raises the possibility that this compound
may block HPA axis activation. It should be noted that
TASP0390325 exerted the effect at a lower dose compared
with SSR149415, although TASP0390325 has a similar affinity
and antagonist activity for rat Vi receptors as SSR149414
(Serradeil-Le Gal et al., 2002), indicating improved pharma-
cokinetic profiles. Using these compounds as pharmacologi-
cal tools, we explored the efficacy of V5 receptor antagonists
in animal models of depression and anxiety.

The antidepressant potentials of TASP0233278 and
TASP0390325 were examined in two widely used depression
models, the FST and the olfactory bulbectomy model. Both
TASP0233278 and TASP0390325 elicited antidepressant-like
effects in the FST. In addition, TASP0390325 reduced the
hyperemotionality induced by an olfactory bulbectomy after
14 days of repeated dosing. The present results are consistent
with a previous report that a V3 receptor antagonist,
SSR149415, had antidepressant-like effects in these animal
models (Griebel et al., 2003; 2005; lijima and Chaki, 2007).
Of note, TASP0390325 exhibited an antidepressant effect
at doses similar to those required for the blockade of Vi
receptors in the anterior pituitary in vivo, suggesting that
TASP0390325 exerted its effect through the blockade of ante-
rior pituitary V,z receptors. Moreover, both compounds did
not affect locomotor activity at doses much higher than those
required to exert the antidepressant effects, indicating
that the antidepressant effects are not attributed to altered
locomotion.

The present findings that two different V3 receptor
antagonists with different scaffolds, including one with a
high selectivity for Vi3 receptors, exhibited antidepressant
effects in animal models strengthen the assumption, which
was mostly based on SSR149415 data, that V, receptor block-
ade exerts antidepressant effects.
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Effects of TASP0233278 (A) and TASP0390325 (B) on SIH in mice. The upper panels show AT (T,-T;) in the SIH test. The lower panels show basal
rectal temperatures (T). All data are expressed as the mean + SEM (n = 9-12). (A) One-way anova: [F(3, 32) = 8.28, P < 0.01]. (b) One-way ANOVA:
[A3, 35) = 3.67, P < 0.05]. ##P < 0.01 indicates significant effects compared with vehicle (Student’s t-test). *P < 0.05 and **P < 0.01 indicate

significant effects compared with vehicle (Dunnett’s test).

In addition to the models mentioned earlier, the antide-
pressant effect of TASP0233278 was further evaluated in a
repeated CORT treatment model of rats using immobility
time in the FST as an endpoint. This model represents a
depression model associated with a severe impairment of HPA
axis function and has been shown to be resistant to treatment
with clinically prescribed antidepressants (Iijima et al., 2010).
TASP0233278 counteracted the increase in the immobility
time induced by repeated CORT injections, suggesting that
Vi receptor antagonists might be an effective treatment for
depressed patients, particularly those with severely impaired
HPA axis function.

The anxiolytic activities of TASP0233278 and
TASP0390325 were examined in four anxiety models (EPM,
SI, SIH, SIV), all of which have been used to evaluate the
anxiolytic potential of compounds. TASP0233278 and/or
TASP0390325 exhibited anxiolytic effects in these anxiety
models. SSR149415 has been reported to display anxiolytic
effects in anxiety models that were similar or identical to
those used in the present study, although TASP0233278 and
TASP0390325 exerted more potent effects than SSR149415
(Serradeil-Le Gal et al., 2002; Griebel et al., 2003; lijima and
Chaki, 2005; Shimazaki et al., 2006). Therefore, the present
results support the previous findings that a Vi3 receptor
antagonist exhibits anxiolytic effects. In the anxiety models
used in the present study, anxiety-like behaviours or events

are induced by various stress (forced swim, encounter with
unfamiliar species in a lightly lit arena, anticipation of
uncomfortable insult, and separation from their mother and
littermates); thus, these models involve high-stress condi-
tions. Indeed, increased blood ACTH levels have been
reported in these models (File and Clarke, 1980; Appenrodt
et al., 1999; Heinrichs et al., 2002; ITijima and Chaki, 2005).
Given that Vy; receptor antagonists including SSR149415
have been reported to reduce AVP- or stress-induced eleva-
tions in ACTH secretion to a significant degree (Serradeil-Le
Gal et al., 2002; Craighead et al., 2008), V5 receptor antago-
nists may reduce stress-induced anxiety by attenuating the
stress-induced increase in ACTH level. We also reported that
the anxiolytic effect of SSR149415 was no longer observed in
hypophysectomized rats in the SI test (Shimazaki et al., 2006),
suggesting that the blockade of HPA axis activity may be
responsible for the effects of V3 receptor antagonists. Thus,
this finding also supports the hypothesis that the regulation
of HPA axis activity is involved in the anxiolytic effect of Vy;
receptor antagonists. However, a previous report also indi-
cated that the basolateral amygdala is involved in the
anxiolytic-like effects of SSR149415 in the EPM test (Salome
et al., 2006). The sites of action of V;; receptor antagonists
may possibly depend on the paradigms that are being tested.
Alternatively, the V,, receptor, which is abundantly expressed
in the brain, could be involved in the action of centrally
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Effects of TASP0233278 (A) and TASP0390325 (B) on the locomotor activity in rats (upper panels) and mice (lower panels). The vertical axis
displays the locomotor activity. All data are expressed as the mean £ SEM (n = 8-10). (A) One-way aNova: rats [F(3, 27) = 1.85, P=1.85] and mice
[A3, 27) = 1.85, P =1.85]. (B) One-way anova: [F(3, 28) = 0.86, P = 0.47] and mice [F(3, 35) = 1.1, P = 0.36].

