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Summary: The kidney plays a critical role in regulating water homeostasis through specific
proteins highly expressed in the kidney, called aquaporins, allowing water permeation at a
high rate. This brief review focuses on some nephropathies associated with impaired urinary
concentrating ability and in particular analyzes the role of aquaporin 2 in hypercalciuria, the
most common metabolic abnormality in patients with nephrolithiasis. Specifically, this review
discusses the relationship between hypercalciuria and impaired aquaporin 2—mediated water
handling in both acquired and inherited disorders characterized by hypercalciuria, including
those affecting the sensor of extracellular calcium concentration, the calcium-sensing recep-
tor, which represents the principal target for extracellular calcium regulation of several
tissues including parathyroid glands and kidney. In the kidney, the calcium-sensing receptor
regulates renal calcium excretion and influences the transepithelial movement of water and
other electrolytes. Understanding the molecular basis of alteration of kidney concentrating
ability found in hypercalciuria will help for devising strategies for reducing the risk of

nephrocalcinosis, nephrolithiasis, and renal insufficiency.
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ephrolithiasis is the major health prob-

lem in industrialized countries and it

affects about 10% of the population.
Several factors including lifestyle and diet habits
may be responsible for kidney stone forma-
tion.! Kidney stones are composed mainly from
oxalate or calcium phosphate and hypercalci-
uria characterizes nearly 40% of stone formers.2
Hypercalciuria is a biological syndrome defined
as excretion in the urine of more than 0.1
mmol/kg/24 hours of calcium in the absence of
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dietary manipulation. A number of endocrine,
renal, and bone diseases can cause hypercalci-
uria. Urinary calcium excretion is influenced
substantially by dietary intakes of calcium, so-
dium, protein, carbohydrates, alcohol, and po-
tassium: a poorly balanced diet can result in
hypercalciuria.!

Hypercalciuria is the most common risk fac-
tor for kidney stones and has a recognized fa-
milial component and the influence of genetic
factors appears to be more relevant than diet
habit.3-> Calcium-containing kidney stones orig-
inate by the formation and subsequent growth
of calcium oxalate or phosphate crystals in the
tubule of kidney medulla. It is a common disor-
der in developed countries, with incident rates
as great as 0.3% to 1%.°7 Kidney stones are
responsible for about 10% of urologic hospital
admissions per year and account for a signifi-
cant number of visits to hospital emergency
departments.!
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The mechanism causing the formation and
the precipitation of calcium crystals in the uri-
nary tract are multiple and not well defined.
Regarding crystal formation, a possible mecha-
nism involved in this process, which seems to
depend predominantly on the presence of re-
generating/(re)differentiating cells in the renal
tubules, can be mediated by a number of lumi-
nal membrane molecules, including acidic frag-
ment of nucleolin-related protein, annexin-II,
osteopontin, and hyaluronan.® On the other
hand, as mentioned, hypercalciuria is consid-
ered an important risk factor for stone forma-
tion.

HYPERCALCIURIA AND WATER
REABSORPTION IN THE COLLECTING
DUCT: RISK IN STONE FORMATION

The total urinary calcium concentration in
healthy human beings with unrestricted access
to fluids has been estimated as 2.3 = 0.3 mmol/
L? However, urinary calcium concentration
may increase significantly higher this value
when water intake is restricted because in-
creases in vasopressin levels stimulate water
reabsorption in the collecting duct. Antidiuresis
might cause an increased incidence of recur-
rent stone formation in patients with nephroli-
thiasis.1?

Vasopressin acutely regulates the water per-
meability of the kidney collecting duct by traf-
ficking of the water channel aquaporin 2
(AQP2) from intracellular vesicles to the lumi-
nal plasma membrane. As a consequence, water
is reabsorbed, leading to urine concentra-
tion.!-1% In several pathologic conditions, char-
acterized by urinary concentrating defects such
as nephrogenic diabetes insipidus, postobstruc-
tive polyuria, and acute or chronic renal failure,
the apical expression of AQP2 is reduced dras-
tically or even absent.!>'® AQP2 can be de-
tected in the urine and is excreted through the
secretion of exosomes from collecting duct ep-
ithelial cells.!” Urinary excretion of AQP2 is a
potent marker for the diagnosis of water bal-
ance disorders.!®-2! Compared with healthy
subjects, the urinary excretion of AQP2 is very
low in patients with central diabetes insipidus
and conversely is much higher in patients with
impaired water excretion.??23

