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Aquaporin-5 (AQP5) is a water-selective transporting
protein expressed in epithelial cells of serous acini in
salivary gland. We generated AQP5 null mice by tar-
geted gene disruption. The genotype distribution from
intercross of founder AQP5 heterozygous mice was 70:
69:29 wild-type:heterozygote:knockout, indicating im-
paired prenatal survival of the null mice. The knockout
mice had grossly normal appearance, but grew ~20%
slower than litter-matched wild-type mice when placed
on solid food after weaning. Pilocarpine-stimulated sa-
liva production was reduced by more than 60% in AQP5
knockout mice. Compared with the saliva from wild-
type mice, the saliva from knockout mice was hyper-
tonic (420 mosm) and dramatically more viscous. Amy-
lase and protein secretion, functions of salivary mucous
cells, were not affected by AQP5 deletion. Water chan-
nels AQP1 and AQP4 have also been localized to salivary
gland; however, pilocarpine stimulation studies showed
no defect in the volume or composition of saliva in AQP1
and AQP4 knockout mice. These results implicate a key
role for AQP5 in saliva fluid secretion and provide di-
rect evidence that high epithelial cell membrane water
permeability is required for active, near-isosmolar fluid
transport.

The family of molecular water channels (aquaporins) num-
bers 10 in mammals and many more in plants and lower
organisms. There has been considerable recent interest in the
role of aquaporins in mammalian physiology and disease mech-
anisms. In humans, mutation of the vasopressin-regulated wa-
ter channel of kidney collecting, AQP2,' causes hereditary
nephrogenic diabetes insipidus in which patients are unable to
concentrate their urine (1). Recent phenotype characterization
of transgenic knockout mice lacking AQP1 and AQP4 has been
very informative in defining the roles of these water channels
in the urinary concentrating mechanism, lung fluid transport,
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and gastrointestinal physiology (2—6). However the phenotype
studies indicated that the tissue expression of an aquaporin
does not ensure its functional significance.

AQP5 is a water channel with a unique tissue expression
pattern (7). Immunocytochemical studies from several labora-
tories showed AQP5 expression in the apical membranes of
serous acinar cells in salivary and lacrimal glands, type I
alveolar epithelial cells, and surface corneal epithelial cells
(8-11). AQP5 appears to function as an unregulated water-
selective channel with comparable intrinsic water permeability
to AQP1 (12). The human AQP5 gene contains 4 exons with
exon-intron boundaries at identical locations to those several
other aquaporins (13); the genes for AQP5, AQP2, and AQP6
are clustered in a small 27-kb region at chromosome locus
12q13 (14). It was proposed that AQP5 plays an important role
in glandular secretions of saliva and tears and that abnormal-
ities in AQP5 might occur in some forms of Sjogren’s syndrome
(15, 16). Aquaporin gene delivery to salivary gland has been
proposed to increase fluid secretion (15). However, these pos-
sibilities are based on the unproven assumption that AQP5 is a
major pathway for water movement in salivary gland and that
active near-isosmolar fluid secretion across acinar cells re-
quires a high apical cell membrane water permeability.

The purpose of this study was to define the involvement of
AQP5 in saliva secretion, as well as that of AQP1 and AQP4,
water channels expressed in salivary gland capillaries and
ducts (17, 18). Phenotype studies were done on AQP5 null mice
generated by targeted gene disruption, as well as on AQP1 and
AQP4 null mice. The principal finding was that AQP5 deletion
is associated with production of a low volume hypertonic vis-
cous saliva, providing direct evidence for a role of AQP5 in
near-isosmolar fluid secretion in salivary gland.

MATERIALS AND METHODS

Generation of AQP5 Null Mice—The ¢cDNA encoding mouse AQP5
was isolated from salivary gland ¢cDNA by PCR based on homology to
rat AQP5. The structure of the mouse AQP5 gene was analyzed by PCR
amplification of exon-intron-exon fragments using C57BL6/J mouse
genomic DNA as template. A targeting vector was constructed using a
1.4-kb fragment of genomic DNA containing partial exon 1, intron 1,
and partial exon 2 (left arm) and a 4.2-kb fragment containing exon 4
and downstream genomic DNA (right arm). The left and right genomic
fragments (flanking a 1.8-kb PollIneobpA cassette) were PCR-ampli-
fied, and a PGK-tk cassette was inserted upstream for negative selec-
tion. The vector was linearized at a unique downstream NotI site and
electroporated into CB1-4 embryonic stem (ES) cells. Transfected ES
cells were selected with G418 and FIAU for 7 days, yielding seven
targeted clones out of 286 doubly resistant colonies upon PCR screening
using a neo-specific antisense primer and an AQP5 gene-specific sense
primer located 30 base pairs upstream of the targeting region. Homol-
ogous recombination was confirmed by Southern hybridization in which
10 pg of genomic DNAs were digested with Xbal, electrophoresed,
transferred to a Nylon+ membrane (Amersham Pharmacia Biotech),
and hybridized with a 0.7-kb genomic fragment as indicated in Fig. 1A.
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. Offspring from breeding of chimeras and wild-type mice
were genotyped by PCR followed by Southern blot analysis as described
above. Heterozygous founder mice were intercrossed to produce ho-
mozygous AQP5 knockout mice.

