Dissecting the Roles of Aquaporins in
Renal Pathophysiology Using
Transgenic Mice
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Summary: Transgenic mice lacking renal aquaporins (AQPs), or containing mutated AQPs,
have been useful in confirming anticipated AQP functions in renal physiology and in discov-
ering new functions. Mice lacking AQPs 1-4 manifest defects in urinary concentrating ability
to different extents. Mechanistic studies have confirmed the involvement of AQP1 in near-
isosmolar fluid absorption in the proximal tubule, and in countercurrent multiplication and
exchange mechanisms that produce medullary hypertonicity in the antidiuretic kidney.
Deletion of AQPs 2-4 impairs urinary concentrating ability by reduction of transcellular water
permeability in the collecting duct. Recently created transgenic mouse models of nephro-
genic diabetes insipidus produced by AQP2 gene mutation offer exciting possibilities to test
new drug therapies. Several unanticipated AQP functions in kidney have been discovered
recently that are unrelated to their role in transcellular water transport. There is evidence for
involvement of AQP1 in kidney cell migration after renal injury, of AQP7 in renal glycerol
clearance, of AQP11 in prevention of renal cystic disease, and possibly of AQP3 in regulation
of collecting duct cell proliferation. Future work in renal AQPs will focus on mechanisms
responsible for these non-fluid-transporting functions, and on the development of small-

molecule AQP inhibitors for use as aquaretic-type diuretics.
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ultiple aquaporin (AQP) subtypes are
Mexpressed in kidney: AQP1 in plasma

membranes of the proximal tubule,
thin descending limb of Henle, and outer med-
ullary descending vasa recta, AQP2 in the apical
membrane and intracellular vesicles of princi-
pal cells in the collecting duct, AQP3 and AQP4
in the basolateral membrane of the same cells,
AQPG in intracellular vesicles of collecting duct
intercalated cells, and AQP7 in the S3 segment
of the proximal tubule (Fig. 1A) (reviewed by
Nielsen et al!). This distribution suggests the
involvement of renal AQPs primarily in osmot-
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ically driven water transport across kidney tu-
bules and vasa recta. Here, we review data from
AQP knockout mice confirming the role of
AQPs in the urinary concentrating mechanism,
as well as recent findings suggesting novel func-
tions of AQPs in kidney that are not related to
transcellular water transport.

Analysis of extrarenal phenotypes has pro-
vided exciting data suggesting new roles of
AQPs, some with direct relevance to kidney
function (reviewed by Verkman?®). One para-
digm that has emerged is a role for AQPs in
near-isosmolar transepithelial fluid transport, as
occurs in kidney proximal tubule. Mice lacking
AQP1 manifest reduced production of aqueous
fluid by the ciliary body® and of cerebrospinal
fluid by the choroid plexus,* and mice lacking
AQP5 have impaired secretion of saliva® and
airway submucosal gland fluid.® AQP4, which is
expressed in brain glial cells, plays an important
role in brain water accumulation and removal
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Figure 1. Impaired urinary concentrating ability in AQP null mice. (A) Sites of AQP expression in kidney. (B) Twenty-four—
hour urine collections showing polyuria in mice lacking AQP1 and AQP3, individually and together. (C) Urine osmolalities
before ((]) and after (M) 36 hours of water deprivation (standard error [SE]). (D) Transepithelial osmotic water permeability
(pp) in microperfused proximal tubule, TDLH, and inner medullary collecting from mice of indicated genotype (SE). Data
summarized from Ma et al,’5'¢ Chou et al,’” Schnermann et al,’8 Pallone et al,2° and Ma et al.?!

in various brain pathologies such as stroke, tu-
mor, infection, and hydrocephalus.”® AQP4
also appears to play a role in neuroexcitation,
including seizure activity and cortical spreading
depression, by a mechanism that may involve
facilitated reuptake of K™ from the extracellular
space by glial cells.'®!'! AQP3-facilitated glyc-
erol transport by epidermal keratinocytes is in-
volved in maintaining high glycerol in epider-
mis and stratum corneum to support skin
hydration and biosynthetic functions.'> AQP7-
facilitated glycerol transport in adipocytes ap-
pears to be important in regulating fat cell glyc-
erol content to prevent adipocyte hypertrophy
and progressive fat accumulation.'>'4 Other
new roles of AQPs in cell migration and prolif-
eration are discussed further later.