In a previous work, we showed that urinary
AQP2 excretion is a good marker for the clini-
cal evaluation of primary nocturnal enuresis, a
frequent disease in children, characterized by
nocturnal polyuria and appearing to follow an
autosomal-dominant mode of inheritance.?*
Specifically, we showed that hypercalciuria was
associated with alterations of urinary AQP2 lev-
els indicating clearly that external calcium ac-
tivity modulates AQP2 excretion in the urine.?*

However, the factors that link hypercalciuria-
associated polyuria and AQP2 are unknown.
Indeed, urinary concentrating defects and poly-
uria are the most important renal manifesta-
tions of hypercalcemia and the resulting hyper-
calciuria. This is of particularly high health
relevance because other genetic diseases such
as Bartter syndrome are characterized by severe
hypercalciuria leading to nephrocalcinosis and
reduced water concentrating capacity.3->23

The close relation between hypercalciuria
and AQP2 was first suggested by Sands et al?®27
and subsequently by Puliyanda et al.?® The in-
vestigators reported that in rats, dihydrotachys-
terol induces hypercalcemia/hypercalciuria as-
sociated with polyuria and AQP2 water channel
down-regulation. A calcium-dependent calpain
activation is proposed to modulate AQP2 levels
through AQP2 proteolysis.?®

The kidney is a key organ for calcium ho-
meostasis, and its ability to sense extracellular
calcium levels in the urinary filtrate and the
interstitial fluid is owing to the extracellular
calcium-sensing receptor (CaR), which is ex-
pressed in multiple sites along the nephron.2%:3°
Renal CaR plays a crucial role in the regulation
of divalent mineral cation transport.??-33

This minireview discusses a link between
calcium and water homeostasis with a particu-
lar focus on the role of AQP2 and CaR.

HYPERCALCIURIA, AQP2, AND CAR
INTERPLAY IN NOCTURNAL ENURESIS

Nocturnal enuresis (NE) is a pathologic state
that is more frequent in 5- to 10-year-old chil-
dren and is characterized by urine loss during
the night in children over the age at which
bladder control is supposed to be present. Its
frequency is 15% to 20% in 5-year-old children,
decreasing to 7% by the age of 10, and to 1% to
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2% in adults, particularly men.3%35 In normal
subjects, the decreased urine production ob-
served during the night, about half of that pro-
duced during the day, is associated with a noc-
turnal increase in vasopressin secretion.
However, data obtained by treating primary
nocturnal enuresis with desmopressin acetate
(DDAVP; a selective V2-receptor agonist) sug-
gest that DDAVP may be useful in some but not
all patients with nocturnal enuresis.

Pace et al*° suggested that NE can be caused
by absorptive hypercalciuria and can be treated
with a combination of diet and DDAVP. Valenti
et al** analyzed whether the vasopressin-sensi-
tive water channel AQP2 might play a role in
the osmoregulatory function of the kidney in
children who experience primary NE and re-
ported the first detailed analysis of alterations of
AQP2 excretion associated with NE in human
beings. In that study 80 children who were
experiencing primary NE were examined and
compared with 9 healthy children as a control
group. AQP2 urine excretion was evaluated in
all patients.

In consideration of the nocturnal increase of
the vasopressin levels in human beings and the
consequent effect on AQP2 shuttling on the
apical membrane and excretion in the urine, a
crucial strategy was to divide the 24-hour urine
into 2 portions: collected during the night and
collected during the day from each patient.
Urinary AQP2 levels, normalized for creatinine,
were semiquantified by densitometric scanning
and reported as a ratio between the intensity of
the signal in the day urine sample versus the
night urine sample (D/N AQP2 ratio). Interest-
ingly, in most of the enuretic children tested
the D/N AQP2 ratio was significantly higher
compared with healthy children. In particular,
the D/N AQP2 ratio was 0.59 £ 0.11 (n = 9) in
healthy children and increased to 1.27 = 0.24
(n = 10) in a subpopulation of enuretic chil-
dren having low nocturnal vasopressin levels.
In enuretic children displaying hypercalciuria,
and having normal vasopressin levels, the D/N
AQP2 ratio value was 1.05 £ 0.27 (n = 8).
These data indicate that reduced secretion of
vasopressin and absorptive hypercalciuria are
associated independently to an increase by
about 2-fold of the urinary D/N AQP2 ratio.

