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The vasopressin V1b receptor critically regulates
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The neurohypophyseal peptide [Arg®]-vasopressin (AVP) exerts major physiological actions through
three distinct receptor isoforms designated V1a, V1b, and V2. Among these three subtypes, the vaso-
pressin V1b receptor is specifically expressed in pituitary corticotrophs and mediates the stimulato-
ry effect of vasopressin on ACTH release. To investigate the functional roles of V1b receptor subtypes
in vivo, gene targeting was used to create a mouse model lacking the V1b receptor gene (VIbR7").
Under resting conditions, circulating concentrations of ACTH and corticosterone were lower in
V1bR7~ mice compared with WT mice (VIbR"*). The normal increase in circulating ACTH levels in
response to exogenous administration of AVP was impaired in VIbR”~ mice, while corticotropin-
releasing hormone-stimulated ACTH release in the VIbR~ mice was not significantly different from
that in the VIbR"* mice. AVP-induced ACTH release from primary cultured pituitary cells in VIbR/~
mice was also blunted. Furthermore, the increase in ACTH after a forced swim stress was significantly
suppressed in VIbR7~ mice. Our results clearly demonstrate that the V1b receptor plays a crucial role
in regulating hypothalamic-pituitary-adrenal axis activity. It does this by maintaining ACTH and cor-
ticosterone levels, not only under stress but also under basal conditions.

J. Clin. Invest. 113:302-309 (2004). doi:10.1172/JCI200419656.

Introduction

The neurohypophyseal peptide [Arg®]-vasopressin
(AVP) is involved in diverse functions, including the
contraction of smooth muscle, stimulation of liver
glycogenolysis, modulation of corticotropin release
from the pituitary, and inhibition of diuresis (1).
These physiological effects are mediated through the
binding of AVP to specific membrane receptors of the
target cells. AVP receptors are G protein-coupled and
have been divided into at least three types: Vla, V1b,
and V2. The Vla (vascular/hepatic) and V1b (anteri-
or pituitary) receptors act through phosphatidyli-
nositol hydrolysis to mobilize intracellular Ca?* (2).
The V1a receptor mediates physiological effects such
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as cell contraction and proliferation, platelet aggre-
gation, coagulation factor release, and glycogenoly-
sis. The V1b receptor exists in the anterior pituitary,
where it stimulates corticotropin release. The V2
receptors are found primarily in the kidney. They are
linked to adenylate cyclase and the production of
cAMP, and are associated with antidiuresis (3). All of
these receptors have been cloned (4-6) and belong to
the family of “seven membrane-spanning” receptors,
which signal through G proteins (7).

AVP is synthesized primarily in the magnocellular
neurons of the hypothalamic paraventricular nuclei
and in the supraoptic nuclei that project to the poste-
rior pituitary. In addition, parvocellular neurons of the
paraventricular nuclei coexpressing AVP and corti-
cotropin-releasing hormone (CRH) coordinate hypo-
thalamic-pituitary-adrenal (HPA) system activity and
project to the external layer of the median eminence,
where AVP and CRH are released into the portal blood
(8). Numerous investigations have shown that AVP syn-
ergizes potently with CRH to stimulate pituitary ACTH
release both in vitro and in vivo (8). A recent study
using mice lacking the type 1 CRH receptor gene
(Crbr17~ mice) further provided indirect evidence that
this vasopressinergic system can work as a compensa-
tory mechanism to maintain HPA activity when
CRH/CRHRI signaling is impaired (9, 10). Thus, AVP
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appears to regulate HPA axis activity in modulating the
effect of CRH; however, its role is not fully understood.
Highly selective peptide and nonpeptide vasopressin
receptor antagonists have been developed (11). Non-
peptide “Vla receptor-selective” antagonists such as
OPC-21268 have been developed for potential thera-
peutic use in treating hypertension and congestive heart
failure (12). Also, a “V1b receptor-selective” antagonist,
SSR149415, has been recently developed, and pharma-
cological studies showed that it inhibits the exogenous
AVP-induced increase in circulating ACTH and pos-
sesses anxiolytic- and antidepressant-like effects (13,
14). More recently, mice lacking the V1b receptor have
been produced, and an initial behavioral characteriza-
tion showed that these mutant mice displayed reduced
aggressive behavior; however, the effect of the V1b recep-
tor deficiency on HPA activity has not yet been fully
assessed (15). In order to better understand the physio-
logical roles of AVP/V1Db receptor signaling in regula-
tion of the HPA axis, we have tried to characterize HPA
axis activity in mice lacking the V1b receptor by using
receptor-selective pharmacological agents.

