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Abstract The kidney plays a central role in the regulation

of the salt and water balance, which depends upon an array

of solute and water transporters in the renal tubules and

upon vascular elements in the various regions of the kid-

ney. Many recent studies have improved our understanding

of this process. In this review, we summarize the current

data on the molecules involved in sodium and water

transport in the renal tubules, focusing in particular on

aquaporins and renal sodium transporters and channels.
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Introduction

The kidney plays a central role in the regulation of the salt

and water balance, which depends upon an array of solute

and water transporters in the renal tubules and upon vas-

cular elements in the various regions of the kidney. Many

recent studies have improved our understanding of this

process. In this review, we summarize the current data on

the molecules involved in sodium and water transport in

the renal tubules, focusing in particular on aquaporins and

renal sodium transporters and channels.

Water transport in the kidney: aquaporins or water

channels

The kidney modifies urinary osmolality from 30 to

1,200 mOsm/kg to maintain serum osmolality within the

range 280–300 mOsm/kg. Therefore, the amount of water

reabsorbed along the renal tubules depends upon hydration

status. Under normal conditions, the proximal tubules and

the thin descending limb reabsorbs much more water than

the distal tubules and collecting ducts. Proximal water

reabsorption depends on solute reabsorption (chiefly NaCl)

and the water permeability of the epithelium. The water

reabsorption in this nephron segment is isoosmotic, or

nearly so. In contrast to the proximal tubule, the osmotic

gradients for water absorption from the descending limb of

Henle’s loop and the collecting duct depend on active

transport in renal tubule segments different from the site of

water transport, that is the thick ascending limb and the

distal convoluted tubule. This separation of solute and

water transport is the basis for the physiological processes

that allow excretion of free water and negative free water.

Active transport of NaCl by the thick ascending limb in the

outer medulla drives countercurrent multiplication which is

responsible for the osmotic driving force for water trans-

port in the descending limbs of Henle’s loops and the

medullary part of the collecting duct. In addition, active

NaCl absorption by the cortical thick ascending limbs and

distal convoluted tubules dilute the lumen relative to the

surrounding interstitium and thus furnish a driving force for

water absorption from the connecting tubules and the

cortical part of the collecting duct system [1].

The chief regulator of water excretion is the peptide

hormone vasopressin, whereas the chief molecular target

for regulation is the water channel aquaporin-2. The plasma

membranes of all mammalian cells are permeable to water,
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although the degree of permeability varies greatly from one

tissue to another. The movement of water through the lipid

bilayer of cell membranes occurs passively in response to

osmotic gradients generated by the active transport (pri-

mary or secondary) of ions or neutral solutes. While most

cell membranes are characterized by a rather low perme-

ability to water, it is typically sufficient to allow

adjustments in volume and/or other functions. However,

there are some membranes, such as secretory or absorptive

epithelia and endothelial cells, that not only require high

water permeability, but can also be regulated in such a way

as to facilitate the transport of fluids in response to small

osmotic changes. The observation that the water perme-

ability of some tissues is too high to be explained solely by

simple diffusion through the lipid membrane has proven to

be an important step towards developing the concept of a

specific channel for transporting water. Peter Agre dis-

covered the first aquaporin in red blood cells, and was

awarded the Nobel Prize in Chemistry in 2003.

Aquaporins are integral membrane proteins with six

membrane-spanning domains, forming five loops while

leaving the N and C terminals inside the cell. Of the five

loops, three are extracellular (designated A, C and E) and

two are intracellular (B and D). Loops B and E contain the

sequence Asp-Pro-Ala (NPA), which is characteristic of

the membrane’s intrinsic protein. These two conserved

motifs NPA are located close to the cell membrane surface,

one near the luminal side and the other near the cytoplasm

side of the membrane. These motifs protrude into the lipid

bilayer from opposite sides and are juxtaposed in the

center, thus forming the water-permeable pore structure

[2].

Aquaporins facilitate the transport of water and, in some

cases, other small uncharged solutes, such as glycerol,

CO2, ammonia and urea, across the membrane depending

on the size of the pore. These channels are impermeable to

charged species, such as protons, a critical point for the

conservation of the membrane’s electrochemical potential.

Aquaporins have been classified into three families based

on their molecule transporter characteristics [3]. Aquapo-

rin-1, -2, -4, -5, -6 and -8 belong to the class I family and

are water-selective. Aquaporin-3, -7, -9 and -10 belong to

the class II family, and are known as aquaglyceroporins as

they are permeable to both water and to small solutes such

as glycerol and urea. Finally, aquaporin-11 and -12 belong

to the class III family, and are designated as ‘‘superaqu-

aporins’’. Here, the first NPA motif is deviated while the

second NPA is conserved, which suggests the presence of a

unique structure and function.