When low nocturnal vasopressin levels were
associated to hypercalciuria a nearly 3-fold in-
crease of the D/N AQP2 ratio was observed
(1.67 = 0.41, n = 11). In addition, in all en-
uretic patients tested, the urinary D/N AQP2
ratio correlated perfectly with the severity of
the disorder (nocturnal polyuria). In contrast,
in healthy children the D/N AQP2 ratio was
associated with a nighttime diuresis approxi-
mately half that of the daytime diuresis (N/D
diuresis ratio, 0.48 = 0.01).

Interestingly, more than 40% of the enuretic
children analyzed in that study displayed hyper-
calciuria, suggesting that hypercalciuria might
play a crucial role in inducing NE.

It has to be outlined that, in that work, uri-
nary excretion of AQP2 was not evaulated as
absolute values but as a ratio between the den-
sitometric signals observed in the D/N urine
samples, implying that the alteration in the ratio
is constistent with the hypothesis that hyper-
calciuria causes an impairment in vasopressin
response by reducing the amount of AQP2
reaching the apical membrane. This might pre-
vent formation of the precipitation of calcium
during antidiuresis. However, no conclusion on
the absolute amount of AQP2 present on the
apical membrane in the absence and in re-
sponse to vasopressin can be drawn.

After that observation, in a follow-up study
the same group analyzed the effect of a thera-
peutic treatment in 46 enuretic children, of
whom 26 (57%) were hypercalciuric.>” Before
the therapeutic intervention, the hypercalciuric
patients were exposed to high calcium levels
during the night, but not during the day. The
resulting hypercalciuria contributed to the pro-
duction of a renal concentrating defect mani-
fested as nocturnal polyuria. All patients were
treated with DDAVP for 3 to 6 months. Hyper-
calciuric patients received in addition a low-
calcium diet (approximately 500 mg/d) for the
same period. At the end of the treatment, the
bedwetting episodes stopped in 80% of the 46
patients tested. In those patients with low va-
sopressin levels before the therapy, circulating
vasopressin concentration returned to normal
and the hypercalciuria was resolved in hyper-
calciuric patients. In hypercalciuric patients the
D/N AQP2 ratio returned to values close to
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those found in healthy children. This study
clearly showed that urinary calcium concentra-
tion can modulate AQP2 excrection and this
finding has been shown to be useful for the
treatment of children with enuresis.>” A key
finding of this study was the observation that
the bedwetting episodes restarted shortly after
suspension of the low-calcium diet in the chil-
dren despite the treatment with DDAVP. This
condition was accompanied by a simulta-
neously significant increase of the nighttime
urinary calcium (UCa) and the D/N AQP2 ratio.

IN VITRO EVIDENCE FOR CAR
INVOLVEMENT IN ATTENUATION OF
VASOPRESSIN RESPONSE

The signals involved in the strict inverse corre-
lation existing in vivo between hypercalciuria
and AQP2 excretion remain to be discovered
but may represent a means by which short- and
long-term modulation of urinary concentrating
ability can be controlled. A signal transduction
pathway must link urinary calcium levels to
AQP2 expression/trafficking in the collecting
duct. As mentioned, Sands et al2° reported that
in rats hypercalcemia induces alterations in va-
sopressin-regulated water permeability, sug-
gesting that calcium-sensing signal transduction
complex (CaR) could possibly integrate cal-
cium and water homeostasis.