Methods

Targeting of the mouse V1b receptor gene. The mouse V1b
receptor gene consists of two exons and one intron, and
spans 10 kb (16). DNA fragments of 2.5 kb and 6.0 kb
were subcloned from the mouse V1b receptor genomic
clone (Figure 1) into pBluescript (Stratagene, La Jolla,
California, USA). These two fragments were inserted
into a plasmid with a 1.6-kb cassette containing the
neomycin resistance gene (Neo) under the control of the
phosphoglycerate kinase promoter, as described (17). As
a result, the 3.5-kb region including the first exon and
part of the first intron of the V1b receptor gene was
replaced with the Neo cassette. The diphtheria toxin A
fragment gene was used as a negative selection marker
(18). The 1.8-kb diphtheria toxin (DT) cassette was
inserted into the plasmid to obtain the targeting vector
(Figure 1). After its linearization, the targeting vector
contained two regions having homology with the V1b
receptor gene: a 2.5-kb fragment of the 5" untranslated
sequences and a 6.0-kb fragment containing part of the
first intron. The linearized targeting vector was insert-
ed by electroporation into 129Sv ES cells, which were
then subjected to selection with G418. Southern blot
analysis was performed on 288 neomycin-resistant ES
clones. Genomic DNA was digested with EcoRV, elec-
trophoresed on a 0.8% agarose gel, transferred to a
membrane, and hybridized with a 5" probe that was
derived from the V1b receptor locus (Figure 1). Diges-
tion of genomic DNA with EcoRV generated 14.0-kb
and 2.8-kb restriction fragments for the WT and dis-
rupted alleles, respectively. Five clones positive for the 5
probe were expanded and subjected to further Southern
blot analysis with 3" and Neo probes, revealing that two
of these clones were positive for the correct targeting
event. The two positive ES clones were independently
microinjected into C57BL/6] mouse blastocysts, which

were then transferred into pseudopregnant NMRI
females. This generated 12 chimeric mice, as indicated
by their coat color. Male chimeras were then mated to
C57BL/6] mice, and evidence of germ-line transmission
was monitored by agouti coat color contributed from
the 129Sv-derived ES cell genome.

F; heterozygotes were generated by mating chimeric
mice to C57BL/6] mice and homozygotes (F,) were
obtained by mating between the F; heterozygotes. Mice
were screened by genotyping using Southern blot
analysis and PCR to detect the V1b receptor gene. The
knockouts used in this analysis were F3, F4, and Fs,
which carried the genetic background of 129Sv and
CS7BL/6] strains. VIbR* littermates were used for the
analysis as the WT mice.

Animal housing and wmanipulations. Animals were
housed in micro-isolator cages in a pathogen-free bar-
rier facility. VIbR* and V1bR7/~ mice were maintained
under conditions of 12 hours light/12 hours darkness
and were fed ad libitum. Mice used for all studies were
8-12 weeks old and were of a C57BL/6 X 129Sv genetic
background maintained by breeding within our popu-
lation. All experimentation was performed according
to approved institutional guidelines.

RT-PCR analysis. RNA preparation and RT-PCR were
performed as described previously (17). Thermal
cycling was performed for 30 seconds at 94°C, 30 sec-
onds at 57°C, and 2 minutes at 72°C for 30 cycles.
The upstream and downstream primers for the V1b
receptor (540 bp) (5" — 3’) were TCTGGCCACAGGAG-
GCAACCT upstream and ATCTCGTGGCAGATGAGGC-
CA downstream. The upstream and downstream
primers for the V1b receptor gene were located with-
in the first exon for the receptor (16). The GAPDH
primers (5" — 3’) were GGTCATCATCTCCGCCCCTTC
upstream and CCACCACCCTGTTGCTGTAG down-
stream, and the PCR product was 662 bp. Control
PCR reactions also were performed on non-reverse-
transcribed RNA to exclude any contamination by
genomic DNA. The specificity of the amplified DNA
fragments was determined by Southern blot using a
receptor-specific 32P-labeled cDNA probe.

