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ABSTRACT The total osmotic flow of water across cell membranes generally 
exceeds diffusional flow measured with labeled water. The ratio of osmotic to 
diffusional flow has been widely used as a basis for the calculation of the radius 
of pores in the membrane, assuming Poiseuille flow of water through the pores. 
An important assumption underlying this calculation is that both osmotic and 
diffusional flow are rate-limited by the same barrier in the membrane. Studies 
employing a complex synthetic membrane show, however, that osmotic flow 
can be limited by one barrier (thin, dense barrier), and the rate of diffusion of 
isotopic water by a second (thick, porous) barrier in series with the first. Calcu- 
lation of a pore radius is meaningless under these conditions, greatly overestimat- 
ing the size of the pores determining osmotic flow. On the basis of these results, 
the estimation of pore radius in biological membranes is reassessed. I t  is pro- 
posed that vasopressin acts by greatly increasing the rate of diffusion of water 
across an outer barrier of the membrane, with little or no accompanying in- 
crease in pore size. 

I N T R O D U C T I O N  

T h e r e  is considerable  expe r imen ta l  suppor t  for the view tha t  wa te r  move-  
m e n t  across biological  m e m b r a n e s  proceeds  by  bulk  flow th rough  aqueous  
channels  or pores (1-3).  Th is  view originates f rom the observa t ion  tha t  the 
ne t  flow of wa te r  across a tissue p red ic ted  f rom the diffusion ra te  of isotopically 
labeled wa te r  genera l ly  falls far  short  of the flow ac tua l ly  observed.  T h e  
ra t io  be tween  total  wa te r  flow and  "d i f fus iona l"  flow m a y  reach  values as 
high as 100 to 1 in cer ta in  tissues; this is t rue,  for  example ,  in the toad  b l adde r  
in the presence of vasopressin (4). I t  has been  the prac t ice  to est imate a m e a n  
equ iva len t  po re  radius f rom this ratio,  assuming Poiseuille flow across a 
porous  ba r r i e r  in the cell m e m b r a n e .  

Objec t ions  have  been  m a d e  to this m e t h o d  of es t imat ing pore  radius. I t  
has not  been  shown, for example ,  tha t  aqueous  channels  in cell m e m b r a n e s  
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are in the form of r ight  circular cylinders. The  use of the bulk viscosity co- 
efficient for water  in the Poiseuille equat ion is no t  justified in all instances 
(3), and  Dain ty  and  House have shown tha t  values for the diffusion of isotopic 
water  m a y  be somewhat  reduced by the presence of an unstirred layer  (5). 
An addi t ional  and  possibly more serious objection derives f rom the fact 
tha t  biological membranes  are s tructural ly complex, consisting of a n u m b e r  
of permeabi l i ty  barriers a r ranged  in series. While  the investigator m a y  wish 
to est imate the porosity of a componen t  of the cell membrane ,  he is obliged 
to use values for tracer flux and  water  flow obta ined from measurements  
across the entire membrane .  The  assumption is m a d e  tha t  the par t icular  
porous barrier  of interest is rate-l imit ing for both  tracer flux and  water  flow; 
only on this basis can the calculat ion of pore radius be made.  If, in biological 
membranes ,  different  barriers l imit  tracer flux and  water  flow, estimates of  
pore radius will be erroneous (6). 

T h e  experiments to be described show tha t  pore radii  calculated f rom 
the ratio of total water  flow to diffusional flow in a complex synthetic mem-  
brane  are indeed wi thout  meaning.  The  true rate of t racer diffusion is m a n y  
times greater  across the layer  l imit ing water  flow than  is apparen t  in measure- 
ments  made  across the entire membrane .  On  the basis of these observations, 
it is proposed tha t  vasopressin m a y  act  by  increasing the diffusion rate of 
water  across a critical layer in the cell membrane .  