Seven aquaporins are known to be expressed in the

kidney where they not only facilitate osmotic water trans-

port across water-permeable epithelia, but also play critical

roles in the urinary concentration and dilution process. The

water permeability of renal tubules is mainly dependent

upon the amount of aquaporins located at the membrane of

the epithelial tubular cells. There are no water channels at

the thick ascending limb, the one known to be a water-

impermeable epithelium. Apart from their role in trans-

porting water in the epithelium and endothelium, these

proteins have also been found to be involved in the regu-

lation of cell migration and cell proliferation [4].

In addition to aquaporins, there are other factors

involved in renal water transport, including urea trans-

porters, epithelial tight junctions, mechanotransduction

forces (proximal tubule microvilli or collecting duct pri-

mary cilia), but these are not discussed here.

Salt transport in the kidney: sodium transporters

and channels

Sodium is the most prevalent osmotically active cation in

the extracellular fluid. The total content of sodium in the

body determines the size of the extracellular fluid volume

in such a way that any increase in total sodium content is

associated with increased extracellular fluid volume, while

any decrease in total sodium content causes a reduction in

extracellular fluid volume [5]. To keep the extracellular

fluid volume constant, the organism has developed very

precise mechanisms to adapt the excretion of sodium to the

intake of sodium, thus maintaining a neutral sodium bal-

ance. Because nonrenal sodium excretion is minimal, the

regulation of sodium excretion takes places exclusively in

the kidneys. Under normal circumstances, an increase in

sodium intake is followed by an increase in the renal

excretion of sodium. Conversely, a decrease in sodium

intake is associated with renal sodium retention. The

adjustment of sodium excretion to changes in sodium

intake takes place over several days and involves both

sensor mechanisms that recognize alterations in extracel-

lular fluid volume and effector mechanisms that modulate

renal sodium excretion [5, 6]. Between 90% and 99% of

filtered sodium is reabsorbed along the renal tubules.

Approximately 60–70% of the filtered load of sodium is

absorbed in the proximal tubules. The remaining 30–40%

is delivered to the thick ascending limb, where, as much as

20–30% of delivered sodium is absorbed in the absence of

water reabsorption. The distal convoluted tubule and the

collecting duct are each responsible for 5–10% of sodium

reabsorption. While the so-called distal nephrons (i.e. distal

convoluted tubule and collecting duct) reabsorb a small

percentage of the sodium that is filtered by the glomerulus,

this amount is sufficient to develop important pathological

conditions. It has been clearly documented that an increase

or decrease in sodium reabsorption at this part of the

nephron can induce hypertension or hypotension, respec-

tively [7].
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Renal tubule sodium absorption is mediated by

membrane-transport proteins, which facilitate sodium

movement across the plasma membranes of renal epithelial

cells. The major apical sodium transporters are as follows:

in the proximal tubule, the type 3 Na-H exchanger (NHE-3)

and the type 2 sodium-phosphate cotransporter (NaPi2); in

the thick ascending limb, the sodium-potassium chloride

cotransporter-2 (NKCC2); in the distal tubule, the sodium

chloride cotransporter (NCC); and in the collecting duct,

the epithelial sodium channel (ENaC) [8]. The transport of

sodium in the basolateral plasma membrane along the renal

tubules is facilitated by sodium potassium ATPase, which

does not appear to exert a rate-limiting affect on the entry

of sodium.

In the following sections, we describe water and salt

reabsorption in the different nephron segments and sum-

marize advances made in the identification of molecular

regulators belonging to water channels and apical renal

sodium transporters and channels based upon their

expression along the renal tubules. Different transgenic

models are also addressed due to their essential role in

furthering our knowledge of these essential proteins. We

also focus especially on the individual molecules involved

in vasopressin signaling and in binding interactions with

aquaporin-2 due to their main role in renal water

transport.

Water and salt reabsorption in the proximal tubule

Aquaporins in the proximal tubule

Aquaporin-1 is a constitutive water channel localized in the

apical and basolateral membranes of the proximal tubules,

in the descending limb of Henle’s loop cells, and in the

descending vasa recta (Fig. 1). As aquaporin-1 facilitates

the reabsorption of water in these tubule sections, it plays

an important role in the countercurrent multiplication

process needed to concentrate urine [9, 10]. Deletion of

aquaporin-1 in mice results in marked polyuria associated

with defective medullary interstitial osmolality and mild

growth retardation [9]. Humans with complete aquaporin-1

deficiency, however, do not have polyuria; rather, they

exhibit an impaired ability to maximally concentrate their

urine when deprived of water [10]. This water channel

appears to facilitate cell migration through a mechanism

that promotes the transport of water through the cell

lamellipodia or via expansions [11]. It has been postulated

Lumen       Distal tubule cell        BloodBlood     Thick ascending limb cell      LumenBlood     Proximal tubule cell (S1, S2)    Lumen

Blood      Proximal tubule cell (S3)      Lumen

Descending vasa
recta endothelium

Lumen    Collecting tubule principal cell    Blood

Lumen    Collecting tubule intercalated cell    Blood

Fig. 1 Aquaporins and sodium transporters and channels along the renal tubule and vasa recta
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that this mechanism helps facilitate cell renewal when there

is tubular necrosis. Indeed, aquaporin-1 null mice exhibit

impaired proximal cell migration following renal injury

[11]. Finally, aquaporin-1 has been shown to be highly

expressed by renal cell carcinomas and to be abundantly

present in urine samples from such patients. However, the

role aquaporin-1 plays in this process is not well under-

stood [12], nor have aquaporin-1-regulated factors been

properly defined.