Histological analysis. Tissues from VIbR”* or VIbR~ mice
(8-12 weeks old) were perfusion fixed in PBS plus 10%
formalin. Several sections were obtained for gross mor-
phological analysis, then paraftin embedded for thin sec-
tioning followed by hematoxylin and eosin staining.

Anterior pituitary cultures and ACTH measurements. Ante-
rior pituitary cells from VIbR”* or VIbR”/~ male mice
(8-9 weeks old) were cultured and ACTH-radioim-
munoassays were performed as described (19). Briefly,
VIbR”* and VIbR/~ male mice were killed by decapita-
tion, and then their anterior pituitary glands were rap-
idly removed. The anterior pituitary glands were enzy-
matically dispersed by the method of Oki et al. (20) with
a slight modification. The glands were incubated for 1
hour at 37°C with HEPES-dispersion buffer (pH 7.3; 137
mM NaCl, 5 mM KCl, 0.7 mM Na,HPOj,, 10 mM glu-
cose, 0.1% BSA, and 25 mM HEPES) containing 0.4% col-
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Figure 1

Generation of V1b receptor-deficient mice. (a) Simplified restriction map of the V1b receptor gene and structure of the targeting vector. The
coding region of the exon is boxed. Neo, neo cassette; DT-A, diphtheria toxin A fragment gene; B, BamH]I; E, EcoRI; EV, EcoRV; H, Hindlll;
S, Sacl; Sp, Spel; X, Xhol. (b) Southern blot analysis of tail DNA. DNA was digested with EcoRV and the blot was hybridized with the 5’ probe
shown in a. The 14.0-kb band is derived from the WT allele (Wild) and the 2.8-kb band from the targeted allele (Mutant). (¢) RT-PCR analy-
sis of the RNA from tissues of VIbR"* and V1bR~~ mice. Ethidium bromide stainings of RT-PCR fragments are shown at left. The V1b recep-
tor mRNA transcripts were detected and are shown as 540-bp fragments. The control for RT-PCR analysis was provided by detection of the
662-bp fragment of the GAPDH message. Southern blots of the RT-PCR fragments are shown at right. The specificities of the amplified frag-
ments were assessed using 32P-labeled probes specific for each receptor subtype. Lane 1, brain; lane 2, hippocampus; lane 3, pituitary; lane
4, heart; lane 5, lung; lane 6, liver; lane 7, kidney; lane 8, spleen; lane 9, aorta.

lagenase and 190 U/ml DNase type 1). The resulting sus-
pension of cells was centrifuged at 400 g for 10 minutes.
The pellets were suspended with DMEM containing 100
U/ml penicillin G potassium, 1 mg/ml streptomycin sul-
fate, and 10% FCS, and then were sieved through a
100-um nylon mesh. The anterior pituitary cells thus
obtained were resuspended with culture medium and
then seeded into 24-well plates (2 X 10° to 3 x 10°
cells/well). The cells were cultured in a humidified incu-
bator at 37°Cin 5% CO; and 95% air. After 7 days of cul-
ture, confluent cells (7 X 10° to 8 X 10° cells/well) were
washed with incubation medium. After preincubation

for 1 hour with incubation medium, the cells were incu-
bated without or with AVP (Peptide Institute Inc., Osaka,
Japan) or CRH (Peptide Institute Inc.) for an additional
3 hours. In experiments with SSR149415 or OPC-21268,
the effect of AVP antagonists on AVP-induced ACTH
release was examined in these cultured cells. OPC-21268
(Otsuka Pharmaceutical Co.) or SSR149415 (Sanofi-
Synthelabo, Montpellier, France) was added 10 minutes
prior to the administration of AVP (100 nM). At the
end of the incubation period, the medium was collect-
ed and stored at -20°C until the ACTH assay could be
performed. The ACTH released into the incubation
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medium was measured by an ACTH immunoradiomet-
ric assay (Mitsubishi Chemical Co., Tokyo, Japan). The
ACTH concentration was expressed as the amount
released per 5 x 10° cells.