AQPs AND URINARY CONCENTRATING
FUNCTION

A major and anticipated role of AQPs in kidney
is in water transport across kidney tubules and

vasa recta for the formation of a concentrated
urine in the antidiuretic kidney. Deletion of
AQP1 and/or AQP3 in mice results in marked
polyuria, as seen in 24-hour urine collections
(Fig. 1B).'>1¢ Fig. 1C summarizes urine osmola-
lities before and after a 36-hour water depriva-
tion. Urinary osmolality in AQP1 null mice is
low and does not increase with water depriva-
tion, resulting in severe dehydration. AQP3 null
mice are able to generate a partially concen-
trated urine in response to water deprivation.
AQP4 null mice manifest only a mild defect in
maximum urinary concentrating ability. Urinary
diluting ability in these AQP null mice is unim-
paired because the mice are able to generate
urine of less than 120 mOsm after infusion of
half-normal saline.

AQP1 deletion produces polyuria and unre-
sponsiveness to vasopressin or water depriva-
tion by 2 distinct mechanisms: impaired near-
isosmolar water reabsorption by the proximal
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tubule, and reduced medullary hypertonicity
resulting from impaired countercurrent multi-
plication and exchange. Transepithelial os-
motic water permeability in the isolated mi-
croperfused S2 segment of the proximal tubule
was reduced by approximately 5-fold in AQP1
knockout mice (Fig. 1D),!” indicating that the
major pathway for osmotically driven water
transport in this segment is transcellular and
AQP1l-dependent. Free-flow micropuncture
with end-proximal tubule fluid sampling
showed approximately 50% reduced fluid ab-
sorption, with little effect on single-nephron
glomerular filtration rate.'® The data support a
3-compartment model in which mild luminal
hypotonicity drives osmotic water movement
through highly water-permeable cell mem-
branes. As predicted by this model, a substan-
tial approximately 40-mOsm transepithelial os-
motic gradient was found in end-proximal
tubule fluid of AQP1 null mice, much greater
than that of approximately 10 mOsm in wild-
type mice.'” AQP1 also provides the major
route for transepithelial water permeability in
the thin descending limb of Henle (TDLH) and
outer medullary descending vasa recta.?’ These
results indicate that AQP1 is the principal water
channel in TDLH, and support the conclusion
that osmotic equilibration in TDLH plays a key
role in the renal countercurrent concentrating
mechanism. Analysis of AQP1-dependent water
transport in the outer medullary descending
vasa recta in response to gradients of NaCl
versus raffinose indicated that solutes larger
than NaCl are able to drive water movement
through both AQP1 and an AQP1-independent,
mercurial-insensitive pathway that may involve
paracellular transport.?° The primary interpre-
tation of microperfusion and micropuncture
data is that AQP1 deletion impairs urinary con-
centrating ability by impairing near-isosmolar
fluid absorption by the proximal tubule and by
interfering with the normally hypertonic med-
ullary interstitium generated by countercurrent
multiplication and exchange. The precise de-
gree of impairment in urinary concentrating
ability also is influenced by secondary renal
mechanisms, such as tubuloglomerular feed-
back, as well as altered expression of other
genes in AQP1 null mice.

AQP3 and AQP4 are expressed at the baso-
lateral membrane of collecting duct epithelium,
with relatively greater expression of AQP3 in
the cortical and outer medullary collecting duct
and AQP4 in the inner medullary collecting
duct. In contrast to AQP1 null mice, counter-
current multiplication and exchange mecha-
nisms in AQP3/AQP4 null mice are basically
intact. The polyuria in AQP3 null mice results in
large part from the more than 3-fold reduction
in transepithelial osmotic water permeability of
cortical collecting duct basolateral mem-
brane.!® In addition, AQP2 expression is re-
duced in AQP3 null mice, which appears to be
a maladaptive renal response seen in various
forms of acquired polyuria. AQP4 null mice
manifest only a mild impairment in maximal
urinary concentrating ability,?! despite a 4-fold
reduced water permeability in microperfused
inner medullary collecting duct (Fig. 1D).?2
These results support the conclusion that the
majority of water is reabsorbed in the cortical
and outer medullary segments of the collecting
duct.

