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oles of Aquaporins in Kidney Revealed by
ransgenic Mice
.S. Verkman

Transgenic mouse models of aquaporin (AQP) deletion and mutation have been instructive
in elucidating the role of AQPs in renal physiology. Mice lacking AQP1 are unable to
concentrate their urine because of low water permeability in the proximal tubule, thin
descending limb of Henle, and outer medullary descending vasa recta, resulting in defec-
tive near-isosmolar fluid absorption in the proximal tubule and defective countercurrent
multiplication. Mice lacking functional AQP2, AQP3, or AQP4 manifest various degrees of
nephrogenic diabetes insipidus resulting from reduced collecting duct water permeability.
Mice lacking AQP7 and AQP8 can concentrate their urine fully, although AQP7 null mice
manifest an interesting defect in glycerol reabsorption. Two unexpected renal phenotypes
of AQP null mice have been discovered recently, including defective proximal tubule cell
migration in AQP1 deficiency, and cystic renal disease in AQP11 deficiency. AQPs thus are
important in several aspects of the urinary concentrating mechanism and in functions
unrelated to tubular fluid transport. The mouse phenotype data suggest the renal AQPs as
targets for the development of aquaretics and potentially for therapy of cystic renal disease
and acute renal injury.
Semin Nephrol 26:200-208 © 2006 Elsevier Inc. All rights reserved.
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he aquaporins (AQP) are a family of small transmem-
brane proteins that transport water and, in some cases,

ater and small solutes. In kidney, at least 6 aquaporins are
xpressed: AQP1 in plasma membranes of the proximal tu-
ule, thin descending limb of Henle, and descending vasa
ecta; AQP2 in the apical membrane and intracellular vesicles
f collecting duct principal cells; AQP3 and AQP4 in the
asolateral membranes of the same cells; AQP6 in intracellu-

ar vesicles of collecting duct intercalated cells; and AQP7 in
he S3 segment of the proximal tubule (Fig 1A).1,2 Because
he primary role of AQPs is to facilitate osmotically driven
ater transport, this tissue distribution suggests involvement
f the renal AQPs in the urinary concentrating mechanism,
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hich requires near-isosmolar fluid absorption in the proxi-
al tubule, countercurrent multiplication/exchange to gen-

rate a hypertonic medullary interstitium, and regulated
ransepithelial water permeability in the collecting duct.
QPs also have a wide extrarenal distribution in many water-

ransporting epithelial, endothelial, and other cell types in
he brain, eye, lung, secretory glands, and the gastrointestinal
ract, and in cells that do not require high water permeability
n skin, fat, and urinary bladder.

Transgenic mouse models of AQP deletion and mutation
ave been very informative in elucidating the role of AQPs in
enal and extrarenal tissues. In many cases, as in the urinary
oncentrating mechanism and secretory gland function,
ouse phenotype data have confirmed the predicted roles of
QPs, and in other cases new biological functions for AQPs
ave been discovered. Because selective nontoxic AQP inhib-

tors are not yet available, transgenic mouse models of AQP
eletion are, at present, the best way to define the physiologic
oles of AQPs, recognizing the general caveats in the use of
ransgenic mouse models such as the possibility of compen-
atory changes in expression of other cell proteins,3,4 and the
ossibility of a phenotype being a secondary rather than a
rimary effect of AQP deficiency.5 In addition, in some cases

ouse physiology may differ, at least in quantitative terms,
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AQPs in kidneys 201
rom that in larger mammals and human beings, as in the
bility of the mouse kidney to generate a urine osmolality of
,500 mOsm. This article focuses on insights into renal phys-

ology that have emerged from phenotype analysis of AQP
ull and mutant mice. Also, new paradigms about roles of
QPs in mammalian physiology that have emerged from
nalysis of extrarenal phenotypes of AQP null mice are men-
ioned.

