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BACKGROUND AND PURPOSE

Distinct vasopressin receptors are involved in different physiological and behavioural functions. Presently, no selective agonist
is available to specifically elucidate the functional roles of the Via receptor in the rat, one of the most widely used animal
models. FE 201874 is a new derivative of the human selective Via receptor agonist F180. In this study, we performed a
multi-approach pharmacological and functional characterization of FE 201874 to determine whether it is selective for Via
receptors.

EXPERIMENTAL APPROACH

We modified an available human selective V;4 receptor agonist (F180) and determined its pharmacological properties in cell
lines expressing vasopressin/oxytocin receptors (affinity and coupling to second messenger cascades), in an ex vivo model
(aorta ring contraction) and in vivo in rats (proliferation of adrenal cortex glomerulosa cells and lactation).

KEY RESULTS

FE 201874 exhibited nanomolar affinity for the rat V4 receptor; it was highly selective towards the rat Vig and V, vasopressin
receptors and behaved as a full V14 agonist in all the pharmacological tests performed. FE 201874 bound to the oxytocin
receptor, but with moderate affinity, and behaved as an oxytocin antagonist in vitro, but not in vivo.

CONCLUSIONS AND IMPLICATIONS

On functional grounds, all the data demonstrate that FE 201874 is the first selective agonist of the rat Via receptor isoform
available. Hence, FE 201874 may have potential as a treatment for the vasodilator-induced hypotension occurring in
conditions such as septic shock and could be the most suitable compound for discriminating between the behavioural effects
of arginine vasopressin and oxytocin.

Abbreviations

AVP, arginine® vasopressin; BrdU, bromodeoxyuridine; InsPs, total inositol phosphates; K., activation constant for
agonists; K;, inhibitory dissociation constant; Kinaer, inactivation constant for antagonist; OT, oxytocin; SI, selectivity
index
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Introduction

Arginine vasopressin (AVP) is a natural neurohypophyseal
neuropeptide synthesized in the mammalian hypothalamus
that controls various physiological peripheral effects, among
which water reabsorption and vascular tone regulation are
the most widely reported (for review see Jard, 1998;
Koshimizu et al., 2012). AVP in synergism with corticotropin-
releasing factor contributes to the regulation of adrenocorti-
cotropic hormone release (Gillies et al., 1982; Abou-Samra
etal., 1987), catecholamines (Grazzini et al., 1998), insulin
(Lee et al., 1995) and glucagon (Yibchok-Anun et al., 1999)
and is involved in the proliferation of adrenal cortex and
kidney medullary cells (Alonso et al., 2009). More recently, it
was clearly demonstrated that AVP and its sibling hormone
oxytocin (OT) are major regulators of brain functions such as
the stress response, memory, and affective and social behav-
iour (De Wied, 1971; Caldwell et al., 2008; Meyer-Lindenberg
etal., 2011; Stoop, 2012). Peripheral and central AVP func-
tions are mediated by three distinct receptors known as Vi,
Vi3 and V,, all belonging to the GPCR family. These GPCRs
have different structures of their encoding genes, amino acid
sequences and coupling properties to second messenger
cascades. They can be selectively targeted on the basis of
their pharmacological properties (Barberis et al., 1992; Jard,
1998; Thibonnier, 2004). The OT receptor shares common
sequences with the AV receptors (see amino acid sequence
alignment in Rodrigo et al., 2007). Particularly relevant are
two conserved residues Arg 1.27 and Glu 1. 35 (Ballesteros
numbering see Rodrigo et al., 2007) located in the N terminal
part and the first transmembrane domain, which are essential
for both AVP and OT affinities for their specific receptors
(Wooten et al., 2011; Rodrigo et al.). Accordingly, AVP exhib-
its nanomolar affinity for the OT receptor (See Manning et al.,
2012 for review), it is thus important to include the OT
receptor in pharmacological studies of the AVP receptor
family.

The design of specific agonists and antagonists for the
AVP and OT receptors is hampered by three major obstacles:
(i) The AVP and OT receptors share a large degree of structural
homology. Accordingly, AVP is relatively non-specific and
interacts with all four AVP/OT receptors with nanomolar
affinity (Barberis ef al., 1992; Pena et al., 2007). As a conse-
quence, few compounds derived from this endogenous
peptide are selective for the V, receptor. (ii) The pharmaco-
logical differences between rat, human and mouse AVP/OT
receptor isoforms prevents the discovery of universally selec-
tive compounds (Guillon et al., 2006). (iii) The pharmacologi-
cal profile of a given compound may also depend on the assay
used to determine its specificity. On the basis of in vivo tests,
F180 may be considered as a selective V;,4/V, agonist. It exhib-
its a significant pressor activity (44% of that of AVP) but very
low antidiuretic effects (less than 1% of those of AVP). Yet,
this functional selectivity is not observed when using binding
assays. The affinity of F180 for the rat V,, and V, receptors is
very low (480 nM and 2000 nM respectively) as compared to
the nanomolar affinity of AVP for these same receptors
(Andreés et al., 2002). Similarly, [Phe?-[2-phenylalanine-8-
ornithine|-vasotocin behaves as a selective vasopressor
peptide in vivo, but exhibits no V;, binding selectivity
(Manning et al., 2012 and unpublished results).