MOUSE MODELS OF AQP2 GENE
MUTATION/DELETION

Mutations in the AQP2 water channel produce
the rare genetic disorder of nephrogenic diabe-
tes insipidus (NDD. Some AQP2 mutations pro-
duce non-X-linked NDI by a recessive mecha-
nism, which involves defective mutant AQP2
protein folding/function; a few AQP2 mutations
produce a dominant form of NDI resulting from
endoplasmic reticulum (ER)/Golgi interactions
between wild-type and mutant AQP2 that pre-
vent plasma membrane targeting of wild-type
AQP2 (reviewed by Robben et al?®). We have
been interested in protein-folding diseases,
such as cystic fibrosis caused by the AF508
mutation, which produces defective cell func-
tion by retention of the misfolded mutant pro-
tein at the ER and consequent prevention of
plasma membrane expression. An emerging
paradigm is the therapy of protein-folding dis-
eases by chemical or molecular chaperones,
which may facilitate folding of the mutant pro-
tein by direct binding and/or modulation of
components of the molecular quality control
machinery. T126M is one of several AQP2 mu-
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Figure 2. AQP2 transgenic mouse models of NDI. (A) Targeting strategy for introduction of the T126M mutation into
AQP2 gene replacement. Homologous recombination results in replacement of the indicated segment (thick line) of the
AQP2 gene by a 1.8-kb neomycin selection cassette flanked by loxP sites. (B) Left, mice of indicated genotypes at 5 days
after birth. Right, immunoblot of kidney homogenates. (C) Urine osmolality in tamoxifen-treated wild-type mice (O)
and AQP2flox mice (®) given free access to food and water (SE). Arrows indicate tamoxifen injections. (D) Twenty-four—
hour urine output in untreated (left) and tamoxifen-treated (right) wild-type (wt) and AQP2flx mice (arrows indicate

urine level). Adapted with permission from Yang et al.?”:28

tations that cause autosomal-recessive NDI.?4
Analysis of AQP2-T126M folding at the endo-
plasmic reticulum in mammalian cell culture
models indicated ER retention, with remarkable
resistance to membrane extraction by nonionic
detergents.?®> Interestingly, despite its pre-
sumed misfolding, the ER-retained AQP2-
T126M functions as a water channel, suggesting
that maneuvers that correct AQP2 trafficking
would restore water permeability in collecting
duct cells. One effective strategy to correct the
trafficking defect involved the use of chemical
chaperones.?® Growth of AQP2-T126M-ex-
pressing cells in medium containing glycerol or
trimethylamine-N-oxide for 48 hours corrected
AQP2-T126M mistrafficking as assessed by lo-
calization studies and restoration of cell mem-
brane water permeability.

We have focused attention on mouse models
of NDI caused by the AQP2-T126M mutation to

test drugs that might correct its cellular mispro-
cessing. Initially, an AQP2-T126M knock-in
mouse model was generated by targeted gene
replacement using a Cre-loxP strategy in which
the targeted gene locus contained an engi-
neered T126M mutation (Fig. 2A).2” Unfortu-
nately, although the homozygous mutant mice
appeared normal just after birth, they failed to
thrive (mice at age 5 days shown in Fig. 2B, left)
and generally died in the first week of life. As
expected from cell culture studies, immunoblot
analysis of kidneys of the homozygous mutant
mice confirmed complex glycosylation of wild-
type AQP2, but mainly endoglycosidase H-sen-
sitive core glycosylation of AQP2-T126M, indi-
cating ER retention (Fig. 2B, right). Urine/
serum analysis showed a urinary concentrating
defect with serum hyperosmolality and low
urine osmolality. Kidneys from mutant mice
showed collecting duct dilatation and papillary
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atrophy, probably resulting from the marked
polyuria. Although these mice provided in vivo
verification of the expected defect in AQP2-
T126M processing, their early mortality pre-
cluded analysis of protein-folding corrector
therapy.