M A T E R I A L S  A N D  M E T H O D S  

I. Cellulose Acetate Membranes 

The cellulose acetate membranes used were those developed by Loeb and Manjikian 
for desalination by the process of reverse osmosis (7). They were prepared by mixing 
cellulose acetate (Eastman 398-10), formamide, and acetone in proportions of 5 :6 :9  
by weight. The membranes were cast at room temperature on glass plates and the 
exposed surface was allowed to evaporate for 20 see. The membrane was placed in a 
water bath at 2°C for I hr, then heated for 4 rain in a water bath at 85°C. Mem- 
branes prepared in this way have been shown to possess a thin, dense "skin" approxi- 
mately 0.25 t~ in thickness, covering the surface from which evaporation took place. 
The rest of the membrane (approximately 100 u in thickness) consists of a highly 
porous layer (8). The membrane is shown diagrammatically in Fig. 1. In the process 
of reverse osmosis, the brine solution is filtered through the skin at 40 or more at- 
mospheres pressure. The skin has a low permeability to salt, permitting less than 10 % 
of it to pass, but allowing enough water flow, of the order of 20 gal per sq ft per 
day, to make the process a practical one for desalination. Membranes prepared for 
this study gave acceptable values for salt rejection (88-97 %) and water flow (0.05. 
ml hr -1 cm -2 atm -1) when tested at 700 psi in a desalination cell (9). 

II .  Measurement o] L~ and w~ 

In the present studies, measurements of hydraulic permeability (L~) were carried 
out in a stainless steel pressure cell attached to a tank of nitrogen. The membranes 
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were placed on a stainless steel screen with their skin surfaces up, and the flow of 
distilled water across the membranes was determined at a pressure of 8 atmospheres. 
The  permeability coefficient of the membranes to tritiated water (wr) was determined 
in a Lucite diffusion chamber, with distilled water bathing both sides of the mem- 
brane. Tritiated water was added to the solution in one chamber haft, and its rate of 
appearance in the opposite half determined at timed intervals. Vigorous stirring was 
provided by rotating bar magnets equipped with vertical Lucite fins. Samples were 
counted in a Tricarb liquid scintillation spectrometer (Packard Instrument Company, 
Downers Grove, Ill.). Calculation of c0r and correction for back diffusion of the isotope 
were done by a method previously described (4). Membrane thickness was measured 
with a vernier micrometer. The  permeability of the membranes to salt was determined 
by conductance measurements made with a Radiometer type CDM 2 conductivity 
meter (Radiometer, Copenhagen, Denmark). 

.- : "" i-'". : :,.:..".'.<'-"" :". 
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FIOUIU~ 1. Schematic cross-section of cellulose ace- 
tate desalination membrane. A thin skin (a) overlies, 
and is in series with a thick, highly porous layer (b). 

C A L C U L A T I O N S  

T h e  ca lcula t ion  of the m e a n  equ iva len t  pore  radius has been discussed in 
previous  publ ica t ions  (10, 11). Briefly stated,  two types of flow across a m e m -  
b r ane  m a y  be dist inguished:  T h e  first, L~ ,  is the hydrau l ic  wa te r  flow in the 

presence of a hydros ta t ic  or  osmotic  dr iving force:  

J"  ( 1 )  Lp = 

o r  (provided  the reflect ion coefficient  is 1) : 

& (2) L~ - Z~r 

whe re  J ,  is the vo lume  flow in ml .  cm  -2. sec -1, Ap is the dif ference in hy-  
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drostatic pressure, and A~r the difference in osmotic pressure across the 
membrane.  

The  second flow, ~0r, is the diffusion of isotopically labeled water across 
the membrane in the absence of net water flow: 

oat - RTAcT 

where J r  is the flow of tagged water ( T H O )  in mol. cm -2. sec -1 and AcT is 
the difference in isotope concentration across the membrane.  