ephrogenic Diabetes Insipidus
n Aquaporin Null Mice
eletion of AQP1 and/or AQP3 in mice produces marked
olyuria, as seen from 24-hour urine collections in metabolic
ages (Fig 1B).6-8 Figure 1C summarizes urine output data for
ingle- and double-knockout mice. Although AQP4 deletion
y itself does not cause polyuria,9 its codeletion with AQP3

ncreases urine output to greater than that found in mice
acking AQP3 by itself. Figure 1D summarizes urine osmola-
ities before and after a 36-hour water deprivation. Urinary
smolality in AQP1 null mice is low and does not increase
fter water deprivation, whereas AQP3 null mice can gener-
te a partially concentrated urine. The AQP1 null mice be-
ame severely dehydrated after water deprivation, manifest-
ng marked serum hyperosmolality and lethargy. AQP4 null

ice did not manifest signs of dehydration and had only a
ild defect in maximum urinary concentrating ability. These

esults confirmed the expected importance of AQPs in the
rinary concentrating mechanism. The urinary diluting abil-

ty in these AQP null mice was intact, as shown by the ability
o generate urine of less than 120 mOsm after intraperitoneal

igure 1 Urinary concentrating function in AQP null mice. (A) Sites
f AQP expression in kidney. (B) Twenty-four–hour urine collec-
ions showing polyuria in mice lacking AQP1 and AQP3, individu-
lly and together. (C) Twenty-four–hour urine output (mean � SE)
rom mice of indicated genotype. (D) Urine osmolalities before and
fter 36-hour water deprivation. Data summarized from Ma et al6,7,9

nd Yang et al.8 (Color version of figure is available online.)
nfusion of half-normal saline. AQP2 mutant mice do not p
urvive beyond the neonatal period,10 although a recently
enerated model of inducible AQP2 gene deletion in adult
ice manifests marked polyuria, with daily urine output ex-

eeding their body weight.11

echanisms of Defective
rinary Concentrating
bility in AQP1 Deficiency

QP1 is expressed at the apical and basolateral mem-
ranes of the proximal tubule, where most of the fluid
ltered by the glomerulus is reabsorbed by an active
ear-isosmolar transport mechanism, and in the thin de-
cending limb of Henle and descending vasa recta, where
ountercurrent multiplication and exchange occur. Trans-
pithelial osmotic water permeability (Pf) in isolated mi-
roperfused S2 segments of the proximal tubule driven by
raffinose gradient was decreased by nearly 5-fold in

QP1 knockout mice (Fig 2A),12 indicating that the major
athway for osmotically driven water transport in this seg-
ent is transcellular and AQP1 dependent. Free-flow mi-

ropuncture with end-proximal tubule fluid sampling
howed approximately 50% reduced fluid absorption,
ith little effect on the single-nephron glomerular filtra-

ion rate (Fig 2B). The data support a 3-compartment
odel in which mild luminal hypotonicity drives osmotic
ater movement through highly water-permeable cell
embranes. As predicted from these findings, a substan-

ial approximately 40 mOsm transepithelial osmotic gra-
ient in end proximal tubule fluid was found in AQP1 null
ice, compared with an approximately 10 mOsm gradient

n wild-type mice,13 indicating active pumping of salt out
f the tubule lumen without adequate water movement to
issipate the osmotic gradient. Micropuncture collections

igure 2 Mechanistic analysis of defective urinary concentrating
bility in AQP deficiency. (A) Pf in the microperfused kidney prox-
mal tubule, thin descending limb of Henle, and inner medullary
ollecting duct from mice of indicated genotype (mean � SE). Data
ummarized from Schnermann et al12 and Chou et al.15,18 (B) Free-
ow micropuncture in wild-type versus AQP1 knockout mice. Data
ummarized from Schnermann et al12 for the end proximal tubule
uid collections. TF/P, ratio of marker in collected tubule fluid versus

lasma; GFR, glomerular filtration rate.
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202 A.S. Verkman
rom superficial distal tubules provided evidence for a
ubuloglomerular feedback mechanism in which the sin-
le-nephron glomerular filtration rate decreases in AQP1
ull mice so as to reduce distal fluid delivery to near-
ormal values. Recent data from double-knockout mice

acking AQP1 and the adenosine-1 receptor, which lacks
ubuloglomerular feedback control of glomerular filtra-
ion, suggested that adaptations in distal fluid transport
echanisms in AQP1 deficiency in part accounts for their

ack of more profound polyuria.14 Together these data
rovide evidence for defective near-isosmolar fluid ab-
orption in the proximal tubule in AQP1 deficiency.