Aquaporin-7 is expressed in the brush borders of prox-

imal straight tubules (i.e., the S3 segment), where it

facilitates glycerol and water transport (Fig. 1) [13]. The

contribution of aquaporin-7 to water permeability in the

proximal tubule appears to be minimal compared with that

of aquaporin-1. Indeed, aquaporin-7 knockout mice do not

show any urine-concentrating defects [14]. However, their

urine shows marked glycerol levels, which suggests the

presence of a glycerol reabsorption pathway in this neph-

ron segment [14]. Although glycerol transport in the liver

and adipocytes is well known, its physiological signifi-

cance in proximal tubule cells remains only partially

understood.

Aquaporin-11 is expressed in the endoplasmic reticulum

of proximal tubule cells (Fig. 1). Its disruption can result in

polycystic kidneys following swelling and vacuolization of

the proximal tubule [15]. Primary culture of proximal

tubule cells has revealed an endosomal acidification defect

in aquaporin-11-null mice. This defect can lead to the

accumulation of endocytosed substances, which osmoti-

cally swell the endosomes [15]. This suggests that

aquaporin-11 plays an important role in vesicular homeo-

stasis and that it is essential for proximal tubular function.

No human kidney diseases similar to that observed in

aquaporin-11-null mice have been reported to date,

although this could be due to the existence of a fatal

phenotype.

Sodium transporters in the proximal tubule

The NHE-3 and NaPi2 transporters are primarily located in

the apical membrane of proximal tubular epithelial cells

(Fig. 1). This tubule segment plays a critical role in sodium

absorption since it reabsorbs two-thirds of the glomerular

filtrate. Indeed, the proximal tubule brush border is per-

fectly designed for massive fluid reabsorption because this

microvillus-covered epithelium increases the surface area

by more than 30-fold. This special anatomical structure is

also the cornerstone of sodium transport regulation.

Indeed, this regulation is based upon the dynamic redis-

tribution of a transporter complex formed by sodium

transporters (NHE-3, NaPi-2), associated regulators

(dipeptidyl peptidase IV, DPPIV; NHE-3 regulator factor 1,

NHERF-1), molecular motors (myosin VI, myosin II-A),

and cytoskeleton-associated proteins (ezrin, moesin) found

along the microvillus structure [16]. In the presence of

antinatriuretic stimuli (angiotensin II, sympathetic stimu-

lation, low-salt diet), NHE-3 and NaPi-2 are found in the

body of the microvilli. In the presence of natriuretic stimuli

(e.g., elevated arterial or perfusion pressure, high-salt diet,

rennin angiotensin inhibitors, parathyroid hormone), NHE-

3 and NaPi-2 are translocated outside the body of the

microvilli. Lipid raft-associated NHE-3 remains at the base

of the microvilli and the non-raft-associated NaPi-2

undergoes endocytosis [17].

Theoretically, mutations in any one component of these

proximal tubule transporter complexes could influence the

effectiveness of sodium transport. However, such is not the

case with this vital ion in body homeostasis. It is well

known that other mechanisms will compensate for any

potential defects in sodium transport; e.g., tubuloglomer-

ular feedback in the juxtaglomerular apparatus and increase

in distal sodium reabsorption. Finally, these proximal

sodium transporters cotransport other ions, protons (e.g.,

NHE-3) and phosphates (e.g., NaPi-2), which cannot be so

clearly compensated for as sodium. Indeed, NHE-3-defi-

cient mice show a large decrease in carbonate (HCO3
-)

reabsorption, which leads to alkalinization of the luminal

space. These animals suffer only mild diarrhea, suggesting

that any possible defect in sodium transport has been well

compensated for [18]. Mutations in NaPi-2 cause renal loss

of phosphate, leading to the onset of hypophosphatemia

[19]. This is because NaPi-2 mediates the rate-limiting step

in the overall Pi-reabsorptive process [20]. To date, no

defects in either NHE-3 or NaPi-2 have been described in

humans.

Sodium–glucose and sodium–amino acid transporters are

also localized in the proximal tubules, but their role in

sodium reabsorption in this tubule segment is quantitatively

minor so further discussion is considered unnecessary.

Water and salt reabsorption in the thick ascending limb

of Henle’s loop

The thick ascending limb is impermeable to water but the

ability of the kidney to concentrate and dilute urine is

dependent on more than just the water permeability of the

collecting duct. Specifically, the urine-concentrating pro-

cess is also dependent on the generation of a hypertonic

medullary interstitium by countercurrent multiplication [1].