The  ratio of hydraulic or osmotic flow to the flow of isotopically labeled 
water may be indicated by the ratio g:  

L~ 
g = lP~.0r ( 4 )  

where V is the molar volume of water. 
In a simple porous membrane of thickness Ax, in which the pores run 

through its entire thickness, one may  express g in terms of the length and 
area of the pores; 7, the viscosity coefficient of water, and (assuming that 
the isotopically labeled water moves through the membrane by  a process of 
self-diffusion), D, the self-diffusion coefficient of water in water:  

LI, 8"~Ax 

g = V~oa, ~r*DV, o ( 5 ) 

R T A x  

Here, L~ is expressed in terms of the Poiseuille equation. Since the area 
(Trr ~) open to flow and diffusion is the same, and since Ax is the same for flow 
and diffusion, these terms may be cancelled, yielding the expression 

r2R T 
g = 8~9~D ( 6 )  

From this relationship r, the mean equivalent pore radius, may be calculated. 
When one deals with more complex membranes,  where two or more 

barriers exist in series, the above analysis does not necessarily apply. The  
estimated porosity of the entire membrane  may not reflect the true porosity 
of the barrier controlling water flow, since L~ and co~ must of necessity be 
measured across the entire thickness of the membrane.  If one wishes to 
obtain information about  the contribution of each barrier individually, it is 
necessary to employ an expression for g which takes into account the existence 
of barriers in series. This may be done by writing the coefficients for hydraulic 
and isotopic flow in the form of resistances in series (12, 13): 
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1 1 1 
- L ~  + L~--~-- ( 7 ) Lv 

and 

1 I I 
- + - -  ( 8 )  

¢.0~" t.OTa 60Tb 

where a and b refer to two barriers in series. The  expression for g then becomes: 

or: 

1 1 

Lp o~r. wrb P ~ -  - ( 9 )  
o~r 1 1 

Ax. Ax_ 2 
2 + nbr~ R T  n~r~ ( lO)  

g = 8~DPw Ax. AXb 
+ ,,br~ nora 

where Ax is the thickness of the barrier, n the number  of pores, r the pore 
radius, D the self-diffusion coefficient, and ~/the viscosity coefficient of water. 
The  relative contribution of the Ax and r terms of each separate barrier to 
the over-all ratio g of the membrane  can be seen in equation I0. If, for ex- 
ample, barrier a has the characteristics of a diffusion barrier (r approaching 
molecular dimensions), and barrier b is a thin, highly porous layer, the values 

for I and I 1 1 Wrb ~ would be small relative to and . Barrier a would 

control both hydraulic flow and isotopic diffusion, and the ratio g would be 
determined by this barrier alone. The importance of barrier b in determining 
wr for the membrane  would increase, on the other hand, as the ratio AXb/ 
Ax, increased. One can introduce values for Ax~ and AXb, for example, 
which would result in hydraulic flow being controlled by  barrier a, and 
diffusional flow of water by barrier b. This case is of particular interest for 
the studies that follow. 

R E S U L T S  

I. Lp and wr of Cellulose Acetate Membranes 

Lp and wr for three reverse osmosis membranes are shown in Table  I. The  
membranes were prepared in the standard fashion; they averaged 110 # in 
thickness. L~ and wr are shown in columns 2 and 3, and their ratio, g, in 
column 4. The mean equivalent pore radii calculated from these data  are 
relatively large, with a mean value of 25 A. 
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II. Lv and cor in Altered Cellulose Acetate Membranes 

If  one assumes that there are only two barriers to water flow across the mem- 
brane (skin and porous layer), and if L~ and coz of the porous layer are known, 
L~ and cot of the skin can be calculated from equations 7 and 8. We were 
able to obtain these coefficients for the porous layer in two ways: first by 
casting membranes in which the formation of a skin was prevented, and, 
second, by physically removing the skin. 

T A B L E  I 

C O E F F I C I E N T S  O F  S T A N D A R D  M E M B R A N E S  

Membrane X 1014 X 1014 g ~TPe 

t o o l  • d y n  - 1 .  sec  ~1 t o o l .  d y n  - 1 .  sec  -1 

1 76 .2  1 .48  51.5 
2 84.9 1.79 47 .4  

3 70.7 1.71 41.3  

In the first experiments, membranes were cast at 4°C rather than at room 
temperature, and placed immediately in ice water. After an hour, the mem- 
branes were stored at  room temperature in distilled water; no heat curing 
was carried out. The  mean thickness of these membranes was 122 #. Mem- 

T A B L E  I I  

C O E F F I C I E N T S  O F  " S K I N L E S S "  M E M B R A N E S  

L ~ I  P ~  ~ T 
Membrane X 1014 X 1014 

real  • d y n  - 1 . s e e  -1 t o o l  • d y n  - l  . s e c - I  

1 1,693 1.78 

2 1,456 1.76 

branes of this type were 40 times more permeable to salt than standard 
membranes. Data obtained with two of these membranes are shown in col- 
umns 2 and 3 of Table II. There was a striking increase in L~, which is ap- 
proximately 20 times that  of the standard membranes (Table I). On the 
other hand, there was little if any change in c0T. Lv is clearly determined by 
the skin, but cor is determined by the porous phase. 

