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Abstract Aquaporins (AQPs) are key players regulating
urinary-concentrating ability. To date, eight aquaporins
have been characterized and localized along the nephron,
namely, AQPl located in the proximal tubule, thin
descending limb of Henle, and vasa recta; AQP2, AQP3
and AQP4 in collecting duct principal cells; AQPS in
intercalated cell type B; AQP6 in intercalated cells type A
in the papilla; AQP7, AQP8 and AQP11 in the proximal
tubule. AQP2, whose expression and cellular distribution
is dependent on vasopressin stimulation, is involved in
hereditary and acquired diseases affecting urine-concen-
trating mechanisms. Due to the lack of selective aquaporin
inhibitors, the patho-physiological role of renal aquaporins
has not yet been completely clarified, and despite extensive
studies, several questions remain unanswered. Until the
recent and large-scale development of genetic manipula-
tion technology, which has led to the generation of
transgenic mice models, our knowledge on renal aquaporin
regulation was mainly based on in vitro studies with
suitable renal cell models. Transgenic and knockout tech-
nology approaches are providing pivotal information on the
role of aquaporins in health and disease. The main goal of
this review is to update and summarize what we can learn
from cell and animal models that will shed more light on
our understanding of aquaporin-dependent renal water
regulation.
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Introduction

Aquaporins (AQPs) are membrane proteins that mediate
facilitated movement of water across the lipid bilayer in
response to an osmotic gradient [141]. To date, aquaporins
have been found in almost all living organisms: mammals,
amphibians, invertebrates, plants, bacteria, and other
microbes [38]. All aquaporins possess similar structures
and consist of an approximately 30-kDa protein with six
membrane-spanning domains and intracellular N- and
C-termini. An NPA (Asn-Pro—Ala) box is contained in
each of the highly conserved B and E loops that fold into
the lipid bilayer in an ‘hourglass’ fashion, forming an
aqueous pore [49, 100].

The aquaporin family can be divided into two subfam-
ilies: aquaporins and aquaglyceroporins. The aquaporins
are considered only to be permeated by water and include
AQPO, AQP1, AQP2, AQP4, AQP5, AQP6 and AQPS. The
aquaglyceroporins are, in addition to being permeable to
water, permeable to glycerol and include AQP3, AQP7,
AQP9 and AQP10. A new aquaporin subfamily has been
recently identified with highly deviated NPA boxes, which
are signature sequences for AQPs. With limited homology
with other aquaporins, they form the “superaquaporin
subfamily” that includes mammalian AQP11 and AQP12.

The aquaporins play different roles in body water
homeostasis with respect to permeability and localization.
Of the known 13 aquaporin isoforms expressed in mam-
mals (AQP0-12), at least eight are known to be present in
the kidney at distinct sites along the nephron and collecting
duct: AQP1-8 (see Fig. 1 for distribution).
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Fig. 1 A single nephron showing aquaporin (AQP) distribution.
AQP1 is expressed in both the apical and basolateral membrane of
cells in the proximal tubule (orange) and descending thin limb
(yellow), both of which are highly water permeable. AQP7 is
expressed at the brush border of proximal tubule cells. AQPS is
present in intracellular vesicles in the same cells. The thick ascending
limb of Henle’s loop (grey) is water-impermeable because no AQP is
expressed in this tract of the nephron. AQP2 is the collecting duct

The first cloned aquaporin, AQPI, originally called
CHIP-28 (channel-forming integral protein) [99], is present
in both the apical and basolateral membranes of the prox-
imal tubules and the descending thin limb of Henle’s loop
and in vasa recta. AQP1 gene deletion in humans results in
markedly impaired urinary concentrating ability, but only
when those subjects are challenged by water deprivation
[59].

AQP2 (AQP-CD) [30] is abundant in the apical mem-
brane and in intracellular storage vesicles in the principal
cells of the collecting ducts. Studies in isolated collecting
ducts have shown that AQP2 is primarily expressed in the
intracellular vesicles, whereas perfusion with the antidi-
uretic hormone arginine vasopressin (AVP) resulted in
trafficking to the apical membrane in association with a
dramatic increase in water permeability [91]. Upon AVP
washout, AQP2 was endocytosed into the cytoplasmic
vesicles with reversal of the enhanced water permeability.
A multitude of studies have highlighted a critical role of
AQP2 in several inherited and acquired water-balance
disorders, including inherited forms of nephrogenic dia-
betes insipidus (NDI), acquired states of NDI, and other
diseases associated with urinary concentrating defects
where AQP2 expression and targeting are affected [13, 92,
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(blue) water-channel that translocates from intracellular reservoir
vesicles to the apical membrane in response to vasopressin in the
principal cells. AQP3 and AQP4 are expressed at the basolateral
membrane of the same cells. AQP6 is present in intracellular vesicles
in the acid-secreting type-A intercalated cells of the collecting duct,
while AQPS5 is constitutively expressed at the apical membrane of the
bicarbonate-secreting type-B intercalated cells

108, 117]. In the same cell type where AQP2 is expressed,
AQP3 (glycerol-transporting integral protein) [23] and
AQP4 (mercury-insensitive water channel, MIWC) [32]
are located exclusively in the basolateral membrane, thus
providing channels for the final exit of water into the
interstitium and ultimately into the circulation. An
understanding of the physiological role of AQP3/4 has
been provided by studies on knockout mice as described
below.

We have recently reported compelling evidence that
AQPS5 is expressed in the kidney distal tubule at the apical
membrane of type-B intercalated cells where it co-localizes
with pendrin [102]. The possible physiological role of
AQPS5 in the kidney is currently under investigation. AQP6
[78, 158] is present only in renal collecting duct interca-
lated cells type A and under conditions of low water
permeability. AQP7 [43] is expressed in the brush border
of the proximal tubule [43] where it contributes to water
and glycerol reabsorption [43]. AQP8 [46] has been
localized to intracellular domains of proximal tubule and
collecting duct cells [25]. AQP9 [45, 132] and AQP11 [31]
have also been identified in kidney at low abundance by
Northern blot and reverse transcription-PCR techniques.
However, their functional significance within the kidney
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has not yet been determined [92]. AQP11-knockout mice,
however, have been shown to have polycystic kidneys [86].

