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SUMMARY 

Osmotic, Pf, and diffusive, Pd, water permeability of rabbit gall bladder 
epithelial membranes have been determined. The thickness of unstirred layers, or 
diffusion barriers, such as cell cytoplasm and the thick supporting layer of connective 
tissue, have been determined hy butanol diffusion, assuming unstirred layers limited 
diffusion of this solute. 

The contribution of these layers to the total resistance to SHHO diffusion 
was 85.7 + 2.9 % (S.E.). The measured ratio of the water permeabilities, Pt]Pd, 
decreased from 26.3 "= 4-3 to 3.x 4- 0.3 after making corrections of Pd for unstirred 
layer influences. 

The temperature dependence of Pr has also been determined. Arrhenius plots 
of Pt  show breaks at lO-15 and 20 °C at osmotic gradients of IOO and 2oo mM sucrose, 
respectively. Below these temperatures, apparent activation energies amounted 
to 9-7 =k 1.5 kcal "mole-~, values which are consistent with a solubility-diffusion 
mechanism in the water permeation process. Above the break temperature, apparent 
activation energies decreased to 3-5 =[= 0.6 kcal-mole -1 which is consistent with 
values for water pe . ,~at ion through aqueous pores. 

These results suggest that osmotic flow through gall bladder mucosa is mainly 
via the cellular membranes, i.e. the extracellular shunt, which is the main route 
for passive ion permeation, does not contribute significantly to the osmotic water 
flow in response to a sucrose gradient. 

INTRODUCTION 

During isotonic fluid reabsorption in gall bJadder epithelium, a rapid osmotic 
water flow follows in response to active soltite trarsport. In the local osmosis model 
of Diamord and Bossert 1, water enters the lateral intercellular spaces througb the 
lateral cell membranes. Very recently, however, electrophysic!.ogical investigation 
on this epithelium by Barry et al. ~ and Fr6mter and Diamond a proved unambiguously 
that the main route of passive ion permeation is via an extracellular shunt residing 
in the tight junctions. Smulders and Wright 4 observed that sucrose and inulin diffuse 
across this tissue by the same extracellular pathway. If this shunt pathway also 
contributes predominantly to the osmotic water flow one has to expect that  the 
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osmotic flow proceeds by bulk flow or viscous flow through aqueous pores of at  least 
I2 A, since inulin is a rod-shaped polymer with dimensions about l e a  x xooA 
(ref. 5)- 

Viscous flow is characterized by values greater than one for the ratio of the os- 
motic, Pt, and the diffusional, Pal, water permeabilities, and determination of this ratio 
allows calculation of equivalent pore radius s. Therefore we determined both water 
permeabilities in order to find out if these parameters could give information about 
the route of water during osmotic flow. However, the magnitude of Pd can be greatly 
underestimated if unstirred layers are present. Tiffs has been shown in artificial 7 
and biological membranes s. Hays 9 demonstrated for a reverse osmosis membrane, 
consistig, g of a thin but dense barrier in serie~ with a thick but  porous one, that  the 
thin and dense barrier is rate limiting for fIow but not for diffusion. Nearly the 
same situation is met with epithelial tissues w aere unstirred water layers (i) adjacent 
to the luminal membrane (ii) in the cell cytol~lasm (iii) and in the thick supporting 
layer of connective tissue and smooth muscles, offer significant barriers to diffusion 
but not to flowX°, ix. Hays and Franki xx determined the contribution of the thick 
supporting layer of toad bladder to the total resistance to SHHO diffusion by measur- 
ing SHHO diffusion through intact tissue and, after removal of epithelial cells, 
through the supporting layer. This procedure still gave underestimated Pd values, 
since the unstirred layer formed by the cell cytoplasm couM not be taken into account. 
We tried to determine total unstirred layer thickness in intact tissue by measuring 
the diffusion of butanol, assuming that  the diffusion of this solute is completely 
limited by the unstirred layers. Diffusive 3HHO permeabilities, corrected for un- 
stirred layer effects, closely approached Pr values determined in the same gall bladder. 

For the same reason we determined the apparent activation energ 3, of the 
water permeability since the temperature dependence of water permeation through 
a membrane can provide additional information about the mechanism underlying 
the water transport ~2.13 

MATERIALS AND METHODS 

Tissue preparation 
Gall bladders were removed from albin~ rabbits of both sexes and cannulated 

as described previously in. During removal of bile and refilling of the bladder, care 
was taken to prevent overdistension of the :issue. Cannulated gall bladders were 
suspended in a beaker filled with Ringer solut::.on of the following composition (raM) 
NaC1, 14o; KC1, 7.0; CaCI2, I.O; MgCI2, 1.0 NaH2PO4, 0.375; Na2HPO4, 2.125; 
pH 7.4; gassed with IO0 % 0 2 saturated with water vapor. 

