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Abstract

Aguaporin-2 (AQP2), the vasopressin-regulated water channel of the renal collecting duct, is
dysregulated in numerous water balance disorders in humans and animals including those
associated with polyuria (e.g. urinary tract obstruction, hypokalemia, inflammation, and lithium
toxicity) and dilutional hyponatremia (e.g. SIADH). Normal regulation of AQP2 by vasopressin
involves two independent regulatory mechanisms: 1) short-term regulation of AQP?2 trafficking to
and from the apical plasma membrane, and 2) long term regulation of the total abundance of the
AQP2 protein in the cells. Most water balance disorders are the result of dysregulation of
processes that regulate the total abundance of AQP2 in collecting duct cells. In general, the level
of AQP2 in a collecting duct cell is determined by a balance between production via translation of
AQP2 mRNA and removal via degradation and/or secretion into the urine in exosomes. AQP2
abundance increases in response to vasopressin chiefly due to increased translation subsequent to
increases in AQP2 mRNA.. Vasopressin-mediated regulation AQP2 gene transcription is poorly
understood, although several transcription factor binding elements in the 5’ flanking region of the
AQP2 gene have been identified and candidate transcription factors corresponding to these
element have been discovered in proteomics studies. Here we review progress in this area and
discuss elements of vasopressin signaling in the collecting duct that may impinge on regulation of
AQP2 in health and in the context of examples of polyuric diseases.
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Introduction

Water balance disorders are frequent in both humans and in domestic animals. Abnormal
water retention resulting in dilutional hyponatremia can be the consequence of neoplasms
that secrete antidiuretic substances (syndrome of inappropriate antidiuretic hormone excess,
SIADH), congestive heart failure, liver failure, and nephrotic syndrome [1]. In most cases,
the water retention is caused by elevated circulating levels of vasopressin (antidiuretic
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hormone) via non-osmotic release. On the other side of the coin is abnormally low water
retention resulting in polyuria [2]. Polyuria can result from a variety of disorders including
central diabetes insipidus (failure of osmotic release of vasopressin from the posterior
pituitary), and nephrogenic diabetes insipidus. Genetic forms of the latter can be the
consequence of mutations in the V2 vasopressin receptor or aquaporin-2 (AQP2), the water
channel that is regulated by vasopressin to control water excretion. Acquired forms of
nephrogenic diabetes insipidus can result from hypercalcemia (e.g. in hyperparathyroidism
or metastatic carcinomas), hypokalemia, sepsis (e.g. pyometra) or certain drugs such as
lithium salts. In these syndromes, the kidneys display blunted antidiuretic responses to
vasopressin. Vasopressin also plays an important role in polycystic kidney disease in
humans and in certain breeds of domestic animals like the bull terrier dog [3] or the Persian
cat [4]. Indeed, there are currently ongoing therapeutic trials of vasopressin receptor
antagonists in the treatment of autosomal dominant polycystic kidney disease in humans [5].

The frequency of water balance disorders and abnormalities of the vasopressin/
osmoregulatory network point to the importance of understanding the normal physiological
regulatory mechanisms underlying vasopressin action. Much of the antidiuretic action of
vasopressin is associated with the regulation of the molecular water channel, aquaporin-2, in
collecting duct cells. In what follows, we discuss this water channel and how it is regulated.

Of the 13 known mammalian aquaporins, eight (AQP1, -2, -3, -4, -6, -7, -8, -11) are
expressed in the kidney [6]. AQP1-AQP4 play important roles in the mediation of water
transport across the renal tubule [7],[6]. Aquaporin-1 (AQP1) is expressed at very high
levels in the proximal tubule and thin descending limb of Henle [8] [9], correlating with the
extremely high water permeability in these segments. In contrast, renal tubule epithelia with
very low water permeability (thin ascending limb, thick ascending limb and distal
convoluted tubules) do not appear to express aquaporins. The final portion of the renal
tubule, the connecting tubules and collecting ducts have a variable water permeability that is
controlled in response to the peptide hormone vasopressin [10]. This renal tubule segment
expresses three aquaporins, aquaporin-2 (AQP2) in the apical plasma membrane [11] and
aquaporin-3 and -4 (AQP3 and -4) in the basolateral plasma membrane [12] [13]. Although
there is evidence for regulation of the basolateral water channels by vasopressin, it seems
clear that the regulation of water permeability of the collecting duct epithelium is mediated
chiefly through vasopressin's effects on AQP2.

Localization of AQP2 in the principal cells of the collecting duct is conserved across
mammalian species including dogs, rats, mice, cynomolgus monkeys, cats, horses, sheep,
dolphins and whales [14],[15],[16],[17],[18],[19]. In birds, AQP2 has been demonstrated in
collecting ducts from both the mammalian-type (possessing loops of Henle) and reptilian-
type (nonlooped) nephrons[20],[21],[22]. Expression of AQP2 and response to water
deprivation appears greater in the medullary region, consistent with the conclusion that the
mammalian-type nephrons are more sensitive to vasotocin , the avian equivalent of
vasopressin, than are the reptilian-type nephrons.