The high abundance of aquaporins in both kidney
tubules and vasa recta suggests a major involvement in the
mechanism of osmotically driven water transport from
kidney tubules to bloodstream that allows urine concen-
tration. In addition to traditional role in regulating water
balance, phenotype analyses of aquaporin knockout mice
have also revealed several unexpected cellular roles for
aquaporins whose mechanisms are still being elucidated
[145, 160]. For example, several research groups have
demonstrated a role for AQP1 in tumor angiogenesis [134]
and cell migration [115]. Null mice for AQP1 display an
important decrease in tumor growth [115]. To explain this
observation, Verkman and co-workers suggested that dur-
ing cell migration, actin cleavage at the cortical membrane
causes an osmotic gradient, inducing water flow. At the
leading edge, water increases the local hydrostatic pres-
sure, causing the formation of membrane protrusion [143].

Studies in cultured cells have provided a tremendous
insight into the structure, function and regulation of aqu-
aporins, leading to proposals on new roles for these
proteins, such as ion transport [159].

The aim of this review is to provide insights into the
physiological function of renal aquaporins. Much of this
information herein is derived from studies in knockout
animal models or cell culture models.

Knockout animal models
AQP1-null mice

Transgenic mouse models of aquaporin deletion and
mutation (Table 1) have been very useful in elucidating the
patho-physiological role of AQPs in the kidney [8, 27, 142,
143]. A fundamental feature of the proximal tubule is its
ability to reabsorb most of the glomerular filtrate. At their
basolateral and apical membranes, proximal tubule cells
express the selective water channel AQP1 which plays a
critical role in this transcellular water movement.

A transgenic AQP1 knockout mouse has been generated
with a targeted gene disruption method [77]. Genetic
characterization of the offspring from heterozygous mating
showed that the number of AQP1 knockout mice is below
the Mendelian 1:2:1 ratio, likely indicating a lower survival
rate in utero and/or in earlier development phases [142].
AQP1 knockout mice were smaller than their wild-type and
heterozygous counterparts, but with normal organ mor-
phology and physical appearance, although they showed
strong dehydration and lethargy after 36 h of water depri-
vation [77, 142], which is in contrast to AQP1-null humans
who do not show any phenotypic alteration under normal
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Table 1 Transgenic mice models of renal aquaporins
AQPs Renal phenotype References
AQPI—/— Polyuria [77, 142]
No sensitivity to vasopressin
treatment
AQP2—/— Polyuria [82, 114, 121,
Papillary atrophy 153, 157]
and hydronephrosis
AQP3—/— Severe polyuria [73, 75]
Mild responsivity under
vasopressin stimulation
or water deprivation
AQP4—/— Mild polyuria [76]
AQP7—/— Mild polyuria [120]
Glyceroluria
AQP8—/— No phenotype [155]
AQPI11—/— Kidney polycystic [86]
AQP1—/—/AQP3—/— Severe polyuria and [154]
hydronephrosis
AQP1—/—/AQP4—/— Severe polyuria [140]
AQP1—/—/AQP7—/— Severe polyuria [120]
AQP1—/—/AQP8—/— Polyuria [155]
AQP3—/—/AQP4—/— Severe polyuria [73, 75]

AQP Aquaporin

conditions [101]. AQP1 knockout mice have polyuria and
are not sensitive to vasopressin treatment. Compared with
their wild-type and heterozygous counterparts, their water
intake was 2.5- to threefold higher [77]. Moreover, the
mean arterial blood pressure was significantly lower in
AQP1 knockout (88 &+ 3 vs. 102 + 4 mmHg) mice, prob-
ably due to massive water loss [142]. Transepithelial
osmotic water permeability (Pf) in isolated S2 tract of
proximal tubule was found to be about fivefold lower in
AQP1 knockout mice than in wild-type mice (0.033 £
0.005 vs. 0.15 %+ 0.03 cm/s), highlighting the main role of
AQP1 in transcellular water reabsorption in this nephron
segment [116]. In addition, the proximal tubule AQP1 is
highly expressed in the thin descending limb of Henle
(TDLH), a nephron segment involved in urine concentra-
tion by the countercurrent multiplication mechanism.
Deletion of AQP1 profoundly affects urine concentration,
indicating that high TDLH water permeability is required to
keep the urine concentration mechanism intact [116, 142].
Taken together, the data obtained in this AQP1 knock-
out model indicate that reduced urinary concentrating
ability is due to an impairment in generating a hypertonic
medulla.

These observations are probably relevant in humans as
well as mice. In humans, AQP1 encodes the Colton blood
group antigen [119]. Colton-null subjects have a reduced
ability to concentrate urine when subjected to water
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deprivation, which is in agreement with the data obtained
in AQP1 knockout mice [59].

AQP3- and AQP4-null mice

AQP3 and AQP4 are both expressed at the basolateral
membrane of principal cells. AQP3 is expressed mostly in
the cortical and outer/inner medullary collecting duct,
whereas AQP4 is present in the inner medullary collecting
duct.

While AQP4 is a selective water-channel, AQP3 is not
only permeable to water but functions as a glycerol
transporter; therefore, it is considered to be a member of
the so-called aquaglyceroporins [24, 47, 156]. AQP3
knockout mice have been generated by targeted gene
deletion by Verkman’s group [75]. Genotyping charac-
terization of offspring from AQP3 heterozygous mating
indicates a normal 1:2:1 Mendelian distribution. AQP3-
null mice are similar to wild-type mice in terms of growth,
weight, behaviour and organ morphology [75], but they
manifest profound polyuria (threefold reduction in the
osmotic water permeability of the basolateral membrane
compared to the wild-type) with evident signs of urinary
obstruction and dilated kidney. In contrast, AQP4-null
mice have mild polyuria [76]. A comparison analysis
among AQP1, AQP3 and AQP4 transgenic knockout mice
highlights a substantial difference in these knockout mice
regarding impairment in their urinary concentrating ability
[140, 154]. In AQP3 knockout mice, water intake
and output is about tenfold higher than in wild-type or
heterozygous mice, whereas in AQPIl-null mice it is
only 2.5-3.0-folds higher than in wild-type animals. In
addition, urinary osmolality is significantly lower in
AQP3-null mice than in wild-type or AQP1 [77] or AQP4
knockout mice [76]. In contrast to AQP1 knockout mice,
the urinary concentrating ability in mice lacking AQP3
partially but significantly increases after 36 h of water
deprivation or desmopressin acetate (DDAVP) treatment.
These differences reflect the differential role and locali-
zation of renal aquaporins along the nephron. In fact,
deletion of AQP1 severely reduces urinary concentrating
ability by affecting the countercurrent multiplication
mechanism, whereas in AQP3 knockout mice, in which
the countercurrent multiplication mechanism is not affec-
ted, DDAVP or water deprivation results in a partial
ability to concentrate urine, likely due to the expression of
functional AQP4.

