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All Things are Water 

Thales of Miletus 
(c. 640-546 B.C.) 

The scope of this review is restricted to an appraisal of the metabolic-
ally dependent transport of water between cells and their environment, 
in keeping with the spirit of other contributions in this volume. Conse
quently, many intriguing aspects of water transport are not discussed 
here. The interested reader may find valuable information on many 
facets of water transport in excellent monographs and reviews, such as 
those of Dick [1], Dainty [2], Diamond [3], Forster [4], Passow [5], and 
Robinson [6]. 

* This work was supported by USPHS Grant AM 12619. 
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I. WATER TRANSPORT—BASIC CONCEPTS 

So far, no conclusive evidence has been obtained (see, e.g., the review 
of Robinson [6]) in favor of active water transport (i.e., a specific 
mechanism capable of transporting water against its chemical potential 
gradient). More recent indications of active transport in some insects 
(see, e.g., Wharton and Devine [7]) await a rigorous analysis. Therefore, 
the subsequent discussion is limited to a consideration of water trans
port by passive mechanisms only. 

A. Forces Operative to Effect Passive Water Transport 

In a general way, the chemical potential of substance j at constant 
temperature is described by 

μ ] = μ/ + RT In aj +Pj Vj + Ζ]ΡΦ (1) 
where μ] is the chemical potential of j in the standard state, a} is the 
activity of species j , R is the gas constant, Γ is the absolute temperature, 
Vj is the partial molar volume (independent of pressure ρ), ζ is the 
valency of species j , F is the Faraday constant, and φ is the electrical 
potential of the phase to which μ] and μ/ relate. 

By definition (having excluded active transport) the movement of 
water w between two compartments (indicated by subscripts / and o) 
separated by a permeable membrane will take place in accordance with 
its chemical potential gradient until equilibrium is established, i.e. 
A*w,i = ^ w , o - Since it can be reasonably assumed that water moves 
through the membrane in a nondissociated form, the term ζΈφ in 
Eq. (1) will be 0 (i.e., the transport of water will not be directly affected 
by the electrical potential gradient across the membrane), and we can 
write 

A V i - = 0 = RT Δ1η aw + Vw Ap (2) 
Thus 

RT Δ1η aw = - Vw Ap (2a) 
i.e., Ap is the difference of hydrostatic pressure that must be applied 
to prevent water from flowing down its activity gradient (from a dilute 
to a more concentrated solution). 

The chemical potential of a solvent is affected by the presence of 
solutes s in an ideal solution as follows 

(3) 
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Thus, in a two-compartment system where a membrane permeable 
only to the solvent separates pure solvent from a dilute solution of 
solutes 5, a potential gradient of the solvent is set up across the mem
brane. It then follows from Eq. (2) that the solutes exert a (osmotic) 
pressure π on the membrane approximating 

n = RTYjSj (4) 
For nonideal solutions a correction factor (osmotic coefficient) g must 
be introduced 

π = gRT Σ  Sj (5) 
j 

The relationship between hydrostatic pressure, activity of water, 
and some physical properties of the membrane can be clearly demon
strated by a consideration of a Donnan system. Compartments / and ο 
are separated by a membrane freely permeable to water and small 
electrolytes (Na + , K + , CI") and impermeable to the macromolecular 
anion An~ in compartment i. This system can be described by the 
following set of equations (see also Jacobs and Stewart [8]); as usual, 
concentration is denoted by brackets [ ]. 

[Na + ] 0 + [K + ] 0 = [Cl-]o (6) 
[Na+L + [K+L = [Cl-]i + »[A*-]t (7) 

[Na+L./[Na+] 0 = [K + ] , / [K + ] e = [CT V [ C r ] i = r (8) 
RT 

Αφ = φ^φ0 = — l n r (9) 
and 

n[A»-]=f(A,PUi) (10) 
Equations (6) and (7) express the electroneutrality in both compart

ments. Equation (8) is a statement of the Donnan ionic equilibrium, 
(9) defines the Donnan diffusion potential gradient across the membrane, 
and (10) represents a shorthand expression for the titration curve of 
substance A. 

Assuming activity coefficients of 1.0, the concentrations being ex
pressed as molal quantities, and simplifying the equation by writing 

[Na + ] e + [ K + ] , = [ B + ] E and [Na + ] , + [K + ] £ = [ B + ] , 
the osmotic pressure gradient across the membrane will be 

Δττ = τι, πα = RT{([B +
 ]i + [Α"~]ι + [CP]/) - ([B + ] 0 + [d"].)} 

= /?r{2[Cl-L + \)[A--]i- 2[Cl-]e} (11) 
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The above statements represent a recapitulation of basic aspects of 
water movement across a permeable membrane, and their derivation 
may be found in comprehensive texts of physical chemistry (e.g. [9,10]) 
as well as in monographs on transport phenomena (e.g. [11,12]). 

In the context of this discussion, the following aspects of the preced
ing equations are of particular interest. 

(a) The magnitude of Δπ is dependent on the relationship between 
the concentration and charge of the nondiffusible (colloid) anion 
(An~), and the electrolyte concentration (see, e.g., Overbeek [13]). At 
small colloid concentrations (i.e., for [B + ] 0 > [An~], Απ tends toward 
RT[A"~], This then represents the "colloid" osmotic pressure [14]. At 
high colloid concentrations ([An~] > [B+] 0), Δπ will tend toward 
RT(n + l)[An~]9 i.e., in addition to the colloid osmotic pressure the 
counterions also contribute to Δπ, and this contribution may be termed 
the Donnan osmotic pressure. Obviously, the dissociation of An~ 
greatly depends on pH, and thus the H + distribution between both 
compartments [per se also determined by the Donnan system, Eq. (8)] 
considerably affects the number of net charges per molecule of the 
nondiffusible anion and consequently Δπ. At the isoelectric point of 
the macromolecular anion, only the colloid osmotic pressure will be 
exerted on the membrane. 

(b) Considering Eqs. (2) and (11), it becomes apparent that Δπ in 
Eq. (11) expresses the situation in which the volume of compartment / 
is maintained constant (the walls and the membrane are rigid). For a 
distensible compartment /, water will move across the membrane in 
accordance with its chemical potential (osmotic flow) and electrolytes 
will follow in order to satisfy the conditions of electroneutrality and 
Donnan distribution of ions in both compartments until a new equili
brium is established in which the osmotic flow of water is balanced by 
the inward mechanical pressure ρ of the membrane. For a spherical 
compartment /', this hydrostatic equilibrium will be characterized by 
the Laplace equation (see, e.g. [15,16]). 

2τ 
Ap = 7 (12) 

where Ap is the hydrostatic pressure gradient across the membrane 
(dynes/cm2 or atm), τ is the surface tension (dynes/cm), r is the radius 
of compartment / (the distensibility, or stiffness, of the membrane 
enclosing this compartment being the only physical factor restrain
ing its swelling). If the membrane is freely distensible, Δπ would 
bring about an osmotic flow of water and solute until 2LWti = aWt0 and 
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[ N a + ] l / [ N a + ] o - [ C r ] o / [ C l " ] i - 1 . 0 , i.e., the Donnan potential has 
approached 0. 

Conversely, application of an external hydrostatic pressure on one 
of the compartments will produce a flow of water (and solute) until a 
new equilibrium or steady state is established, described again by 
Eq. (2). If such hydrostatic pressure is applied on compartment /, the 
flow of water plus solute (ultrafiltration) will increase the chemical 
potential gradient of water across the membrane separating both com
partments. 

(c) In deriving Eq. (2), it was assumed that the electrical gradient 
zF^ could be neglected when considering the transport of water. The 
underlying assumption, i.e., water molecules moving across the mem
brane essentially as nondissociated particles, appears to be reasonable. 
However, the movement of water as solvent cannot be independent of 
the bulk movement of dissociated solutes. The contribution of water 
hydrating bulk ionic species is, undoubtedly, negligible. Taking estim
ates (see, e.g., Conway [17]) of the first hydration shells of N a + (4 H 2 0 ) 
and CI" (3 H 2 0) , one liter of an isotonic NaCl solution (150 mM) 
would contain only about 19 gm of water hydrating these ions. On the 
other hand, the phenomenon of electroosmosis (i.e., movement of 
water as solvent of charged particles across a membrane with fixed 
charges, see, e.g. Teorell [18]) cannot be neglected. Starting from 
Eq. (11), it can be readily shown [19] that Δπ increases with increasing 
Donnan ratio at constant An~ (see Fig. 1). This statement is consistent 
with comment (a) presented above. If, however, the electrical potential 
gradient across the membrane is maintained by forces independent of 
the Donnan system (e.g., in the case of an electrogenic ionic pump), 
electroosmosis represents an additional mechanism for producing 
water flow. 

The above analysis is seriously limited by some of the assumptions 
made concerning the activities of intracellular components, particularly 
of water and bulk electrolytes. Ling [20] and Troshin [21] are the most 
vigorous advocates in this respect. 

