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Aquaporin-4 (AQP4) is a mercurial-insensitive, water-selective channel that is expressed in astroglia and basolateral plasma membranes of
epithelia in the kidney collecting duct, airways, stomach, and colon. A targeting vector for homologous recombination was constructed using
a 7-kb Sacl AQP4 genomic fragment in which part of the exon 1 coding sequence was deleted. Analysis of 164 live births from AQP4[+/-]
matings showed 41 [+/+], 83 [+/-], and 40 [-/-] genotypes. The [-/-] mice expressed small amounts of a truncated AQP4 transcript and
lacked detectable AQP4 protein by immunoblot analysis and immunocytochemistry. Water permeability in an AQP4-enriched brain vesicle
fraction in [+/+] mice was high and mercurial insensitive, and was decreased by 14-fold in [-/-] mice. AQP4 deletion did not affect growth or
tissue morphology at the light microscopic level. Northern blot analysis showed that tissue-specific expression of AQPs 1, 2, 3, and 5 was
not affected by AQP4 deletion. Maximum urine osmolality after a 36-h water deprivation was (in mosM, n = 15) [+/+] 3,342+/-209, [+/-] 3,
225+/-167, and [-/-] 2,616+/-229 (P < 0.025), whereas urine osmolalities before water deprivation did not differ among the genotypes.
Rotorod analysis of 35- 38-d-old mice revealed no differences in neuromuscular function (performance time in s, n = 8): [+/+] 297+/-25, [+/-]
322+/-28, [-/-] 288+/-37. These results indicate that AQP4 deletion in CD1 mice [...]
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Abstract

Aquaporin-4 (AQP4) is a mercurial-insensitive, water-selec-
tive channel that is expressed in astroglia and basolateral
plasma membranes of epithelia in the kidney collecting
duct, airways, stomach, and colon. A targeting vector for
homologous recombination was constructed using a 7-kb
Sacl AQP4 genomic fragment in which part of the exon 1
coding sequence was deleted. Analysis of 164 live births
from AQP4[+/—] matings showed 41 [+/+], 83 [+/—], and
40 [—/—] genotypes. The [—/—] mice expressed small
amounts of a truncated AQP4 transcript and lacked detect-
able AQP4 protein by immunoblot analysis and immunocy-
tochemistry. Water permeability in an AQP4-enriched brain
vesicle fraction in [+/+] mice was high and mercurial in-
sensitive, and was decreased by 14-fold in [—/—] mice.
AQP4 deletion did not affect growth or tissue morphology
at the light microscopic level. Northern blot analysis showed
that tissue-specific expression of AQPs 1, 2, 3, and 5 was not
affected by AQP4 deletion. Maximum urine osmolality after
a 36-h water deprivation was (in mosM, n = 15) [+/+]
3,342+209, [+/—] 3,225%167, and [—/—] 2,616£229 (P <
0.025), whereas urine osmolalities before water deprivation
did not differ among the genotypes. Rotorod analysis of 35—
38-d-old mice revealed no differences in neuromuscular func-
tion (performance time in s, n = 8): [+/+] 29725, [+/—]
322+28, [—/—] 288+37. These results indicate that AQP4
deletion in CD1 mice has little or no effect on development,
survival, growth, and neuromuscular function, but produces
a small defect in urinary concentrating ability consistent
with its expression in the medullary collecting duct. (J. Clin.
Invest. 1997. 100:957-962.) Key words: water transport e
aquaporin + AQP4 . mercurial-insensitive water channel «
urinary concentration
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Introduction

Several water transporting proteins (aquaporins, AQPs)! with
homology to the major intrinsic protein of lens fiber (MIP, ref-
erence 1) have been identified in mammals. AQP1 (original
name CHIP2S, reference 2) is found in erythrocytes, the kid-
ney proximal tubule, and various epithelia and endothelia.
AQP2 (original name WCH-CD, reference 3) is the vaso-
pressin-inducible water channel expressed in the kidney col-
lecting duct. AQP3 (alternate name GLIP, glycerol transport-
ing intrinsic protein) was cloned by several laboratories (4-6),
and is expressed at the basolateral membrane of the kidney
collecting duct and multiple epithelia (7). AQP4 (original
name MIWC, mercurial-insensitive water channel, reference
8) is expressed strongly in the brain and colocalizes with AQP3
in several tissues (see below). AQP5 (9) is expressed in the
lung, salivary gland, and eye. Functional studies indicate that
the AQPs form water-selective channels, except for AQP3,
which also transports glycerol and possibly other small polar
solutes. Amino acid sequence analysis indicates several con-
served sequences among the AQPs, but with overall amino
acid identities of only 25-60%.