Northern Blot Analysis—RNA from submandibular gland was iso-
lated using TRIzol reagent (Life Technologies, Inc.). RNAs (10 pg/lane)
were resolved on a 1.2% formaldehyde-agarose denaturing gel, trans-
ferred to a Nylon+ membrane (Amersham Pharmacia Biotech), and
hybridized at high stringency with a **P-labeled probe corresponding to
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Fic. 1. A, targeting strategy for AQP5 gene interruption. Homologous recombination results in replacement of exon 3, part of exons 2 and 4, and
introns 2 and 3 by a 1.8-kb pollI-neo-selectable marker. The probe used for Southern blot analysis is indicated (labeled “probe”) and the 1.4-kb
amplified region for PCR analysis is shown. B, Southern blot of mouse liver genomic DNA digested with Xbal and probed as indicated in A. C,
Northern blot of salivary gland probed with the mouse AQP5 coding sequence. D, immunoperoxidase localization of AQP5 in salivary gland of

wild-type (left) and AQP5 knockout (right) mice.

the mouse AQP5 ¢cDNA coding sequence.

Immaunocytochemistry—A polyclonal antibody was raised in rabbits
against a synthetic peptide (NH,-CEEDEDHREERKK-COOH) corre-
sponding to the predicted C terminus of mouse AQP5. Immunoperoxi-
dase localization of AQP5 protein in fixed frozen section of salivary
gland was done using a 1:500 dilution of serum as described previously
(18).

Saliva Collections—Mice were anesthetized using intraperitoneal
nembutol (50 mg/kg). Saliva production was stimulated by subcutane-
ous injection of pilocarpine (80 mg/kg) as described previously (19).
Salivation generally occurred in less than 20 s. Saliva was collected in
two 5-min intervals using a preweighed suction apparatus. Mice were
positioned on their side with head slightly down to facilitate suctioning
every 15-30 s. The mice were sacrificed after saliva collection, and
tissues were harvested as needed. The investigator was blinded to
mouse genotype for saliva collections.

Analysis of Saliva—At the end of saliva collection, the pH was
determined using pH paper and the total amount of saliva by gravim-
etry. Saliva osmolality, and concentrations of sodium, potassium, and
chloride were determined by the University of California San Francisco
clinical chemistry laboratory.

RESULTS AND DISCUSSION

Analysis of the mouse AQP5 gene indicated 4 exons sepa-
rated by 3 introns (lengths 1.3, 0.6, and 0.8 kb) in the coding
region. Exon-intron boundaries were located at residues 122,
176, and 204 in the AQP5 coding sequence, as was reported for
the human AQP5 gene (13) and for the mouse AQP2 (20) and
AQP6 (21) genes. Genomic Southern blot analysis showed a
single copy mouse AQP5 gene per haploid genome. Fig. 1A
shows the targeting vector for targeted AQP5 gene deletion.
Part of exon 2, exon 3, part of exon 4, and introns 1 and 2 were
replaced by a neo cassette to prevent the expression of func-
tional AQP5 in the null mice.

Fig. 1B shows Southern blot analysis of liver DNA from a
wild-type, heterozygote, and AQP5 knockout mice. The band at
21 kb corresponds to the modified gene locus. Fig. 1C shows a
Northern blot analysis of salivary gland mRNA. A single tran-

script of ~1.6 kb was observed in wild-type and heterozygous
mice. No full-length transcript was seen in the AQP5 knockout
mice. By immunocytochemistry, AQP5 was localized at the apical
pole of acinar cells in the salivary gland of wild-type mice (Fig.
1D, left), in agreement with results in rat (10, 11, 22), with no
detectable AQP5 protein in the knockout mice (Fig. 1D, right).

The AQP5 null mice were grossly normal in appearance and
general activity, except for mild growth retardation seen within
the first weeks after weaning (Fiig. 2A). We believe that slowed
growth of AQP5 null mice when placed on solid food is a
consequence of defective saliva production (see below), because
no differences in growth were found when mice were placed on
a Peptamine liquid diet after weaning. Genotype analysis of
168 offspring from intercross of founder AQP5 heterozygotes
showed a 70:69:29 distribution of wild-type:heterozygote:
knockout mice, indicating decreased prenatal survival of AQP5
null mice. For comparison, an ~1:2:1 genotype ratio was found
for intercross of AQP4 heterozygous mice (2), whereas signifi-
cantly fewer mice of the AQP1 null genotype were found from
intercross of AQP1 heterozygous mice (3).