B. Cell Water 

In computing the (apparent) intracellular ionic concentrations, the 
total volume of cell water is usually taken to be that available as sol
vent for the intracellular solutes. This assumption may be seriously 
questioned. 

A cell separated from the extracellular phase by a freely distensible 
semipermeable membrane (i.e., no hydrostatic pressure gradient across 
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F I G . 1 . Relationship of osmotic gradient as a function of the Donnan ratio of chlor
ide [ 1 9 ] : curve computed according to Eq. ( 1 1 ) for (// : 1 ) [ / ! " " ],· ^ 9 0 mEq/kg intracellular 
water. Positive values of Δπ/RT indicate higher intracellular π and consequently a tend
ency of water to flow from the medium into the cells. Reprinted with the permission of 
Biochim. Biophys. Acta. 

the membrane is assumed) should behave as a nearly perfect osmom
eter if all cell water were available as solvent. Therefore van't HofTs 
law should hold for such a cell (see, e.g., Lucke and McCutcheon [22], 
i.e. 

*e(re-b) = n0{r0-b) (13) 

if the external osmotic pressure were varied using an impermeable 
solute. In Eq. (13) the subscripts c and ο define the experimental and 
isotonic conditions, respectively, ν is the volume and b is the portion 
of the volume that does not participate in osmotic phenomena (non-
solvent volume). The value of b can be readily determined as the inter
sect on the ordinate when plotting cell volume on the ordinate (conveni
ently taking the value of the volume at isotonic conditions as 1.0) 
against the reciprocal of the relative external osmolarity, i.e., nijne. As 
pointed out by Dick [1], this nonsolvent volume, often also expressed 
by Pondef s R (see Ponder [23]), is considerably greater than the 
volume that would correspond to the hydration shells of electrolytes 
and macroinolecules; in many cells and subcellular organelles it 
amounts to 3 0 - 5 0 % of their volume of intracellular water. Figure 2 
demonstrates the results of experiments using kidney cortex slices as 
experimental material [24], for convenience the tissue water is corrected 
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F I G . 2 . Effect of saline osmolarity on the steady-state levels of intracellular water in 
kidney cortex slices at 0 and 2 5 (recalculated from data in Kleinzeller [19]). Abscissa, 
reciprocal of the relative osmolarity 7 7 ; subscripts / and e denote isotonic and experimental 
conditions. Ponder's R calculated from intersect on ordinate. 

for the volume of extracellular water; thus the volume of intracellular 
water is plotted on the ordinate. It will be seen that at 0°, when most of 
the cellular metabolism is suppressed and the cell might behave as a 
physicochemical system (see Section II,B), the cells apparently act as 
very good osmometers whereas under conditions of active metabolism 
(25°, aerobic conditions) the cells are very poor osmometers. 

Results obtained by a somewhat more direct approach also indicate 
that a considerable portion of cell water is not available as solvent. 
A solute would be expected to equilibrate between the available cell 
water and the external phase if the following conditions were satisfied: 
(a) there is a free permeability of the membrane for the solute, with no 
interaction of the latter with any membrane component (i.e., no 
carrier-mediated or active transport across the membrane); (b) the 
solute is not metabolized; (c) the solute is readily soluble in water, does 
not interact chemically or physically with cell constituents, and has a 
low lipid solubility. The observed degree of asymmetry in the distri
bution of such ideal solute would then indicate the size of the non-
solvent water volume in the cell (see, e.g. [20,25]). When urea and 
dimethylsulfoxide were used, it was found in yeast cells [26,27] that 
about 28% of the cell water was not available as solvent in adult cells, 
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and this volume markedly changed in the course of the cell cycle [26]. 
In the cells of rat diaphragm, only about 75 % of the cell water was 
apparently available as solvent [28] for propylene glycol (which accord
ing to the data of Wright and Diamond [29] would be a convenient 
marker), and this value approaches that found for the barnacle muscle 
fiber by a rather indirect method [30]. In the cells of kidney cortex, 
about 90% of the cell water was available as solvent for propylene 
glycol [31]. Results with the vapor-equilibration method again indicated 
that a portion of the cell water was not available as solvent [32]. 

A variety of explanations has been offered for the observed phenom
ena (such as those summarized in refs. [4] and [1]): binding of water 
to intracellular proteins; exclusion of water in the presence of macro-
molecules; concentration dependence of the osmotic coefficient of intra
cellular proteins; fluxes of electrolytes produced by variations of the 
extracellular osmotic pressure; concentration-dependent changes in 
the charge of the nondiffusible cellular anion; physical compartmenta-
tion of water due to intracellular barriers; changes of the physical and/ 
or chemical state of water in the vicinity of macromolecules; changes 
of the membrane permeability for water produced by variations of 
extracellular osmolarity [33]; and incorrectness of the assumption that 
there is no hydrostatic pressure gradient across the membrane. This 
last possibility stems particularly from such observation [34] that in 
erythrocyte ghosts (devoid of most of the intracellular protein) a clear 
deviation from the ideal osmometric behavior was found, and it was 
calculated that the membrane should be able to withstand a pressure 
gradient corresponding to 32 mM NaCl, i.e., about 1.4 atm. 

Experimental data thus clearly favor the view that a portion of the 
intracellular water does not act as solvent for intracellular solutes, and 
a variety of mechanisms may contribute to this. Therefore intracellular 
(apparent) concentrations of solutes as computed on the basis of analy
tically determined total cell water may represent a distinct under
estimate. 

C. Intracellular Cations 

In the light of present knowledge the assumptions that (a) the bulk 
of intracellular electrolytes (K + , Na + , and CI") is uniformly distrib
uted in the available cell water, and (b) their respective activity 
coefficients approach 1.0, are an oversimplification. Compartmentation 
of Na and Κ in the cells has been clearly established kinetically by 
measurements of the steady-state ionic fluxes, e.g., in muscle [35] or 
kidney [31,36-38]. Direct proof of intracellular ionic compartmenta
tion was produced for kidney and liver tissue by Siebert et al. [39,40], 
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employing the technique of nuclei preparations in nonaqueous media 
and comparing their ionic contents with that of the whole cells; con
centration gradients of up to 10 : 1 were reported. In some instances, 
the activities of intracellular K + and N a + were measured using cation-
selective microelectrodes [41-44], and the values obtained differed 
sufficiently from those found by chemical analysis to indicate binding 
of cations by cell constituents (proteins). In muscle, 70-80% of the 
cellular N a + appears to be inactive [44]. Also, nuclear magnetic reson
ance studies indicate binding of Na in muscle cells [45]. In some cells, 
e.g., in the kidney, an important fraction of cell K + v appears to be 
slowly exchangeable [31,36,37,46], and it is thus questionable whether 
this portion of intracellular K + can participate in osmotic and electro
chemical phenomena; in particular, at 0° a considerable fraction of 
cell K + cannot be washed out even by somewhat drastic methods [47] 
(anaerobiosis, plus the presence of a variety of metabolic inhibitors), 
and this portion also does not exchange with 4 2 K [46,48]. Finally, in 
various animal tissues the total steady-state concentration of bulk 
intracellular cations was consistently found to be considerably higher 
than their external concentration. Thus, in the kidney cortex the 
apparent intracellular concentration* of ([Na +],,+ [K + ],) of the order 
of 205 mM [49,50) is in a steady state with 150 mM ([Na+]„ + [K + ]0). 
If the assumption of a hydrostatic gradient across the membrane is 
dismissed, such data again would indicate that a portion of intracellular 
electrolytes is either bound to cellular (protein) components or is com
partmentalized (due to the presence of physical, i.e., structural barriers, 
and to discrete transport processes that bring about an unequal ion 
distribution within cellular compartments) and this does not participate 
in osmotic and electrochemical phenomena. 

Both structural (physical) compartmentation and binding of electro
lytes (i.e., chemical compartmentation) by intracellular components 
will greatly affect the computed (apparent) intracellular concentration 
of cations, in general leading to an overestimate of the intracellular 
osmotic pressure. 

II. NET WATER FLUXES ACROSS THE CELL MEMBRANE 

Osmotically induced transport of water has been studied for more 
than a hundred years. Evidence for a net transport of water coupled to 
metabolic processes has been obtained only more recently, particularly 

* As a further simplification, concentrations will be expressed in terms of molarity 
(instead of molality). 
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from the work of Opie [51], Krebs et al. [52], Robinson [53], 
Mudge [54], and Aebi [55,56]. In a variety of cells and tissues, cold, 
anaerobiosis, or uncouplers produce a marked swelling of the cells, 
whereas a supply of metabolic energy allows an extrusion of water 
from the cells (Fig. 3)[57]. 

Such results have been mostly interpreted as follows (see, e.g. [58,59]). 
The membrane separating the intracellular from the extracellular phase 
is assumed to be readily permeable to water and small electrolytes. 
Blocking of the supply of metabolic energy then allows a net passive 
flux of permeable components across the membrane, according to their 
respective electrochemical gradients. Thus N a + and CI" will diffuse 
into the cells, whereas K + will leak out. The presence of nondiffusible 
anions in the cells produces conditions for a Donnan system, as a 
result of which water and bulk electrolytes flow into the cells as a 
practically isotonic solution. Consequently, the cells swell until the 
distensibility of the membrane balances the tendency for further 
swelling. 

