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Abstract Transport through lipids and aquaporins is

osmotic and entirely driven by the difference in osmotic

pressure. Water transport in cotransporters and uniporters

is different: Water can be cotransported, energized by

coupling to the substrate flux by a mechanism closely

associated with protein. In the K?/Cl- and the Na?/K?/

2Cl- cotransporters, water is entirely cotransported, while

water transport in glucose uniporters and Na?-coupled

transporters of nutrients and neurotransmitters takes place

by both osmosis and cotransport. The molecular mecha-

nism behind cotransport of water is not clear. It is associ-

ated with the substrate movements in aqueous pathways

within the protein; a conventional unstirred layer mecha-

nism can be ruled out, due to high rates of diffusion in the

cytoplasm. The physiological roles of the various modes of

water transport are reviewed in relation to epithelial

transport. Epithelial water transport is energized by the

movements of ions, but how the coupling takes place is

uncertain. All epithelia can transport water uphill against

an osmotic gradient, which is hard to explain by simple

osmosis. Furthermore, genetic removal of aquaporins has

not given support to osmosis as the exclusive mode of

transport. Water cotransport can explain the coupling

between ion and water transport, a major fraction of

transepithelial water transport and uphill water transport.

Aquaporins enhance water transport by utilizing osmotic

gradients and cause the osmolarity of the transportate to

approach isotonicity.

Keywords Cotransporters � Uniporter � Aquaporin �
Water � Epithelia � Absorption � Cellular water homeostasis

Introduction

In humans almost 200 l of water are transported each day

across cell layers and epithelia in order to maintain a

steady-state level of about 50 l. It is well established that

water transport is secondary to ion transport, but how can

the transport of a relatively small number of ions or mol-

ecules lead to the transport of a large number of water

molecules—in mammals, an impressive 175 water mole-

cules per ion or molecule? To set up a general model, it is

essential first to have a picture of the molecular mechanism

behind water transport across cell membranes; second,

these building blocks must be combined into a model of

whole cells and organs. In the first part of this review, the

water transport properties of aquaporins, cotransporters and

uniporters are reviewed and compared. In the second part,

general models of epithelial water transport and cellular

water homeostasis are set up based upon the properties of

these proteins.

Water transport across cell membranes takes place via

several routes. Transport via the lipid bilayer and the water

channels, the so-called aquaporins, is well established; but

there is also general agreement that water is transported by

cotransporters and uniporters (Agre et al. 2004; King et al.

2004), proteins usually associated with other functions.

What are the transport mechanisms of the various path-

ways? The transport via lipid and specific water channels is

osmotic; water is driven entirely by the difference in water

chemical potential and can be hydraulic or diffusive. The

transport mechanism in the cotransporters and uniporters is

different. The flux of water is coupled to the flux of
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substrates by a mechanism closely associated with the

protein. The ratio between the various fluxes is a fixed

property of the protein, and energy for the water transport

can be derived from the transport of the nonaqueous sub-

strates. In other words, water is cotransported and can even

be moved uphill against the osmotic gradient. The various

modes of water transport are illustrated in Fig. 1.

In terms of whole-body water homeostasis, it is

becoming increasingly clear that models based simply

upon aquaporins and osmosis are inadequate. Individuals

without the major aquaporin AQP1 (Coulton-null pheno-

types) suffer little discomfort except being more liable to

be dehydrated under extreme conditions (Preston et al.

1994; King and Agre 1996; Agre et al. 2002). The dis-

crepancy between the presence of aquaporins and the

ability to maintain water homeostasis is also encountered in

simpler organisms. In a study of the nematode worm

Caenorhabditis elegans, the four existing types of aqu-

aporins were knocked out individually, in combinations or

even entirely, without any effect on the phenotype (Huang

et al. 2007). Similar puzzles are encountered in a number of

mammalian organs and tissues: The reduction in passive

permeability achieved by removing the aquaporins is not

generally matched by a similar degree of reduction in the

rate of transport (Hill et al. 2004; Verkman 2008). It would

appear that other water-transporting proteins are involved,

and there are several reasons why the contributions from

cotransporters and uniporters may be significant. First, the

water transport capacity per protein can be considerable. In

fact, the protein with the highest osmotic water perme-

ability is not an aquaporin but a urea transporter (Table 1).

Second, the number of copies of a given cotransporter or

uniporter is dictated by the requirements for the substrate;

the water transport capacity that goes along with proteins

can be appreciable. Third, water transport in cotransporters

and uniporters must be relevant for tissues with no or very

few water channels, such as small intestine and gallbladder.

Fourth, water can be transported uphill across epithelia

against the osmotic gradient, a behavior which is difficult

to explain on the basis of passive transport in aquaporins.

In this context, cotransporters and uniporters may play an

important role since they have the unique property of

coupling the water flux to the flux of the ions or substrate

by a mechanism closely associated with the protein itself.

Properties of Water-Transporting Proteins

Membrane proteins transport water by two fundamentally

different processes, osmosis and cotransport. Some pro-

teins transport by osmosis, others by cotransport, while

some use both cotransport and osmosis. In water channels,

such as aquaporins, water transport is entirely osmotic,

driven by the transmembrane difference in water chemical

potential. In some cotransporters, e.g., the NKCC1, KCC

and MCT1 (Table 1), water transport proceeds entirely as

cotransport, coupled tightly to the transport of the other

substrates by a mechanism within the protein. In other

cotransporters, e.g., the Na?-coupled transporters of

organic substrates such as glucose, both modes of transport

occur: They cotransport water but also have water channel

properties. Accordingly, water transport in these proteins is

bimodal; osmosis and cotransport of water proceed in

parallel. The three types are illustrated in Fig. 1 and the

water transport properties are compiled in Table 1.

The first column in Table 1 gives the short name and the

second column, the substrates and the stoichiometry, i.e.,

the number and kind of ions and molecules transported per

turnover of the protein. The third column gives the coupling

ratio (n), the number of water molecules cotransported per

Fig. 1 Molecular mechanism of water transport across cell mem-

branes. Water crosses membranes by diffusion in the lipid bilayer, by

osmosis in channels and by cotransport in cotransporters and

uniporters. Diffusion and osmosis are driven by the water chemical

potential difference. The cotransporters and the uniporters function as

molecular water pumps in which free energy contained in the

substrate gradient can be transferred to the transport of water; i.e., a

downhill transport of substrate can energize an uphill transport of

water. Some cotransporters, such as the KCC, employ only cotrans-

port; others, such as the SGLT1 and the EAAT1, employ both

cotransport and osmosis
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turnover of the protein. In SGLT1, e.g., two Na? molecules

and one glucose molecule are accompanied by 235 water

molecules. The fourth column gives the passive osmotic

water permeability per protein, i.e., the amount of water

transported by osmosis per protein per second, given a unit

osmotic gradient.

Cotransport of Water

Cotransport of water takes place in close association with

the transport of other substrates (Fig. 1b). The properties

suggest that the coupling takes place by a mechanism

directly associated with the function of the protein:

External factors, such as concentration and electrical

potentials, only affect the cotransport of water by changing

the driving forces of the cotransport process. In summary:

1. Cotransport of water takes place in a strict stoichiom-

etric relationship with the other substrates. The cou-

pling is defined by the coupling ratio (n) and can be

described by the Gibbs equation (Meinild et al. 1998;

Zeuthen and MacAulay 2002a) (see Appendix).