There are at least two modes of water permeability regulation in the kidney collecting duct
cells corresponding to two processes that control the amount of active AQP2 in the apical
plasma membrane, the rate-limiting membrane for overall transepithelial osmotic water
transport. The first mode is 'short-term regulation’ occurring over a period of minutes as a
result of the regulation of trafficking of AQP2-containing membrane vesicles to and from
the apical plasma membrane in response to vasopressin [23]. The second mode is ‘long-term
regulation’ occurring over a period of hours to days as a result of regulation of whole cell
AQP2 abundance by vasopressin [24],[25],[26]. Here we focus on long-term regulation of
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AQP2 abundance in the renal collecting duct, a process that appears to be dysregulated in a
large number of clinical conditions characterized by disturbances in water balance.

Normal Regulation of AQP2 Protein Abundance in Renal Collecting Duct

Possible mechanisms involved in long-term regulation of AQP2 protein abundance

It is well established that vasopressin markedly increases AQP2 abundance in the renal
collecting duct of rodents [24] [25] [26]. Typically, changes in AQP2 protein abundance in
the range 4-10 fold are seen in these studies after long-term increases in circulating
vasopressin levels. Brattleboro rats, which lack endogenous vasopressin (central diabetes
insipiaus), have minimal AQP2 mRNA and protein. When infused with vasopressin, the
Brattleboro rats respond to vasopressin with increase in AQP2 mRNA and protein levels
[26],[27],[28]. Thus, vasopressin is necessary for the long-term maintenance of AQP2gene
expression in the collecting ducts.

In Brattleboro rats that were infused with vasopressin via osmotic minipumps, absolute
quantification of AQP2 by ELISA in microdissected inner medullary collecting ducts
showed 1-day lag in AQP2 increase with a maximal increase to 5 times the control valuse in
5 days [28]. A different study in primary cultures of inner medullary collecting ducts from
rats suggested that AQP2 abundance can increase much faster, showing an approxiamtely
50% increase in AQP2 band density on immunoblots within 30 minutes of exposure to
arginine vasopressin without an apparent change in AQP2 mRNA [29]. In contrast, 30
minute exposure of rat inner medullary collecting duct (IMCD) suspensions [30] or cultured
mouse collecting duct cells (mpkCCD) [31] did not reveal any measurable change in AQP2
abundance.

To explain the long-term increase in AQP2 abundance brought about by vasopressin, it is
useful to begin by enumerating possible mechanisms by which this regulation could occur
(Figure 1). The amount of AQP2 in a given connecting tubule cell, collecting duct principal
cell or IMCD cell at steady state represents a balance between production of AQP2 by
translation and removal from the cell by either degradation or exosomal secretion. In the
following sections, we discuss potential roles for each.

AQP2 removal by exosome excretion

The secretion of intact AQP2 into the urine was first identified by Kanno et al [32] and later
the mechanism of secretion was identified to be via exosome secretion into the urine by
Pisitkun and colleagues [33]. Exosomes are the internal vesicles of multivesicular bodies
(late endosomes) that are delivered to the lumen of the renal tubule by every cell type facing
the urinary space [34]. It has been shown that a large fraction of AQP2 endocytosed from
the cell surface is delivered to multivesicular bodies in collecting duct cells [23]. The
proteome of urinary exosomes has been elucidated [33] [35] and is publicly available in an
online database (http://dir.nhlbi.nih.gov/papers/Ikem/exosome/). Multiple publications have
reported measurement of urinary AQP2 excretion as an indicator of the state of the kidney
with regard to AQP2 regulation [32],[36],[371,[38].[39],[14].[40]. The results of these
studies are consistent with the conclusion that vasopressin increases AQP2 excretion [32],
[36],[371,[38],[39].[14], suggesting that the increase in AQP2 in the kidney is not due to an
effect of vasopressin to decrease its elimination via exosomal secretion.

It should be emphasized that measurements of the excretion rate of AQP2 are difficult to
carry out and to interpret. This is in part due to the fact that the rate of urinary excretion of
AQP2 at steady state is the difference between the rate of production by translation and the
rate of cellular degradation of AQP2 (Figure 1). Thus, under steady-state conditions, an
increase in urinary AQP2 excretion could reflect either an increase in synthesis or a decrease
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in degradation. Both of these processes would be expected to be associated with increased
AQP2 abundance in the cell, which could be reflective of an increase in vasopressin action.
However, if steady-state conditions are not established, an increase in urinary AQP2
excretion could merely be a reflection of a transient increase in AQP2 endocytosis, which
would indicate a decrease in vasopressin action in the collecting duct. Thus, analysis of
urinary AQP2 excretion rate is interpretable only if a steady state is established, which may
not always be true in spot urine samples.