Countercurrent multiplication in the renal medulla is in

turn dependent on active absorption of NaCl by NKCC2 in

the medullary thick ascending limb of Henle’s loop. On the

other hand, the urine-diluting process depends on the

generation of a hypotonic luminal fluid by the cortical thick

ascending limb of Henle’s loop through active NaCl
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transport via NKCC2. It also depends on the maintenance

of a low water permeability throughout the distal tubule

and collecting duct system. Therefore, the thick ascending

limb regulates water balance through regulation of con-

centrating and diluting ability.

The NKCC2 transporter is located in the apical mem-

brane of epithelial cells of the thick ascending limb of

Henle’s loop and in macula densa cells (Fig. 1). Approxi-

mately 30% of the sodium filtered in the glomerulus is

reabsorbed in this segment. There are several splice vari-

ants. In mice, the NKCC2A and NKCC2B variants are

expressed in the macula densa and NKCC2 F in the thick

ascending limb, while in humans, NKCC2A is the pre-

dominant isoform found along the thick ascending limb

[21]. Different hormones regulate the expression and/or

activity of this cotransporter. Angiotensin-II, vasopressin,

and parathyroid hormone increase sodium reabsorption

while prostaglandin E2, endothelin-1, and nitric oxide

decrease it [22]. In the last decade extensive work has been

done to investigate how this process is regulated, and we

now know that there exists a family of WNK [(with no

lysine (K)] serine–threonine kinases that play a critical role

in regulating sodium transport not only in the thick

ascending limb, but also in the distal tubule and collecting

duct [23]. Therefore, WNK is involved in regulating

NKCC2, NCC and ENaC. Four WNK kinases are expres-

sed in the kidney: WNK1, kidney-specific WNK1, WNK3

and WNK4 [23]. WNK modulates sodium transport mainly

by regulating the trafficking of proteins to or from the

plasma membrane, but also by protein phosphorylation.

Other intermediate kinases that assist in the phosphoryla-

tion process include STE20/SPS1-related, proline alanine-

rich kinase (SPAK) and oxidative stress responsive protein

type (OSR1). SPAK and ORS1 phosphorylate and activate

NKC2 and NCC. Recently, a protein designated ‘‘sorting

protein-related receptor with A-type repeats’’ (SORLA) has

been shown to be involved in NKCC2 trafficking [24].

NKCC2 knockout mice manifest severe polyuria and die

of dehydration shortly after birth, unless rescued by indo-

methacin, in which case they exhibit a Bartter-like

syndrome [23]. Mice with splice variant-specific NKCC2A

and NKCC2B deletions do not reveal any significant

pathologies [21]. These findings indicate that the overall

contribution of these splice variants to salt transport is

minor, or that it can be fully compensated for by increased

reabsorption in the more distal portions of the nephron.

SORLA-deficient mice manifest mis-sorting of SPAK, as

well as an inability to phosphorylate NCC2, and similarly

exhibit a Bartter-like syndrome [24]. There are several

described mutations in the NKCC2 gene that can result in a

loss of protein function, thereby causing Bartter syndrome

[25]. This syndrome is characterized by a large loss of salt

in the urine, hypotension, hypokalemia, and hypercalciuria.

In the thick ascending limb there are two other transporters,

the K? channel (ROMK1) and the renal epithelial Cl

channel ClCKb/Barttin, both of which are necessary for the

proper functioning of NKCC2. Mutations in these trans-

porters are also associated with Bartter syndrome [26]. On

the other hand, several studies have suggested an associa-

tion between increased activity of the NKCC2 transporter

and hypertension. Indeed, pseudohypoaldosteronism (PHA)

type II, also known as Gordon syndrome, stems from

mutations in WNKs and results in an inherited form of salt-

sensitive hypertension [27].

Water and salt reabsorption in the distal tubules

The distal tubule does not have constitutive water channels

and therefore is relatively impermeable to water. However,

the reabsorption of sodium by the NCC is this nephron

segment collaborates with the urine-diluting process [1].

The NCC is located in the apical membrane of distal

tubule cells (Fig. 1). Approximately 5–10% of the sodium

filtered in the glomerulus is reabsorbed in this segment. As

previously mentioned, NCC is regulated by WNK. WNK4

appears to inhibit NCC activity by inducing lysosome

degradation, thus reducing plasma membrane abundance

[28]. WNK1, however, facilitates NCC insertion into the

plasma membrane by interacting with the SNARE protein

STX3. WNK3 also appears to be a positive regulator,

although the exact mechanism at work here is not yet

clear. Apart from trafficking regulation, NCC is also reg-

ulated by phosphorylation, with SGK1, WNKs, and SPAK

acting as the principal mediators of these processes.

Plasma membrane abundance and phosphorylation of NCC

are increased by aldosterone, angiotensin-II, estradiol, and

vasopressin [29, 30].

NKC knockout mice manifest a Gitelman-like syndrome.