CaR, originally cloned from the bovine parathy-
roid gland,® also has been found to be expressed
in several nephron segments including the col-
lecting duct.3*#" CaR are G-protein-coupled re-
ceptors that transduce extracellular calcium bind-
ing into several intracellular signals including
increase of inositol 1,4,5-trisphosphate (IP3) and
diacylglycerol (DAG) levels. IP3 facilitates calcium
release from intracellular stores, whereas DAG
activates protein kinase C (PKC).4%2 In the col-
lecting duct CaR are expressed in the apical mem-
brane, thus implying that they might be activated
by urinary calcium. Based on the observation ob-
tained in hypercalciuric subjects, the inteplay be-
tween the CaR signaling and the vasopressin sig-
naling was evalutaed in vitro by Procino et al,*
using a collecting duct cell line (CDS cells) stably
transfected with AQP2.

CDS cells** were found to expresses endog-
enous and functional CaR.

Interestingly, short-term treatment with both
high calcium levels (5 mmol/L) and gadolinium,
a non-membrane-permeable CaR agonist,
strongly inhibited forskolin-stimulated increase
in AQP2 expression in the apical plasma mem-
brane. At least 3 intracellular pathways acti-
vated by extracellular calcium were found to
contribute to this effect. First, the increase in
cyclic adenosine monophosphate (cAMP) lev-
els in response to forskolin stimulation was
reduced drastically in cells pretreated with high
calcium. Second, exposure to high calcium lev-
els activated PKC, known to counteract vaso-
pressin response. Third, quantification of F-ac-
tin showed that high calcium caused a nearly
2-fold increase in F-actin content compared
with basal conditions. All these effects were
mimicked by gadolinium.

Together, these data show that extracellular
calcium, possibly acting through the endoge-
nous CaR, antagonizes forskolin-induced AQP2
translocation to the apical plasma membrane in
CD8 cells in the short term.

In a more recent study, Bustamante et al#>
showed that a high concentration of extracel-
lular calcium attenuates vasopressin-induced
AQP2 expression by activating the CaR and
reducing the efficiency of coupling between
V2 receptor and adenylate cyclase. This effect
was prevented by calmodulin, suggesting a
calmodulin-dependent reduction of CAMP ac-
cumulation in mpkCCD cells. The effect of
extracellular calcium on the vasopressin-de-
pendent AQP2 expression was observed after
several hours and most likely results from
diminished vasopressin-stimulated AQP2
gene transcription. 4

Together the data obtained in cell culture
models suggest that different mechanisms may
be involved in short- and long-term modulation
of CaR by extracellular calcium with distinct
consenquences on AQP2 trafficking and ex-
pression, respectively (Fig. 1).

ABNORMALITIES OF RENAL WATER
CONSERVATION AND CALCIUM
HOMEOSTASIS IN HUMAN BEINGS

CaR Mutations

The intriguing possibility that the apical CaR
expressed in the collecting duct epithelial cells
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Figure 1. Proposed model of the multiple pathways
through which CaR signaling counteracts vasopressin-
stimulated AQP2 trafficking as well as AQP2 synthesis in
renal collecting duct principal cells. In renal collecting
duct CD8 cells extracellular calcium activates the G-
protein—coupled CaR, leading to increases in [Ca2+]i via
phospholipase C activation, and of IP3 and DAG pro-
duction. IP3 facilitates calcium release from intracellular
stores, whereas DAG activates PKC. The resulting PKC
activation/membrane association might result in in-
creasing the rate of AQP2 retrieval from the apical
plasma membrane (red pathway). An alternative/parallel
pathway activated by short-term CaR stimulation might
involve RhoA activation and stabilization of actin cy-
toskeleton, resulting in a reduced AQP2 exocytosis (blue
pathway). A third mechanism through which CaR acti-
vation counteracts AQP2 exocytosis is CAMP produc-
tion.*3 On the other hand, long-term stimulation of the
CaR inhibits vasopressin-induced AQP2 expression in
mpkCCD cells by activating calmodulin (CaM) (green
pathway), thus reducing the efficiency of coupling be-
tween V2 receptor and adenylate cyclase (AC).4

may act as a sensor for the urinary calcium
activity to fine-tune water absorption during
antidiuresis can be evaluated in human beings
based on the kidney water concentrating ability
in the presence of alteration of calcium ho-
meostasis.