Availability of metabolic energy (on warming the cells and providing 
aerobic conditions) reverses the swelling process by allowing the cation 
pump (electrogenic N a + or the N a + - K + pump) to extrude Na + and 
to accumulate K + . The transport of these cations takes place against 

F I G . 3. The effect of dinitrophenol on electrolyte and water transport in rat diaphragm 
[57]. Rat diaphragm first leached for 3 hours in 0.154 Μ NaCl at 0° and subsequently 
incubated aerobically (gaseous phase 0 2 ) for 60 minutes at 37° in Krebs-Ringer phosphate 
saline containing 4 mM α-oxoglutarate. Full lines, control; broken lines, 0.1 mM DNP. 
O , kgm H 2 0 / k g dry weight (DW); V , N a + ; • , K + , mEq/kg DW. Values ±S.E. , 
n= 6. 
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their respective electrochemical gradients, and CI" follows passively. 
As a consequence of this ion transport, an osmotic flux is induced, i.e., 
water is extruded from the cells as an isotonic solution of electrolytes. 

The steady-state volume of the cells is thus determined by the relative 
rates of the passive ion flux through the leak and the active cation 
extrusion by the pump, water following net ionic movements passively; 
at the steady state, the unidirectional inflow of electrolyte and water 
through the leak equals the unidirectional flux of extrustion. It is obvi
ous that a major volume change in such system can take place only if a 
net ion flux occurs, i.e., in the diaphragm muscle [57] (Fig. 3) the net 
N a + flux is practically twice that of K + ; in the frog muscle, where a 
1 : 1 exchange of N a + and K + takes place at both 0° and on incubation 
[60,61], no major volume changes were observed. 

A. The Leak-and-Pump Hypothesis 

Some predictions of the leak-and-pump system are brought out by 
the set of equations first suggested by Post and Jolly [62] for the follow
ing model. The aqueous intracellular space of the cells contains a non-
permeable, osmotically active component A. A leak L allows the 
permeable substance S to pass through the membrane of the cell with 
a rate constant /. In addition, S is extruded from the cell by a metabolic-
ally operated pump Ρ (rate constant /?). External to the membrane is 
an aqueous phase large enough that the concentration of S in this 
compartment is constant. We shall assume that the cell membrane is 
freely permeable in water and distensible (i.e., no hydrostatic pressure 
is exerted on the membrane). The steady state can then be described 
by the equations 

[AL + [S]f = [S]0 (14) 

i.e., osmotic equilibrium holds, and 

/ ( [ S L - t S W ^ E S L (15) 

i.e., the net flux of S is zero. 
These equations are sufficient to calculate the unknown (or difficult 

to measure) parameters, i.e., [A]f and [S]„ and we obtain 

[ A 1 . = 7 ^ [ S ] - = 7 r k ) [ S 1 - ( 1 6 > 

[A]t is related to the cell volume Vby 

[A]; = y (17) 
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By substitution we obtain 

A 
l + ( / / p ) 

(18) 

and 

V (19) 

Post and, in a more detailed way, Stein [11], have then shown that 
Eq. (19) holds also for more complex assumptions, including a leak-
and-pump system for electrolytes and, in particular, for a coupled 
(i.e., N a + + K + ) pump. Moreover, the equations of Tosteson and 
Hoffman [63,64] deal with the important aspect where, in addition to 
the leak-and-pump system, a cation exchange mechanism across the 
erythrocyte membrane is operative. 

An inspection of this equation confirms the intuitive understanding 
that any factor increasing the leak and/or inhibiting the pump produces 
an increase of the cell volume; conversely, the cell should shrink if the 
leak is decreased and/or the pump extrudes electrolyte at a more rapid 
rate from the cell. Quantitatively, complete inhibition of the cation 
pump should bring about conditions approaching a Donnan distribu
tion between the cellular and extracellular compartments. It is generally 
assumed that, in cells devoid of a rigid wall, practically no hydrostatic 
pressure gradient exists across the cell membrane. Thus (see Eq. 2) the 
activity of water on both sides of the membrane should be equal. 

Some of the quantitative predictions of this leak-and-pump concept 
will now be analyzed. 

B. The Cellular Swelling 

It has been mentioned above that, by blocking the operation of the 
cation pump, the cells may be viewed as a Donnan system with the 
membrane readily permeable to water and small electrolytes. Evidence 
for the permeability of the membrane to bulk electrolytes is provided 
by the use of labeled Na + , K + , and Cl~ and by the fact that these ions 
move across the membrane according to their respective electrochemical 
gradients. Figure 4 shows a more detailed analysis of the swelling process 
at 0° in kidney cells where a new balanced state of cell water and electro
lytes appears to be reached within about 1 hour. In accordance with the 
predictions, calculations from the data show that the apparent Donnan 
ratios for the individual ionic species decrease during maintenance at 
0°, indicating that net ionic movements follow their respective electro
chemical gradients. 
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FIG. 4 . The swelling of kidney cortex slices at 0 ° in 0 . 1 5 4 Μ NaCl. O , kg H 2 0 / k g 
DW; Δ , N a + ; • , K + ; · , Cl~, all in mEq/kg DW. 

A variety of factors has been shown to affect the balanced state of 
cell water and electrolytes. In erythrocytes, cold or metabolic inhibitors 
produce a cellular swelling [65,66] which is also affected by external 
pH [8]. Some heavy metals, e.g., gold or mercury, bring about a swel
ling that eventually leads to the disintegration of the cells [67]. In 
kidney cortex cells at 0° a marked swelling well beyond that found in 
the balanced state is produced (a) by [19] some heavy metals (inorganic 
and organic mercurials, Cu 2 + , Ag + ) and (b) by replacing saline Na + by 
some alkali metals such as K + , R b + , or Cs + , but not Li + . On the other 
hand, alkaline earths (Ca 2 + , S r 2 + , Ba 2 + ) decrease the swelling. The 
swelling may be prevented if the permeable Cl~ is replaced by an im
permeable anion. Qualitatively, in accordance with the predictions 
(see Fig. 3), increased swelling was found to be associated with a 
decrease of the Donnan ratio particularly of the freely diffusible CI", 
whereas the presence of alkaline earths produced an increase of the 
[Cl"]0/[Cl"] t (Fig. 5). Similar observations were made with other 
tissues, e.g., brain cortex [68,69], ascites tumor cells [70], and yeast [71]. 

However, some of the preceding experimental observations cannot 
be readily reconciled with predictions for a simple Donnan system. 
It has been pointed out above that, in the absence of active ion extru
sion, the presence of an infinitely distensible membrane would be 
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F I G . 5. Relationship between tissue water and the apparent Donnan ratio of chlor
ides [19]. Kidney cortex slices leached for 25 hours at 0° in 0.154 Μ NaCl (controls) and 
with various additions or in isotonic solutions of chlorides of other cations. O, NaCl; 
· , 0.2-0.8 mM H g C l 2 + ; 3, 0.6-1.4 mM Esidrone (an organic mercurial preparation); 
• , 10-154 mEq K + ; • , 77 and 154 mEq R b + ; Δ , 1 5 4 m E q L i + ; χ , 6 mMMg2+; + , 
1-6 m M C a 2 + ; A, 6 mA/Ba 2 + ; Τ  6 m M S r 2 + ; 3, 6 m M Mn 2 + . Reprinted with permis
sion of Biochim. Biophys. Acta. 

expected to produce a continuous osmotic flow of water and electro
lytes into the cellular compartment and eventually the cell would 
burst. Two views have been put forward as explanations of the balanced 
state: (1) at 0°, the cation pump is not completely inhibited, and thus 
the balanced state of cell water and electrolytes is, in fact, a new steady 
state with no osmotic gradient across the membrane [72,73]; and 
(2) the physical properties of the membrane (finite distensibility) 
restrict the swelling and thus prevent the cell from bursting [19,58,74]. 
This second hypothesis would demand an osmotic pressure gradient 
across the membrane (in accordance with Eq. 2). 