This phenotype is also observed in WKN4 transgenic and

SPAK knockout mice [23, 31]. Indeed, SPAK-null mice

have NCC defects in the kidneys and NKCC1 defects in the

blood vessels, which lead to hypotension as the result

of renal salt wasting and vasodilatation [32]. Gitelman

syndrome is characterized by hypotension, hypokalemic

alkalosis, hypocalciuria, and magnesium wasting. More

than 100 different mutations of NCC have been reported

thus far [31]. Human and animal NCC mutations have been

classified into two groups: one in which NCC mutants

cannot be glycosylated and are not functional, and the other

in which NCC proteins can be glycosylated and retain a

certain level of activity, albeit lower than that of wild-type

NCC [33]. On the other hand, mutations in the WNK

kinases (WNK1 and WNK4) that result in hyperactivity of

the NCC have also been described. From a clinical point of

view this is characterized by hypertension, hyperkalemia,
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metabolic acidosis and normal renal function, Gordon

syndrome or PHA type II [31].

Water and salt reabsorption in the collecting tubules

Water channels in the collecting tubule

Aquaporin-2 is found exclusively in collecting duct prin-

cipal cells, specifically in the apical membrane and in

intracytoplasmic vesicles (Fig. 1). Aquaporin-2 is recog-

nized as the ‘‘vasopressin-regulated water channel’’.

Vasopressin regulates aquaporin-2 in two ways: short- and

long-term. Short-term regulation occurs rapidly in response

to vasopressin activity. Vasopressin adjusts the amount of

aquaporin-2 in the plasma membrane by triggering its

redistribution from intracellular vesicles into the apical

plasma membrane. The increase in aquaporin-2 in the

membrane permits water entry into the cells. Long-term

regulation occurs when high vasopressin levels are main-

tained over an extended period of time, thus stimulating

new protein synthesis [2]. The net amount of aquaporin-2

present in the plasma membrane depends upon a dynamic

equilibrium between endocytosis and exocytosis of the

vesicles containing aquaporin-2, both of which are regu-

lated by vasopressin. Activation of the V2 receptor (V2R),

a Gs-coupled receptor, by vasopressin induces three vital

effects related to aquaporin-2 trafficking. First, it increases

the levels of cAMP, most of whose effects are mediated by

protein kinase A (PKA), including phosphorylation. These

phosphorylation events alter binding interactions with

regulatory proteins (see below). Second, it causes the

inactivation of RhoA, possibly due to PKA-mediated

phosphorylation of RhoA, thus leading to F-actin depoly-

merization. As the network of actin filaments is viewed as a

barrier to the movement of aquaporin-2-containing vesicles

to the apical plasma membrane, actin depolymerization is

believed to facilitate exocytic insertion of aquaporin-2-

laden vesicles [34]. Third, vasopressin also increases

intracellular calcium due either to phosphorylation of

RyR1 or to the effects of Epac (RapGEF3). This calcium

mobilization causes calmodulin-dependent phosphoryla-

tion of the myosin light chain by the myosin light chain

kinase (MLCK), which results in activation of non-muscle

myosin II and long-distance translocation of aquaporin-2

vesicles to the apical region [35]. V2R-mediated calcium

mobilization is a key component of the mechanism by

which vasopressin acutely increases osmotic water per-

meability. Indeed, in one study prevention of Ca2? release

with ryanodine by chelation of intracellular calcium with

BAPTA or by calmodulin inhibitors strongly attenuated

the ability of vasopressin to increase water permeability

[36].

Mass spectrometry studies have identified different

phosphorylation sites in the COOH terminus of aquaporin-

2: serine 256 (Ser256), serine 261 (Ser261), serine 264

(Ser264), and serine 269 (Ser269) [37]. Some studies have

indicated that aquaporin-2 serine phosphorylation depends

on S256 phosphorylation, pointing to this site as the most

important described thus far [38]. However, Xie et al. have

recently demonstrated that phosphorylation of Ser269

increases significantly following injection of dDAVP

compared to the other phosphorylated forms in rat col-

lecting duct cells, suggesting that it may be a more reliable

indicator of vasopressin action and aquaporin-2 membrane

abundance [39]. These phosphorylation sites increase or

decrease the interactions of aquaporin-2 with various key

regulatory proteins in order to distribute this water channel

in the cell. Aquaporin-2 internalization is mediated by

early endosomes that express antigen 1 and which transfer

aquaporin-2 to those storage vesicles expressing rab-11

[40]. Numerous proteins have been found to be involved in

the aquaporin-2 trafficking process: kinase A anchoring

proteins (AKAPs), which tether PKA to cellular compart-

ments; phosphodiesterases, which regulate local cAMP

levels; calcitonin; Golgi protein kinases, cytoskeletal

components such as F-actin and microtubules; small

GTPases of the Rho family, which control cytoskeletal

dynamics; motor proteins, which transport AQP2-bearing

vesicles to and from the plasma membrane for exocytic

insertion and endocytic retrieval; SNAREs (SNAP-soluble

NSF attachment protein receptor), which induce membrane

fusions such as VAMP-2, SNAP-23, syntaxin-3 and syn-

taxin-4; GTPase-activating protein Spa-1; Clathrin-

mediated endocytosis elements such as hsp-70; ubiquiti-

nation at Lys270 of aquaporin-2; and LIP5, which

facilitates multivesicular body formation [41]. In addition,

other factors have also been associated with certain types

of aquaporin-2 trafficking, including prostaglandin E2,

dopamine, and aldosterone [42].