The high expression of AQP1 in the thin descending limb
f Henle epithelium and vasa recta endothelium suggests
efective countercurrent multiplication and exchange in
QP1 deficiency, preventing the formation of a hypertonic
edullary interstitium. This conclusion is supported by the

ack of increase in urine osmolality in AQP1 null mice after
dministration of a vasopressin agonist,6 and measured low
edullary interstitial osmolality. As summarized in Figure

A, osmotic water permeability Pf across microperfused thin
escending limb of Henle (TDLH) was 10-fold reduced by
QP1 deletion,15 indicating that AQP1 is the principal water
hannel in TDLH, and supports the view that osmotic equil-
bration along TDLH by water transport plays a key role in
he renal countercurrent concentrating mechanism. The
QP1 null mice also were used to confirm that AQP1 is
esponsible for the high density of intramembrane particles
bserved in TDLH membranes (and proximal tubule) by
reeze-fracture electron microscopy (Fig 3A).15 In isolated
icroperfused outer medullary descending vasa recta sub-

ected to NaCl gradients, Pf was reduced more than 50-fold
y AQP1 deletion.16 When raffinose rather than NaCl was
sed to drive osmotic water movement, Pf was doubled in
ild-type mice and reduced only 2-fold by AQP1 deletion.
ogether with mercurial inhibition studies, it was concluded

hat solutes larger than NaCl are able to drive water move-
ent both through AQP1 and an AQP1-independent, mer-

urial-insensitive pathway that may involve paracellular
ransport. Mathematic modeling predicted that the decreased
edullary hypertonicity in AQP1 null mice results in part

rom enhanced papillary blood flow. Together, the microper-
usion and micropuncture results suggest that AQP1 deletion
roduces nephrogenic diabetes insipidus in mice primarily
y interfering with the normally hypertonic medullary inter-
titium generated by countercurrent multiplication and ex-
hange. Human beings lacking AQP1 manifest a qualitatively
imilar urinary concentrating defect to mice, with urinary
ypotonicity and insensitivity to water deprivation.17

rinary Concentrating Function
n AQP3 and AQP4 Null Mice
QP3 and AQP4 are expressed at the basolateral membrane
f collecting duct epithelium, with relatively greater expres-

ion of AQP3 in the cortical and outer medullary collecting i
uct and AQP4 in the inner medullary collecting duct. The
ata in Figures 1C and 1D suggest a more important role for
QP3 than AQP4 with respect to urinary concentrating abil-

ty. In contrast to AQP1 null mice, the countercurrent mul-
iplication and exchange mechanisms in AQP3 null mice ba-
ically are intact. The Nephrogenic Diabetes Insipidus (NDI)
n AQP3 null mice probably results from the more than
-fold reduction in Pf of cortical collecting duct basolateral
embrane.7 In addition, AQP2 expression is reduced in
QP3 null mice, which appears to be a maladaptive renal
esponse seen in various forms of acquired polyuria. Another
nteresting observation in AQP3 null mice is that the polyuria
s so severe that the mice manifest signs of functional urinary
bstruction with dilated kidneys by age 4 to 6 weeks. Mice
ppear to be quite sensitive to polyuria-induced renal dam-
ge, as found in several transgenic mouse models associated
ith polyuria, including NKCC, ROMK1, AQP2, and V2R
nockout mice, and AQP2 mutant mice.
AQP4 null mice manifest only a mild impairment in max-

igure 3 Ultrastructure of AQP1 and AQP4 in kidney. (A) Freeze-
racture electron microscopy showing P-face plasma membranes of
he thin descending limb of Henle epithelial cells from wild-type
left) and AQP1 null (right) mouse. On the right of each micro-
raph, the small area represents the lumen of the tubule. Adjacent to
he lumen, the apical membrane appears more undulating and con-
ains IMPs that represent integral membrane proteins. There was a
emarkably different appearance of the TDLH apical membrane of
QP1 null mice, with a much lower IMP density and different IMP
ppearance. (B) P-face basolateral plasma membrane of collecting
uct from wild-type (left) and AQP4 null (right) mouse. Inset shows
omplementary orthogonal array imprints (arrows) on the Ef-face
bserved in wild-type mice but not in AQP4 null mice. Adapted
rom Chou et al15 and Verbavatz et al.21
mal urinary concentrating ability (Fig 1D),9 despite a 4-fold
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AQPs in kidneys 203
educed water permeability in microperfused inner medul-
ary collecting duct (Fig 2A).18 These results indicate that
QP4 is responsible for the majority of basolateral membrane
ater movement in the inner medullary collecting duct, and

