Generation and phenotype of mice harboring
a nonsense mutation in the V2 vasopressin receptor gene
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The V2 vasopressin receptor (V2R) plays a key role in the maintenance of a normal body water bal-
ance. To generate an in vivo model that allows the physiological and molecular analysis of the role
of V2Rs in kidney function, we have created mouse lines that lack functional V2Rs by using target-
ed mutagenesis in mouse embryonic stem cells. Specifically, we introduced a nonsense mutation
known to cause X-linked nephrogenic diabetes insipidus (XNDI) in humans (Glu242stop) into the
mouse genome. V2R-deficient hemizygous male pups showed a decrease in basal urine osmolalities
and were unable to concentrate their urine. These pups also exhibited an enlargement of renal pelvic
space, failed to thrive, and died within the first week after birth due to hypernatremic dehydration.
Interestingly, female mice heterozygous for the V2R mutation showed normal growth but displayed
an XNDI-like phenotype, characterized by reduced urine concentrating ability of the kidney,
polyuria, and polydipsia. Western blot analysis and immunoelectron microscopic studies showed
that the loss of functional V2Rs had no significant effect on the basal expression levels of aquapor-
in-2 and the bumetanide-sensitive Na-K-2Cl cotransporter (BSC-1). The V2R mutant mice described
here should serve as highly useful tools for the development of novel therapeutic strategies for the

treatment of XNDI.

J. Clin. Invest. 106:1361-1371 (2000).

Introduction

In most mammals, including humans, the mainte-
nance of a normal water balance is critically dependent
on the renal actions of the antidiuretic hormone,
8-arginine vasopressin (AVP) (1, 2). When the plasma
osmolality increases above a critical level, AVP is
released from the posterior pituitary gland into the
bloodstream. AVP exerts its antidiuretic effect via bind-
ing to renal V2 vasopressin receptors (V2Rs), which are
almost exclusively expressed in the principal cells of the
renal collecting duct system (1-4). Ligand-occupied
V2Rs activate the stimulatory G protein, G, resulting
in an increase in intracellular cAMP levels which,
through a series of intermediate steps, eventually trig-
gers the insertion of the aquaporin-2 (AQP2) water
channel proteins into the luminal membrane of the
principal cells (2, 5-7). Accumulation of AQP2 water

channels in the luminal side of the principal cells
enables the passive movement of water from the tubu-
lus lumen (urine) into the kidney interstitium and
eventually into the bloodstream.

The human and rat V2R genes were first cloned in
1992 and shown to be localized to the long arm of the
X chromosome at position Xq28 (8-10). Sequence
analysis (9, 10) indicates that the V2R protein is a typ-
ical member of the superfamily of G protein-coupled
receptors that are characterized by the presence of
seven transmembrane domains. It is now well estab-
lished that inactivating V2R mutations cause a rare
kidney disease known as X-linked nephrogenic dia-
betes insipidus (XNDI), an AVP-insensitive form of
diabetes insipidus that is inherited in an X-linked
recessive manner (11-15). Currently, more than 150
putative disease-causing V2R mutations have been
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identified in more than 240 apparently independent
families (for more information, see http://www.med-
con.mcgill.ca/nephros). About 50% of these muta-
tions are missense mutations; frameshift mutations
due to nucleotide deletions or insertions represent
about 25%; and about 15% are nonsense mutations
and large deletions. In-frame deletions or insertions
and splice site mutations represent the remaining
cases. Functional characterization of these mutant
V2Rs expressed in cultured cells has shown that the
different mutations frequently interfere with the
proper trafficking of the V2R to the cell surface or
their ability to bind AVP and/or activate the G,/adeny-
lyl cyclase system (11-15).

Loss of V2R function in patients with XNDI inter-
feres with water uptake in the renal collecting duct sys-
tem, resulting in the production of large volumes (>30
ml/kg/d) of dilute urine (<250 mOsm/kg H,O)
(polyuria). These heavy water losses are accompanied
by excessive thirst (polydipsia) and must be compen-
sated by the intake of large quantities of water. In the
case of inadequate water supply, polyuria can rapidly
lead to severe conditions of hypernatremia and dehy-
dration. Newborns suffering from XNDI frequently
show poor weight gain and an overall failure to thrive,
especially if XNDI is not properly diagnosed and treat-
ed (11-15). In at least some cases, patients with XNDI
develop signs of mental retardation, most likely as the
result of repeated episodes of dehydration (11-15).
Moreover, such episodes of dehydration are thought to
be responsible for chronic renal insufficiency which
may occur by the end of the first decade of life due to
thrombosis of the glomerular tufts (16, 17).

Current pharmacological treatment strategies of
XNDI include the administration of thiazide diuretics
(e.g., hydrochlorothiazide [HCT]) along with a reduc-
tion in salt intake, frequently in combination with
prostaglandin synthesis inhibitors (e.g., indomethacin)
or potassium-sparing diuretics (e.g., amiloride) (14, 15,
18). However, these drugs only lead to a partial reduc-
tion in urine production (up to 50%), and their use is
often associated with severe side effects including dis-
turbances in electrolyte balance, as well as renal and
gastrointestinal complications (discussed in ref. 18).

At present, no animal model exists for XNDI. How-
ever, such a model should be highly useful for devel-
oping new strategies for the treatment of XNDIL
Importantly, an in vivo model of XNDI would enable
examination of the extent to which the loss of func-
tional V2Rs affects the expression levels and function
of other proteins that play key roles in urine concen-
tration mechanisms. Currently, no such information
is available for patients with XNDIs.

We therefore decided to use gene targeting technol-
ogy to produce mouse lines lacking functional V2Rs.
Specifically, a nonsense mutation (Glu242stop)
known to cause XNDI in humans (19) was introduced
into the V2R coding sequence. A major reason why this
particular mutation was chosen was that the encoded

mutant receptor is retained intracellularly and is com-
pletely devoid of functional activity (20). The func-
tional properties of the Glu242stop mutant V2R are
therefore characteristic of most other disease-causing
mutant V2Rs that have been identified to date (ref. 21
and references therein).