Transcription factors are also involved in the regulation

of aquaporin-2 water permeability: the cAMP response

element of the aquaporin-2 gene plays a role in long-term

vasopressin regulation, while tonicity-responsive enhancer

binding protein (TonEBP) is known to help protect renal

cells from the effects of hypertonic stress [43, 44]. In

addition, quantitative protein mass spectrometry has

recently demonstrated that vasopressin activity in collect-

ing duct cells is also mediated by post-transcriptional

regulation of protein abundance [45].

Mutations in aquaporin-2 cause congenital diabetes in-

sipidus, which is characterized by an inability to

concentrate urine despite normal or elevated vasopressin

plasma levels, thus leading to polyuria and polydipsia.

Since the apical plasma membrane serves as the rate-lim-

iting barrier for transepithelial water transport, any fall in
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aquaporin-2 levels exerts a much greater impact on trans-

epithelial osmotic water transport. Congenital nephrogenic

diabetes insipidus in the majority of patients results from

mutations in V2R (X-linked) and in some patients is related

to mutations in the aquaporin-2 gene (autosomal). Muta-

tions in the core part of the protein can lead to misfolded

proteins which become trapped in the endoplasmic reticu-

lum and which are then targeted for rapid degradation by

the proteasome. Mutations in the cytosolic C-terminus, a

vital region for aquaporin-2 trafficking, lead to impaired

trafficking to the apical plasma membrane [46]. There are,

however, intermediate phenotypes, which suggests that the

situation is much more complicated. Aquaporin-2 is also

involved in acquired nephrogenic diabetes insipidus.

Intensive research, with rather poor results, has been

undertaken to elucidate not only the possible therapeutic

targets for aquaporin-2 malfunction, but also the chemical

chaperones that might facilitate folding of the mutant

protein and cyclic GMP phosphodiesterase inhibitors.

More promising among the various treatment strategies is

the possibility of aquaporin-2 virus delivery [41, 42].

Several situations have been linked to altered aquaporin-

2 trafficking or with the downregulation of protein

expression; these include lithium treatment, hypokalemia,

hypercalcemia, ureteral obstruction, and metabolic acidosis

[42]. Other pathological conditions associated with aqu-

aporin-2 dysfunction have been studied both in animal

models and in humans. Liver cirrhosis is associated with

altered regulation of sodium and water metabolism. Several

studies using different experimental models of cirrhosis

have produced contrasting results regarding aquaporin-2

expression in the kidney. Some have observed an increase

in kidney expression, while others have found a decrease in

kidney aquaporin-2 protein abundance [47, 48]. Most

recently, aquaporin-2 has been detected in urine, and under

physiological conditions, its excretion has been related to

vasopressin activity, which suggests that urinary aquapo-

rin-2 could serve as a useful clinical biomarker [49].

Studies examining the urinary excretion of aquaporin-2 in

patients with liver cirrhosis have also produced contrasting

results [50]. In our laboratory, we conducted a study of

patients with liver cirrhosis, and observed a progressive

decrease, with excretion of aquaporin-2 acting as a marker

of disease severity [51].

A decrease in aquaporin-2 excretion would favor the

excretion of water, and could represent a compensatory

mechanism in response to the extracellular volume

expansion observed in cirrhotic patients. However, these

patients have high plasma vasopressin levels, and urinary

aquaporin-2 excretion did not correlate with vasopressin

levels in that study. These results contrast with those

obtained in patients with congestive heart failure, which

represents another state of expanded extracellular fluid

volume. Studies in humans with decompensated congestive

heart failure have shown increased aquaporin-2 excretion,

as well as a close correlation between urinary aquaporin-2

and elevated vasopressin levels [50]. Thus, the published

findings with regard to urinary aquaporin-2 excretion are

not uniform among the different pathophysiological states

of extracellular volume expansion. At this point, it is

unclear why the two states differ with regard to their effect

on urinary aquaporin-2 excretion. Patients with liver cir-

rhosis have more chronic hyponatremia and higher plasma

vasopressin levels than those with congestive heart failure.

These differences may contribute to the effect.

Nephrotic syndrome is also associated with abnormal

regulation of renal water excretion. Two experimental

models of nephrotic syndrome have demonstrated a

marked reduction in renal aquaporin-2. However, increased

targeting of aquaporin-2 to the plasma membrane suggests

the activation of aquaporin-2 trafficking [52, 53]. Urinary

aquaporin-2 has not been investigated in nephrotic

syndrome.