A preliminary series of radioligand binding studies
measuring [3H|AVP binding to cloned mouse V1a and
V1b receptors was performed as described previously
(21). Competition binding experiments showed that the
affinity of OPC-21268 for the mouse Vla receptor (K;
approximately 500 nM) was more than 200 times high-
er than its affinity for V1b and V2 receptors. SSR149415
exhibited a higher affinity for the mouse V1b receptor (K;
approximately 100 nM) than for the Vl1a (K; approxi-
mately 6 UM) and V2 (K;approximately 6 UM) receptors.

Measurement of ACTH and corticosterone. To determine
basal levels of HPA hormones, individually housed male
mice were left undisturbed throughout the night before
the experiment and were killed in either the light phase
(the third hour of the light phase) or the dark phase (the
third hour of the dark phase of the light cycle) by decap-
itation within 20 seconds of initial cage disturbance.
Blood samples were collected in prechilled tubes con-
taining EDTA and a protease inhibitor (10 pl aprotinin;
Trasylol, Bayer Corp., Leverkusen, Germany) and then
centrifuged for 10 minutes at 3,000 gand 4°C. Plasma
samples were stored at -80°C until assay. Plasma ACTH
and corticosterone levels were measured from 50 pl and
10 pl plasma, respectively, using commercially available
kits (Biochem Immunosystems, Freiburg, Germany)
according to the manufacturer’s protocols.

After 1 week of daily handling, VIbR”* and VIbR7~
male mice weighing 23-29 g (25 + 2.6 g for VIbR,
n=8,and 25 + 2.5 g for VIDR”~, n = 8, respectively) were
injected intraperitoneally with either vehicle (PBS plus
0.3% BSA), CRH (0.5 pg/mouse), or AVP (0.05 or 0.5
ug/kg). Our preliminary time-course study showed
that circulating ACTH levels peaked 10 minutes after
AVP intraperitoneal injection, and this procedure was
chosen to monitor the effects of various agents in the
following experiments. Our time-course results are in
agreement with previous reports (22). The mice were
killed by rapid decapitation 10 minutes after AVP injec-
tion or 30 minutes after CRH injection, and trunk
blood was collected for determination of plasma ACTH
and corticosterone levels.

Forced swim stress test. Male mice were subjected to
forced swim stress as a predominantly physical stressor
(23). Between 8:00 am and 10:00 am on the day of test-
ing, each male mouse was placed for 0.5-10 minutes in
a glass beaker (diameter, 12.5 cm; height, 14 cm) filled
with tap water (23°C). Subsequently, the animals were
returned to their home cages, and blood collection was
performed by decapitation immediately after the end of
stress exposure. Plasma ACTH and corticosterone con-
centrations were determined.

Statistics. All values are expressed as mean + SEM.
Statistical analysis was performed using the Stu-
dent’s ¢ test. A P value below 0.05 was considered sta-
tistically significant.