FE 201874, a selective rat Via agonist

A recent review from M. Manning and our group high-
lights the lack of a selective rat V;, receptor agonist (Manning
etal., 2012). Even though F180 and numerous recently
described derivatives display high affinity and selectivity for
the human V;, receptor and have potential therapeutic use,
primarily in the treatment of vasodilator-associated hypoten-
sion such as in septic shock, they display no specificity when
tested in vitro on the rat vasopressin receptors (Andres et al.,
2002; Wisniewski et al., 2011). As recent studies confirm that
AVP and OT are major central regulators of many behavioural
functions in mammals (for review see Caldwell et al., 2008;
Koshimizu et al., 2012) and are also involved in functions in
many peripheral tissues, in particular the cardiovascular
system (Gutkowska and Jankowski, 2012) and in obesity
(Deblon et al., 2011), it is of major interest to determine which
receptor isoform is responsible for which effect. Rat and mouse
are the species most widely used in animal models. Selective
rodent OT and V;; receptor agonists are available but the
design of selective V,, receptor agonists appears to be essential
to complete the arsenal of pharmacological tools available to
better understand how endogenous neuropeptides like AVP
regulate CNS functions. Indeed F180, described as the first
selective agonist for the human V,, receptor, does not discrimi-
nate between the rat AVP/OT receptors (Andreés et al., 2002).

In the present study, we characterized the pharmacologi-
cal properties of a new derivative FE 201874, and demon-
strated, using multiple in vitro, ex vivo and in vivo approaches,
that this peptide can be considered to be the first selective
agonist of the rat Vi, receptor isoform available.

Methods

The nomenclature used for drug targets conforms to the BJP’s
Guide to Receptors and Channels (Alexander et al., 2011).

Cell culture, stable transfection and
membrane preparation

HEK cells expressing rat V, receptor (rV, receptor) or mouse
oxytocin receptor (mOT receptor) and CHO cells stably
expressing human V,, receptor (hV,, receptor), human Vi3
receptor, human V, receptor, human oxytocin receptor, or rat
oxytocin receptor were maintained in culture in DMEM;
AtT20 (pituitary adenoma) cells expressing rV;; receptors or
mV;y receptors were cultured in DMEM/F12 as previously
described (Pena etal., 2007); and WRK1 (rat mammary
tumour) cells naturally expressing the rVi, receptor were
grown as previously described (Kirk et al., 1986). In some
experiments, cells were treated overnight with 5 mM sodium
butyrate to increase receptor expression (Kassis et al., 1984).
Membranes from CHO and AtT20 cells were prepared accord-
ing to Murat et al. (2012). Membranes from liver, kidney and
anterior pituitary were obtained as described previously
(Andreés et al., 2002) from Wistar rats or adult C57BL/6 mice.

Binding assays

Membrane incubations with [*H]-AVP were performed as
described previously (Andres et al., 2002). For saturation
binding experiments, 5-20 pg membrane protein were incu-
bated 60 min at 30°C (membranes from CHO, AtT20 or
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WRK1 cells) or 37°C (membranes from native tissues) in
200ul of a medium containing: 50 mM Tris-HCI (pH 7.4),
3 mM MgCl,, 1 mg-mL™" BSA, 0.01 mg-mL™" leupeptine and
increasing concentrations (0.5 to 7 nM) of [*H]-AVP with
(non-specific binding) or without (total binding) 1 uM of
unlabelled AVP or OT. For competition experiments, 5-20 ug
membrane protein were incubated as described above with 1
nM [*H]-AVP and increasing amounts of unlabelled FE
201874. Plasma membrane-associated radioactivity was
determined by filtration through GF/C filters and specific
binding calculated in each condition as the difference
between total and non-specific binding.

Inositol phosphate assays

Inositol phosphate (InsPs) accumulation was determined as
described previously (Derick et al., 2002). Briefly, CHO or
AtT20 cells stably transfected with rOT or rVis receptors,
respectively, or WRK1 cells that naturally expressed the rV,,
receptor were plated at 100 000 cells per well. Cells were grown
for 24 h in their respective culture medium (see above) and
further incubated for another 24 h in a serum- and inositol-
free medium supplemented with 2 pCi-mL™ myo-[2-*H]-
inositol. Cells were then washed twice with Hank’s buffered
saline, incubated for 15 min in 20 mM LiCl, and further
stimulated for 15 min with increasing concentrations of ana-
logues to be tested. The reaction was stopped by addition of
perchloric acid (5% v v*'). Total accumulated InsPs were
extracted and purified on Dowex AGI-X8 anion exchange
chromatography column as described previously and counted.

Adenylyl cyclase assays

HEK cells expressing rV, receptors were grown as described
above, and the production of cAMP assessed after 2 days in
culture as previously described (Murat et al., 2012). Cells were
incubated in [*H]-adenine (3 uCi-mL™) for 24 h and then
with DMEM supplemented with 5.5 mM IBMX and 0.1% BSA
with the vehicle alone or various concentrations of agonists
for 10 min at 37°C. Intracellular cAMP concentrations were
determined by measuring [*H]-cAMP and expressed as % of
the sum of radioactivity recovered in the cAMP fraction and
radioactivity that was not retained by the Dowex column,
which mainly corresponded to labelled ATP.