2. The ratio between the fluxes of water and the nonaque-

ous substrates is the same irrespective of whether

cotransport is driven by a concentration gradient, an

electrical gradient or an osmotic gradient (Zeuthen

1982, 1991a, b, 1994; Zeuthen et al. 1996, 2006; Meinild

et al. 1998; Zeuthen and MacAulay 2002a).

3. The rate of cotransport of water is altered abruptly by

abrupt changes in the driving force of the substrates.

Importantly, the coupling ratio (n) is the same before

and after the change. These experiments have been

performed at high resolution in Xenopus oocytes (20

pL, 1 s), (Zeuthen et al. 2006).

4. Cotransport of water can proceed uphill against the

osmotic gradient. For example, the KCC can transport

water against opposing osmotic gradients of up to

300 mOsm (see Fig. 3) (Zeuthen 1994).

5. The coupling ratio is specific for a given isoform;

compare NKCC1 with NKCC2 and rSGLT1 with

hSGLT1 in Table 1.

6. For a given transporter, the coupling ratio is smaller for

larger substrates. Sugars of different sizes were tested

in SGLT1 and anions in NIS (Zeuthen et al. 2006).

Table 1 Water-transport properties of cotransporters, uniporters and channels

Protein Substrates Number of water

molecules transported

per turnover

Osmotic water

permeability

per transporter

(10-14 cm3 s-1)

References

Cotransporters

KCC4 K?/Cl- 500 NA Zeuthen (1991a, b, 1994)

NKCC1 Na?/K?/2Cl- 590a NA Hamann et al. (2005); see also Appendix

NKCC2 Na?/K?/2Cl- 0 NA Hamann et al. (2005)

MCT1 H?/lactate 500 NA Zeuthen et al. (1996), Hamann et al. (2003)

hSGLT1 2Na?/glucose 235 ND Meinild et al. (1998), Zeuthen et al. (2006)

rSGLT1 2Na?/glucose 380 1.4 Meinild et al. (1998), Loo et al. (1996, 1999),

Zeuthen et al. (1997, 2006), Zampighi et al.

(1995), Loike et al. (1996)

GAT-1 2Na?/Cl-/GABA 330 0.7 Loo et al. (1999), MacAulay et al. (2002b)

EAAT1 2Na?/H?/K?/glutamate 440 0.2 MacAulay et al. (2001)

NaDC1 2Na?/dicarboxylate 175 1.5 Meinild et al. (2000)

NIS 2Na?/I- 160 ND Loo et al. (1996), Zeuthen et al. (2006)

Uniporters and water channels

GLUT1 Glucose 40 0.2b Fischbarg et al. (1990), Zeuthen, unpublished

GLUT2 Glucose 40–110 0.1 Zeuthen et al. (2007)

UT-B Urea ND 7.3 Yang and Verkman (2002)

AQP0 H2O NA 0.03 Yang and Verkman (1997)

AQP1 H2O NA 4 Zeidel et al. (1992b), Yang and Verkman (1997),

Zampighi et al. (1995)

NA not applicable, ND not determined
a See Appendix
b Calculated from the glucose uptake, the glucose permeability, the water permeability and a turnover rate of 151 s-1 (Simpson et al. 2007).

Measurements were performed in analogy to the study of GLUT2 (Zeuthen et al. 2007)
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7. The activation energy (Ea) of water cotransport is high,

around 25 kcal mol-1 (Loo et al. 1996, 1999; Meinild

et al. 1998; Hamann et al. 2005).

8. Small hydrophilic molecules such as urea are cotrans-

ported in the SGLT1 (Leung et al. 2000).

The tight coupling between water and substrate in co-

transporters allows these proteins to function as molecular

water pumps; i.e., the free energy contained in the substrate

gradient can be transferred to the water fluxes. In this way,

a downhill flux of substrate can be used for driving an

uphill flux of water and vice versa: Water is cotransported

by secondary active transport. The independence of the

coupling ratio on external factors points toward a mecha-

nism closely associated with the cotransporters itself and

excludes the influence of external factors such as concen-

trations and conventional unstirred layers effects (see

below). The findings are independent of methods applied

and of the biological expression system used. The inves-

tigations have been carried out by a variety of methods

ranging from fluorescence, ion-selective microelectrodes,

and two-electrode voltage-clamp combined with high-res-

olution volume measurements for proteins in their native

tissue, tissue cultures as well as proteins expressed heter-

ologously in Xenopus laevis oocytes (for references see

Table 1; some reviews are Zeuthen 1996; Zeuthen and

MacAulay 2002a, b; MacAulay et al. 2004).

Passive Water Permeability in Cotransporters and

Uniporters

In addition to the cotransport of water, several Na?-cou-

pled cotransporters and uniporters support osmotic water

transport (Fig. 1c, Table 1). The properties of this pathway

are compatible to those of aquaporins:

1. The passive water permeability is relatively high

compared to that of AQP1.

2. The Arrhenius activation energy (Ea) is in most cases

similar to that of aquaporins. Ea values for UT-B and

SGLT1 are in the range 2–5 kcal mol-1 (Yang and

Verkman 1998, 2002; Loo et al. 1996, 1999; Meinild

et al. 1998). In contrast, Ea for GLUT1 is relatively high,

between 10 and 13 kcal mol-1 (Zeidel et al. 1992a).

3. The passive water permeability can be inhibited by

specific inhibitors (Loo et al. 1999; MacAulay et al.

2002a; Fischbarg et al. 1990; Zeuthen et al. 2007;

Yang and Verkman 1998).

4. The presence of the substrate may increase the passive

water permeability (MacAulay et al. 2002a).

5. Some cotransporters and uniporters support passive

transport of small hydrophilic molecules (MacAulay

et al. 2002a; Leung et al. 2000; Yang and Verkman

1998).

6. The passive water permeability measured by smaller

osmolytes can be larger than that measured by larger

osmolytes (MacAulay et al. 2002a).

These data are good evidence that a continuous aqueous

pathway exists through some of the Na?-coupled cotrans-

porters and uniporters: The activation energy of the path-

way is low, it can be blocked and it allows the passage of

small hydrophilic molecules. The more complicated prop-

erties can be understood against a background of confor-

mational changes of the protein. The function of these

proteins depends upon a cycle of conformational states, and

the overall passive water permeability of the protein can be

seen as the time average of the permeability of each of

these states. The presence of a substrate (glutamate in case

of EAAT1) may change the occupancy of the various states

and thereby the overall permeability. Inhibitors can have

several effects. They may lock the cotransporters in a

water-impermeable conformation or in a water-permeable

conformation, or they may block, fully or partially, the

aqueous pathway. It should be noted that the measurement

of passive water permeability is not affected measurably by

changes in the cotransport component of water transport.

First, the osmotic gradients used are small, about

20 mOsm. Second, it can be ascertained from the Gibbs

equation (Appendix) that osmotic gradients of around

20 mOsm do not alter the cotransport component of water

transport measurably. In other words, the osmotic and the

cotransport pathways function relatively independently.

It is possible to assign values of passive water perme-

ability to the NKCC1, the KCC and the MCT1, defined as

the ratio between water flux and the osmotic gradient. It

must be emphasized, however, that the water transports

induced are not osmotic but coupled directly to the con-

formational changes associated with the cotransport pro-

cess (see above). The operational water permeability that

can be assigned to NKCC1, KCC and MCT1 differs from

that of osmotic or channel-mediated transport in three

respects: The osmotically induced water flux is coupled to

ion movements, has high activation energy and saturates at

osmotic gradients of around 100–200 mOsm (Hamann

et al. 2005). The water fluxes induced by KCl, e.g., were

half-saturated at KCl concentrations of 25 mM, close to the

Km determined for KCC transporters (Mercado et al. 2000).