As a first step in developing an AQP2-T126M
conditional knock-in model of NDI, we gener-
ated an inducible mouse model of AQP2 gene
deletion (conditional knock-out mouse) mani-
festing severe polyuria in adult mice.?® LoxP
sequences were inserted into introns 1 and 2 in
the mouse AQP2 gene by homologous recom-
bination in embryonic stem cells. Mating of
germ-line AQP2-loxP mice with tamoxifen-in-
ducible Cre-expressing mice produced off-
spring with inducible homozygous Cre-AQP2-
loxP, which had normal phenotype. Tamoxifen
administration resulted in Cre recombinase ex-
pression and AQP2 gene excision, resulting in
undetectable full-length AQP2 transcript in kid-
ney and greater than 95% reduction in immu-
noreactive AQP2 protein. The tamoxifen-
treated mice had severe polyuria and an
inability to concentrate their urine in response
to water deprivation (Fig. 2C and D). Impor-
tantly, unlike the neonatal polyuric mice the
adult polyuric mice survived well. Recently, we
used a novel conditional gene knock-in strategy
to generate adult AQP2-T126M mutant mice
(unpublished data). Mice heterozygous sepa-
rately for floxed wild-type AQP2 and AQP2-
T126M were bred to produce hemizygous mice
containing a floxed wild-type AQP2 allele and a
mutant AQP2-T126M allele. Conditional dele-
tion of the wild-type AQP2 gene in adult mice
by tamoxifen administration produced mice ex-
pressing only the mutant AQP2-T126M protein.
The conditional knock-in adult mice showed
polyuria, urinary hypo-osmolality, and ER reten-
tion of AQP2-T126M in the collecting duct, as
expected, and so should be useful for testing of
protein-folding corrector therapies.

Several other mouse models of NDI caused
by AQP2 deletion/mutation have been gener-
ated recently. Collecting duct-specific AQP2
gene knockout produced a curious phenotype
of severe NDI, as anticipated, although the mice
were able to survive until adulthood.?® It is
unclear whether the ability of mice to survive in

this model is related to incomplete excision of
the AQP2 gene in the collecting duct, to strain
or environment differences, or to some unique
function of AQP2 in the connecting tubule. As
another model of autosomal-recessive NDI,
AQP2-F204V mutant mice were identified by
forward genetic screening of ethylnitrosourea-
mutagenized mice.3° AQP2-F204V is a relatively
mild mutation compared with AQP2-T126M (or
the null mutant), permitting these mice to sur-
vive beyond the neonatal period with a milder
form of NDI. Last, a model of autosomal-domi-
nant NDI was produced by knock-in of an AQP2
with a C-terminus frame shift mutation.3! The
heterozygous mice were polyuric, as antici-
pated, and showed AQP2 mislocalization in kid-
ney collecting duct with basolateral membrane
targeting. Although these various mouse mod-
els are unlikely to yield new insights into the
renal physiology of NDI caused by AQP2 im-
pairment, because other animal models of NDI
as well as human beings with NDI have been
studied extensively, they should have applica-
tion in testing of new therapies.

AQP7 AND RENAL GLYCEROL CLEARANCE

AQP7 is expressed selectively in the apical
membrane of epithelial cells in the relatively
short S3 straight segment of the proximal tu-
bule. AQP7, similar to AQP3, is an aquaglycero-
porin that transports both water and glycerol,
whereas most of the other AQPs primarily trans-
port water. A curious phenotype was found for
mice lacking AQP7.3? Although urinary concen-
trating function was intact, there was increased
urinary glycerol clearance. Urinary glycerol
concentration in AQP7 null mice was remark-
ably greater than that in wild-type mice (1.7 vs
0.005 mg/mL), suggesting that AQP7 in proxi-
mal straight tubules is required for reabsorption
of filtered glycerol. However, the large magni-
tude of this difference seems hard to reconcile
with the very limited AQP7 expression, and the
significance of this observations is unclear be-
cause serum glycerol concentration was not
reduced in the AQP7 null mice. Evidence was
reported that AQP7 may play a small, support-
ive role in the urinary concentrating mecha-
nism because osmotic water permeability in
apical membrane vesicles from the proximal
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Figure 3. Renal cyst formation and defective endoso-
mal acidification in proximal tubule cells in AQP11 defi-
ciency. (A) Kidney of 30-day-old AQP11 null mouse
showing numerous large cysts. (B) Kidney histology (ar-
row indicates papilla). Adapted with permission from
Morishita et al.34

