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ABSTRACT At the ultrastructural level, epithelia performing solute-linked 
water transport possess long, narrow channels open at one end and closed at 
the other, which may constitute the fluid transport route (e.g., lateral inter- 
cellular spaces, basal infoldings, intracellular canaliculi, and brush-border 
microvilli). Active solute transport into such folded structures would establish 
standing osmotic gradients, causing a progressive approach to osmotic equilib- 
rium along the channel's length. The behavior of a simple standing-gradient 
flow system has therefore been analyzed mathematically because of its potential 
physiological significance. The osmolarity of the fluid emerging from the chan- 
nel's open end depends upon five parameters: channel length, radius, and water 
permeability, and solute transport rate and diffusion coefficient. For ranges of 
values of these parameters encountered experimentally in epithelia, the emer- 
gent osmolarity is found by calculation to range from isotonic to a few times 
isotonic; i.e., the range encountered in epithelial absorbates and secretions. 
The transported fluid becomes more isotonic as channel radius or solute dif- 
fusion coefficient is decreased, or as channel length or water permeability is 
increased. Given appropriate parameters, a standing-gradient system can 
yield hypertonic fluids whose osmolarities are virtually independent of trans- 
port ratp/'over a wide range, as in distal tubule and avian salt gland. The results 
suggest ~ that water-to-solute coupling in epithelia is due to the ultrastructural 
geometry of the transport route. 

T h e  purpose of this paper  is to examine  whether  some distinctive physiological 
properties of epithelia migh t  arise as geometr ical  consequences of epithelial  
ul t rastructure.  

Mos t  epithelia absorb or secrete specific fluids, such as bile, the g lomerular  
filtrate, gastric juice,  aqueous humour ,  sweat, and  cerebrospinal fluid. T h e  
p r imary  t ranspor ted fluid m a y  be ei ther  isotonic or hyper tonic  to p lasma 
(hypotonic  secretions in vertebrates appear  to result f rom isotonic secretion 
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followed by hypertonic reabsorption). Physiological experiments have indi- 
cated that water transport is a passive and secondary consequence of local 
osmotic gradients set up within the epithelium by active transport of some 
solute (e.g., NaC1 in the gall bladder, HC1 in the stomach, and bile salt in the 
liver). Nevertheless, there are unresolved quantitative problems raised by this 
water-to-solute coupling. For example, one might expect actively transported 
solute to tend to diffuse away from the transporting ceils before its osmotic 
equilibration had been completed, leaving the transported fluid always hyper- 
tonic. Yet many epithelia transport isosmotic fluids, and in the case of the 
gall bladder the experimental error within which the osmolarities of the ab- 
sorbate and of plasma are identical is less than 2% (Diamond, 1964). It  has 
also been puzzling that in those organs which do form hypertonic secretions, 
the transported fluid is still hypertonic at the lowest transport rates, when one 
would expect osmotic equilibration to be most nearly complete. 

The experiments described in the previous paper (Tormey and Diamond, 
1967) indicated that the route of fluid transport across rabbit gall bladder 
is by way of long, narrow channels between adjacent epithelial cells, termed 
the lateral intercellular spaces. There is suggestive evidence that similar lateral 
spaces could be the route of water transport in the small and large intestine, 
frog skin, rat proximal tubule, and urinary bladder. In fact, a survey of 
epithelial ultrastructure shows that long and narrow channels going under a 
variety of names are a consistent morphological feature of epithelia carrying 
out fluid transport (Fig. 1). The more familiar examples besides lateral spaces 
are: the basal infoldings of the ciliary body, salt gland, salivary gland striated 
duct, choroid plexus, and renal proximal and distal tubule; the bile canaliculi 
of the liver; and the intracellular canaliculi of the parietal cells of the stomach. 
In the case of the basal infoldings of the salt gland it has been argued that they 
constitute the route of fluid transport (Komnick, 1965). (Possibly the micro- 
villi at the luminal surface of the gall bladder and in the brush border of the 
intestine and proximal tubule should also be included in this list because of 
their similar geometry, although they differ from the above-mentioned struc- 
tures in being filled with cytoplasm.) This consistent association between long, 
narrow channels and fluid transport suggests that there may be some geo- 
metrical significance to these structures which results in the observed water- 
to-solute coupling. That  at least some of these structures may serve the same 
function is made plausible by complementary distribution in the same organ 
of different species. For example, avian salt gland and lizard distal tubule have 
basal infoldings, while reptilian salt gland and crocodile distal tubule have 
lateral spaces (Komnick, 1965; Roberts and Schmidt-Nielsen, 1966; Davis and 
Schmidt-Nielsen, 1967). 

The essential morphological features common to the various subcellular 
structures mentioned above are that they are long, narrow, fluid-filled spaces 



j. M. DIAMOND AND W. H. BOSSERT Standing-Gradient Osmotic Flow 2063 

bounded by cell membrane,  and generally open at the end facing the solution 
towards which fluid is being transported but  closed at the end facing the 
solution from which transported material originates (Fig. 2). The crucial 
physiological consequence of this geometry is that  osmotic equilibration will 
take place progressively along the length of such a structure. Suppose an active 
transport mechanism deposits solute within the channel, making its contents 
hypertonic and pulling water in osmotically. Solute will move towards the 
bathing solution at the open end of the channel as a result of diffusion down 
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FIGURE 1. D iag rammat i c  representat ion of some epithelial  structures which may  
function as standing-gradient flow systems. (a) Lateral intercellular space (gallbladder, 
small intestine, large intestine, rat proximal tubule, lizard salt gland); (b) basal infold- 
ings (ciliary body, avian salt gland, salivary gland striated duct, choroid plexus, proxi- 
mal and distal tubule); (c) brush-border microvillus (gall bladder, intestine, proximal 
tubule, salivary gland duct). Other possible examples are intracellular canaliculi in 
gastric parietal cells and bile canaliculi in the liver. 

its concentration gradient and of being swept along in the water stream. More  
and more water will enter osmotically along the length of the channel, reduc- 
ing the osmolarity until the fluid emerging at the open end might be virtually 
isotonic. In the steady state a standing osmotic gradient would be maintained 
within the channel by active solute transport, the osmolarity decreasing 
continuously from the closed towards the open end. From the open end of this 
flow system a fluid would continually emerge of fixed osmolarity, determined 
by the parameters of the system. 