We report here an initial molecular, pharmacological,
and physiological analysis of mutant mouse lines lack-
ing functional V2Rs. Whereas V2R-deficient hemizy-
gous mutant male pups died within the first week after
birth due to hypernatremic dehydration, female mice
heterozygous for the V2R mutation showed normal
growth but displayed an XNDI-like phenotype.

Methods

Generation of V2R mutant mice. A murine V2R clone was
isolated from a mouse genomic library derived from
strain 129/Sv] (Genome Systems Inc., St. Louis, Mis-
souri, USA), by using a PCR fragment corresponding
in sequence to amino acids 146-262 of the mouse V2R
as a probe. The amino acid sequence of the mouse
V2R has been reported previously (22). Like its human
counterpart (9), the mouse V2R coding sequence con-
sists of 371 amino acids and is interrupted by two
small introns (Figure 1a). The V2R targeting con-
struct (Figure 1a) was derived from the pPN2T vector
(23), which is characterized by the presence of two
copies of the herpes simplex virus thymidine kinase
gene (HSV-TK). The PGK-neomycin resistance gene
(neo) was inserted into the second intron that splits
codon 304. The neo cassette was flanked by two loxP
sequences (24), 34 bp in length, enabling the option
of removing the neo gene from the mouse genome at
a later point. The Glu242stop nonsense mutation
(GAA - TAG) was introduced by PCR-based site-
directed mutagenesis; during this procedure, a novel
Nbel site was created at the Glu242stop locus for diag-
nostic purposes (Figure 1a).

The targeting construct was linearized with Notl
and electroporated into 129 SvEv (TC1; ref. 25) or 129
R1 embryonic stem (ES) cells (26). G418- and ganci-
clovir-resistant clones were isolated and screened by
Southern blotting for proper integration of the V2R
targeting construct. Analysis of BamHI-digested DNA
with an external 3’ probe was used to detect the pres-
ence of the neo cassette in the second intron (Figure
la). Moreover, PCR analysis was conducted to con-
firm the presence of the Glu242stop mutation. Two
primers were used that flank the newly created
Nbel/Glu242stop mutation: sense, 5'-TAGCATAC-
CGCCATGGAGGT-3'; anti-sense, 5'- ATACATGGGCTC-
CCTCGCTGGG-3"; 30 cycles, 94°C for 30 seconds /
60°C for 30 seconds / 72°C for 1 minute. The result-
ing 350-bp PCR product was then digested with Nbel.
When the Glu242stop mutation is present, Nbel
digestion is expected to generate two cleavage prod-
ucts, 60 and 290 bp in length. Using this strategy,
eight properly targeted ES cell clones were identified
(of a total of 260 clones that were screened).
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Properly targeted ES cell clones were microinjected
into C57BL/6 mouse blastocysts to generate chimeric
mice. Male chimeras were then mated with female wild-
type CF-1 mice (Charles River Laboratories, Wilming-
ton, Massachusetts, USA) to obtain F1 offspring.
Female F1 mice heterozygous for the V2R mutation
were then crossed with wild-type male littermates to
produce F2 offspring. Mice were genotyped in the same
manner as already described here, using genomic tail
DNA (Figure 1,b and c). Using this strategy, three inde-
pendent V2R mutant mouse lines originating from
three independent ES cell clones were obtained.

Treatment of V2R-deficient pups. Hemizygous male
mutant pups (V2R7) lacking functional V2Rs died
during the first week after birth. In an attempt to raise
these pups to adulthood, they were treated with daily
subcutaneous injections of 5% dextrose solution (0.1
ml/g body weight per injection), starting from postna-
tal day 1. Injections were carried out two (7-8 am and
10-11 pm) or three times a day (7-8 am, 3-4 pm, and
10-11 pm). In another set of experiments, pups were
injected two or three times a day with different doses of
HCT (Research Biochemicals International, Natick,
Massachusetts, USA), either alone or in combination
with different doses of indomethacin (Indocin LV,
Merck Sharp & Dohme, West Point, Pennsylvania,
USA). Drugs were dissolved in 5% dextrose solution
and administered by subcutaneous injection (0.1 ml/g
body weight per injection).

Histological analysis of pup kidneys. Three-day-old mouse
pups were sacrificed by cervical dislocation. Body cavi-
ties were opened, and pups were fixed in buffered zinc
formalin (Z-fix; Anatech Ltd., Battle Creek, Michigan,
USA). After fixation, both kidneys were removed; the
right kidney was sectioned through the papilla in cross-
section and the left kidney was sectioned longitudinal-
ly along the midline. These sections were embedded in
paraffin blocks, and 5-pm-thick sections were cut on a
microtome and stained with hematoxylin and eosin.

Urine output measurements and urine concentrating tests.
Urine samples were obtained from 3-day-old pups and
adult female mice (30-36 weeks old), either by direct
collection of bladder contents or by bladder massage.
Urine osmolalities were measured using a vapor pres-
sure osmometer (5100c; Wescor Inc., Logan, Utah,
USA). To measure urine production over a 24-hour
period, adult female mice were placed in metabolic
cages (Nalgene 6500311; Nalge Co., Rochester, New
York, USA). For urine concentrating tests, adult
female mice were thirsted for 24 hours (no access to
water). In another set of experiments, 3-day-old
mouse pups and adult female mice were injected with
the V2R agonist, 1-desamino-8-D-arginine vasopressin
(dDAVP; 0.4 pg/kg, intraperitoneally). Urine was col-
lected immediately before and about 2 hours after
dDAVP administration.