AQP2 elimination from collecting duct cells by intracellular degradation

The rate of AQP2 protein degradation can theoretically be altered to account for
vasopressin-mediated increases in cellular AQP2 abundance. AQP2 degradation can
presumably occur via incorporation into lysosomes or via proteasomal degradation. Proteins
are marked for both via ubiquitination. Mono- or oligo-ubiquintination targets proteins for
lysosomal degradation, while multi-ubiquitination targets proteins for proteasomal
degradation. Recently, Deen et al demonstrated that AQP2 can be oligo-ubiquitinated at
lysine-270, which is the second from last amino acid at the COOH-terminus [41]. We have
recently used proteomics techniques to measure the half life of AQP2 in cultured collecting
duct cells (mpkCCD cell line), showing that at steady state, vasopressin significantly
increases the half life of the AQP2 protein from 10 to 14 hours [42]. This magnitude of
increase, however, cannot explain the 4-10 fold increase in total AQP2 proteins seen in
these cells in response to vasopressin [31].

AQP2 production (translation) in the collecting duct cell

Changes in the rate of AQP2 production in collecting duct cells can theoretically be due to
changes in the abundance of AQP2 mRNA or to direct regulation of translation, e.g. in the
endoplasmic reticulum stress response [43]. In rat collecting ducts, vasopressin produces a
clear increase in AQP2 mRNA abundance [44] [45], suggesting that increased AQP2
translation, if it occurs, is due at least in part to increased AQP2 mRNA levels. In cultured
mpkCCD cells, among the 188 proteins that underwent significant vasopressin-induced
changes in abundance based on quantitative mass spectrometry studies, a more than a third
had no change in the corresponding mMRNA species, suggesting translational or post-
translational regulation of protein abundance. The mRNA changes presumably were due to
some level of transcriptional control in response to vasopressin, although regulation of
MRNA stability cannot be ruled out [46]. In the same study, AQP2 manifested increases in
both mRNA and protein, however, making it uncertain as to whether translation of AQP2 is
directly regulated by vasopressin.

It is important to note that AQP2 mRNA levels may not necessarily reflect amount of AQP2
MRNA available for translation because of regulated sequestration of mMRNAs [47], a
process which has not been investigated with regard to long-term regulation of AQP2
abundance. The total abundance of AQP2 mRNA can theoretically change as a result of
changes in the degradation rate or changes in the transcription rate. There has been recent
progress in mechanisms involved in regulation of mMRNA degradation via so-called micro-
RNAs (miRNAS) [48], which are transcribed from non-protein-coding genes. miRNAs bind
to specialized motifs in the 3’-untranslated regions of mMRNA transcripts and target them for
degradation via the RISC (RNA-induced silencing complex) mechanism. Although several
potential MiRNA binding motifs can be identified in the 3’-untranslated region of the AQP2
transcript (unpublished observations) there is as yet no evidence that AQP2 mRNA
abundance is regulated by specific miRNAs.
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Regulation of AQP2 transcription

Despite the possibilities described above for regulation of AQP2 protein abundance by
vasopressin, most workers have assumed, probably correctly, that the regulation of AQP2
protein abundance is largely due to regulation of transcription of the AQP2 gene. One
strategy to investigate transcriptional regulation is to analyze 5’-flanking regions of a gene
for cis-element motifs to which transcription factors bind and regulate gene transcription.
The isolation of the AQP2 gene by Sasaki’s group provided a starting point for this analysis
[49]. Through analysis of the 5’-flanking regions of AQP2 from several species, conserved
putative binding motifs for several transcription factor families have been identified [50],
[31],[51] including a cAMP-response element (CRE), several Ets sites, a GATA site, an Spl
site, a Forkhead box, a Hox site, an RXR site, and an NFAT site. Proteomic studies of nuclei
isolated from inner medullary collecting duct cells have identified transcription factors that
can potentially bind these sites [51],[52]. Further proteomics studies have been conducted to
identify transcription factors that undergo vasopressin-mediated translocation to the nucleus
[52], providing evidence for increased nuclear abundance of JunB, EIf3, Gatad2bin
response to vasopressin. Some of the identified cis-elements have undergone further study
using site-directed mutagenesis and promotor-reporter assays as described in the following.

CRE—Studies using deletion or site-specific mutagenesis of the cyclic AMP response
element (CRE) site confirmed the importance of this ¢/s element in vasopressin-stimulated
AQP2 transcription [53],[54],[55]. Although the transcription factor that most frequently
binds to this site, CREB, is expressed in collecting duct cells, it is presently unclear whether
CREB itself, or one of several CREB-like transcription factors may be involved in AQP2
transcriptional regulation.