The basic physical assumption is that the fluid in the channel is unstirred. 
If  this assumption is valid for lateral spaces and basal infoldings, then the 
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deve lopmen t  of s tanding osmotic gradients  in t h e m  as outl ined here seems 

inevitable. Whi le  there is no question abou t  the existence of c i rcula tory  move-  

ments  and movements  of intracel lular  organelles, the calculated half-times for 

es tabl ishment  of the s tanding gradients  are on the order  of milliseconds and  

hence  m u c h  shorter  than  the periods of these movements .  Thus,  it appears  

improbab le  tha t  epithelial channels  are effectively stirred. 

I n  this pape r  we shall describe a simplified ma thema t i ca l  model  of a 

s t and ing-grad ien t  flow system, calculate  some of its properties, and  compare  

these wi th  the physiological properties of epithelia. 

FIGURE 2. Diagram of a standing-gradient flow system, consisting of a long and narrow 
channel closed at one end. Solute is actively transported into the channel across its 
walls, making the channel fluid hypertonic. As solute diffuses towards the open mouth, 
more and more water enters the channel along its length due to the osmotic gradient. 
In the steady state a standing osmotic gradient would be maintained in the channel by 
active solute transport, with the osmolarity decreasing progressively from the closed 
end to the open end. Depending upon values for such parameters as radius, length, and 
water permeability of the walls, the fluid constantly emerging from the open end may 
be either isotonic or hypertonic. The depth of shading in the figure indicates the solute 
concentration 

S T A T E M E N T  OF T H E  P R O B L E M  

T h e  simplest representat ion of a flow system is a r ight  c i rcular  cylindrical  

channe l  whose walls are a semipermeable  m e m b r a n e  and  which  is closed at 
one end and open at the other. T h e  cyl inder  is oriented along the x-axis, and  
the closed and  open ends are taken as x = 0 and x = L, respectively. 
T h e  independen t  variables are:  

L = the length  of the channel  
r = the radius 

P = the osmotic water  permeabi l i ty  of the channel  walls, defined as the 
volume of fluid crossing 1 cm 2 in 1 sec in response to an osmotic 

gradient  of 1 milliosmol per  cc or 1 osmol per liter 

Co = the osmolar i ty  of the fluid outside the channels  (e.g., the osmolar i ty  
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of the in t racel lu lar  fluid, assumed ident ical  wi th  tha t  of the 
ba th ing  solutions at  the open  and  closed ends) 

D = the diffusion coefficient of the act ively t ranspor ted  solute; and  
N ( x )  = the ra te  of active solute t ranspor t  across the walls of the channe l  

into its l umen  at  any  height  x, def ined as milliosmols of solute 
t ranspor ted  in 1 see across 1 cm 2 of channe l  wall area. (Passive 
solute m o v e m e n t  across the channe l  walls is assumed to be 
negligible.) 

T h e  d e p e n d e n t  variables  are:  
C(x) = the osmolar i ty  of the fluid in the channe l  at  a height  x; and 
v(x) = the l inear  velocity of fluid flow in the channe l  at  he ight  x, taken 

as positive in the d i rec t ion x = 0 to x -- L. 
T h e  p rob lem is to find the osmolar i ty  of the fluid emerg ing  in the s teady 

state f rom the open  end of the channel .  Since in the s teady state the ra te  of 
solute emergence  f rom the open end must  equal  the ra te  of solute t r anspor t  
into the channe l  in tegra ted  over  its length,  and since wa te r  flows out  the open 
end at  a ra te  7rr~v(L), the emergen t  osmolar i ty  is given by  the expression: 

Ix x~ L 
27rr N ( x )  dx 

= 0  

Irr2v( L ) 

Consider  a disc-shaped segment  of the channe l  ex tending  f rom (x - Ax) to 
(x -t- Ax). Solute will en ter  the disc due  to active t ranspor t  across the channe l  
walls at a ra t e4r r rAxN(x  ) milliosmols per  sec; due  to diffusion a long the length  of 

d2C 
the channel  at a ra te  27rr2D~x 2 A x ;  and due  to e n t r a i n m e n t  in the fluid 

E s t ream at  a ra te  -2~rr2Ax [v(x)C(x)] = -2~rr2Ax C(x)  dx + v(x) dx " In  

the s teady state, when  the s tanding osmotic g rad ien t  is established, the net  
ra te  of change  of solute in the disc must  be zero : 

2N(x) + D ~x2 -- d2C C(x)  ~xdV _ v (x )  ~ =  0 d C  ( 1 )  

W a t e r  will enter  the disc due  to osmosis across the channe l  walls at  a ra te  
4rrrPAx[C(x) - Co] ; and  the difference be tween  wa te r  f lowing into the disc 
across the p lane  (x - Ax) and  leaving across the p lane  (x + Ax) is 

dv 
-- 2~rr2 dx 2xx. 

In  the s teady state the net  ra te  of change  of wa te r  in the disc must  be zero : 

dv 2P 
d-~ = ~ -  [ C ( x )  - -  Co] ( 2 ) 
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Rearranging equation (2) : 

r dv 
C ( x )  - --1- Co ( 3 ) 

2P dx 

Substituting equation (3) into equation (1): 

Dr2d~v r2vd2v Cordv r 2 (dv'~ 2 
N ( x )  + 4 P  dx 3 -  4-P-dx ~ 2 dx 4P  \ d x /  = 0 

There are three boundary conditions: 
1. No solute diffuses across the closed end of the channel; i.e., at x = 0, 

dC d~v 
- -  0 - -  

dx dx ~ " 

2. No water moves across the closed end; i.e., at x = 0, v = 0. One could 
also permit fluxes across the closed end, but this would merely complicate 
the mathematics without altering the outcome as long as the channel is 
narrow. 

3. At x = L ,  C ( x )  = Co,  and the re fo re~  = 0. This condition is auto- 

matically fulfilled by an isotonically transporting system and should also 
be valid for an anisotonically transporting system provided the vascular 
supply is adequate. 

Since we were unable to find an analytical solution to this problem, it was 
evaluated numerically as described in the Methods section. 