Blood/serum measurements. For hematocrit, blood glu-
cose, and serum electrolyte determinations, trunk
blood was collected from 3-day-old pups or adult

female mice (30-36 weeks old). Blood glucose levels
were determined using a glucose dehydrogenase test
(Granu-Test, EPOS 560; Merck KGaA, Darmstadt, Ger-
many). Serum Na*, Cl, and K* levels were determined
on either a Hitachi 917 automatic analyzer (Hitachi
Instruments, Ibari-Ken, Japan) or a COBAS Integra sys-
tem (Roche Diagnostics, Mannheim, Germany).
[PH]-AVP binding studies. Whole kidneys were collected
from 3-day-old pups or adult female mice (30-36 weeks
old), and membrane preparations were obtained essen-
tially as described (4). In brief, whole kidney membrane
preparations (300 [g protein per tube) were incubated
in a 0.3 ml volume with increasing concentrations
(0.125-4.0 nM) of [3H]-AVP (68.5 Ci/mmol; NEN Life
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Figure 1

Targeted mutagenesis of the mouse V2R gene. (a) General strategy.
The structures of the V2R targeting construct, the wild-type V2R
locus, and the targeted mutant V2R allele are shown. V2R coding
sequences are depicted as open boxes. The neo cassette is repre-
sented by a hatched box, and the loxP sites are shown as arrows at
either end of the neo cassette. The BamH| (b) sites used for Southern
blot analysis and the sizes of the restriction fragments detected by
using the 3’ probe are indicated. The Glu242stop nonsense mutation
(GAA - TAG) that was introduced into exon 2 is represented by an
asterisk. This nonsense mutation was generated in a fashion to intro-
duce a novel Nhel site at the locus of Glu242stop mutation. The tar-
geting construct contained approximately 6 kb (5" arm) and 1.4 kb
(3' arm) of genomic sequence, respectively. E, EcoRl; H, Hpal. (b)
Genotyping of F2 mouse offspring via Southern blot analysis of
BamH)|-digested mouse tail DNA by using the 3' probe. The 3.7- and
2.0-kb bands represent the wild-type and mutant V2R alleles, respec-
tively. (c) Verification of the presence of the Glu242stop mutation in
F2 offspring using PCR analysis of genomic tail DNA, followed by
Nhel digestion of the PCR product (for details, see Methods). The
350-bp band represents the uncut PCR product, indicative of the
wild-type V2R allele; the 290-bp fragment is produced by Nhel cleav-
age and is indicative of the mutant V2R allele. The smaller Nhel cleav-
age product, 60 bp in size, is not shown.
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Table 1
Weight, blood parameters, and urine osmolalities of 3-day-old mice
of the indicated V2R genotypes

V2R**, V2R V2R~ V2R
Measurement
Weight (g) 2.39+0.51 2.30+0.50 1.64 +0.207
(n=70) (n=41) (n=236)
Hematocrit (%) 30.6+0.3 29.1+0.9 35.0+£0.94
(n=9) (n=28) (n=10)
Serum Na* (mmol/I) 147 + 4 150+ 10 187 + 154
(n=14) (n=18) (n=16)
Serum CI- (mmol/I) 112+15 117 +22 161 +£274
(n=14) (n=18) (n=16)
Serum K* (mmol/l) 83+1.5 8.6+1.9 10.1+2.9
(n=14) (n=18) (n=16)
Blood glucose (mmol/l) 6.2 +1.4 5.8+0.1 3.0+0.84
(n=29) (n=14) (n=17)
Urine osmolalities 330+16 357+7 235+ 127
(mOsm/kg H,0) (n=9) (n=6) (n=6)

Data are given as means + SEM. The number of samples (pups) is given in
parentheses. AValues of V2R~ mice that are significantly different from the
corresponding values obtained with wild-type mice (V2R"*,*¥); P < 0.001
(Student’s ¢ test).

Science Products Inc., Boston, Massachusetts, USA)
(20). Incubations were carried out for 1 hour at 25°C.
Nonspecific binding was defined as binding in the
presence of 5 UM unlabeled AVP. Binding data were
analyzed by a nonlinear least squares curve-fitting pro-
cedure using the computer program LIGAND (27).

cAMP assays. Inner medulla collecting duct (IMCD)
tubule suspensions were prepared from dissected
mouse kidneys from adult female mice (30-36 weeks
old) essentially as described elsewhere (28). Fifty-
microliter aliquots of IMCD tubule suspensions were
incubated with increasing concentrations of dDAVP
(0-100 nM) in the presence of the cAMP phosphodi-
esterase inhibitor IBMX (0.5 mM). Reactions were car-
ried out at 37°C for 5 minutes and terminated by the
addition of 200 pl of 10% trichloroacetic acid. After
centrifugation at 2,300 g for 10 minutes, CAMP was
measured in the supernatant using an ELISA strategy
(kitno. 581001; Cayman Chemical, Ann Arbor, Michi-
gan, USA). Protein content of the pellet was deter-
mined by the Bradford method (Bio-Rad Laboratories
Inc., Hercules, California, USA). cAMP data were ana-
lyzed using Prism (version 2.0; GraphPad Software
Inc., San Diego, California, USA).

Immunoblotting studies. Whole kidneys were collected
from 3-day-old pups or adult female mice (30-36 weeks
old), immediately frozen on powdered dry ice, and
stored at -70°C until sample preparation. Plasma mem-
brane-enriched fractions of whole kidney homogenates
were prepared essentially as described previously (29).
Samples containing 10 [g protein were subjected to
SDS-PAGE on 12.5% (AQP2) or 7.5% (BSC-1) polyacry-
lamide minigels. Proteins were transferred to nitrocel-
lulose membranes via electroblotting and processed for
immunoblotting essentially as described elsewhere (29).
Membranes were blocked for 1 hour in 5% milk in PBS

with 0.05% Tween 20 (PBS-Tw) and probed overnight
with affinity-purified rabbit polyclonal antibodies
directed against rat AQP2 (L127,0.03 pg/ml; ref. 30) or
rat BSC-1 (L320, 0.02 pg/ml; ref. 31) (antibodies were
kindly provided by M.A. Knepper). Blots were washed in
PBS-Tw, then incubated for 1 hour with a goat anti-rab-
bit IgG antibody conjugated to horseradish peroxidase
(Pierce 31460; Pierce Chemical Co., Rockford, Illinois,
USA). Proteins were visualized by using an enhanced
chemiluminescence kit (Amersham Pharmacia Biotech,
Piscataway, New Jersey, USA). The intensities of
immunoreactive bands were quantitated via scanning
densitometry using NIH Image (version 1.61; NIH,
Bethesda, Maryland, USA).