Monosymptomatic nocturnal enuresis is characterized

by episodes of urine leakage during sleep in children. Some

patients lack a vasopressin circadian rhythm, which alters

the mechanism underlying urine concentration. Treatment

with the vasopressin analogue DDAVP (1-desamino-8-D-

arginine vasopressin) improves such symptoms in most

cases. There have been studies in which a decrease in

aquaporin-2 excretion has been detected in the urine of

patients with nocturnal enuresis compared to controls [54].

After treatment with DDAVP normalization of excretion of

aquaporin-2 was observed in most of these patients coin-

ciding with the disappearance of the nocturnal enuresis

[54].

Hyponatremia is a common electrolyte disorder. The

predominant cause of hyponatremia is the inappropriate

elevation of circulating vasopressin levels relative to serum

osmolality, and it is known as the ‘syndrome of inappro-

priate anti-diuretic hormone secretion’ (SIADH).

Fortunately, the degree of hyponatremia is limited by a

process that counters the water-retaining action of vaso-

pressin, namely ‘vasopressin escape’. Vasopressin escape

is characterized by a sudden increase in urine volume with

an attendant decrease in urine osmolality independent of

circulating vasopressin levels. In one study, the onset of

vasopressin escape (increased urine volume coupled with

decreased urine osmolality) coincided temporally with a

marked decrease in renal aquaporin-2 protein and mRNA

expression in renal collecting ducts, apparently due to a

decrease in V2R mRNA expression and binding, as well as

to a decrease in cyclic AMP production in response to

vasopressin [55].

Aquaporin-3 is constitutively localized in the basolateral

membrane of the principal cells of the collecting ducts (Fig. 1).
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This water channel, in tandem with aquaporin-4, facilitates

water entry into the interstitium. Vasopressin and aldoste-

rone increase aquaporin-3 expression while insulin

decreases aquaporin-3 transcription [56]. In addition, cop-

per inhibits water and glycerol permeability [57]. Finally,

aquaporin-3 null mice shows a growth and phenotype

grossly normal except in those with polyuria; indeed, fluid

consumption in null mice is tenfold greater than that in

wild-type mice [58]. Interestingly, these mice, which have

nephrogenic diabetes insipidus under normal conditions,

can actually concentrate urine when given a urea load,

albeit at the expense of a reduction in the excretion of other

solutes. These findings suggest that aquaporin-3 plays a

novel role in solute-selective urine concentration [59].

Aquaporin-4 is constitutively localized in the basolateral

plasma membrane of principal cells and inner medullary

collecting duct cells (Fig. 1) [2]. Aquaporin-4 is responsi-

ble for the majority of basolateral membrane water

movement, mainly in the inner medullary collecting duct.

Aquaporin-4 knockout mice have a normal gross appear-

ance, survival, growth, and kidney morphology, as well as

a mild defect in their urinary concentrating ability [60].

Aquaporin-4 is not regulated by vasopressin. Protein kinase

C and dopamine can regulate the activity of this water

channel via a mechanism involving the phosphorylation of

Ser180 [61]. Aquaporin-4 water channels exist as hetero-

tetramers of different splice variants and appear to be

present in orthogonal arrays of intramembranous particles.

Apparently, this protein can be expressed in cell mem-

branes in various morphological configurations, all of

which are cell type-, species-, and hormone-dependent

[62].

Aquaporin-6 is localized in the intracellular vesicles of

acid-secreting a-intercalated cells in the collecting ducts

(Fig. 1). As this water channel has low water permeability,

acting mainly as an anion transporter, it is thought to be

involved in urinary acid secretion. Mercuric ion increases

ion conductance across the membrane, which is consistent

with its known role as a water channel inhibitor. The

N-terminus of aquaporin-6 is critical for trafficking protein

to intracellular sites [63].

Sodium channel in the collecting tubule

ENaC is constitutively expressed in the apical membranes

of connecting and collecting tubule epithelial cells (Fig. 1).

The collecting duct is responsible for the reabsorption of

nearly 3–5% of the sodium filtered. ENaC is composed of

three homologous subunits (a, b and c), with the a serving

as the transporting subunit and b and c acting as the reg-

ulatory subunits. Aldosterone is the principal hormone

regulating not only this channel, but also sodium transport

in the collecting duct via its genomic effect on the

mineralocorticoid receptor. Aldosterone induces the expres-

sion of SGK1, which is dependent on phosphoinositide

3-kinase (PI3K) and when activated upregulates sodium

channel activity, at least in part, by increasing ENaC pro-

tein abundance in the cell membrane [64]. SGK1

phosphorylates ubiquitin-ligase Nedd4-2, thereby reducing

its role in the ubiquitination, retrieval, and degradation of

ENaC [65]. Nedd4-2 ubiquitinates surface subunits by

binding its WW domains to PY motifs in the a and c ENaC

subunits, thereby initiating their retrieval from the apical

membrane to the endosomes, where they are either

degraded or recycled to the apical membrane. Ubiquitina-

tion of the b subunit is not as clearly apparent. Nedd4-2-

mediated ENaC ubiquitination appears to represent a cen-

tral convergence point for the regulation of ENaC surface

density. The extracellular signal-regulated kinase (ERK1)