GATA—Using DNase | footprint analysis, Rai et al found a protected GATA element just
downstream of the CRE site in the AQP2 5’-flanking region using rat liver nuclear extract
[50]. Deletion and mutation of this c/s-element abolished protein-DNA binding and
increased promoter activity in hetaptocyte Ac2F cells [50] and mouse outer medullary
collecting duct cells [56], suggesting a negative regulatory role of the GATA element. In a
later experiment, over-expressing GATA-3 transcription factor increased GATA element
activity in mouse outer medullary collecting duct cells [57]. These data suggest that the
GATA element may be part of a complex non-linear regulatory network. Gatad2b was found
to translocate into the nucleus in response to vasopressin in cultured mpkCCD cells derived
from mouse collecting duct [52].

Ets—We have investigated the potential role of the Ets c/s-elements in the vasopressin
response. Vasopressin was shown to increase AQP2 transactivation by three Ets-family
transcription factors (EIf3, EIf5 and Ehf) in promotor-reporter studies [31]. In mouse
mpkCCD cells, EIf3 was found to translocate into the nucleus in response to vasopressin
[52].

Nfat—The nuclear factor of activated T cells (NFAT) family of transcription factors was
found to be involved in tonicity-regulated AQPZ2 gene expression in pmkCCD cells [58].
The cells respond to hypertonic medium with increases in both AQP2 mRNA and protein
levels [58]. There are five members in the NFAT family including NFATc1-4 and NFAT5S
also known as tonicity-responsive enhancer binding protein (TonEBP). Both NFATc and
TonEBP were found to regulate AQPZ2 gene expression in mpkCCD cells. The increases in
AQP2 mRNA and protein abundance were reduced when TonEBP expression was reduced
via small interfering RNA technology, or when a dominant negative TonEBP mutant was
expressed, indicating a role of TonEBP in tonicity-regulated AQPZ2 gene expression. In other
studies, NFATc1 was found to enhance AQP2 promoter activity [59]. Some skepticism
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regarding the role of tonicity changes in the regulation of AQPZgene expression is
warranted since AQP2 protein abundance was not altered by measures that change the
osmolality of the renal medullary interstitium in rats [60]. Furthermore in the terminal
IMCD, increases in medullary tonicity brought about by water restriction in rats did not
produce a translocation of TonEBP into the nucleus despite clear nuclear translocation in
neighboring loop of Henle cells [61].

Further studies are needed 1) to verify binding interactions between candidate transcription

factors and the 5’-flanking region of the AQP2 gene; 2) to determine whether these binding
interactions are regulated by vasopressin; and 3) to determine whether each of the candidate
transcription factors are essential to vasopressin-mediated regulation of AQP2 abundance.

Vasopressin signaling in the renal collecting duct

The answer to the question of how vasopressin regulates AQP2 abundance in the renal
collecting duct depends on knowledge of vasopressin signaling pathways. Vasopressin
signaling in connecting tubules and collecting ducts involves a complex network of
signaling components [30]. Vasopressin binds to V, vasopressin receptors in the basolateral
plasma membranes of connecting tubules and collecting ducts. This is a G-protein coupled
receptor that signals by activating two adenylyl cyclases (AC3 and AC6) [62] through Gsa
activation. The consequence is a rise in cyclic AMP in the collecting duct cells. If isolated
perfused collecting ducts are exposed to cyclic AMP analogs, the water permeability
increases following a time course similar to that seen with vasopressin [63] [64] implying
that the signaling processes that are essential for the water permeability response are
downstream from cyclic AMP. A vasopressin-induced rise in intracellular cyclic AMP is
associated with activation of protein kinase A (PKA) by binding to the inhibitory regulatory
subunits of PKA and disinhibiting the catalytic subunit.

In addition to a rise in cyclic AMP, vasopressin evokes a rise in intracellular Ca2*
concentration in collecting duct cells [65]. The Ca2* mobilization can also be reproduced by
addition of exogenous cAMP. High resolution techniques capable of imaging individual
collecting duct cells have demonstrated that the vasopressin-induced rise in intracellular
Ca?* consists of aperiodic calcium spikes that are independent of Ca2* changes in
neighboring cells [66],[30]. The rise in intracellular Ca2* is associated with an increase in
phosphorylation of myosin regulatory light chain [67], via a Ca2*-calmodulin mediated
activation of myosin light chain kinase. Ca2*-calmodulin also enhances cyclic AMP
production by stimulating AC3 [62].

Vasopressin also causes a P1-3K dependent activation of Akt (protein kinase B) in the
IMCD, as well as an inhibition of the ERK1/2 MAP kinase pathway [30]. The roles of these
pathways in the long-term regulation of AQP2 are not known, although they are well
documented to regulate AQP2 phosphorylation and presumably trafficking [68],[30],[69].

Phosphoproteomic approaches are being used to identify the protein kinases involved in
regulation of aquaporin-2 abundance in collecting duct cells [68], [70], [69]. In general,
these studies have demonstrated that basophilic kinases (especially AGC and calmodulin-
regulated kinases) have increased activity in response to vasopressin, while proline-directed
kinases (MAP kinases and cyclin-dependent kinases) manifest decreased activity. Of the 518
protein kinases in mammalian genomes, approximately 200 are expressed in the renal inner
medullary collecting duct [71]. Sorting out what kinases phosphorylate what proteins in
response to vasopressin is a major point of focus for future studies.