Immunoelectron microscopical studies. Kidneys from adult
female mice (30-36 weeks old) were processed for
immunoelectron microscopical studies as described pre-
viously (32). Ultrathin Lowicryl HM20 sections of
mouse IMCD tissue were first incubated with the affin-
ity-purified anti-AQP2 antibody, followed by incubation
with goat anti-rabbit IgG conjugated to 10 nm colloidal
gold particles (GAR.EM10 [1:50]; BioCell Research Lab-
oratories, Cardiff, United Kingdom) (for experimental
details, see ref. 32). Sections were stained with uranyl
acetate and lead citrate before examination in Philips
CM100 or Philips 208 electron microscopes (FEI Co.,
Eindhoven, The Netherlands).

Results
Generation of V2R-deficient mice. The V2R gene was inacti-
vated in mouse ES cells by introducing a Glu242stop
nonsense mutation into the V2R coding region (Figure
1a). This mutation results in a V2R protein that is trun-
cated within the third intracellular loop and is known to
be functionally inactive (20). ES cell clones carrying the
Glu242stop mutation were used to generate chimeric
mice. Chimeric males were then crossed with CF-1 female
mice to generate F1 females heterozygous for the V2R
mutation. F1 female heterozygotes (V2R"") were inter-
bred with wild-type male littermates to obtain F2 oft-
spring. Genotypes were verified by Southern blot analy-
sis and PCR of genomic tail DNA (Figure 1,b and c).
Genotype analysis of more than 100 litters (F2 off-
spring) showed that V2R-deficient hemizygous V2R7>
male mutant pups and heterozygous V2R"~ female
pups were obtained at the expected mendelian fre-
quency ([25%), indicating that there was no increase in
embryonic mortality in the V2R mutant mice. Unless
indicated otherwise, all studies described here were car-
ried out with 129SvEv/CF-1 hybrids (F2 offspring).
V2R mice die prematurely. At birth, the body weight
of V2R7Y male mutant pups was similar to that of their
wild-type (male V2R*Y; female V2R"") or heterozygous
(V2R*") female littermates (1.5-1.6 g;n = 43). Also, V2R
mutant pups showed no obvious morphological or
anatomical abnormalities immediately after birth.
However, by postnatal day 3, V2R pups showed a
clear retardation in growth ([(B0% decrease in body
weight; Table 1), became progressively weaker, and
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Postnatal growth of wild-type and V2R mutant pups. Ten-day growth
curves for individual pups from a representative litter are shown. The
different V2R genotypes are indicated. Animals were weighed at 24-
hour intervals starting from the day of birth (day 0). In this case, the
two V2R-deficient male V2R~ mouse pups were found dead on
Apostnatal day 4 or Bpostnatal day 5.

eventually died within the first week after birth (Fig-
ure 2). The average lifetime of the V2R pups amount-
ed to 4.3 £ 0.3 days (n = 43). Premature death of V2R
pups was observed with three independent V2R
mutant mouse lines originating from three different
ES cell clones (either TC1 [129SvEv] or R1) and
occurred independent of the mouse genetic back-
ground in which the V2R receptor mutation was pres-
ent (129/CF-1 or 129/C57BL6]J) (data not shown).

Gross anatomical analysis of 3-day-old male mutant
pups showed that the lack of functional V2Rs did not
interfere with the normal development of all major
organs (e.g. brain, liver, heart, lung, or kidneys), except for
areduction in organ size (weight) that was proportional
to the reduction of total body weight (data not shown).

V2R mice show symptoms of XNDI. It seemed reason-
able to assume that the V2R~ mutant mice suffer from
XNDI and die prematurely because of excessive water
losses due to their inability to concentrate their urine.
To address this issue, we initially determined urine
osmolalities by collecting the bladder contents of 3-
day-old pups (all possible V2R genotypes). Urine osmo-
lalities of 3-day-old pups were generally low (<500
mOsm/kg), consistent with previous observations that
the urine-concentrating ability of the kidney is not yet
fully developed in neonates (33). However, compared
with their wild-type and heterozygous littermates,
V2R7» mutant pups showed an approximately 30%
reduction in urine osmolality (Table 1).

Serum electrolyte analysis showed that the V2R
pups displayed a pronounced increase in serum Na* and
serum CI- levels, compared with wild-type or heterozy-
gous littermates (Table 1), indicative of a severe state of
hypernatremia. In contrast, serum K* levels were similar
in all pups, independent of V2R genotype (Table 1).

To study the ability of the 3-day-old pups to concen-
trate their urine, wild-type and V2R mutant pups were
injected with the V2R agonist dDAVP (0.4 pg/kg,

intraperitoneally). Urine osmolalities were determined
immediately before and about 2 hours after dDAVP
administration. Whereas dDAVP injection led to a small
but significant increase ((20% above preinjection levels)
in urine osmolalities in wild-type and V2R*~ pups,
V2R7» pups proved to be completely unresponsive to
dDAVP treatment (Table 2). dDAVP administration had
no significant effect on serum electrolyte levels in wild-
type or V2R mutant pups (data not shown).

We also noted that the hematocrit was significantly
increased in V2R7 pups (by about 15-20%), compared
with their wild-type and heterozygous littermates (Table
1). Moreover, the skin of the V2R pups appeared
extremely dry, indicative of reduced skin turgor. Taken
together, these observations support the notion that the
V2R~ mice were severely dehydrated.

It appeared likely that the general weakness associ-
ated with hypernatremia and dehydration would neg-
atively affect the ability of the V2R7Y mutant mice to
compete for the mother’s milk. As an indirect meas-
ure of milk intake, we therefore determined blood
glucose levels in wild-type and V2R mutant pups.
Strikingly, blood glucose levels were approximately
50% lower in V2R mutant pups than in wild-type or
heterozygous littermates (Table 1).

Histological analysis of pup kidneys. To examine whether
the loss of functional V2Rs had an effect on kidney
architecture, kidney slices were prepared from 3-day-
old pups and subjected to further histological analy-
sis. These studies showed (Figure 3) that the pelvic
space was significantly dilated in the case of V2R/Y
male mutant pups, compared with their wild-type
(V2R*7) male littermates (n = 3). Female pups (V2R"~
and V2R”*) did not show this enlargement of renal
pelvic space (n = 3).

