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Abstract
In mammals, the hormonal regulation of water homeostasis is mediated by the aquaporin-2 water
channel (Aqp2) of the collecting duct (CD). Vasopressin induces redistribution of Aqp2 from
intracellular vesicles to the apical membrane of CD principal cells, accompanied by increased
water permeability. Mutations of AQP2 gene in humans cause both recessive and dominant
nephrogenic diabetes insipidus (NDI), a disease in which the kidney is unable to concentrate urine
in response to vasopressin. In this study, we generated a line of mice with the distal COOH-
terminal tail of the Aqp2 deleted (Aqp2Δ230), including the protein kinase A phosphorylation site
(S256), but still retaining the putative apical localization signal (221–229) at the COOH-terminal.
Mice heterozygous for the truncation appear normal. Homozygotes are viable to adulthood, with
reduced urine concentrating capacity, increased urine output, decreased urine osmolality, and
increased daily water consumption. Desmopressin increased urine osmolality in wild-type mice
but had no effect on Aqp2Δ230/Δ230 mice. Kidneys from affected mice showed CD and pelvis
dilatation and papillary atrophy. By immunohistochemical and immunoblot analyses using
antibody against the NH2-terminal region of the protein Aqp2 Δ230/Δ230 mice had a markedly
reduced protein abundance. Expression of the truncated protein in MDCK cells was consistent
with a small amount of functional expression but no stimulation. Thus we have generated a mouse
model of NDI that may be useful in studying the physiology and potential therapy of this disease.
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In mammals, the regulation of water homeostasis is mediated mainly by a family of water
channels called aquaporins (AQP). AQP1, the first member to be discovered (25), localizes
to the apical and basolateral (21) membranes of the proximal tubule. The majority of the
filtered water (90%) is reabsorbed by constitutively expressed AQP1 channels. However, the
magnitude of water excretion is largely accomplished by the hormonal regulation of AQP2,
which localizes to the apical membrane of the connecting tubule (CNT) in rodents and the
collecting duct (CD) cells in all mammals. Vasopressin regulates AQP2 activity by binding
to its G protein-coupled V2 receptor in the basolateral membrane of the principal cells. This
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binding triggers a cAMP signaling cascade that leads to protein kinase A activation,
phosphorylation of AQP2, and, ultimately, insertion of functional water channels in apical
membranes (24,31). AQP2 in the apical membrane is the rate-limiting step in the flow of
water across CD cells. Water entering the cell across the apical membranes exits the cell to
the interstitium via AQP3 and AQP4 in the basolateral membranes. Thus the action of
vasopressin is to regulate the rate-limiting step in water flow across the CD.

Mutations of AQP2 cause autosomal dominant and recessive nephrogenic diabetes insipidus
(NDI; see Refs. 3,6, and 27), a disease in which the kidney is unable to concentrate urine in
response to vasopressin (10,14,23,34). In general, AQP2 mutants causing recessive NDI are
misfolded, retained in the endoplasmic reticulum (ER), and are unable to interact with wild-
type (WT) AQP2 (30,33). AQP2 mutants causing dominant NDI do interact with WT AQP2
but, because of the mutation, cause missorting of the WT AQP2 mutant complex
(5,10,13,16,20). In contrast to mutants in recessive NDI, AQP2 mutations found in dominant
NDI are all located in the COOH-terminal tail of the protein.

The COOH-terminal tail of AQP2 is of critical importance for the insertion of AQP2 in the
apical membrane. The activation of protein kinase A in response to vasopressin causes
phosphorylation of the Ser residue at position 256 in the COOH terminus (7,11,12,19,22).
Another region critical to insertion of AQP2 in the apical membrane is a stretch of amino
acids at the COOH terminal between positions N220 and S229 (4,32). There are other
regions in the COOH terminus that are critical for normal AQP2 function, since several
mutations in this region produce NDI in humans (5,10,13,16,20).

The current experimental data indicate that the proximal region of the COOH-terminal tail,
N220–S229, is necessary but not sufficient for localization of AQP2 in the apical membrane
and that the NH2- and COOH-terminal tails of AQP2 are essential for trafficking of AQP2
to intracellular vesicles and its shuttling to and from the apical membrane (32).

To understand the pathophysiology of genetic mutations in AQP2 that lead to NDI, several
groups of investigators have created mice with mutations in Aqp2. Four different kinds of
genetic changes have been introduced to the mouse Aqp2 gene (26,29,35,36), and an
additional two spontaneous mutations have also been identified (15,17). Our approach to
assessing the in vivo role of the Aqp2 COOH-terminal tail was to generate a line of mice
with deletion of the distal region of the COOH-terminal tail of the Aqp2 channel (including
the S256 residue) while still retaining the putative apical localization signal. We sought to
answer the question of whether such a mutation would produce viable mice and whether
they would have a dominant or recessive phenotype.