Understanding vasopressin signaling mechanisms in the collecting duct may provide
information that is critical to developing better therapeutic approaches to cystic diseases of
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the kidney, especially autosomal dominant polycystic kidney disease (ADPKD). There is
extensive evidence that vasopressin accelerates the rate of growth of cysts in ADPKD [72] .
Polycystic kidney disease has been reported in most veterinary species. It is best
characterized in Bull Terrier dogs [3],[73] and Persian cats [4],[74], which display
autosomal dominant inheritance linked to the PDK1 gene, similar to ADPKD in humans.
Cysts in ADPKD arise from collecting duct cells and contain V2 receptors [75],[76].
Humans and several animal models with PKD have increased circulating vasopressin which
has been suggested to contribute to the progression of cyst development and renal functional
decline. Vasopressin binding to V2 receptors may drive cyst growth by increasing
intracellular cAMP which will increase both CI- dependent fluid secretion and ERK-driven
proliferation of cyst lining epithelial cells [77]. Based on observations in both humans and
rodent models, treatment with vasopressin antagonists offer great promise as a means of
slowing the rate of development of cysts [5],[76],[78].

Dysregulation of AQP2 in Disease

Several clinically important water balance disorders have been shown to be associated with
dysregulation of AQP2, chiefly the long-term regulation of AQP2 abundance. These include
polyuric syndromes, ECF volume-expanded states, and the syndrome of inappropriate
antidiuresis (SIADH) (see Nielsen et al. for complete review) [6]. Here we limit our
discussion to polyuric syndromes and SIADH. An excellent review on the role of AQP2 in
ECF volume-expanded states has been published by Schrier and colleagues [79].

AQP2 in polyuric syndromes

The amount of AQP2 in collecting duct cells has been shown to be decreased in a variety of
polyuric disorders as demonstrated in many animal studies [6] . Among the earliest to be
studied was central diabetes insipidus (CDI). In general, CDI is associated with low or
absent circulating vasopressin due to a defect in some aspect of the production or secretion
of vasopressin in the hypothalamus and posterior pituitary gland. An important animal
model for CDI is the Brattleboro rat, which lacks circulating vasopressin owing to a
mutation in the vasopressin-neurophysin gene. These animals manifest extremely low levels
of AQP2 in their kidneys [26]. Infusion of vasopressin can restore kidney AQP2 protein
levels to normal [26], but it can take as long as 7 days of vasopressin replacement to reach
the levels seen in wild-type rats [28]. The slow response complicates testing for CDI in
humans, since full restoration of concentrating capacity in response to a single dose of
vasopressin is unlikely. In effect, animals and humans with CDI always have an element of
nephrogenic diabetes insipidus (NDI) due to suppression of renal AQP2 levels.

Diagnosis of CDI in veterinary species is typically based on failure to concentrate urine
during a water deprivation test followed by restoration of concentrating ability in response to
desmopressin. As in humans and rats, it may take several days to observe a response to
desmopressin in veterinary species, presumably due to down-regulation of AQP2 expression
[80],[81]. In some cases, vasopressin response to infusion with hypertonic saline has been
used in diagnosis. Congenital or inherited CDI is presumed based on juvenile onset of
clinical signs; however, genetic evaluation is lacking in most veterinary cases. In dogs, CDI
may be idiopathic [82] or the consequence of head trauma [83],[84] or neoplasia affecting
the pituitary [82],[85],[86],[871,[88]1,[89],[90],[91]. In older dogs, CDI due to primary
pituitary tumors may be complicated by accompanying hyperadrenocorticism. CDI also may
be a consequence of surgical resection of the pituitary tumor with the postsurgical risk for
permanent CDI related to the size of the tumor [88] [87]. Other CNS tumors that have been
implicated in the development of CDI in the dog include lymphoma [90] and metastatic
carcinoma [91]. Congenital CDI in dogs has been rarely reported [82],[92],[40]. The
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majority of the reported cases of CDI in cats were the result of head trauma [93],[94],[95],
[96] or were idiopathic[97],[98],[99],[100] with rare reports of congenital onset [101] or
secondary to neoplasia [102].

In the horse, CDI may be idiopathic [103] or secondary to encephalitis [104]. Polyuria is
seen in about 30% of horses with pituitary pars intermedia dysfunction and is likely a
consequence of both loss of vasopressin production secondary to neuronal degeneration and
hypercortisolism [105]. Congenital cases in the horse have been reported but are rare [106].
There are sporadic case reports of CDI in cattle and sheep; one of a 7-mo-old heifer with
hydrocephalus that exhibited clinical signs compatible with CDI [107], a transient case in an
older cow with metabolic disease [108] and a 7-mo-old ram with degeneration of the
pituitary [109].