tubule of AQP7-deficient kidneys was reduced
slightly by approximately 10%, and urinary con-
centrating ability of AQP1/AQP7 double-knock-
out mice was reduced compared with that of
AQP1 null mice. The absence of significantly
impaired urinary concentrating function in
AQP?7 deficiency in mice may be related to the
co-expression of AQP4 in mice in the S3 seg-
ment of proximal tubule, as well as to expres-
sion of AQP1 throughout the proximal tubule.
Direct measurements of transepithelial water
and glycerol permeability in the proximal
straight tubule are needed to further under-
stand the renal phenotype of AQP7 null mice,
as well as rigorous glycerol clearance measure-
ments.

AQP11 AND RENAL CYSTIC DISEASE

AQP11 has a somewhat different amino acid
sequence from other AQPs in that it lacks 1 of
the 2 conserved asparagine-proline-alanine mo-
tifs. Whether AQP11 functions as a water chan-
nel has been debated, although a recent report
showed a small increase in water permeability
in liposomes reconstituted with recombinant
AQP11.% In kidney, AQP11 appears to be ex-
pressed in intracellular vesicles in the proximal
tubule,?* although available antibodies are lim-
ited in their specificity. AQP11 null mice man-
ifest an interesting phenotype of vacuolization
and cyst formation in the proximal tubule, sim-
ilar in some respects to polycystic kidney dis-
ease. Over the first few weeks of life the kid-
neys in AQP11 null mice become enlarged,
with cysts occupying the whole cortex (Fig. 3),

leading to renal failure and death. Before the
appearance of cysts, the proximal tubule epi-
thelium contains vacuoles. The mechanisms re-
sponsible for the association of AQP11 defi-
ciency with renal cystogenesis remain
unknown, although their elucidation might of-
fer new insights on how and why renal cysts
form in polycystic kidney disease. We found
that primary cultures of proximal tubule cells
from neonatal kidneys of AQP11 null mice man-
ifest a mild defect in endosomal acidification.3*
However, it is unclear whether defective endo-
somal acidification is involved in cyst pathogen-
esis or constitutes an epiphenomenon. Further
analysis is needed of the cellular functions of
AQP11 and the mechanisms by which AQP11
deletion in mice produces renal cystic disease.

AQPs AND CELL MIGRATION

As reviewed recently,®> we discovered a novel
cellular role for AQPs in cell migration, which
initially was shown in endothelial cells and var-
ious transfected cells,3° and subsequently found
in brain astroglial cells,3” tumor cells,>® corneal
epithelial cells,? and epidermal cells.®° The
general finding, in multiple cell types, is that
AQP expression increases cell water permeabil-
ity and migration toward a chemotactic stimu-
lus, with little or no effect on cell size, adher-
ence, or other properties. Demonstrated
consequences of AQP-facilitated cell migration
include AQPIl-facilitated tumor angiogenesis,
AQP4-facilitated glial scar formation, AQP-facil-
itated tumor invasion and metastasis, and AQP-
facilitated wound healing. In multiple cell types
AQP expression is polarized to the leading edge
of migrating cells and associated with increased
number and dynamics of membrane protru-
sions, or lamellipodia. We proposed that AQP-
dependent water transport at the leading edge
of migrating cells facilitates water entry in la-
mellipodia, as driven by actin depolymerization
and ion transport, resulting in more rapid lamel-
lipodial extension and consequent cell migra-
tion (Fig. 4A). In addition, increased cell mem-
brane water permeability could facilitate cell
migration through narrow spaces, such as in
the extracellular space in brain or across vascu-
lar endothelia, where marked changes in cell
shape and volume occur.
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Figure 4. AQP1-facilitated migration of proximal tubule epithelial cells. (A) Proposed mechanism for AQP-facilitated
cell migration showing water transport into lamellipodia at the leading edge of migrating cells. See text for further
explanations. (B) Left, in vitro Boyden chamber assay of proximal tubule cell migration. Top, modified Boyden chamber
containing a Transwell porous membrane filter. Cells migrate from top to bottom in response to a chemotactic
stimulus. Bottom, adherent proximal tubule cells at the completion of an assay, shown before scraping (left), and after
scraping the upper surface (right) to visualize migrated cells. Bar, 100 um. Right, percentage of migrated cells at 6
hours after cell plating (SE, *P < .01). The bottom chamber contained 10% or 1% fetal bovine serum (r8s). Aqr1-ad,
adenoviral-mediated AQP1 gene delivery. (C) Ischemia-reperfusion model of acute renal tubular injury. Left, periodic
acid-Schiff and hematoxylin staining of kidney sections from control wild-type and AQP1 null mice (left), and at 5 days
after ischemia/reperfusion (i/p) (right). Bar, 20 um. Arrowhead, dilated tubule; arrow, degenerated tubule. Right,
percentage of proximal tubules with an inner diameter greater than 5 um (SE, *P < .05). B, +/+; [], —/—. Adapted
with permission from Hara-Chikuma and Verkman.4!