Implicit in this treatment are several assumptions which bear discussion: 
1. Tha t  the channel wall is impermeable to solute, so that solute will 

produce the full van ' t  Hoff osmotic water flow (i.e., the solute reflection 
coefficient o" is unity) and back-diffusion of solute across the channel wall will 
be negligible. This assumption should be approximately correct in most cases, 
since measurements of o-'s in epithelia for actively transported solutes have 
generally yielded values close to 1. I~eviations from this assumption (i.e., 
values of o- less than 1, and passive back-diffusion of solute not negligible 
compared to the active solute transport rate) can be shown to be equivalent 
in the first approximation to a decrease in the value of N ( x ) .  

2. Tha t  the hydrostatic pressures within the channel are much less than 
R T  (gas constant and absolute temperature) times the osmolarity differences 
across the channel walls, so that  back-loss of water across the channel walls 
by filtration may be neglected. There is no question that  some hydrostatic 
pressure is developed in the channels, as evidenced by the dilatation of lateral 
intercellular spaces during transport. However, calculation from the observed 
channel dimensions and water flows shows that  these pressures should be of the 
order of 1 cm Ho.O or less (_<0.001 atmosphere), and this is in fact negligible 
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compared to the expected osmotic driving forces across the channel of ap- 
proximately 1 to 5 atmospheres. It  is important  to appreciate that  as long as 
channel pressures are negligible compared to osmotic driving forces, a hy- 
draulic resistance beyond the mouth  of the channel (e.g., due to the connective 
tissue or basement membrane)  simply raises the absolute hydrostatic pressure 
level in the channel and has no direct effect on the emergent  osmolarity, since 
concentration profiles, diffusion rates, and osmotic influxes in the channel are 
unaltered. 

3. Tha t  radial effects may  be neglected; i.e., that  C and v are functions only 
of x and not of radial position in the channel. With channel diameters of 
200 A to 1/t, half-times for radial diffusion equilibrium will range from about 
0.1 to 250/~sec, so that  radial variations in C may  safely be neglected, v would 
surely be greater along the central axis of the channel than at the walls and 
would in fact be zero at the walls if Poiseuille flow obtained. However, in 
channels narrower than about 0.1 # Poiseulle's law breaks down, and "sliding" 
of fluid along the walls makes an appreciable contribution to the total flow, 
reducing the radial variation in v (Derjaguin, 1965). Whatever  the exact radial 
variation in v, it would affect the results if it could set up a radial variation in 
C, but  this is precluded by the rapidity of radial diffusion equilibrium in 
channels of the sizes encountered biologically. Hence v(x) in equations 1-3 
should be regarded as a mean  value with respect to radius. 

4. The  geometries of the biological structures hypothesized to be standing- 
gradient  flow systems are, of course, not  right circular cylinders but  in general 
something more complex. Nevertheless, if the basic principles of standing 
gradients and progressive osmotic equilibration apply, the qualitative conclu- 
sions deduced from the cylindrical idealization should still be valid, and 
alterations would only be in quantitative details. For example, the equations 
appropriate to two infinite parallel planes (a closer approximation to basal 
infoldings), or to a thin cylindrical ring (a closer approximation to lateral 
spaces), can be shown to be identical in form to those for a cylinder evaluated 
in this paper. 

M E T H O D S  

Mathematical Techniques Equations (1) and (2) can be rewritten as a set of 
simultaneous first-order ordinary differential equations: 

dv 2P 
- [ C ( x )  - -  Co] 

dx r 

w h e r e v  = 0 a t x  = 0;  

dC 
- B  

dx 



2o68 T H E  J O U R N A L  O F  G E N E R A L  P H Y S I O L O G Y  • V O L U M E  5 O • I967 

where C = Go at x = L; and 

dx ~x-k  vB -- D 

whereB  = 0 a t x  = 0. 
Equations 4-6 were integrated numerically by an iterative procedure based on 

the second-order Runge-Kutta formulae (Ralston and Wilf, 1960) and the so-caUed 
"method of false position" (Kunz, 1957). For two arbitrary choices of C(0), the con- 
centration at x = 0, Runge-Kutta integrations were performed over the range 0 < 
x < L using 500 equal steps in x. This gave two values of C(L) from which an esti- 
mate of the value of C(0) corresponding to C(L) = Co could be obtained by linear 
interpolation. The integration and interpolation were then repeated using the im- 
proved estimates of C(0) until integration yielded a value of C(L) which differed by 
less than some predetermined limit, usually -4-0.01%, from Co. 

Some restrictions on the initial choices of C(0) can be deduced from the equations. 
As long as N is positive, C(0) must be greater than Co. On the other hand, C(0) must 

belessthan ( C o - k  ¢ C o 2 - b 4 - ~ N ) / 2 .  This follows from equations 4-6 and in par- 

ticular from the fact that if both ~ and d2C dB dx 2 -- dx are simultaneously positive, C 

will not approach Co but will become indefinitely large. However, choosing C(0) less 
than this value only guarantees that the derivatives will not both be positive at 
x = 0, and in general this condition can still occur at some point in the integration 
for smaller values of C(0). The  problem is complicated by the fact that the relation 
between an estimated C(0) and the resulting calculated C(L) becomes quite nonlinear 
for larger values of C(0), so that extrapolation upward from lower values is usually 
fruitless. For these reasons it was often necessary to try a number of values of C(0) 
in order to select two for which the iterative procedure would converge. 

The  integrations were performed on the IBM 7094 computer using programs writ- 
ten in the F O R T R A N  language. 

Justification of Numerical Values Chosen In selecting numerical values for model 
parameters, we have attempted to cover the range of physiological values for each 
parameter in epithelia, reasoning as follows: 

Channd Radius (r) At the lower extreme, basal infoldings (e.g., in kidney tubule 
and ciliary epithelium), and the lateral channels of the gall bladder when collapsed), 
are about 200 A wide. When distended, the lateral channels of the gall bladder 
average 0.9 ~ in diameter and range up to about 2 ~. The range of r was therefore 
taken as 0.01 to 1 g. 