upport the conclusion that the majority of water is reab-
orbed in the cortical and outer medullary segments of the
ollecting duct. The AQP4 knockout mouse also was used to
how that AQP4 is the orthogonal array protein (OAP). OAPs
re characteristic square arrays of intramembrane particles
IMPs) that have been observed by freeze-fracture electron
icroscopy (FFEM) in the basolateral membrane of kidney

ollecting duct epithelia and some other cell types. We ini-
ially proposed that AQP4 is the OAP protein based on its
xpression in cells in which OAPs had been found.19 This
ypothesis was supported by the identification of OAPs in
QP4-transfected Chinese hamster ovary (CHO) cells,20 and

hen proven by their absence in kidney, skeletal muscle, and

igure 4 AQP1-facilitated migration of proximal tubule epithelial
ells. (A) (left) In vitro Boyden chamber assay of proximal tubule cell
igration. Schematic at top shows a modified Boyden chamber

ontaining a Transwell porous membrane filter. Cells migrate from
op to bottom in response to a chemotactic stimulus. Photographs of
dherent proximal tubule cells at the completion of an assay are
hown from before and after scraping the upper surface to visualize
igrated cells. Bar, 100 �m. The percentage of migrated cells at 6
ours after cell plating (SE, 6 sets of experiments, *P � .01) is
hown. The bottom chamber contained 10% or 1% fetal bovine
erum. AQP1-Ad, adenoviral-mediated AQP1 gene delivery. (B)
schemia-reperfusion model of acute renal tubular injury. Periodic
cid-Schiff and hematoxylin staining of kidney sections from con-
rol wild-type and AQP1 null mice, and at 5 days after ischemic/
eperfusion (I/P). Bar, 20 �m. Arrowhead, dilated tubule; arrow,
egenerated tubule. The percentage of proximal tubules with an

nner diameter greater than 5 �m (SE, 5 mice per group, *P � .05)
s shown. Adapted from Hara-Chikuma and Verkman.36 (Color ver-
ion of figure is available online.)
rain from AQP4 knockout mice (Fig 4B).21 m
ouse Models of Nephrogenic
iabetes Insipidus Caused by
QP2 Mutation/Deletion

he autosomal form of hereditary nephrogenic diabetes in-
ipidus, an exceedingly rare disorder, is caused by mutations
n AQP2, the vasopressin-sensitive water channel that moves
etween an intracellular vesicular compartment and the api-
al membrane of collecting duct principal cells.22,23 For some
QP2 mutations, including AQP2-T126M, the cellular de-

ect results from protein misfolding and retention at the en-
oplasmic reticulum.24,25 Interestingly, some endoplasmic
eticulum-retained AQP2 mutants are functional as water
hannels, suggesting that maneuvers that correct AQP2 traf-
cking might restore the normal cell phenotype. One such
trategy to correct protein folding defects is small molecule
hemical chaperones such as glycerol and trimethyamine-N-
xide, which were shown to correct the cellular misprocess-
ng of AQP2-T126M and restore water permeability in cell
ulture models.26

A mouse model of recessive NDI caused by the AQP2-
126M mutation was generated by targeted gene replace-
ent (knock-in) using a Cre-loxP strategy.10 Breeding of het-

rozygous mice yielded the expected Mendelian distribution
ith approximately 25% homozygous mutant mice. The mu-

ant mice appeared normal at 2 to 3 days after birth, but failed
o thrive and generally died by day 6. The mice were poly-
ric, with urinary hypo-osmolality and vasopressin insensi-
ivity. Immunoblot analysis of kidney homogenates showed
omplex glycosylation of wild-type AQP2, but mainly en-
oglycosidase H-sensitive core glycosylation of AQP2-
126M, indicating endoplasmic reticulum (ER) retention,
hich was confirmed by immunofluorescence. The AQP2-
126M mutant mice provided the first in vivo biochemical
ata on a disease-causing AQP2 mutant. However, the mice
id not survive long enough to test potential pharmacologic
herapies. Recently AQP2-F204V mutant mice were identi-
ed by forward genetic screening of ethylnitrosourea-mu-
agenized mice.27 AQP2-F204V is a relatively mild mutation
ompared with AQP2-T126M, permitting these mice to sur-
ive beyond the neonatal period. As additional mouse mod-
ls of AQP2 mutation become available, it will be interesting
o compare collecting duct water permeability with urinary
oncentrating function and vasopressin sensitivity.