MATERIALS AND METHODS
Gene targeting of mouse Aqp2 gene

A 4.5-kb fragment, amplified using Aqp2f2 (5′-GAT GAC AAA ACC CGG AGA GA-3′)
and Aqp2r2 (5′-TGA GGT CAA GCC ACT GTC AC-3′) as primers and mouse R1 ES cell
genomic DNA as template, was subcloned into pCR2.1 (Invitrogen, Carlsbad, CA) vector to
form pBYAqp2. This 4.5-kb genomic fragment contains exons 2 to 4, the entire coding
sequence. pBYAqp2 was cut at the SbfI site within exon 4. Mung bean nuclease digestion
was used to generate blunt ends, followed by the NheI cut. IRES-Cre-ER-Neo cassette
(kindly provided by Dr. P. Chambon) was obtained from the plasmid pBY53a with NotI,
Klenow filled in, and then cut with NheI. The two fragments were ligated to form the
plasmid pBYAQP3, the targeting construct. After homologous recombination, the Aqp2
peptide would be truncated right after S229, however, during subcloning, three extra amino
acids (RPL) that were not present in WT Aqp2 were introduced before the stop codon.
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Therefore, the predicted protein COOH-terminus would be S(229)RPL(232)X. For
simplification, this truncated allele is called Aqp2Δ230. The linearized targeting vector was
electroporated into ES cells. Transfection of ES cells and selection of drug-resistant colonies
was as described previously (18). ES cell screening was performed by PCR. First screening
from the short homology arm side yielded a 2.5-kb PCR product: Aqp2Kif2 (5′-TCA GCC
ATG ATG GAT ACT TTC TCG-3′) located within the Neo cassette and Aqp2KIr1: (5′-
GTC ACC GAT ACC CAC TCT TCT GG-3′), located at downstream of the 3′ -short
homology region.

The positive clones were confirmed from the long homology arm side: CR5′f (5′-GAA AGA
CCT TGA AGC ACC ATG C-3′) located upstream of the 5′ -long arm homology region and
Aqp2seqr3 (5′-TCC CTG AAC ATG TCC ATC AG-3′) located within the IRES-Cre knock-
in cassette, to get 3.5-kb PCR product.

Two positive ES cell clones were obtained out of nearly 2,000 colonies screened. Positive
clones were injected in C57BL/6 (B6) blastocytes. Male chimeras were bred to B6 and 129/
SvJ females to generate mice on two different genetic backgrounds. Tail DNA from 3-wk-
old agouti pups were screened for the presence of the targeted gene. Heterozygous
Aqp2 Δ230 mice were backcrossed to WT B6 mice for two generations and then intercrossed
to generate mice for this study. Thus our mice have mixed genetic background of B6 and
129/SvJ with predominantly B6 (on average 87.5% from B6).

Care of the mice used in the experiments met or exceeded the standards set forth by the
National Institutes of Health in their guidelines for the care and use of experimental animals.
All procedures were approved by the University Animal Care and Use Committee at the
University of Iowa.

Genotyping and PCR
Genomic DNA was isolated from tail clips from 3-wk-old mice and used for PCR
genotyping. Primers, F1 (5′-TCA GAA CTT GCC CAC TAG CC-3′), located at the 5′-
homology region, and R1 (5′-GAG GAA CTG CTT CCT TCA CG-3′), located within the
IRES-Cre cassette, amplify a 530-bp fragment for the mutant allele. Primers F1 and R2 (5′ -
AGG AGG GAA CCG ATG ACG-3′), located at the 3′ -homology region, amplify a 540-bp
fragment for the WT allele (Fig. 1).

Total RNA was isolated using the Sigma TRI REAGENT kit followed by DNase I treatment
to remove genomic DNA from RNA preparations. First-strand cDNA was synthesized using
Invitrogen SuperScript III reverse transcript and oligo(dT)20. The cDNA template then was
used with Red-Taq (Sigma Chemical, St. Louis, MO) for PCR analysis or with the
SYBRGreen PCR master mix kit (Applied Biosystem, Foster City, CA) for Real-time PCR
analysis. Three WT control and three Aqp2 Δ230/Δ230 mice were used for real time RT-PCR
analyses. The ABI PRISM 7000 Sequence Detection System was used for signal detection,
and the relative standard curve method (gene of interest and internal control were in separate
tubes) was used for data analysis. The following primer sets were used in RT-PCR and real-
time PCR for Aqp1, Aqp2, Aqp3, and Aqp4, respectively: QPCR-AQP1F (5-′CT CCC TAG
TCG ACA ATT CAC-3′), QPCR-AQP1R (5′-ACA GTA CCA GCT GCA GAG TG-3′),
RT-Aqp2F (5′-CTC TCT CCA TTG GTT TCT CTG TTA CC-3′), RT-Aqp2R (5′-GGA
ACG GGC TGG ATT CAT G-3′), RT-AQP3F (5′-GCT GTG ACC TTC GCA ATG TG-3′),
RT-AQP3R (5′-CAG TGC ATA GAT GGG CAG CTT-3′), QPCR-AQP4F (5′-GAG TCA
CCA CGG TTC ATG GA-3′), and QPCR-AQP4R (5′-CGT TTG GAA TCA CAG CTG
GC-3′).
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Serum and urine collections, chemistry, and osmolality measurements
Age- and gender-matched mice were placed in a metabolic cage to collect urine for 12–24 h,
as described previously (1). Blood was collected via the retroorbital venous plexus using a
microhematocrit blood tube. The samples were incubated at room temperature for 60 min
and centrifuged at 13,000 rpm for 5 min, and serum was stored at −80°C. Blood urea
nitrogen (BUN) and creatinine were measured using a VT250 Chemical Analyzer (Johnson
& Johnson Clinical Diagnostics, Rochester, NY) at the Animal Clinical Laboratory Core
Facility at the University of North Carolina at Chapel Hill. Urine and serum osmolality was
measured with Micro Osmometer 3300 (Advanced Instruments, Norwood, MA).
Desmopressin (dDAVP) was injected intraperitoneally at 1 (µg/kg body wt, and urine was
collected every 6 h for 12 h. For the rescue experiment, weanlings (21 days old) were
injected intraperitoneally with water (10% of body wt).