Strategies used to improve the survival rate of V2R pups.
Several strategies were employed in an attempt to pro-
long the life span of the V2R pups. Reduction in lit-
ter size by removal of wild-type and heterozygous lit-
termates and/or addition of foster mothers to increase
the available milk supply did not improve the survival
time of the V2R7Y mutant pups to a significant extent
(data shown). However, daily subcutaneous injections
of a 5% dextrose solution (0.1 ml/g body weight per

Table 2
Urine-concentrating ability of 3-day-old pups of the indicated V2R
genotypes determined in dDAVP injection experiments

Urine osmolalities (mOsm/kg H20)

V2R, V2R V2R~ V2R

Before dDAVP 427 + 31 486 + 58 290 £ 21
(n=13) (n=16) (n=7)

After dDAVP 499 + 384 603 + 647 290 +30
(0.4 pg/kg, intraperitoneally)  (n=13) (n=16) (n=7)

Urine samples were collected (via bladder massage) immediately before and
2 hours after dDAVP injection. Data are given as means + SEM (n = number
of animals). APostinjection values that are significantly different from the cor-
responding preinjection values (P < 0.05; Student’s t test).
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Figure 3

Histological appearance of kidneys from 3-day-old wild-
type and V2R mutant pups. Right kidneys from wild-type
(+/y) (a) or V2R-deficient (-/y) (b) male pups were sec-
tioned through the papilla in cross-section. Five-
Um-thick sections were stained with hematoxylin and
eosin. The bar in a corresponds to 0.4 mm. Note that
the pelvic space (Pe) is greatly enlarged in kidneys from
V2R~ mice. Cx, cortex; Pa, papilla; Pe, renal pelvis.

injection; three injections per day starting from post-
natal day 1) led to a significant increase of the average
lifetime of the V2R7Y mutant pups to 13.7 + 1.0 days
(Table 3). Additional administration of HCT (50 mg/kg
day, subcutaneously), a drug commonly used in the
treatment of XNDI, or combined administration of
HCT and indomethacin (50 and 2 mg/kg, respectively,
daily, subcutaneously) had no significant effect on the
life span of the mutant pups, compared with animals
treated with dextrose alone (Table 3). Similarly, the use
of higher doses of HCT (up to 100 mg/kg daily) and
indomethacin (up to 10 mg/kg daily) did not lead to a
further increase in survival time of the V2R7» mutant
pups (data not shown).

Removal of the neo gene from V2R mutant mice. To rule out
the possibility that the presence of the neo cassette in
the mouse genome might contribute to the premature
death of the V2R7Y mutant mice by some unknown
mechanism, we took advantage of the availability of a
transgenic mouse line referred to as Ella-cre (34). These
mice harbor the cre transgene under the control of the
adenovirus Ella promoter that directs the expression of
Cre recombinase during early development (34). To
remove the loxP-flanked neo cassette (Figure 1a) from
the genome of the V2R mutant mice, homozygous male
Ella-cre mice were bred with female V2R~ mutant mice.
Tail DNA obtained from the resulting pups was then
examined via PCR genotyping using two internal neo
primers (sense, 5’ agaggctattcggetatgactg-3'; antisense,
S'-ttcgtecagatcatcctgatc-3') for the loss of the neo gene.
Female V2R offspring judged by tail DNA analysis as
having lost the neo gene were then interbred with wild-
type male littermates to achieve germline transmission
of the neo deletion (Figure 4).

Analysis of the viability of the resulting pups showed
that all male V2R7> pups lacking the neo cassette died
within the first week after birth. The average lifetime of
these mice amounted to 4.2 + 0.3 days (n = 29), which
was not significantly different from that observed with
neo-containing male pups of the same V2R genotype
(see earlier discussion here).

Examination of adult beterozygous V2R mutant mice. In
contrast to the V2R male pups, heterozygous V2R~
female pups showed normal postnatal growth (Figure
2) and developed normally into adulthood without an
increase in mortality. Also, adult V2R”~ and V2R"*

female mice (30-36 weeks old) did not differ signifi-
cantly in serum electrolyte, blood glucose, and hemat-
ocrit levels (data not shown).

To study whether adult female V2R¥~ mutant mice
showed symptoms of XNDI, we initially measured
water intake and urine production over a 24-hour peri-
od. As shown in Table 4, V2R*~ mice drank about two
times more water and produced about three times
more urine than did their wild-type V2R* littermates.

We next examined the ability of V2R”~ and V2R"*
adult female mice to concentrate their urine by meas-
uring urine osmolalities immediately before (basal)
and after a 24-hour thirst period. These studies
showed that basal urine osmolalities of V2R*/~ mice
were reduced by more than 50% (Table 4). Upon thirst-
ing, urine osmolalities increased to 3,700 + 9
mOsm/kg in wild-type mice, but to only 1,970 + 108
mOsm/kg in V2R”~ mice. In agreement with this
observation, V2R~ mice produced about three times
more urine than did their V2R*/* littermates during
the 24-hour thirst period (Table 4). Essentially similar
results were obtained in dDAVP (0.4 lg/kg, intraperi-
toneally) injection experiments (urines were collected
immediately before and 2 hours after dDAVP injec-
tion). Whereas dDAVP administration increased urine
osmolalities to 3,584 + 16 mOsm/kg in wild-type ani-
mals, urine osmolalities reached only 1,767 + 230
mOsm/kg in V2R”~ mice (Table 4).