Animal care, animal treatments

Adult male Sprague Dawley rats (200-250 g) and adult
C57BL/6 mice were purchased from Janvier (Le Genest-St-Isle,
France). They were housed in light- (12 h dark and 12 h light)
and temperature- (21°C) controlled rooms with free access to
standard dry food and tap water. All animals were treated in
accordance with the principles of laboratory animal care of
the ARRIVE guidelines (McGrath et al., 2010; Kilkenny et al.,
2011) and those published by the French Ethical Committee
and under the supervision of an authorized investigator.

All procedures in this study conformed to the animal
welfare guidelines of the European Community and were
approved by the local ethical committee (authorizations
n°34.128 for experimentation, n° IGF-2012-001A for this spe-
cific protocol).

Vascular reactivity measurements
Vasopressin analogues were tested on isolated vascular rings
obtained from rat aorta as described previously (Cordaillat
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etal., 2007). Aortic segments were subjected to a 60 min
equilibration period at the predetermined optimal point of
the active length-tension curve previously established at 2 g
for rat aorta. The contractile function of each segment was
assessed with 1 uM phenylephrine. After a wash-out and a
stabilization period of 20 min, responses to cumulative con-
centrations of AVP, FE 201874, d[Leu’,Lys®’]VP and dDAVP
were determined. At the end of the dose-response, a saturat-
ing concentration of AVP (100 nM) was applied to normalize
contraction to the maximal AVP-induced response. Changes
in isometric tension were recorded using an IT1-25 trans-
ducer and an IOX computerized system (EMKA Technologies,
Paris, France).

Proliferation measurements

Cell proliferation under administration of vasopressin and/or
compounds to be tested was determined in vivo as previously
described (Alonso et al.,, 2009). Rats were anaesthetized by
inhalation of isoflurane (1.5% in O,) and implanted s.c. with
an Alzet 7 days osmotic pump filled with AVP, dDAVP, d[Leu*,
Lys®]VP, [Thr*,Gly’]OT or FE 201874 at different concentra-
tions or just operated on without any pump implantation
(sham). Some rats were treated twice-daily for 3 days with i.p.
injections of saline or of a specific antagonist of the rVi,
receptor (SR49059; at 1 mg-kg™). Because this antagonist is
poorly water soluble, it was dissolved in saline containing 5%
DMSO + 7.5% Cremophor (v v').

At the end of the infusion of the various agonists, rats
received two i.p. injections of bromodeoxyuridine (BrdU)
(100 mg-kg" in 0.5 ml 0.01 N NaOH) 16 and 5 h before
fixation. Under deep pentobarbital anaesthesia (50 mg-kg™
i.p.), animals were perfused through the ascending aorta with
PBS (pH 7.4) followed by 400 mL paraformaldehyde (4% in
0.1 M phosphate buffer; pH 7). The adrenal gland, liver,
kidney and pituitary were dissected out and fixed overnight
in the same fixative. Sections (50 um) were then cut with a
vibratome (Leica VT1000S) incubated in 2N HCI overnight at
4°C and for 48 h at 4°C with a mouse monoclonal anti-BrdU
antibody. Sections were then incubated for 4 h at room tem-
perature with a donkey anti-mouse monoclonal antibody
conjugated with Cy3 (Jackson ImmunoResearch Laboratories,
West Grove, PA, USA). The primary and secondary antibodies
were diluted in PBS containing 0.1% Triton X-100.

Labelled sections were mounted in Mowiol, and observed
under a Zeiss LSM510 Meta confocal microscope using x10 or
x20 objectives (excitation at 550 nm; emission at 568 nm).
The background noise was reduced by averaging four image
inputs. Digitalized images were analysed with Image ]
(Adobe, San Jose, CA, USA). For this, we counted the labelled
nuclei detected in the adrenal cortex area of each section,
with four sections per animal and four animals per experi-
mental group.

Measurements of pup growth

In order to determine putative antagonistic properties of FE
201874 on the OT receptor, rat dam lactation was evaluated
by following pups growth. Lactating dams were delivered to
the laboratory on the second day after pups’ birth. The
number of pups was reduced to 8 per dam and pups were
then weighed individually twice daily (at 0900 and 1700 h).



On the seventh day of lactation, dams were injected i.p. twice
(at 0900 and 1400 h) with either vehicle or the pharmaco-
logical compound (in 0.5 ml) to be tested. The weights of
24-32 pups from 3 to 4 dams were averaged in each condi-
tion. FE 201874, SSR126768A and SR49059 were first diluted
in pure DMSO, pure Cremophor was further added to provide
better bioavaibility (Alonso et al., 2009) and the volume was
complemented with sterile NaCl 0.9% to reach final concen-
trations of 5% DMSO and 7.5% Cremophor. Results are
expressed as mean = SEM. Student’s unpaired t-test was used
to compare means.

Data analysis

The radioligand binding, InsP and cAMP accumulation, vas-
cular reactivity measurements and proliferation measure-
ments data were analysed by GraphPadPrismTM (GraphPad
software, Inc, San Diego, CA, USA). K4 values were deduced
from Scatchard experiments and K; from competition experi-
ments as previously described. The inhibitory dissociation
constants (K;) for unlabelled AVP analogues were calculated
from binding competition experiments according to the
Cheng and Prusoff (1973) equation: K;=ICso(1 + [L]/Ka),
where ICsy is the concentration of unlabelled analogue
leading to half maximal inhibition of specific binding, [L] the
concentration of the radioligand present in the assay and Kq
its affinity for the AVP receptor studied. K. and Kinaee values
were calculated from functional studies. K.« was calculated
from ICs, using the following equation: Kipaee =ICso(1 +
[H]/K.r), where [H] is the concentration of agonist used in
the assay (Andres et al., 2002). Results are expressed as the
mean + SEM of at least three distinct experiments.