Although this qualitative experiment did reveal the rate-limiting barriers 
for flow and diffusion, there was enough variation between individual mem- 
branes to prevent the calculation of L~ and cot of the skin. Therefore, the 
coefficients for a given membrane were determined before and after the 
physical removal of the skin. The experiments were carried out on membranes 
which were cast at  a greater thickness than the standard membranes, in 
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order to eliminate the possibility of perforating the membranes during removal 
of the skin. These membranes averaged 200 # in thickness. The  coefficients 
for the intact membranes are shown in Table  I I I  (columns 2 and 3). The  
skin layer was then removed; in membranes 1 and 2, this was done by care- 
fully passing a glass microtome knife, of the type used in preparing sections 
for electron microscopy, across the skin. In membranes 3-8, the skin was 
lightly sandpapered in an ice water bath with No. 280 Wetordry  silicon 
carbide paper  (Minnesota Mining and Manufacturing Co., St. Paul, Minn.).  
Columns 4 and 5 show the coefficients of these membranes following the 
procedures. There was striking increase in L~ with only a small increase in 

T A B L E  I I I  

E F F E C T  O F  R E M O V A L  O F  S K I N  A N D  
C A L C U L A T I O N  O F  S K I N  C O E F F I C I E N T S  

Intact Porous layer Skin 

L~/#~  ~ 7" L ~ I ~  ~ T L ~ / ~  ~' T 
Membrane X 1014 X 1014 X 1014 g 

mol .dyn ~ . sec-t mol "dyn ~ , sec ~ mol .dyn - l  " sec ~ 

1 51.5 1.07 488 1.27 57.8 6.79 8 .5  
2 45.2 1.09 865 1.22 47.8  10.23 4 .7  
3 61.1 1.13 1,193 1.40 64.1 5 .86  10.9 
4 58.7 1.13 1,034 1.28 62.5  9 .63  6 .5  
5 94 .9  1.36 3,580 1.43 97.5 27.20 3 .6  
6 73.5 1.14 2,810 1.34 77.5 7.63 10.2 
7 77.8 1.25 3 ,580 1.45 79.6 9 .09  8 .8  

8 71.6 1.31 813 1.41 78.1 18.48 4 .2  

M e a n  va lues  66 .8  1.19 1,795 1.35 70.6 11.86 7.18 

wT • In columns 6 and 7, Lp and o~T of the skin are calculated from equations 
7 and 8, and in column 8, g for the skin is shown. The  pore radius calcu- 
lated from g is 9 A, considerably less than that calculated for the whole 
membrane.  

III .  Effect of Removal of Skin on Kt . . . .  NaCl 

Removal  of the skin by sandpapering had a profound effect on the perme- 
ability of the membrane  to salt. The  Kt . . . .  NaC1 of a representative intact 
membrane,  determined conductimetrically, was 65 X 10 -7 cm.sec -I. Fol- 
lowing removal of the skin, the Kt ....  was 3,300 X 10 -7 cm. see -1, a 50-fold 
increase. 

D I S C U S S I O N  

The results obtained show that in a complex membrane,  where permeabili ty 
barriers exist in series, the rate of hydraulic flow of water may be determined 
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by one barrier, and the rate of water diffusion by another. The dense skin of 
the cellulose acetate membrane offers a high resistance to flow, but the skin 
is so thin that  its resistance to the diffusion of tritiated water is small com- 
pared to that  of the thick porous layer. Durbin (14) has also pointed out that  
a thick layer of this type can determine c0~. 

