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Aquaporins in kidney pathophysiology
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Abstract | Seven aquaporin water channels are expressed in human kidneys, and they have key roles in
maintaining body water homeostasis. Impairment of their function can result in nephrogenic diabetes
insipidus and other water-balance disorders. A lot of data have increased understanding of the functions
and mechanisms of regulation of aquaporins both at the molecular and the clinical level. Research has also
focused on aquaporins as therapeutic targets. This Review describes recent progress in uncovering the
physiology and pathophysiology of aquaporins in the kidney, with particular attention devoted to AQP2,

the most well-studied member of this protein group.
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Introduction

Water makes up two-thirds of the weight of an adult
human, and water transport across the cell membrane
is essential for cell function and whole-organism sur-
vival. The agents that make water movement across the
cell membrane possible were, however, elusive until
just over 15 years ago, when aquaporin water channels
were finally discovered."?> Aquaporins are a family of
small integral membrane proteins each comprised of six
membrane-spanning helical domains (Figure 1). Both
amino and carboxyl termini are located in the cyto-
plasm. Two widely conserved, membrane-embedded
asparagine-proline-alanine (NPA) motifs are posi-
tioned in the proximity of the cell membrane’s surface;
one motif is found close to the membrane-luminal side
border, the other to the membrane-cytoplasm border.
The two NPA motifs-containing loops protrude into the
lipid bilayer from the opposite surfaces, are juxtaposed
in the center, and form the water-permeable pore struc-
ture. Aquaporins are divided into three families.* AQPO,
AQP1, AQP2, AQP4, AQP5, AQP6 and AQPS are part
of Class I and are water-selective, although AQP6 is
also permeable to anions and AQPS8 to reactive oxygen
species. Class Il aquaporins, which include AQP3, AQP?7,
AQP9 and AQP10, are permeable not only to water but
also to small neutral solutes, such as glycerol and urea.
These aquaporins are also called aquaglyceroporins.*
Class III aquaporins, which include AQP11 and AQP12,
are also called ‘superaquaporins’ and have two deviated
NPA motifs, that is the first NPA motif is replaced in
AQP11 by the sequence Asn-Pro-Cys and that of AQP12
by the sequence Asn-Pro-Thr. The second NPA motif
is however conserved in both proteins as the sequence
Asn-Pro-Ala.® Seven aquaporins are expressed in human
kidneys, and they have key roles in maintaining body
water homeostasis. The importance of these proteins in
the mechanisms that regulate urine concentration have
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been confirmed by animal studies. Aquaporins have
also been found to be involved in the regulation of cell
migration, cell proliferation, skin hydration, neural
activities and of water balance in the brain.®

This Review focuses on the evidence of the physiological
and pathophysiological role of aquaporins in the kidney,
with special attention dedicated to AQP2, the aquaporin
for which the most extensive data are available.

Aquaporins in the kidney

The seven aquaporins expressed in the kidney are
AQP1, AQP2, AQP3, AQP4, AQP6, AQP7 and AQP11
(Table 1). AQP1 is expressed in the plasma membrane
of the proximal tubules, the descending thin limbs of
Henle and the descending vasa recta. AQP1 is critical for
water reabsorption from urine in these segments and
for a functional countercurrent multiplication system
(the system that creates the osmotic driving force for
passive water reabsorption across the collecting duct).
AQP2 is a vasopressin-sensitive water channel expressed
in the principal cells of the collecting duct. Secretion of
vasopressin in response to dehydration causes AQP2 to
translocate from intracellular vesicles to the apical plasma
membrane. This reposition enables water reabsorp-
tion from the urine into the cell. AQP3 and AQP4 are
expressed on the basolateral membrane of the principal
cells of the collecting duct, and they constitute potential
water exit pathways from these cells. AQP6 is localized in
intracellular vesicles of acid-secreting a-intercalated cells
of the collecting duct, and this water channel is suggested
to be involved in urinary acid secretion. AQP7 is local-
ized in the apical membrane of segment 3 of the proximal
tubule, where it facilitates glycerol and water transport.
AQP11 is expressed in the proximal tubules and is pre-
sumably localized in the endoplasmic reticulum (ER).
Knockout of the gene that encodes AQP11 is fatal in
mice because of the onset of polycystic kidney disease.
This evidence suggests an important role of AQP11 in
ER homeostasis.
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AQP2
Physiological role
Water reabsorption in the collecting ducts is the key event
for maintenance of body water balance. This process
is regulated by AQP2, a vasopressin-sensitive water
channel. Under conditions of normal hydration, AQP2 is
confined to the cytoplasm of collecting duct cells. When
the body is dehydrated and needs to retain water, AQP2
relocates to the apical membrane, thus enabling water
reabsorption from the urinary tubule into the cell. AQP2
impairment results in various water balance disorders,
including nephrogenic diabetes insipidus (NDI).
Increase in serum osmolality and reduction in effective
circulating blood volume stimulate the secretion of vaso-
pressin from the posterior pituitary gland. Vasopressin
then binds to the vasopressin V2 receptor (V2R), which
is located on the basolateral membrane of the principal
cells of the renal collecting duct. V2R activates adeny-
late cyclase, which catalyzes the conversion of ATP
to cyclic AMP. The increase in cyclic AMP level leads to
the activation of protein kinase A (PKA), which in turn
phosphorylates residue Ser256 of AQP2. As a conse-
quence of AQP2 phosphorylation, subapical storage ves-
icles that contain AQP2 translocate from the cytoplasm
of principal cells to the apical plasma membrane and fuse
with it. Relocation of phosphorylated AQP2 to the cell
membrane renders the cell water permeable.®-* Upon
removal of the vasopressin stimulus, AQP2 is shuttled
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Key points

= Aquaporins are a family of membrane proteins that function as water-
permeable channels

= Seven different aquaporins are known to be expressed in the human kidney:
AQP1, AQP2, AQP3, AQP4, AQP6, AQP7 and AQP11

= AQP2, for which the most data are available, is vasopressin-sensitive and is
expressed in the principal cells of the collecting duct; its impairment results in
nephrogenic diabetes insipidus and other water balance disorders

= Genetic defects in aquaporins other than AQP2 expressed in the kidney seem
very rare and are associated with either mild defects (as for AQP1 and AQP7) or
with no obvious deleterious consequence

= AQP3 and AQP4 are expressed in the basolateral membrane of the principal
cells of the collecting duct and represent potential exit pathways from these
cells for water entering via AQP2

= Besides being water-permeable, AQP6 and AQP7 are also permeable to anions
and glycerol, respectively, so that AQP6 is suggested to be involved in acid
secretion and AQP7 in glycerol metabolism

back to the cell cytoplasm, a process that restores the
water-impermeability of the cell. This internalization
process consists of AQP2 retrieval into early endosomes
that express early endosome antigen 1, and subsequent
transferral of this water channel to storage vesicles that
express Rab-11.1°

AQP2 phosphorylation by PKA is one of the main
signals that trigger AQP2 exocytosis. AQP2 forms homo-
tetramers in vivo, and, for successful plasma membrane
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Figure 1 | Structure of aquaporin-2 embedded in the cell membrane reporting the protein mutations that cause nephrogenic
diabetes insipidus. Amino acids that when mutated cause the autosomal-recessive form of nephrogenic diabetes insipidus
are shown in red. Also in red are shown AQP2 deletions, and the location of the first amino acid of the protein affected by
these nucleotide deletions, that cause autosomal-recessive form of nephrogenic diabetes insipidus. Amino acids when
mutated that cause the autosomal-dominant form of nephrogenic diabetes insipidus are shown in blue. Similarly as above,
in blue are also reported AQP2 deletions, and the location of the first amino acid of the protein affected by these nucleotide
deletions, that cause the autosomal-dominant form of nephrogenic diabetes insipidus. Abbreviation: bp, base pair.
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Table 1 | Aquaporins in the kidney

Aquaporin  Localization Subcellular distribution  Extrarenal localization Phenotype of mice with Phenotype of
mutations or gene humans with
knockout mutations

AQP1 Proximal tubules, Apical and basolateral Erythrocytes, ciliary and lens Urinary concentrating Mild urinary

descending thin limbs of  plasma membrane epithelium choroid plexus, defects, impaired pain concentrating
Henle, outer medullary pulmonary vascular endothelium  sensation defects

descending vasa recta

AQP2 Principal cells of the
collecting duct

AQP3 Principal cells of the
collecting duct

AQP4 Principal cells of the
collecting duct

AQP6 Intercalated cells of the

Apical plasma membrane Epididymis
and subapical vesicles

Basolateral plasma
membrane

Basolateral plasma
membrane

Intracellular vesicles

collecting duct

AQP7 S3 segment of proximal Apical plasma membrane Adipose tissue, testis, skeletal
tubules muscle, heart, brain, intestine
AQP11 Proximal tubules Endoplasmic reticulum Testis, thymus, intestine, liver