A method was developed to reproducibly measure total saliva
secretion, which contains contributions from submandibular,
sublingual, and parotid glands, each of which expresses AQP5
in serous acinar cells (22). Saliva secretion was induced in
anesthetized mice by pilocarpine and collected using a mini-
suction apparatus based on a recent design (23). In wild-type
mice, marked salivation was observed within 20 s after pilo-
carpine injection, and substantial amounts of clear, nonviscous
fluid were collected. The amount of collected fluid was repro-
ducible: mean and S.D. values were 228 + 21 mg and 154 * 17
mg for the first and second 5 min periods after pilocarpine injec-
tion, respectively. Less than 5 mg of fluid could be collected over
5 min in anesthetized mice that did not receive pilocarpine.

The saliva collected from every pilocarpine-stimulated AQP5
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Fic. 2. Growth and saliva secretion in AQP5 null mice. A: left, photograph of a wild-type, heterozygous, and AQP5 null mouse at 3 weeks of age,
4 days after weaning; right, mouse growth. B, saliva collected from mice of indicated genotype over the first 5 min after pilocarpine stimulation.
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Fic. 3. Effect of aquaporin deletion on saliva composition. Data are shown as mean *= S.E. for collections made on four to six mice in each
group. A, total amount (weight) of saliva collected over the first and second 5-min periods after pilocarpine injection. B, osmolality and electrolyte
concentrations of saliva collected over the first 5 min. C, total protein content and amylase activity of saliva collected over the first 5 min.

null mouse was remarkably viscous and tenacious and of lower

volume than that collected from wild-type and heterozygous
mice (Fi i i i -

null mice. The reduced productlon of sahva in AQP5 null mice
indicates defective serous cell function. Surprisingly, deletion
of AQPIrinnthesalivarymicrovascular endothelia did not affect
saliva production, which contraststwith thermarked effects
found when AQP1 is deleted in lung and renal microvessels
(3, 6).

The collected saliva from wild-type and AQP5mullimicerwas
analyzed for osmolality, electrolyte composition, protein con-
tentyramylaseractivity;randipHoFig. 3B shows that the saliva
from AQP5 null mice was hypertonic, with significantly higher
osmolality than saliva from the wild-type mice and the AQP1
and AQP4 null'mice. The concentrations of Na*, K", and CI~

were also higher. Total protein secretion and amylase activity
were not affected by deletion of AQP5, AQP1, or AQP4 (Fig.
3C). Saliva pH measured immediately after collection (before
HCOg loss) was in the range 9.0-10.0 for all mice.

The abnormal saliva volume, osmolality, and electrolyte con-
tent in AQP5 null mice implicates the involvement of AQP5 in
transcellular fluid secretion across serous-type acinar cells.
Serous acinar cells contain multiple salt-transporting proteins
for fluid secretion, whereas mucous cells secrete proteinaceous
materials, including amylase (24). The “primary saliva” pro-
duced by serous cells is modified during its transit through the
salivary duct, where it is thought that salts are absorbed across
a relatively water-impermeable ductal epithelium. The normal
protein and amylase content of saliva from AQP5 null mice is
consistent with the absence of AQP5 in mucous cells. Primary
saliva should be near-isotonic, becoming progressively hypo-
tonic during its passage through the salivary duct. The hyper-
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tonic saliva from AQP5 null mice suggests that active acinar
cell salt secretion into the gland lumen occurs without ade-
quate amounts of water.

The decreased salivary gland fluid secretion in AQP5 null
mice supports the paradigm that high epithelial cell membrane
water permeability facilitates active near-isosmolar fluid secre-
tion and absorption (reviewed in Ref. 25). Mechanistically, the
small osmotic gradients produced by active salt pumping are
able to drive water across highly water permeable cell mem-
branes. Schnermann et al. (4) showed that AQP1 deletion in
proximal tubule is associated with defective near-isosmolar
fluid reabsorption. The data here show that high water perme-
ability is needed for efficient near-isosmolar fluid transport in
salivary gland. From the data of Schnermann et al. (4), ~0.5
wl/min of fluid are actively absorbed per cm? of proximal tubule
surface (assuming a smooth surface); in the pilocarpine-stimu-
lated mouse salivary gland, ~50 pl/min of saliva are secreted
across an estimated 5 cm? of serous acinar cell apical mem-
brane surface area (based on values given in Ref. 26 and as-
suming smooth surface), giving a high secretion rate of ~10
wl/min/cm?. Water channels are thus likely to be required in
tissues having rapid rates of active fluid transport, such as
choroid plexus, ciliary body, and pancreatic acini.

The AQP5 null mice should have utility in defining the
mechanisms of near-isosmolar fluid absorption in lung, tear
secretion in lacrimal gland, and corneal transparency in eye.
The mice are also a suitable host for delivery of aquaporin genes
to increase saliva production. Last, the finding of salivary gland
dysfunction in AQP5-deficient mice mandates the search for dis-
ease-causing mutations in human AQP5, as well as pharmaco-
logical modulators of AQP5, expression and function.
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