Although a considerable body of information exists on the
genetics, tissue localization, structure, and function of mammal-
ian AQPs, little is known about their role in normal physiology
and disease. Whereas human subjects lacking AQP1 are pheno-
typically normal (10), mutations in AQP2 cause non-X-linked
nephrogenic diabetes insipidus (11). No natural mutations or
knockout models for AQPs 3, 4, and 5 have been identified,
nor do selective or nontoxic inhibitors exist for any AQP.

The purpose of this study was to generate and characterize
a transgenic null mouse lacking AQP4. AQP4 was initially
cloned from rat lung (8). Subsequently, an isoform with an ex-
tended amino terminus was found in rat brain (12), and ho-
mologs from human (13) and mouse (14) were cloned. Immu-
nocytochemistry showed rat AQP4 protein expression at the
basolateral membrane of the kidney collecting duct, ependy-
mal cells lining brain ventricles, astroglial cells in the brain and
spinal cord, skeletal muscle sarcolemma, and epithelial cells in
the stomach, trachea, airways, and colon (7, 15). AQP4 is
unique among the mammalian AQPs in that (a) its water per-
meability is not inhibited by mercurials (because of absence of
a cysteine residue at a critical location, reference 16), (b) its
single-channel water permeability is three- to fourfold higher
than that of the other water channels (17), and (c) it is spatially
organized in cell membranes in square orthogonal arrays (18).

1. Abbreviations used in this paper: AQP, aquaporin; ES, embryonic
stem; Py, osmotic water permeability.
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Based on tissue localization (7, 15) and functional data (19,
20), it was proposed that AQP4 plays a role in neuromuscular
function, the urinary concentrating mechanism, airway hydra-
tion, and fecal dehydration. The AQP4 null mouse described
here was used to test whether AQP4 is important for growth
and development, whether AQP4 deletion is associated with
tissue-specific upregulation of other AQPs, and whether
AQP4 deletion is associated with defective renal or neuromus-
cular function.

Methods

Targeting vector construction and embryonic stem (ES) cell screen-
ing. Based on the genomic analysis of mouse AQP4 (14), an AQP4
replacement targeting vector was constructed using a 7-kb genomic
Sacl DNA fragment containing exons 1-3 and part of exon 4 (Fig. 1).
Part of the exon 1 coding sequence (bp 298-381) into ~ 1 kb of intron
1 was replaced by a 1.8-kb PollIneobpA cassette for positive selec-
tion. A 3-kb PGK-tk cassette was inserted at the 3’-end of the right
arm for negative selection. The targeting vector was linearized at a
unique Notl site downstream from the PGK-tk cassette and elec-
troporated into CB1-4 ES cells as described previously (21). Trans-
fected ES cells were selected with G418 (300 wg/ml) and FIAU (1-[2-
deoxy, 2-fluoro B-D arabinofuranosyl]-5-iodouracil, 0.3 wM) for 7 d.
Out of 287 doubly resistant colonies, five properly targeted clones
were identified by PCR amplification of a 1.3-kb fragment using a
sense primer specific for the AQP4 gene (pagps) (5'-TATATGTGT-
GTGCTTACATAATGAAATACG-3') located upstream from the
5’-end of the construct, and an antisense primer specific for the
neo cassette promoter (ppe,) (5'-CACCGCTGAATATGCATAAG-
GCA-3"). Homologous recombination was confirmed by Southern
hybridization: 10 pg genomic DNAs was digested with EcoRI and re-
solved on a 7% agarose gel. The gel was alkaline-blotted to a posi-
tively charged Nylon plus membrane (Amersham Corp., Arlington
Heights, IL) and hybridized for 1 h at 68°C in rapid hyb buffer (Am-
ersham Corp.) with a ?P-labeled 2.4-kb genomic fragment located
downstream from the targeting vector and upstream from the EcoRI
site (Fig. 1). The washed membranes were autoradiographed over-
night at room temperature.

Generation of AQP4 knockout mice. ES cells were injected into
PC 2.5 day 8 cell morula stage CD1 zygotes, cultured overnight to
blastocysts, and transferred to pseudopregnant B6D2 females. Off-
spring were genotyped by PCR using primers: p,ops-sense, 5'-ACC-
ATAAACTGGGGTGGCTCAG-3' (corresponding to exon 1, bp
100-121); paops-antisense, 5'-TAGAGGATGCCGGCTCCAATGA-
3’ (corresponding to the deleted part of exon 1, bp 325-314); ppeo, 5'-

CACCGCTGAATATGCATAAGGCA-3'; and by Southern blot
analysis as described above. Mice heterozygous for the AQP4 muta-
tion were intercrossed to produce homozygous knockout mice.