Conjunctiva, pulmonary airway
epithelia, colonic epithelia,
keratinocytes, erythrocytes

Astroglia, ependyma, retinal glia,
muscle fiber cells, keratinocytes
pulmonary airway epithelia,
stomach parietal cells

Cerebellum, synaptic vesicles

Diabetes insipidus Diabetes insipidus

No obvious
abnormality

Urinary concentrating
defect, reduced skin
hydration, impaired wound
healing, resistance to the
formation of skin tumors

No abnormalities
reported

Mild urinary concentrating
defect, impaired vision,
hearing and olfaction

No abnormalities
reported

No report

Glyceroluria, defective
glycerol metabolism,
obesity, smaller islet cells

Defective glycerol
metabolism

Polycystic kidney disease No abnormalities
(fatal) reported

localization, at least three of four monomers in AQP2
tetramers must be phosphorylated.'>'> PKA and its sub-
strates are present throughout the cell, therefore, local-
ization of PKA in specific sites is necessary for PKA to
effectively phosphorylate its target. Phosphorylation
is assisted by protein kinase A anchoring proteins
(AKAPs). Tethering of PKA to AKAPs is a prerequisite
for AQP2 shuttling to the cell surface.”” A splice variant
of AKAP-18, AKAP-18$, is specifically involved in AQP2
shuttling,' although the involvement of AKAP-220 has
also been reported.’®

Phosphorylation of AQP2 by kinases other than PKA
might also contribute to the regulation of AQP2 traf-
ficking. Ser256 in AQP2 is also a substrate for Golgi
casein kinase. AQP2 transition through the Golgi appa-
ratus is associated with a PKA-independent increase
in AQP2 phosphorylation at Ser256, which suggests
that phosphorylation by Golgi casein kinase might
be required for Golgi transition.'® van Balkom et al."”
reported that activation of protein kinase C mediates
endocytosis of AQP2, a process that was independent
of the phosphorylation state of Ser256. Bouley et al.'®
showed the involvement of a cyclic-GMP-dependent
pathway in AQP2 exocytosis. In addition, sildenafil
citrate, an inhibitor of cyclic GMP phosphodiesterase,
induces insertion of AQP2 in the cell membrane.?”

Besides Ser256, three additional phosphorylation sites
are found nearby the AQP2 C-terminus. These modifi-
able residues are Ser261, Ser264 and Ser269 and have
been the focus of research of several groups. Vasopressin
induces phosphorylation of AQP2 also at Ser264, and
Ser264-phosphorylated AQP2 (pSer264-AQP2) is trans-
located to the plasma membrane similarly to pSer256-
AQP2.% On the other hand, the level of pSer261-AQP2

is decreased by vasopressin and pSer261-AQP2 local-
ization is different from that of pSer256-AQP2, which
suggests distinct roles for these residues in AQP?2 traf-
ficking.?! Lu et al.?? reported that the phosphorylation
state of Ser261 does not affect AQP?2 trafficking.?? Ser269
is reported to be involved in plasma membrane retention
of AQP2.2 Moeller et al.* reported that phosphorylation
of Ser264 and Ser269 depends on prior phosphorylation of
Ser256 and that phosphorylation of Ser261 partially
depends on the phosphorylation of Ser264 and Ser269. By
contrast, Ser256 phosphorylation is not dependent on the
state of any of the other phosphorylation sites, which sug-
gests that Ser256 is the most important phorphorylation
site of AQP2.

Intracellular Ca?* mobilization is also involved in
vasopressin-mediated AQP2 trafficking,” although its
precise role remains unclear. In addition to increasing
cyclic AMP levels in the cytoplasm of the principal cells
of the collecting duct, vasopressin binding to V2R trig-
gers a rapid increase of intracellular Ca?*, which is fol-
lowed by sustained temporal oscillations of the level of
this ion. This process seems important for AQP2 exo-
cytosis. Balasubramanian et al.”® suggest several plausi-
ble candidates as downstream effectors of this signaling
cascade, such as calmodulin and MLCK. MLCK is a
calmodulin-dependent kinase that regulates actin fila-
ment organization by phosphorylating the regulatory
light chain of myosin II, and thus also activates myosin
motor activity. Myosin II and its regulatory light chain
are found in the AQP2-binding protein complex (see
below),? an observation which supports their involve-
ment in AQP2 trafficking. Nevertheless, Lorenz et al.?’
demonstrated that cyclic AMP alone is sufficient to
induce AQP2 shuttling, without need for an increase
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Figure 2 | Mechanism of AQP2 translocation from the cytoplasm of principal cells of the collecting duct to the membrane.

a | Under physiological conditions, AQP2 binds to G-actin, and F-actin is stabilized by TM5b to form a barrier that inhibits
AQP2 translocation to the apical cell membrane. b | When the body is dehydrated, vasopressin-triggered signaling of cyclic
AMP leads to AQP2 phosphorylation, a modification that prompts G-actin release from AQP2. ¢ | AQP2 phosphorylation also
promotes competitive binding of TM5b by the modified AQP2, a process that destabilizes the F-actin polymer. d | F-actin
destabilization enables efficient AQP2 transport to the apical membrane of the cell. e | TM5b-bound AQP2 molecules form
pores in the cell membrane through which water is reabsorbed into the cell cytoplasm. Abbreviations: AQP2, tetrameric
aquaporin-2; pAQP2, tetrameric phosphorylated aquaporin-2; TM5b, tropomyosin 5b.

in cytosolic Ca?* levels in cells of the inner medullary
collecting duct.

AQP2 translocation to the apical membrane prompted
by forskolin-induced increases in cyclic AMP levels is
inhibited by increased levels of extracellular Ca**. This
process is probably mediated by the endogenous calcium-
sensing receptor® and is associated with an increase in
F-actin level.

Several other factors have recently been reported to
affect AQP2 trafficking. Nejsum et al.?® reported that in
Madin-Darby canine kidney epithelial cells transfected
with AQP2 prostaglandin E2 and dopamine induce inter-
nalization of AQP2, regardless of AQP2 dephosphoryla-
tion.” de Seigneux et al.*® reported that aldosterone
induces basolateral expression of AQP2, suggesting a
role for aldosterone in water metabolism in conditions of
increased sodium reabsorption in the collecting ducts.

The actin cytoskeleton is reported to function as a
barrier for AQP2 exocytosis. Actin depolymerization is
necessary for the cyclic:AMP-dependent translocation of

AQP2.3! In fact, stimulation of prostaglandin E3 recep-
tors has been shown to inhibit vasopressin-induced
inactivation of Rho GTPase, vasopressin-induced F-actin
depolymerization and AQP2 translocation induced by
vasopressin, cyclic AMP or forskolin.*? Rho GTPase
activation by bradykinin stabilizes cortical F-actin and
inhibits AQP2 trafficking.®

GTPase-activating protein Spa-1 (SPA-1) binds to
the C-terminus of AQP2, and this binding is required
for AQP?2 trafficking.>* SPA-1 may inhibit Rapl GTPase
activating protein, which triggers F-actin disassembly
and may maintain the basal mobility of AQP2.%%
SPA-1-deficient mice show impaired AQP2 trafficking
and hydronephrosis.**® In humans, mutations in the
C-terminus of AQP2, which is the binding region of
SPA-1, cause NDI (Figure 1).>*”* Furthermore, AQP2
binds to a multiprotein complex that includes the actin
cytoskeleton, and a pattern of competing interactions
between AQP2 and G-actin or tropomyosin directs AQP2
trafficking to the apical membrane (Figure 2).23%4
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F-actin assembly might have both inhibitory and
facilitatory effects on AQP2 exocytosis.**? Tajika et al.®?
showed that actin depolymerization inhibits AQP2
translocation from early endosomes that express early
endosome antigen 1 to subapical storage vesicles that
express Rab-11.* Myosin II and its regulatory light chain
are found in an AQP2-binding protein complex,? and
vasopressin induces myosin light chain phosphorylation,
which enhances myosin-actin filament interaction and
the formation of actin fibers.** Myosin has also been
shown to be critical for AQP2 recycling.*

In addition to acting as a barrier to prevent AQP2 traf-
ficking, actin fibers may function as ‘cables’ that promote
and direct AQP2 transport. Dynamic actin reorganiza-
tion may be responsible for the transformation of the
actin barrier into a network of actin cables. Myosin and
tropomyosin may be involved in this cable formation.
Measurement of molecular dynamics with high spatio-
temporal resolution may be useful for clarifying the
mechanism of this process.