IVater transport measvrements 
Water fluxes were determined in the direction from lumen to blood.ride. The 

sac preparations were filled with and suspended in Ringer solution in which NaC1 
was isosmotically replaced by Na2SO 4 to block active fluid transport 15. 

Osmotically induced water flows were measured gravimetrically as described 
by Diamond 16. The serosal bathing solution was made hypertonic by the addition 
of IOO or 200 mosM.1-1 sucrose. The osmolarity of a solution was determined by 
measuring the freezing point depression (advanced osmometer type 3A). The tempera- 
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ture dependence of Pt was measured between 5 °C and 35 °C at intervals of 5 °C. 
The temtera :a re  of the bathing solution was controlled within 0.5 °C. Going from 
higher teraperatures to lower or vice versa did not influence the results. 

The rate of diffusion of aHHO and n-[I-14C]butanoi was detellnined as follows: 
The bladder was suspended in I2 ml sulphate Ringer stirred by 'D 2 bubbles and a 
magnetic flea. aHHO (approx. ~.o /,Ci) and [l~C]butanol (approx. 0.5 /,Ci) were 
added thro~lgh the cannula to the luminal solution. Every  2 min, from r unti l  19 min, 
2o-pl samrles were taken from the serosal solution. Before and after the isotopic 
experiment the bladder was weighed. After each experiment the gall bladder was 
opened and spread out on a Ringer-impregnated filter paper to determine the surface 
area and wet weight of the tissue. The isotope concentration in the lumen of the 
bladder, calculated from volume determinations by weighing, and the known added 
isotope concentration agreed with direct determinations from IO-#1 samples taken 
out of the lumen i min after addition of isotope. Therefore, initial isotope concentra- 
tions were calculated and not measured. The radioactive samples were counted in 
a Packard liquid scintillation counter (Mrdel 314 E) using Bray's  17 scintillation 
fluid. The radioisotopes were obtained from Radiochemical Centre, Amersham, 
England. 

Calculation of permeability constants 
The following equations and notations taken from Holtz and Finkelstein 18 

were used: 
(A) Osmotic water permeability. The water flux Jw in response to an impermeant 

solute is given by J w - -  -Pr.A.~ACs, where Jw = flux of water in moles.s- l ;  
dCs = concentration difference of impermeable solute in moles-l-l;  ~ = osmotic 
coefficient; A-----surface area of the bladder in cmZ; Pt = osmotic permeability 
coefficient in cm. s -1. 

(B) Tracer permeability. The flux J i  of a tracer " i "  is given by J i  = - - ( P d ) i ' A  

(Cim--Cis), where J l  = flux of tracer i in moles.s-l ;  A = area of membrane in 
cm2; ( C i m - ' C l s ) =  concentration difference for tracer "i", between the mucosal 
and serosal solution, in moles. 1-1; (Pd)i = permeability coefficient for " i "  in cm-s -1. 

The rate of appearance of radioactivity in the serosal bathing solution decreased 
exponential!y with time. The measuring points were fitted with an exponential 
function by the method of least squares. The extrapolated zero time fluxes were 
calculated with S.E. values. The computer program was designed by Dr L. Hoofd. 
All errors are expressed as S.E. with the number of determinations in parentheses. 

Unstirred laver corrections 
In estimating the thickness of an unstirred water layer adjacent to a lipid 

bilayer, Holtz and Finkelstein is used butanol. They stated that  for any molecule 
that  is more soluble in hydrocarbon than in water, the observed permeability co- 
efficient will merely be a measure of the thickness of the unstirred layers, i.e. 
E(Pd)obs]i is approx. Dj/6 where Di = free solution diffusion coefficient of solute i in 
cm 2. s-l ;  6 = the sum of the unstirred layers in cm; !(Pa)obs~i = observed permeability 
coefficient for i in cm- s-1. Although an epithelial tissue is not so well defined as a lipid 
bilayer, the greatest part of the tissue may still be considered as an aqueous solution 
of mixed polymers. Therefore we tried butanol to see it it could give us information 
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about the effective thickness of intact gall bladder. The true isotopic water permea- 
bility of the luminal cell membrane, assuming tha t  this membrane is rate limiting 
for water flow, is calculated from the expression for resistances in series: 