Alternatively, AQP4 knockout mice have very low
water permeability in the inner medulla; however, this
causes only a modest reduction in the kidney urinary
concentrating ability. The explanation for this effect likely
relates to the greater water reabsorption occurring in the
connecting tubule (CNT) and cortical collecting duct where
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AQP3 is expressed, whereas in the mouse AQP4 is
expressed predominantly in the medullary collecting ducts.

In agreement with these observations, AQP3/AQP4
double knockout mice show more severe polyuria than
AQP3-knockout mice, although they still have residual
water reabsorption ability [76]. Genetic deletion of AQP3
and/or AQP4 might activate different compensative
mechanisms, such as modulation of urea and/or sodium
reabsorption, also regulated by vasopressin to counteract
water loss. Indeed, although a significant down-regulation
of AQP2 expression has been detected in AQP3-null mice,
it cannot be excluded that AQP2 itself relocalizes at the
basolateral membrane to compensate for AQP3 and AQP4
loss, as already shown by Fenton et al. [27] in rat kidney
tubules.

AQP5-null mice

AQPS5 is a water-channel with a unique tissue distribution
[110]. Immunocytochemical studies from several labo-
ratories have shown AQPS5 expression in the apical
membranes of serous acinar cells in salivary and lacrimal
glands, type I alveolar epithelial cells, cochlea and surface
corneal epithelial cells [37, 48, 83, 93]. We have recently
demonstrated that AQP5 is also expressed in type-B
intercalated cells in the kidney CNT/collecting duct. At this
site, AQPS5 co-localizes with the apical transporter pendrin
[102]. Ma et al. [74] generated AQP5-null mice by targeted
gene disruption and observed that these mice produced low
volumes of hypertonic viscous saliva, thereby providing
direct evidence for a role of AQPS5 in near-isosmolar fluid
secretion in salivary glands. In a second study, the same
authors measured lung fluid transport in AQP5-null mice
and came to the conclusion that, in alveolar type-I cells,
AQP5 does not appear to facilitate hydrostatically driven
lung edema or active alveolar fluid absorption [73]. They
described the knockout mice as ‘grossly normal’ with no
kidney phenotype [74]. Further studies are required to
uncover an unexpected role for AQPS5 in the kidney.

AQP7-null mice

AQP7 is an aquaglyceroporin expressed in the apical
membrane of epithelial cells in segment S3 of the proximal
tubule [43, 90] which transports both water and glycerol
[44]. AQP7 knockout mice do not display a urinary-
concentrating defect [120]. Consistent with this finding,
results from stop-flow light scattering studies on brush-
border membrane vesicles from renal outer medulla indi-
cate that osmotic water permeability is slightly reduced in
mice lacking AQP7 (18 + 0.4 x 1073 cm/s) compared
with wild-type animals (20 £ 0.3 x 107> cm/s). The lack
of severe water loss in AQP7-deficient mice is in agreement
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with the presence of AQP1 representing the major
water channel in segment S3 of the proximal tubule [140].
Interestingly, a comparative study found that urinary con-
centrating ability is more defective in double AQP1/AQP7
knockout mice than in AQP1 knockout mice, likely sug-
gesting a small but significant contribution of AQP7 to
proximal tubule water reabsorption [120]. Quite interest-
ingly, despite the normal level of serum glycerol, AQP7-
null mice have a severe loss of glycerol in the urine
(1.7 £ 0.34 mg/ml) compared with wild-type animals
(0.005 £ 0.002 mg/ml), confirming that AQP7 represents a
major pathway for glycerol reabsorption in the proximal
tubule. The massive loss of glycerol in urine is, however,
difficult to explain given the relatively limited expression of
AQP7 in segment S3 of the proximal tubule. In addition, it
is surprising that such consistent glyceroluria is not asso-
ciated with a parallel decrease in serum glycerol. It is
possible that systemic compensative mechanisms, leading
to glycerol release into the plasma, may be deregulated in
AQP7 knockout mice.

AQP8-null mice

Aquaporin-8 (AQPS) is a water-transporting protein which
has been proposed to be a potentially important water trans-
porter in the gastrointestinal tract. However, AQP8 mRNA
has also been detected in mouse and rat kidney, specifically in
the cortex and in the outer medulla. Immunocytochemistry
studies have shown that AQP8 localizes intracellularly in the
proximal tubule and in collecting duct [25].

The possible involvement of AQPS in renal function has
been evaluated in AQP8-deficient mice. Specifically, uri-
nary-concentrating ability has been examined in AQPS-
null mice before and after water deprivation. In AQP8-null
mice, urine osmolalities did not differ in control versus
AQP8-null mice at baseline or after 36-h water deprivation
[155]. In addition, the observation that urine osmolality
was not significantly different in AQP1-null mice versus
mice lacking both AQP8 and AQP1 indicates that AQPS is
not physiologically relevant for renal function.

AQP11-null mice

AQP11 shares homology with other members of the AQP
family, although it has atypical NPA boxes [42]. Its func-
tion is still largely unknown. In the kidney, AQP11 is
expressed intracellularly in the proximal tubules [86]. Mice
deficient in AQP11 have been generated by gene targeting
in embryonic stem cells. The transgenic mice obtained are
born according to the Mendelian ratio, indicating a normal
survival rate in utero; however, they start dying within
2 weeks due to severe renal failure [86]. Accurate analysis
of the renal phenotype showed that their kidneys are large,

anemic and polycystic. Histological studies revealed that
cysts are absent in the medulla but abundant in the cortex
where AQP11 is highly expressed [86]. To date, the closest
human disease showing similarity with the renal phenotype
observed in AQP11-deficient mice are polycystic kidney
diseases (PKD), although in this severe disease, cysts are
widespread throughout the kidney, whereas in AQP11
knockout mice they are confined specifically to the cortex.
Nevertheless, these transgenic mice might be considered a
new animal model providing an alternative pathway for
studying cystogenesis in PKD. In this respect, it has
recently been demonstrated that similar signals are acti-
vated in AQP11-null mice and PKD animals during cyst
formation. In both mice models, results from microarray
studies indicated that the genes regulating cell prolifera-
tion, reorganization of the extracellular matrix (ECM),
immune system and apoptosis function atypically, leading
to severe endoplasmic reticulum (ER) stress [86, 97]. On
these bases, AQP11 may be involved in controlling the ER
environment in which the folding of proteins occurs that
causes these severe renal disorders.

AQP2 mouse models in NDI

The AQP2 water channel is functionally involved in several
disorders associated with altered water balance due to
excessive water reabsorption or severe polyuria. Among
these, we will focus here on NDI, a genetic disease caused
by the kidney’s inability to respond to vasopressin, resulting
in severe water loss. Congenital NDI can be classified into
X-linked and autosomal NDI. The X-linked form is due to
mutations in the AVP receptor-2 (AVPR2) gene encoding
the vasopressin V2 receptor, which belongs to the family of
G protein-coupled receptors [4, 6, 112, 113].