The docking and fusion of AQP2-containing vesicles
with the apical membrane involves the action of SNARE
proteins including VAMP-2, SNAP-23, syntaxin-3 and
syntaxin-4.%° Syntaxin-binding protein 2 (also known as
Munc18b) is reported to function as a negative regulator
of SNARE complex formation and AQP2-vesicle fusion
to the apical membrane.*

Following cessation of the vasopressin signal, AQP2
undergoes clathrin-mediated endocytosis.” A heat
shock protein hsc70, which is important for uncoat-
ing clathrin-coated vesicles, binds to the C-terminus
of nonphosphorylated AQP2 and is required for AQP2
endocytosis.” Kamsteeg et al.*® reported that the myelin
and lymphocyte protein (also known as MAL), which
is involved in the organization of glycosphingolipid-
enriched membrane, interacts with AQP2 and enhances
expression of AQP2 at the apical membrane by decreasing
the level of internalization of the protein.* Ubiquitination
at Lys270 of AQP2 is important for AQP2 endocytosis
and degradation.® Furthermore, LIP5, which is involved
in multivesicular body formation, interacts with AQP2
and facilitates its lysosomal degradation.®

Collecting duct cells are the site of AQP2-regulated
water reabsorption, and they are exposed to great
fluctuations in osmotic pressure during transition
between antidiuresis and diuresis. The activity of
the promoter of the gene that encodes the murine
AQP2, is enhanced by hypertonicity and reduced by
hypotonicity.*»*? Acute hypertonicity induces AQP2
accumulation at the cell surface, and chronic hyper-
tonicity induces AQP2 insertion into the basolateral
membrane instead of the apical membrane.**** Cell
volume regulation in response to changes in the external
osmolality is a fundamental property of cells. When cells
are exposed to hypotonic extracellular fluid, they swell
because of the osmotic water influx. After the swelling,
cells start to recover their original volume. This cellular
defensive process against hypotonic shock is called regu-
latory volume decrease.” Hypotonicity induces AQP2
internalization, which may contribute to regulatory

volume decrease by limiting water entry into collect-
ing duct cells.*® Furthermore, AQP2 regulates volume
decrease by controlling the cytoskeleton.*’

NDI and AQP2 impairment
Mutations in AQP2 cause congenital NDI, which is
characterized by an inability of patients to concentrate
urine despite normal or elevated plasma concentrations
of vasopressin. This condition results in a massive loss of
water through the kidney. In more than 90% of cases
of congenital NDI the condition results from mutations
in V2R (X-linked NDI). The remaining cases result from
mutations in AQP2 (autosomal NDI). AQP2, the gene
that encodes AQP2, is located in 12q12-q13, and it is
comprised of four exons. To date, 40 mutations in AQP2
have been reported (Figure 1).%*% Two inheritance types
are possible for the disease; autosomal-recessive NDI is
associated with 32 mutations, and autosomal-dominant
NDI is associated with eight mutations (Figure 1).
Almost all of the mutations in recessive NDI are located
in the core region of the protein, and they lead to mis-
folded proteins that become trapped in the ER and tar-
geted for rapid degradation by the proteasome. On the
other hand, AQP2 homotetramers composed only of
wildtype protein are properly translocated to the apical
membrane. This effect explains the healthy phenotype of
the patients’ parents.*®

All mutations in autosomal-dominant NDI locate in
the cytosolic C-terminus of AQP2 (Figure 1). This region
is important for AQP2 trafficking and these mutations
impair trafficking to the apical membrane, although the
water channel function of these mutants is preserved.
Arg254Leu and Arg254Gln mutations destroy the site
for PKA phosphorylation, so that forskolin-induced
trafficking to the plasma membrane is impaired.*%
The Glu258Lys mutant of AQP2 is missorted to multi-
vesicular bodies and/or lysosomes.®! AQP2 mutants
resulting from three gene deletions, 721delG, 763-772del
and 812-818del, have similar extended C-terminal
tails, which contain the basolateral-membrane-sorting
dileucine (LeuLeu) motif, so these mutated proteins are
wrongly translocated to the basolateral membrane.’”¢2
In contrast to the AQP2 mutants associated with the
recessive form of the disease, AQP2 mutants associated
with the dominant form of the disease are not misfolded,
so they are able to form heterotetramers with wildtype
AQP2. Because of the dominancy of the missorting
motif in the mutant proteins, mutant-wildtype tetra-
mers are missorted, which leads to severely decreased
amounts of AQP2 on the apical membrane. This effect
explains the dominant mode of NDI inheritance in
patients with these mutations. We generated gene
knockin mice with the heterozygous mutant AQP2
resulting from a gene deletion (763-772del) that pro-
duces a mouse model of dominant NDI.%* The mutant
AQP2 is wrongly translocated to the basolateral mem-
brane; it forms a heterotetramer with wildtype AQP2
and shows a dominant-negative effect on the normal
apical sorting of wildtype AQP2. The urine concen-
trating ability of these gene knockin mice is severely
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reduced. Furthermore, rolipram, an inhibitor of the
phosphodiesterase isozyme 4, is able to increase urine
osmolality, which suggests that this drug may be useful
in the treatment of dominant NDI.

AQP2 is also involved in acquired NDI. Lithium
is widely used to treat bipolar disorder and its most
common adverse effect is NDI.* In lithium-induced
NDI, both AQP2 expression and its trafficking to the
apical membrane are inhibited. Lithium enters cells
expressing AQP2 via the epithelial sodium channel in the
apical membrane and accumulates intracellularly. This
accumulation leads to the inhibition of signaling path-
ways that involve glycogen synthase kinase-3p (GSK3p).
Although the mechanism by which AQP2 is dys-
regulated in this context is not established, the involve-
ment of GSK3p is speculated. Inhibition of GSK3p by
lithium increases expression of cyclooxygenase 2 and
the local excretion of prostaglandin E2.% Prostaglandin
E2 is suggested to counteract vasopressin activity by
causing endocytic retrieval of AQP2 from the plasma
membrane, thus impairing the urinary concentrating
ability of the cell. Furthermore, lithium increases the
intracellular accumulation of B-catenin,® which can
serve as an activator of T-cell-factor-dependent trans-
cription. AQP2 downregulation may be achieved via this
transcription mechanism.

Hypokalemia and hypercalcemia cause downregula-
tion of AQP2 expression, which results in a vasopressin-
resistant urinary concentrating defect. Ureteral
obstruction decreases AQP2 expression and impairs
urine concentrating capacity.” Mouri et al.% reported
that AQP2 translocation to the apical membrane is
inhibited by metabolic acidosis, a mechanism that might
be responsible for the diuresis in patients with chronic
renal failure.

Treatment of NDI due to AQP2 impairment

No cure exists for NDI. Currently, this condition
is managed by salt restriction combined with the
administration of hydrochlorothiazide diuretics to
reduce urine output.®® Hydrochlorothiazide reduces in
fact sodium reabsorption in the distal convoluted tubule,
leading to increase in sodium excretion and extracellular
fluid volume contraction. As a result, glomerular filtra-
tion rate decreases and the proximal tubular sodium and
water reabsorption increases. Consequently, less water
and sodium are delivered to the collecting ducts, result-
ing in decrease in urine volume. This antidiuretic effect is
enhanced by a low sodium intake. Furthermore, hydro-
chlorothiazide increases expression of AQP2 and distal
renal sodium transporters, which may also contribute
to this antidiuretic action.”” Additional administration
of prostaglandin-synthesis inhibitors or the potassium-
sparing diuretic amiloride is reported to enhance the
effectiveness of NDI management, although long-term
use of prostaglandin inhibitors is often complicated
by gastrointestinal and hematopoietic adverse effects
and renal dysfunction. In any event, current treatment
does not completely obviate the excessive water excre-
tion, as adult patients undergoing treatment still void

8-101 per day. Therefore, extensive efforts to develop
therapies continue.

Chemical chaperones that facilitate folding of
the mutant protein have been reported to correct the
sorting of NDI-causing AQP2 mutants in cell cultures.
However, chemical chaperones are not suitable for use
in vivo because of the high concentrations that would be
required to achieve clinically meaningful results.

AQP2 phosphorylation by cyclic GMP kinase is
involved in its exocytosis, and the cyclic GMP phospho-
diesterase inhibitor sildenafil citrate induces AQP2
membrane insertion.'®!® Therefore, cyclic GMP
phosphodiesterase inhibitors are expected to be effec-
tive in the treatment of NDI due to V2R impairment
by bypassing the need for cyclic AMP signaling for
AQP2 exocytosis. However, in healthy individuals, use
of sildenafil citrate has not been associated with either
water retention or hyponatremia, which might mean that
their effect on AQP2 translocation is, at least in healthy
people, negligible.

Li et al.”" generated an animal model for X-linked
NDI in which AVPR2, the gene that encodes V2R, was
conditionally deleted. These mice show characteristic
symptoms of NDI, such as urinary concentrating defects
and dilatation of the renal pelvis. An agonist of the EP4
subtype of the prostaglandin E receptor proved highly
effective in ameliorating these manifestations of NDI.

We investigated in our mutant AQP2 knockin mice
whether phosphodiesterase inhibitors affect the urinary
concentration ability of these mice.®> Among the inhibi-
tors tested, rolipram increased urine osmolality, cyclic
AMP content in the papillae, AQP2 phosphorylation,
and apical membrane translocation of the mutated
AQP2. Interestingly, rolipram also induced the apical
translocation of wildtype AQP2 as a consequence
of dehydration.