(vD.  Cad). OeHHO) 

where (Pa)obs = observed ZHHO permeability of intact tissue in cm-s-~; (Pa)m = 
true cell membrane permeability in cm. s-t;  b = unstirred layer thickness calculated 
from butanol diffusion in cm; D(3HHO) = diffusion coefficient of aHHO in the un- 
stirred regions in cm ~. s - t  Instead of stripping the epithelial cell layer, we tried to 
destroy the resistance of the ceLl membrane for aHHO diffusion. This was done by 
I5 min exposure to chloroform, a treatment which reduces the electrical resistance 
to 4 % of its original valuelL 

RESULTS 

Diffusive and osmotic water perr.zeabili'~y 
"I'he observed permeability coefli::ient of butanol was independent of the con- 

centration gradient between 0.5 and 5.0 mM. i t  butanol diffusion is completely un- 
stirred layer limited, diffusion theory predicts that. there should be an inverse cor- 
relation with medium viscosity. In the case of lipid bflayers, ( P d J b u t a n o l  decreased 
bx a factor of 2.8 when the vi~cosffy was raised 2.8-fold by adding 2 M glucose to 
the med.imn at 25 ~C (ref. 18). In intact ga!l bladders (Pa)butanol decreased b , ;a  factor 
of 2.28 and in chloroform t,-eated bladders by 2.54 on addition of 2 M glucose to the 
luminal and serosal solution (three ,~bservaticns). The discrepa,lcy between viscosity 
increase and ( P d ) b u t a n m  decrease is likely to be caused by the fact tha t  giucose, 
e.qpeeially in intact tissue, can not penetrate IOO % of the tissue water. 

In Table I mean tissue thicknes.q i~ c-~lculated from observed permeabilities 
of butancl and aHHO, assuming that  diffu.-:ion of b',th species is completely un- 
stirred layer limited. The mean value of intact tissue thickness based on butanol 
(892 2_ 85/~m) is about tb, e same (875 pro) as Smulders and Wright t reported for 
total unstirred layer thickness in like epithelium. These authors calctdated unsti.wed 
layer thicknesses from time delay measurements of NaC1 diffusion potent;.als an'_l 

"i-ABLE I 

MEAN E F F E C T I ; ' I  4 T H I C K N E S S  ~'~j C A L C U I . A T E D  FROM OP-SF.RVED P E R M E ~ [ q l L I T I E S  A N D  F R E E  D I F F U S I O N  

C O E F F I C I E N T S  IN %VA'tER, A S S U M I N G  C O M P L E T E L Y  U N S T I R R E D  L A Y E R  L I M I T E D  D I F F U S I O N  O F  B U T A N O L  
AND SHHO 

Difft,~ion coefficients  ,)f bu t ano l  in ~ a t . . r  a~c taken from L y o n s  and  5 a n d q u : s t -  and  free diffusion 
c o e ~ c i c n t s  of ZHHO arc tak.:n from \Vang  el al. "-T 

so-- '  tm so - I  cm 

S ibutanol) -~ (ZHHO) 

in~act t issue 
C h l o r o f o r m - t r e a t e d  t issue 

Slc~z -~ 85 fro) 
51z ~ 60 i io )  

t 3 5 5 ~  I I  7 ( l o }  P < o . o t  
t )64-~ 7O(lOj  P 2 > o . z  

P < o .o l  P < o .ooI  



OSMOTIC WATER FLOW IN GALL BLADDER 20Z 

sucrose induced streaming potentials. With ~he~e values unstirred layer limited 
permeability coefficients of butanol and propan~i can be calculated. Their measured 
Pa values for both compounds proved to be identical to the calculated ones, which 
strongly supports our assumption of complet, unstirred layer limited diffusion of 
butanol a. 

As shown in Table I, there is a significant difference between 6but~no~ and 
8(eHHO) indicating an additional diffusion barrier for ~HHO. After chloroform 
treatment, 6bat~no~ and 6(SHHO) decrease significantly, compared with intact tissue 
but there is no significant difference beyond these values. From this we may con- 
clude that  chloroform has destroyed the extra resistance barrier to ZHHO diffusion. 