Autosomal NDI

For about 5-10% of patients, congenital NDI is an auto-
somal disease caused by mutations in the gene encoding
AQP2 (AQP2 gene mutations website http://www.
medicine.mcgill.ca/nephros/aqp2.html) [21]. To date, 40
mutations have been reported, of which 32 are involved in
recessive NDI. Studies in vitro using different cell models
have revealed that missense mutations are located in the
core region of AQP2, thus affecting its normal folding. The
resulting mutated proteins accumulate in the ER and then
target to proteasomes for degradation without being
translocated to the apical plasma membrane [18, 54, 88, 95,
137]. In contrast, mutations causing dominant NDI are
localized in the AQP2 C-terminus that contains important
sorting signals. The resulting AQP2 mutants can bind
wild-type  AQP2  monomers, thereby generating
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heterotetramers that are subsequently missorted and do not
reach the apical plasma membrane sufficiently to ensure
normal water reabsorption [51, 55, 65]. It is still unclear
whether the effects of mutant AQP2 described in cell
models are similar to those causing NDI in vivo. This is
particularly true considering the molecular mechanism
leading to dominant NDI, where mutant AQP2 and wild-
type AQP2 expression are determined by each singular
allele. The recent generation of transgenic mice clearly
improved the state of the art regarding the role of AQP2 in
controlling water homeostasis in health and disease. In one
study, AQP2-deficient mice failed to thrive and died by the
age of 2 weeks, although they had appeared similar in
weight to wild-type mice at birth [114]. In contrast, in the
same study, transgenic mice expressing AQP2 exclusively
in the CNT and deficient in the collecting duct (AQP2-CD-
KO) were viable and reached adulthood even though they
were significantly smaller than control mice [114]. These
data indicate that AQP2 expression in the collecting duct is
fundamental to the rescue of the lethal phenotype observed
in total AQP2 knockout mice and that it cannot be com-
pensated for by other mechanisms. AQP2-CD-KO mice
showed a tenfold increase in urine output compared with
control siblings, and water restriction caused only a slight
decrease in urine output and no change in urine osmolality,
revealing an absence of compensatory mechanisms.

These results indicate that AQR2 plays a fundamental
role in the collecting duct system in the regulation of
osmotic equilibration, although the role of AQP2 in the
CNT is still not completely clear.

Similarly to mice totally lacking AQP2, the knock-in
mouse model carrying the recessive NDI T126M mutation
in homozygosis failed to grow, showed a severely defective
urine-concentrating ability and died by day 6 if no addi-
tional fluid was administered [153]. Histological analysis
revealed that its kidneys presented papillary atrophy and
hydronephrosis [153]. More recently, the same authors
generated a conditional knock-in adult mouse model by
breeding heterozygous T126M AQP2 knock-in mice with
conditional AQP2 knockout mice [157]. This mouse model
has been useful for evaluating chemical strategies to rescue
mutated AQP2. In recessive NDI, AQP2 missense mutants
are blocked in the endoplasmic reticulum, although some
mutants retain a residual function as water channels [87]. As
for other proteins, missense mutations affect AQP2 folding
and, consequently, proteins are trapped in the ER. In vitro
studies in Madin—Darby canine kidney (MDCK) cells have
shown that the chemical chaperone glycerol restores the
physiological membrane localization of several AQP2
mutants, including AQP2-T126M [124]. In the inducible
knock-in adult mouse model of NDI, the selective inhibitor
of HSP90, 17-allylamino-17-demethoxygeldanamycin
(17-AAG) caused partial rescue of defective AQP2-T126M
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by increasing the cell surface expression of AQP2 mutants
and ameliorating urinary-concentrating ability. Of note, on
the long term, 17-AAG does not alter either the gene
expression of AQP2 or urine osmolality in wild-type mice,
nor in total knockout AQP2 animals, indicating the highly
specific effect of the drug in rescuing this specific AQP2
(T126M) mutant [157]. The results of this study underscore
the importance of animal models as powerful tools for
testing the efficacy of small molecules as putative thera-
peutic correctors of defective AQP2.

The first mouse model of dominant NDI was generated
by Sohara [121]. The knock-in mice were generated by
homologous recombination of a part of the last exon of
human AQP2 (763-772 del). Similarly to the milder phe-
notype described in humans, heterozygous mice exhibit an
impairment in urine concentrating ability, as well as a
slight but significant increase in urine osmolality after
water dehydration [121]. Immunofluorescence studies of
dehydrated animals revealed that AQP2 was mainly mis-
sorted to the basolateral membrane, although a weak
staining of wild-type AQP2 was also detected at the apical
plasma membrane, thus explaining the milder phenotype of
these mice in terms of urinary-concentrating ability. Roli-
pram, a phosphodiesterase-4 inhibitor, was found to be able
to increase urine osmolality in this knockout mouse, sug-
gesting that phosphodiesterase inhibitors may be useful
drugs for the treatment of dominant NDI. However, the
patho-physiological mechanism underlying the mouse
model of dominant NDI may differ from its human coun-
terpart. In fact, rolipram administration was found not to
exert any significant effect on urinary-concentrating ability
in two brothers affected by congenital X-linked NDI [7],
suggesting that the reduction in cAMP degradation
observed in mice may not be present in humans.

Two additional mouse models of NDI have provided
direct genetic evidence that specific mutations in AQP2
impair the apical accumulation of the water channel and
revealed the genetic basis for a urinary-concentrating
defect. McDill et al. [82] identified a mutation in the agp2
gene responsible for a severe form of recessive NDI.
Interestingly, the mutation described causes the substitu-
tion of serine 256 (S256) by a leucine, thus preventing
AQP2 phosphorylation at S256 by PKA. The S256L is a
spontaneous recessive mutation that causes severe hydro-
nephrosis and obstructive nephropathy in affected mice.

No such mutation has been found as yet in humans;
however, quite interestingly, the AQP2-R254L. mutation
found in humans also occurs at the PKA consensus site and
when expressed in vitro also prevents S256 phosphorylation,
thus explaining the NDI phenotype [17]. Conversely, the
AQP2-P262L mutation is responsible for recessive NDI in
humans, likely because the AQP2 mutant can form hetero-
tetramers with wild-type AQP2 located at the apical plasma
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membrane [16]. Together, these observations suggest that the
autosomal NDI phenotype might be determined by the power
of the apical sorting signal of wild-type monomers compared
with missorting signals in AQP2 mutants.