Results

Chemical structure of FE 201874

FE 201874 was synthesized as previously described
(Wisniewski et al., 2011). It is an analogue of AVP in which
Tyr? was substituted by Phe, Phe® by Ile, GIln* by Hgn and
Arg® by Orn. As compared to the F180 molecule discovered
earlier (Aurell etal., 1991) and described as a selective
agonist for human V;, receptors (Andres et al., 2002), FE
201874 contains two modifications: Hmp' ((R)-2-hydroxy-3-
mercaptopropionic acid) is replaced by Cys and Dab(Abu)®
((S)-2-amino-4-((S)-2-aminobutyryl)aminobutyric  acid) is
replaced by Orn (see Figure 1).

Binding properties of FE 201874

The affinity of FE 201874 for various AVP/OT receptor iso-
forms from various mammalian species was determined by
classical binding competition experiments on membrane
preparations using [*H]-AVP (Table 1). FE 201874 dose-
dependently inhibited [*H]-AVP binding (Ki=7.4 nM;
Table 1) on plasma membranes derived from a rat mammary
tumour cell line (WRK1) expressing the rV;, receptor. When
similar experiments were performed on crude plasma mem-
branes derived from rat tissues naturally expressing the native
rV, or 1V receptor subtypes (kidney or pituitary gland
respectively) or on plasma membranes derived from AtT20
and CHO cells stably transfected with rVy or rOT receptor,

FE 201874, a selective rat Via agonist

respectively, FE 201874 was less effective at displacing [*H]-
AVP (Table 1). The K; value of FE 201874 on crude rat liver
plasma membranes naturally expressing rV;, receptors was
also in the nanomolar range (Figure 2, Table 1). Binding selec-
tivity indexes (SI) were calculated as described previously
(Andres et al., 2002). With rat receptors, whatever the mem-
brane preparation tested (from WRK1 cells or liver tissue), FE
201874 displayed a SI of 427 and 29 for V,/V,, receptor and
Vis/Via receptor, respectively (see Table 1), indicative of a
specific binding to V;, receptors among the AVP receptors.
However, FE 201874 also displayed a medium selectivity
towards the OT receptor (OT/Vi, receptor SI = 6). Similar
results were obtained with the humanV,, receptor for which
FE 201874 exhibited a nanomolar affinity as well as high
Vis/Via and V,/Vy, receptor selectivity and a medium one for
OT/Vi, receptor (Figure 2B and Table 1). However, as shown
in Table 1, FE 201874 exhibited a higher affinity for the
mOT receptor (K;=20 nM), than for the mV;, receptor
(K;=40.1 nM), intermediate affinity for the mV;; recep-
tor (K;=184 nM) and a much lower affinity for the mV,
receptor (K; =597 nM). As a consequence, FE 201874 is not
selective for the mouse Vi, receptor.

Functional properties of FE 201874

To pursue the pharmacological characterization of FE 201874,
we analysed production of the signal transduction and intra-
cellular messengers (InsP and cAMP) on cell lines expressing
AVP/OT receptors. On WRK1 cells stably expressing rVi,
receptors, FE 201874 dose-dependently stimulated InsP accu-
mulation with a maximal efficacy representing 85% of that
obtained with AVP and a K, of 7.7 nM (Figure 3A and
Table 2). Pre-incubation with increasing concentrations of
SR49059, a selective V;, receptor antagonist (Serradeil-Le
Gal etal, 1993), dose-dependently inhibited FE 201874-
stimulated InsP accumulation (Figure 3B). The K; of SR49059
was 2.2 0.4 nM (three experiments), a value very close to
the affinity of SR49059 for the rV;, receptor (Serradeil-Le Gal
etal., 1993).

To determine the functional selectivity of FE 201874, we
further examined its pharmacological properties on cell lines
expressing rV receptors (AtT20), 1V, receptors (CHO) or rOT
receptors (CHO). As illustrated in Figure 4A and B, FE 201874
displayed full agonist properties rVy; and rV, receptors, since
it stimulated InsP and cAMP accumulation as effectively as
AVP (Table 2). However, the K, of FE 201874 for these two
receptors was much higher than that for rV;, receptors
(Table 2). By contrast FE 201874, even tested at 1 uM, only
very weakly stimulated rOT receptor-mediated InsP accumu-
lation (6 £ 3% of maximal OT stimulation). More interest-
ingly, increasing concentrations of FE 201874 added to 5 nM
OT completely inhibited OT-stimulated InsP accumulation
(Figure 4D), with a K; of 40.1 £ 7.8 nM (three experiments).
These data indicate that, besides V4 agonism, FE 201874
behaves as a potent rat OT antagonist in vitro.