The thickness of the porous layer is not the only factor determining its 
relatively higher resistance to diffusion. Despite the high porosity of this 
layer, its excluded volume and tortuosity are considerable, and only a fraction 
of this layer is open to diffusion. Taking~x of the porous layer (thick mem- 
branes, Table I I I )  as 200 × 10 -4 cm, and the measured permeability of this 
layer to tritiated water as 2.8 × 10 -4 cm. sec -1, one can calculate a perme- 
ability coefficient for the porous layer of 0.56 × 10 -5 cm 2. see -1. This may be 
compared to Wang, Robinson, and Edelman's value of 2.4 × 10 -5 cm- 
sec -1 (15) for the self-diffusion of water; approximately one-fourth of the 
area of the porous layer is open to diffusion. 

Under  these circumstances, a calculation of the "porosity" of a complex 
membrane based on conventional isotope and flow measurements gives a 
value which does not apply to either layer, but represents an intermediate 
value between the skin and the porous layer. 

Although the pore radii calculated for the skin are relatively small, they 
still exceed the values one would expect for a membrane capable of a high 
degree of salt exclusion. If one regards the skin as simply a thin layer of dense 
cellulose acetate, the present value for g is three times higher than that  ob- 
tained by Thau  et al. for such a dense membrane (16). Part  of the discrepancy 
can be explained by the fact that  the sandpapering or microtome procedure 
removed more than just the skin, as shown by measurements with a microm- 
eter; approximately 20~ of the total thickness of 200 /~ were removed in a 
typical experiment. Thus, the portion removed contained both skin and 
some of the porous layer, and must itself be considered a complex membrane. 
While the procedure was crude, and probably led to an overestimation of 
the porosity of the skin, it serves to illustrate the point of the present study 
regarding the hazards of estimating pore size in a complex membrane. 

I. Application to Biological Membranes 

Biological tissues are far more complex in structure than the cellulose acetate 
membrane discussed, and contain a number  of permeability barriers. Some 
offer a high resistance, others a low resistance to water flow or diffusion. In 
epithelial structures such as frog skin, gut, or toad bladder, in which one or 
more layers of epithelial ceils are attached to a supporting layer of muscle or 
connective tissue, it is probable that most of the barriers offer some resistance 
to flow and diffusion. I t  has been assumed that  the cytoplasm and the sup- 
porting layer offer no more resistance than an equally thick layer of water 
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(4), and that the main resistance barrier is the cell membrane. Although this 
assumption is a reasonable one, it is nevertheless true that  tracer flux will 
be falsely low, and the calculated porosity of the cell membrane falsely high, 
to the extent that  these other barriers influence diffusion without influencing 
flOW. 

However, it is probably within the cell membrane itself that  the influence 
of series barriers is most important. The membrane, with its bimolecular 
leaflet and associated protein layers, may reasonably be regarded as having 

WMINAL MEMBRANE 
(a) (b) 

DENSE ~ROUS 

UREA N--~ 

SODIUM 

OTHER ~ 
SOLUTES [ ]  

CONTROL 

u i ,11 

• I [ ]U 
• II[]11 

VASOPRESSIN 

Fmum~ 2. Schematic representation of the pore enlargement hypothesis of vasopressin 
action. Hydraulic flow of water (Lv) is shown by solid arrows, and diffusional flow 
(toT) by open arrows. L~ and tot are determined by the underlying barrier, both in the 
control state and in the presence of vasopressin. Vasopressin increases the porosity of 
the underlying barrier, resulting in bulk flow of water, and a relatively small increase 
in toT. It has been suggested (90) that vasopressin also increases the permeability of the 
dense diffusion barrier to urea and sodium, but not to other solutes. 