Another surprising finding is that described by Lloyd
etal. [69], who found that although mice carrying the AQP2-
F204V mutation in homozygous were affected by a severe
NDI, they were viable compared with other recessive mouse
models of NDI. Similarly to other missense recessive
mutations, AQP2-F204YV is located in the core of AQP2 and
is mainly retained in the ER. Measurement of the osmotic
water Pf using Xenopus oocytes demonstrated that AQP2-
F204V maintains a residual function as a water channel and
that a small amount of mutants escape the ER quality control
and target to the plasma membrane, explaining this milder
non-lethal phenotype. Therefore, these findings suggest that
the severity of a recessive NDI phenotype is dependent of
the degree of its misfolding, and extend to the possibility of
this phenotype overcoming ER quality control.

X-linked NDI

Most patients (>90%) with congenital NDI harbor inacti-
vating mutations in the V2 vasopressin receptor (V2R) gene
[5, 6, 39, 80, 98]. This form of NDI, which is commonly
referred to as X-linked NDI (XNDI), therefore almost
exclusively manifests itself in males.

It has recently been reported that a generation of viable
V2R mutant mice have been generated in which the V2R
gene can be deleted in a conditional fashion in adults [68].
These mice excrete a large amount of hypotonic urine,
show changes in renal morphology and have reduced levels
of AQP2 and AQP3 [68]. The availability of such a valid
animal model will help to develop a specific and effective
pharmacological therapy for the treatment of NDI. A first
promising result in this direction has been obtained by the
same group that generated the model in which activation of
the EP4 PGE2 receptor is shown to elicit a c-AMP-medi-
ated response that could compensate for the lack of V2R in
this NDI model [68]. Based on previous results obtained by
our group [103, 104], we are currently investigating the
potential effect of statins as a treatment for X-NDI in this
mouse model.

Epithelial cell models for studying subcellular
localization and function of renal aquaporins

In renal collecting duct cells, multiple types of aquaporin
water channels are expressed in a polarized fashion. As
discussed in preceding sections of this review, AQP1 is
expressed on both apical and basolateral membranes,
AQP2 is specifically targeted to the apical cell domain,

whereas AQP3 and AQP4 are constitutively expressed in
the basolateral plasma membrane. Polarized sorting is
essential for efficient water transport. However, the
molecular mechanisms involved in the polarized targeting
and membrane trafficking of aquaporins remain largely
unknown. Here we focus on the principal cell models used
over the years to study the expression and the trafficking of
renal aquaporins with particular emphasis on AQP2 as a
representative example of a renal water channel funda-
mental for controlling osmotic water permeability.

The function of CHIP-28/AQP1 was first assessed by
expressing the relative cRNA in Xenopus laevis oocytes [99].
The results showed dramatic swelling and explosion of the
injected oocytes exposed to hypotonic media. Using this
model, the authors were also able to calculate the Arrhenius
activation energy, which was low, namely, E, < 3 kcal/mol,
according to the diffusion of water through water channels.

The trafficking of AQP1 and the functional evaluation of
the associated water permeability has been studied in
MDCK and LLC-PK epithelial cell lines [19]. The authors
of this study demonstrated that targeting of AQPI to the
apical and basolateral plasma membrane is independent of
cell type and showed for the first time that water flow
through a cultured epithelium can be blocked by mercurial
compounds. More recently, the effect of hypertonicity on
AQP1 up-regulation in the kidney has been studied using a
murine renal medullary cell line, mIMCD-K2 [133].

The expression of AQP3, as well as that of AQP2, is
regulated in vivo by antidiuretic hormones and water
restriction [44]. In one study using MDCK cells, the authors
showed that the exposure of cells to hypertonic medium
induces AQP3 up-regulation at both the mRNA and protein
levels [81]. MDCK cells have also been used to identify the
conserved amino acid stretch YRLL as the sorting signals
responsible for the basolateral targeting of AQP3 [109].

Ectopic expression of sorting signal-defective AQP4
mutants in MDCK cells has allowed the identification of
the main tyrosine- and di-leucine-based sorting signals
responsible for the basolateral localization of AQP4 in
epithelia [79]. In the same study, the authors also identified
the signal involved in AQP4 lysosomal targeting/degrada-
tion. Recent in vitro studies in MDCK cells have shown
how proteins in the ECM regulate the cell surface
expression of AQP4 [131]. One of the most intriguing
aspects of AQP4 organization within the plasma membrane
is the presence of orthogonal arrays of particles (OAPs) in
all sites where AQP4 is expressed, including principal cells
in the kidney, airways epithelium, gastric parietal cells,
astrocytes and skeletal muscle plasmalemma [151]. CHO
cells transfected with AQP4 cDNA were analyzed by
freeze fracture and found to show the presence of the same
OAPs as seen in collecting duct principal cells, thus indi-
cating that AQP4 can spontaneously assemble in regular
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arrays [152]. More recently, a study performed by the same
lab in LLC-PK cells clarified the dynamics of AQP4
assembly into OAPs [123].

A number of independent research groups have studied
the polarity and regulation of AQP5 in MDCK cells. Wellner
and Baum reported that AQPS is constitutively expressed at
the apical membrane of MDCK cells [146], which resembles
localization in vivo. The same authors made a series of
protein chimeras with other known aquaporins to identify
the sorting signals responsible for AQPS apical localization
[147, 148]. Expression of green fluorescence protein-tagged
AQP5 in MDCK cells provided preliminary information on
the regulation of AQPS5 trafficking. Kosugi-Tanaka et al.
studied the role of the putative phosphorylation site at Thr-
259 by mutating it to alanine and demonstrated that phos-
phorylation of Thr-259 is not necessary for AQPS5 trafficking
[63]. These authors also analyzed the contribution of the
PKA-target motif at '>2SRRTS of AQP5 in MDCK-II cells
and came to the conclusion that AQPS5 can be trafficked
toward the cell membrane, irrespective of phosphorylation
of the PKA target motif [56].

Permanent residence in an intracellular compartment is
a unique characteristic of AQP6 that is expressed in cyto-
plasmic vesicles in type-A intercalated cells in the kidney,
where it also co-localizes with H -ATPase and is thought
to promote urinary acid secretion [158]. Analysis of AQP6
intracellular sorting signals in transiently transfected
MDCK cells led to the identification of crucial determi-
nants for intracellular retention in the N-terminus of the
protein [3]. Surprisingly, oocytes expressing rat AQP6
show a marked increase in water permeability after expo-
sure to HgCl, a known aquaporin inhibitor [158]. Ectopic
expression in oocytes also indicated that a pH of less than
5.5 activates anion conductance through AQP6 [158]. The
generation of AQP6 stably transfected epithelial cells has
not been successful to date.