Histology and immunohistochemistry
Following a lethal dose of Avertin (2,2,2-tribromoethanol) anesthesia, mice were perfused
with physiological saline and 3% formalin through the heart. The kidneys were postfixed
with 10% zinc formalin, and paraffin-embedded kidney tissues were sectioned at a thickness
of 2–3 µm. Standard hematoxylin and eosin staining and immunostaining were performed
on paraffin-embedded kidney tissues. For immunohistochemistry, primary polyclonal
antibodies (rabbit) anti-Aqp2 (COOH terminal, 1:500 dilution; Chemicon, Temecula, CA),
anti-Aqp2 (NH2 terminal, 1:100 dilution; Santa Cruz Biotechnology, Santa Cruz, CA), and
anti-Aqp3 (COOH terminal, 1:1,000 dilution; Chemicon) were incubated with sections
separately overnight at 4°C. FITC-labeled goat anti-rabbit IgG antibody was used as the
secondary antibody. Nucleus was stained with ToPro-3 (1:1,000; Molecular Probes, Eugene,
OR). After being stained, the sections were mounted in Vectashield Mounting medium
(Vector Laboratories, Burlingame, CA). Immunofluorescent images were obtained with a
Bio-Rad MRC-1024 Confocal Microscope (Bio-Rad Laboratories, Hercules, CA) using a
×60 oil objective.

Western blot
Kidney Western blots were performed as described previously (1). The antibodies directed
against the NH2- and COOH-terminal region of Aqp2 were the same as used for
immunohisto-chemistry. Images were developed with Super Signal Femto (Pierce) and
quantitated using the Optichemi BioImaging System.

Construction of Aqp2 vectors for stable transfection
One common forward primer (Aqp2BglII5: 5′-AGA TCT GGG AAC TCC GGT CCA TAG
CG-3′) and two different reverse primers (Aqp2BglII31: 5′-AGA TCT GGC CTT GCT
GCC GCG CGG CAG G-3′ and Aqp2BglII32: 5′-AGA TCT GCT CTT GGT CGA GGG
GAA CAG C-3′) were used to amplify the full-length cDNA and the Aqp2 truncation,
deleting the COOH-terminal 41 amino acids, respectively. The two PCR products were
inserted in pCR2.1 TA cloning vector (Invitrogen). After sequencing confirmation, the two
cDNA fragments were cut with Bgl II and subcloned into mammalian expression vector
pCMV-Tag1 (Stratagene, La Jolla, CA) to form pCMV-Aqp2-31a and pCMV-Aqp2-32a,
respectively.

Expression of Aqp2 in MDCK cells
MDCK cells were cultured in DMEM (Invitrogen) supplemented with 10% FBS, 100 U/ml
of penicillin, and 100 (µg/ml of streptomycin at 37°C under a humidified 5% CO2. Four
micrograms of the expression constructs of the WT Aqp2 and truncated Aqp2 were
transfected into MDCK cells grown subconfluently on six-well microplates (Corning,
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Cambridge, MA) using Lipofectamine 2000 (Invitrogen) according to manufacturer’s
instructions. After 24 h, transfected cells were trypsinized and passed at a 1:10 ratio in fresh
medium. The following day, cells were fed with DMEM containing 10% FBS and 700 (µg/
ml of G418 (Sigma Chemical). Fourteen days after the transfection, individual colonies were
selected and expanded. Empty pCMV-Tag1 vector was also transfected in MDCK cells as
controls.

To detect the localization of proteins in polarized cells, transfected MDCK cells were grown
on a permeable membrane (Transwell) with pore sizes of 0.4 (µm (Cell Culture Insert;
Becton Dickinson Labware, Franklin Lakes, NJ). After the 3-day culture in DMEM,
confluent cells were incubated for 2 h with DMEM containing 10 µM forskolin (Sigma
Chemical) to induce the translocation of Aqp2 to the plasma membrane. Control cells were
not treated with forskolin for comparison. The cells were then fixed for 10 min with cold
methanol at room temperature, washed with PBS, and blocked with 3% BSA in PBS at 4°C
overnight. Cells transfected with the WT or the mutant Aqp2 were incubated at room
temperature for 1 h with the same antibody recognizing the NH2-terminus used for tissue
immunohistochemistry in PBS containing 1% BSA. Subsequent processing was similar to
tissue immunohistochemistry.