What Are the Molecular Mechanisms of Water

Transport?

Water transport in aquaporins is osmotic, driven by a

hydrostatic gradient within the pore (Mauro 1957). Aqu-

aporins are small, membrane-spanning, pore-forming

molecules equipped with two filters that prevent perme-

ation of ions. The central NPA filter is found in almost all
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aquaporins. It is made up of the residues of asparagine,

proline and alanine and has been shown experimentally to

prevent passage of ions such as Na?, K? and, to some

extent, H?. The second filter, the so-called aromatic argine

filter (ar/R), faces the outward solution and is important in

the complete prevention of H? permeation (Beitz et al.

2006; Wu et al. 2009). The amino acid composition of the

ar/R filter is highly variable among various types of aqu-

aporins and determines whether an aquaporin is permeable

to small hydrophilic molecules such as urea and glycerol.

In the present context, only water-specific aquaporins will

be considered, in particular AQP1.

The molecular mechanism of water cotransport is

entirely different from that of osmosis and is probably

related to the way cotransporters function as membrane-

bound enzymes. Aqueous as well as membrane-bound

enzymes have structures and exhibit conformational

changes that are relevant for water transport. It is well

established that enzymes have large aqueous cavities or

vestibules that connect the binding sites with the external

solution (Parsegian 2002; Rand 2002). Aqueous cavities

with linear dimensions of up to 50 Å are indeed present in

cotransporters as revealed from high-resolution structures

(Hirai et al. 2002; Abramson et al. 2003; Huang et al. 2003;

Yernool et al. 2004; Yamashita et al. 2005; Faham et al.

2008). A similar motif is found in ATPases (Olesen et al.

2007). During enzymatic activity, the cavity may close in

order to avoid hydrolysis and open again in order to release

the product. This leads to changes in the size of the water-

filled cavities and to changes in the amount of loosely

bound surface water (Parsegian 2002; Rand 2002). The

total amount of water shifted between different confor-

mational states ranges from 10 in the cytocrome c oxidase

(Kornblatt 1998; Kornblatt and Kornblatt 2002) to 1,320 in

a voltage-gated anion channel (Zimmerberg and Parsegian

1986). The number of cotransported water molecules per

turnover, 40–590, is clearly within this range (Table 1).

Compared to the size of cotransporters, these numbers of

water molecules are not excessive. The volume occupied

by 500 water molecules is about 15,000 A3. Given a

molecular weight of the KCC of about 125 kDa (Russell

2000), this water would constitute \10% of the protein

volume. A similar calculation applies for the SGLT1 (Loo

et al. 2002).

Three different models have been suggested for

cotransport of water (Fig. 2). The hyperosmolar-cavity

model and the alternating-access model build upon the

enzymatic properties outlined above (Zeuthen and Stein

1994; Zeuthen 1994; Naftalin 2008). The third model is

based upon unstirred layer effects, i.e., retarded diffusion

of the substrates in the external bathing solutions (Duquette

et al. 2001; Gagnon et al. 2004). In the hyperosmolar-

cavity model the osmolarity increases in the cavity as the

substrate leaves its binding site and becomes thermody-

namically free; this hyperosmolarity persists as long as the

substrate remains inside the cavity (Fig. 2b). If the sepa-

ration between the extracellular solution and the cavity

functions as a semipermeable membrane, water will enter

the cavity from the outside solution by osmosis and be

driven farther into the inside solution by the hydrostatic

pressure in the cavity. Given reasonable parameter values,

the model describes the coupling of water and substrates in

GLUT2 and SGLT1 (Naftalin 2008). The model is analo-

gous to the three-compartment model developed for cells

(Curran and Macintosh 1962). The alternating-access

model relates to the way the substrate gains access to a

binding site in combination with occlusion of substrate and

water (Fig. 2a). When the substrate is presented at the

outside of the transporter, it binds inside an aqueous cavity.

This is followed by conformational changes in which the

substrate and a number of water molecules are occluded.

Finally, the cavity opens to the inside and the substrate

Fig. 2 Molecular models of water cotransport. a The alternating-

access model adapted for cotransport of both nonaqueous substrates

(black spheres) and water (hatched). Hydration of the access cavity

allows the substrate to enter from the outside and to bind in the cavity

(left). Subsequently, water and substrate are occluded (top) and

conformational changes shift the opening of the cavity toward the

inside (right). Substrate and water enter the inside solution and the

protein attains a closed conformation (bottom). b In the hyperosmo-

lar-cavity model, the substrate generates an intramolecular osmotic

driving force (Dp) while occupying the vestibule open to the inside.

Water is transported by osmosis via an aqueous pathway open in this

conformation. As discussed in the text, the models (A and B) can be

combined. c In the conventional unstirred layer model, the substrate

generates a hyperosmolar zone in the cytoplasm adjacent to the

membrane. The resulting osmotic difference (Dp) drives water

through an aqueous channel in the protein. The model requires

unphysiologically low diffusion coefficients in the cytoplasm in order

to work (see text)
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exits. In the absence of the substrate molecule, the cavity

closes and, as a consequence, a number of water molecules

follow the substrate. The osmotic problems associated with

the exit of a substrate described for the hyperosmolar-

cavity model are also encountered in the alternating-access

model. Thus, the two models could be combined. Both

models explain why larger substrates lead to less water

being cotransported per turnover. A large substrate would

be less osmotically active and would take up more space in

an aqueous cavity (Zeuthen et al. 2006).

The third model is based upon conventional unstirred layer

effects in which osmotic driving forces are generated in the

bulk solutions outside the transport protein (Fig. 2c). After

transport through the protein, the substrate diffuses into the

cytoplasm. If this diffusion is sufficiently slow, significant

substrate concentrations/osmolarities will arise at the inside of

the membrane and water will be dragged by osmosis through

the protein. At present, however, there is general agreement

that diffusion coefficients in cytoplasm are relatively high

(Zeuthen et al. 2002, 2006; Charron et al. 2006; Zeuthen and

Zeuthen 2007; Lapointe 2007; Naftalin 2008). Consequently,

substrate concentrations at the inside of the membrane can be

calculated to be too low to induce significant passive osmotic

water transport. The question has been investigated in detail

for the Na?-coupled glucose transporter (SGLT1) and the

glucose uniporter (GLUT2) expressed in Xenopus oocytes.

The diffusion coefficient for Na? and glucose in the cytoplasm

is one-half to one-fifth of the free solution diffusion coeffi-

cient, in agreement with what is found in other cell types

(Zeuthen et al. 2002, 2006, 2007; Charron et al. 2006; Zifarelli

and Pusch 2009). This is much too high to support significant

unstirred layer effects, which would require the diffusion

coefficients to be two to three orders of magnitude lower than

in free solutions. This limit can be ascertained by correlating

water and Na? fluxes at a high resolution, 20 pL and 1 s

(Zeuthen et al. 2006). Independent arguments for no unstirred

layer effects have been forwarded in studies of the KCC

(Zeuthen 1994; Zeuthen and Stein 1994). To explain water

transport by unstirred layer effects, the required concentra-

tions of K? and Cl- in the unstirred layer would have to be so

large as to abolish or even reverse the driving force for K?/Cl-

transport (see Fig. 3b). Similar arguments apply for the MCT1

(Zeuthen et al. 1996) and the NKCC1 (Hamann et al. 2005)

(Fig. 4). In conclusion, cotransport of water is best explained

by a mechanism directly associated with the properties of the

transport protein.