To the best of our knowledge, the amount of published
information available on AQP7 function or trafficking in
cell culture models is still insignificant.

AQPS8 [46] has been localized to intracellular domains
of the proximal tubule and collecting duct cells [25]. This
localization is different from that found in submandibular
gland acinar cells [149]. The stable expression of AQPS
cDNA in MDCK cells indicates basolateral expression of
the protein in cultured cells [146].

Cell models used to study AQP2 expression
and trafficking

Vasopressin controls renal water excretion largely by reg-
ulating the trafficking of AQP2 in collecting duct principal
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cells. Vasopressin stimulates its redistribution from intra-
cellular vesicles into the plasma membrane. This permits
water to enter into the cells and exit through AQP3 and
AQP4, causing variable water reabsorption from the duct
lumen to the serosal side (peritubular capillaries). Our
knowledge of this complex machinery has increased
markedly in recent years, and several excellent reviews
summarize this progress [27, 88, 89, 95, 137].

This regulating mechanism was first studied in renal-
like epithelia, namely, the frog and toad urinary bladders
[67]. Stimulation of these epithelia with the hormone
vasopressin increases the water permeability of these
bladder cells; concomitantly, aggregates of intramem-
brane particles appear in the luminal membranes of
amphibian bladder cells after stimulation. These particles
have been analyzed in various freeze-fracture studies [14,
36, 50]. Freeze-fracture electron microscopy studies, first
of the amphibian urinary bladder and then of isolated
renal collecting duct tubules, showed that these particles
were localized in the clathrin-coated pits, leading to the
suggestion that they contain vasopressin-regulated water
channels [10, 11, 50]. The molecular identity of the
vasopressin-sensitive water channel remained unknown
for several years until the cloning of AQP2 by Fushimi
et al. [30] and subsequent demonstration of its specific
expression in the renal collecting duct tubules. Follow-
ing identification of the mammalian AQP2 and its
respective counterpart in amphibians [1], the generation
of cell models contributed significantly to dissecting the
complex mechanism underlining AQP2 expression and
trafficking.

The expression systems can be classified into non-
mammalian and mammalian systems (Table 2). The first
group includes X. laevis oocytes and yeasts, while the
second group comprises primary culture cells isolated from
the inner medulla collecting duct tubules [80], the mouse
collecting duct cell line mpkCCD [22] and different cell
lines stably transfected with cDNA encoding AQP2
(Table 2).

AQP2 expression in X. laevis oocytes

Analysis of the expression and function of AQP2 has been
greatly aided by studies carried out in X. laevis oocytes.
The large size of the oocytes facilitates microinjection of
DNA, mRNA or protein, permits manual dissection of
nuclei and allows certain assays to be performed with
single oocytes. Another advantage of this system is that the
osmotic water permeability (Pf) of oocytes injected with
the AQP2 transcript can be measured using video micros-
copy by analyzing the volume increase caused by an
imposed osmotic gradient.



Cell culture and animal models for renal aquaporins

1939

Table 2 Cell models for studying AQP2 regulation and trafficking

Non mammalian References
Xenopus laevis oocytes [18, 30, 112]
Yeast [15, 66, 118]
Mammalian

IMCD (rat inner medulla collecting duct cell line) [80]
mpkCCD (mouse cortical collecting duct cell line) [33]
[135]

MDCK (Madin-Darby canine kidney epithelial [20]
cell line)

LLC-PK1 (Porcine renal proximal tubule cell line) [58]
MCD4 (mouse cortical collecting duct cell line) [41]

CD8 (rabbit cortical collecting duct cell line)

Analysis by video microscopy of the volume increase
caused by an imposed osmotic gradient

Video microscopy analysis of oocytes injected with the
AQP2 transcript revealed that the Pf of these cells
increases 3.5-fold compared with control oocytes. The
increase in Pf can be prevented by incubating the injected
oocytes with 0.3 mM HgCl,, and the inhibition can be
reversed by using f-mercaptoethanol, indicating that the
water channel AQP2 is sensitive to mercurial compounds,
just as other aquaporins [30]. This expression system has
been particularly useful for the functional analysis of
different AQP2 mutants that lead to NDI [112]. For
example, Deen et al. found that the Pf of oocytes injected
with mutant G64A cRNA did not differ from that of
water-injected controls, whereas the Pf value of oocytes
injected with wild-type AQP2 cRNAs was more than
tenfold higher [18]. Xenopus oocytes have also been used
by several groups to examine the role of vasopressin-
regulated phosphorylation sites in the COOH-terminal tail
of AQP2 on protein function [53, 64, 84, 85]. In particular,
following the discovery of multiple phosphorylation sites
in the COOH terminus of AQP2, more recent studies on
this expression system have focused on determining
whether phosphorylation at AQP2 S256 depends on the
other phosphorylation sites. The data would seem to
indicate that S264 and S269 phosphorylation depend on
prior phosphorylation of S256. In contrast, AQP2 S261
phosphorylation should be independent of the phosphor-
ylation status of S256.

While Xenopus oocytes have been a most valuable tool
for elucidating the research aspects discussed above, this
expression system does not represent a good model for
studying AQP2 trafficking, probably due to the lack of
several regulatory proteins required for translocating and
recycling AQP2-bearing vesicles to the plasma membrane
identified in epithelial cells.

AQP2 expression in yeast

Compared with X. laevis oocytes, a yeast expression Sys-
tem does not require intact plasma membrane expression of
AQP2, which can be affected differently in different
mutants. Thus wild-type and AQP2 mutants are equally
expressed in vesicles, and the Pf can be calculated by using
a light-scattering technique with stop-flow instrumentation.
As such, the yeast system has been useful for expressing
aquaporins for reconstitution studies [15, 66, 118]. Using
this approach, for example, it has been shown that with
respect to wild-type AQP2, L22V and P262L mutants are
completely functional, which is in line with the osmotic
permeability measured in oocytes [16]. In contrast, N68S,
R187C and S216P mutants are only partially functional,
while N123D, TI25M, T126M, A147T and CI81W
mutants have a low water permeability [118].

AQP2 expression and sorting in epithelial cell models

Heterologous expression in epithelial cells is crucial
in studies aimed at identifying the intracellular signals
regulating AQP2 trafficking and sorting because the
intracellular machinery regulating the expression and the
functions of AQP2 is well conserved in this system. In this
research field, there have been several attempts to generate
both primary cultures from collecting ducts and AQP2
stably transfected cell lines since, unfortunately, the tran-
scription of the AQP2 gene is rapidly repressed in culture
conditions [29].