Effects of FE 201874 on rat

arterial contraction

We have previously shown (Ryckwaert et al., 2009) that AVP
can induce a sustained contraction of rat aorta. Thus, this
model appears appropriate to functionally characterize the
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Figure 1
Molecular structures of AVP, F180 and FE 201874. The structures are shown as fully protonated forms. F180 and FE 201874 are analogues of AVP.
Red colour indicates the modifications applied in AVP to design F180 and FE 201874. Green colour indicates the differences between F180 and

AVP and blue colour indicates the differences between FE 201874 and AVP.
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Table 1
Affinity of FE 201874 for AVP/OT receptors from different mammalian species

Receptor Kq or K; (nM)
Species Isoform Source FE 201874
Rat Via WRK1 cells 0.65 £ 0.04 74+1.4 1.0
Liver 1.5+£0.1 9.6+0.7 1.0
Vig AtT20 cells 0.49 £ 0.06 652+£113 117
Pituitary 34+£04 626 £ 103 28.8
V, Kidney 0.72+£0.11 1966 + 228 427
oT CHO cells 0.9+0.2 61.8+14.2 6.0
Human Via CHO cells 1.1 +0.1 7.4+1.1 1.0
Vig CHO cells 0.68 £ 0.01 676 £ 146 148
V, CHO cells 1.2+£0.2 >10 000 >1239
oT CHO cells 1.7+£0.5 89.2+1.3 7.8
Mouse Via Liver 2.1+04 40.1 £ 2.2 1.0
Vig AtT20 cells 0.57 £0.03 184+8 16.9
V, Kidney 0.21 £ 0.04 597 £109 149
oT HEK293 cells 2.3+0.3 20.0£1.2 0.5

Affinity (Kq) for [®H]-AVP (nM) was determined from saturation binding experiments performed on plasma membranes derived from cell lines
stably expressing the different AVP/OT receptors or from tissue extracts as described in the experimental section. K; values for FE 201874 were
deduced from competition binding experiments illustrated in Figure 2 and from unshown results and are the mean + SEM of at least three
independent experiments, each performed in triplicate. For each analogue, the rat Vi, selectivity Index (Via-S.1.) was calculated as follows:
SI = (Ki analogue for Vx receptor/K4 AVP for Vx receptor)/(K; analogue for rVia receptor/Kq AVP for Vi receptor), where Vx receptor is the Vg,
V, or OT receptor. For the rat receptor, S| were calculated using as reference binding data obtained on native tissue (left column) or on
cultured cells (right column).

3(Pena et al., 2007).

Table 2
Pharmacological and physiological properties of FE 201874 for rat AVP/OT receptors

Receptors Peptide
Source Functional parameters oT FE 201874
Via Rat aorta ring Kact (NM) 79+1.3 nd 49.6 +3.8
Emax (%) 100 94 + 4
Adrenal cortex Kact (ug-kg™) 0.89 + 0.04 nd 1.4+0.1
Emax (%) 100 81.3+54
WRK1 cells Kact (NM) 0.59+£0.16 nd 7.7+1.0
Emax (%) 100 85.2+3.3
Vig AtT20 cells Kact (NM) 23+0.8 nd 140.3 £ 31.7
Ermax (%) 100 83.5+1.3
Vv, HEK293 cells Kact (NM) 0.19+0.12 nd 938 + 193
Ermax (%) 100 97.7 £ 6.9
rOT CHO cells Kact / Kinact' (NM) nd 2.26 +0.33 40.1+7.8
Emax (%) 100 6.7 +0.7

Pharmacological (measurements of second messengers accumulation) and physiological (measurement of rat aorta contraction and rat zona
glomerulosa cell proliferation) assays were performed as described in legends of Figures 3 to 6 and in Methods. K. or Kin.cc were deduced
from dose-response curves as illustrated on Figures 3-5 as previously described (Pena et al., 2007). For each assays, maximal efficacy was
calculated as the percentage of the maximal response obtained with 100 nM AVP (V;,, Vig and V, receptor) or 100nM OT (OT receptor).
Results are the mean + SEM of at least three distinct determinations each performed in triplicate.
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receptors , AtT20 cells expressing mV;g receptors, mouse liver naturally expressing mV;, receptors and mouse kidney naturally expressing mV,
receptors (C), were incubated with 1 nM [*H]JAVP in the presence or absence (control) of increasing amounts of FE 201874. Specific binding was
calculated for each condition and expressed as % of corresponding control values. Results are the mean £ SEM of at least three distinct

experiments each performed in triplicate.

agonist properties of FE 201874. We observed that this
derivative induced a sustained and dose-dependent contrac-
tion of rat aorta (Figure SA and C), which developed within a
few seconds after application of 100 nM FE 201874. Moreo-
ver, the maximal contraction induced (2.1 £ 0.3 g) is identical
to that obtained with AVP (2.2 +£0.2 g) (Figure 5B). In the
same conditions, [Thr*,Gly’]JOT and dDAVP did not induce
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contraction (Figure 5C). d[Leu* Lys®|VP was less effective than
FE 201874 with a higher K, (Table 2) and a maximal effect
representing 37 +8 % of that of FE 201874. As expected,
increasing concentrations of the selective rV;, receptor
antagonist SR49059 completely antagonized the effect of a
non-maximal concentration of FE 201874 (10nM) with a K; of
1.8 £ 0.2 nM (three experiments).
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vehicle was added in the incubation medium and the reaction allowed to proceed for another 15 min period. InsPs, which accumulated, were
measured and expressed as percentage of InsPs accumulated under control FE 201874 stimulation. Values are given as the mean + SEM of two

or three independent experiments each performed in triplicate.