Northern blot analysis. Total RNAs from the brain, kidney, and
lung were isolated by homogenization in guanidinium thiocyanate
followed by phenol-chloroform extraction. RNAs (10 pg/lane) were
resolved on a formaldehyde-agarose denaturing gel and transferred
to positively charged Nylon plus membrane (Amersham Corp.). The
blotted membranes were hybridized with *?P-labeled probes corre-
sponding to each of the cDNA coding regions of AQPs 1-5 using the
conditions for Southern blotting described above.

Immunoblot analysis. Tissues were homogenized in 250 mM su-
crose, 10 mM Tris-HCI, pH 7.4, containing 1 pg/ml leupeptin, 1 wg/ml
pepstatin A, and 4 pg/ml antipain. A membrane pellet was prepared
by removal of nuclei and debris (3,000 g for 10 min) followed by cen-
trifugation at 100,000 g for 60 min. Proteins were resolved on a 12%
polyacrylamide gel, electrotransferred to a polyvinylidene fluoride
membrane, blocked with 2% albumin for 1 h, and incubated with
1:1,000 dilution of a peptide-derived AQP4 polyclonal antibody
raised in rabbits (7).

Light microscopy and immunocytochemistry. Tissues were fixed
in situ by aortic perfusion with PBS containing 4% paraformaldehyde.
Paraffin-embedded sections of brain, kidney, lung, trachea, spleen,
liver, intestine, stomach, and skeletal muscle were stained with hema-
toxylin and eosin for examination by light microscopy. Sections were
stained with the AQP4 antibody as described previously (7).

Water permeability in brain vesicles. Mouse brain fragments were
homogenized by 20 strokes of glass Dounce homogenizer in PBS con-
taining 250 mM sucrose, 10 mM Tris-HCI, pH 7.4, 1 wg/ml antipain,
1 pg/ml pepstatin, and 15 pg/ml benzamidine. The homogenate was
centrifuged at 500 g for 10 min at 4°C, and adjusted to 1.4 M sucrose,
10 mM Tris-HCL, 0.2 mM EDTA (pH 7.4). A discontinuous sucrose
gradient [2 M sucrose (3 ml), 1.6 M (6 ml), 1.4 M (12 ml, containing
homogenate), 1.2 M (12 ml), 0.8 M (3 ml)] was centrifuged for 2.5 h at
25,000 rpm in an SW28 rotor, and 6-ml fractions were collected and
assayed for total protein (Bradford) and AQP4 concentration. Os-
motic water permeability (P;) was measured in suspensions of mem-
brane fractions (0.2-0.5 mg protein/ml) by the stopped-flow light-
scattering method (22) using a 100-mM inwardly directed osmotic
gradient. P; was computed from the light-scattering signal and vesicle
size (measured by quasielastic light scattering) as described previ-
ously.

Analysis of urinary concentration. Urine osmolalities of 35-40-d-old
mice were measured before and after a 36-h water deprivation by the
UCSEF Clinical Chemistry Laboratory using freezing-point depression
osmometry. To collect urine samples, mice were placed on a wire
mesh platform in a clean glass beaker until spontaneous voiding was
observed. The urine sample was collected immediately and kept on
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Figure 2. Analysis of AQP4 DNA, mRNA, and protein in transgenic mice. (A) PCR analysis of a litter from a single breeding showing wild-type
[+/+], heterozygous [+/—], and homozygous AQP4 null [—/—] mice. (B) Southern blot of mouse liver genomic DNA digested with EcoRI and
probed with a 2.4-kb genomic fragment (indicated in Fig. 1). (C) Northern blot probed with the mouse AQP4 coding sequence. (D) Immunoblot
of brain membranes probed with AQP4 antibody. (E) Immunoperoxidase of AQP4 in the brain. (F) Immunofluorescence of AQP4 in the kid-

ney medulla.

ice until osmometry. In some experiments, 0.4 pg/kg desmopressin
was injected intraperitoneally after obtaining the 36-h urine sample,
and a third urine sample was collected at 1-2 h after injection.

Neuromuscular evaluation. In addition to standard assessments of
animal strength, coordination, and behavior, neuromuscular function
was evaluated by performance on an accelerating rotorod (23, 24).
According to protocol, mice were trained on the rod for 1 min at rest,
S min at speed 1, and 1 min at rest. For testing, rod speed was incre-
mented by 1 U every 2 min. Results were expressed as performance
time on the rod before falling.