We recently generated an adult inducible mouse model
f complete severe NDI.8 LoxP sequences were inserted
nto introns 1 and 2 in the mouse AQP2 gene by homolo-
ous recombination in embryonic stem cells. Mating of
erm-line AQP2-loxP mice with tamoxifen-inducible Cre-
xpressing mice gave inducible homozygous Cre-AQP2-
oxP mice, which had normal phenotype. Tamoxifen in-
ections produced efficient AQP2 gene excision, with
ndetectable full-length AQP2 transcript in the kidney
nd more than 95% reduction in immunoreactive AQP2
rotein. Urine osmolality decreased from approximately
,000 before to less than 500 mOsm after tamoxifen treat-

ent, with urine output increasing from 2 to more than 25
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204 A.S. Verkman
L/d. The polyuria and reduced urine osmolality were not
asopressin sensitive, as expected. In contrast to the severe
henotype of NDI neonatal mice, only mild renal damage
as seen after 6 weeks of severe polyuria in adult mice,
ith collecting duct dilation, yet normal creatinine clear-

nce and serum chemistries. Breeding of inducible AQP2
nockout mice with AQP2 mutant knock-in mice is pre-
icted to yield an inducible knock-in mouse, in which
xcision of the wild-type AQP2 gene in 1 allele leaves the
utant AQP2. Such adult AQP2 knock-in mice may be
seful in testing possible drug therapies for NDI caused by
ecessive AQP2 mutations.

enal Function in AQP7
nd AQP8 Knockout Mice
QP7 is expressed selectively in the apical membrane of ep-

thelial cells in the relatively short S3 straight segment of the
roximal tubule. AQP7, similar to AQP3 and AQP9, is an
quaglyceroporin that transports both water and glycerol,
hereas most of the other AQPs are primarily water trans-
orters. The renal phenotype of AQP7 null mice was charac-
erized recently.28 Osmotic water permeability in apical
embrane vesicles from the proximal tubule was reduced

lightly in AQP7 deficiency by approximately 10%, and urine
oncentrating ability was not impaired measurably. How-
ver, when AQP7 was co-deleted with AQP1, the urinary
oncentrating ability of the double-knockout mice was re-
uced compared with that of AQP1 null mice. The absence of
ignificantly impaired urinary concentrating ability in AQP7
eficiency in mice may be related to the co-expression of
QP4 in mice in the S3 segment of the proximal tubule,29 and
xpression of AQP1 throughout the proximal tubule. Inter-
stingly, the AQP7 null mice showed marked glyceroluria,
ith greatly increased urinary glycerol concentration com-
ared with wild-type mice (1.7 versus 0.005 mg/mL), despite
omparable serum glycerol concentrations. How this is pos-
ible requires further investigation and verification. It was
roposed that the urinary glycerol concentration might be a
nique marker of S3 segment proximal tubule cell injury.
AQP8 transcript has been detected in mouse and rat

idneys at low levels. In 1 study, immunocytochemistry
howed modest labeling of proximal tubules in a cytoplas-
ic pattern, and weak labeling of collecting ducts in cor-

ex and medulla of rat kidney.30 The renal phenotype of
QP8 null mice was characterized recently.31 The urinary
oncentrating ability in AQP8 null mice was unimpaired
s assessed by urine osmolality and weight loss after 36
ours of water deprivation, and by the similar impairment

n urinary concentrating ability in AQP1 null mice versus
QP8/AQP1 double-knockout mice. In addition, we were
nable to show specific renal AQP8 immunostaining using
QP8 null kidneys as control, together suggesting that, at

east in mice, AQP8 does not play a significant role in renal

unction. A
ystic Kidney Disease Caused
y AQP11 Gene Deletion

QP11, which so far has an unknown function, shares
omology with the other AQPs. AQP11 transcript is ex-
ressed in kidney, and immunocytochemistry suggested
he localization of AQP11 protein to intracellular vesicles
n the proximal tubule.32 AQP11-deficient mice manifest
n interesting phenotype of vacuolization and cyst forma-
ion in the proximal tubule. Over the first few weeks of life,
he kidneys in AQP11 null mice become enlarged, with
ysts occupying the whole cortex (Fig 5A), leading to renal
ailure and death. Before the appearance of cysts, the prox-
mal tubule epithelium contains vacuoles. As a hint of the
ossible mechanism of vacuolization and cyst formation,
e measured endosomal acidification and chloride accu-
ulation in primary cultures of proximal tubule cells ob-