Primary cultured rat inner medullary collecting duct cells

The use of primary cultures to study AQP2 trafficking has
the great advantage of retaining the features of the native
tissue. However, cultured renal epithelial cells rapidly
down-regulate the expression of AQP2 due to the inter-
nalization of the V2 receptor in culture conditions. Maric
et al. [80] established a method to favor maintenance of
AQP2 expression in vitro without genetic manipulation.
Primary cultures of rat inner medullary collecting duct
(IMCD) cells were found to retain AQP2 expression for at
least 6 days when cultured in medium supplemented with
dibutyryl cAMP (DBcAMP) [80]. Immunofluorescence
and biochemical studies demonstrated that after stimulation
with vasopressin or forskolin, AQP2-bearing vesicles
relocated mainly to the basolateral rather than the apical
membrane. This staining might be due to the culture con-
ditions (600 mOsm/1) closely resembling the physiological
extracellular environment osmolality for collecting duct
principal cells [80]. Indeed, basolateral membrane expres-
sion of AQP2 can be seen in vivo in the distal inner
medulla tubules. Consistent with this observation, it has
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been shown that acute vasopressin treatment can redirect
AQP2 from the apical membrane to the basolateral side
[138]. The primary IMCD cell model system established
has the great advantage of enabling the regulation of AQP2
gene expression—as well as that of genes encoding the
antidiuretic machinery at the cellular level—to be studied.
IMCD cells have been useful in demonstrating that
osmolality and solute composition are potent regulators of
AQP2 expression in renal principal cells [122]. Moreover,
the first demonstration that AQP2 translocation in response
to vasopressin occurs only if protein kinase A is anchored
to PKA anchoring proteins (AKAPs) was obtained in
IMCD cells [60]. IMCD cells have also been used to
demonstrate that vasopressin stimulation is associated with
a significant decrease in the activity of Rho proteins,
resulting in actin depolymerization and AQP2 targeting to
the plasma membrane [61]. Further studies have revealed
that activation of prostanoid receptors EP1 and EP3
counteracts vasopressin-dependent water reabsorption via
the activation of Rho proteins [130].

Mouse renal collecting duct principal cells

Hasler and coworkers [33] established a very interesting
mouse renal collecting duct principal cell model
(mpkCCD) that endogenously expresses AQP2. This model
has been particularly useful for studying vasopressin-
inducible long-term AQP2 expression and regulation by
hypertonicity [34, 35]. These cells have retained many
fundamental features of collecting duct principal cells,
including electrogenic Na™ transport stimulated by aldo-
sterone and the expression of endogenous AQP2 when
stimulated with physiological levels of vasopressin [33].
Interestingly, in a recent work, mRNA profiling in
mpkCCD collecting duct cells provided the basis of cell-
specific expression of AQP2 by a systems biology-based
approach [111]. Moreover, mpkCCD cells have been used
to identify several pathways resulting in the down-regula-
tion of AQP2 expression [9, 12, 62, 150].

Rabbit collecting duct CDS8 cells

CD8 cells were obtained from a rabbit cell line derived
from the cortical collecting duct which had the character-
istics of principal cells and were stably transfected with the
cDNA for rat AQP2 [135]. CDS8 cells were the first
established AQP2 cell culture model with correct apical
AQP2 sorting. Several intracellular signals and regulatory
proteins involved in the translocation of AQP?2 to the apical
plasma membrane in the presence of vasopressin were
identified in CDS cells for the first time. In particular, it has
been demonstrated in CD8 cells that a member of the Gi
family, most likely Gi3, is involved in the cAMP-triggered
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targeting of AQP2-bearing vesicles to the apical membrane
of kidney epithelial cells [136]. The crucial role of the Rho
family of small GTPases as well as of annexin 2 in regu-
lating apical AQP2 trafficking has also been demonstrated
in CD8 cells [126, 128]. A detailed analysis of AQP2
biosynthesis in CDS8 cells revealed that AQP2 can be
phosphorylated by a kinase other than PKA during its
maturation [106]. In addition, this cell line has been useful
for identifying intracellular pathways counteracting cAMP-
elicited AQP2 translocation in renal cells, such as brady-
kinin signaling [125] and extracellular calcium [107].

Madin—Darby canine kidney cell lines

AQP2-transfected Madin—Darby canine kidney cell lines
(MDCK-AQP2) have been generated by several groups and
represent another cell culture model in which AQP2 is
sorted to the apical membrane [2, 17, 20, 84, 85, 94, 157].
However, under specific conditions, such as long-term
hypertonicity, a feature of the inner medullary interstitium,
AQP2 is inserted into the basolateral membrane, indicating
that hypertonicity can alter the insertion of proteins from
the apical membrane to the basolateral side [138]. In this
respect, it is important to emphasize that correct cell
polarization is crucial to ensure appropriate cellular local-
ization of AQP2. For example, in non-polarized MDCK
cells, AQP2 accumulates not only in the plasma membrane,
but also in the Golgi complex [139].

Studies on MDCK cells expressing AQP2 have
been crucial for gaining an understanding of the role of
phosphorylation in AQP2 trafficking. A recent phospho-
proteomic analysis demonstrated that AQP2 is multi-
phosphorylated within the C-terminal domain at S256,
S261, S264 and S269 [40]. Interestingly, the phosphory-
lation of these amino acids is vasopressin sensitive [28, 39,
40]. MDCK cells expressing AQP2 mutants that mimic the
phosphorylated (S to D) or dephosphorylated (S to A)
states, respectively, have been intensively used to clarify
the importance of these post-translational modifications on
AQP2 trafficking [84, 85, 127, 129]. Studies on MDCK-
AQP2 also reveal that the C-tail of AQP2 is subjected to
short-chain ubiquitination which controls the stability and
the destiny of AQP2 [54].

Evidence for a possible critical role for the tetraspan
membrane protein VIP17/MAL in the apical sorting of
AQP2 has been provided in MDCK cells [52]. VIP17/MAL
directly interacts with AQP2 and, in particular, the S256-
phosphorylated form of AQP2 appears to interact more
extensively with MAL [52]. MDCK cells expressing wild-
type or mutated AQP2 have been a tremendous tool for
elucidating the molecular basis of AQP2 missorting in
dominant or recessive NDI (reviewed in [70]). Moreover,
MDCK cells represent a good model for analysing the use
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of chemical chaperones as therapeutic strategies in order to
correct mammalian cell processing of mutant AQP2 in NDI
[124].