Compulsive water drinking is another cause of polyuria due to CNS abnormalities. In
humans, this is seen most often in psychiatric patients. Primary polydipsia of behavioral or
psychogenic origin have also been recognized in dogs and horses. Lack of exercise,
boredom, or stress may fuel compulsive drinking in dogs [110]. Urine concentrating ability
in response to water deprivation is intact, and even under conditions of free access to water,
urine specific gravity and osmolality may fluctuate from dilute to concentrated over a 24 hr
period [111], [112]. There is considerable variation in baseline serum sodium concentration,
baseline circulating vasopressin, and vasopressin response to hypertonic saline infusion [40],
[111]. Systemic diseases that may trigger primary polydipsia in dogs include hepatic disease
[113] and gastrointestinal disease [114]. Psychogenic polydipsia is seen in horses confined
by stabling and is attributed to boredom [115],[116], although other factors such as hot and
humid conditions, diet or changes in surroundings have been cited as contributing factors
[81]. Rarely psychogenic excess salt consumption precipitates the polydipsia in horses
[117]. In food animals, polydipsia in response to excess salt intake usually results from
improper formulation of feed or access to high salt containing forage which, if extreme, may
result in salt toxicity [118]. While cats may consume water as part of play, overt
psychogenic polydipsia is not documented [110]. Naturally occurring lesions in the thirst
centers of the brain as a cause of primary polydipsia have not been documented in domestic
animals. With compulsive water drinking, excessive water intake keeps circulating
vasopressin levels very low, resulting presumably in suppressed AQP2 levels in the kidney.
As with CDI, vasopressin levels must be restored for several days to produce normal AQP2
levels in the kidney and normal rates of urine flow.

Another form of overdrinking, prevalent in humans, is so-called "cultural overhydration",
embodied in the modern edict to drink eight 8-ounce glasses of water per day, independent
of thirst [119] . Excessive drinking of coffee and other beverages can also result in chronic
suppression of circulating vasopressin levels. (The effect of coffee is related to its water
content, rather than caffeine itself. Caffeine was found not to have any demonstrable effect
on urinary concentrating ability or water excretion when water intake was held constant
[authors' unpublished results]). As with compulsive water drinking, chronically exaggerated
water drinking behavior can suppress circulating vasopressin and lower renal AQP2 levels
[60], thus making it impossible to conserve water under circumstances that demand it [120],
such as strenuous exercise with sweating. Thus, overdrinking can also lead to impairment of
athletic performance in humans [121] and presumably in animals.

Nephrogenic diabetes insipidus (NDI) is a syndrome of varied etiology that is associated
with a failure of the kidney to conserve water. Heritable NDIs are relatively rare genetic
disorders associated with mutations in specific genes associated with collecting duct
function. Most common is X-linked NDI due to mutations in the vasopressin V, receptor
that is normally expressed in the collecting duct and is crucial to renal water conservation
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[122]. Primary nephrogenic diabetes insipidus has been documented in males from family of
husky dogs and was characterized by decreased binding affinity of the vasopressin receptor,
suggesting a similarity to the human X-linked disease [123]. Congenital, possibly X-linked
NDI also has been reported in the male offspring of a Thoroughbred mare [124]. In humans,
most cases of non-X-linked NDI appear to be associated with mutations in the AQP2 gene
[125]. These can either be autosomal dominant or recessive, depending in part on the site of
the mutation in the AQP2 molecule. Spontaneous autosomal recessive NDI occurred in a
line of White Leghorn chickens [126] and Japanese quail [127]; however, the underlying
mutations have not been elucidated.

The most common forms of NDI are the so-called ‘acquired’ NDI syndromes. Acquired NDI
is seen in association with sustained ureteral obstruction, sustained hypokalemia,
sustainedlithium intake, or sustained inflammation. Each of these syndromes is associated
with depletion of AQP2 protein from the kidney, i.e. an impairment of the long-term
regulatory process discussed above [128] [129] [130]. However, in general, the molecular
mechanisms of the depletion are poorly understood and any of the mechanisms shown in
Figure 1 could play roles. Because of the importance of these acquired NDI syndromes, they
are discussed in detail in the following.