Transepithelial water flow of cultured cells
Transcellular water flow (Pf) was determined by a spectroscopic method developed by
Jovov et al. (9). In brief, MDCK cells were seeded on Transwells and grown for 3 days. The
apical compartment of the Transwells was filled with 400 µl of 0.5× Hanks’ balanced salt
solution containing 30 mg/l phenol red. The basolateral solution contained 1.5 ml Hanks’
balanced salt solution. After incubation for 2 h at 37°C, three aliquots of 50 µl were taken
from the apical compartment of each well and diluted with 50 µl Hanks’ balanced salt
solution, and the absorbency at 479 nm (the isosbestic point of phenol red) was determined.
Pf (in nm/s) was calculated using equations described previously (2).

Statistics and data analysis
Data analysis between different groups of animals was performed by unpaired Student’s t-
test, except data shown in Fig. 5 where ANOVA was used. The Kaplan-Meier survival
curves (see Fig. 8) were analyzed using the Log Rank Test (8). We considered P values
<0.05 statistically significant. All values are expressed as means ± SE.

RESULTS
A schematic drawing of the mouse Aqp2 water channel is shown in Fig. 1A . The Aqp2 gene
has 4 exons, the last of which contains the final transmembrane domain and the COOH-
terminal tail. We disrupted exon 4 with the selectable marker, Neo, and Cre recombinase as
shown in Fig. 1B. A representative genotyping of a litter of mice obtained from
heterozygous intercross is shown in Fig. 1C. The number of mice homozygous for the
deletion (Aqp2Δ230/Δ230) did not deviate from the expected Mendelian ratio. However, these
homozygotes tended to be smaller than either heterozygous (HET) or WT littermates (Table
1). RT-PCR analyses using total RNA isolated from kidney of Aqp2 Δ230/Δ230 mice showed
the presence of the fusion mRNA between Aqp2 and Cre recombinase and the absence of
transcript derived from the 3′-region of exon 4 (Fig. 1D ).

Kidney morphology and histology were obtained from mice at 4 wk old. On gross
examination, kidneys from Aqp2 Δ230/Δ230 mice were enlarged with prominent
hydronephrosis (Fig. 2A ). The kidney weight, after normalized to body weight, was not
significantly different between Aqp2 Δ230/Δ230 and control mice (data not shown). Under
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light microscopy, the CDs were dilated; there was atrophy of the papilla, and there was
diffuse interstitial fibrosis (Fig. 2B ). In accordance with morphological changes, serum
BUN level was significantly increased for Aqp2Δ230/Δ230 mice when compared with either
WT or HET mice, indicating reduced kidney function in Aqp2Δ230/Δ230 mice (Table 1). The
serum creatinine level was not different among mice with all three genotypes (Table 1).

We further characterized the expression of Aqp2 by immunohistochemistry. Two different
antibodies, against either the COOH or NH2 termini of Aqp2, gave strong signals from WT
kidney (Fig. 2, C and D ). As expected, the COOH-terminal-specific antibody did not detect
any Aqp2 in the kidneys from Aqp2 Δ230/Δ230 mice, since the epitope was deleted by the
truncation. To our surprise, the NH2-terminal-specific antibody produced a very low level of
Aqp2 from Aqp2 Δ230/Δ230 kidney (Fig. 2, D and E ). In contrast to the apical localization of
Aqp2 in CDs from WT mice, Aqp2 protein staining by this antibody in CDs from
Aqp2 Δ230/Δ230 mice appeared only faintly and diffusely throughout the cytoplasm. Western
blots were also used to detect the presence of the truncated form of the Aqp2 channel in the
affected kidney. We were unable to detect Aqp2-specific signals in blots probed with either
NH2-or COOH-terminal-specific antibody from Aqp2 Δ230/Δ230 kidney (Fig. 3), although
strong signals were obtained from both WT and HET kidneys. Thus Aqp2 protein
abundance was much lower in kidneys from Aqp2 Δ230/Δ230 mice than in kidneys from WT
or HET mice.

As shown in Fig. 1, kidneys from Aqp2 Δ230/Δ230 mice contain a fusion transcript instead of
WT Aqp2. To assess the relative amounts of Aqp2 mRNA and the extent to which the
expression of other Aqps might be altered in Aqp2 Δ230/Δ230 mice, we conducted real-time
quantitative RT-PCR analyses. As shown in Fig. 4, there were no significant differences in
mRNA abundance in any of the four Aqp isoforms tested. At the protein level, as revealed
by immunohistochemistry using antibody against Aqp3, there was no significance between
WT and Aqp2 Δ230/Δ230 mice (Fig. 2F ). It seems that compensatory changes of the other
Aqp water channels do not occur when Aqp2 is rendered defective, at least in these mice. In
addition, differences in mRNA abundance of Aqp2 do not account for the striking difference
in Aqp2 protein as determined by the antibody against the NH2 terminus (Fig. 2 and Fig. 3).