Results
Targeted disruption of the mouse V1b receptor gene. The strat-
egy for inactivating one copy of the V1b receptor gene
in ES cells is shown in Figure 1a. Homologous recom-
binants were identified by Southern blot analysis of
genomic DNA. Two of the positive ES clones con-
firmed by Southern blot analysis with the 5’, 3’, and
Neo probe were independently microinjected into
C57BL/6] blastocyst-stage embryos. Six of fourteen
chimeric mice were mated to C57BL/6] mice, and
germline transmission of the mutant allele was con-
firmed by genomic Southern analysis of tail DNA from
F, progeny. Mating between heterozygous male and
female mice generated F, progeny with all three geno-
types: homozygous mutant (VIbR7"), heterozygous
mutant (VIbR""), and WT mice (VIbR”") (Figure 1b).
The WT allele generates a 14.0-kb EcoRV fragment, and
the mutanct allele generates a 2.8-kb EcoRV fragment.
Analysis of the V1b receptor genotype frequencies after
intercrosses of heterozygous mutant mice did not
reveal any deviation from mendelian expectations (data
not shown). No significant difference in body weight
was observed between age-matched VIbR7-, VIbR"",
and WT males or females up to 4 months old. In addi-
tion, homozygous VIbR”/~ mutants did not show any
significant difference in their total amount of water
and food intake (data not shown). Thus, disruption of
the V1b receptor gene does not seem to have any major
effect on mouse development, fertility, growth, or feed-
ing behavior under standard breeding conditions.
Tissue weight and histological analysis. The ratio of adrenal
gland weight to body weight was significantly (P < 0.05)
lower in the VIbR 7~ female mice than in the age-matched
VIbR"* female mice, but these differences were not
observed in male mice (male VIbR”7*:0.017 +0.003,n=8§;
male VIbR7~: 0.019 + 0.002, n = 12; female VIbR"":
0.038 +0.005, n = 8; female VIbR7:0.029 £ 0.003,n = 12).
The weights of other tissues examined, including brain,
liver, kidney, and pituitary, were comparable between
VIbR”* and VIbR7~ male or female mice (data not shown).
No major morphological differences were apparent in
the cerebral cortex, hippocampus, amygdala, hypothal-
amus, or pituitary in 10-week-old VIbR7~ males. We
studied the anterior pituitary in more detail using spe-
cific antibodies to ACTH, and found no marked differ-
ences in cell densities throughout the entire pituitary, or
in the cell densities of corticotrophs and melanotrophs
(data not shown). Histological analysis of the adrenal
glands did not reveal any apparent changes of the adre-
nal cortex, including the zona fasciculata (the major site
of corticosterone production), in VIbR7~ mice. There
was no significant difference in the diameter of the adre-
nal medulla between homozygous mutants and con-
trols, as determined by evaluating the diameters of seri-
al sections of adrenal glands (data not shown). The
absolute densities of chromaftin cells were indicated by
tyrosine hydroxylase and phenylethanolamine N-methyl-
transferase immunostaining, and these also were not sig-
nificantly altered (data not shown).
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Expression of mRNA. RT-PCR was used to assess the
expression of the V1b receptor subtype in various tissues
from male VIbR** and VIbR”~ mice. As shown in Figure
Ic, in VIbR”* mice, the V1b receptor transcript was
expressed most abundantly in the pituitary and could be
faintly detected in the hippocampus. On the other hand,
no V1b receptor transcript was detectable in any tissue
examined from the VIbR7~ mice, while expression of
GAPDH in VIbR”/~ mice was comparable to that in
VIbRY* mice (Figure 1c), confirming the absence of V1b
receptor mRINA expression in VIbR~ mice. To investi-
gate potential compensatory changes in expression of
other vasopressin receptor subtypes (V1a, V2) and of oxy-
tocin receptor after loss of V1b receptor in VIbR”~ mice,
we further examined changes in their transcriptions in
various tissues using RT-PCR analysis. Expression of the
Vla, V2, and oxytocin receptors in VIbR7~ mice was sim-
ilar to that in VIbR”* mice (data not shown), suggesting
that inactivation of the V1b receptor gene does not lead
to any dramatic compensatory change in expression of
the other subtypes.

ACTH release from primary cultured pituitary cells. First,
ACTH release from primary cultured pituitary cells
from mice was characterized pharmacologically. As
shown in Figure 2a, 107 M AVP potently stimulates
ACTH release from these primary cultured pituitary
cells. Although the V1a receptor-selective antagonist
OPC-21268 was ineffective at the concentration of 1
UM, the V1b receptor-selective antagonist SSR149415
potently inhibited AVP-induced ACTH release in a
dose-dependent manner (Figure 2a). Around 40% and
50% inhibition was observed at 1 uM and 10 uM
SSR149415, respectively. Application of the antago-
nists alone did not change ACTH release at any of the
concentrations used (data not shown).

To confirm the functional deletion of the V1b receptor
in the VIbR”/~ mice, we cultured pituitary cells from
V1bR7/~ and VIbR"* males, stimulated the cells with AVP
or CRH, and determined the level of ACTH release. Basal
ACTH release from pituitary cells was not significantly
different between VIbR7~ males and VIbR”* males (Fig-
ure 2b). AVP significantly increased ACTH release from
cells of V1bR”* mice (2.7-fold at 100 nM AVP), while
there was no change in ACTH release after AVP stimula-
tion in cells from the VIbR”~ mouse. In both groups, the
addition of 10 nM CRH to pituitary cells increased the
ACTH release by sixfold and fivefold in VIbR”* and
VIbR”~ mice, respectively, and there was no significant
difference in response between the two genotypes.