No direct evidence is available to favor either hypothesis. The 
concept of a residual cation pump operative at 0° (or in the presence 
of metabolic inhibitors) was based on the following observations. 
First, a measurable metabolic activity, i.e., oxygen uptake, wasfound [73] 
at 0° with kidney cortex slices, and therefore the argument lost weight 
that at this temperature no supply of metabolic energy for the 
cation transport was available. Second, measurements of the freezing 
point depression of various cells and tissues did not indicate an osmotic 
gradient [75-78]. Third, direct measurements of the surface tension 
(membrane stiffness) of fresh erythrocytes [16] yielded the value of 
0.037 dyne/cm, i.e., the membrane withstood a pressure gradient of 

• 



4. CELLULAR TRANSPORT OF WATER 105 

only 2.3 mm H 2 0 . This value is considerably lower than that corres
ponding to the osmotic pressure due to hemoglobin in a Donnan 
system, as indicated by the following consideration. In accordance with 
statement in Section I,A, the lower and upper limits of 5 mM hemo
globin (assuming 10 anionic charges per molecule) would be 5 mosM, 
corresponding to 0.1 atm (for undissociated protein or at very high 
ionic strength) and about 55 mosM (at very low ionic strength), i.e., 
1 atm. Obviously, the erythrocyte membrane could not withstand such 
a pressure gradient, and the found low value of the surface tension 
thus corresponded to the known osmotic fragility of the erythrocytes. 
In more typical cells (sea urchin eggs) surface tensions of up to 50 
dyne/cm (corresponding to 0.0005 atm) were found [79]. Although 
here the cell membrane might not be the only structure contributing 
to the physical restraint to swelling, in view of the preceding data it 
remains unlikely that major pressure gradients (i.e., up to 1 atm) could 
develop in cells, unless a protective wall were present (as in plant or 
microbial cells) or a mechanism that would stiffen the membrane. It 
ought to be pointed out here that when the surface tension of cells is 
computed according to Eq. (12) the parameter of importance is the 
effective curvature radius; thus, the presence of intracellular structures 
might considerably increase the resistance of the cell membrane by 
decreasing the effective curvature radius. 

The second hypothesis, i.e., when a residual cation pump is operative 
at 0° or when the cell metabolism would be expected to be completely 
inhibited by poisons, appears to be equally unsatisfactory: First, one 
would expect the swelling to display a cation specificity demonstrated 
for the Na pump. However, the swelling was found to be identical 
whether the saline contained N a + , Li + , choline"1", or Tris + as the major 
cation (compare, e.g., Fig. 6 with Fig. 4). This was also the case in the 
experiments of Robinson [80]. Moreover, if the argument that mercurials 
produce the swelling effect at 0° by an inhibition of the Na pump were 
acceptable, it would be difficult to explain the swelling produced by 
mercurials in the absence of N a + , i.e., in Li + saline [74] or choline+ 

saline [80]. Ethacrynic acid has no effect on the swelling of kidney 
slices [81] at 0°, and this should be contrasted with the apparently 
complete inhibition of active N a + transport by the same concentration 
of inhibitor when the tissue is incubated at 37°, in spite of the fact that 
at 0° ethacrynic acid irreversibly interacts with tissue components 
participating in N a + transport [82]. 

Thus, an analysis of the cellular swelling at 0° readily reveals various 
deviations from a simple Donnan system. 

It should also be pointed out that, so far, the assumption has been 
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F I G . 6 . The swelling of kidney cortex slices at 0 ° in 0 . 1 5 4 Μ LiCl. O , kg H 2 0 / k g 
DW; A, N a + ; • , K + ; • , L i + , all in mEq/kg DW. 

made that in the swelling process, there is only one mechanism. Some 
studies [83] suggest the possibility that two processes are involved, i.e., 
an equivalent exchange of N a + against K + and, by a separate mechan
ism, an influx of N a + +C1" . 

C. The Metabolically Dependent Extrusion of Water and Electrolytes 

The extrusion of water and electrolytes against their respective osmo
tic and electrochemical gradients can be most readily demonstrated 
by experiments of the type shown in Fig. 2. In a variety of tissues 
incubated in physiological salines, e.g., kidney cortex [49,52,54], liver 
[56,84], diaphragm [57], the resulting steady state of water and electro
lytes approaches that found in these tissues in vivo. There is ample 
evidence that this extrusion of ions proceeds against their respective 
electrochemical gradients, i.e., direct measurements of the changes of 
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the membrane potential that take place during the incubation [85] 
and the demonstration [50] that the Donnan ratios of the respective 
ions change in the expected direction (i.e., [K + ] l / [K + ] 0 and [Cl"]0/ 
[Cl~]i increase, [Na + ] i / [Na + ] 0 decreases). 

Formally, the steady state produced by the leak-and-pump system 
may be viewed as a double system in which a membrane permeable to 
water K + and Cl~ but effectively impermeable to N a + (due to the 
operation of the Na pump) and the intracellular nondiffusible anions 
separate the intracellular phase from the external phase. 

From the description of the leak-and-pump system (Section ΙΙ,Α) 
it would follow that any factor changing the passive leak or affecting 
the active extrusion of N a + would also produce changes in the steady-
state volume of the cell, and the net flow of water would be closely 
associated with net ionic movements. A number of observations do fit 
such a prediction. Thus, in kidney cortex cells, tissue-bound mercurials, 
which increased the passive permeability for ions and nonelectrolytes 
but did not appear to affect the active extrusion of N a + , produced a 
marked increase in the steady-state volume of the cells [86,87]. Studies 
on brain cortex slices indicate that in this tissue also the leak-and-pump 
system is operative. All observed net water fluxes could be accounted 
for by simultaneous fluxes of electrolytes and could be prevented by 
the presence of nondiffusible anions [88]. Inhibition of the Na pump 
by anaerobiosis, absence of metabolic substrate, or dinitrophenol 
produced a considerable swelling of the cells [89, 90] (particularly glial 
cells [91]); on the other hand, an inhibition of the leak for N a + by 
tetrodotoxin also depressed the uptake of water [92]. 

III. INADEQUATE ASPECTS OF THE LEAK-AND-PUMP 
HYPOTHESIS 

Attention to some inadequacies of the leak-and-pump hypothesis as 
the only mechanism of cellular volume control was first drawn as a 
result of studies on the effect of ouabain on the transport of water and 
electrolytes in kidney cortex [50] and diaphragm cells [57]. The cardiac 
glycoside ouabain is considered to be a rather selective inhibitor of the 
active N a + extrusion from cells [93,94] and is believed to act by block
ing of the membrane (Na + + K+)-ATPase [95]. The leak-and-pump 
hypothesis predicts that the ouabain-produced inhibition of the Na 
pump should lead to a massive cellular swelling. However, using tissue 
preparations previously loaded at 0° with N a + , Cl~, and water, and 
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impoverished of K + , it was found that ouabain did not inhibit the 
metabolically dependent extrusion of water as an isotonic solution of 
NaCl from the cells but did prevent the reaccumulation of K + in the 
cells [50,57,83,96,97]. Thus, as opposed to controls without inhibitor, 
the extrustion of water took place at a constant electrochemical gradi
ent, as shown in Fig. 7. These effects of ouabain took place at concen
trations up to 10 mM, which assured a practically complete inhibition 
of the active extrusion of Na + , and of the (Na + +K +)-ATPase, as 
indicated by the following observations with kidney slices, (a) The 
reaccumulation of K + by the tissue and the portion of 0 2 uptake 
related to the operation of the Na pump were maximally blocked at 
0.3 mM ouabain [98]; (b) the preceding concentrations of the cardiac 
glycoside were up to 500 times higher than the K, for the inhibition of 
the (Na + + K+)-ATPase [99]; and (c) the Na + - dependent accumulation 
of α-methylglucose, believed to be related to the operation of the Na 
pump, was also completely inhibited at these ouabain concentrations 
[100]. In erythrocytes it was found that ouabain did not completely in
hibit the extrusion of N a + ; here, the ouabain-insensitive portion of N a + 

transport was blocked by the potent diuretic, ethacrynic acid [101,102], 
A further inconsistency of the leak-and-pump hypothesis was 

revealed when it was shown [103] that the absence of external Ca 2 + , 

5 r 

FIG . 7. Effect of ouabain on the transport of water and apparent intracellular ionic 
concentrations in kidney cortex slices [74]. Slices were first leached for 2.5 hours in bal
anced saline (black bars), then aerobically incubated at 25° in the same saline (5 m M 
α-oxoglutarate as substrate) for 60 minutes without (control) (white bars), and with 1.3 m M 
ouabain (cross-hatched bars). The data after incubation represent steady-state values, 
±S .E . 
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which produced a marked increase in the membrane leak for ions and 
nonelectrolytes [104,105], did not bring about the postulated swelling 
of the cells; in fact, the steady-state level of tissue water was identical 
in the presence and absence of C a 2 + , although in Ca 2 +-free saline 
highly depolarized cells with high N a + and low K + content were ob
tained. 

Finally, the fact that a marked extrusion of water and NaCl was 
also observed in the absence of external K + , and the steady-state tissue 
water again did not differ from values obtained in the controls [71,83, 
96,106], posed some questions. The concept of a coupled Na-K pump 
would have required that the extrusion of N a + stop in the absence of 
external K + (unless a recirculation of K + between the cell and its 
immediate environment is postulated [71,107]); alternatively, since the 
extrusion of a NaCl solution from the cells in the absence of external 
potassium was ouabain-insensitive, one would have to make the 
rather unpalatable assumption that the electrogenic Na pump is not 
affected by the cardiac glycoside. 