pathway also converges on Nedd4-2 in the same way that

the aldosterone-induced protein GILZ seems to disrupt the

activation of ERK, thus preventing Nedd4-2 phosphoryla-

tion. The G-protein receptor coupled kinase GRK2 has

been reported to phosphorylate the C-terminus of b ENaC

and decrease ENaC sensitivity to inhibition by Nedd4-2. In

addition, vasopressin—via protein kinase A (PKA) cAMP

signaling—appears to phosphorylate the same residues of

Nedd4-2 as does SGK1 [66]. Following ubiquitination,

ENaC is retrieved from the membrane by clathrin, a pro-

cess in which both Epsin and PIP2 play important roles

[66].

Ubiquitinated proteins that are to be recycled need to be

de-ubiquitinated otherwise they remain destined for tar-

geting to the lysosomes. This function is performed by de-

ubiquitinating enzymes (DUBs), which cleave off single

ubiquitin moieties or ubiquitin chains to allow such pro-

teins to enter the recycling compartments. Ubiquitin

carboxyl-terminal hydrolase (UCH-L3) appears to be

involved in ENaC de-ubiquitination [66]. Rab protein (Rab

11, 27) returns ENaC back to the apical surface [67]. The

fusion of ENaC-containing vesicles with the plasma

membrane likely involves lipid rafts and various SNARE

components [68]. In addition, ENaC proteolytic processing

represents yet another form of regulation. Proteolytic

activation of ENaC by fusin and prostasin results from the

proteolytic release of inhibitory peptides from the a and c
subunits [68].

Other hormones have been also implicated in ENaC

regulation. Angiotensin-II appears to regulate ENaC not

only by trafficking, but also by increasing channel syn-

thesis [69]. Insulin and insulin-like growth factor I

stimulates sodium transport via a signaling cascade

involving sequential phosphorylation and activation of

PI3K, phosphoinositide-dependent protein kinase (PDK1),

and SGK1 [65]. Finally, other evidence suggests that there

are distinct populations of ENaC that do not follow the

690 P. Fernández-Llama
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standard regulatory pathways. More research needs to be

done to clarify these points.

Increased ENaC activity causes Liddle syndrome, an

autosomal dominant disease characterized by hypertension,

metabolic alkalosis, low aldosterone, and volume expan-

sion [70]. Mutations have been described involving loss-of-

function in all ENaC subunits and resulting in PHA type I

[71]. The latter is characterized by volume depletion,

hyperkalemia, and hypotension due to decreased sodium

reabsorption in the collecting duct [71]. Extensive work has

been done with different models of mouse mutants bearing

ENaC and its regulatory proteins. Constitutive inactivation

of a ENaC is lethal, while a ENaC knockout mice exhibit

metabolic acidosis. In addition, ENaC transgenic rescue

mice with low constitutive a ENaC have been linked to

PHA-I, b-ENaC and c-ENaC null alleles, which cause

perinatal death, and null allele SkK1 which causes PHA

type I. Nedd4-2 knockout mice show salt-sensitive hyper-

tension. In summary, the renal phenotype of these mouse

models corresponds well to the human phenotype of Liddle

syndrome and PHA type I, demonstrating the importance

of ENaC for sodium, potassium, and acid-base homeostasis

[72].

Recently, a novel mechanism for salt reabsorption has

been identified in mice. This mechanism involves the

cortical collecting duct and apical sodium uptake via the

sodium-driven chloride/bicarbonate exchanger NDCBE

(SLC4A8) [73].

Conclusion

Tables 1 and 2 provide a summary of the location, regu-

latory factors, and physiological and pathophysiological

characteristics of the renal aquaporins and renal sodium

transporters and channels.

We have discussed here the main molecules involved in

water and sodium transport in the kidney. However, the

processes involved in the regulation of sodium and water

balance regulation are complex and occur by multiple

mechanisms. Factors such as extracellular fluid volume,

blood pressure and glomerular filtration rate directly or

indirectly affect these molecules and therefore sodium and

water transport in the renal tubule. Adjustments in sodium

and water excretion occur in part through adaptive changes

in the abundance of proteins expressed in the various renal

tubule segments. Apart from protein abundance, trafficking

and posttranslational modification are potentially also

regulated mechanisms. In addition, there is glomerular–

tubular communication along the renal tubule that allows

adjustment of sodium and water transport to maintain the

hydrosaline balance. In recent years a great amount of

work has been done that has increased our knowledge of

sodium and water transport under physiological and path-

ophysiological conditions. This information is being used

in many areas and specifically in the development of

therapeutic compounds potentially useful for the treatment

of disorders of sodium and water balance. In the future,

more will be learned from rigorous analysis of different

transgenic models and strategies together with mass spec-

trometry techniques and systems biological approaches.
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