It is known that in case of an increase in
systemic calcium load, alteration in peritubular
calcium concentration reduces both NaCl and
calcium reabsorption in the cortical thick as-
cending limb (TAL).3! CaR activation inhibits
passive calcium reabsorption in the TAL
through inhibition of the sodium-chloride-po-
tassium cotransport activity and, thus, the lu-
men-interstitium electric potential driving pas-
sive paracellular calcium reabsorption.4748

As a result, more calcium and NaCl are deliv-
ered to the inner medullary collecting duct

(IMCD) and a high luminal calcium concentra-
tion could activate the CaR in the IMCD apical
membrane of collecting duct principal cells,
reducing vasopressin-induced water reabsorp-
tion, thus preventing maximal water reabsorp-
tion and preventing a further increase in urinary
calcium concentration.

In this condition both the increase in luminal
NacCl and calcium are expected to reduce the
transepithelial osmotic gradient in the terminal
medulla, reducing in turn the driving force for
water reabsorption. Indeed the impaired uri-
nary concentrating ability observed in hypercal-
cemia results from several factors including uri-
nary and renal interstitial concentrations of
calcium, NacCl, and urea.

Inherited human diseases caused by CaR
gene mutations show the relevance of CaR in
divalent mineral ion as well as water reabsorp-
tion. Heterozygous mutations causing loss of
function of CaR result in a lower sensitivity of
CaR to extracellular calcium as obseved in the
familial hypocalciuric hypercalcemia character-
ized by an inappropriate hypocalciuria.® Al-
though the symptoms of familial hypocalciuric
hypercalcemia are relatively benign, the ho-
mozygous forms of the disease (neonatal severe
hyperparathyroidism) are very severe and may
be lethal. In this condition the kidney excretes
less calcium, causing hypocalciuria.®->! In con-
trast, CaR gain-of-function mutations such as in
autosomal-dominant hypocalcemia (ADH) lead
to hypercalciuria.>>53

Since 1994 more than 90 different mutations
(both activating and inactivating) have been de-
scribed. It appears that the mutations are not
distributed evenly throughout the CaR sequence.
Those confined to the extracellular domain of the
CaR affect its response to extracellular calcium
while the mutations expressed in the carboxy-
terminus of the receptor affect receptor interac-
tion with its intracellular effectors.>* For instance,
in the C terminal tail of the CaR an Alu repetitive
insertion at codon 876 results in a receptor with
severely impaired function despite adequate cell
surface expression.>> Also, a deletion between
amino acid 895-1075 produces gain-of-function of
the receptor owing to enhanced cell surface ex-
pression and increased sensitivity to external
calcium.>¢
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Interestingly, subjects carrying inactivating
CaR mutations are not at increased risk for renal
stones and do not have impaired urinary con-
centrating ability despite the hypercalce-
mia.*57 In contrast, subjects carrying activating
CaR mutations display hypocalcemia and may
present with nephrocalcinosis despite rather
normal levels of serum calcium concentrations.
Although these observations would fit well
with the proposed model of an inhibition of
vasopressin-elicited osmotic water permeability
by an apical CaR, definitive evidence for such
CaR involvement still is lacking. A potent gain-
of-function of the CaR (L125P) has been associ-
ated to salt-losing tubulopathy, resulting in ka-
liuresis, hypokalemia associated with hypercalciuria,
and nephrolitiasis.>® A possible explanation for
these symptoms is the apical inhibition of the
renal outer medullary potassium channel
(ROMK) secondary to the constitutive activa-
tion of the CaR, leading to a decreased paracel-
lular calcium reabsorption in the TAL. This ge-
netic defect has been described as Bartter-like
syndrome type V to distinguish it from the Bar-
tter syndrome type I, involving the mutation in
the Na-K-2Cl cotransporter and type II, related
to the mutation of the ROMK both associated to
hypercalciuria and nephrocalcinosis, whereas
the classic Bartter syndrome type III (mutation
in the basolateral CIC-Kb) ischaracterized by
variable calciuria.