Channd Length (L) A range of L = 4 to 200 /~ was chosen to encompass the 
lengths of most basal infoldings and lateral spaces in epithelia. We selected the appar- 
ently high upper limit of 200 ~ to allow for increases in effective channel length 
over their nominal values due to tortuosity. For example, the lateral channels of 
rabbit gall bladder average 32 t~ in length when measured in a straight line, but the 
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effective value may be several times higher when interdigitating cytoplasmic projec- 
tions increase the tortuosity. This range would not, however, include the lengths of 
apical microvilli (one-half to several microns). 

Solute Diffusion Coefficient (D) The  most rapidly diffusing solute that is actively 
transported in osmotically significant quantities would be HC1 in the mammalian 
and avian stomach (DHcl about 4 X 10-5 cm 2 per sec at 36--42°C in free solution), 
while the slowest would be bile salts secreted by the liver (D probably 1 to 3 X 10- e 
cm * per sec in free solution). The  range of D was therefore taken as 1 X 10 -'e to 
5 X 10 -5 cm 2 per sec. I t  is possible that still lower values occur biologically, since 
under certain circumstances actual diffusion coefficients may be lower than free solu- 
tion values (p. 2076). 

Solute Transport Rate (N) The  highest recorded transport rates are for mam- 
malian gall bladder and proximal tubule in vivo, approximately 0.5 X 10-~ to 
1.5 X 10 -5 milliosmols per sec per cm ~ of apparent total epithelial surface area. 
If  one calculates the increase in surface area due to microscopic folding and the frac- 
tion of the total area occupied by lateral intercellular spaces, and ff one assumes that 
the transport mechanism is distributed uniformly over the lengths of the spaces, then 
one arrives at N = approximately 10- e miUiosmols per sec per cm 2 channel wall 
area. However, solute pumps may not be uniformly distributed, and if, to take an 
extreme case, all transport is confined to the bottom tenth of the channel, N would be 
10- 5 milliosmols per cm 2, sec. At the other extreme, the transport rate may be in- 
definitely low, and in practice we calculated a range of N from 10- 5 down to 10-10 
milliosmols per cm *, sec. 

Osmotic Water Permeability (P) The  following are the values obtained in repre- 
sentative epithelia by measuring water flow across the whole epithelium in response 
to an external osmotic gradient: toad skin, 3.5 X 10- e c m  per sec, OsM (Bentley, 
1961); frog skin, 6 X 10- 6 (Dainty and House, 1966); frog stomach, 2 X 10- ~ 
(Durbin, Frank, and Solomon, 1956); Necturus kidney proximal tubule, 3.8 × 10 -5 
(Whittembury, Oken, Windhager, and Solomon, 1959); rabbit gall bladder, 4.4 
X 10- 5 (Diamond, 1964); fish gall bladder, 1.2 X 10 -4 (Diamond, 1962); and rat 
small intestine, 1.7 X 1 0-4 (Smyth and Wright, 1966). The regions of an epithelium 
specialized for transport may well have different permeabilities, but  these values 
may at least be considered a guide, and we therefore employed a range of P from 
1.0 X 10 -6 to 2.0 X 10 -4 cm per sec, OsM. 

R E S U L T S  

Concentration and Velocity Profiles Figs. 3 and  4 r ep roduce  concen t ra t ion  
and  veloci ty  profiles in the  channe l  ca lcula ted  for four  sets of values of the 
mode l  parameters .  U n d e r  all c i rcumstances  the solute concen t ra t ion  decreases 
and  the  veloci ty  of flow increases con t inua l ly  f rom the closed end  to the  m o u t h  
of the  channel ,  bu t  the  exact  forms of the profiles d e p e n d  upon  the  condit ions.  
I n  general ,  w h e n  diffusion is m u c h  more  i m p o r t a n t  t han  wa te r  flow in car ry-  
ing solute ou t  the  m o u t h  of the  channel ,  the  solute concen t ra t ion  will fall off  
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nearly linearly from the end of the transport site to the mouth. Any factor that  
increases the relative importance of water flow makes the concentration profile 
more nonlinear. For example, decreasing the osmotic permeability of the 
channel walls without changing the solute transport rate yields a more linear 
profile (curve 2 vs. curve 4, Fig. 3) by decreasing water flow. Flatter concen- 
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FmURE 3. Examples  of concent ra t ion  profiles in  a s tanding-gradient  flow system. T h e  
solute concent ra t ion  in the channel  in  the s teady state (ordinate)  is plot ted against  x, 
the l inear  distance from the dosed  end  of the channe l  (absci~a).  L was held fixed a t  100 
#, r a t  0.05 IZ, C at  0 . 3 0 s M ,  and  D a t  10 -5 cm * per  sec. N was held a t  10 -5  (curve 1), 
5 X 10 -e  (curve 3 ) , o r  10-  6 (curves2  a n d 4 ) m i l l i o s m o l s p e r c m  ~, sec fo r0  < x < 10/z, 
and  at  zero for x > 10 IZ. P was held a t  2 X 10- s (curves 1, 3, and  4) or  I X I 0 -  6 (curve 
9) cm per  sec, OsM. The  corresponding calculated concentrat ions of the  emergen t  fluid 
were 0.342 (curve 1), 0.803 (curve 2), 0.318 (curve 3), and  0.304 (curve 4) OsM. 

tration profiles are obtained if solute transport extends from the closed end of 
the channel over a greater fraction of its length. 

I t  is important  to realize that the concentration of the emergent  fluid is in 
general not equal to the standing concentration of solute at the mouth  of the 
channel (C(L)), because solute can leave the channel by diffusion as well as 
by being swept along with the water flow. Since C(L) always equals the bath- 
ing solution concentration Co as a boundary condition, the necessary condition 
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for the emergent fluid to have this same concentration (i.e., be isotonic) is 
dC 

that  dx = 0 at x = L; i.e., that  the concentration profile near the mouth  of 

the channel be flat because osmotic equilibration is virtually comple te .  