Physiological Roles of Water-Transporting Proteins

The properties of water-transporting proteins are studied

most conveniently in epithelia such as small intestine and

kidney proximal tubule. In spite of variations in anatomy,

location and environments, all epithelia share two impor-

tant properties that any general model will have to explain.

First, it has long been known that water can be transported

uphill, against the direction of the transepithelial osmotic

gradient (Ludwig 1861; Reid 1892). The situation in the

small intestine after a meal is illustrative. Due to enzymatic

Fig. 3 Water transport by the KCC. a The KCC couples the fluxes of

K?, Cl- and H2O in a ratio of 1:1:500. b Uphill transport of water by

the KCC. Addition of 100 mM of mannitol or 50 mM of NaCl to the

bathing solution caused immediate cell shrinkage. In contrast,

addition of 50 mM of KCl caused cell swelling, despite the external

osmolarity being 100 mM higher than the intracellular osmolarity.

The intracellular concentrations of K? and Cl- only changed a few

millimoles during the exposure to KCl (not shown). When the KCC

was blocked by furosemide (fur), the cell shrank in response to the

addition of 50 mM of KCl. c Uphill influx of water as a function of

the osmotic gradient implemented by KCl (experiments as in b). The

uphill influx increased for KCl gradients of up to 50 mOsm

(equivalent to 25 mM of KCl) and saturated at higher values. Around

300 mOsm the inward cotransport of water and the osmotic efflux

induced by the KCl balanced each other, and the net flux was zero.

Dashed line (man ? fur) indicates normal osmometric behavior as

found with mannitol or when the KCC is blocked by furosemide.

Measurements by ion-selective microelectrodes in choroid plexus

epithelium of Necturus maculosus (Zeuthen, 1991a, 1991b, 1994)
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cleavage of the longer-chained sugars and proteins, the

osmolarity in the lumen may reach values some 250 mOsm

higher than that of the blood plasma (Pappenheimer 1998);

yet water is being moved from the lumen into the blood

against this high osmotic gradient (Fig. 5). A similar yet

less extreme situation is encountered in so-called isotonic

transport, where epithelia transport water apparently

without any external osmotic gradient. Second, it is well

established that water transport derives its energy from the

transport of ions, but how the coupling takes place is not

understood at all (House 1974). How can the properties of

the water-transporting proteins contribute to explain these

two facts? It should be emphasized that the specific prob-

lems associated with the vasopressin-induced expression of

AQP2 in the collecting duct of the kidney (Kwon et al.

2009) are outside the scope of this review. Water transport

in this epithelium is driven by large transepithelial osmotic

gradients.

Uphill Water Transport in Epithelia

All water-transporting epithelia investigated so far have the

ability of uphill transport. This applies irrespective of

whether the transepithelial water permeability is high or low

or whether the epithelium is absorptive or secretory. If the

osmolarity of the luminal solution is increased moderately,

there will be a reduction in the rate of water absorption, but

the increases have to be quite high to stop transport com-

pletely. In mammals, the maximal adverse gradient for the

small intestine is 150–250 mOsm (Pappenheimer and Reis

1987; Hakim et al. 1963; Parsons and Wingate 1961; Pap-

penheimer 1998); gallbladder, 80 mOsm (Diamond 1964);

choroid plexus, 150 mOsm (Heisey et al. 1962); kidney

proximal convoluted tubulus, 30–60 mOsm (Green et al.

1991; Bomsztyk and Wright 1986; Frömter et al. 1973;

Alpern et al. 1985). In Necturus maculosus gallbladder the

maximal gradient is 30 mOsm (Persson and Spring 1982)

and in fish gallbladder, 40 mOsm (Diamond 1962; for a

review, see Zeuthen 2002). Clearly, the epithelia with the

lowest passive water permeabilities are able to transport

against the largest adverse osmotic differences, but even the

very water-permeable mammalian kidney proximal tubule

is able to counter gradients as large as 60 mOsm. There is

less experimental material for secretory epithelia. It has

long been known, however, that glandular secretion could

proceed against significant hydrostatic pressures—in the cat

salivary gland, against 300 cm H2O (Ludwig 1861). Similar

Fig. 4 Water transport by the NKCC1. a NKCC1 couples the fluxes

of Na?, K?, Cl- and H2O in a ratio of 1:1:2:590. b Uphill water

transport by the NKCC1. Cells were exposed to abrupt changes in

bathing solution composition and the resulting volume changes were

recorded. In the first experiment, isosmotic substitution of Cl- by the

inert anion (Cl--free) caused rapid cell shrinkage, which is efflux of

water; when Cl- was returned, there was a rapid influx of water that

caused the cell to return to its normal volume. In the second

experiment, addition of 50 mOsm of mannitol (?50 man) produced

rapid cell shrinkage. In the last experiment, cells were first shrunk by

removal of Cl-. Then, Cl- was returned, simultaneously with the

addition of 50 mOsm of mannitol (Cl- ? 50 man). This combined

experiment tests whether the Cl--dependent influx of water can

overcome the osmotic efflux generated by the mannitol. The

experiment demonstrates that the Cl--dependent influx can proceed

inward against the osmotic gradient of 50 mOsm imposed by the

mannitol. c Water transport across a cell membrane is increased in the

presence of NKCC1. The permeability is derived from the cell

shrinkage (JH2O) induced by addition of mannitol; it saturates at

increasing osmotic gradients and is abolished in the presence of

bumetanide (?but). The water permeability has high activation

energy and is closely associated with ion movements. Accordingly,

the water transport is not osmotic but derives from cotransport of

water (see text). Data from the apical membranes of pigmented ciliary

epithelial cells, Hamann et al. (2005) and Hamann et al. unpublished

c

T. Zeuthen: Water-Transporting Proteins 63

123



effects have been demonstrated in dog and rat salivary

gland, which could transport against 60 mOsm or more

(Imai et al. 1973; Nakahari et al. 1997; Murakami et al.

2006).

Isotonic transport can be considered a simplified case of

uphill transport. In isotonic transport, water is transported

without any transepithelial osmotic gradient and the

transported solution has an osmolarity equal to the bathing

solutions (Fig. 5c). However, if water crosses the epithe-

lium by the cellular route, the transport has to proceed

uphill at least part of the way. If water enters the cell by

osmosis, it is required that the cell be hyperosmolar relative

to the apical solution (Fig. 5c); this profile has in fact been

confirmed experimentally in gallbladder epithelium (Zeu-

then 1982, 1983). However, if the water is to leave the cell

by osmosis into the serosal bath, the osmolarity of this bath

must be larger than that of the cell and, therefore, even

larger than that of the apical compartment (papical \
pcell \ pserosal). Such a stepwise osmotic profile is incom-

patible with isotonic transport, i.e., the osmolarity of the

serosal solution being equal to that of the apical bath

(papical = pserosal). The stepwise profile is also in conflict

with experimental findings which confirm that the serosal

solution and the solution in the lateral intercellular spaces

are indeed equal to that of the apical bath (Zeuthen 1983;

Ikonomov et al. 1985). In the simple osmotic model, the

serosal solution will always be hyperosmolar relative to the

apical bath. Similar problems have led to models where

water is assumed to cross epithelia by a paracellular

pathway (for reviews, see Reuss 2006; Fischbarg et al.

2006; Hill 2008).