Proliferative effect of FE 201874 in the rat
adrenal gland

Vasopressin, through the V;, receptor, has been shown to be
involved in adrenal glomerulosa cell proliferation (Grazzini
et al., 1998; Alonso et al., 2009) (see also Figure 6A). To vali-
date this in vivo model, we first verified that selective Vi
(d[Leu*,Lys®]VP), V, (dDAVP) and OT ([Thr*,Gly’]OT) receptor
agonists were unable to induce proliferation of rat glomeru-
losa cells even when tested at 128 ug-day' for 3 days
(Figure 6B). These data confirm that the adrenal cortex
expresses only functional V;, receptors involved in cell pro-
liferation and thus represents a convenient in vivo model for
testing selective Vi, agonists.

Rats were then infused for 3 days with increasing doses
of FE 201874 or AVP (from 0.04 to 13 pg-day') or vehicle
(control). As compared to controls, the adrenal cortex of
rats infused with FE 201874 contained numerous BrdU
positive cells mostly localized in the zona glomerulosa
(Figure 6A). This effect was saturable, dose- dependent with
a Ky of 1.4 £0.1 pg-day ™’ (three experiments), and compa-
rable to that induced by AVP but with a slightly lower K.
(see Table 2). When SR49059 was injected twice daily
(2.5 mg-day'; i.p.) to FE 201874-infused rats, the prolifera-
tive effect of FE 201874 was completely abolished
(Figure 6A), thus demonstrating that FE 201874-induced
proliferation was mediated entirely by activation of Vi,
receptors.

Control experiments also showed that FE 201874, even
when tested at 60 pg-day', did not induce rat tubular cell

proliferation as observed with dDAVP, a specific V, agonist
(Alonso et al., 2009). Similarly, FE 201874 did not modify rat
pituitary cell proliferation under the same experimental con-
ditions (data not shown).

Putative OT antagonist properties of FE
201874 tested in vivo

Binding and functional studies indicated that FE 201874 has
a moderate affinity for the OT receptor and displays antago-
nist properties. It is thus possible that this compound also
displays antagonistic OT properties when injected into living
animals. To test for this putative antagonistic action, we
injected FE 201874 to lactating rats and monitored lactation
efficiency by measuring the pups’ weight. In control dams,
injection of NaCl did not affect the pups’ growth curve
(Figure 7A). On the other hand, injection of the oxytocin
receptor antagonist SSR126788A (2.5 mg-day™) (Serradeil-Le
Gal etal., 2004) induced an expected transient break (24
hours delay) in the growth curve, confirming that an
oxytocin antagonist prevents normal lactation. Growth was
then restored with a slightly accelerated rate so that the
difference between pups from control and injected dams pro-
gressively became non-significant. Injection of FE 201874
(0.12 mg-day ') induced a larger break and a maintained shift
in the growth rate (Figure 7B). This effect was completely
prevented by a pre-injection of the V;, antagonist SR49059
(6 mg-day '), demonstrating that it resulted mostly from acti-
vation of the V,, receptor.

British Journal of Pharmacology (2013) 170 278-292 285



R Marir et al.
o

1001
AVP
75-
50-
E 201874
/

25

1004

751
AVP
50-
o/ FE201874
251 °

0 / ' T T 1 0 [I T
- -10 -8 -6 -4 -0 -10 -8 -6 -4

Analogue (-log [M]) Analogue (-log [M])

cAMP production
(% of maximal AVP response)

o
v

Total InsP accumulation
(% of maximal AVP response)

~—

c :
o o —
-§ %100 -§ 2 100£:I_//
38 or S8 +OT
E = 751 E QO 751
3 (@© -]
©E o
=
o ®© o=
E E 501 g § 501
g2 5%
S22 FE 201874 PR 25
oo - 7 K 7]
= ° ol Control
Oﬁ/ T T T 1 0'_// T T T T T 1
-0 -10 -8 -6 -4 -0 9 -8 7 6 5 -4
Analogue (-log [M]) FE 201874 (-log[M])
Figure 4

Agonist/antagonist properties of FE 201874 on rat Vi5,V, and OT receptors. (A) myo-[2,3H]-inositol prelabelled AtT20 cells stably transfected with
DNA encoding the rV;z receptor were pre-incubated for 15 min at 37°C with 20 mM LiCl and further stimulated with increasing concentrations
of AVP or FE 201874. Total InsP, which accumulated, are expressed as percentage of maximal AVP response. (B) [*H]-adenine prelabelled HEK293
cells transitively transfected with DNA encoding the rV, receptor were incubated with or without (control) increasing concentrations of AVP or FE
201874. cAMP, which accumulated, is expressed as % of maximal AVP response. (C) myo-[2,3H]-inositol prelabelled CHO cells stably transfected
with DNA encoding the rOT receptor were pre-incubated for 15 min at 37°C with 20 mM LiCl and further stimulated with increasing
concentrations of OT or FE 201874. Total InsPs, which accumulated, are expressed as percentage of maximal OT responses. (D) myo-[2,3H]-
inositol prelabelled cells expressing the rOT receptor were pre-incubated for 15 min at 37°C with 20 mM LiCl with or without increasing
concentrations of FE 201874. Then, 10 nM OT or vehicle (control) was added in the incubation medium and the reaction allowed to proceed for
another 15 min period. InsPs, which accumulated in each experimental condition, was measured and expressed as percentage of InsPs
accumulated under OT stimulation in the absence of FE 201874. Each point represents the mean + SEM of three independent experiments, each
performed in triplicate.