ained from newborn mice. Although the cultures had a
ormal appearance, there was a distinct defect in endoso-
al acidification. For example, using fluorescent trans-

errin as a marker of early and recycling endosomes,33

ulse label-chase studies showed impaired endosomal
cidification in cells from AQP11 null mice (Fig 5B). Al-
hough AQP11 null mice represent an interesting model of
enal cystic disease, the precise mechanisms responsible
or proximal tubule cell vacuolization and cyst formation
emain unknown, and will require definition of the func-
ion of AQP11.

Novel Role for AQPs in
enal Cell Migration and injury

QP1 is expressed strongly in microvascular endothelia
utside of the central nervous system, including in tumor
icrovessels. The investigation of a possible role of AQP1

n tumor angiogenesis showed an unanticipated role of

igure 5 Renal cyst formation and defective endosomal acidification
n proximal tubule cells in AQP11 deficiency. (A) Renal cysts in the
idney of a 30-day-old AQP11 null mouse. Kidney appearance is
hown in the top photograph, and kidney histology (arrow indicates
apilla) is shown in the bottom photograph. (B) Endosomal pH as
easured at indicated times after pulse-labeling with fluorescent

ransferrin (SE, * P � .01). Adapted from Morishita et al.32 (Color
ersion of figure is available online.)
QPs in cell migration.34 Growth of implanted tumors was
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AQPs in kidneys 205
lowed greatly in AQP1 null compared with wild-type
ice, and the tumors in AQP1 null mice had a lower
ensity of microvessels with islands of viable tumor cells
urrounded by necrotic tissue. Angiogenesis also was im-
aired in these mice in an in vivo tumor-independent
odel involving vessel growth in implanted Matrigel pel-

ets containing angiogenic factors. Analysis of intrinsic en-
othelial cell functions in cultured aortic endothelia from
ild-type and AQP1 null mice indicated that cell migra-

ion toward a chemoattractant was slowed significantly in
QP1-deficient endothelial cells. We proposed that AQP-
ependent water transport could account for the impaired
igration in AQP1-deficient cells because migration in-

olves transient formation of membrane protrusions that
re believed to require rapid local changes in ion fluxes
nd transmembrane water movement. We found that ex-
genously expressed AQP1 or AQP4 enhanced migration
f AQP-null CHO and Fisher rat thyroid (FRT) epithelial
ells, suggesting that the effect was not AQP or cell-type
pecific. A similar defect in migration was found in AQP4
ull and knock-down astroglial cells cultured from neo-
atal mouse brain.35 In these systems AQP expression was
olarized to the leading edge of migrating cells, and lamel-

ipodial dynamics were reduced in AQP-deficient cells. A
odel incorporating these findings is presented in Fig-

re 6C.
We recently performed similar experiments to determine

hether AQP-dependent cell migration occurs in kidney.36

igration was compared in primary cultures of proximal
ubule cells from wild-type and AQP1 null mice. Primary
ultures of proximal tubule cells from AQP1 null mice were
ndistinguishable from those of wild-type mice in their ap-
earance, size, growth/proliferation, and adhesiveness, al-
hough as expected they had reduced plasma membrane wa-
er permeability. Migration of AQP1-deficient cells was
educed by more than 50% compared with wild-type cells, as
easured in a Boyden chamber in the presence of a chemo-

actic stimulus (Fig 4A). Impaired migration of AQP1-defi-
ient cells also was found in an in vitro scratch assay of
ound healing, with reduced appearance of lamella-like
embrane protrusions at the cell leading edge. Adenoviral-
ediated expression of AQP1 in the AQP1-deficient cells,
hich increased their water permeability to that of wild-type

ells, corrected their migration defect. The potential rele-
ance of these in vitro findings to the intact kidney was tested
n an in vivo model of acute tubular injury caused by 30-