Effect o/Channel Length (L) Fig. 5 shows the effect of variations in  chan- 
nel length upon the emergent concentration, all other parameters being held 
constant. I t  is apparent  that the emergent fluid becomes less hypertonic and 
asymptotically approaches isotonicity, the longer the channel. This is to be 
expected as a result of the longer diffusion pa thway and the increased channel 
length over which osmotic equilibration can take place. 
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Fzoum~ 4. Velocity profiles in a standing-gradient flow system, corresponding to the 
concentration profiles of Fig. 3. The linear velocity of water flow in the channel in the 
steady state (ordinate) is plotted against x, the linear distance from the closed end of 
the channel (abscissa). Symbols and values as in Fig. 3. 

Effect of Channel Radius (r) Fig. 6 illustrates the effect of variations in 
channel radius upon the emergent concentration. The  area of channel wall, 
of course, increases in proportion to the radius, and P (osmotic water  perme- 
ability per unit  area) is assumed constant, so that  the total water  permeabili ty 
of the channel increases with the radius. For  the purposes of this calculation 
the total amount  of solute transported into the channel is held constant, so that  
proportionally higher transport rates per unit area were chosen with decreas- 
ing radii. I t  is apparent  from Fig. 6 that  as the channel becomes narrower, 
the emergent fluid becomes less hypertonic and approaches isotonicity asymp- 
totically. The  intuitive explanation is that the area of the channel varies as 
the first power of the radius bu t  the volume as the second power. Thus, as the 
radius of the channel decreases, the same amount  of solute is being transported 
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into a smaller volume, so that its concentration is higher and it will pull in 
more  water  osmotically. 

If the radius is varied while maintaining the total water permeability of the 
channel constant by choosing higher P's at lower r's, the emergent  fluid still is 
found to approach isotonicity with decreasing radius. 
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FIOUP.E 5, The  effect of varying channel length upon the osmolarity of fluid produced 
by  a standing-gradient flow system. The  parameters of the system other than length 
were held fixed at the following values: P -- 2 X~ 10 -~  cm per sec, Osu; r = 0.05 #; 
D = 10 -n  cm ~ per sec; Co = 0.3 Ore;  N = 10 -e  milliosmols per cm ~, sec from x -- 0 
to x = 10 #, N = 0 for x > 10 #~ The abscissa is channel length plotted on a logarithmic 
s c a l e .  

Effect of Water Permeability (P) Fig. 7 shows that  when other parameters 
are held constant, the emergent  concentration becomes less hypertonic and 
approaches isotonicity asymptotically with increasing values of P, the water  
permeability per unit area. The  same conclusion follows from Figs. 8-10. 

Effect of Solute Transport Rate (N) When the other parameters of the 
system are held constant, the osmolarity of the emergent  fluid decreases with 
decreasing N at very high rates and approaches asymptotically a limiting 
value (Fig. 8). This value may  be either hypertonic or virtually isotonic 
depending upon the values of L, P, and r, and it is a characteristic of the 
system. For example (Fig. 8), when L and r are held constant at 100/~ and 
0.05 #, respectively, the limiting osmolarity is isotonic (0.30sM) when the 
water  permeability P equals 2 × 10 -5 cm per see, OsM; hypertonic (about 
0.495 OsM) when P is reduced to 2 X 10-e; and still more hypertonic (about 
0.745 Os~) when P is reduced to 1 × 10 -6. 
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Fiotrm~ 6. T h e  effect of vary ing  channe l  radius  upon  the  osmolar i ty  of fluid produced 
by  a s tanding-gradient  flow system. L was held  fixed a t  100/~, Co at  0 .30sM,  an d  D a t  
10 -5 cm 2 pe r  see. P was held fixed a t  2 X 10 -5 (upper  curve, solid circles) or  a t  4 × 
10-  5 ( lower curve, open circles) cm pe r  sec, OsM. F r o m  x = 0 to x = 10/~ the  t r anspor t  
ra te  per  un i t  channe l  length  was held fixed a t  lr X 10 -xl milliosmols pe r  era, see, inde-  
penden t  of  var iat ions in  r, by  choosing N (the t ranspor t  ra te  pe r  un i t  wal l  area) as 
vr X 10 - u  

milliosmols per  cm 2, sec. A t  x > 10/~, N was always zero. T h e  abscissa is 
21rr  

radius plot ted on  a logar i thmic scale. 
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FZGURE 7. T h e  effect of  vary ing  channe l  wa te r  permeabi l i ty  upon  the  osmola rhy  of  
fluid p roduced  by  a s tanding-gradient  flow system. L was held fixed a t  I00/z ,  r a t  0.05 
#, Co at  0 .30SM, and  D a t  10 -5 cm ~ pe r  sec. N w a s  held a t  10 -5  ((D), I0 -~ ( O ) ,  10 -7 
(V) ,  10 -8  ( + ) ,  or  10 -9  ( X )  milliosmols pe r  cm ~, see. T h e  abscissa is osmotic wa te r  

permeabi l i ty  plot ted on  a logar i thmic scale. 
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These  interre la t ions  be tween  the effects of t r anspor t  ra te  and  pe rmeab i l i ty  
are also i l lustrated in Fig. 7. At  any  given va lue  of P the t r anspor ted  osmolar i ty  
is v i r tua l ly  i ndependen t  of the t r anspor t  ra te  for values of N below a b o u t  10 -7 
milliosmols per  cm ~, sec, and  the va lue  of this l imit ing osmolar i ty  increases 
wi th  decreasing P. Increas ing the t ranspor t  ra te  to 10 -8 makes the t r anspor t ed  
fluid slightly more  hyper tonic ,  and  increasing the t ranspor t  ra te  by  a n o t h e r  
fac tor  of 10 yields a t r anspor ted  fluid which  is m u c h  more  hyper ton ic  at  any  
given va lue  of P. 
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FmURF. 8. The effect of varying solute transport rate upon the osmolarity of fluid 
produced by a standing-gradient flow system. L was held fixed at 100/~, r at 0.05/~, 
Co at 0.30sM, and D at 10 -n cm 2 per see. P was held at 2 X 10 -5 (~), 2 × 10 ~ (@), 
or 1 X 10 -6 (O) cm per sec, OSM. The abscissa is transport rate plotted on a logarithmic 
scale. This value of transport rate holds in the range 0 < x < 10 #, and the rate is zero 
forx > 10#. 

T h e  possible physiological  significance of the t ranspor ted  osmolar i ty  re- 
ma in ing  vi r tual ly  constant  over  a wide  range  of t ranspor t  rates is considered 
in the Discussion section. 