Results

Fig. 2 A shows a PCR genotype analysis of live mice born from
a single mating of a heterozygote [+/—] pair. Wild-type [+/+],
heterozygous [+/—], and homozygous [—/—] offspring were
identified. Analysis of 164 live births (Table I) showed a geno-
type distribution that did not differ significantly from the Men-
delian 1:2:1 ratio. Fig. 2 B shows a representative Southern
blot confirmation of genotype. Northern blot analysis indi-
cated strong expression of the full-length 5.5-kb AQP4 tran-
script in brain from [+/+] mice, with less expression of the 5.5-
kb transcript in [+/—] mice, and minimal expression of only a

truncated transcript in [—/—] mice (Fig. 2 C). Similar results
were obtained with mRNA from the lung and kidney. The
truncated AQP4 transcript is consistent with the site of gene
interruption or may represent alternative splicing and polyade-
nylation.

Fig. 2 D shows no detectable AQP4 protein by immunoblot
analysis of brain homogenates from [—/—] mice. There was a
consistent reduction (by ~ 50%) in the amount of AQP4 pro-
tein in brain homogenates from [+/—] compared to [+/+]
mice. Tissue immunocytochemistry from [+/+] mice revealed

Table I. Genotype Analysis of 164 Offspring from Intercross of
AQP4 [+/—] Founders

Genotype
+/+ +/- -/-
Male 17 36 21
Female 24 47 19
Total 41 83 40
Aquaporin-4 Knockout Mouse 959
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Figure 3. Functional analysis of AQP4 in the brain. Time course of
light scattering in fractionated brain membrane vesicles subjected to
a 100-mM inwardly directed sucrose gradient at 10°C. Data shown for
fraction 6. (Inset) Specific expression of AQP4 protein (ng AQP4
protein/pg total protein) determined by quantitative immunoblot
analysis.

the expected expression pattern of AQP4 in ependymal and
astroglial cells in the brain (Fig. 2 E), and collecting duct baso-
lateral membrane in the kidney (Fig. 2 F) (7). No detectable
AQP4 protein was found in tissues from [—/—] mice.

Functional studies of water permeability were carried out
in brain vesicles. Dissected cerebra were homogenized, nuclei
and mitochondria were pelleted, and light microsomes were
fractionated by sucrose density gradient centrifugation. Spe-
cific AQP4 expression in brain vesicle fractions from [+/+]
mice was determined by quantitative immunoblot analysis and
normalized to total protein (Fig. 3, inser). AQP4 protein ex-
pression was reduced by ~ 50% in [+/—] mice compared to
[+/+] mice. Fraction 6 (~ 4% of total membrane protein) had
the highest specific expression of AQP4 protein, and was ana-
lyzed functionally. No AQP1, AQP2, or AQP3 protein was de-
tected in immunoblots of fraction 6 (not shown). Measurement
of vesicle shrinkage in response to an osmotic gradient by
stopped-flow light scattering (Fig. 3) indicated a subfraction of
vesicles with high P; (~ 0.04 cm/s at 10°C); P; was not inhibited
by 0.3 mM HgCl, (not shown). Highly water-permeable vesi-
cles were not found in vesicle fractions isolated from the brains
of [—/—] mice.

Analysis of growth by animal weight showed no differences
among the genotypes (Fig. 4 A). Light microscopic examina-
tion of hematoxylin/eosin—stained sections of the brain, lung,
kidney, trachea, stomach, and skeletal muscle showed no sig-
nificant differences in morphology and structure in null vs.
wild-type mice (not shown).

Urinary concentrating ability was evaluated from urine os-
molalities after a 36-h water deprivation (Fig. 4 B). No signifi-
cant differences in urine osmolalities were found in hydrated
mice (just before water deprivation period). Serum sodium
concentrations (range 151-161 mM) and osmolalities (range
304-335) also did not differ significantly among hydrated mice
of [+/+], [+/—], and [—/—] genotypes (n = 2). However, there
was a significant reduction in maximum urine osmolality in the
[=/—] mice after a 36-h water deprivation (P < 0.025). Urine

A B +/+ +/- ~/-
30 4000
E 3500}
123
8 ¢ :
— 20 E 3000 *
2 :
- 2 2500
S 3
© S 2000
z 10 E
© 1500 ¢
g ¢ t
0 ) . . ) , 5 1000 -
0 10 20 30 40 50 s00L
age (days) H D H D H D
Figure 4. Phenotype analysis of transgenic
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osmolalities in the 36-h—dehydrated mice did not increase fur-
ther after desmopressin administration. These results demon-
strate a mild urinary concentrating defect in the AQP4 null
mice.