ACTH and corticosterone. To investigate the physiologi-
cal role of the V1b receptor in regulation of the HPA axis,
we monitored plasma ACTH and corticosterone concen-
trations under basal conditions and also after AVP stim-
ulation. The basal plasma ACTH concentration at the
light phase was lower in the VIbR7~ mice than in the WT
mice (59 £ 13 pg/ml in VIbR”* mice,n=21;and 29 + 5
pg/mlin VIbR7~ mice, n = 29; P = 0.04). Corresponding
to the reduced ACTH, the corticosterone concentration
in the light phase was also reduced in VIbR”~ mice com-

pared with VIbR”* mice (19 + 1 ng/ml in VIbR”* mice,
n=21;15 £ 1 ng/ml in VIbR”~ mice, n = 29; P = 0.0004)
(Figure 3). Plasma ACTH was elevated in VIbR* mice at
the third hour of the dark phase of the light cycle, where-
as it was not elevated in VIbR7~ mice (141 + 81 pg/mlin
VIbRY* mice, n=11;11 + 4 pg/ml in VIbR7~ mice, n ="7)
(data not shown), showing that the circadian variation in
ACTH observed in VIbR"* mice was blunted in VIbR~~
mice. In contrast to ACTH, the corticosterone level was
elevated at the dark phase compared with that at the light
phase even in VIbR”~ mice. Circadian variation in corti-
costerone secretion, compared with that in ACTH secre-
tion, appears to be not much influenced by the absence
of the V1b receptor (data not shown).

The HPA axis was examined after AVP stimulation.
Exogenous administration of AVP increased ACTH
secretion in a dose-dependent manner in the VIbR7*
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ACTH levels in anterior pituitary cell cultures from V1bR"* and V1bR~/~
mice. (a) Effects of AVP antagonists on ACTH release from primary cul-
tured pituitary cells. SSR149415 or OPC-21268 was added 10 min-
utes prior to the administration of AVP (107 M) in the cultured pitu-
itary cells from V1aR"/* male mice. The ACTH levels were expressed as
the amount secreted over a period of 3 hours per 5x 10° cells. The val-
ues are represented as the mean + SEM of four experiments. *P < 0.05,
antagonists vs. no antagonists. (b) Effects of AVP or CRH on ACTH
release in VIbR~~ mice. The cells from V1bR*/* (white bars) or V1bR 7/~
(black bars) male mice were incubated without or with AVP or CRH.
The values are represented as the mean + SEM of five or six experi-

ments. *P < 0.05 between genotypes.
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male mice (Figure 3). On the other hand, stimulation
with AVP (0.05 or 0.5 ug/kg, given intraperitoneally)
did not significantly increase the circulating ACTH
level in the VIbR7~ male mice (Figure 3). Similarly,
administration of AVP increased corticosterone secre-
tion in a dose-dependent manner in the VIbR”* male
mice, whereas the response stimulated by AVP at 0.5
lg/kg was significantly attenuated in the VIbR7~ male
mice (Figure 3). On the other hand, exogenous CRH-
induced ACTH or corticosterone secretion levels were
comparable between both groups.

Stress-induced ACTH and corticosterone secretions. As
shown in Figure 4, a significant increase in plasma

Figure 3

Plasma ACTH (a) and corticosterone (b) concentrations under basal
conditions and after stimulation with AVP or CRH. The mice were
killed by rapid decapitation 10 minutes after intraperitoneal AVP
injection or 30 minutes after intraperitoneal CRH injection, and
trunk blood was collected for determination of plasma ACTH and
corticosterone levels. Data are expressed as mean = SEM (basal level,
n=21in VIbR”*and n =29 in V1bR~/~ mice; vehicle, AVP, and CRH
stimulation, n = 8 for each genotype). *Statistically significant dif-
ference between genotypes (P < 0.05). White bars, VIbR"* male;
black bars, V1bR~/~ male.

level after the forced swim test was significantly lower
in the VIbR/~ male mice than in the VIbR”* mice, but
the increase in corticosterone above the basal level was
comparable between the two groups of mice.