The simplest explanation of such results would be that two processes 
are involved in the transport of water: 

(a) Water transport associated with the operation of the Na pump. 
Since here the extrusion of N a + is coupled directly (coupled pump) or 
indirectly (electrogenic pump) to the transport of K + in the opposite 
direction, a stoichiometric relationship of 1 N a + : 1 K + would produce 
only a rather small movement of anion and water. This then would be 
the system sensitive to ouabain. 

(b) Transport of water associated with an extrusion of NaCl without 
coupling to K + transport. Obviously, this transport system could 
produce considerable fluxes of water. This system does not appear to 
be sensitive to ouabain. 

A. Characteristics of the Ouabain-insensitive Transport of Water and 
Electrolytes 

The following characteristics of the ouabain-insensitive transport of 
water and electrolytes have been established, primarily by work using 
preparations of kidney cortex tissue and diaphragm cells. 

1. The transport of water takes place as a (practically) isotonic 
solution of the bulk cellular electrolytes at a constant electrochemical 
gradient [50,57,83,97]; as opposed to the extrusion of water and N a + 

from cells previously swollen at 0° (see Section II,C), this ouabain-
insensitive transport system proceeds without reaccumulation of 
cellular K + . With cells loaded with N a + and CI" at 0° in physiological 
salines, the extruded solution consists essentially of 0.14 Μ NaCl. 
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2. The ouabain-insensitive extrusion of water is dependent on 
metabolic energy being completely blocked by uncouplers (e.g., 0.1 mM 
dinitrophenol) or anaerobiosis [50,57,83,97]. 

3. The phenomenon shows a lack of cation specificity [50]. Maintain
ing slices of kidney cortex at 0° in isotonic salines, the same degree of 
swelling is observed in Na + - and Na+-free saline (see also Section 
ΙΙ,Β). On subsequent aerobic incubation of the tissue in identical 
salines at 25°, it was found that the steady-state levels of tissue water 
were identical at all experimental conditions, i.e., in salines in which 
the bulk cation was Li + (see below), choline+, or Tris + (Table I). 
Again, this process was blocked by uncouplers or anaerobiosis and 
was not accompanied by a reaccumulation of cell K + . Thus the tissue 
is capable of extruding Li + , choline"*", or Tris + to the same extent as 
N a + . 

TABLE I 

STEADY-STATE LEVELS OF WATER, K + AND Cl~ IN SLICES OF KIDNEY CORTEX" 

kg H 2 0 / k g DW mEq K + / k g DW mEq CI /kg DW 

Saline Control DNP Control DNP Control DNP 

Na-saline 
Choline-saline 
Tris-saline 

2.76 ± 0 . 0 5 4.52 ±0 .05 
3.06 ± 0.03 3.59 ± 0.05 
2.91 ± 0 . 0 5 3.51 ±0 .05 

287 ± 8 67 ± 3 
147 ± 3 96 ± 4 
80 ± 5 71 ± 3 

2 1 5 ± 9 
394 ± 13 
398 ± 20 

537 ± 1 6 
553 ± 30 
492 ± 13 

" The tissue was first leached at 0° for 2.5 hours in the respective salines, then incubated 
in the same salines aerobically ( 0 2 ) for 1.5 hours without (control) and with 0.1 mM 
dinitrophenol. Data are expressed in kg H 2 0 / k g Tissue DW or mEq of electrolytes/kg DW. 
Values are the means ± S E (n = 5). Values for N a + are not given because in the Na-free 
salines tissue Na was too low to be accurately measured. 

4. The ouabain-insensitive extrusion of water and electrolytes is 
completely blocked by 1-2 mM ethacrynic acid [82,83,108], a known 
inhibitor of the membrane ATPase. This observation, in conjunction 
with the inhibition of active N a + transport in erythrocytes [101], has 
been interpreted as evidence for a second Na pump, which would be 
ouabain-insensitive and which would operate without K + coupling. 
Unfortunately, such views did not take into account the rather non
specific nature of the in vitro effect of ethacrynic acid on metabolic 
processes, in particular those directly supplying energy for the opera
tion of the cation pump. Figure 8 shows that ethacrynic acid inhibits 
[82,109] not only the 0 2 uptake in N a + salines, but also in the absence 
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FIG . 8. Effect of ethacrynic acid on the respiration of kidney cortex slices [82]. Slices 
were incubated in either N a + or Li + -salines, without (control) and with 2mM ETA. 
Mean values of four measurements for the second hour of incubation are given. Reprinted 
with permission of Biochim. Biophys. Acta. 

of N a + . Thus, this inhibitory action of ethacrynic acid can hardly be 
related to a blocking of Na pump II, particularly if cognizance is taken 
of the fact that ethacrynic acid is known to inhibit the electron trans
port chain in mitochondria [110,111]. Furthermore, this inhibitor 
produces a dramatic decrease of the cellular level of ATP [82]. Finally, 
the effectiveness and specificity of ethacrynic acid as an inhibitor of 
the membrane ATPase may be questioned. In the first report on the 
inhibition of this enzyme [11 la], concentrations of the order of 5 χ 10" 4 

Μ ethacrynic acid were required to produce a 50 % depression of the 
activity of the enzyme prepared from the kidney cortex of several 
mammalian species. Even higher concentrations of the drug were required 
to inhibit by 50 % kidney membrane preparations (see, e.g. [11 lb, 11 lc]); 
the membrane ATPase from bovine brain proved to be particularly 
insensitive, 10" 2 Μ being required for a 50% inhibition of the enzyme 
activity [11 Id]. Therefore, these data are consistent with the conclusion 
that ethacrynic acid inhibits the ouabain-insensitive water and electro
lyte transport indirectly by interfering with the indispensable supply 
of metabolic energy (see also [81]). The fact that ethacrynic acid also 
greatly inhibits the glycolytic process [112] may provide a similar explan
ation for the inhibition by ethacrynic acid of the ouabain-insensitive 
extrusion of N a + from erythrocytes and would thus obviate the need 
of postulating a Na pump II. 

5. The ouabain-insensitive control of water and electrolyte content 
was found [113] to be markedly sensitive to variations of external pH 



112 ARNOST KLEINZELLER 

and also to external Ca 2 + . Variations in the saline pH in the range 
6.2-8.2 were shown not to affect markedly the steady-state water content 
of kidney cortex slices [114]. However, as shown in Fig. 9, the effects of 
ouabain and external C a 2 + on tissue water are markedly pH dependent: 
both ouabain and the absence of Ca 2 + produce a marked swelling at pH 8, 
whereas in the pH range 6.2-7.4 no swelling was observed. Moreover, 
the fact that in the absence of external C a 2 + ouabain produced a signi
ficant swelling also at pH 7 appears to indicate that pH and C a 2 + act 
by independent mechanisms. 

In spite of the lack of effect of ouabain and/or absence of C a 2 + 

on tissue water in the lower pH range, the ionic composition of 
the tissue showed high cellular levels of N a + and low cell K + , again 
indicating that the water transport was not associated with the Na pump. 

Further evidence that the above set of phenomena has little to do 
with the Na pump is provided by results shown in Fig. 10. Here the 
effect of pH and C a 2 + was studied in the absence of the external (and 
of practically all the cellular) Na + , using Li+-salines. It will be seen that 
pH affected the tissue water in Li+-saline in the same way as in the 
Na+-saline in the presence of ouabain, i.e., swelling was observed only 
at pH 8; in the absence of C a 2 + , the tissue swelled also at pH 7.2. 

2.5 H 

I ι ι 
6.0 7.0 8.0 

pH 

FIG. 9 . Effect of pH on the steady-state levels of water in kidney cortex slices [113] . 
Slices were incubated aerobically for 120 minutes at 2 5 ° in Na + -sal ines at varying pH 
(control, O). • , Ca 2 + - f ree saline; · , 0 .5 mM ouabain; • , 0 .5 mM ouabain in Ca 2 + - f ree 
saline. All values are the mean ± S.E., η = 6. Reprinted with permission of Biochim. 
Biophys. Acta. 
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FIG. 10. Effect of varying pH on the steady-state level of water in slices incubated in 
Li + -sal ine [113], Conditions of incubation as in legend of Fig. 9. O , L i + - sa l ine ; φ , C a 2 + -
free Li + -saline. Reprinted with permission of Biochim. Biophys. Acta. 