inute renal artery occlusion-reperfusion. At 5 days after
schemia-reperfusion, kidneys in AQP1 null mice showed
emarkably greater tubular injury, as seen by tubule dilation,
han kidneys in wild-type mice (Fig 4B). Also, F-actin was
emarkably disorganized in proximal tubule epithelial cells
n the AQP1 null mice after ischemia-reperfusion, although
ell proliferation as assessed by bromodeoxyuridine immu-
ocytochemistry was not impaired. These results provided
vidence for the involvement of AQP1 in the migration of
roximal tubule cells, and possibly in the response of the
roximal tubule to injury. Other renal AQPs also may facili-

ate the migration of cells where they are expressed. A
echanisms of AQP Function
n Mammalian Physiology
igure 6 shows the proposed mechanisms for involvement of
QPs in mammalian physiology. As discussed earlier, the

mpaired fluid absorption in the kidney proximal tubule in
QP1 deficiency indicates the need for high transepithelial
ater permeability for rapid, near-isosmolar fluid transport.

igure 6 Proposed mechanisms of AQP function in mammalian phys-
ology. (A) Reduced water permeability in glandular epithelium impairs
ctive, near-isosmolar fluid transport by slowing osmotic water trans-
ort into the acinar lumen, producing hypertonic secretion. (B) Re-
uced transepithelial water permeability in the kidney collecting duct

mpairs the urinary concentrating ability by preventing osmotic equil-
bration of luminal fluid. (C) AQP-facilitated water entry into protrud-
ng lamellipodia, accounting for AQP-dependent cell migration. (D)
QP4 expression on astroglia may alter extracellular space volume and
omposition by interactions with Kir4.1 K� channels, and/or by im-
airing water reuptake into astroglia during neural signaling. (E) Re-
uced steady-state glycerol content in epidermis and stratum corneum
fter AQP3 deletion, accounting for reduced skin hydration in AQP3
eficiency. (F) Impaired AQP7-dependent glycerol escape from adipo-
ytes resulting in intracellular glycerol accumulation and increased tri-
lyceride content, accounting for progressive adipocyte hypertrophy in
QP7 deficiency. See text for further explanations. (Color version of
gure is available online.)
similar conclusion was found for near-isosmolar fluid se-
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retion in salivary37 and airway submucosal38 glands in AQP5
eficiency, and for AQP1-dependent secretion of cerebrospi-
al fluid by choroid plexus39 and aqueous fluid by the ciliary
pithelium.40 High transepithelial water permeability per-
its rapid water transport in response to active transepithe-

ial salt transport. As shown in Figure 6A, AQP deletion im-
airs osmotic equilibration, resulting in reduced secretion of
relatively hypertonic fluid. Figure 6B shows a second mech-
nism for involvement of AQPs in mammalian physiology, in
hich the AQPs facilitates passive, osmotically driven water

ransport. As an example, osmotic extraction of water in the
idney collecting duct increases urine osmolality in antidi-
resis. Reduced collecting duct water permeability produced
y AQP deficiency impairs osmotic equilibration and thus
educes urine osmolality. Brain edema is an example of
QP4-facilitated water transport between the blood and
rain compartments. Mice lacking AQP4 show remarkable
rotection against brain water accumulation in models of
ytotoxic brain edema such as water intoxication and isch-
mic stroke,41 but impaired clearance of excess brain water in
odels of vasogenic brain edema such as brain tumor.42

Figure 6C shows a proposed mechanism of AQP-depen-
ent cell migration. Actin cleavage and ion uptake at the tip
f a lamellipodium create local osmotic gradients that drive
he influx of water across the cell membrane. Water entry
ncreases local hydrostatic pressure to cause cell membrane
rotrusion, creating space for actin polymerization and sta-
ilization of the protrusion. AQPs in the region of membrane
rotrusions would enhance water entry and thus the dynam-

cs of cell membrane protrusions and cell motility.
Several lines of evidence suggest the involvement of AQP4

n rapid neural signal transduction by a mechanism that is
ot yet understood clearly. AQP4 is expressed in the central
ervous system, inner ear, and retina in supportive cells that
re in close proximity to non–AQP-expressing electrically
xcitable cells—in astroglia-supporting neurons, in retinal
üller cells supporting bipolar cells, and in cochlear Clau-

ius and Hensen cells supporting hair cells. Mice lacking
QP4 showed altered seizure susceptibility and duration,43,44