Age-matched (4-wk-old) WT, Aqp2 Δ230/+ (HET), and Aqp2 Δ230/Δ230 mice, were used for
the initial analyses of urine output. Aqp2 Δ230/Δ230 mice had dramatically increased urine
output in 12 h compared either WT or HET mice for the truncation of Aqp2 (Fig. 5A ). Also,
the urine osmolality was lower for Aqp2 Δ230/Δ230 mice (193 ± 17 for Aqp2 Δ230/Δ230 vs.
1,093 ± 119 mosmol/kgH2O for WT, and 1,275 ± 233 mosmol/kgH2O for HET mice; Fig.
5B ). There was no difference between WT and HET mice in either the amount of urine
produced or the urine osmolality. These relationships were not changed when we normalized
urine output for body weight to take into consideration the smaller size of the homozygotes
(Fig. 5D ). As expected, given their increased urine output, homozygotes have more than
threefold greater water consumption than WT or HET (Fig. 5E ). Consistent with
expectations, the Aqp2 Δ230/Δ230 mice have increased serum osmolality (Fig. 5C ). Thus
mice with the COOH-terminal tail truncation of Aqp2 have diabetes insipidus. The absence
of a phenotype in HET indicates that this mutation is transmitted as an autosomal recessive
disorder.

We next determined the responsiveness of control and Aqp2 Δ230/Δ230 mice to a single dose
of dDAVP (1 µg/kg body wt ip). Urine was collected for 12 h before and 12 h after
injection. As shown in Fig. 6, the control mice showed a significant reduction in urine
volume and an increase in urine osmolality after dDAVP. In contrast, the Aqp2 Δ230/Δ230

mice were resistant to dDAVP. Thus mice with the COOH-terminal tail truncation of Aqp2
have NDI.
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After the initial analyses at 4 wk old, the same mice were tested again at 8 wk. As shown in
Fig. 7, the amount of urine produced by control mice at 8 wk of age was more than that at 4
wk of age, but the amount was almost identical when normalized to the body weight (Fig.
7B ). In contrast, the Aqp2 Δ230/Δ230 mice showed significant increase of their urine volume
as follows: at 8 wk the amount of urine produced was increased more than threefold than
that at 4 wk. Normalized to body weight, urine volume at 8 wk was still almost two times
that at 4 wk (P < 0.005; Fig. 7B ). However, as shown in Fig. 7C , the urine osmolality was
not changed significantly between those two time points.

Aqp2Δ230/Δ230 mice were viable and could survive to adulthood; in addition, adult
Aqp2 Δ230/Δ230 mice, both male and female, were fertile (data not shown). However, ~40%
died around the time of weaning. One likely cause for this high mortality was dehydration,
since some mice demonstrated decreased body weight, increased hematocrit (data not
shown), and dry appearance of the skin and fur. We tested the idea that weanling mice might
have difficulty obtaining sufficient water intake by administering a single dose of sterile
water (10% body wt ip) and recorded subsequent mortality. After a single injection, the
survival of the homozygotes improved dramatically. All water-injected mice were still alive
at 6 mo. The Kaplan-Meier survival curves for both groups of mice are shown in Fig. 8.

The apparent diffuse distribution of Aqp2Δ230 in the CDs from Aqp2 Δ230/Δ230 mice
suggested that the apical translocation in response to vasopressin was abolished with the
deletion of the COOH-terminal tail. However, the low level of expression of the truncated
protein made it difficult to conduct detailed studies. As an alternative approach to
determining the subcellular localization of Aqp2, we used MDCK cells stably expressing
either full-length Aqp2 or Aqp2Δ230. As shown in Fig. 9, A and B ) for cells transfected with
full-length Aqp2 cDNA, in the absence of stimulation, Aqp2 was seen diffusely throughout
the cell. In the presence of forskolin, a direct activator of adenylate cyclase for the
production of cAMP, the majority of the Aqp2 was seen at the plasma membrane. For cells
transfected with Aqp2Δ230, the cellular distribution of truncated Aqp2 was similar to full-
length Aqp2 in the absence of stimulation (Fig. 9, A and C ). However, adding forskolin to
the culture medium did not seem to alter the expression pattern of Aqp2Δ230, which was
dramatically different from that of full length Aqp2 (cf. Fig. 9, B and D ), and was in
agreement with the immunostaining result using the NH2-terminal specific antibody (Fig.
2E ).

To test if the Aqp2 channels with the Δ230 truncation still retained some functional activity,
we measured transepithelial water permeability in these cells. As shown in Fig. 10, MDCK
cells transfected with only an empty vector had minimal water permeability; forskolin
tended to increase permeability, but the change was not statistically significant. Cells
transfected with full-length Aqp2 had significantly greater water permeability in the absence
of stimulation compared with MDCK cells transfected with vector. Upon treatment with
forskolin, MDCK-Aqp2 cells further increased their water permeability. Cells transfected
with Δ230 truncation had similar basal water permeability as MDCK cells transfected with
full-length Aqp2 and greater water permeability than MDCK cells transfected with the
empty vector. Stimulation with forskolin did not produce an increase of the water
permeability over basal levels.