In the preceding set of experiments no evidence was obtained that 
would point to the active transport of an ion other than Na4" being 
reponsible for the volume control in ouabain-poisoned cells or in tissue 
in the absence of C a 2 + . For such an ion, the active transport system 
would have to be directed from the cells into the external medium. 
So far, H + and C a 2 + have been found to satisfy this requirement 
[114-116]; however, on quantitative grounds these cations do not 
appear to be likely candidates. The transport of K + takes place from 
the medium into the cells. The steady state levels of this cation in the 
tissue are markedly affected by variations in pH (decreasing with in
creasing pH) in Na + - or Li+-salines in the controls and also in the 
presence of ouabain and/or absence of Ca 2 + . This interesting phenom
enon may well be due to the effects of external pH (or, possibly, of the 
H + gradient across the membrane) on the cellular compartmentation of 
K + , as indicated by results shown in Fig. 11. No evidence for the active 
transport of Cl~ in kidney tissue has so far been obtained [24]. Finally, 
the suggestion that the active extrusion of cations replacing N a + might 
be responsible for the volume control in the absence of external N a + 

should be considered. While it is correct to state that Li + is transported 
by renal cells against a slight electrochemical gradient in the direction 
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FIG. 1 1 . Effect of pH on the exchange of tissue K + [ 113] . Slices were incubated for 
varying time intervals in salines at varying pH ( • , pH 6.2; Δ , pH 7.2; O , pH 8.2) in the 
presence of 4 2 K + , and the amount of nonexchanged tissue K + was determined. Reprinted 
with permission of Biochim. Biophys. acta. 

from the cells into the external medium [114], the results given in Table 
I make it clear that an active extrusion of Tris + would also have to 
occur; choline appears to be transported against its gradient [117]. 
In the ground squirrel, Li is actively transported to a considerable 
extent, and this transport is ouabain sensitive [107]. 

The swelling observed in ouabain-poisoned cells at pH values higher 
than pH 7.5 (Fig. 8) is not freely reversible, as shown in Fig. 12. Here 
the effect of external pH was studied starting with tissue that had been 
previously loaded with water, N a + , and CI" at 0°. It can be seen that 
the cells readily extruded water when they were immersed in saline at 
pH 6.2; once a steady state was reached, transfer of tissue topH 8.2 
initiated the swelling process. On the other hand, the tissue also ex
truded water (and electrolytes) at pH 8.2 and, only after a 30-minute 
incubation, started to swell again; transfer to pH 6.2 did not produce 
a shrinking of the cells, although it prevented further swelling. This 
experiment may be indicative of further complexities in the Na + -
independent (ouabain-insensitive) cellular swelling in the pH range 
above pH 7.5. As shown in Fig. 13, during the first phase of water (and 
electrolyte) extrusion from the cells at pH 8.2, the ATP content of the 
tissue increased; the irreversible further uptake of water was then 
associated with a fast drop of the ATP level. 
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FIG. 12. Reversibility of the pH effect on tissue water in kidney cortex slices [113]. 
Slices were first loaded with Na + , Cl~, and water by leaching of the tissue at 0° in saline 
at pH 7.2. Subsequently the tissue was incubated aerobically at 25° in salines containing 
0.5 mM ouabain at either pH 6.2 ( O ) or 8.2 ( • ) . The arrow indicates transfer of a group 
of slices from salines of one pH to the other. Reprinted with permission of Biochim. 
Biophys. Acta. 
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FIG. 13. Effect of incubation of tissue at pH 8.2 on tissue water and ATP [113]. Condi
tions of experiment as in legend to Fig. 12. O , kg H 2 0 / k g DW; Δ , mrnoles ATP/kg tissue 
protein. Reprinted with permission of Biochim. Biophys. Acta. 
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Finally, it should be recorded that the described set of pH-dependent 
phenomena of cellular swelling has also been observed in isolated 
kidney tubules and rat diaphragm. 

6. The ouabain-insensitive transport system does not appear to be 
universally present in all cells. Thus in brain cortex slices considerable 
swelling of the cells was found [90] when the Na pump was inhibited 
by 0.1 mM ouabain or by the absence of N a + (Li + , choline+, or Tris +-
salines), indicating that the leak-and-pump system is qualitatively 
responsible for the maintenance of the cell volume in this tissue. 
However, some reservations may be voiced as to the intactness of cells 
in the preparation where many neurons have been cut. 

The following conclusions appear to be consistent with the summary 
of results above: 

The ouabain-insensitive system of ion transport, responsible for the 
control of the cell volume 

(a) is dependent on a supply of metabolic energy; 
(b) takes place by extrusion of cations and an equivalent amount of 

anions as an isotonic solution at a constant electrochemical gradient; 
(c) shows no specificity for monovalent cations; 
(d) is pH-dependent (operative in the lower pH range up to pH 7.5) 

and requires external C a 2 + ; 
(e) operates in addition to the leak-and-pump system; 
(f) does not appear to be present in all mammalian cells. 

Several hypotheses have been put forward for the mechanism of the 
ouabain-insensitive system of ion and water transport. 

First [50,57,74], a mechanochemical system squeezes out an isotonic 
solution of intracellular electrolytes. This hypothesis offers the advan
tage of not requiring ionic specificity, but does not come to grips with 
the problems related to the hydrostatic pressure gradient across the 
membrane. 

Second, the ouabain-insensitive extrusion of N a + is brought about 
by a Na pump that differs from the Na-K exchange pump by being 
resistant to the cardiac glycoside but readily inhibited by ethacrynic 
acid [83,97,108]. 

Third, the sites of the Na-K exchange pump are not readily accessible 
to ouabain. This (cryptic) pump could then operate even in the absence 
of external K + by a recirculation of the tissue potassium [107]. 

These hypotheses will be considered in the light of information con
cerning the role of ATP and C a 2 + in the volume regulation of some 
cells. 
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B. Ca2 + , ATP, and the Physical Properties of the Cell Membrane 

Recently, evidence has been accumulating to show that C a 2 + and 
ATP affect the physical properties of the cell membrane and the cell 
volume. These observations, obtained with erythrocytes, ascites tumor 
cells, and kidney cortex preparations, as well as with mitochondria, 
are pertinent for the present discussion and are summarized here. 

The leak-and-pump concept of cell volume regulation does not 
attempt to deal with the well-known fact that rat erythrocytes stored 
at 4° gradually increase their resistance to osmotic hemolysis; in fact, 
most cells failed to hemolyze even in cold distilled water [118], The 
results of Weed et al [119] provide a revealing explanation. As shown 
in Fig. 14, incubation of human erythrocytes in the absence of metab-
olizable substrate (to deplete the cells of ATP) produced an increase 
in the resistance of the cell membrane to deformation from some 4 mm 
H 2 0 (see the values of Rand and Burton, Section ΙΙ,Β) to 60 mm, and 
this increase in the stiffness of the membrane was correlated with a 
marked increase in cell C a 2 + . Regeneration of cell ATP or removal of 
C a 2 + again restored the plasticity of the membrane. Identical results 
were obtained with erythrocyte ghosts, establishing the primary contri
bution of the cell membrane in the observed phenomena. Using ghosts, 
values for membrane stiffness of up to 350 mm H 2 0 (corresponding to 

0 5 10 15 °25 

Hours 

FIG. 14. Effect of incubation of erythrocytes on the membrane deformability, cell 
Ca 2 + , and cell ATP [119]. Human erythrocytes were incubated at 37° in the absence of 
substrate. O , deformability of membrane, P, in mm H 2 0 ; Δ , cell Ca 2 + , mmoles/liter cell 
water; • , ATP, mmoles/liter cell water. Reproduced from data in Table I of Weed et al. 
[119] with permission of the authors and / . Clin. Invest. 
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0.035 atm) were obtained. Finally, ouabain did not interfere with the 
interaction of the membrane with ATP and Ca 2 + . The authors suggested 
that the changes seen in the physical properties of the ATP-depleted 
erythrocytes represent ATP-calcium-dependent sol-gel changes at the 
interface between the membrane and the cell interior, the sol-gel 
balance determining membrane deformability. These results are evi
dently related to further data from several groups of investigators. 
First, a Ca2 +-activated ATPase was isolated [120-122] from erythro
cyte ghosts and was found [121] to show the phenomenon of super-
precipitation (well described for actomyosin) and also to form fibrils 
in the presence of ATP and Ca 2 + . 

Second, a contractile protein, spectrin, has been isolated from 
erythrocyte ghosts [123,124]. 

Third, a Ca2 +-induced shrinkage of erythrocyte ghosts has been 
observed [125,126]; the role of ATP in this process is still the subject 
of controversy. Finally, cellular ATP, by controlling the uptake of 
Ca 2 + , also affects the permeability of the membrane to K + [127]. 

In some strains of Ehrlich ascites tumor cells, the addition of ATP 
to a suspending medium free of C a 2 + and M g 2 + produced [128] a 
marked swelling of the cells (Fig. 15) that could be abolished by the 
addition of C a 2 + + M g 2 + or by the breakdown of ATP. These volume 
changes were associated with a net movement of Na + (influx) and K + 

Minutes 

FIG. 15 . Effect of A T P on the volume of ascites tumor cells [128] . Cells incubated in 
Ca 2 + - f ree saline in the presence of 1 m M A T P ( O ) ; at arrow, C a 2 + and M g 2 + were 
added to a portion of the suspension (final concentrations: 1.8 mM Ca 2 + , 0 .8 mM M g 2 + ) . 
Reproduced with the permission of the authors and J. Cell. Physiol. 
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(efflux) [129]. The authors concluded that ATP produces major changes 
in the passive permeability of the membrane to N a + and K + and that 
this effect may be due to a response of a contractile protein in the 
membrane to ATP. 