Discussion F180, a Vi, receptor agonist specific for human and bovine

receptors (Andres et al., 2002). It will also complete the
In this study, we describe the first selective V;, agonist for the battery of available tools to elucidate the respective contribu-
rat species and have characterized its pharmacological and tion of AVP/OT receptors in physiological and cognitive
physiological properties. This compound will complement processes.
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Figure 5

Vasoconstriction properties of FE 201874 on rat aorta. Isometric tensions (g) of aortic rings were recorded according to the following protocols.
Phenylephrine TuM (PE) was first added to the incubation medium to control the viability of each aortic ring. After a wash-out and a stabilization
period, increasing amounts of AVP (A) or FE 201874 (B) were added to reach the final concentrations of 0.1, 1, 3.16, 10, 31.6, 100, 316, 1000 nM.
Vertical arrows indicate the times of application. A final concentration of 700 nM AVP was added at the end of each cumulative dose-response to
normalize contraction to the maximal response to AVP. (C) Summarizes dose-response curves for AVP, FE 201874, d[Leu* Lysé]VP, [Thr*,Gly’]OT
and dDAVP deduced from traces illustrated in (A and B) and from unshown results. Data, expressed as percentage of the maximal contraction
induced by 100 nM AVP, are the mean * SEM of at least five distinct experiments. (D) Effect of a V4, antagonist on FE 201874 contractile response.
Aortic rings were pre-incubated or not for 10 min with increasing amounts of SR49059 (from 0.1 to 2 nM) before addition of a non-maximal
concentration of FE 201874 (50 nM). Vertical arrows indicate the times of application of each compound. (E) Dose-response curve of the inhibitory
effect of SR49059 deduced from traces illustrated in (D). Data are expressed as percentage of the contraction induced by 50 nM FE 201874 in
the absence of SR49059 and represent the mean + SEM of at least five experiments.
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adrenal cortex; mean = SEM of at least three experiments.

As illustrated in this paper, FE 201874 an analogue of
F180, exhibits nanomolar affinity for the 1V, receptor in a
variety of cellular contexts (WRK1 cell line or rat liver cells)
and an excellent rV,3/rV;, and rV,/rV,, receptor selectivity
and less evident selectivity towards the rOT receptor. A
similar pharmacological profile was observed for human
AVP/OT receptors. However, in contrast, FE 201874 was
found to be non-selective and to have weak affinity for the
mouse Vi, receptor. Taken together, these observations

288 British Journal of Pharmacology (2013) 170 278-292

confirm the well-known pharmacological species differences
already described for the AVP/OT receptor family (Busnelli
etal.,, 2012). It is also interesting to note that only a few
chemical modifications of the F180 molecule (replacement of
neutral Hmp' with positively charged Cys and Dab(Abu)®
with Orn) lead to rat Vi, receptor selectivity. As the carboxy
terminal tail of AVP is not directly in contact with the Vi,
receptor hormone binding pocket (Rodrigo et al., 2007), this
probably implies that the human/rat selectivity largely
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Influence of OT antagonist SSR126768A and FE 201874 on rat lactation. Lactation of rat dams (350 g) was evaluated by monitoring pups weight
twice a day (24-32 pups from 3 to 4 dams per data point). Lactating dams were injected i.p. twice (0.5 ml; vertical arrows) with either NaCl (0.9%;
Control), SSR126768A (3.3 mg-day™') or FE 201874 (0.13 mg-day™') on day 7. The Vi, agonist effect of FE 201874 was prevented by a
pre-injection of SR49059 (6.6 mg-day™'). Note that the OT antagonist induced a transient blockade of lactation resulting in a decreased pups
growth. This effect was mimicked by FE 201 874 but this latter action was independent of the OT receptor since it was blocked by pre-injection

of SR49059 (6.6 mg-day™'), a specific Via receptor antagonist.

depends upon chemical interactions between the first
cysteine of FE 201874 and the core of the rat Vi, receptor.

Functional studies performed on cell lines expressing
rAVP receptors also indicate that FE 201874 is a full agonist of
Vi, 1V and 1V, receptors; the K, are in accordance with the
corresponding K; determined by binding studies (see Tables 1
and 2) and corroborate the selectivity for the V;, receptor.
Experiments performed either ex vivo (rat aorta contraction)
or in vivo (rat glomerulosa cell proliferation) also confirm
these conclusions. FE 201874 is a full and selective Vi,
agonist; whatever the biological model tested, K.: and
maximal efficacy are similar, although slightly weaker, to that
of the natural hormone AVD.

In contrast, in CHO cells expressing rOT receptors, FE
201874 only very weakly stimulated the basal production of
InsPs and dose-dependently inhibited OT-stimulated InsP
accumulation with a K; related to its binding affinity for rOT
receptor. Such OT antagonism properties have been previ-
ously described in vitro for F180 and its derived peptides on
rat and human OT receptors (Andres et al., 2002; Laporte
et al., 2011). We found that, although FE 201874 mimics the
action of an OT receptor antagonist in vivo on lactation, its
mode of action actually involves V;, receptors. We observed
that the OT receptor antagonist SSR126768A (Serradeil-Le Gal
etal.,, 2004), delayed pups growth. A similar delay was
obtained with FE 201874. Although a block of milk ejection is