[PH]AVP saturation binding studies and cAMP assays. The
most likely explanation for the reduction in urine-con-

Table 3
Treatment of V2R~ male pups

Treatment Days alive (range)
4.0+0.6 (3-5)
13.7 £1.04(11-19)
16.5+1.54(13-22)

10.1 £ 1.54(6-19)

No treatment (n = 4)

5% dextrose (n=7)

50 mg/kg/d HCT (n=7)

50 mg/kg/d HCT + 2 mg/kg/d indomethacin
(n=10)

Male V2R~ mutant pups were injected subcutaneously three times a day (0.1
ml/g per injection) with the indicated solutions/drugs, starting from postna-
tal day 1. Injections were carried out according to the protocol described in
Methods. Drugs were dissolved in 5% dextrose solution. Data are given as
means + SEM (n = number of animals used). All treatment strategies led to a
significant increase in the survival time of the pups, compared with untreated
control mice (AP < 0.01; Student’s t test).
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PCR analysis of genomic DNA prepared from tissues of V2R mutant
mice to verify Cre-mediated excision of the neo gene. Homozygous
male Ella-cre mice were bred with female V2R"~ mutant mice. Result-
ing V2R~ female offspring were then interbred with wild-type male
littermates to achieve germline transmission of the neo deletion. To
verify the ablation of the neo gene, genomic DNA was prepared from
tail (Ta), kidney (Ki), and liver (Li) samples derived from the result-
ing pups and subjected to PCR genotyping. The two PCR primers
used for this analysis were chosen to flank the JoxP-enclosed neo cas-
sette and were located at the exon 2/intron 2 (5'-gaagctcctctg-
gaaagtggt-3') and intron 2/exon 3 (5'-tcctatgaagaagagagaccag-3')
junctions (see Figure 1a), respectively. After Cre-mediated excision of
the neo gene (note that one 34-bp loxP sequence remains in the
genome after the excision of the neo cassette), the two primers
amplify a 210-bp PCR fragment, whereas the corresponding wild-
type fragment is 34 bp shorter (176 bp). The absence of neo
sequences in all samples was confirmed by the use of internal neo
primers (data not shown). The DNAs analyzed here were taken from
three different mouse pups of the indicated V2R genotypes.

centrating ability found with the V2R”~ female mice is
that V2R levels are predicted to be decreased by 50% in
these animals. To address this question, [*H]AVP satu-
ration binding studies were carried out using whole
kidney membrane preparations. Kidney preparations
from adult V2R"* female mice were found to contain
about 29 + 4 fmol [*HJAVP binding sites/mg protein
(Bmax) (n =12). These sites appear to represent almost
exclusively V2Rs, as shown in competition binding
studies using V1 and V2 receptor selective unlabeled
ligands (data not shown). In V2R”~ females, [SH]AVP
Bmax values were reduced by about 50% (16 + 3
fmol/mg; n=12; P < 0.05). As expected, [PH]AVP K val-
ues remained unaffected by the differences in V2R den-
sities (V2R*/*, 1.1 + 0.2 nM; V2R*/~, 0.9 + 0.2 nM).

We next examined whether the decrease in renal V2R
levels observed with adult V2R*~ female mice was asso-
ciated with a reduction in V2R-mediated cAMP pro-
duction. Specifically, we prepared IMCD tubule sus-
pensions (28) from kidneys of adult V2R”* and V2R~
female mice and measured dDAVP-induced increases
in intracellular cAMP levels. As shown in Figure 5, max-
imum cAMP responses were reduced by about 50% in
IMCD tubule suspensions prepared from V2R”~ mice.
dDAVP ECs, values did not differ significantly among
the two V2R genotypes (V2R"/*,0.42 £ 0.19 nM; V2R,
1.60 + 0.56 nM) (n = 5).

Expression of V2R-regulated effector proteins in V2R
mutant mice. Recent reports indicate that V2R activity
can regulate the expression levels of several effector
proteins that play key roles in urine concentration,
including AQP2 (reviewed in refs. 35-37) and the
bumetanide-sensitive Na-K-2Cl cotransporter (BSC-1)
(31), which is primarily expressed in cells of the thick

ascending limb of Henle’s loop (38). We therefore
wanted to examine whether the loss of functional
V2Rs had an effect on the basal expression levels of
AQP2 and BSC-1 in the V2R mutant mice. Initially,
Western blotting experiments were carried out with
membrane preparations obtained from whole kidneys
of 3-day-old pups or adult female mice (Figure 6).
Immunoblots probed with a polyclonal AQP2 anti-
body revealed a single band at approximately 29 kDa
(representing nonglycosylated AQP2) and a broader
band at 35-50 kDa (corresponding to glycosylated
forms of AQP2) (30, 31, 39), whereas the polyclonal
BSC-1 antibody detected a major band of approxi-
mately 160 kDa (31). Scanning densitometry of
immunoreactive bands indicated that V2R7> pups
showed AQP2 or BSC-1 levels that were not signifi-
cantly different from the corresponding levels found
with their wild-type V2R*Y male littermates (Figure
6a). Similarly, densitometric analysis did not reveal sig-
nificant differences in AQP2 and BSC-1 expression lev-
els among adult wild-type and heterozygous female
mice (Figure 6b).

To study the expression of the AQP2 water channel in
greater cellular detail, immunoelectron microscopical
studies were carried out using IMCD tissue prepared
from adult V2R”* and V2R"- female mice. This analy-
sis revealed no major differences in the AQP2 labeling
patterns among the two genotypes. As shown in Figure
7,AQP2 immunogold labeling was associated with the
apical plasma membrane (arrows) and intracellular
vesicles (arrowheads) in wild-type (Figure 7a) and het-
erozygous (Figure 7b) mice. Immunolabeling controls
(preabsorption of the immune serum with the peptide

Table 4
Water intake, urine output, and urine-concentrating ability of adult
female mice of the indicated V2R genotypes

V2R*/* V2R~
Water intake per 24 hours (ml) 2.3+0.1 5.0+£1.14
(n=15) (n=15)
Urine output per 24 hours (ml) 0.8+0.1 2.6+0.8”
(free access to water) (n=15) (n=15)
Urine output per 24 hours (ml) 0.29 £ 0.07 0.89+0.21~
(thirsting/no access to water) (n=15) (n=15)
Urine osmolalities (mOsm/kg H,O)
Before thirsting 2,306 + 230 1,041 £ 121
(n=12) (n=124)
After thirsting (24 hours) 3,700 + 97 1,970 £ 108~
(n=12) (n=24)
Before dDAVP 3,320+ 1038 1035+ 168
(n=10) (n=10)
after dDAVPC 3,584 + 167 1,767 £ 2304
(0.4 pg/kg, intraperitoneally) (n=10) (n=10)