more than one permeability barrier; in addition, electron microscopic studies 
of a variety of epithelial membranes show extraneous superficial layers, whose 
function is still poorly understood (17). Further, the cell membrane appears 
to control cellular permeability; in the toad bladder, for example, the luminal 
membrane of the epithelial cell determines the rate of water flow and dif- 
fusion into the cell, both in the presence and absence of vasopressin. This 
conclusion is supported by studies on the labeling of intracellular water by 
tritiated water (4), and on the swelling of the epithelial cells following vaso- 
pressin (18). I t  has been proposed (4) that  the hormone acts by enlarging 
pores in a permeability barrier at  the luminal surface of the cell, with an 
increase in the estimated mean pore radius from 8 to 41 A. This calculation 
is based on the finding that  vasopressin produces a 40-fold increase in L~, 
but only a 70% increase in o~r ; the ratio L~/coT rises from 6 to over 100 
following the hormone, and this marked increase in nondiffusional flow 
could best be accounted for by the formation of large pores. Since there was 
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no difference in the permeabi l i ty  of the b ladder  to most  solutes tested before 
and  after the hormone  (19), it was necessary to place a fine diffusion barr ier  
over the porous barrier;  this diffusion barrier  was originally believed to be 
unresponsive to vasopressin bu t  rate-l imit ing to most solutes. Subsequent  
studies by Lichtenstein and  Leaf  (20), employing amphoter ic in  B have sug- 
gested tha t  the fine diffusion barrier  itself migh t  be responsive to vasopressin 
i n  the case of urea and  sodium; Orloff  and  Handle r ,  however  (21), have 
quest ioned the val idi ty of experiments of this type. The  "pore  en la rgement"  
hypothesis is shown schematical ly in Fig. 2. 

LUMINAL MEMBRANE 
(0) (b) 

DENSE POROUS 

Lp ~ U  I ~  ~'//////~ 

UREA ~'-~ ~ ~Im~ 

SODIUM ~ ~ - - " )  ~ I )  ~ 1 ~  
OTHER ~_ 
SOLUTES - ~ .... - ~ .... 

V///// / / /d r//////////~ 

CONTROL VASOPRESSIN 

FmtnaE 3. Present hypothesis of the mechanism of action of vasopressin. Lp is determined 
both in the absence and presence of the hormone by the dense (a) barrier. Vasopressin 
produces a marked increase in the number of small pores in the dense barrier, resulting 
in a large increase in Lv .  wT increases as well, but its over-all rate following vasopressin 
is limited by the thick (b) barrier. Both urea and sodium penetrate the dense barrier 
more rapidly after the hormone, and their rate of penetration continues to be limited 
by this barrier. The movement of other solutes through the pores opened by vasopressin 
is regarded as exceedingly low or nonexistent. 

An  al ternat ive to this hypothesis now appears  possible. I t  is based on the 
finding with  the cellulose acetate m e m b r a n e  tha t  osmotic flow can be l imited 
by one barr ier  (thin, dense barrier) ,  and  the rate  of diffusion of isotopic 
water  by  a second (thick, porous) barr ier  in series with the first. I t  is pro- 
posed tha t  the luminal  m e m b r a n e  includes a thin superficial barrier  (a) which 
is rate- l imit ing wi th  respect to L~,, both  in the presence a n d  absence of 
hormone.  Beneath  this barr ier  is a thick, porous barr ier  (b), whose s tructure 
is no t  al tered by vasopressin (Fig. 3). In  the absence of hormone,  this barr ier  
provides a resistance to cof approximate ly  equal  to barrier  a, so tha t  cot for 
the luminal  m e m b r a n e  is de te rmined  by both the m e m b r a n e  layers. Vaso- 
pressin could act  in a m e m b r a n e  of this type by increasing the number ,  bu t  
no t  the size, of small pores in barrier  a. There  would  be a 40-fold rise in 
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w~, and, consequently, a 40-fold rise in L~. Barrier b would now be completely 
rate-limiting for ~0T, and, as a result, the large increase in 0~ would not be 
experimentally apparent. Values for 0~T under these conditions have been 
calculated, using equation 8 and Hays and Leaf's data for the permeability 
of the luminal cell membrane to tritiated water (4). The results are shown in 
Table IV. It  is apparent that despite the large increase in o~ across barrier 
a, the increase in o~T across the entire membrane is small. 

The case shown is one in which o~T increases 40-fold, proportional to the 
increase in Lp. It is of interest that there is one report by Grantham and 
Burg (22) of such a proportional increase in w~ and L~ following vasopressin 
in the isolated rabbit collecting tubule. 