DISCUSSION
The present results describe a line of mice with severe autosomal recessive NDI from
deletion of the COOH terminus of Aqp2. In contrast to some other lines of mice with
mutations in Aqp2, these mice can survive to adulthood. Also in contrast to other lines of
mice, the amount of Aqp2 protein is markedly diminished in the homozygous mice. The
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40% mortality of the homozygous mice during the weaning period can be markedly reduced
by a single dose of water. MDCK cells stably expressing the WT and COOH-terminal
truncated Aqp2 protein support the conclusion that a small amount of functional truncated
protein can be inserted in the apical membrane constitutively but that vasopressin does not
increase protein trafficking.

We are aware of seven other lines of mice with genetically altered Aqp2: 1) a knock-in
T126M mutation displayed autosomal dominant NDI and perinatal lethality (35); 2) two
lines of mice expressing a floxed third exon show different phenotypes. Such mice bred with
mice universally expressing Cre recombinase had perinatal lethality (26). However, when
the floxed mice were crossed with a strain that excised the exon only in the CD (and not in
the CNT), mice developed severe NDI but survived to adulthood (26); 3) mice with a floxed
second exon bred with a universally expressed, tamoxifen-inducible Cre recombinase had
NDI and survived to adulthood (36); 4) mice with a F204V missense mutation had recessive
NDI and survived to adulthood (15); 5) mice with the S256L missense mutation also had
recessive NDI and ~ 90% mortality around the time of weaning (17); 6) mice with a frame-
shift mutation (deleting nucleotides 763–772) and inclusion of 76 amino acids from the
COOH terminus of human dominant negative mutant AQP2 showed autosomal dominant
NDI (29). Thus all of the mouse models with mutations in Aqp2 have NDI, some of which
produce perinatal lethality.

One of the questions we addressed in this study was whether mice with a deleted Aqp2
COOH terminus would have autosomal dominant or recessive NDI. The possibility that a
COOH-terminus deletion might produce autosomal dominant NDI in mice derives from the
observation that mutations in human AQP2 in the COOH terminus usually produce
dominant disease. These mutations produce a dominant phenotype because they encode for a
AQP2 protein that is targeted to a cell compartment other than the normal pathway leading
to insertion in the apical membrane. This misdirection carries with it WT AQP2 proteins (as
heterotetramers), thereby preventing normal AQP2 from reaching the apical membrane. The
fact that there are now two mouse models where COOH-terminal mutations (S256L and the
present truncation) do not produce dominant NDI demonstrates that not all disruptions of the
AQP2 COOH terminus produce dominant disease. The cases where such mutations do
produce dominant NDI must result from specific interactions between normal and abnormal
COOH-termini and consequent misdirection of the resulting heterotetramer (29).

Why do some lines of mice with defective Aqp2 die in the perinatal period and others
survive into adulthood? We can imagine two general possibilities. First, the genetic
background of mice that survive might encode for genes that act in a permissive fashion to
combat the dehydration and/or the poly-uria-induced hydronephrosis caused by these severe
defects. A specific example of such a possible genetic “rescue” might be other Aqps that
could partially substitute for the defective Aqp2 in some circumstances. The extent to which
differences in genetic background account for the survival is difficult to assess. We note
that, in one study, the excision of Aqp2 increased the expression of Aqp3 (36). In other
studies, mice with the S256L and mice with T126M mutations have increased Aqp2 mRNA
(35) and protein (17). However, we did not find compensation by Aqp3 or any other Aqp at
the mRNA and protein level (Fig. 4 and Fig. 2), and, in our homozygous mice, the
endogenous protein levels of Aqp2 were greatly reduced (Fig. 2 and Fig. 3). Given our
present knowledge of Aqp biology, it seems unlikely that another Aqp could substitute for
Aqp2.

A second possible explanation for a difference in perinatal mortality is that the Aqp2
mutations that permit mice to survive to adulthood might allow a small amount of functional
Aqp2 protein to be expressed on the apical membrane. The present study provides evidence
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to support this hypothesis. MDCK cells expressing Aqp2Δ230 protein have higher basal Pf
values than control cells and have similar Pf values as cells expressing WT Aqp2 without
stimulation (Fig. 10). This result is consistent with the idea that a small amount of Aqp2
with a deleted COOH terminus could be constitutively expressed on the apical membrane.

Data from the published reports on mice expressing genetically altered Aqp2 are consistent
with the idea that surviving mice might express a small amount of functional Aqp2 protein.
Homozygous mice expressing missense mutations [T126M (lethal; see Ref. 35) and F204V
(not lethal; see Ref. 15)] have demonstrable Aqp2 protein, but some of the F204V protein
appears to be fully mature (i.e., processed through the Golgi), as evidenced by the presence
of an endo H resistant band. In contrast, the T126M protein does not appear to have a fully
mature band. These results are consistent with the idea that mice expressing the F204V
mutation live into adulthood because a small amount of Aqp2 protein can be expressed in
the CD apical membrane.