AQP-dependent cell migration may be impor-
tant in the renal response to various types of
injury and in the spread of renal tumors. In a
proof-of-concept study, migration was com-
pared in primary cultures of proximal tubule
cells from wild-type and AQP1 null mice.*' The

cultures were indistinguishable in their appear-
ance, growth/proliferation, and substrate adher-
ence, although as expected the AQP1-deficient
cells had reduced plasma membrane water per-
meability. Migration of AQP1-deficient cells was
reduced by more than 50% compared with wild-
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type cells, as measured in a Boyden chamber in
the presence of a chemotactic stimulus (Fig. 4B)
as well as in a scratch assay of wound healing.
Adenoviral-mediated introduction of AQP1 in the
AQP1-deficient cells corrected their defects in wa-
ter permeability and migration. The potential rel-
evance of these cell culture findings to the intact
kidney was tested in an in vivo model of acute
tubular injury caused by 30-minute renal artery
occlusion-reperfusion. At 5 days after ischemia-
reperfusion, kidneys in AQP1 null mice showed
remarkably greater tubular injury than in wild-
type mice (Fig. 4C), with F-actin disorganization.
These findings suggest the involvement of AQP1
in the response of the proximal tubule to injury.
Whether other AQPs are involved in the renal
response to various acute and chronic insults re-
mained to be determined.

A ROLE FOR AQP3 IN EPITHELIAL CELL
PROLIFERATION

New evidence from extrarenal tissues supports
a role for AQP3 in cell proliferation that may be
of relevance in kidney collecting duct epithe-
lium, where AQP3 is strongly expressed in the
basolateral membrane. AQP3 null mice mani-
fest defective cell proliferation in multiple tis-
sues where AQP3 is normally expressed. At the
ocular surface, where AQP3 is expressed in
corneal and conjunctival surface epithelium,
AQP3 deletion results in delayed restitution of
the corneal surface after denudation, and im-
paired proliferation of corneal epithelial cell.?®
In colon, where AQP3 is expressed in entero-
cytes, AQP3 deficiency results in increased mor-
tality and colonic destruction in chemical mod-
els of colitis, with impaired proliferation of
colonic epithelial cells.*? A similar result was
found for healing of skin wounds, where AQP3
deficiency impairs wound healing and epider-
mal cell proliferation.®* In each case glycerol
administration restored, at least partially, the
impairment in cell proliferation. Recently, we
discovered a remarkable phenotype using a
skin tumor model of epidermal cell prolifera-
tion in which cutaneous papillomas were pro-
duced by repeated inducer-promoter expo-
sure.®3 Mice lacking AQP3 failed to produce
papillomas after the same treatment in which
nearly all wild-type mice produced multiple

papillomas. Biochemical studies suggested that
AQP3-mediated glycerol transport was respon-
sible for the impaired proliferation phenotype
by a mechanism involving reduced glycerol
content in AQP3-deficient epidermis, resulting
in reduced cellular glycerol metabolites and
adenosine triphosphate, with consequent im-
paired mitogen-activated protein kinase signal-
ing and lipid biosynthesis. Whether this mech-
anism established in epidermis applies to other
cell types in which AQP3 is expressed remains
to be determined, as does the relevance to the
kidney of the defective cell proliferation phe-
notype in AQP3-deficient skin, eye, and colon.