Data are given as means + SEM (n = number of animals). AP < 0.05; Student’s
test. In the water intake and urine output tests, comparisons are made between
V2R** and V2R"~ values. In the urine concentrating tests, comparisons are
made between preinjection (or prethirsting) and the corresponding postinjec-
tion (or post-thirsting) values. 5These experiments were carried out with a dif-
ferent set of mice about 1 year after the thirsting experiments. The reason for the
relatively high basal urine osmolalities observed in this set of studies is not entire-
ly clear. “Urine samples were collected 2 hours after dDAVP injection.
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Figure 5
dDAVP-induced cAMP production in IMCD tubule suspensions. IMCD
tubule suspensions were prepared from adult female mice of the indi-
cated V2R genotypes. dDAVP-induced increases in intracellular ;cAMP
levels were determined as described in Methods. Data are given as
means + SEM (n = 5 for each genotype). AP < 0.01 (Student’s ¢ test).

used for immunization) did not reveal any labeling
(data not shown). Semiquantitative analysis of
immunogold labeling patterns revealed no statistical-
ly significant differences in the subcellular distribution
and total labeling of AQP2 among wild-type and V2R"~
mutant mice (Table 5).

Discussion

In this study, we have used gene targeting technology
to create mice that harbor a functional V2R null allele
(Glu242stop) (19, 20). V2R male mice died within the
first week after birth, apparently due to hypernatrem-
ia and dehydration caused by the inability of these ani-
mals to concentrate their urine (Tables 1 and 2). Hyper-
natremic dehydration, caused by the loss of free water
coupled with inadequate fluid intake, is also thought
to be the primary cause of the key symptoms displayed
by human infants suffering from XNDI (11-15). These
symptoms include fever, vomiting, failure to thrive,
and, at least in some cases, mental retardation (11-15).

Obviously, V2R~ mice die prematurely because they
cannot adequately compensate for the urinary water
losses. One possibility is that the thirst mechanisms
that act as the primary stimulus for increased fluid
intake are not yet fully developed in neonatal mice.
Consistent with this notion, Hall and Browde (40)
showed that dehydrated neonatal mice, in contrast to
neonatal rats, showed little inclination to ingest liquids
that were either spilled on the cage floor or offered
through oral cannulas. Similarly, our attempts to
hand-feed the V2R pups (e.g., with 5% dextrose or
water) or to induce feeding by directing the pups to the
mother’s teats proved unsuccessful. It should be noted,
however, that thirst mechanisms appear to be intact in
newborn babies with XNDI (16).

In an attempt to prolong the life span of the V2R~
pups, we therefore decided to inject these animals with
5% dextrose solution (0.3 ml/g daily, subcutaneously),
starting from postnatal day 1. This strategy increased
the life span of the V2R7Y pups by about three- to four-

fold (average life span: 13.7 days; Table 3). Coinjection
of HCT (50 mg/kg/d, subcutaneously), a drug com-
monly used in the treatment of XNDI (13-15), did not
lead to an additional significant increase in average
survival time (16.5 days; Table 3). Systematic variation
of drug doses and injection protocols, including per-
haps changes in air humidity and ambient tempera-
ture, might prove useful to increase further the life
span of the V2R”Y mice.

Histological analysis revealed that the renal pelvis of
3-day-old V2R72 mice was significantly increased in size
(Figure 3). This dilatation of the kidney pelvis, which
can also result from other polyuric conditions (see ref.
41 and references therein), is most likely caused by the
production of large amounts of urine surpassing the
drainage capacity of the ureters (functional obstruc-
tion), resulting in an increase in pelvic pressure and ulti-
mately pelvis dilatation. Consistent with our findings,
it is known that human patients with XNDI frequently
suffer from hydronephrosis due to prolonged polyuria
in the absence of any morphological urinary obstruc-
tion (41, 42). The term hydronephrosis is generally used to
define a condition characterized by a progressive dilata-
tion of the renal pelvis, usually associated with the
destruction or atrophy of renal medullary tissue and an
increased incidence of chronic kidney failure (41, 42).

Independent of V2R genotype, basal urine osmolali-
ties were found to be considerably lower in 3-day-old

a 3-day-old pups
A
e )
P IR P I S S

Figure 6

Western blotting analysis of AQP2 and BSC-1 expression in V2R
mutant mice. Whole kidney membrane preparations were obtained
from 3-day-old pups (a) or adult female mice (b) of the indicated
V2R genotypes. Each lane contained equal amounts of protein (10
Hg) prepared from different animals. Mouse liver tissue served as a
negative control. Immunoblotting experiments were carried out as
described in Methods. AQP2 and BSC-1 were detected by specific
rabbit polyclonal antibodies (30, 31). Duplicate gels were stained
with Coomassie blue to confirm equal loading of samples. Two addi-
tional experiments gave similar results.
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Figure 7

Immunoelectron microscopical localization of AQP2 in IMCD principals cells prepared from kidneys of adult female mice. Independent of
V2R genotype (a, V2R"*; b, V2R*/~), AQP2 immunogold labeling is associated with the apical plasma membrane (arrows) and intracellular
vesicles (arrowheads). Each panel shows the apical part of one IMCD principal cell. A semiquantitative analysis of immunogold labeling pat-
terns is given in Table 5. X63,000.

pups (<500 mOsm/kg) than in adult mice (>1,500
mOsm/kg) (Tables 1 and 4). This observation is consis-
tent with previous findings that the urine-concentrat-
ing ability of the neonate kidney is limited (reviewed in
ref. 33). A variety of factors, both structural and func-
tional in nature, are thought to account for this phe-
nomenon (33). At a molecular level, the observed low
sensitivity of the neonatal renal collecting duct system
to the biochemical and physiological actions of AVP
appears to correlate directly with very low renal V2R
densities (33, 43). Consistent with this notion, we were
unable to detect significant numbers of specific
[*HJAVP binding sites even in wild-type pups (3 days
old), suggesting that the number of V2Rs present in the
kidneys of neonatal mice is below the detection limit of
our radioligand binding assay ([B fmol/mg).
Interestingly, adult female V2R*~ mice showed clear
symptoms of XNDI, including reduced urine-concen-
trating ability, polyuria, and polydipsia (Table 4). How-
ever, we also noted that the severity of these symptoms
varied considerably among individual mice (Table 4).