Effect of Site of Solute Transport In  Figs. 3 -8  the act ive solute t r anspor t  
was conf ined to the  b o t t o m  ten th  of the channel .  T h e  effect of va ry ing  the  
dis tance f rom the closed end  of the  channe l  over  which  solute i npu t  takes 
place,  while  ma in ta in ing  the same total  r a te  of solute input  for the  whole  
channel ,  is considered in Fig. 9. T h e  emergen t  concen t ra t ion  is most  nea r ly  
isotonic w h e n  solute inpu t  is conf ined to the closed end of the channel ,  and  
becomes  progressively more  and  more  hype r ton ic  as t r anspor t  is spread  over  a 
g rea te r  f rac t ion of the channe l  length  towards  the open  end. T h e  reason is 
t ha t  the  osmotic inflow of wa te r  decreases as the  length  of channe l  over  which  
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o s m ot i c  e q u i l i b r a t i o n  c a n  o c c u r  decreases ,  a n d  d i f fus ion  b e c o m e s  m o r e  im-  
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Fxou~z 9. The effect of solute transport site upon the osmolarity of fluid produced by 
a standing-gradient flow system. L was held fixed at 100/~, r at 0.05 #, Co at 0.30sM, 
and D at 10 -b cm * per see. P was held at 2 X 10 -5 (O and q-) or 4 X 10-~(@) cm 
per sec, Osu. A given solute transport rate (N) held over a range of x from zero out to 
the value given on the abscissa, and N was zero for x greater than this value. The trans- 
port rate for the whole channel was held fixed at (2 lr rL) (10 -s) milliosmols per sec, 
by choosing N (transport rate per unit wall area) as (100) (10- 8) divided by the length of 
solute input, in milliosmols per cm 2, sec ( O and @). For example, when transport took 
place into the whole length of the channel (input length = 100 #), N was taken as 10 - s  

mifliosmols per cm *, sec, and when transport took place only into the bottom tenth 
of the channel (input length = I0/~), N was taken as 10 -7 milliosmols per Cm ~, sec. 
In  the two points marked by crosses N was ten times lower; i.e., the transport rate 
for the whole channel was held fixed at (2 lr rL) (10 -9) milliosmols per sec. 

pe r  sec, O s u )  t he  t r a n s p o r t e d  f lu id  is lC~ h y p e r t o n i c  (i.e., 0 .303  O s u )  w h e n  
so lu te  t r a n s p o r t  is s p r e a d  o v e r  the  b o t t o m  1 6 ~  of  the  c h a n n e l ,  a n d  50/0 h y p e r -  
ton ic  (0.315 O s ~ )  w h e n  t r a n s p o r t  ex t ends  ove r  60~o of  the  c h a n n e l  l eng th .  
W h e n  the  w a t e r  p e r m e a b i l i t y  is d o u b l e d  (P  = 4 X 10-5), t r a n s p o r t  c a n  o c c u r  
o v e r  m u c h  m o r e  o f  t he  c h a n n e l  be fo re  these  degrees  o f  h y p e r t o n i c i t y  a re  

r e a c h e d :  the  e m e r g e n t  f lu id  is 1 ~ h y p e r t o n i c  w h e n  t r a n s p o r t  ex tends  o v e r  
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53% of the channel, and 5 %  hypertonic when transport extends over 81%. 
Fig. 9 also shows (compare crosses and open circles) that even when transport 
is spread over 80% or the entirety of the channel length, the transported 
osmolarity is still relatively independent of the solute transport rate, as ex- 
plained in the preceding section. 

Effect of Solute Diffusion Coefficient (D) There  is considerable experimental 
evidence that  the properties of water  in channels narrower than about  10 -~ 
cm (1000 A) begin to deviate significantly from the properties of bulk water, 
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The effect of solute diffusion coefficient upon the osmolarity of fluid pro- 
duced by  a standing-gradient flow system. L was  held fixed at 100 #, r at 0.05 #, Co at 
0 . 30s M,  and N at 10 -6 milliosmols per cm ~, sec for the range 0 < x < 10 # and zero 
for x > 10 #. The abscissa is the osmotic water  permeabil ity plotted on a logarithmic 
scale. D was taken as 10 -6 ( O ) ,  5 X 10 -6 ( e ) ,  10 -5  (@), or 5 X 10 -~  (El) cm ~ per 
SeE. 

pointing to a more ice-like organization of the water  structure (Henniker, 
1949; Derjaguin, 1965). Examples of these anomalous properties in narrow 
channels are: increased viscosity; breakdown of Poiseuille's law, and depend-  
ence of flow on powers of the channel radius lower than 4; increased specific 
heat;  and change in the thermal expansion of water  such that there is no 
max imum density at 4°C bu t  instead a linear dependence of volume upon 
temperature.  In most cases these altered properties of liquid water in small 
channels are intermediate between the properties of ice and of bulk water.  
Presumably, then, the diffusion coefficients of solutes in narrow channels 
would be less than in bulk water. Since the dimensions of the channels 
postulated as pathways of epithelial water  transport (r = 100 A-5000 A) often 
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fall into the range where these anomalous properties of water appear, it 
seemed desirable to examine the behavior of the standing-gradient model as a 
function of solute diffusion coefficient. In addition, the appropriate value of 
D to be used will vary among different organs, depending upon the solute 
being actively transported and the temperature. 

Fig. 10 shows that the emergent fluid becomes less hypertonic (approaches 
closer to isotonicity) as the solute diffusion coefficient is lowered. The ex- 
planation is that solute will diffuse out of the channels more slowly, so that 
osmotic equilibration will proceed further, and the osmotic water flow itself 
will become more important in determining the exit of solute from the 
channels. 