Interaction of phosphorylated AQP2 with tropo-
myosin 5b is essential for AQP2 trafficking to the apical
membrane, suggesting that tropomyosin 5b is a poten-
tial therapeutic target for NDI.* Knockdown of the gene
encoding tropomyosin 5b corrects the trafficking defect
of the Ser256 Ala AQP2 mutant in Madin-Darby canine
kidney cells.** Specific inhibition of tropomyosin 5b may
be useful for both congenital and acquired NDI because
the interaction of tropomyosin 5b with phosphorylated
AQP2 is critical for the final step of AQP2 trafficking.

Oiso and colleagues’ succeeded in developing a
method for the targeted expression of AQP2 in collecting
ducts using the Sendai virus vector system that did not
contain the fusion protein gene (SeV/AF). This vector
system directs high-level transgene expression and is
nontransmissible. Furthermore, in an animal model of
NDI, this vector was administered to the animal retro-
gradely via ureter to renal pelvis, which enabled its effi-
cient expression in the collecting duct in limited area
of renal medulla. Viral delivery of AQP2 in a lithium-
induced rat model of NDI led to a reduction in urine
output and an increase in urine osmolality for several
days. Oiso and colleagues suggest that this strategy may
be beneficial in patients with NDI, especially patients
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who are unconscious and those in a perioperative situa-
tion because this treatment approach can temporarily
reverse the polyuria phenotype.

Other pathologies associated with AQP2

AQP2 has a critical role in the pathophysiology of many
diseases associated with water balance disorders. The
best-known example is congestive heart failure (CHF).
Water retention and hyponatremia are common and
clinically important complications of CHF. Plasma
vasopressin levels are suppressed by hyponatremia in
healthy individuals; however, these levels are not sup-
pressed in patients with hyponatremia who have CHE”>7
Upregulation of AQP2 expression and increased AQP2
trafficking to the apical membrane of principal cells
of the collecting duct have been shown in rat models of
cardiac failure.”>”¢ Futhermore, water retention and hypo-
natremia in these rats are reversed by a V2R antagonist.”®
These findings indicate that hyponatremia is caused by
nonosmotic stimulation of vasopressin, which promotes
the expression and trafficking of AQP2. In patients with
heart failure, V2R antagonists promote electrolyte-free
water excretion and elevate serum sodium concentra-
tion.””” Tolvaptan, a vasopressin antagonist, has been
shown to improve several symptoms of heart failure,
such as dyspnea, in these patients.®

Water retention and hyponatremia are observed
in patients with hepatic cirrhosis. In these patients,
nonosmotic secretion of vasopressin occurs secondary
to splanchnic arterial vasodilation and relative arterial
underfilling.” In cirrhotic rats, AQP2 expression was
increased and correlated with the volume of ascites.®! In
patients with hyponatremic cirrhosis, V2R antagonists
are effective at inducing free water diuresis and raising
plasma sodium levels.”®#

During pregnancy, arterial underfilling second-
ary to systemic arterial vasodilation with nonosmotic
vasopressin secretion and upregulation of AQP2 is
observed.®# Administration of a V2R antagonist increases
electrolyte-free water excretion in pregnant rats.®

A urinary concentrating defect is observed in patients
with the nephrotic syndrome.?>% AQP2 expression is
decreased in nephrotic rats.®>*” However, changes in
AQP2 expression levels have not yet been confirmed
in patients with the nephrotic syndrome.

Syndrome of inappropriate antidiuretic hormone
secretion (SIADH) is a condition in which plasma vaso-
pressin levels are not appropriately suppressed despite
hypo-osmolality. SIADH is the predominant cause of
euvolemic hyponatremia and a commonly encountered
disorder.®® SIADH occurs frequently in association with
vascular, infectious or neoplastic abnormalities in the
lung or central nervous system. In patients with SIADH,
the V2R antagonist OPC-31260 was shown to be effective
in increasing urine volume and plasma sodium levels.*
However, the long-term effects of its administration are
limited in rats with SIADH.*® Although AQP2 protein
expression is reduced shortly after administration of the
V2R antagonist to rats with SIADH, it increases again in
parallel with the decline of the therapeutic effects.

Urinary AQP2 excretion level is associated with vaso-
pressin activity in the kidney and is, therefore, a clini-
cally useful biomarker.”' AQP2 is excreted into the urine
through the secretion of exosomes originating from inter-
nal vesicles of multivesicular bodies.” During this process,
the outer membrane multivesicular bodies fuses with the
apical plasma membrane. Urinary AQP2 excretion is
increased by dehydration or vasopressin and decreased
by hydration. Urinary AQP2 excretion is also increased
in patients with CHF and hepatic cirrhosis and in preg-
nant women.*>-** In patients with CHF, administration
of a V2R antagonist produced a significant increase in
urine flow and solute-free water excretion, accompanied
with a dramatic decrease in urinary AQP2 excretion.”
Augmentation of urinary excretion of AQP2 is also found
in STADH.? Urinary excretion of AQP2 is a sensitive
marker of the antidiuretic activity of vasopressin.

Other AQPs

AQP1

AQP1 islocated on the apical and basolateral membrane
of the proximal tubules, the descending thin limbs of
Henle and the outer medullary descending vasa recta.
In these segments, AQP1 is constitutively active as a
water-selective pore.?

Deletion of Agp1 in mice results in marked polyuria.
Urinary osmolality in AgpI-null mice is low and unre-
sponsive to vasopressin secretion or water deprivation.”’
This phenotype was explained by two distinct mech-
anisms: impaired near-iso-osmolar water re-absorption by
the proximal tubule and reduced medullary hypertonicity
resulting from impaired countercurrent exchange.*®
Precise analysis of AgpI-null mice clarified that AQP1
is the principal water channel in the proximal tubules
and the descending thin limbs of Henle and provides
the major route for transepithelial water permeability
in these segments.”®

In 2001, two unrelated individuals with a deficiency in
AQP1 expression were reported.® One of these indivi-
duals was homozygous for a deletion of exon 1 of AQPI.
The second individual was homozygous for a frame-shift
mutation in exon 1 of AQPI. Although both patients
seemed asymptomatic under normal conditions, they
showed an impaired urinary concentrating ability fol-
lowing 24 h water restriction as compared with healthy
controls (450 versus 1,000 mmol/kg H,0). Such a defect
can become clinically meaningful in circumstances that
require maximal urinary concentration, for instance
during vomiting and diarrhea.!®

A role of AQP1 in cell migration has also been sug-
gested, after defective cell migration was demonstrated
in AQP1-null endothelial cells.’® Migration of proximal
tubules from AgpI-null mice was reduced by more than
50% compared to that of wildtype cell.’* In addition,
the kidneys of AgpI-null mice showed greater tubular
injury than kidneys of wildtype mice after ischemia—
reperfusion-induced and endotoxemia-induced acute
kidney injury.!*>!%% These results suggest an important
role for AQP1 in the migration of proximal tubular cells
and in the response of the proximal tubule to injury.
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AQP3

AQP3 is expressed in the principal cells of the connect-
ing tubule and collecting duct, and it enables water entry
into the interstitium. AQP3 is constitutively localized in
the basolateral plasma membrane. AQP3, together with
AQP4, represents potential exit pathways from these cells
for water entering the cell via AQP2. AQP3 expression is
increased by thirst and by vasopressin or aldosterone secre-
tion.!” Agp3 knockout mice exhibit a NDI-like pheno-
type, which indicates that AQP3 has an important role
in urine concentration.” AQP3 deficiency was reported in
humans.'® This defect is caused by homozygous mutation
affecting the 5' donor splice site of intron 5 of AQP3. This
mutation causes the skipping of exon 5 and generates a
frameshift change and premature stop codon. However,
phenotypes associated with this defect were not reported
possibly because the patients seemed normal.

AQP4
AQP4 is expressed in the principal cells of the collect-
ing duct. AQP4 is more abundant in the inner medul-
lary collecting duct cells than AQP3. Organization
of AQP4 into orthogonal arrays of particles might
enhance AQP4 water permeability.'® Similarly to AQP3,
AQP4 is constitutively localized in the basolateral plasma
membrane. Agp4 knockout mice have a mild urinary
concentrating defect.” In contrast to AQP3, AQP4 expres-
sion is not regulated by thirst or vasopressin secretion.
AQP4 water permeability is decreased by high levels of
protein kinase C and dopamine. This effect is mediated
by phosphorylation at Ser180 of AQP4.%” Evidence from
a study published in 2009 indicates that AQP4 expression
and its organization into orthogonal arrays of particles
are regulated by vasopressin.!®®

The molecular structure of AQP4 has been largely
elucidated. Hiroaki et al.'® proposed the structural basis
for an orthogonal array formation of AQP4 and AQP4-
mediated cell adhesion by electron crystallography of
double-layered, two-dimensional crystals. The 1.8 A
crystal structure of human AQP4 published in 2009
reveals the molecular basis for the water selectivity of
this channel.'