Neuromuscular evaluation was carried out by rotorod per-
formance, which assesses composite neurological function, co-
ordination, and skeletal muscle strength. After animal training
according to established protocols, the times between place-
ment on the rod and falling were measured. No significant dif-
ferences were found (P > 0.4) (Fig. 4 C). Neurological evalua-
tion by observation of behavior, and responses to sudden
falling, tail lift, and similar maneuvers, showed no overt differ-
ences among the genotypes.

The hypothesis was tested that deletion of AQP4 is com-
pensated for by upregulation of other AQPs. Northern blots of
tissue mRNAs were probed with coding sequences of AQP1,
AQP2, AQP3, and AQP5 (Fig. 4 D). As expected, dehydra-
tion produced a marked increase in AQP2 mRNA expression
in the kidney. Transcript levels of the AQPs were not signifi-
cantly different in the [—/—] vs. [+/+] mice. Inmunoblot anal-
ysis of AQP1 protein in the kidney, brain, lung, and heart (not
shown), and of AQP2 and AQP3 protein in the kidney (25) re-
vealed no differences in expression. Immunostaining of the
brain with antibodies against AQPs 1-3 also showed no differ-
ences in [+/+] and [—/—] mice (not shown).

Discussion

Transgenic null mice deficient in the AQP4 water channel
were generated and characterized. The [—/—] knockout mice
lacked detectable AQP4 protein. Analysis of 164 live offspring
gave the predicted 1:2:1 ratio of [+/+]:[+/—]:[—/—] genotypes,
indicating that there was no pre- or perinatal lethality. Animal
growth and organ morphology were not affected by AQP4 de-
letion. These results suggest that AQP4 protein is not required
for the development, survival, or growth of mice, and that phe-
notype abnormalities, if present, are subtle.

AQP4 is expressed with AQP3 at the basolateral mem-
branes of principal cells in the kidney collecting duct (7), most
strongly in the inner medulla (26). AQP4 water channels have
thus been proposed to provide a pathway for water exit from
principal cells into the hypertonic medullary interstitium. Prin-
cipal cells also express the vasopressin-regulated water chan-
nel AQP2 in intracellular vesicles and at the apical plasma
membranes. Defective maximum urinary concentration is pre-
dicted if AQP4 is responsible for the transport of a substantial
quantity of water. The maximum urinary osmolality induced
by water deprivation was decreased significantly in [—/—] mice
compared to [+/—] and [+/+] mice. Recent measurements
showed an ~ 4-fold decrease in vasopressin-stimulated water
permeability in perfused segments of the inner medullary col-
lecting duct in [—/—] vs. [+/+] mice (25). The absence of a
more profound defect in urinary concentrating ability in the
[—/—] mice is consistent with the notion that most of the water
in the antidiuretic state is extracted osmotically by the cortical
and outer medullary segments of the collecting duct. AQP3
may be the major basolateral membrane water channel in
these segments.

AQP4 protein is most strongly expressed in astroglial cells
in the brain and spinal cord, as well as in ependymal cells lining
brain ventricles and in skeletal muscle plasmalemma. It was
postulated that AQP4 deletion would cause serious neuromus-

cular abnormalities, including weakness, defective coordina-
tion, and neurological dysfunction. Interestingly, neuromuscu-
lar function was grossly normal, and quantitative rotorod
performance analysis, which assays neuromuscular function
and coordination (23, 24), showed no significant differences
among the genotypes. The normal serum osmolality of [—/—]
mice provides evidence against a role for AQP4 in osmosens-
ing and osmoregulation. Further analysis will be required to
identify possible subtle phenotypes (neuropsychiatric abnor-
malities, seizure threshold abnormalities), or neuromuscular
defects that might develop in older mice.

AQP4 deletion was not associated with a change in the ex-
pression levels or patterns of the other mammalian AQPs. The
AQP4 gene is located on human chromosome 18 (13), whereas
the other aquaporin genes are on chromosomes 7, 9, and 12
(for review see references 27-29). The absence of a major phe-
notypic abnormality upon AQP4 deletion was an unexpected
finding, and suggests that members of the AQP family (other
than AQP2, reference 11) may not serve an essential physio-
logical function. The absence of clinically overt abnormalities
in AQP1-deficient humans (10) is consistent with this possibil-
ity. Phenotype analysis of multiple AQP knockout mice will be
useful for further evaluation of AQP physiology.
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