D I S C U S S I O N  

The intuitive meaning of Figs. 5-10 may be expressed as follows. Two forces 
are responsible for carrying solute out the open  mouth of the system: the 
diffusion of solute down its concentration gradient, and the sweeping effect 
of water flow upon solute. Any factor that increases the relative importance of 
diffusion will make the emergent fluid more hypertonic, while factors increas- 
ing the relative importance of water flow are associated with a more nearly 
isotonic emergent fluid. For example, diffusion proceeds more slowly in a long 
channel, or when the solute transport is concentrated at the closed end of the 
channel, or when the diffusion coefficient of solute is reduced. Under these 
circumstances it is the osmotic water flow itself, set up by active solute trans- 
port, that determines the rate of solute egress, and solute therefore cannot 
escape until osmotic equilibration to virtual isotonicity has taken place (Figs. 
5, 9, and 10). Similarly, a decrease in channel radius means that a given rate 
of solute transport will produce higher osmotic concentrations within the 
channel. Thus, either a decrease in radius or an increase in water permea- 
bility, both of which cause increased rates of osmosis, is associated with closer 
approaches to isotonicity (Figs. 6 and 7). At the opposite extreme, in a very 
short channel diffusion to the outside will be rapid, and little water will have 
followed the solute osmotically by the time it has diffused to the channel 
mouth; i.e., the emergent fluid will be quite hypertonic. 

No consistent relation exists between the emergent concentration and C(0), 
the standing concentration at the closed end of the channel. A decrease in 
radius, increase in length, decrease in diffusion coefficient, or decrease in the 
length of solute input all make the emergent concentration more nearly 
isotonic while increasing C(0) ; an increase in permeability makes the emergent 
concentration more isotonic while decreasing C(0); and an increase in solute 
transport rate has little effect on the emergent concentration while increasing 
c(0). 

It should also be reemphasized that since the emergent concentration 
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depends upon several different parameters, this concentration cannot be 
predicted from the value of one parameter alone. For example, with the 
particular values of L, P, N, and D chosen in Fig. 6, the transported fluid 
becomes noticeably hypertonic at radii above about 0.3 #. This does not 
mean, however, that isotonically transporting epithelia with channels wider 
than this value could not be functioning as standing-gradient systems: the 
emergent concentration could be isotonic at much wider radii if, for example, 
P were higher or D lower than the values used in Fig. 6. This same point has 
also been discussed with respect to the site of solute transport (p. 2074). 

In considering the possible biological significance of standing gradients, the 
following points may be noted: 

1. The emergent osmolarities calculated in Figs. 5-10 for channels of the 
dimensions observed in epithelia, with permeabilities and transport rates 
similar to those measured in epithelia, fall generally in the range of epithelial 
absorbates and secretions (isotonic up to a few times isotonic). In other words, 
the solute-water coupling and transported osmolarities characteristic of epi- 
thelia may be regarded as an automatic consequence of epithelial ultrastruc- 
ture. 

2. The intuitive expectation that a standing-gradient system can yield a 
fluid that is isotonic within any arbitrary degree of accuracy is confirmed by 
calculation. In the past, much experimental effort has gone into attempts to 
detect slight osmotic pressure differences between "isotonic" secreted fluids 
and plasma, that could serve as driving forces for water flow during secretion. 
These efforts have generally yielded either the conclusion that the transported 
fluid is isotonic within experimental error, or, if it is in fact slightly hypertonic, 
that this driving force is insufficient to cause the observed rates of water flow 
when measurements of the water permeability of the epithelium are taken into 
account (Auricchio and B~r~iny, 1959; Diamond, 1964). This finding is readily 
explicable in terms of the standing-gradient hypothesis, on the basis of which 
no osmotic pressure difference between plasma and the final transported fluid 
need exist, since the osmotic gradient responsible for fluid movement would 
exist entirely within the lateral spaces and basal infoldings. 

3. In regard to epithelia forming hypertonic absorbates or secretions, it has 
generally been expected that the transported fluid would become progressively 
less hypertonic as the transport rate was lowered, on the grounds that the time 
available for osmotic equilibration would then be greater. Experimentally, 
however, absorption from such structures as the distal tubule and sweat and 
salivary gland duct is still hypertonic even at low transport rates. The best 
quantitative evidence comes from the avian salt gland, which has been shown 
to produce a hypertonic secretion whose osmolarity is virtually independent of 
transport rate (Schmidt-Nielsen, 1960). Similarly, Davis and Schmidt-Nielsen 
(1967) found that the osmolarity of the hypertonic absorbate formed by 
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crocodile distal tubule is practically rate-independent.  These experimental 
observations accord with predictions of the standing-gradient model: if an 
epithelial channel has evolved with a length, radius, and permeability such 
that  the emergent  fluid is hypertonic, then this degree of hypertonicity will be 
maintained as the transport rate is decreased indefinitely (Figs. 7 and 8). 

4. Figs. 7 and 8 also indicate that  a relatively modest increase in perme- 
ability, without changes in other parameters, can convert the output  of a 
standing-gradient system from markedly hypertonic to isotonic, suggesting an 
analogy for the action of antidiuretic hormone upon reabsorption by the 
distal tubule. 

5. In  a few epithelia one finds cells with channels which appear to be 
oriented in the opposite direction; i.e., with the closed end in the direction of 
net  fluid movement.  For instance, the ependymal cells of the choroid plexus 
resemble absorptive cells morphologically (e.g., in the presence of a brush 
border and basal infoldings), but  the net  direction of flow of cerebrospinal 
fluid is secretory. If one evaluates equations 1-3 for negative values of N, i.e. 
for solute uptake out of the channels rather than secretion into them, one finds 
that the channel contents become increasingly hypotonic towards the closed 
end. The  result is water uptake out of the channels coupled to solute uptake, 
so that  long and narrow channels can function in either direction. The  basal 
infoldings of the choroid plexus could thus accomplish isotonic fluid transport 
f rom blood to cells, as required physiologically. 