AQP6
AQP6 is localized in the intracellular vesicles in inter-
calated cells in the collecting duct in the kidney.""! The
immunolabeling pattern of AQP6 strongly suggests
preferential localization of this water channel in type-A
intercalated cells."'*** AQP6 has low water permeability
and acts primarily as an anion transporter.'® The anion
permeability of AQP6 is increased by exposure to low
pH. Furthermore, ion conductance across the membrane
is increased by the mercuric ion, Hg**, which is a well-
known water channel inhibitor. AQP6 is expressed in
acid-secreting type-A intercalated cells and co-localizes
with V-type H*-ATPase, therefore, AQP6 is suggested to
function to promote urinary acid secretion.
Intracellular vesicles are acidified by V-type H*-ATPase
activity in acid-secreting intercalated cells, and anion
conductance must be ensured in acidic vesicles to

maintain electroneutrality within them. Chloride
channel protein 5 (CIC-5) is co-localized with V-type
H*-ATPase,"'¢ however, CIC-5 is inhibited at pH <6.5."7
AQP6 conductance seems to be switched on at low pH,
when CIC-5 is switched off, which suggests that CIC-5
might function at an early stage of acidification and
AQP6 at a later stage.!'

Liu et al.'*® showed that a single amino acid substitu-
tion at Asn60 for Gly60 switches the function of AQP6
from that of an anion channel to that of a water-selective
channel. This evidence provides a critical advance
toward understanding the structural basis of AQP6
anion permeability.

AQP7

AQP7 is classified as an aquaglyceroporin, because it
effects the transport of glycerol as well as water.* Agp7-
null mice show adipocyte hypertrophy, which resulted
from defective glycerol exit and consequent accumula-
tion of glycerol and triglycerides inside the cells.'”’ In
the kidney, AQP?7 is localized in the brush border of
proximal straight tubules (S3 segment).'?

We reported that Agp7 knockout mice showed marked
glyceroluria,'?! which indicates that glycerol can be
reabsorbed through AQP7 in the proximal straight
tubule, and that there might be no other glycerol reab-
sorbing system to compensate for this defect in the distal
nephron segment.

The amount of glycerol re-absorbed via AQP7 is
small compared with glycerol dietary intake.* However,
in fasting Agp7 knockout mice, blood glucose levels are
decreased, which indicates that glycerol loss via urine
excretion might affect the plasma glucose levels.* One
explanation for this observation is that reabsorbed glyc-
erol might be converted to glucose in the proximal tubule
or that glycerol transport to the liver may be important
for glucose metabolism.

In Agp7 knockout mice, water permeability of the
brush border membrane vesicles was slightly but signifi-
cantly lower than that in wildtype mice,'?! which sug-
gests that AQP7 makes a small contribution to the water
permeability of the proximal straight tubules. This con-
tribution has been estimated to be one-eighth that of
AQP1.'2 As expected from the small decrease in water
permeability, Agp7 knockout mice did not show a urine
concentrating defect.!*!

The case of a man with a point mutation in AQP7
has been reported. However, no renal symptoms were
mentioned, although he did have defective glycerol
metabolism.'?

AQP11

AQP11 and AQP12 are the most recently identified
members of the AQP family.!**!** In rats, they share a
similar genomic structure as they have three exons. This
arrangement makes them distinct from other AQPs—
AQPO, AQP1, AQP2, AQP4, AQP5 and AQP6 have
four exons and AQP3, AQP7, AQP8, AQP9 and AQP10
have six exons. Furthermore, AQP11 and AQP12 have
atypical NPA boxes (see above),'?® which suggests that
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the structure and function of their pores are unique.
These two water channels have, therefore, been classified
as superaquaporins.

Northern blot analysis of rat tissues revealed that
AQP11 is widely expressed in various tissues. The highest
expression is found in the testis; this protein is also
moderately expressed in the kidney, liver, intestine, and
brain.!**!?” AQP12 is expressed only in the pancreas.'?
Interestingly, neither protein is localized in the plasma
membrane, but both are located in the intracellular
space,'”>'¥ presumably in the ER.

Aqp11 knockout mice are born healthy but grow
poorly and die before weaning because of uremia
caused by polycystic kidney disease.'” The renal cysts
originate in the proximal tubule. Interestingly, proximal
tubular cells of Agp11 knockout mice were unusually
swollen and contained multiple giant vacuoles 1 week
after birth and before the cysts formed. Ribosomes were
attached to some of these vacuoles, suggesting that the
vacuoles originated from the ER. In addition, immuno-
fluorescence microscopy also showed that the vacuoles
probably originated from the ER, confirming the hypoth-
esis that AQP11 might be localized at the ER. Similar
vacuoles were also observed in other organs outside the
kidney, such as hepatocytes around the portal area and
intestinal epithelial cells at the tip of villi, although they

pathophysiological roles of aquaporins, although
the precise mechanisms by which these water chan-
nels are regulated have not been thoroughly clarified.
Understanding of these mechanisms is, however, neces-
sary to develop therapies for conditions resulting from
aquaporin dysfunction. Several investigative approaches
with high spatiotemporal resolution have become avail-
able to cell biology investigation and enable to assess
molecular dynamics in a small area of live cells. The
molecular mechanisms of aquaporin regulation will be
uncovered by application of these approaches. At the
same time, animal models, such as aquaporin knockout
mice, can be used to confirm the pathophysiological
mechanisms hypothesized on the basis of cell biology
research and to develop therapeutics to treat condi-
tions arising from the dysregulation of aquaporin activ-
ity. Continued studies at both the molecular level and
the whole organism level will enable to gain molecular
insight in the pathophysiology of water balance homeo-
stasis and will lead to the development of therapeutic
approaches that have the potential to treat water balance
disorders including NDI, heart failure, hepatic cirrhosis
and hypertension.

Review criteria

neither developed cysts nor other abnormalities.

Conclusions

In the past several years, considerable progress has
been achieved in understanding the regulation and
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Na*-K*-2Cl~ cotransporters (NKCCs), including NKCC1 and renal-spe-
cific NKCC2, and the Na*-Cl~ cotransporter (NCC) play pivotal roles in
the regulation of blood pressure (BP) and renal NaCl reabsorption.
Oxidative stress-responsive kinase-1 (OSR1) is a known upstream
regulator of N(K)CCs. We generated and analyzed global and kidney
tubule-specific (KSP) OSR1 KO mice to elucidate the physiological
role of OSR1 in vivo, particularly on BP and kidney function. Al-
though global OSR1~'~ mice were embryonically lethal, OSR1*/~
mice had low BP associated with reduced phosphorylated (p)
STE20 (sterile 20)/SPS1-related proline/alanine-rich kinase (SPAK)
and p-NKCC1 abundance in aortic tissue and attenuated p-NKCC2
abundance with increased total and p-NCC expression in the kidney.
KSP-OSR1~"~ mice had normal BP and hypercalciuria and maintained
significant hypokalemia on a low-K* diet. KSP-OSR1~/~ mice ex-
hibited impaired Na* reabsorption in the thick ascending loop on
a low-Na* diet accompanied by remarkably decreased expression
of p-NKCC2 and a blunted response to furosemide, an NKCC2 inhib-
itor. The expression of total SPAK and p-SPAK was significantly in-
creased in parallel to that of total NCC and p-NCC despite unchanged
total NKCC2 expression. These results suggest that, globally, OSR1 is
involved in the regulation of BP and renal tubular Na* reabsorption
mainly via the activation of NKCC1 and NKCC2. In the kidneys, NKCC2
but not NCC is the main target of OSR1 and the reduced p-NKCC2 in
KSP-OSR1~'~ mice may lead to a Bartter-like syndrome.

Bartter syndrome | electrolytes | hormone | knockout mice | volume

ecent studies have shown that Na*-K*-2Cl~ cotransporters

(NKCCs) and the Na*-Cl~ cotransporter (NCC) play very
important roles in the regulation of blood pressure (BP) and ex-
tracellular volume. NKCCs consist of ubiquitous NKCC1 and re-
nal-specific NKCC2. NKCC1 can modulate BP through vascular
and renal effects (1-4). NKCC2 and NCC are two renal Na™
cotransporters expressed in the thick ascending limbs (TALs) and
distal convoluted tubules (DCTs) of the kidney, respectively, ac-
counting for 20% and 10% of filtered Na™ reabsorption (5). In
human essential hypertension and salt-sensitive or spontaneously
hypertensive animal models, activation of NKCC1 and NKCC2
has also been reported to play a pivotal role in the pathogenesis of
hypertension (6, 7). In addition, activation of NCC by gene
mutations in WNKI and WNK4 leads to an autosomal dominant
salt-sensitive hypertension known as pseudohypoaldosteronism
type II (PAHII) (8). On the other hand, loss-of-function mutations
in the SLC12A1 and SLC12A43 genes encoding NKCC2 and NCC
can lead to renal salt-wasting hypotension with hypokalemic
metabolic alkalosis, known as Bartter syndrome (BS) (9) and
Gitelman syndrome (GS) (10), respectively.