Ureteral obstruction-induced NDI

Urinary tract obstruction is a common condition which may be caused by numerous
diseases. Characteristically, urinary tract obstruction is associated with changes in renal
water handling and, after release of ureteral obstruction, the kidney has a reduced ability to
concentrate urine and hence polyuria is observed [129],[131],[132]. Twenty-four hours of
bilateral ureteral obstruction (BUO) or unilateral obstruction (UUO) in rats resulted in a
marked decrease in AQP2 abundance in the native IMCD [129],[131]. Seven days after
release of BUO the animals still had a urinary concentrating defect and AQP2 levels were
only one-half of that seen in the controls [129]. In UUO a similar downregulation of AQP2
protein levels in the obstructed kidney has been demonstrated. This reduction was selective
for the obstructed kidney and correlated with a decrease in the AQP2 mRNA abundance,
suggesting that the observed decrease in AQP2 protein abundance is due to regulation at the
transcriptional level (or regulation of MRNA degradation) and that non-systemic local
factors play a role in AQP2 down-regulation [131]. In multiple studies we have
demonstrated that, despite this markedly reduced abundance of AQP2, there is maintained
AQP2 trafficking to the apical plasma membrane suggesting that the intracellular signaling
mechanism responsible for AQP2 translocation is still functional after obstruction [129],
[131],[133]. Kim et alhave demonstrated reduced cCAMP generation in response to
vasopressin in kidney tissue in responseto BUO demonstrating that the vasopressin receptor
or its coupling to adenylyl cyclase is affected by obstruction [134]. Interestingly, it was
recently demonstrated that treatment of BUO rats with candesartan (an angiotensin receptor
blocker) prevented the reductionin AQP2 expression levels [135], suggesting that increased
intrarenal angiotensin 11 generationin the obstructed kidneys could possibly play a role
perhaps by inhibiting vasopressin signaling. Importantly , it has also been demonstrated that
treatment with a specific cyclooxygenase-2 (COX-2) inhibitor prevented downregulation of
AQP2 and reduced the postobstructive polyuria indicating that COX-2 may be an important
factor contributing to the impaired renal water and sodium handling in response to BUO
[136],[137].

Lithium induced NDI

Human patients with bipolar disorder are often treated with lithium salts and 30-40% of
these patients develop drug-induced NDI followed by chronic Kidney disease if sustained
[138]. In dogs, prolonged exposure to lithium as a therapeutic agent used to stimulate
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hematopoiesis or in contaminated water resulted in polyuria and production of
hyposthenuric urine which resolved upon withdrawal [139],[140]. In experimental studies,
rats treated with lithium for 25 days experienced a 95% reduction in AQP2 protein levels
paralleled by a progressive development of severe polyuria [128]. The urine from lithium-
treated rats did not contain AQP2, therefore excretion of AQP2 into the urine is not
responsible for the reduced AQP2 protein abundance seen in the kidney [141]. AQP2
mRNA abundance was significantly reduced after 10 days of lithium treatment suggesting
that this reduction plays a role in the reduced AQP2 protein levels [142]. Return to a lithium
free diet for 7 days was associated with only a moderate increase in urine osmolality and
AQP2 levels [128].

It has been proposed that the polyuria seen in lithium-treated animals was a consequence of
a decreased production of cyclic AMP possibly by direct inhibition of adenylate cyclase
[143] [6]. However, it was recently shown that both in mpkCCD cells and in vivo, the
lithium-induced downregulation of AQP2 mRNA and protein levels occurred independent
of adenylyl cyclase activity and vasopressin-induced cyclic AMP levels [144]. High luminal
calcium concentration reduces water permeability in rat inner medullary collecting ducts via
a mechanism involving calcium sensing receptor, CaSR [145]. In the mpkCCD-c14 cells,
Bustamante et al further showed that CaSR attenuates vasopressin-induced AQP2 protein
abundance via calmodulin-dependent pathway [146].

Also, in rats, lithium-induced polyuria can be reduced by cyclooxygenase-inhibiting
nonsteroidal anti-inflammatory drugs (NSAID), and it has been suggested that COX-2 is the
key target. Lithium was both in vitro and in vivo shown to inhibit glycogen synthase
kinase-3p (GSK3p) resulting in increased COX-2 abundance and promotion of COX-2
dependent polyuria [147]. In a recent publication using a proteomics approach, 77different
proteins within the IMCD were affected, eitherdirectly or indirectly, by lithium treatment
[148]. The proteins identifiedhave a variety of functions, including signal
transduction,regulation of gene expression, cytoskeletal organization, cellularreorganization,
apoptosis, and cell proliferation. A numberof these proteins are ubiquitously expressed, such
as GSK3p. These studies clearly demonstrate that the cellulareffects of lithium treatment are
broad and complex, and as sucha single pathway leading to reduced AQP2 abundance and
subsequentpolyuria is unlikely [147],[148].

Hypokalemia-induced NDI

Another clinically important cause of NDI is the electrolyte disturbance hypokalemia. The
condition arises in connection with diuretic therapy and is associated with polyuria though
not so marked as in lithium treatment. Studies in animals done before the discovery of
aquaporin-2 have demonstrated that prolonged potassium depletion results in a defect in
urinary concentrating ability [149], [150],[151],[152]. The defect appear to be at least in part
due to central mechanisms, either primary polydipsia [149] or blunted vasopressin secretion
[152], or both.