Vla receptor— and V2 receptor—mediated responses. We
monitored vasopressor and antidiuretic effects as V1a
receptor-mediated and V2 receptor-mediated respons-
es, respectively. Increases in mean arterial pressure mon-
itored after AVP stimulation (0.1-10 pug/kg) were not
different between VIbR”* and VIbR”/~ mice (data not
shown). To assess the V2 receptor-mediated antidiuret-
ic effect, we monitored urine output for 24 hours and
the urine output during water loading with or without
1-deamino, 8 D-arginine vasopressin (DDAVP). The
basal urine outputs for 24 hours were not different
between VIbR** and VIbR”~ mice (1.35 £ 0.13 ml, n = 10;
and 1.01 £ 0.13 ml, »n = 9, respectively). The urine out-
puts during water loading (5% of body weight) were

a
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ACTH after the forced swim test was observed in the FST (min)

VIbRY* male mice, but this response was markedly b

impaired in the VIbR7/~ male mice. The corticosterone 40 ¢ 2

E 35 *
Figure 4 £ N
Plasma ACTH (a) and corticosterone (b) concentrations after the o 30| * W
forced swim test (x). Each mouse was placed for 0.5, 2,4, 7, or 10 o *
minutes in a glass beaker (12.5 cm in diameter, 14 cm in height) 2 * r‘
filled with tap water (23°C). Subsequently, the animals were 8 a7
returned to their home cages, and blood collection was performed 5 w
by decapitation immediately after the end of stress exposure. Plasma © 2}t
ACTH and corticosterone concentrations were determined. Data are
expressed as mean = SEM (n = 8-10). *Statistically significant dif- 15 L
ference between genotypes (P < 0.05). White bars, VIbR"* male; 0 0.5 2 4 7 10
black bars, V1IbR~/~ male. FST (min)
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1.16 £0.07 and 1.04 + 0.11 ml/4 hours in VIbR"* (n = 10)
and VIbR7/~ mice (n = 10), respectively. In addition, the
urine outputs in response to DDAVP (100 ng/kg) during
water loading were also not different between VIbR"*
and VIbR7~ mice: 0.08 + 0.02 and 0.12 + 0.06 ml/4 hours
in VIbRY* (n = 10) and VI1bR~~ mice (n = 10), respective-
ly. These studies show that V1a receptor- and V2 recep-
tor-mediated responses are intact in V1b-deficient mice.

Discussion

Using mice lacking the vasopressin V1b receptor and
recently developed subtype-selective pharmacological
ligands, we investigated the functional roles of the vaso-
pressin V1b receptor subtype, with a particular focus on
the HPA axis system. VIbR7~ mice showed lower HPA
axis activity under resting conditions, and also displayed
reduced responses to AVP administration and to a forced
swim stress compared with VIbR”* mice. The present
study clearly demonstrates that AVP exerts critical regu-
lation of HPA axis activity not only during stress condi-
tions but also in resting conditions, indicating that vaso-
pressinergic regulation of HPA axis activity is of equal
importance to the CRH/CRHR1 system.

Basal level of ACTH and corticosterone. After the dis-
covery of CRH by Vale et al. (24), it was rapidly estab-
lished that AVP potently synergizes with CRH to
stimulate pituitary ACTH release; thus, when CRH
and AVP are given together, ACTH output is well
above the sum of that resulting from the two pep-
tides alone in both rodents and humans (25, 26). This
CRH/AVP synergism is known to be functionally rel-
evant under both physiological (27) and pathophysio-
logical conditions, such as stress (28, 29) or gluco-
corticoid deficiency (30, 31). A previous study of
Crbrl7~ mutant mice suggested that there was a
selective compensatory activation of the hypothala-
mic vasopressinergic system to maintain basal ACTH
secretion and HPA system activity in these mice (10).
To see whether activation of the vasopressinergic sys-
tem was functionally relevant, we examined HPA axis
activity in V1b receptor-deficient mice. Basal plasma
ACTH and corticosterone concentrations in homozy-
gous VIbR7/~ mutants were found to be significantly
lower than those found in WT controls, although
basal plasma ACTH concentrations in homozygous
Crbrl~- mutants were similar to those found in WT
controls (32). These observations suggest that basal
ACTH secretion might be primarily maintained by
signaling pathways involving the AVP/V1b receptor,
and these may not be fully compensated for by
CRH/CRHRI1 signaling pathways.