Models that view transepithelial water transport as a

result of high passive water permeability and small trans-

epithelial osmotic gradients are inadequate. The models

ignore the fact that epithelia are able to transport water

uphill against gradients of several hundred milliosmoles. In

a simple osmotic model, such adverse gradients would not

only abolish water transport but also cause massive back-

fluxes of water. The osmotic model is usually presented in

a version in which water transport is driven by small

intraepithelial osmotic differences, e.g., the lateral inter-

cellular spaces being hyperosmolar relative to the cell. This

in combination with high passive water permeabilities

should drive water transport. Neither of these two

assumptions has been supported by experiments. Water

permeabilities of epithelial cell membranes are generally

not very high (Zeuthen 1996; Hill 2008), and despite sig-

nificant experimental efforts, no intraepithelial hyperos-

molar compartments have been demonstrated. On the

contrary, detailed studies with ion-selective microelec-

trodes in intact lateral intercellular spaces have shown that

the concentration of the solution in the lateral intercellular

spaces is isosmotic with the bathing solutions during iso-

tonic transport (Zeuthen 1983; Ikonomov et al. 1985). This

agrees with the fact that lateral intercellular spaces are

generally too short and too wide to restrict solute diffusion

Fig. 5 Water transport across epithelia. a If water crosses epithelia

by the cellular route, it has to cross the apical and the serosal

membranes. b In water-transporting epithelia the rate of transport

(JH2O) is a linear function of the osmotic gradient across the

epithelium papical – pserosal. Solid line summarizes the data from rat

small intestine (Parsons and Wingate, 1961); in case of no gradient,

the transport is maximal (papical – pserosal = 0, point C), when the

opposing gradient is 250 mOsm (papical – pserosal = 250), net

transport stops. c Osmotic profile across the epithelium in case of

no external osmotic gradient (point C in b). d Osmotic profile when

the osmolarity of the apical solution is increased from 300 to

550 mOsm, e.g., in the lumen of the small intestine after a meal (point

D in b)
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(Hill 1975) and that subepithelial structures are not tight

enough to significantly impede the movement of salt away

from the epithelium (Zeuthen 2002). In fact, any significant

role of ultrastructural aspects such as lateral intercellular

spaces and microvilli is doubtful. One problem is that none

of these anatomical features correlates with the direction of

water transport. In the absorptive epithelia of the small

intestine and proximal convoluted tubule, water enters

across the microvillous apical membrane and leaves the

cell across the basolateral membrane, which defines the

lateral intercellular spaces. In contrast, in the choroid

plexus epithelium, water proceeds in the opposite direction,

from the lateral spaces and leaving the cells across the

microvillous apical membrane. In secretory systems, such

as gland acini and the airway epithelia, water leaves the

cell across the microvillous apical membrane, while in the

retinal pigment epithelia water enters across this membrane

(Zeuthen 1996).

The Role of Aquaporins in Epithelial Transport

The fact that epithelia can transport water uphill against the

osmotic gradient rules out osmosis as the only driving force

and aquaporins as the only pathway. Osmosis, by its very

nature, transports water in the direction of the osmotic

gradient; in a simple osmotic model, therefore, water would

be transported in the wrong direction when faced by adverse

osmotic gradients. A high water permeability resulting from

a high density of aquaporins would only accentuate the

problem. The role of aquaporins is also unclear in relation to

whole-body water homeostasis: Individuals without the

major water-transporting aquaporin AQP1 suffer no visible

discomfort except under extreme conditions such as water

deprivation (for references, see ‘‘Introduction’’). What,

then, are aquaporins for (Hill et al. 2004)?

Epithelia that operate in an environment of well-con-

trolled osmolarity are usually equipped with aquaporins at

both the apical and serosal membranes in order to utilize

small or relatively constant transepithelial osmotic gradi-

ents. Examples are the corneal endothelium and the kidney

proximal tubule (Borgnia et al. 1999; Verkman and Mitra

2000; Kwon et al. 2009). In contrast, epithelia that have to

cope with highly variable external hyperosmolarities have

no or only few aquaporins as a high water permeability

could result in large, futile back-fluxes. Examples are the

small intestine and the gallbladder (Nielsen et al. 1993; Ma

and Verkman 1999; Ramı́rez-Lorca et al. 1999), as well as

the retinal pigment epithelium (Hamann et al. 1998). The

latter transports salt and water away from the subretinal

space, which becomes hyperosmolar during high rates of

retinal lactate production.

The role of aquaporins can be analyzed quantitatively by

comparing the kidney proximal tubule and the small

intestine, two epithelia that have similar functions but

different distributions of aquaporins. The epithelia reabsorb

NaCl and water at roughly similar rates: In rat, the small

intestine transports water at rates between 25 and

70 nl cm-2 s-1 (Pappenheimer and Reis 1987; Pappen-

heimer 1998, 2001), in proximal tubule values between 10

and 65 nl cm-2 s-1 are reported (Green and Giebisch

1984, 1989; Bomsztyk and Wright 1986; Weinstein and

Windhager 1985). In both tissues, the absorption of Na? is

around 4 9 10-9 mol cm-2 s-1 (data reviewed in Zeuthen

1996). In terms of water permeability, however, the tissues

are different. The kidney proximal tubule has a high

transepithelial water permeability (0.2 cm s-1), which

allows small luminal hyposmolarities to drive a significant

osmotic component of absorption that may account for

around 30% of the uptake of water from the filtrate in vivo

(Green and Giebisch 1984, 1989; Green et al. 1991). In

contrast, the small intestine has relatively low passive

water permeability (0.02 cm s-1) (Pappenheimer and Reis

1987). The comparison hints at why the presence of aqu-

aporins in the kidney proximal tubule is important but not

vital. The aquaporins will increase transepithelial transport

in the proximal tubule by using external osmotic gradients,

but otherwise the epithelium transports in a manner of a

small intestine, i.e., relying on the innate ability of the cells

to transport water. This can be tested quantitatively in mice

in which the principal water channel AQP1 is deleted by

genetic engineering. The passive water permeability of the

tubule wall in AQP1-/- phenotypes is reduced by 80%

compared to wild-type animals. The reabsorption of water,

however, is reduced by only 50% (Ma et al. 1998; Sch-

nermann et al. 1998; Vallon et al. 2000), and a large

fraction of this can be explained simply by the removal of

the transepithelial transport driven by external osmotic

gradients. In knockout animals there is a concomitant

reduction in salt reabsorption of about 40% compared to

wild-type animals. If this is taken into account as well, the

reabsorption rate ought to have been reduced by around

90%, if aquaporins were entirely responsible for transport.

It follows that the epithelium of the proximal tubule has an

innate capacity for water transport that is independent of

the presence of aquaporins and sufficient to sustain life.

The results also show that there is no simple relation

between the ability to transport water and the passive

aquaporin-dependent water permeability. A similar lack of

correlation is found for most other water-transporting epi-

thelia (Hill et al. 2004). The specific problems encountered

in the choroid plexus epithelium are discussed in MacAu-

lay and Zeuthen (2009).

Although the presence of AQP1 is not vital in the kidney

proximal tubule, the aquaporins do increase the absorption

rate in vivo and cause the absorbed solution to have an

osmolarity close to that of plasma; if the AQP1s are
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removed, the luminal solution becomes markedly hyper-

tonic (Vallon et al. 2000; Verkman 2009). In other words,

the coupling between salt and water transport becomes

more effective in the presence of aquaporins. If the entry

step of absorption is partly osmotic, it will be energized by

an elevated intracellular osmolarity (Fig. 5c). In the

absence of aquaporins, the water permeability is low and

the entry of water can only be achieved by increased values

of intracellular hyperosmolarity, which is costly due to the

increased leaks of ions involved (Zeuthen et al. 2001).