Rats treated with a potassium-deficient diet for 11 days experienced a significant
downregulation of AQP2 abundance in inner medulla and cortex; return to normal diet led to
normalization of AQP2 levels and of the urinary concentrating capacity [153]. Time course
studies done by Amlal et al [154] revealed that urinary concentrating ability was impaired
with as little as 12 h of potassium deprivation. AQP2 was downregulated in the cortex after
only 12 h of deprivation, in outer medulla after 24h of deprivation and correlated with the
early urinary concentrating defect. Moreover the study showed that AQP2 mRNA
abundance in the outer medulla and cortex was decreased after 12h of potassium deprivation
and it was further decreased after 24 hours of depletion [154].
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Studies in mice in which the gene for the thiazide-sensitive NaCl cotransporter was knocked
out (a model for chronic thiazide treatment) also showed that hypokalemia can occur in
response to restriction of potassium intake. They showed that the resulting polyuria is
associated with decreased abundance of the aquaporin-2 protein in the kidney and does not
necessarily require prior polydipsia.

NDI with inflammation

Polyuria and impaired renal concentrating ability is a common finding in dogs with
pyometra [155]. Polyuria is reported less frequently in cats with pyometra (only 9% of cats
in one study) [156] but whether this is a species difference or a reflection of the difficulty in
detecting polyuria by owners is uncertain. Secretion of vasopressin in response to hypertonic
saline by dogs with pyometra is similar to healthy dogs, while urinary concentrating ability
in response to desmopressin is blunted [157]. Renal sensitivity to vasopressin and
concentrating ability usually resolves in weeks to months following ovariohistorectomy,
although some dogs may go on to develop progressive chronic renal failure [158],[159].
Activation of inflammatory cytokine signaling pathways may explain the concentrating
defect seen with pyometra. Injection of rats with endotoxin rapidly decreases expression of
vasopressin V2 receptors in the renal medulla and subsequently decreases AQP2 protein
expression [160]. Incubation of kidney slices with interleukin-1p decreases vasopressin
binding [160], while enhanced NF-xB signaling is a negative regulator of AQP2 gene
expression [161]. Inhibition of NF-xB signaling ameliorates sepsis-induced downregulation
of vasopressin V2 receptors and AQP2 in mice [162]. While infection with £. coli and
Kebsiella species is common in canine pyometra, supporting a role of endotoxin, renal
dysfunction with polyuria is not exclusive to dogs infected with gram negative bacteria
[163].

Aquaporin-2 in the syndrome of inappropriate antidiuresis (SIADH)

In SIADH, inappropriately high levels of circulating vasopressin result in water retention
and hyponatremia. In human patients, this is most often seen with neoplastic diseases,
especially lung cancer. In dogs, SIADH has been seen with hydrocephalus [164], amebic
meningoencephalitis [165], heartworm disease [166], hypothalamic meningeal sarcoma
[167], and idiopathic etiologies [168], [169]. SIADH has been reported 2 cats; one with liver
disease [170] and one subsequent to vinblastine overdose [171].

SIADH is due to constitutively high circulating levels of vasopressin or other antidiuretic
substances. Rat models of SIADH have demonstrated that kidney AQP2 protein and mRNA
levels are increased in this syndrome [172] [173] [45]. The degree of hyponatremia appears
to be limited by a process that counters the water-retaining action of vasopressin, viz., the
process of 'vasopressin escape'. Studies of the vasopressin escape process in rats have
revealed that the escape is due to a suppression of AQP2 mRNA and protein levels by a
process that affects AQP2 transcription rate [45]. The process is associated with a fall in
intracellular cyclic AMP levels due to a decrease in coupling between the vasopressin V2
receptor and the two adenylyl cyclases that it activates [174] and is associated with a
downregulation of vasopressin Vs, receptors [173].

Conclusion/Summary

AQP2 water channels mediate osmotic water transport across the apical membranes of
principal cells in the renal collecting duct. These water channels are regulated in response to
binding of vasopressin to V2 receptors in the basolateral plasma membrane. Vasopressin
triggers trafficking of intracellular vesicles containing AQP2 toward the apical plasma
membrane where they fuse, thereby increasing water permeability. This allows reabsorption
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of water from the urine and provides a relatively rapid response (in 5-15 minutes) to
alterations in plasma osmolality. Longer term regulation of water balance (>24 hours)
involves changes in transcription and translation of the AQP2 gene in response to
vasopressin to regulate the abundance of AQP2 in collecting duct cells. Disorders of water
balance are common in humans and veterinary species. Extensive studies in rodent models
have established that most of these water balance syndromes result from abnormalities in the
regulation of AQP2 gene expression, i.e. in the long-term response to vasopressin. While
genetic defects that disrupt the vasopressin/AQP2 pathway have been described in humans
and animals, acquired central and nephrogenic processes are more common causes of
polyuric diseases. Understanding of the regulation and production of AQP2 both informs our
understanding of mechanisms underlying chronic abnormalities of water balance and may
point the way to more specific therapeutic interventions. Beyond the use of vasopressin
replacement therapy such as desmopressin, interventions may include use of specific COX
inhibitors or vasopressin antagonists.
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Figure 1.
Processes that determine AQP2 levels in collecting duct cells. See text for explanation.
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