In vitro studies have shown that posttranscriptional phosphor-
ylation of NKCC1/2 and NCC plays a crucial role in the regulation
of normal transport activity. Oxidative stress-responsive kinase-1
(OSR1) (11) and STE20 (sterile 20)/SPS1-related proline/alanine-
rich kinase (SPAK) (12), two downstream substrates of With-No-
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Lysine kinase (WNK) 1/4, are the upstream phosphorylators of
NKCC1/2 and NCC. Threonine or serine residues in their N-ter-
minal conserved domains (T206/96, T211/101, and T224/114 in
mouse NKCC1/2; T53, TS8 and S71 in mouse NCC) are the
phosphorylation sites of OSR1 and SPAK. The docking site on
the conserved C-terminal domains of OSR1/SPAK interacts with
the RFXV/I motif on the N terminus of NKCC/NCC and then
increases NKCC/NCC phosphorylation and function (13-16). We
have also reported that increased phosphorylated (p) OSR1/SPAK
abundance can enhance p-NCC expression in the PHAII-causing
Whnik4 D561A knock-in mice (17), whereas the reverse is true in the
Wnk4 hypomorphic knockout (KO) mice (18). These findings
support that OSR1 and SPAK are important regulators of NKCC
and NCC in vivo.

Because OSR1 and SPAK share high homology in their cata-
lytical and regulatory domains and their expression in tissues
often overlaps, the creation and analysis of distinct OSR1 or SPAK
KO mice is warranted to tease apart the role of each kinase in vivo.
For this purpose, we first generated SPAK KO mice and found
that SPAK*~ mice exhibited hypotension with decreased p-
NKCCI1 abundance in aortic tissues and SPAK ™~ mice presented
a GS phenotype caused by reduced total and p-NCC expression
(19). In the present study, we generated global and kidney tubule-
specific (KSP) OSR1 KO mice to elucidate the physiological role
of OSR1 in vivo (SI Text and Figs. S1 and S2). Results to be
reported indicate that global OSR1™~ mice were embryonically
lethal and OSR1*/~ mice had low BP associated with reduced p-
SPAK expression and p-NKCC1 abundance in aortic tissue and
attenuated p-NKCC2 abundance with increased total and p-NCC
expression in the kidney. KSP-OSR17~ mice manifested Bartter-
like syndrome because of impaired NKCC2 phosphorylation and
function in the TAL with a compensatory increase in NCC phos-
phorylation and expression. This study provides in vivo evidence
that OSR1 is primarily involved in the regulation of BP and renal
tubular Na™ reabsorption via the phosphorylation of NKCC1 and
NKCC2 but not NCC.

Results

Phenotype in Global OSR1*'~ and KSP-OSR1~'~ Mice. First, we ex-
amined BP and electrolyte homeostasis in the global OSR1*/~ and
KSP-OSR17”~ mice on a normal diet (0.4% Na* wt/wt, 1% K*
wt/wt). Compared with WT littermates, the global OSR1*/~ mice
had relative hypotension (P < 0.05) without serum and urine
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Table 1. BP and blood and urine biochemistry values in global Table 2. BP and blood and urine biochemistry values in KSP-
OSR1*'~ mice OSR1~/~ mice
Diet Normal Low Na* Diet Normal Low Na*
wT OSR*~ wT OSR*~ wT KSP-OSR™~ wT KSP-OSR™~
Genotype (n) (n=12) (n=12) (n=28) (n=8) Genotype (n) (n =10) (n=10) (n=8) (n=28)
BP, mmHg BP, mmHg
Systolic 111+6 99 + 5* 108 + 7 95 + 6* Systolic 110 + 3 107 + 4 109 + 2 101 + 6*
Diastolic 58 + 4 49 + 8* 54 +4 51+ 11 Diastolic 57+4 60 + 7 51+4 46 + 9
Mean 74 + 4 64 + 7* 71+5 62 + 7* Mean 75+¢ 23 74 + 6 69 +3 62 +7
Weight, g 228+22 216+23 236 +35 221 +43 Weight, g 236 +35 228+43 221 +45 23.2+53
Plasma Plasma
PAC, pg/mL 932 + 413 835+212 1,325+313 1,138 + 323 PAC, pg/mL 999 + 329 867 + 216 1,433 + 265 1,289 + 332
PRA, ng-mL-h 6.4 + 3.0 6.5+29 122 £ 25 103 + 3.5 PRA, ngmL:h 8.7 + 3.5 79+42 114 +35 123 + 4.2
Na*, mmol/L 157 + 3 156 + 2 153+ 6 154 + 5 Na*, mmol/L 154 + 3 153 + 2 152 + 6 150 + 5
K*, mmol/L 43+03 4.1+0.3 42 +04 43+04 K*, mmol/L 42 +0.2 3.7 £ 0.2* 43 +0.3 3.6 + 0.3*
CI~, mmol/L 115+ 2 113 +4 M52 113+ 4 Cl7, mmol/L 114 £ 3 112+ 4 114 + 3 112+ 4
Ca?, mg/dL 9.5+0.2 96+ 04 93 +05 9.4 + 0.6 ca%, mg/dL 9.8 +0.3 9.7 +0.2 9.8+ 0.3 9.7 +0.2
Mg?*, mg/dL 2.9 + 0.1 31402 30+03 3.1+04 Mg?*, mg/dL  29+02  3.0=+0.1 28+03 3.0+03
Cr, mg/dL 0.13 £ 0.05 0.12 + 0.04 0.11 + 0.08 0.11 + 0.06 Cr, mg/dL 0.14 + 0.06 0.13 + 0.05 0.13 £0.05 0.12 + 0.08
Urine, m/d 177 £ 082 1.86 +0.73 1.25 + 0.63 1.23 + 0.65 Urine, m/d 192 + 080 2.68 +0.21* 154+ 080 2.13 + 0.68*
Na*, pmol/d 220 + 56 262 + 65 53+8 50 + 10 Na*, pmol/d 232 + 72 250 + 55 93 + 17 103 + 26
K*, pmol/d 435 + 133 520 + 108 514 + 155 539 + 178 K*, pmol/d 311+ 122 375+ 110 489 + 222 518 + 110
CI~, pmol/d 256 + 85 306 + 85 80 + 22 84 + 14 CI~, pmol/d 203 + 84 247 + 78 65 + 34 72 + 24
Mgz*, mg/d 0.47 +0.11 0.50 + 0.13 0.53 + 0.21 0.48 + 0.22 Mgz*, mg/d 0.60 + 0.29 0.56 + 0.14 0.58 + 0.21 0.55 + 0.15
FEna, % 0.65 + 0.24 0.68 + 0.37 0.25 + 0.09 0.23 + 0.11 FEna, % 0.55 + 0.14 0.58 + 0.27 0.22 +0.06 0.24 +0.12
FEx, % 18.3 + 6.1 20.2 + 8.6 20.6 + 8.2 221 +94 FEx, % 20.1 +4.1 295 +45* 221 +6.2 32.8 + 6.5*
FEci, % 0.57 £ 0.12 0.61 +0.19 0.21 + 0.04 0.16 + 0.05 FEci, % 0.52 + 0.14 0.54 + 0.16 0.20 + 0.04 0.22 + 0.05
FEmg, % 105+ 23 10.6 + 2.5 105+ 23 10.6 + 2.5 FEmg: % 11.4 £ 21 10.1 £ 1.1 104 + 3.1 9.1+25
Ca/Cr, mg/mg 0.17 £ 0.05 0.19 + 0.08 0.19 + 0.10 0.18 + 0.07 Ca/Cr, mg/mg 0.16 + 0.03 0.21 + 0.04* 0.18 + 0.02  0.23 + 0.05*

Cr, creatinine; FEy,, FEk, FEq, and FEyg represent the fractional excretion

Cr, creatinine; FE,, FEg, FE¢;, and FEyq represent the fractional excretion

of Na*, K*, CI~, and Mg?*, respectively.
*P < 0.05 vs. WT on the same diet.