nd reduced auditory brainstem responses.45 Based on AQP4
nd K� channel Kir4.1 colocalization, several groups pro-
osed that AQP4 in supportive cells may facilitate K� recy-
ling during electrical signal transduction in the brain, retina,
nd inner ear. Figure 6D postulates alterations in extracellu-
ar space volume and astroglial cell K� uptake that could
ccount for defective neural signal transduction in AQP4 de-
ciency. In support of this hypothesis, we found, by using an

n vivo fluorescence photobleaching method, an expanded
xtracellular space in the cerebral cortex in AQP4-deficient
ice.46 By using a K�-sensing fluorescent dye, we recently

ound 2-fold impaired K� reuptake from the extracellular
pace in a pin-prick model of spreading depression.47 How-
ver, the precise link between AQP4 expression and K� chan-
el function remains unclear.
The earlier-described roles of AQPs can be ascribed largely

o their water-transporting function. There is now compel-
ing evidence that the aquaglyceroporins have unique biolog-

cal roles that are related to their glycerol transport function. w
here is evidence for AQP3-facilitated glycerol transport in
kin as an important determinant of epidermal and stratum
orneum hydration (Fig 6E). AQP3 is expressed strongly in
he basal layer of keratinocytes in mammalian skin. Mice
acking AQP3 have reduced SC hydration and skin elasticity,
elayed biosynthesis of the SC after removal by tape-strip-
ing, and delayed wound healing.48 Investigation of the
echanisms responsible for the skin phenotype in AQP3
eficiency showed reduced epidermal cell skin glycerol per-
eability, and reduced glycerol content in the SC and epi-
ermis, with normal glycerol in dermis and serum. This sug-
ests that there is reduced glycerol transport from blood into
he epidermis in AQP3 deficiency through the basal keratin-
cytes in the AQP3-null mice. Glycerol replacement by top-
cal or systemic routes corrected each of the skin phenotype
bnormalities in AQP3-null mice.49 Together, the phenotype
ata in AQP3-deficient mice indicate the importance of glyc-
rol in epidermal cell function and provide a rational scien-
ific basis for the long-standing practice of including glycerol
n cosmetic and medicinal skin-treatment preparations.

A principal site of expression of AQP7 is the plasma mem-
rane of adipocytes. We found that AQP7 null mice have a
uch greater fat mass than wild-type mice as they age.50

oreover, their adipocytes remarkably hypertrophy with
ge, and accumulate approximately 3-fold more glycerol and
pproximately 2-fold more triglycerides than adipocytes in
ild-type mice. Measurements in adipocytes of comparable

ize from younger mice showed reduced glycerol permeabil-
ty in AQP7-deficient adipocytes and slowed glycerol release
rom minced fat tissue. However, lipolysis and lipogenesis
ates were similar in wild-type and AQP7-deficient mice. As
hown in Figure 6F, we propose that the progressive triglyc-
ride accumulation in AQP7-deficient adipocytes may be re-
ated to reduced plasma membrane glycerol permeability,
esulting in increased steady-state glycerol concentration,
nd increased glycerol-3-phosphate, and, hence, triglyceride
iosynthesis. Induction of adipocyte AQP7 expression
nd/or function therefore might reduce fat mass in some
orms of obesity. Similar conclusions were reported subse-
uently by Hibuse et al51 using independently created AQP7
ull mice.

onclusions
enal phenotype studies of AQP knockout mice have con-
rmed the predicted roles of AQPs in the urinary concentrat-

ng mechanism, and have provided evidence to settle contro-
ersies about the route and mechanism of fluid absorption in
he proximal tubule and the roles of AQP versus non-AQP
ater transporters. Transgenic mice deficient in the renal
QPs also have provided useful models to study renal phys-

ology and clinically relevant diseases such as NDI. Although
any of the key issues about the roles of AQPs in kidney

unction now are resolved, recent findings of AQP-depen-
ent renal cell migration and renal cystic disease warrant
urther mechanistic investigation and evaluation of their rel-
vance to kidney disease. Perhaps most exciting for ongoing

ork is the possibility of the development of small-molecule
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r peptide inhibitors and inducers of specific renal AQPs for
herapy of dysnatremias and fluid overload, and even per-
aps for therapy of cystic renal disease and renal injury.
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