The data from mice generated by floxing and excising an exon of the Aqp2 gene are also
generally consistent with lethality being associated with complete elimination of functional
expression. For example, excision of exon 3 using a universally expressing Cre recombinase
produces early lethality, whereas excision of this same exon using a Cre recombinase
expressed only in the CD (and sparing the CNT) produces NDI without lethality at weaning
(26). NDI mice produced by a tamoxifen-inducible Cre recombinase to excise exon 2 of
Aqp2 survive for at least several weeks after gene excision despite developing severe NDI
and hydronephrosis (36). It seems likely that Cre-mediated recombination does not delete
100% of the targets (28). As a matter of fact, 1.5% and <5% of functional Aqp2 remain in
the above two models (26,36), respectively, after Cre-mediated deletion. Thus it is possible
that the remaining few percent of the cells that retain the ability to make the Aqp2 protein
are sufficient to prevent lethality even though the phenotype represents severe NDI.

The reasons that mice with severe NDI die prematurely are probably the result of many
factors, including serum hypertonicity, renal failure due to dehydration, and hydronephrosis.
The time of onset and the severity of hydronephrosis could play an important role in the
premature death of those mice. Mice with the S256L mutation in Aqp2 develop
progressively severe hydronephrosis between 14 days and adulthood, but survive (17). In
contrast, mice with a universally deleted exon 3 die within 14 days of birth with
hydronephrosis. Thus the severity of the hydronephrosis correlates with mortality. The
severity of the hydronephrosis is probably related to the magnitude of urine flow, which in
turn is most likely inversely related to the degree of water reabsorption by the CD. Thus,
from the available data, the most logical scenario to explain the magnitude of early mortality
is the extent to which a small amount of functional Aqp2 can be expressed in the apical
membrane of CD cells.

The role that Aqp2 in CNT plays in water homeostasis is still not clear. It was postulated
that the rescuing of the lethal phenotype of Aqp2 knockout by the CD-specific deletion of
Aqp2 was the result of the CNT expression of Aqp2 (26), despite that fact that the Cre-
mediated deletion of Aqp2 from CD was not complete. The result obtained from our mice
and from the mice generated from tamoxifen-induced Cre-mediated deletion of exon 2 of
Aqp2 gene (36) seemed to be inconsistent with that explanation. With the low level of either
the truncated or full-length Aqp2 expressed in both CD and CNT, the survival of these mice
to adulthood seems to argue against a specific role for CNT-expressed Aqp2. Rather, the
results are more consistent with the idea that a small amount of functional Aqp2 in CD and/
or CNT is sufficient for affected mice to survive the neonatal period. This explanation was
also consistent with mice with the F204V mutation in Aqp2 (15).
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Although the severity of hydronephrosis might explain some of the difference in mortality in
the mice expressing different types of Aqp2 mutations, it probably is not the complete
explanation. Administration of water intraperitoneally at the time of weaning substantially
improves mortality in our mice (Fig. 8). Administration of water should not reduce the
magnitude of flow-induced hydronephrosis and renal failure. Administration of water also
did not rescue the mice with the T126M mutation, the most severely affected of the reported
Aqp2 mutants (35). Thus the magnitude of dehydration probably plays some role in survival
during the nursing period and beyond. Dehydration and weakness during the weaning period
might have affected the pups’ ability to obtain enough water to maintain homeostasis, a
situation that might have been alleviated by extra water administration, at least long enough
to let the pups get enough strength to obtain water independently.

The expression of the Aqp2Δ230 protein was lower in kidney CDs (Fig. 2 and Fig. 3) than in
MDCK cells (Fig. 9). The reason for the marked reduction of the protein in the kidney is not
clear. It is possible that the COOH-terminal truncation is processed differently in native CD
cells than in MDCK cells. Another possibility is that the stably transfected MDCK cells
have many more copies of Aqp2 Δ230 transgene incorporated into the cellular genome and
thus higher expression of the truncated protein than the endogenous CD cells.