electrolyte abnormalities (Table 1). The KSP-OSR1™'~ mice had
normal BP; however, unlike the global OSR1 +~ mice, they showed
significant hypokalemia with an increased fractional excretion of
K* (FEk) (P < 0.05) and hypercalciuria (P < 0.05) (Table 2). In

of Na*, K*, CI7, and Mg?*, respectively.
*P < 0.05 vs. WT on the same diet

addition, the ambient osmolarity of spot urine was significantly
reduced in KSP-OSR1~~ mice (1,805 + 389 vs. 2,414 + 525 mOsm/
L in WT, n = 10; P < 0.05). When the global OSR1 *+/~ and KSP-
OSR17~ mice were fed a low-Na™ diet (0.05% Na™ wt/wt), the
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Fig. 1. Na* balance and renal K* handling in OSR1*~ and KSP-OSR1~"~ mice. The daily urine Na* excretion rate in WT and global OSR1*~ (A) or KSP-OSR1~/~
(B) mice on a normal-Na* diet for 3 d and then on a low-Na* diet for 6 d was determined. (B, Inset) Cumulative Na* excretion from day 1 to day 5 of the low-
Na* diet between WT and KSP-OSR1~/~ mice. *P < 0.05 vs. WT (n = 6 per group). Serum K* concentration and urinary FE, in WT, OSR1*~ (C), and KSP-OSR17~
(D) mice on a normal-K* (NK) diet and a low-K* (LK) diet. *P < 0.05 vs. WT (n = 8 per group).
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Fig. 2. Effect of furosemide (FURO) and HCTZ administration on Na*, K*, and
Cl~ excretion. FEy,, FEk, and FE¢ represent the fractional excretion of Na*, K*,
and CI~, respectively. Preserved response of FEy,, FEx, and FE¢ in OSR1*/~
mice after FURO (A) and HCTZ (B) treatment is shown. *P < 0.05 vs. WT (n =6
per group). There was a blunted response of FEy,, FEk, and FE¢ in KSP-
OSR17~ mice after FURO treatment (C) but a similar response of FEy,, FE,
and FE¢, between WT and KSP-OSR1~~ mice after HCTZ (D) treatment. *P <
0.05 vs. WT (n = 6 per group).

severity of hypotension did not increase in OSR1*/~ mice, whereas
the previously normotensive KSP-OSR17~ mice developed rela-
tive systolic hypotension (P < 0.05 for systolic BP only). A low-Na*
diet also caused significant increases in the plasma aldosterone
concentration (PAC) and plasma renin activity (PRA) in both
global OSR1*~ and KSP-OSR1~~ mice, which were not signifi-
cantly different from their WT littermates (Tables 1 and 2).

Renal Na* and K* Handling in Global OSR1*/~ and KSP-OSR1~/~ Mice.
We further evaluated renal Na* and K* handling in the global
OSR1™~ and KSP-OSR 17"~ mice. On normal Na™ diets, all these
different groups of mice had similar urine Na™ excretion rates
and fractional excretion of Na* (FEy,) (Tables 1 and 2). On
paired-fed low-Na* diets, the urinary Na* excretion quickly
dropped in all three groups (WT, global OSR1*/~, and KSP-
OSR17") of mice. There was no significant difference in the de-
gree of reduced urine Na* excretion between the global OSR1*/~
and WT littermates (Fig. 14). However, KSP-OSR1™~ mice
clearly demonstrated more urine Na™ excretion than WT controls

17540 | www.pnas.org/cgi/doi/10.1073/pnas.1107452108

on the second, third, and fourth days (Fig. 1B), supporting the
presence of a renal tubular defect in KSP-OSR1™~ mice. Com-
pared with WT controls, the average increased Na* excretion was
115 + 7 pmol per mouse for the 6 d of the low-Na* diet in the KSP-
OSR17™ mice (Fig. 1B).

We then evaluated K* handling in the mice on a low-K* diet
(0.3% K* wt/wt) for 6 d. WT and OSR1*/~ mice showed no sig-
nificant difference in serum K* concentration [3.9 + 0.5 mmol/L in
OSR1™~ (n = 8) vs. 4.1 + 0.3 mmol/L in WT (n = 8); P = 0.48]
and urinary FEg [4.0 +2.1% in OSR1*"~ (n = 8) vs. 43 + 2.1% in
WT (n = 8); P = 0.61] (Fig. 1C). The KSP-OSR17~ mice, which
already had hypokalemia on a regular diet, showed more pro-
nounced hypokalemia [3.5 + 0.3 mmol/L in KSP-OSR17~ (n = 8)
vs. 4.1 + 0.4 mmol/L in WT (n = 8); P < 0.05] and urinary FEx
[6.5+2.2% in KSP-OSR1™~ (n = 8) vs.3.8 + 1.5% in WT (n = 8);
P < 0.05] (Fig. 1D) after a low-K™ diet.

Diuretic Response in Global OSR1*'~ and KSP-OSR1~'~ Mice. To de-
termine the function of NKCC2 and NCC, two substrates of
OSRY1, in these global OSR1*"~ and KSP-OSR1™~ mice, we
administered the NKCC2 inhibitor furosemide and NCC in-
hibitor hydrochlorothiazide (HCTZ), respectively. Like WT
mice, global OSR1*"~ mice showed a dramatic and similar in-
crease in the FEy, FEg, and FE( in response to furosemide
(Fig. 24) and HCTZ (Fig. 2B), suggesting that their NKCC2 and
NCC functions were not obviously affected. Compared with WT
and global OSR1*/~ mice, KSP-OSR1~~ mice exhibited a blun-
ted response to furosemide (Fig. 2C) but a normal response to
HCTZ (Fig. 2D), indicating that their NKCC2 function was re-
duced and NCC function was well preserved (Fig. 2D).

Expression of OSR1, SPAK, and NKCC1 in Aortic Tissues of Global
OSR1*~ Mice. Because OSRI1, SPAK, and NKCCI are coex-
pressed in vascular smooth muscle and NKCC1 activity is known
to play an important role in the regulation of aortic contractility
and BP (1, 2), we examined whether the OSR1/SPAK-NKCC1
pathway could be involved in the hypotension of global OSR1*/~
mice. Relative protein expression of total OSR1 (59 + 22%; P <
0.01), p-OSR1 (44 + 12%; P < 0.01), and p-SPAK (54.6 + 2.6%;
P < 0.01) was significantly reduced, along with dramatically re-
duced p-NKCC1 expression (T206) (53 + 22%; P < 0.01) despite
unchanged total SPAK and NKCCI1 abundance in aortic tissue
(Fig. 3). These findings suggested that defective phosphorylation
of OSR1 may cause decreased NKCC1 phosphorylation in blood
vessels, which led to the lower BP.

Renal OSR1, SPAK, NKCC2, and NCC in Global OSR1*'~ and KSP-OSR1~/~
Mice. In the kidneys, we had previously reported that OSR1 is
mainly distributed in the TAL to downstream renal tubules and is
dominantly expressed in the medulla, colocalizing with NKCC2
(19). Because KSP-OSR1~'~ mice displayed a BS-like phenotype
with hypercalciuria and normal magnesemia and a blunted re-
sponse to furosemide corresponding to a TAL lesion rather than
GS physiology (a DCT lesion with hypocalciuria and hypomagne-
semia) (20), the expression of total and p-OSR1, SPAK, NKCC2,
and NCC in the kidney of both OSR1*/~ and KSP-OSR17~ mice
was further evaluated by semiquantitative immunoblotting (IB).
Although renal total OSR1 (75 = 11%; P < 0.05) and P-OSRI
(69 + 21%; P < 0.05) expression was reduced in OSR1%/~ mice
(Fig. 44), p-SPAK (128 + 11%; P < 0.05) was mildly increased
(Fig. 4B). The expression of total NKCC2 was not affected, but p-
NKCC2 (T96) (72 + 15%; P < 0.05) was significantly reduced (Fig.
4C). Total NCC (135 + 7%; P < 0.05), p-NCC (T58) 121 + 6%; P <
0.05), and p-NCC (S71) (156 + 8%; P < 0.05) were also signifi-
cantly increased (Fig. 4D and Fig. S34). As expected, total OSR1
and p-OSR1 were virtually absent from the kidney tissue of KSP-
OSR17~ mice (Fig. 54). However, total SPAK (130 + 13%; P <
0.05) and p-SPAK (138 + 13%; P < 0.05) (Fig. 5B) were markedly
increased. As in OSR1™~ mice, expression of total NKCC2 was
not affected but p-NKCC2 (T96) was more dramatically reduced
(32 + 14%; P < 0.01) (Fig. 5C). Total NCC (158 + 9%; P < 0.01),
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Fig.3. Expression of OSR1, SPAK, and NKCC1 in aortic tissues of OSR1*~ mice. Semiquantitative IB (Upper) and densitometry (Lower) of total and p-OSR1 (A),
total and p-SPAK (B), and total and p-NKCC1 (T206) (C) in aortic tissues of WT and OSR1*~ mice (n = 4 per group). *P < 0.05 vs. WT.

p-NCC (T53) (138 + 11%; P < 0.05), p-NCC (T58) (127 + 9%; P <
0.05), and p-NCC (S71) (145 + 15%; P < 0.05) (Fig. 5D and Fig.
S3B) were significantly increased in KSP-OSR1™~ mice.

We also examined the cellular localization of NKCC2 and
NCC in the kidney tissue of OSR1*/~ and KSP-OSR1™~~ mice.
The cellular distribution of total NKCC2 and p-NKCC2 (T96)
was still luminally condensed, albeit less so for p-NKCC2 (T96)
(Fig. S4 A and B). Likewise, total NCC and p-NCC were still
luminally condensed (Fig. S4 C and D).