With preparations of kidney cortex (isolated tubules) the following 
observations were made [130]. First, a Ca2 +-activated ATPase (more 
correctly: nucleotidase) was isolated using the classic Edsall [131] 
procedure for the isolation of actomyosin from muscle. This enzyme 
had a specific activity 50-fold higher than the similar Ca2 +-activated 
ATPase prepared from erythrocyte ghosts and was found to be insensi
tive to N a + and/or K + ; ouabain or oligomycin had no inhibitory 
effect. The highest concentration of enzyme appeared to be localized 
in the membrane and microsomal fractions. At pH 7.2 the soluble 
preparation was specifically precipitated when both ATP and Ca 2 + 

were present; this phenomenon is reminiscent of superprecipitation. 
Interestingly, the enzyme activity was not associated with the plastic 
protein renosin which Banga and Szent-Gyorgyi [132] isolated from 
the kidney cortex and showed flow birefringence and anomalous viscos
ity; a high (Na + +K +)-ATPase activity was found in this fraction. 
Second, external ATP produced marked changes in the cell volume in 
tubule preparations suspended in Ca 2 +-free salines, whereas in the 
presence of C a 2 + no effect of ATP was observed (Fig. 16). It will be 
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FIG. 16. Effect of ATP on water and electrolytes in tubules of kidney cortex [130]. 
Tubules were aerobically incubated at 25° for 1 hour in Ca 2 + - f ree salines without (control) 
(white bar) and with 4 m M ATP (cross-hatched bars). Reprinted with permission of Bio
chim. Biophys. Acta. 
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noted that the cellular swelling produced by ATP was accompanied 
by a net increase in cell Na + and a loss of K + . The observed phenom
enon is not due to a chelating effect of ATP on the Ca remaining in 
the tissue, since identical results were obtained in the presence of strong 
chelating agents such as EDTA. 

Recent evidence also suggests that cell ATP may be involved in the 
ouabain-insensitive volume control and cation distribution in the 
smooth muscle cells of the rat uterus [133]. 

The above data provide evidence in favor of the view that Ca 2 + 

and cell ATP are determinants of the physical properties of the cell 
membrane. Ca2 +-activated ATPase may well be the enzyme that is 
capable of producing net water and ion fluxes (volume changes) by a 
mechanochemical system. The isolation of contractile proteins with 
properties similar to those of actomyosin has been reported not only 
from erythrocytes [120-122] and kidney cortex cells [130], but also 
from the membranes of liver cells [134], thrombocytes [135], and sea 
urchin eggs [136]. The evidence provided by Neifakh et al. [134] 
concerning the identity of the enzyme isolated from membranes of 
liver cells with the muscle actomyosin is particularly impressive: these 
authors showed that the actin-like protein isolated from the membrane 
ATPase interacted specifically with muscle myosin in the presence of 
ATP. 

Changes in the physical properties of membranes may be directly 
related to their permeability to water. This possibility was raised when 
it was found [137] that vasopressin increased the deformability of the 
urinary surface of epithelial cells of renal collecting ducts, i.e., the 
surface where vasopressin produces changes in the permeability to 
water. Reversible phosphorylation of the membrane, mediated by 
cyclic AMP, may be involved in this process [138]. 

The described changes of cellular volume, related to C a 2 + and ATP, 
have many features in common with volume changes described in 
mitochondria (for a review of literature, see Lehninger [139]). The 
osmotic behavior of mitochondria is far from that corresponding to a 
perfect osmometer [140,141], although their membrane is readily 
permeable to water [142, 143]. The apparent steady-state intramito-
chondrial concentration of Na + + K + may reach values up to 0.4 M, 
and yet reduction of external osmolarity may not produce osmotic 
swelling whereas the addition of a small amount of phosphate (or other 
permeable anions) induces the mitochondria to swell; ATP causes 
them to contract (see also [144]). These volume changes are again 
associated with net ionic fluxes and are ouabain-insensitive. The 
mitochondrial swelling is dependent on oxidative metabolism (it is 
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suppressed by respiratory inhibitors) and is induced by a variety of 
agents, e.g., heavy metals, several hormones (insulin, oxytocin and 
vasopressin, thyroxin), and Ca 2 + . An actomyosin-like protein has been 
reported to be present in the mitochondrial membrane [134,145-147], 

C. Hypotheses and Models 

1. Two PATHWAYS OF N a + (AND WATER) EXTRUSION 

Data summarized in the previous sections may be taken as evidence 
that the metabolically dependent extrusion of electrolytes across cell 
membranes as an isotonic solution proceeds by two distinct pathways 
that may be experimentally differentiated (see also [83,97,148]): 

(a) The ouabain-sensitive active transport of N a + against its electro
chemical gradient is coupled (directly or indirectly) with the transport 
of K + in the opposite direction in a fixed stoichiometric ratio. This 
transport system brings about a net transfer of charges across the 
membrane and thus the electrochemical gradient of all participating 
ions increases (see also Rapoport [149]). Available evidence points 
overwhelmingly to an involvement of the (Na + + K +)-ATPase in 
this pathway. As with the enzyme [95,150,151], a high degree of speci
ficity for N a + characterizes this transport, whereas K + may be readily 
replaced by some other alkali cation, e.g., R b + as shown also for 
kidney cortex cells [152]. The operation of this transport system can 
be blocked by agents specifically interfering with the activity of the 
membrane ATPase, i.e., cardiac glycosides or by the absence of external 
K + ; in addition, absence of external C a 2 + [103,153], and, to some ex
tent, variations of external osmolarity using permeable cations not 
actively transported [74] appear to affect this N a + - K + exchange. 

(b) The ouabain-insensitive extrusion of intracellular cation pro
ceeds in conjunction with the available anion without affecting the 
existing electrical potential gradient across the membrane. This path
way of N a + extrusion does not require coupling with K + ; in fact, the 
extrusion of N a + may take place in conjunction with a slight loss of 
cell K + . Moreover, this transport system lacks cation specificity. So 
far, Li + , choline+, and Tris + were found to be extruded from cells 
loaded with these cations, and their metabolically dependent transport 
was not associated with a reaccumulation of K + . Evidence (not always 
complete) for the presence of this pathway has been obtained for 
erythrocytes, kidney cortex, and ascites tumor cells, as well as fibers 
of muscle (striated and smooth) and also (possibly) mitochondria 
(see above). 
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The Na + (and/or other cation) extruded via the two pathways 
enters the cell by the "leak" down its electrochemical potential gradi
ent. It is at present a matter of conjecture whether this leak represents 
a diffusion pathway or is carrier-mediated (e.g. by exchange diffusion, 
see Essig [154] for an analysis); there is no available information to 
indicate whether the above pathways for Na + extrusion may also serve 
under conditions where the pumps are idle (no metabolic energy 
available, or other inhibition) as part of the leak (see, e.g. Shanes [155]). 

The energy requirements for both pathways of the metabolieally 
dependent Na + (and water) extrusion may be assessed as follows. 

1. From the data on erythrocytes (see, e.g. [156,157]) and the mem
brane ATPase [158], 1 ATP is required for the transport of 3 N a + . 
Thus, for the transfer of 1 kg of a 0.15 Μ NaCl solution, 50 mmoles 
ATP would be used, i.e., about 500 cal. 

The energy requirement for the extrusion of an isotonic electrolyte 
solution at a constant electrochemical gradient may be evaluated 
from a consideration of a simple Donnan system (Section I,A), assum
ing that the infinitely great compartment ο contains an isotonic solution 
(300 mosM) of electrolyte(s). Application of pressure on compartment 
/ will produce ultrafiltration of an electrolyte solution into compart
ment o. In order to satisfy the requirements of electroneutrality in 
both compartments and of electrochemical equilibrium (Eqs. 6, 7, and 
9), the ultrafiltration will produce only small changes of the Donnan 
potential as long as the concentration of the impermeable anion does 
not change greatly. Let us assume that the concentration of the imperm
eable anion is 5 mM, and there are 10 anionic charges per molecule. 
As the upper limit, Δπ = π, — πσ = 55 mosM (see Section II, B). The 
free energy change necessary to transfer 1 mole of water from i to ο 
at 25° would then be 

AG = -RT In njn0 = -1.98 X 298 χ In 355/300 = - 9 9 cal/mole 
Thus, the friction of the electrolyte solution in the membrane will 
require the expenditure of about 5000 cal in order to transfer by ultra
filtration through a permeable membrane 1 kg of isotonic saline at a 
constant electrochemical gradient; in this appraisal we made two 
rather unfavorable assumptions: (1) the water is in monomeric form, 
and (2) the osmotic gradient is high. 

For reasons given in Sections ΙΙ,Β and C, a realistic estimate of the 
magnitude of the hydrostatic pressure gradient across the cell mem
brane is not available. 