Secretory systems typically have an asymmetrical dis-

tribution of aquaporins: The aquaporins associated with

water transport are usually found in the membrane across

which water leaves the cells. Salivary glands express AQP5

at their apical membrane, across which water is secreted,

and AQP1 and AQP4 at their serosal side (Raina et al.

1995). However, whereas transgenic mice lacking AQP5

showed reduced capacity for fluid and hypertonic secretion,

AQP1 and AQP4 knockout mice showed no defects (Ma

et al. 1999). It would appear that the apical localization of

AQP5 and the serosal NKCC1 complies with the model

outlined in Fig. 5b: Water enters the cell by cotransport

and leaves the cell by osmosis. A similar situation exists in

the epithelium of the ciliary body of the eye, where water

leaves the epithelium via AQP1 and AQP4 (Hamann 2002;

Zhang et al. 2002; Verkman 2009).

The Role of the KCC in Absorptive Epithelia

In a molecular model of absorption, the KCC has three

functions: it explains the coupling between ion and water

fluxes, it is responsible for a large fraction of the trans-

epithelial water flux and it gives an explanation of how the

water flux can proceed uphill against transepithelial

osmotic gradients. In most absorptive epithelia, the KCC is

located in the serosal (or exit) membrane together with the

Na?/K?-ATPase (Fig. 6a). This applies to gallbladder,

kidney proximal tubule, small intestine and choroid plexus

epithelium (for reviews, see Zeuthen 1996; Adragna et al.

2004). In epithelial cells K? and Cl- ions are accumulated

above equilibrium, the K? ions being supplied directly by

the Na?/K?-ATPase. Accordingly, there is a major driving

force for cotransport of K?, Cl- and water by the KCC out

of the cell in the same direction as that of the water

transport of the whole epithelium (Zeuthen 1996).

The rate of water cotransport by the KCC is compatible

to the total water transport rate of the epithelium. From

transport parameters determined for the KCC situated in

the choroid plexus of the salamander it can be estimated

that the KCC could account for a water efflux of 3.5–

18 nl cm-2 s-1, given the intra- and extracellular concen-

trations of K? and Cl- (see Appendix). This would explain

the range of water fluxes measured in amphibian epithelia,

0.6–4 nl cm-2 s-1 (Windhager et al. 1959; Diamond 1962;

Grandchamp and Boulpaep 1974; Sackin and Boulpeap

1981; Whittembury and Hill 1982; Zeuthen 1982; Persson

and Spring 1982; Reuss 1985). Another estimate based

upon mass balance suggests that the KCC could account

for two-thirds of isotonic transepithelial transport: The

efflux of K? by the KCC is close to that of the K? influx of

the Na?/K?-ATPase (Fig. 6a); the channel-mediated K?

fluxes can be disregarded in this context as they have been

shown to be comparatively small (Zeuthen 1994). The

KCC transports 500 water molecules per 1 K? and 1 Cl-,

so the KCC produces a solution of a tonicity of 110 mM,

close to isotonicity (data from amphibians). If the overall

rate of isotonic transport of the epithelium is defined by the

rate of the Na? transport of the Na?/K?-ATPase, the

combined effect of the Na?/K?-ATPase and the KCC is an

extrusion of Na? but only two-thirds of the water required

for isotonic transport defined by the Na? flux.

Fig. 6 Molecular models of absorption and secretion. a In the model

of absorption, the coupling between salt and water transport takes

place in the KCC located in the serosal membrane. The secondary

active transport of K?, Cl- and H2O in the KCC is energized by the

K? gradient built up by the Na?/K?-ATPase. The intracellular Cl-

concentration is also above equilibrium due to the combined action of

secondary active Na?- and Cl--dependent acid/base transporters (not

shown). b In the model of secretion, the coupling between salt and

water transport takes place in the NKCC1 located in the serosal

membrane. The secondary active transport of Na?, K?, Cl- and H2O

is energized by the Na? gradient built up by the Na?/K?-ATPase.

The two models show only the key proteins responsible for the

coupling between salt and water. Clearly, additional transporters are

required to describe specific cells
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The presence of the KCC in the exit membrane suggests

how water can be transported uphill across absorptive

epithelia. The problem was investigated in gallbladder and

choroid plexus epithelium (Zeuthen 1982, 1991a, b, 1994)

where it was demonstrated experimentally that the flow of

1 K? and 1 Cl- was strictly coupled to the flow of 500

water molecules in the KCC and that a downhill flux of K?

and Cl- could drive an uphill flux of water. An example is

shown in Fig. 3b, where a KCl-driven water flux proceeds

into the cell despite the extracellular osmolarity being

about 100 mOsm higher than that of the intracellular

solution. In fact, osmotic gradients of 300 mOsm could be

matched by KCl-induced influxes of water (Fig. 3c). Under

physiological conditions, there is sufficient energy con-

tained in the outwardly directed gradients of K? and Cl- to

mediate an efflux of water against osmotic gradients of up

to 300 mOsm (for calculations, see Appendix). Such values

are required when epithelia transport against externally

applied osmotic differences, e.g., in the small intestine after

a meal (see Figs. 5d, 7). In case of isotonic transport

(Fig. 5c), the KCC has to energize the exit of water from

the cell against osmotic gradients of around 20 mOsm,

clearly within the working range of the KCC.

In summary, the anatomical location and direction of

transport of ions and water in the KCC suggest a pivotal

role of this protein in transepithelial water transport. In a

simple molecular model, the properties of the KCC explain

a large fraction of epithelial water transport and how water

can be transported uphill. This complies with the fact that

furosemide inhibits water absorption from small intestine

(MacKenzie et al. 1975; Humphreys 1976). Clearly, the

presence and interaction of other transporters are required

to explain the final composition of the transportate and

other specific features, such as isotonic transport. In anal-

ogy to other cells, the transport properties of the various

transporters are expected to be orchestrated be a system of

sensors and signaling pathways (Zeuthen 1996; Shachar-

Hill and Hill 2002; MacAulay et al. 2009).

The Role of the NKKC1 in Secretory Epithelia

In many respects the NKCC1 fills the same role as a

coupling device between ion and water transport in

secretory cells as the KCC had in the absorptive cells.

Unfortunately, there is not the same amount of experi-

mental data available for the NKCC1 as for the KCC, so

the molecular model for secretion (Fig. 6b) must be seen

as a working hypothesis. In most secretory epithelia,

NKCC1 is localized unilaterally at the basal membrane

together with the Na?/K?-ATPase, i.e., the membrane

across which water enters the cell (Fig. 6b). The low

intracellular Na? maintained by the Na?/K?-ATPase

energizes the inwardly directed electroneutral cotransport

of Na?/K?/2Cl-. Thus, the cotransport of ions takes place

in the same direction as the transepithelial secretion of salt

and water (Silva et al. 1977). Examples are acini of the

salivary glands and airway epithelia (for reviews, see

Boucher 1999; Russell 2000; Haas and Forbush III 2000;

Matthews 2002).

The coupling ratio between ions and water in the

NKCC1 can be estimated from the ability of osmotic gra-

dients implemented by NaCl to pull water through the

protein (Hamann et al. 2005). When the inward driving

force for the NKCC1 is increased by adding NaCl to the

outside bath, this could be balanced by the outward driving

force that arises from the simultaneous increase in osmo-

larity. For the NKCC1 expressed in the ciliary epithelia

from the mammalian eye, the two effects could be made to

match each other precisely. By means of the Gibbs equa-

tion, this enables an estimate of the coupling ratio (n) of

around 590 water molecules per 1 Na?, 1 K? and 2 Cl-

(see Appendix).

Fig. 7 Cotransport of water in the small intestine just after a meal.