In summary, we have generated a mouse model of recessive NDI. The main features of this
model are that the affected mice have severely reduced urine concentrating capacity, yet
most of the affected mice survive the neonatal period, and majority of them survive to
adulthood if water was administered at the time of weaning. For adult Aqp2 Δ230/Δ230 mice,
the daily urine produced exceed their body weight, yet, with adequate hydration, those mice
looked normal and both males and females were fertile. This mouse model demonstrates the
important role of the COOH-terminal tail and the S256 residue in the apical translocation of
Aqp2 in response to vasopressin stimulation. Thus this mouse model may be useful in
studying the patho-physiology and potential therapy of this disease.
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Fig. 1.
Generation of mice with COOH-terminal truncation of the aquaporin (Aqp)-2 water channel.
A: schematic drawing of mouse Aqp2. The locations of S256 and the putative apical
localization signal and the truncation site are marked. Two different antibodies were used in
this study, and the approximate epitope locations are marked as well. Several published
Aqp2 mice, the T126M knock-in, the floxing of exons 2 and 3, and the F204 are also
indicated. B: schematic drawing of the gene targeting to generate Aqp2 truncation. Neo-
selectable marker, along with Cre-endoplasmic reticulum (ER) coding region, was inserted
into exon 4 of mouse Aqp2 gene through homologous recombination. C: genotyping of a
litter of mice obtained from intercross of heterozygotes for the truncation of Aqp2
(Aqp2 Δ230/+). D: RT-PCR analyses using total RNA isolated from kidney of mice
homozygous for the deletion (Aqp2 Δ230/Δ230). Data show no expression of the distal portion
of exon 4 (lanes 1 and 3) but expression of the proximal portion of exon 4 (lanes 2 and 4)
with expression of the message for Cre recombinase (lane 4).
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Fig. 2.
Kidney histology and immunohistology of Aqp2 Δ230/Δ230 mice. Kidneys were collected
from mice of different genotypes at 4 wk of age. A: gross kidney appearance is shown. B:
hematoxylin and eosin staining of kidney is shown. Immunostainings using antibodies
against the COOH-terminal (C) and NH2-terminal (D) regions of Aqp2 are shown. E: higher
magnification of images in D. F: immunostainings using antibodies against AQP3.
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Fig. 3.
Western blot to detect Aqp2 protein in the kidney. Kidneys from 3 mice each of wild-type
(WT), heterozygotes, and homozygous Aqp2 Δ230/Δ230 mice were used for protein analysis.
Equal amount of protein was loaded in each lane and probed with either primary antibody
against the NH2-terminal (A) and COOH-terminal (B) regions of Aqp2.
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Fig. 4.
Real-time PCR. Total kidney RNA, from 3 WT control and 3 Aqp2 Δ230/Δ230 mice, was used
for real-time RT-PCR analyses. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was
used as internal control. The relative amount of transcript was expressed as a percentage of
that of WT. There are no significant differences between any of the Aqps.
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Fig. 5.
Aqp2 Δ230/Δ230 mice have reduced urine concentrating capacity. Four-week-old littermates
of all 3 genotypes (WT, HET, and Agp2 Δ250/Δ250) were placed in metabolic cages for 12 h
(8:00 P.M. to 8:00 A.M.) with free access of drinking water. Urine volume (A) and
osmolality (B) and serum osmolality (C) were measured and plotted. The amount of urine
collected and water consumed during the collection period was normalized with body
weight (D and E). No. of animals in each group is shown in parentheses.
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Fig. 6.
Aqp2 Δ230/Δ230 mice are resistant to the stimulation of vasopressin. Four-week-old mice
were given desmopressin (dDAVP) ip at a dosage of 1 µg/kg of body wt before being placed
in metabolic cages. Urine volume (A) and osmolality (B) show that control mice respond to
dDAVP while Aqp2 Δ230/Δ230 do not. There were 4 nephrogenic diabetes insipidus (NDI)
mice and 9 control mice (both WT and HET) used in this study.
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Fig. 7.
Age-dependent change in Aqp2 Δ230/Δ230 mice. The same groups of mice used in initial
study at 4 wk (Fig. 2) were further tested at 8 wk. The amount of urine produced (A) and the
amount of urine normalized to body weight (B) and osmolality are shown. There were 4
NDI mice and 9 control mice (both WT and HET) used in this study.
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Fig. 8.
Water loading improved survival for Aqp2 Δ230/Δ230 mice. Aqp2 Δ230/Δ230 weanlings (21
days old) were given a single ip injection of water (volume = 10% of body weight). Time of
death was recorded. Kaplan-Meier survival curves are shown. There were 5 Aqp2 Δ230/Δ230

mice in the water-load group and 16 Aqp2 Δ230/Δ230 mice in the control group, without acute
water loading.
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Fig. 9.
Stable transfection of MDCK cells showed that Aqp2Δ230 can reach the plasma membrane.
MDCK cells were stably transfected with plasmids containing full-length Aqp2 cDNA (A
and B) and Δ230 truncation (C and D). Cells were cultured in the absence (A and B) or in the
presence (B and D) of forskolin (10 µM) for 2 h. Cells were fixed, and Aqp2 was visualized
with anti-Aqp2 (NH2 terminal, rabbit antiserum) and fluorescence-labeled secondary goat
anti-rabbit IgG.

Shi et al. Page 21

Am J Physiol Renal Physiol. Author manuscript; available in PMC 2010 February 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 10.
Transcellular water transport (Pf) in MDCK cells. MDCK cells were stably transfected with
control plasmid and plasmids containing cDNA coding for either full-length or Δ230
truncation of Aqp2. Cells were seeded on Transwells and used for Pf study using a
spectroscopic method to determine the phenol red concentration. Pf is expressed as nm/s.
Average from 3 experiments is shown with SE.
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Table 1

Body weight, creatinine, and BUN of Aqp2Δ230/Δ230 mice

Body Wt, g

3wk 10wk
Creatinine,

mg/dl BUN, mg/dl

WT 11.1±0.6 (8) 23.16±1.55 (9) 0.04±0.01 (4) 14.3±0.7 (4)

HET 11.1 ±0.3 (8) 23.63±0.6 (3) 0.04±0.01 (4) 13.8±0.5 (4)

Aqp2Δ230/Δ230 8.7±1.7*(5) 17.49±1.66f† (4) 0.05±0.00 (4) 37.5±13.3*(4)

Values represent means ± SE; no. of mice parentheses, BUN, blood urea nitrogen; WT, wild type; Aqp, aquaporin. There was no statistical
difference between HET and WT mice

*
P < 0.05

†
P < 0.01 between Aqp2Δ230/Δ230 mice and control mice (HET and WT together).
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