The existence of two parallel pathways of cation (and water) trans-
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port provides an explanation for the observation that the molar ratio 
of net ionic fluxes, i.e., ANa +/AK + , may vary considerably with experi
mental conditions even when the external cationic concentrations are 
held constant. Thus, variations of external osmolarity between 200 
and 400 mosM were found [74] to produce in kidney cortex or dia
phragm changes in the ANa +/AK + ratio from 1.2 to up to 12, and in 
kidney tubules, variations up to 50-fold were observed [130]. Formerly, 
this lack of a fixed stoichiometric relationship between N a + and K + 

transport was taken as evidence in favor of an electrogenic N a + pump, 
whereas in the light of the above discussion the concept of two path
ways, one of which is electrogenic, would be preferable. 

2. THE MECHANISM OF THE OUABAIN-INSENSITIVE N a + EXTRUSION 

Three hypotheses have been mentioned above (Section IIIA) con
cerning the mechanism of the ouabain-insensitive N a + (and water) 
transport, and these will now be appraised. 

The cryptic pump hypothesis [107] postulates that the ouabain-
inaccessible sites of the N a + - K + exchange pump are located in inter
cellular crypts. Thus, the ouabain-insensitive pathway of N a + trans
port would essentially proceed by a mechanism similar to the standing 
gradient hypothesis [159,160] for the active transport of an isotonic 
NaCl solution across epithelial membranes in the absence of a signif
icant electric potential gradient. The cryptic pump hypothesis fails to 
account for the following observations. First, it is difficult to see why 
the cardiac glycoside should not have access to the sites of the Na4" 
pump if it clearly affects K + transport [97]. Second, it would be rather 
difficult to invoke the existence of the ouabain-sensitive standing 
gradient mechanism for the water transport across a cellular mem
brane where the cell does not appear to have major crypts, e.g., ascites 
tumor cells. Finally, a cryptic pump would not explain the extrusion 
of cations with which the membrane ATPase is not known to interact, 
e.g., choline+ or Tris + . 

The model of Whittembury [83,97,148] postulates two pathways 
of N a + extrusion. The points differing from the above summary con
cern the ouabain-insensitive " N a + pump." Whittembury based his 
arguments originally [83] on the inhibition of this "second N a + 

pump " by ethacrynic acid that, in the light of more recent information 
[82], is not a specific enough tool for the analysis of the transport 
pathway of N a + . In addition, and this may be more of a semantic 
point, the term pump would imply a relatively high degree of specificity 
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of the participating carrier for its substrate, and the ouabain-insensitive 
cation transport fails to show this. It should be recorded that Whittem-
bury and Proverbio [97] did not consider their ouabain-insensitive 
Na + pump inconsistent wtih the mechanochemical model. 

The mechanochemical hypothesis [50,57,74,103] is supported by the 
following recent observations (see Section ΙΙΙ,Β): (a) lack of specificity 
for the extrusion of electrolytes as an isotonic solution; (b) the role 
of Ca 2 + and ATP in this process; in addition to evidence presented 
above, it has been found [161] that a membrane preparation of kidney 
cortex cells is capable of binding Ca 2 + , and this interaction is enhanced 
by the presence of ATP (ITP is inactive) and Mg 2 + ; (c) the presence in 
the membrane of a Ca2 +-activated ATPase with properties similar to 
actomyosin; (d) the possibility of high hydrostatic pressure gradients 
across the cell membrane, the physical properties of which may be 
modified by an interaction of C a 2 + and ATP with membrane constitu
ents ; (e) the discovery of filamentous structures localized near the basal 
membrane of the cells of the proximal renal tubule [161a]; these struc
tures were found to interact with dyes which are selective for muscle 
tissue, and the authors concluded that such myoid bands may constitute 
a regulatory device related to the control of fluid movement in renal 
cells. The mechanochemical hypothesis does not imply that all of its 
constituent components and processes are localized solely in the 
structurally defined plasma membrane of the cell. For the purpose of 
the present discussion the term membrane may include a phase bound
ary, e.g., the hyaloplasm or cortical gel described in the amoeba 
[162]. 

Conceptually, a mechanochemical hypothesis of osmotic work 
was first proposed in 1952 [163]. Volume changes brought about by 
contractile mechanisms triggered by ATP have been suggested for 
various cells. In addition to cell types mentioned above, there have been 
extensive studies of amoebas [162-164), tumor cells [165], cells cultured 
in vitro [166] and also of the contractile vacuole of protozoa [167]. 
Physical changes of the membrane as the basis of osmotic work have 
been discussed in detail for the amoeba [163] and mitochondria (see 
the review of Lehninger [139] and also the contractile sponge hypo
thesis of Bartley et αϊ. [168]). The mechanochemical hypothesis put 
forward here is considered only a part of the mechanism by which cells 
perform osmotic work; the contribution of the other part of the mech
anism, i.e., the N a + - K + pump would be to decrease the osmotic 
gradient the membrane would have to withstand. In addition, the 
present stage of the mechanochemical hypothesis allows a somewhat 
more detailed analysis of the processes involved. 
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3. THE INTERACTION OF C a 2 + , ATP, AND MEMBRANE PROTEIN 

The evidence summarized in Section ΙΙΙ,Β on the relationship 
between Ca 2 + , ATP, and the physical properties of the membrane 
raises many questions. In particular, information about the molecular 
mechanism of such phenomena would be desirable. The amount of 
information available so far limits the discussion. 

The present evidence does not allow differentiation between a contrac
tion and a relaxation mechanism in the membrane. From the data of 
Weed et al [119], it is apparent that the stiffening of the erythrocyte 
membrane was associated with a decrease in cell ATP and an increase 
in C a 2 + ; addition of external ATP had a plasticizing effect on the 
membrane. On the other hand, in the experiments of Palek et al [126], 
depending upon the conditions, external ATP produced either a shrink
ing of erythrocyte ghosts or completely inhibited the shrinkage induced 
by 0.02 mM Ca 2 + . A similar problem arises from a consideration of data 
obtained with kidney tubules [130]. Here, at pH 7.2, external ATP 
brought about a marked swelling of the cells in the absence of Ca 2 + 

(Fig. 16). A simple interpretation would be that ATP acted as a plasti-
cizer in the absence of Ca 2 + . However, at pH 8, ATP produced a shrink
age of the cells. Problems concerning the accessibility of the protein to 
ATP and Ca 2 + , and its localization at the membrane, will have to be 
investigated to obtain further clarification. 

The membrane stiffness, produced by an interaction of C a 2 + , cell 
ATP, and membrane protein, might also be responsible for the limita
tions of cellular swelling at 0° (see Section ΙΙ,Α). Several pieces of 
information point in favor of such a view: C a 2 + and other alkaline 
earths (see Fig. 5) reduce the swelling; on the other hand, mercurials, 
which produce a major swelling, also bring about a release of cell 
C a 2 + [87] and inhibit the binding of C a 2 + by membrane preparations 
[161]. Further investigation of this aspect would be desirable. 

The question whether sol-gel transitions may play a role in the 
physical properties of the "membrane" is of interest. The classic 
experiments of Chambers and Chambers [162] and Heilbrunn [169], 
where an injection of C a 2 + into an amoeba or a muscle produces 
gelation of protoplasm or the reverse, i.e., liquefaction of the axoplasm 
by C a 2 + [170], favor such a possibility. A sol-gel transition has been 
repeatedly postulated as a factor in osmotic phenomena (see, e.g. 
[20,21,171,172]). 

Finally, the possibility should be envisaged that physical changes of 
the membrane affect the rates of electrolyte transport, and thus indir
ectly affect the steady-state cell volume, as discussed in Section ΙΙ,Α. 
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IV. CONCLUDING REMARKS 

The vast literature on water transport in biological systems has pre
cluded an extensive review of the whole field. The appraisal given here 
is limited to the quickly developing aspects of the relationship between 
cellular metabolism and water transport. The need to identify the com
ponents of the investigated process(es) took precedence over the 
attempt to express the present stage of our knowledge by the formalism 
of such powerful tools as, e.g., irreversible thermodynamics. Of neces
sity, this summary of our present knowledge is biased. 

It is suggested that: 
1. The nature of water transport across cell membranes being 

passive, net water fluxes are brought about as a consequence of active 
ion transport and/or changes in hydrostatic pressure, both mechanisms 
being related to metabolic processes. 

2. Two metabolically dependent processes participate in the cellular 
transport of water: 

(a) An ouabain-sensitive active N a + - K + transport system, highly 
specific for N a + , sets up an osmotic gradient according to which water 
is transported. 

(b) A relatively nonspecific system extrudes an isotonic solution of 
N a + (or other cations) in conjunction with the available anion. This 
transport system is ouabain-insensitive, is considerably affected by 
pH, and is related to the C a 2 + and ATP metabolism of the cellular 
membrane phase. A mechanochemical nature of this transport system 
is indicated. 

3. The physical properties of the membrane are determined by the 
Ca 2 + and ATP metabolism of this cellular structure and may counter
balance a major hydrostatic pressure gradient: physical and chemical 
compartmentation of cellular water and electrolytes may affect the 
magnitude of this hydrostatic gradient. 

4. The volume control of the cell is the resultant of a passive "leak" 
of cations and bulk anions across the membrane phase and the meta
bolically dependent extrusion of electrolytes. 
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