After a meal, the osmolarity of the luminal solution increases

markedly due to the presence of glucose and other nutrients. Water

absorption can proceed even if the osmolarity is increased by about

200 mOsm above that of plasma, i.e., when the total luminal

osmolarity is about 500 mOsm (see Fig. 5). Water is cotransported

together with Na? and glucose in the luminal SGLT1 and GLUT2. In

the serosal membrane water is cotransported with the ions in KCC

and with glucose in GLUT2. These components of water transport can

be considered as secondarily active; the energy is ultimately derived

from the Na?/K?-ATPase. GLUT2 is present in both the apical and

serosal membranes during a meal (Kellett, 2001)
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The cotransport of water by the NKCC1 is compatible

with a significant fraction of the overall water transport of

secretory cells. In secretory models, the flux of the 2 Cl-

ions carried by the NKCC1 proceeds through the cell and

defines the rate of ion secretion by the cell layer. The Na?

ions are assumed to be transported paracellularly by the

transepithelial electrical potential at the same rate as the

paracellular transport of Cl- (Silva et al. 1977). By

cotransport of water, 295 water molecules are transported

for each Cl-. It follows that the cotransported component

of water in the NKCC1 could supply about 80% of the

water found in the final secretion, where there are 370

water molecules per Na? and Cl-.

Water transport by the NKCC1 may also explain the

ability of secretory cells to transport water uphill. The

ability of the NKCC1 for uphill transport is illustrated in

Fig. 4c, where the application of Cl- ions to a cell deprived

of Cl- energizes the uphill transport of water against

osmotic gradients of 50 mOsm. Given the coupling ratio of

590 water molecules per 1 Na?, 1 K? and 2 Cl- and

typical values for intracellular and extracellular ion activ-

ities, it can be calculated that the NKCC1 under physio-

logical conditions could transport against an osmotic

gradient of 100 mOsm equivalent to a hydrostatic pressure

of 22 m of H2O (see Appendix). This value is compatible

to those demonstrated in salivary gland (Ludwig 1861;

Imai et al. 1973; Nakahari et al. 1997; Murakami et al.

2006).

SGLT1 and GLUT2 in the Small Intestine

While the KCC is relevant for the exit of water and ions

from absorptive cells, the importance of the sugar trans-

porters SGLT1 and GLUT2 lies in their role in uptake,

particularly across the brush border in the small intestine

and the kidney proximal tubule. In the small intestine

SGLT1 is constitutively present in the brush border and

GLUT2 in the basolateral membranes. Interestingly, just

after a meal, i.e., high luminal glucose concentrations,

GLUT2 is expressed in the apical membrane as well

(Kellett 2001; Kellett and Helliwell 2000; Helliwell and

Kellett 2002) (Fig. 7). It has become clear that the transport

capacity of SGLT1 is insufficient to explain glucose uptake

under conditions of high luminal glucose conditions

(Madara and Pappenheimer 1987; Pappenheimer 1998).

The transport capacity supplied by the apical GLUT2,

however, suffices to explain the majority of the glucose

uptake under these conditions (Kellett et al. 2008).

The water-transport properties of the proteins have been

studied by heterologous expression in Xenopus laevis

oocytes. For the human SGLT1, the transport of two Na?

and one glucose is coupled to the cotransport of 240 water

molecules, while for the rabbit isoform 380 water

molecules are cotransported (for references, see Table 1).

Glucose transport by GLUT2 in the inward direction is

accompanied by 30–40 water molecules (Zeuthen et al.

2007). SGLT1 transports a hypertonic solution; there are

175 water molecules per ion or molecule in mammalian

plasma, but the cotransporter only transports between 70

and 120 water molecules per ion or molecule. Given these

differences, it can be estimated that in the small intestine

under resting conditions (no GLUT2 in the apical mem-

brane) about one-third of the influx of water takes place by

cotransport by the SGLT1, one-third by osmosis via the

SGLT1 and one-third by osmosis across the lipid bilayer

(Zeuthen et al. 2001). Just after a meal, however, the sit-

uation is different due to the activation of luminal GLUT2.

Under this condition of high luminal glucose it can be

estimated that the water transported by SGLT1 and GLUT2

in unison could account for most of the water transport

across the brush border (Zeuthen et al. 2007; Kellett et al.

2008). The glucose that accumulates in the cell leaves to

the serosal side via the GLUT2 located in the exit mem-

brane. Glucose transport by the GLUT2 in this direction

(inside to outside) may cotransport as much as 110 water

molecules per glucose molecule (Zeuthen et al. 2007). In

addition to the component of water transported by the

KCC, this could account for a majority of the exit of water

from the cell (Fig. 7). In the above estimate only glucose

transport is considered. The brush border, however, con-

tains Na?- and H?-coupled cotransporters of amino acids,

which have been shown also to cotransport water (Loo

et al. 1996; MacAulay et al. 2001). In a more physiological

setting this extra component of water cotransport will have

to be included.

The strict coupling between Na?, glucose and water in

the SGLT is described by a Gibbs equation, which relates

the transmembrane differences in concentrations of Na?,

glucose and the osmotic gradient with that of the electrical

potential (Appendix, Eq. 8). Under physiological condi-

tions, it can be estimated that the inwardly directed

cotransport of Na?, glucose and water can proceed despite

adverse osmotic gradients of up to 1,700 mOsm (Meinild

et al. 1998). It follows that the rate of Na?, glucose and

water cotransport is relatively insensitive to luminal hy-

perosmolarities of the order of 100–200 mOsm encoun-

tered during a meal. The cotransport model for the

transport of water glucose and salt across the small intes-

tine gives a straightforward explanation for the mechanism

of oral rehydration therapy (Loo et al. 2002; Zeuthen 2008)

(Fig. 7). With high Na? and glucose concentrations in the

lumen, the influx of these substrates will be optimized. The

transport of each of these substrates will be coupled

directly to water transport in membrane proteins, SGLT1

and GLUT2 at the apical membrane and KCC and GLUT2

at the serosal membrane. This will result in an obligatory
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influx of water which compensates for the secretory efflux

induced in, e.g., cholera infections.

Conclusions

Cotransporters of the symport type function as molecular

water pumps. Energy is transferred between substrate

fluxes and the water fluxes by a mechanism inside the

protein; water can even be transported uphill against the

direction of the osmotic gradient. In contrast, water trans-

port in aquaporins and the lipid bilayer is passive and

always downhill. In epithelia, the two kinds of transport

can be combined to explain a major fraction of transepi-

thelial water transport and how this flux can proceed uphill.

Obviously, transport by ion channels and the paracellular

pathway must be taken into account in more refined epi-

thelial models.

The presence of aquaporins, such as AQP1, increases

the rate of transepithelial transport, causes the ratio of salt

to water transport to approach that of plasma and may

reduce the metabolic cost of transport. Yet, the presence of

the aquaporin is not vital. Apparently, the capacity for

water transport by other proteins is sufficient to sustain life.

Some epithelia have few, if any, water-transporting aqu-

aporins. This applies to the small intestine, which has low

water permeability to enable uphill water transport. It is

noteworthy that the small intestine and the proximal tubule

epithelium transport water at similar rates, despite the

respective absence or presence of aquaporins.