In humans, female carriers of a V2R mutation also
show a high degree of phenotypic variation, with the
XNDI phenotype being either totally absent, partial, or
complete (44-46). It has been proposed that a pro-
nounced XNDI phenotype in heterozygous females is
due to skewed X-inactivation (44-46) in which the
wild-type V2R allele is preferentially inactivated (nor-
mally, inactivation of one of the two X chromosomes
in females is a random process). It remains to be stud-
ied whether skewed X-inactivation also contributes to
the phenotypic variation observed with adult V2R"~
mice. However, because the number of detectable V2R
(PHJAVP) binding sites in the kidneys of V2R”~ mice
did not show drastic variations, other factors may be
involved in the expression of the XNDI phenotype in
these animals. Given that the renal V2R density is quite
low even in wild-type mice (Bmax = 29 * 4 fmol/mg), the
additional loss of 50% of V2Rs in the V2R~ mice (Bayx
=16 + 3 fmol/mg) may represent the major factor lead-
ing to the manifestation of the XNDI phenotype. It
should be noted that renal V2R densities are known to

Table 5
Semiquantitative analysis of immunogold labeling for AQP2 in the apical part of IMCD principal cells from adult female mice of the indi-
cated V2R genotypes

Total labeling APM linear APM fraction VES fraction NIS fraction
V2R genotype density labeling density of total labeling of total labeling of total labeling
particles/pm? particles/nm
V2R/* 72+14 809 + 241 0.15+0.04 0.83 +0.04 0.019 £ 0.004
V2R~ 3.7+1.5 731 + 280 0.29+0.14 0.65+0.17 0.06 +0.03
Total number of gold particles
Total APM VES NIS
V2R 1,484 169 1,285 30
V2R~ 1,165 270 837 58

Values are means + SEM (three mice per genotype). Total labeling density refers to the total density of gold particles per area cytoplasm. Apical plasma mem-
brane (APM) linear labeling density refers to the number of gold particles per length APM. Values in the last three columns are expressed as fraction of total
labeling of the APM, intracellular vesicles (VES), and nonidentifiable structures (NIS). NIS refers to structures that were not strictly identified as VES or APM
(this is likely to represent labeling in tangentially sectioned vesicles or rough endoplasmic reticulum). The total number of gold particles represents the sum
from three mice (counts were taken in areas of similar size).
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be considerable higher in many other species including
human (47, 48). Interestingly, maximum increases in
intracellular cAMP levels induced by the V2R agonist
dDAVP were reduced by about 50% in IMCD tubule
suspensions prepared from kidneys of V2R"~ mice (Fig-
ure 5), providing a molecular correlate for the XNDI
phenotype observed with the V2R~ mutant mice.
Recently, several different mutant mouse lines suf-
fering from symptoms of nephrogenic diabetes
insipidus (NDI) have been generated by the use of
gene-targeting technology. It has been reported, for
example, that mice lacking the aquaporin-1 (49) or
aquaporin-3 (50) water channels or the CLC-K1 chlo-
ride channel (51) (these proteins are expressed in dis-
tinct segments of the renal tubules) exhibit severe
urine-concentrating defects. In contrast to the V2R
mutant mice described here, these animals showed
normal survival rates, suggesting that urine-concen-
trating ability was not completely lost in these mutant
mice. The “DI +/+ severe” mouse strain also displays a
pronounced NDI phenotype which appears to be
caused by the overactivity of a rolipram-sensitive
cAMP phosphodiesterase (52). It remains to be seen
whether defects in the human counterparts of these
genes play a role in certain forms of congenital NDL
Several studies have shown that the expression levels
of AQP2 (35-37) and BSC-1 (31), two membrane pro-
teins that play key roles in urine concentration, are
positively regulated by V2R activity. Whereas AQP2,
the AVP-regulated water channel, is selectively
expressed in renal collecting duct cells (53, 54), the
BSC-1 Na-K-2Cl cotransporter is primarily expressed
in cells of the thick ascending limb of Henle’s loop
(38). BSC-1 is thought to play a key role in establish-
ing the corticomedullary osmotic gradient that is a
prerequisite for efficient water reabsorption in the kid-
ney (2, 55). An important question that can be
addressed by the use of the V2R mutant mice is to
what extent the loss of functional V2Rs affects AQP2
and BSC-1 expression levels. Currently, no such infor-
mation is available for patients with XNDL
Semiquantitative immunoblotting studies showed
that the complete absence of functional V2Rs (studied
with V2R~ and V2R"> male pups) had no significant
effect on basal AQP2 and BSC-1 expression levels (Fig-
ure 6a). Similar results were obtained when AQP2 and
BSC-1 expression levels were compared among V2R"~
and V2R"* adult female mice (Figure 6a). Moreover,
immunoelectron microscopical studies showed that
IMCD principal cells from adult V2R*~ and V2R"* mice
displayed no significant differences in the subcellular
distribution or total labeling of AQP2 (Figure 7; Table
5). Taken together, these data indicate that high basal
AQP2 and BSC-1 expression levels can be maintained
even in the absence of functional V2Rs. It has been
reported that treatment of rats with the V2R-selective
antagonist OPC-31260 (corresponding to a “function-
al inactivation” of V2Rs) results in a significant decrease
in AQP2 protein levels (56). One possible explanation

for this discrepancy is that the V2R mutant mice
described here, as with patients suffering from XNDI,
lack functional V2Rs throughout development. As a
result, compensatory mechanisms may have evolved
that allow the maintenance of proper basal AQP2 and
BSC-1 expression levels.

In summary, we have generated an in vivo model
that allows systematic physiological and molecular
studies about how the loss of functional V2Rs affects
kidney function. Clearly, the V2R mutant mice
described here represent an excellent tool to evaluate
novel strategies for the treatment of XNDI, including
gene therapeutic approaches (57).
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