injected SSR149415. Further studies are required to evaluate
the sites of action underlying the anxiolytic effects of Vg
receptor antagonists. One drawback of the present study
was that most of the anxiolytic effects were induced with a
less selective compound TASP0233278, because of limited
amounts of the compound available, and the roles of V4 and
OT receptors in anxiety and the involvement of these recep-
tors in the actions of TASP0233278 cannot be fully ruled out.
Therefore, the role of Vi receptors in anxiolytic potential
remains to be further tested with more selective V receptor
antagonists.

In addition to animal models of anxiety disorder, we
examined the effect of TASP0233278 on sodium lactate-
induced panic-like responses in rats. One of the most consist-
ent abnormalities in PD is a susceptibility to panic attacks in
response to normally innocuous stimuli, such as sodium
lactate (Liebowitz et al., 1986) and the inhalation of 7.5%
CO; (Gorman et al., 1994). An animal model of panic attack

3522 British Journal of Pharmacology (2014) 171 3511-3525

has been previously reported to exhibit anxiety and panic-
like responses following exposure to i.v. sodium lactate
(Shekhar et al., 1996; Shekhar and Keim, 1997). In the present
study, TASP0233278 as well as a benzodiazepine, CDP, coun-
teracted the lactate-induced reduction in SI and the increase
in respiratory frequency in panic-prone rats. In light of the
present results and those of a previous report showing that a
CRF; receptor antagonist also blocked the lactate-induced
behaviour and cardiovascular responses (Shekhar etal.,
2011), compounds that act on the HPA axis may be useful for
the treatment of PD.

Recent clinical studies have indicated that SSR149415
failed to satisfy the efficacy requirements in patients with
MDD and generalized anxiety disorder (Griebel et al., 2012).
The reason for these failures was not fully understood. The
authors claimed that the SSR149415 doses that were used
were not high enough; higher doses of SSR149415 were
needed to block HPA axis activation in a CRF test. Of note,
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Table 2

The effects of TASP0233278 and TASP0390325 in depression/anxiety models

Model TASP0233278 (MED) TASP0390325 (MED)
Forced swimming (rat) 3 mgkg™' 0.3 mgkg™

Repeated CORT injections (rat) 3 mgkg™' NT

Olfactory bulbectomy (rat) NT 0.3 mgkg™

SI (rat) 0.1 mgkg™ NT

Acute panic-like responses (rat) 3 mgkg™ (SI) / no effect (RR) NT

EPM (swim stress) (rat) 1 mgkg™' NT

SIV (rat pups) No effect NT

SIH (mice) 10 mgkg™ 3 mgkg™

MED, minimum effective dose; NT, not tested.

both TASP0233278 and TASO0390325 exerted antidepressant
effects in animal models at lower doses compared with
SSR149415 (Serradeil-Le Gal etal., 2002), which may be
ascribed to improved pharmacokinetic profiles. Another plau-
sible reason is the selectivity of SSR149415, as the antagonist
activity of SSR149415 at OT receptors might counteract the
antidepressant and anxiolytic effects of Vy; receptor antago-
nists (Chaviaras et al., 2010; Ring et al., 2010). Moreover,
based on the present results and previous reports, V receptor
antagonists, but not monoaminergic antidepressants, may
directly affect the abnormalities of the HPA axis through the
blockade of Vi receptors in the anterior pituitary. Thus,
among patients with MDD and anxiety disorders, Vi recep-
tor antagonists may be effective in individuals who exhibit
abnormalities in HPA axis function.

In conclusion, the present studies provided further
evidence that the blockade of V3 receptors produces
antidepressant- and anxiolytic-like effects in various
rodent models (summarized in Table 2) and that V,; receptor
antagonists may be useful for the treatment of depression and
some anxiety disorders. In addition, TASP0233278 and
TASP0390325 should provide useful tools to further elucidate
the effectiveness of Vy; receptor antagonists for the treatment
of depression and anxiety disorders as well as the neuronal
mechanisms underlying the antidepressant and anxiolytic
effects of Vi receptor antagonists.
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