Porcine renal epithelial cells LLC-PKI

An epithelial cell model for studying AQP2 trafficking was
generated by Katsura et al. [S8] by stably transfecting
porcine renal epithelial cells LLC-PK1 with cDNA
encoding AQP2 (tagged with a C-terminal c-Myc epitope)
in an expression vector containing a cytomegalovirus
promoter. In this model, AQP2 is predominantly located on
intracellular vesicles and following treatment with for-
skolin relocates to the basolateral plasma membrane.
Using this model, the authors demonstrated that AQP2 is
internalized by clathrin-mediated endocytosis and that it
can be recycled multiple times between intracellular vesi-
cles and the plasma membrane [57]. Further investigations
describe heat shock protein 70 (HSP-70) and its cognate
protein Hsc-70 as new players in the endocytotic machinery
controlling AQP2 internalization. Disruption of Hsc-70
activity by infecting LLC-PK1-AQP2 cells with ATPase-
deficient Hsc-70 causes AQP2 accumulation at the plasma
membrane, indicating a functional role of this accessory
protein on AQP2 endocytosis [71]. Moreover, studies on the
regulation of AQP2 trafficking by phosphorylation have
been performed in LLC-PK(1) cells expressing point
mutations of AQP2 S261 and S256, mimicking the phos-
phorylated (S to D) or dephosphorylated (S to A) states of
these residues [72]. The results of this study suggest that
regulated or constitutive trafficking of AQP2 is not modi-
fied by the phosphorylation state of S261. Another key
result obtained in this cell line is the demonstration, through
a fluorimetry assay, that vasopressin in addition to reducing
AQP2 endocytosis also increases AQP2 exocytosis [96].

Mouse renal collecting duct principal cell MCD4

A useful model for studying AQP2 trafficking, i.e. MCD4
cells [41], was generated by stably transfecting mouse
cortical collecting duct M1 cells [26] with human AQP2.
This cell line displays an apical AQP2 targeting in response
to forskolin treatment, indicating that these cells possess
the intracellular machinery required for AQP2 vesicle
fusion to the apical membrane in response to cAMP-ele-
vating agent. The great advantage of this model is the
species origin (mouse) that makes it possible to silence
given endogenous proteins required for AQP2 trafficking.
Indeed, in MCD4 cells, selective silencing of SNARE
protein members provided functional evidence for their
involvement in AQP2 trafficking [105]. In addition, this
model has been useful for studying the association of
AQP2 with membrane rafts, demonstrating that rafts may

regulate both AQP2 apical sorting and endocytosis [103].
Subsequent studies have demonstrated that treatment of
MCD4 with statins promote a significant accumulation of
AQP2 at the apical membrane [103]. Moreover, the statin-
mediated effect on AQP2 trafficking is most likely caused
by statin-dependent changes in the prenylation status of
key proteins regulating AQP?2 trafficking in collecting duct
cells, including the Rho and Rab families of proteins [104].
The interesting observation that statins also increase
AQP2-mediated water reabsorption in mouse kidney in
vivo [104] strongly suggests that statins may prove useful
in the treatment of X-linked NDI. This hypothesis is under
investigation in our laboratory using the mouse model of
this disease [68].

MCD4 cells have recently proved useful for clarifying
the involvement of integrin signaling on AQP2 trafficking
[127, 129]. Based on the original observation that AQP2 is
the only water channel containing the conserved integrin
binding motif RGD, which is required for binding to
integrin beta-1, we found that AQP2 relocalization to the
plasma membrane is activated by peptides reproducing the
interaction sequence AQP2/integrin via cAMP and Ca®"
signaling, respectively. Together, these data open up the
possibility that novel custom-designed RGD-containing
peptides, targeting AQP2 selectively, may be tested for
ameliorating renal concentrating defects due to dysregu-
lation of the V2R-AQP2 axis.

Conclusions and perspectives

Since the first aquaporin was identified nearly two decades
ago, the generation of animal models lacking specific
kidney aquaporins has resulted in clarification of the
physiological role of most aquaporins involved in urinary
concentrating mechanisms.

In particular, from the phenotype analysis of mice
deficient in specific aquaporins, it appears clear that AQP1,
AQP2, AQP3 and AQP4 can facilitate transepithelial fluid
absorption—albeit to differing degrees. Nevertheless, the
specific contribution that each aquaporin makes in terms of
fluid reabsorption in a specific nephron segment is pre-
dicted to be different based on the phenotype observed in
AQP-null mice. AQPI-deficient mice are polyuric and
unable to concentrate their urine in response to water
deprivation or vasopressin. Observations of AQP2 condi-
tional-knockout mice clearly demonstrate that AQP2 in the
collecting duct is essential for the regulation of body water
balance and that this mechanism cannot be compensated
for by other mechanisms. Mice lacking AQP3 expressed on
the basolateral membrane predominantly in the cortical
collecting duct have severe polyuria, but they are able to
generate partly concentrated urine after being deprived of
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water. In contrast, mice lacking AQP4 expressed mainly in
the inner medullary collecting duct manifest only mild
polyuria.

Nevertheless, some surprising phenotypes not related
with renal water handling have been identified in AQP-null
mice. For example, AQP1-null mice display a significant
decrease in tumor growth, suggesting a physiological role
for AQPI in the formation of membrane protrusion [143].
Moreover, some unexpected role for renal aquaporins is
predicted based on original observations. One example is
AQP5, which has been recently identified in the apical
membrane of beta intercalated cells which are known to
play a fundamental role in acid-base control. AQP5-null
mice do not apparently display a renal phenotype. The
possibility that AQPS5 may serve as an osmosensor for the
composition of the fluid coming from the thick ascending
limb is currently under investigation.

In line with all of these studies, the intense parallel work
done in epithelial cell models expressing given aquaporins
has contributed to clarifying the complex regulation of
renal aquaporins in terms of expression and cellular
localization. The functional expression of aquaporins in
renal cells helped to identify several interacting proteins
that mediate renal function.

However, some studies in cell models also predict
unexpected cellular roles for specific aquaporins. As an
example, we have recently demonstrated that AQP2 binds
integrin 1 via Arg—Gly—Asp (RGD), a typical motif of cell
adhesion molecules, and that this interaction regulates
AQP2 trafficking in renal tissue and in AQP2-expressing
MCD4 cells. This observation suggests the possibility that
AQP2 ‘senses’ signals from the ECM via the integrin
receptor. This interaction may have consequences on cell
migration and tubular morphogenesis.

To conclude, while both cell culture models and animal
models have advantages and disadvantages in terms of
studying the patho-physiological role of renal aquaporins,
the combinations of the findings obtained using both
research strategies have greatly contributed to our current
knowledge of water transport and its regulation in the
mammalian kidney.
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