probably induced by FE 201874 (as attested by the absence of
milk in the pups’ stomach, not shown), the action of this
compound was completely blocked by pretreatment with the
rat selective Vi, receptor antagonist SR49059. This result sug-
gests that in vivo, this effect of FE 201874 is mediated mostly
by stimulation of Vi, receptors and not by inhibition of OT
receptors. Such an unexpected result is probably related to
the previously described effect of vasoconstrictor drugs on
mammary blood flow. As previously demonstrated in goats
with adrenaline, reducing this blood flow very rapidly leads
to a parallel decrease in milk production (Prosser et al., 1996).
As FE 201874 induces aorta ring contraction (this study) and
increases arterial pressure (Wisniewski et al., 2011), it may
decrease mammary blood flow and, as a consequence, milk
production and pup growth via stimulation of V, receptors.
Several factors might have contributed to the failure to
observe the involvement of OT receptor antagonism in the
decrease in milk ejection in our dams (i) the dose of FE
201874 was limited by its vasoconstrictive effects on the
animals; (ii) the effect of mammary blood flow reduction due
to vasoconstriction might have overwhelmed the milk ejec-
tion reflex induced by endogenous oxytocin; and (iii) in vivo,
FE 201874 might have lower affinity for the rat OT receptor as
an antagonist than as an agonist at the rat V,, receptor. Such
a discrepancy has been observed for rat Vi, receptors
expressed either in rat hepatocytes or in WRK1 cells (Cantau
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et al., 1980; Guillon et al., 1986) and for F180, which behaves
as a selective Vi, receptor agonist in vivo and a non-selective
vasopressin agonist in vitro (Andres et al., 2002). This result is
further demonstrates that pharmacological results obtained
in cellular models must be confirmed by in vivo experiments
before being considered significant.

Other reasons with regard to the tissue and cellular
context of the mammary gland could also underlie the results
obtained. For example, FE 201874 availability at the
mammary gland may be restricted by diffusion barriers or
specific degradation. This hypothesis could not be tested
since dams injected with a higher dose of FE 201874 showed
signs of physical discomfort that precluded a normal relation-
ship with the pups (not shown).

This new selective V;, agonist may have potential as a
treatment for the vasodilator-induced hypotension occurring
in conditions such as septic shock (Maybauer and Maybauer,
2011) and it also appears to be the most suitable compound
for discriminating between the behavioural effects of AVP
and OT. Indeed, OT, Vi, and V5 receptors have been shown
to be present in many areas of the rodent brain and numer-
ous behavioural studies have demonstrated opposite roles of
OT and AVP in sociality and bonding, as well as in anxiety,
fear and response to stress (Caldwell et al., 2008; Choleris
et al., 2009; Stoop, 2012). Up to now, the lack of a selective rat
V14 receptor agonist has hampered these studies, due to the
presence of V, receptor-mediated side effects such as vasodila-
tation and coagulation factor release (Kaufmann and Vischer,
2003) or to the poor selectivity of the AVP/OT drugs used. For
example, the use of the Manning compound to demonstrate
a Vi, receptor-mediated effect of AVP on rat memory is not
satisfactory since the peptide is a mixed V;,/OT receptor
antagonist. Similarly, as SR 149415 is a mixed V3/OT antago-
nist (Griffante et al., 2005), it cannot be used to demonstrate
that stress involves activation of Vi receptors. Also, the
nature of the AVP receptors mediating LTP in the rat CA2
hippocampus area (Chafai et al., 2012) remains to be evalu-
ated using the selective Vi (d[Leu*Lys®]VP) and Vi, (FE
201874) agonists now available, since many pharmacological
and immunological data strongly suggest the presence of
both receptors in this area (Vaccari et al., 1998; Hernando
et al., 2001; Young et al., 2006).

The development of specific peptidic or non-peptidic
drugs to decipher which AVP/OT receptor isoform is respon-
sible for a given physiological function has constituted an
active research field for more than two decades (Manning
etal., 2012). Thus, [Thr*,Gly’]OT, d[Leu* Lys®*]VP, FE 202158
(selepressin), and to a lesser extent dDAVP are respectively
considered as selective OT, Vi3, Vi, and V, receptor agonists
(Guillon et al., 2004; Pena et al., 2007; Laporte et al., 2011).
Similarly, compounds like SR49059, SR121463A and
SSR126415A have been used to selectively antagonize the
functional consequences of Vy,, V, and OT receptor activa-
tion (for review see Chini et al., 2008). In addition to its
usefulness for animal research, the development of selective
compounds may lead to valuable tools with potential thera-
peutic interest. Indeed desmopressin, a selective V, receptor
agonist, is widely used for the treatment of enuresis and
central diabetes insipidus.

In summary, these data demonstrate that FE 201874 is a
full rVy, receptor agonist in the biological models tested.
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Moreover, this peptide discriminates very well between rV,,
and 1V, or 1V;; receptors. Its relatively weak V;,/OT selectiv-
ity, as revealed by binding experiments, is counterbalanced
by its OT antagonistic properties. Indeed, as FE 201874 does
not stimulate the OT receptor, its binding to this receptor
isoform will have no functional consequences and will, in
fact, improve its selectivity for V;, receptors in functional
studies. In view of the selectivity indices of FE 201874, in
experiments on cell cultures or tissues slices concentrations
exceeding 10nM or 100nM, respectively, should not be used
if a selective action on the rV;, receptor is required. A similar
specificity will be obtained in in vivo experiments with doses
under 12 pug-kg'-day.

In conclusion, the present data, obtained from a combi-
nation of binding and physiological experiments, demon-
strate that FE 201874 is a specific V;, receptor agonist in the
rat.
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