6. While the dimensions of basal infoldings and lateral intercellular spaces 
in epithelia are such that  they may  plausibly be considered to operate as 
standing-gradient systems, the extension of the model to the microvilli of brush 
borders is much  more speculative. As discussed in the previous paper, the 
available evidence makes it likely, though it does not prove, that the solute 
and water emerging from the lateral spaces of the gall bladder first cross the 
luminal cell membrane,  where the details of solute transport are still obscure. 
One  must then account for isotonic water-to-solute coupling not only at the 
lateral membrane,  where the lateral spaces would provide the answer, but  also 
at the luminal membrane.  I t  is tempting to attribute coupling at the luminal 
membrane  to standing gradients in the microvilli, and in fact there are no 
other luminal structures that would suggest a plausible alternative hypothesis. 
Microvilli are found not only at the luminal surface in gall bladder epithelium, 
which carries out no other significant function except coupled salt and water 
transport, but  also in other absorptive tissues (e.g., gut and proximal tubule). 
The  chief objection to this circumstantial line of reasoning is that microvilli are 
considerably shorter (0.5-4 /z) than the other epithelial structures under  
consideration as standing-gradient systems. All other things being equal, com- 
pleteness of equilibration decreases with decreasing channel length (Fig. 5), 
and one may  well doubt  whether  microvilli are sufficiently long to account for 
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isotonic fluids. Of course, a short length might be offset by some other factor, 
but  available estimates make it unlikely that the radius of the microvilli is 
small enough, or the permeability high enough, to help. More promising is the 
possibility that the diffusion coefficient of NaC1 in the microviUi might be 
drastically reduced below the free-solution value, due to the close packing of 
fine fibers in their core and in the terminal web (Tormey and Diamond, 1967). 
A reduction in D would promote osmotic equilibration markedly (cf. Fig. 10), 
but until there is evidence for such an effect, both the hypothesis of standing 
gradients in microvilli and the structural basis of water transport at the luminal 
membrane must remain uncertain. 

Tha t  solute transport into a restricted space can give rise to water fluxes 
between identical external solutions was first demonstrated experimentally by 
Curran and Macintosh (1962) in a model system consisting of three compart- 
ments in series, and this double-membrane model was analyzed mathemat-  
ically by Patlak, Goldstein, and Hoffman (1963). The  standing-gradient 
model discussed here retains the basic concept of equilibration in a restricted 
space from the Curran-Patlak analysis but differs in several features suggested 
by the more recent anatomical evidence. These are: that the folded geometry 
of the transporting structures may be important in permitting sequential 
equilibration along a standing osmotic gradient; that the assumption of perfect 
stirring no longer seems physically realistic in the light of this geometry; and 
that equilibration may depend upon only a single membrane of appropriate 
shape, since the connective tissue and basement membrane apparently do not  
represent a functionally significant second membrane (Tormey and Diamond, 
1967). The  restriction to solute diffusion thus arises simply from the observed 
length of the channel rather than from an assumed second membrane,  though 
the constricted mouths of gall bladder lateral spaces require quantitative 
evaluation as a possible contributing factor. The  incorporation of these 
features makes it possible to obviate the necessity in a well stirred system for 
assuming epithelial water permeabilities much higher than those actually 
measured (Auricchio and Bgrgny, 1959; Diamond, 1964; Whitlock and 
Wheeler, 1964), which has been one of the basic dilemmas in explaining 
isotonic fluid transport. These features also lead to the distinctive relations 
between osmolarity and transport rate predicted in Figs. 7 and 8 and observed 
experimentally (cf. p. 2078). 

Two kinds of observations may assist in determining whether standing 
osmotic gradients actually are set up in epithelia. The less direct of these is 
suggested by Fig. 9, which shows that the emergent fluid is more likely to be 
isotonic when the transport mechanism is concentrated towards the closed end 
of the channel. Localization of the transport mechanism is not a conclusive 
test of the hypothesis, since a higher water permeability or narrower radius 
could still preserve isotonicity even if the solute "pump"  were found to be 



J. M. DIAMOND AND W. H. BOSSERT Standing-Gradient Osmotic Flow 208I 

spread over virtually the entire length of the channel. However, the converse 
finding--preferential localization of solute pumps, e.g. towards the closed 
(luminal) end of lateral intercellular channels in the gall bladder and in- 
testine--would certainly be suggestive that standing gradients were being set 
up. Some indication that this may be the case is provided by the distribution 
of mitochondria in rabbit gall bladder, which were shown to be present in 
highest concentration at the luminal end of the cell (Tormey and Diamond, 
1967). In  principle, the localization of transport sites might also perhaps be 
inferred from the distribution of ATPase, and a histochemical method involv- 
ing precipitation of released inorganic phosphate by lead has been widely used 
with this aim and tacitly assumed to demonstrate " p u m p  ATPase." However, 
critical evidence that ATPase so localized bears any relation to transport is 
wanting. For example, Tormey (1966) found that the ATPase which is 
histochemicall7 demonstrable on the basal folds of the ciliary epithelium 
possesses none of the properties which would be expected of Na-K-activated 
(pump) ATPase: viz., it is not activated by Na and K, it is not inhibited by 
ouabain, and it is activated by Ca. Kaye, Wheeler, Whitlock, and Lane (1966) 
reported ATPase activity along the entire length of the lateral intercellular 
spaces of rabbit gall bladder, but Tormey (personal communication) did not 
find this activity to be activated by NaC1 or inhibited by ouabain; it therefore 
does not seem to be related to the NaC1 pump which drives water transport 
in this organ and which may be inhibited by the lead-precipitating reagent. 

The  alternative would be to localize the actively transported solutes them- 
selves; e.g., to determine whether the concentrations of Na and C1 in the lateral 
spaces of the gall bladder decrease from the fight junction to the basement 
membrane.  The  technical problem will be to devise a localization procedure 
during which solute is not free to diffuse and dissipate the gradient. For 
example, attempts at sodium localization in rabbit gall bladder have been 
carried out by pyroantimonate precipitation (Kaye, Wheeler, Whitlock, and 
Lane, 1966), but  this technique is not suitable for assessing standing gradients 
due to the continuing diffusion of solutes that can occur during fixation. 
Because of unsfirred layers adjacent to the epithelium, half-times for diffusion 
to the basal end of the epithelial cells of rabbit gall bladder are on the order 
of half a minute and several minutes for substances added to the mucosal and 
serosal bathing solutions, respectively. These half-times vary inversely as the 
diffusion coefficient of the substance. If as much as 1 sec elapses between 
arrival of osmium (cessation of transport) and arrival of pyroantimonate 
(precipitation of sodium), half of the sodium will have diffused 30 #, so that 
detection of any concentration differences within the lateral spaces would be 
manifestly impossible. The  solution to this di lemma will probably have to 
await the development of methods for solute localization in quick-frozen tissue. 
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