CaR Polymorphisms

In addition to point mutations, 3 single nucleo-
tide polymorphisms of CaR gene have been
identified in the portion of exon 7 coding for
the CaR intracellular tail and recently the
R990G polymorphism of CaR has been re-
ported to produce a gain-of-function predispos-
ing to primary hypercalciuria.>®

Interestingly, compared with normocalciuric
stone formers or healthy subjects the 990G vari-
ant allele was more frequent in hypercalciuric
subjects forming calcium kidney stones.® It is
suggested that R990G single nucleotide poly-
morphism increases the susceptibility to pri-
mary hypercalciuria in stone-forming patients.
This hypothesis is supported by the observation
that the prevalence of primary hypercalciuria is
approximately 10% in the general population,

whereas it is 40% to 50% among calcium kidney
stone formers.®! A careful analysis of a possible
AQP2 dysregulation in those patients would
help in elucidating these aspects.

To this respect, a study performed on chil-
dren with idiopathic hypercalciuria is particu-
lary intersting (Emma, unpublished observa-
tions). Forty-one children with idiopathic
hypercalciuria have been evaluated to analyze
their renal tubular function. Among these pa-
tients, 21 had hematuria. Of note, the maximal
urinary concentration was significantly lower in
hypercalciuric patients without hematuria.
These patients also showed increased urinary
NaCl (+41%; P < .002) and urea excretion
(+20%; P < .02), which suggest inhibition of
NaCl reabsorption in the TAL and underesti-
mate the urinary dilution because of increased
urine osmolyte excretion.

This was overcome by analyzing changes in the
urine/plasma creatinine ratio, which was found to
be 53% lower in hypercalciuric children without
hematuria when compared with children with
hematuria or with normal controls. The net result
of these processes was that despite similar UCa/
urinary creatinine (UCreat) ratio, the absolute
urine calcium concentration was 43% lower and
the absolute calcium X phosphate product was
51% lower in children with decreased urine con-
centration ability. These preliminary data confirm
that children with hypercalciuria can be divided
into 2 distinct groups, underlying different renal
mechanisms of salt and water handling causing
hypercalciuria.

The first group has normal urinary concentra-
tion ability and a high prevalence of hematuria.
The second group has decreased urinary concen-
tration ability that we may speculate is induced by
calcium-mediated AQP2 inhibition and has in-
creased urinary excretion of NaCl and urea that
may be related to inhibition of salt reabsorption in
the TAL through activation of the CaR.

NEGATIVE ALLOSTERIC CAR
MODULATORS AS THERAPEUTIC AGENTS
FOR DISORDERS OF MINERAL
METABOLISM AND RELATED WATER
IMBALANCE

The CaR represents an interesting target for
drugs representing novel therapies for selected
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disorders of bone, mineral, and water metabo-
lism. Negative allosteric modulators of the CaR
decrease the receptor activity and in turn stim-
ulate the parathyroid hormone release. In the
kidney, the action of these drugs is expected to
reduce hypercalciuria and consequently water
loss. The principal negative allosteric modula-
tors are the so-called calcilytic drugs such as
Calhex-231,°2 NPS2143% and NPS89636.%4
NPS 2143 has been shown to inhibit in vitro
the activity of ADH mutations. By decreasing
the sensitivity of the CaR to calcium and en-
hancing parathyroid hormone secretion and re-
nal calcium reabsorption, this drug may repre-
sent a good alternative to the current treatment
of ADH with vitamin D and calcium supple-
ments, which results in hypercalciuria and wa-
ter unbalance. Further studies are required to
evaluate the ability of these drugs to correct the
principal clinical disorders seen in ADH.

CONCLUSIONS

Our understanding of the relationship among
hypercalciuria, AQP2 trafficking, and CaR in
genetic and acquired diseases characterized by
hypercalciuria has improved recently by the
identification of rare mutations affecting dis-
tinct tubular transporters of the kidney. In this
context, observations in human beings and in
cell culture models discussed here support the
hypothesis of a functional cross-talk between
vasopressin signaling and CaR signaling leading
to an impaired AQP2 targeting and thus contrib-
uting to a reduced kidney concentrating ability
in hypercalciuria. However, despite consider-
able experimental work, the precise pathoge-
netic mechanisms causing this disorder have
not been defined fully, particularly for the spe-
cific role of transporters expressed in the vaso-
pressin-responsive epithelial cells of the inner
medullary collecting duct. Future work will
provide insights to clarify the relative alter-
ations of renal water conservation and calcium
homeostasis in human beings that may contrib-
ute to the pathogenesis of renal stone forma-
tion.
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