Discussion

In this study, we generated and analyzed global and KSP-OSR1
KO mice to elucidate the physiological role of OSR1 in vivo in the
regulation of the NKCC1 and kidney-specific NKCC2 and NCC,
focusing on BP and renal tubular Na™ reabsorption. As previously
reported in OSR1 gene-trapped or kinase-dead knock-in mice (21,
22), global homozygous OSR1~/~ mice were embryonically lethal.
Heterozygous OSR1*/~ mice exhibited hypotension, markedly
reduced p-NKCC1 abundance in aortic tissue, and attenuated p-
NKCC2 in kidney. KSP-OSR1~~ mice recapitulated the reduced
renal Na* reabsorption on low-Na* diets and remarkably de-
creased expression of p-NKCC2. They also had a blunted response
to furosemide and a parallel increase in NCC expression and
phosphorylation, supporting the notion that TAL function was
defective. These results indicate that OSR1 is crucial not only in
the regulation of BP but in renal tubular Na™ reabsorption, pri-
marily in the TAL rather than the DCT.

In the global OSR1™/~ mice, markedly decreased p-NKCC1 in
aortic tissue and kidneys may contribute to obvious hypotension.
NKCC1, as a downstream target of OSR1, has been known to play
a pivotal role in BP control through vascular and renal effects, as
shown in NKCC1 KO mice (1-4). On the one hand, inactivation of
NKCC1 in blood vessels causes reduced intracellular CI™ con-
centration and, consequently, decreased Ca**" influx through L-
type Ca®* channels, which may lead to vessel relaxation and hy-
potension (23). On the other hand, defective NKCC1 expression in
the basolateral membrane of inner medullary collecting ducts and
renin-producing juxtaglomerular (JG) cells (24) may cause the
impairment of renal Na* reabsorption. However, hyperreninemia
and hyperaldosteronism with increased renal Na™ transporters,
including NKCC2 and NCC observed in NKCC1 KO mice, could
help minimize hypotension (3, 4).

Lin et al.

Reminiscent of the reduced NKCC1 phosphorylation with re-
duced aortic contractility in SPAK*/~ mice featuring hypotension
but normal serum and urine electrolytes (19), the hypotension
observed in global OSR1*~ mice reiterates the importance of
OSR1/SPAK-NKCCI1 phosphorylation signaling in the vascular
tissue on BP control. Because both OSR1*/~ and SPAK*/~ mice
had normal total NKCC1 but reduced p-NKCCI, it appeared that
intact expression of both OSR1 and SPAK was required for ade-
quate NKCCI1 phosphorylation in the aortic tissue. Based on the
attenuated rather than increased p-SPAK expression in the aortic
tissue of OSR1%/~ mice, SPAK phosphorylation may be de-
pendent on the OSR1 activity in the vessels.

In addition to vascular NKCCl, kidney-specific NKCC2 and
NCC, two other OSR1 substrates in the TAL and DCT, re-
spectively (5), were also examined in global OSR1™/~ mice. A
significant decrease in p-NKCC2 and a parallel increase in both p-
SPAK and p-NCC in the OSR1*/~ mice strongly suggested that
a salt-wasting phenotype was present. Based on the Guyton type
renal function curve (a plot between mean arterial pressure and
urinary Na* intake and excretion) (25), OSR1*"~ mice showed
a shift to the left, supporting a defect in renal Na* transport. Their
renal tubule Na* defect was mild, however, because they did not
exhibit negative renal Na* balance even on low-salt diets. Fur-
thermore, their responses to furosemide and thiazide challenges
were also normal. Nevertheless, hypotension in OSR1™~ mice
might help dampen the tendency of impaired renal Na* reab-
sorption. In response to vascular hypotension or renal Na™ wast-
ing, one should expect an increase in PRA and PAC. However,
PRA and PAC were similar between the WT and OSR1+/~ mice,
suggesting that PRA and PAC were inappropriately low in
OSR1*~ mice. Perhaps the reduced p-NKCC2 observed in
OSR1*"~ mice may have blunted tubuloglomerular feedback,
leading to the impaired release of renin from JG cells as shown in
NKCC2 isoform KO mice (26, 27). However, we could not exclude
the direct regulation of aldosterone secretion by OSR1, which was
also abundantly expressed in adrenal tissues.

To focus on the specific role of OSR1 in the regulation of
NKCC2 and NCC in the kidney, we further created the KSP-OSR1
KO mice. NKCC2 has three different full-length splice variants
called A, B, and F isoforms (5). Inactivating mutations in NKCC2
can cause antenatal BS, an autosomal recessive renal Na*-losing
nephropathy with chronic hypokalemia and hypercalciuria with
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Fig. 4. Expression of OSR1, SPAK, NKCC2, and NCC in kidney tissues of
OSR1*~ mice. Semiquantitative IB (Upper) and densitometry (Lower) of total
and p-OSR1 (A), total and p-SPAK (B), total and p-NKCC2 (T96) (C), and total
and p-NCC (T58) (D) in kidney tissues of WT and OSR1*~ mice (n = 4 per
group). *P < 0.05 vs. WT.

nephrocalcinosis (9). Growth retardation and impaired urine
concentration with polyuria are also prominent features in patients
who have BS with NKCC2 mutations (28, 29) and in total NKCC2-
null mice (30). Unlike total NKCC2-null mice, NKCC2 A- or B-
isoform null mice exhibit normal growth but a mild defect in the
TAL, with slightly reduced urine osmolality and no polyuria (26,
27). Our KSP-OSR17~ mice had marked diminution in p-NKCC2
expression and a partially blunted response to furosemide, in-
dicating a moderate defective function of the TAL. Because mice
have very high Na™ intake, a defect in renal tubular Na™ absorp-
tion can be concealed without modification of dietary Na™. On
a low-Na* diet, KSP-OSR1~~ mice showed more urine Na* ex-
cretion than WT mice, supporting the presence of a renal tubular
defect. The salt phenotype in KSP-OSR17™~ mice resembled that
in NKCC2 A or B KO mice because they all had residual NKCC2
function. Furthermore, the enhanced total and p-SPAK and total
p-NCC expression seen in these mice may be compensatory re-
sponses to the Na™* reabsorption defect upstream.

In the kidneys, we have reported that OSR1 and SPAK are
expressed in both TAL and DCT. On the one hand, SPAK is
mainly expressed in the cortex, especially in the DCT, and SPAK ™/~
mice with reduced total and p-NCC expression manifest a GS-
like syndrome. On the other hand, OSRI is predominantly
expressed in the medulla, especially in the TAL (19). It is rea-
sonable to expect that NKCC2 but not NCC might be the major
substrate of OSR1 in renal tubules. Consistent with this notion, we
observed reduced p-NKCC2 but increased total and p-NCC
abundance in KSP-OSR1~~ mice. However, unlike the decreased
NCC phosphorylation in the setting of decreased total NCC
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OSR17~ mice. Semiquantitative IB (Upper) and densitometry (Lower) of total
and p-OSR1 (A), total and p-SPAK (B), total and p-NKCC2(T96) (C), and total
and p-NCC (T58) (D) in kidney tissues of WT and KSP-OSR1~'~ mice (n = 4 per
group). *P < 0.05 vs. WT.

abundance in SPAK™~ mice (19), the reduced NKCC2 phos-
phorylation with unchanged total NKCC2 abundance in KSP-
OSR17~ mice suggests a different mechanism at work. A recent
elegant study has shown that adaptor protein (AP)-3, a lysosomal
protein, is involved in the sorting process of NCC from the trans-
Golgi network to lysosomes and from endosomes to lysosomes
(31). Of interest, the most important SPAK/OSR1 phos-
phoacceptor site on NCC, the T58 residue in the N terminus, is
embedded in one of the putative canonical AP-3 binding motifs
(YXX0) and participates in the sorting mechanism of NCC.
However, none of the putative canonical AP-3 binding motifs are
found in the NKCC2 N terminus. Furthermore, NKCC2 phos-
phorylation at S130, another important phosphoacceptor, has
been shown to be activated by SPAK/OSR1-independent path-
ways, perhaps via AMP-activated protein kinase, and may also be
involved in the regulation of NKCC2 apical sorting (32). KSP-
OSR17~ and SPAK™~ mice may be used further to explore the
mechanisms of NKCC2 and NCC phosphorylation on their
protein trafficking.

In addition to Na* wasting, KSP-OSR17”~ mice had other
electrolyte disturbances, such as hypercalciuria and hypokalemia
with renal K* wasting. The TAL also accounts for 20-25% of fil-
trated K* and Ca®* reabsorption in parallel with Na* reabsorp-
tion. Although K* is directly reabsorbed by NKCC2, the
reabsorption of Na™ provides the main driving force for Ca**
reabsorption via paracellular routes (5). Reduced NKCC?2 function
would thus impede normal K* and Ca** reabsorption in the TAL,
leading to increased urine K* and Ca** excretion. When these
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