If vasopressin produced a less than 40-fold increase in 0~T, some increase 
in pore size would be required to account for the increase in L~. If oaf in- 

T A B L E  IV 

c0~ ACROSS INDIVIDUAL BARRIERS OF LUMINAL MEMBRANE 

to T 

X 10 t~ 

Control Vasopre~in 

m o l  . d y n  - l  . sec  - t  

Barrier a 1.04 41.6 
Barrier b 1.24 1.24 
Entire membrane* 0.56 1.20 

* Data  for entire membrane from Hays and Leaf (4). 

creased 20-fold, for example, a 30% increase in pore radius would be re- 
quired. Whittembury (6) has obtained evidence in studies on the osmotic 
behavior of toad skin epithelial cells that vasopressin increases the equivalent 
pore radius from approximately 4.5 to 6.5 A. Pore radii obtained by this 
method were smaller than those estimated by Andersen and Ussing (2) from 
studies of osmotic flow and isotope diffusion, and a model membrane, com- 
posed of narrow and wide pores in series, was proposed to account for this 
discrepancy. Significantly smaller pores appear to be present in the toad 
bladder, both in the presence and absence of vasopressin; the passage of 
small molecules such as thiourea across the bladder is not increased by vaso- 
pressin (19), while thiourea movement across the toad skin increases after 
the hormone (2). Further, the reflection coefficient for urea in the vaso- 
pressin-treated toad bladder is 0.79 (19), compared to 0.6 in the toad skin 
(6). The available data, then, would support the view that the principal effect 
of the hormone is on the number, rather than the size of aqueous channels. 
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The effect of vasopressin on the movement  of sodium, as well as urea, 
across the membrane  is also attributed to the change in barrier a (lower 
half of Fig. 3). These solutes penetrate the barrier at low rates in the absence 
of the hormone, and although their rate of penetration after the hormone is 
significantly increased, it is still below their rate of movement  through barrier 
b. Therefore, barrier a is rate-limiting for urea and sodium both in the absence 
and presence of vasopressin. The situation is comparable to that in the cellu- 
lose acetate membrane,  where the skin proved to be highly permeable to 
water, but rate-limiting to sodium chloride. The rate of movement  of other 
solutes across the toad bladder is exceedingly low, and may  be by pathways 
other than those shown in barrier a. At any rate, due to the small size of the 
pores opened up by vasopressin, there is no change in their rate of movement.  

Modifications of this model are possible; for example, part  of the effective 
thickness of layer b may be an unstirred layer in the cytoplasm of the cell. 
Also, changes in the thickness or the solubility properties of barrier a could con- 
tribute to the increase in ~0~. The  important  feature of the present proposal, 
however, it that  different barriers in the membrane  control diffusion and flow. 

This hypothesis changes our picture of the luminal membrane  of the toad 
bladder in several respects. First, the radius of pores controlling Lp in the 
absence of the hormone would be considerably less than the 8.4 A originally 
calculated (4). The pore radius would approach more closely the dimensions 
of the water molecule, and the properties of the a layer would approach those 
of a diffusion barrier. Second, if vasopressin induces the formation of a large 
number  of pores, with mean radii identical to or only slightly larger than those 
of the original pores, most solutes would continue to be excluded from the 
membrane,  and the specificity of the hormone effect would be preserved. 
Urea and other amides, sodium, and certain alcohols would cross the mem- 
brane more rapidly by virtue of specific interactions with the small pores; 
in this way, the problem of specificity of hormone action would be met  with- 
out necessitating a barrier in series with the vasopressin-sensitive layer (Fig. 
2). Third, so long as aqueous channels were present in some phase of the 
membrane  (b layer), and this layer contributed significantly to the solute 
resistance, the solvent drag effect on such solutes as urea (4) would still be 
observed in the over-all structure. Under  these conditions, the a layer could 
retain the properties of a diffusion barrier. Fourth, the ultimate effect of 
vasopressin is placed at the cell surface, where such processes as secretion of 
surface-coating material could play a significant part  in the action of the 
hormone. 
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