The properties of the water-transporting proteins can be

combined into a pump-leak model for cellular water

homeostasis. In this model, the cell may not be precisely

isosmolar relative to the surroundings in a steady state;

water that enters by osmosis or diffusion can be expelled

by the cotransporters. Accordingly, there is no need for the

cell to become hyposmotic in order to lose water. Steady-

state hyperosmolarities have been demonstrated by ion-

selective microelectrodes in living cells (Zeuthen 1981,

1982, 1983). Most cells contain both the NKCC1 and KCC,

and the activities of the transporters are regulated by

phosphorylation in response to external stimuli (Adragna

et al. 2004; Gamba 2005). In the epithelial model the

NKCC1 and the KCC have key roles for coupling between

ion and water transport; in a nonpolarized cell coupling

between salt and water transport in the NKCC1 and the

KCC leads to cellular water homeostasis. It appears that

cellular volume regulation and transepithelial water trans-

port are closely related and that regulation of these trans-

porters may turn out to be an important aspect of epithelial

transport (Zeuthen 1996; Shachar-Hill and Hill 2002;

MacAulay et al. 2009).
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Appendix

Thermodynamics of Water Cotransport

The rate of water cotransport across a membrane can be

described by

JH2O ¼ B li � loð Þ ð1Þ

For the KCC, l equals R�T� (ln [K] ? ln [Cl] ? n � ln

[Cw]) taken on the inside (i) and the outside (o) of the

membrane; [K], [Cl] and [Cw] are the concentrations of

K?, Cl-. The number of water molecules coupled to the

transport of one K? and one Cl- ion (n) equals 500 for the

KCC; in Table 1 this parameter is called ‘‘CR.’’ R is the

gas constant, T the absolute temperature and B a constant

that can be determined experimentally. At equilibrium, the

rate of water cotransport is zero and the Gibbs criterion for

equilibrium of water, li = lo, can be written

Ki½ � Cli½ � Cw;i

� �n¼ Ko½ � Clo½ � Cw;o

� �n ð2Þ

Since [Cw] is proportional to exp (-osmi/nw), where osm is

the osmolarity and nw is the molarity of water, 55 M, Eq. 2

can be written as

Ki½ � Cli½ �exp �n osmi=nwð Þ ¼ Ko½ � Clo½ �exp �n osmo=nwð Þ
ð3Þ

This equation can be used to predict how high adverse

osmotic gradients are required to stop transport under

physiological conditions. For amphibians, [Ki] and [Cli] are

typically 100 and 40 mM and [Ko] and [Clo] are 2 and 120.

For n = 500, an osmotic difference, osmi - osmo, of

310 mOsm is required. For mammals, where [Ko] and [Clo]

are 5 and 120 mM, an osmotic difference of 200 mOsm

would be required to stop transport. These values are in

good agreement with experiments in epithelia (see text).

The water flux mediated by the KCC JKCC
H2O

� �
given in

Eq. 1 can be written as

JKCC
H2O ¼ B � R � T

� ln Ki=Koð Þ þ ln Cli=Cloð Þ þ n=nw osmi � osmoð Þ½ �
ð4Þ

The validity of this equation is supported by data from the

choroid plexus epithelium from Necturus maculosus. Here,

JKCC
H2O was a linear function of the external osmolarity

(osmo) when this was increased from its normal value of

T. Zeuthen: Water-Transporting Proteins 69
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200 mOsm to values up to 400 mOsm by addition of

mannitol (Zeuthen 1994); the proportionality factor B � R �
T was 6 9 10-6 cm s-1 in this range. Given this value, it

can be estimated that the KCC in the exit membrane could

be responsible for a major component of the transepithelial

water transport. In amphibians under steady-state condi-

tions, K? and Cl- concentrations are typically 80 and

40 mM intracellular and 2 and 110 mM extracellular, with

intra- and extracellular osmolarities around 200 mOsm.

With these values JKCC
H2O calculates as 18 nl cm-2 s-1. JKCC

H2O

has previously been estimated by a less exact approach to

3.5 nl cm-2 s-1 (Zeuthen 1995); this is smaller than the

estimate obtained from Eq. 1 but still a good approxima-

tion to the measured values (see text).

For the NKCC1, l in Eq. 1 equals R � T �
ln Na½ � þ ln K½ � þ 2 � ln Cl½ � þ n � ln Cw½ �ð Þ. At equilibrium,

the Gibbs equation becomes

Nai½ � Ki½ � Cli½ �2 Cw;i

� �n¼ Nao½ � Ko½ � Clo½ �2 Cw;o

� �n ð5Þ

With Cw proportional to exp (-n � osm/nw):

Nai½ � Ki½ � Cli½ �2exp �n osmi=nwð Þ
¼ Nao½ � Ko½ � Clo½ �2exp �n osmo=nwð Þ ð6Þ

The coupling ratio (n) for the NKCC1 can be determined

by comparing two different situations which give the same

rate of water transport. In the pigmented epithelium of the

ciliary body of the eye, hyperosmolar addition of NaCl to

the outside solution did not alter the transport rate for water

by the NKCC1 (Hamann et al. 2005); when 37.5 mM of

NaCl was added to the outside solution, the osmotic effect

of the extra NaCl, i.e., 75 mOsm, was exactly matched by

the increased chemical driving force originating from the

extra 37.5 mM of Na? and 37.5 mM of Cl-. If the rates of

water transport in the NKCC1 are the same in the two

situations, the chemical potential given by the outside

solution lo must also be the same. If these are called o,1

and o,2, it follows from Eq. 1 that lo,1 = lo,2, or

Nao;1

� �
Ko;1

� �
Clo;1

� �2
exp �n osmo;1=nw

� �

¼ Nao;2

� �
Ko;2

� �
Clo;2

� �2
exp �n osmo;2=nw

� �
� ð7Þ

Given values of [Nao,1], [Ko,1], [Clo,1], osmo,l of 120, 2,

120 mM and 290 mOsm and values of [Nao,2], [Ko,2],

[Clo,2], osmo,2 of 157.5, 2, 157.5 mM and 365 mOsm, n

calculates as 590. Eq. 7 can now be used to predict how

high adverse osmotic gradients are required to stop trans-

port under physiological conditions. For mammals [Nai],

[Ki] and [Cli] are typically 10, 100 and 60 mM and [Nao],

[Ko] and [Clo] are 150, 5 and 120. For n = 590, an osmotic

difference, osmi - osmo, of 100 mOsm is required.

For the SGLT1 the Gibbs equation takes the following

forms (Meinild et al. 1998):

Nai½ �2 Gi½ � Cw;i

� �n
exp 2FWi=RT½ �

¼ Nao½ �2 Go½ � Cw;o

� �n
exp 2FWo=RT½ � ð8Þ

RTln Nao=Nai½ �2þRTln Go=Gi½ � þ RTln Cw;o=Cw;i

� �n

¼ 2F Wi �Wo½ � ð9Þ

Na is the Na? concentration, G the glucose concentration

and W the electrical potential (other symbols as above). In

a physiological situation, where the Na? concentration is

10 times higher on the outside than on the inside, the

glucose concentrations the same, and the membrane

potential is –50 mV; it can be calculated that the inward

flux of water would proceed in face of an adverse osmotic

gradient of up to about 1,700 mOsm.

At constant Na? and glucose concentrations, the relation

between changes in external water concentration, propor-

tional to exp(-osm/nw), and the reversal potential (Wi –

Wo) becomes

D Wi �Woð Þ ¼ �n=nw RT=2F Dosmo ð10Þ

This relation has been used for a determination of the

coupling ratio (n) for the rabbit SGLT1 (Zeuthen and

MacAulay 2002a). Here, a shift in the outside osmolarity of

100 mOsm resulted in a shift in the reversal potential of

about 5 mV, equivalent to an n of 247. This compares well

with estimates of n obtained under non-steady-state con-

ditions (Table 1).
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