ROLE OF AQUAPORINS IN PERITONEAL
FLUID TRANSPORT

The peritoneal cavity is lined by a membranous
barrier that provides a large surface for fluid
movement between peritoneal capillaries and
the peritoneal cavity. Although the peritoneal
cavity normally contains little fluid, marked as-
cites can accumulate in conditions associated
with reduced serum oncotic pressure, in-
creased portal venous pressure, or peritoneal
cavity inflammation/infection. The large perito-
neal surface is exploited in peritoneal dialysis,
where water and solutes are extracted from
blood by repeated infusion and removal of dia-
lysate solutions into the peritoneal cavity. Ki-
netic models of peritoneal dialysis postulate dis-
tinct classes of pores that transport water and
solutes to various extents, including an ultras-
mall, water-only pore. Early expression studies
and measurements of mercurial inhibition of
peritoneal water transport suggested that the
water-only pore is AQP1,% which has been lo-
calized to capillary endothelia and mesothelium
near the peritoneal luminal surface.
Measurements in AQP1 null mice provided
direct evidence for involvement of AQP1 in
peritoneal water transport.*> Hyperosmolar sa-
line (saline + 300 mmol/L sucrose) was infused
rapidly into the peritoneal cavity via a catheter
and serial fluid samples were withdrawn to
quantify the time course of osmotic equilibra-
tion, using albumin as a volume marker. The
albumin dilution data showed an approximate
2.5-fold reduced water flux in the AQP1 null
mice (Fig. 5). As expected, because AQP1 is a



Aquaporins in kidney function

225

A 5, s —————% B g4
F——% control ’ v
= < o3t *
2 £
= E {
£ 02t °°
£ p=
=3 [}
L0 .
5 _§ .:.§
o
S 0.1 M
Py
3 L " " " L )
0 10 20 30 40 50 60 0 AQP1
+H+ /-

time (min)

Figure 5. AQP1-facilitated peritoneal fluid absorption
in peritoneal dialysis. Osmotically induced water trans-
port. The peritoneal cavity was infused with 2 mL of a
physiologic solution containing 300 mmol/L sucrose
and 5 g/dL albumin (600 mOsm), and serial fluid sam-
ples were obtained. Control measurements were per-
formed with isosmolar instillate (conTrROL), omitting su-
crose. (A) Time course of albumin concentration in
peritoneal fluid (SE) from wild-type and AQP1 null mice.
(B) Summary of initial volume flow rates in each mouse
studied. *P < .001. Adapted with permission from Yang
et al.4

water-only pathway, the transport of radiola-
beled urea was not affected by AQP1 deletion.
A more recent study on clinically relevant as-
pects of AQP1 in peritoneal dialysis focused on
sodium sieving and peritoneal water transport
in wild-type versus AQP1 null mice during peri-
toneal dialysis.“® The results supported the con-
clusion that AQP1 is the ultrasmall pore path-
way that accounts for approximately 50% of
ultrafiltration in peritoneal dialysis in mice.

SUMMARY AND FUTURE DIRECTIONS

Renal phenotype studies of AQP knockout mice
have confirmed the predicted roles of AQPs in
the urinary concentrating mechanism, and have
suggested potential new roles of AQPs in renal
cell migration and proliferation, glycerol clear-
ance, and cystogenesis. Several transgenic
mouse models of AQP2 mutations are now
available for testing of potential drug therapies.
Although NDI is an extremely rare disorder and
therefore unlikely to be a candidate for devel-
opment of new chemical entity drugs, existing
or new approved drugs developed for other
indications, such as other diseases of protein
folding, may be of benefit in NDI. Further work

in renal AQPs is needed to elucidate the cellular
mechanisms of their new roles that are unre-
lated to transcellular water transport. Last, and
potentially of greatest significance, is the devel-
opment of small-molecule inhibitors and induc-
ers of renal AQPs for therapy of a variety of
disorders such as dysnatremias and total body
water overload. Selective inhibitors of renal
AQPs also will be useful in confirming pheno-
type data from knockout mice, without the
potentially confounding effects of chronic AQP
deletion on expression of other genes.
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