HPA axis activity under stress conditions. Regulation of
ACTH secretion during stress is multifactorial, with
CRH and AVP being the most physiologically impor-
tant stimulators of its release (8). However, the indi-
vidual functional roles of AVP and CRH involving the
HPA axis under basal or stress conditions have not been
fully elucidated. Therefore, we investigated the HPA
axis under stress conditions. Stress-induced increases

in plasma ACTH and corticosterone levels were signif-
icantly decreased in homozygous VIbR”/~ mutants
compared with those in control mice. The final con-
centrations of ACTH and corticosterone were also
lower in VIbR7~ mutants than in VIbR* mice, and
increases in ACTH after a forced swim stress were
smaller in VIbR~~ mice than in VIbR"* mice. Unlike
VIbR~/~ mutants, mutant mice lacking the Crhrl gene
showed normal ACTH levels under basal conditions
but had impaired stress-induced ACTH responses (9).
Taken together, these results show that under the stress
condition, both the hypothalamic AVP/V1bR and the
CRH/CRHRI system are required and indispensible to
maintain normal HPA system regulation.

Our study showed that the impact of V1b receptor
deletion was much greater on ACTH release than on
corticosterone. This may be due to the differential reg-
ulatory role of vasopressin in ACTH release from the
pituitary and corticosterone release from the adrenals.
ACTH release is predominantly regulated by two major
stimulatory factors of CRH and AVP via CRHR1 and
V1b receptor, respectively. Our present study and a pre-
vious study (33) using mice lacking the Crhrl gene
clearly showed that AVP and CRH are potent direct
stimulators of ACTH and predominantly, if not exclu-
sively, regulate ACTH release from the pituitary. On the
other hand, corticosterone secretion from adrenal
glands is complexly regulated not only by ACTH, but
also by other factors, including direct and indirect vaso-
pressin effects (33). Our data obtained from VIbR7/~
mutants show that ACTH release is more closely relat-
ed to AVP stimulation than the corticosterone release.

In conclusion, our vasopressin V1b receptor knock-
out mouse study has suggested that AVP/V1b receptor
signaling plays a crucial role in maintaining basal
ACTH secretion, and that both AVP/V1Db receptor sig-
naling and CRH/CRHRI signaling appear to play a
crucial role in modulating HPA activity under stress
conditions. Clinical implications include the possibil-
ity that drugs that regulate V1b receptor activity may
exhibit a therapeutic profile in the fields of stress, anx-
iety, and depression. Several neuroendocrine studies
strongly suggest that dysregulation of the HPA system
plays a causal role in the development and course of
diseases such as generalized anxiety, depression, and
addiction. In addition, many clinical conditions are
accompanied by an exaggerated response to stress (34).
Since these disorders have been associated with exces-
sive HPA activity in both humans and animals, one can
speculate that V1b receptor antagonists have potential
for use in all such situations. In fact, it was shown that
the V1b receptor antagonist SSR149415 displayed
anxiolytic-like activity in mice (13). Also, in keeping
with the anxiolytic-like properties of SSR149415,
knockout mice displayed behavioral alterations such
as reduced aggression (15), confirming the role of V1b
receptors in anxiety. Moreover, recent immunohisto-
chemistry analysis showed that the V1b receptor pro-
tein has a wide distribution in the rat brain, in partic-
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ular in the hypothalamus, amygdala, cerebellum, and
in areas close to circumventricular organs devoid of a
blood-brain barrier (35). This localization in key brain
structures that are associated with specific central
functions also strongly supports the idea that there are
roles for central V1b receptors in learning, memory,
and various emotional and behavioral situations.
Extensive studies are clearly required to further explore
the specific activities of V1b receptors in various mod-
els of CNS disorders. V1b receptor knockout mice will
continue to be of value not only to investigate regula-
tory mechanisms in a variety of physiological respons-
es to AVP (15), including control of the HPA axis and
its dysregulation, but also for the development of new
therapeutic agents.
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