Histological examination of chloroform-treated bladders pointed out that  
the tissue is not uniformly effected. Areas where almost all epithelial cells have 
disappeared alternate with areas where almost no changes in the cell layer are 
apparent (Figs rb and zc). Visible changes in connective tissue structure could not 

. , % .  , _ ~ . _  ~ . .  . . ~ , .  . ~  _ . ~ - ~ .  • 

Fig. t .  Normal  gall b ladder  (a) (Weigert stain; aqd chloroform-treated ga/i bladc.ets (b arid c) 
( H E  stain) izS × .  For fur ther  explanation see text.  

be observed. A striking difference between untreated and treated b)adders was in 
the number of folds on the lum;~na! surfa,-e (Fig. r). Folds were less pionounced in 
chloroform-treated species which may be due to change of smooth mt:scle tension. 
Probably this is the main reason for the decrease in thickness based on butanol 
diffusion from Table I. Other explanations for this observation are the extraction of 
the mucous laver at the luminal membrane, the remova2 of epithelial cells, and the 
possible extraction of lipophilic components of connective tissue. In order to calculate 
true isotopic water permeabilities we determined diffusive permeabilities of butanol 
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T A B L E  I I  

D E T E R M I N A T I O N  OF I)(3HHO) IN C H L O R O F O R M - T R E A T E D  TISSUE AND C O M P A R I S O N  W I T H  F R E E  

D I F F U S I O N  C O E F F I C I E N T S  OF a H H O  FROM Wang t t  al .  2t 

Used values for Dbutaaol in wa te r  were 0.54. Io  -~, :).88-IO -~ and 1 . 3 0 - I O  -5  cm~.s  - I  a t  5, zo and  
35 °C, respect ively (Lyotxs and Sandquiste~). 

T e m p .  C h l o r o f o r m - t r e a t e d  b l a d d e r  W a t e r  
(°C) xo-S cm~" s-1 

go -6 c m .  s -1 I o  -4 c m  i o  -~ c m .  s - x  ~o -*  c m  ~. s - I  D ( 3 H H O )  
(Pa)butanot bbutanoZ (Pa)  ( a H H O )  D ( 3 H H O )  

5 II '50 469 24"I0 I ' I3 1"39 
9.9I 544 I8.09 0.98 

20 24.ol 36{, 38.79 1.42 2.14 
8.45 io4 t 2~.2o 2.21 

I6.94 519 33.16 1.72 
35.50 z48 62.56 1.55 

35 28.t3 462 40.77 x.88 3.04 
20.68 028 43.99 2.76 
43.83 296 86.99 2.57 
23.65 549 31.53 x.73 

and aHHO in intact gall bladder and again after chloroform exposure. In Table II  
diffusion coefficients of aHHO in chloroform-treated bladders are calculated and 
compared to self-diffusion coefficients of 3HHO from Wang et a/. 21. In spite of using 
effective unstirred layer thickness from butanol diffusion, the mean value of D(3HHO) 
in chloroform treated tissue is 23 % lower than the valhe of D(aHHO) in water 
which implies more hindering of aHHO than butanol in this layer .  This difference 
is obscured in Table I by the variation of tim thickness of individual bladders. The 
calculated D(aHHO) values of Table II are considered to represent diffusion co- 
efficients of aHHO in the unstirred regions of intact gall bladder wall. 

In Table II[,  true cell membrane permeabilities are given, calculated with 
values from butanol diffusion through intact tissue and D(aHHO) values from 
Table II. In this way, obtained (Pa)m values are compared to Pt values measured 
for the same bladder. 

The mean value for the ratio Pt/(Pd)ob,., is 26.3 + 4.3 and for the ratio Pf/(Pd)m 
3.1 -4- 0.4. This indica::es that  Pr/Pd ratio values after corrections as applied above 
give no reasons to postulate bulk flow of water through pores with radii greater 
than + 4.5 A, which is a situation simular to that  met in the human red cell mem- 
branell, i3 

If we compare (Pd)obs values (Table I[[) with (Pd)m values and express these 
values reciprocally as resistances, it turns out that  the rate-limiting membrane for 
osmotic flow (which has been assumed to be the luminal membrane) constitutes 
only I4. 3 :L 2.9 % of the total  tissue resistance to 3HHO diffusion. 

Temperature dependence of Pa and PI 
The mean ot the Pr values obtained with IOO mM sucrose gradients was 

5.2.1o -~ + o.5-1o -3 cm-s -1 (18 observati;ms). With 200 mM sucrose gradients, 
Pt values were significantly lower, i.e. 3.7 --'- 0.4 (14 observations). This observation 
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T A B L E  I I I  

CALCULATION ~F TP.UE CELL MEMBRANE PERMEABILITY (Pd)m ]FROM OBSERVED WATER PERMEABILITIES 
(ed)obg, AND UNSTIRRED LAMER CONTRIBUTIONS, D(aHHO)/6aut~.o~. 

~b.tsaai is calculated from l: atanol diffusion through intact  gall bladders and free diffusion c~ellieients o~ 
butanol  (Table II) .  

T e m p .  xo  -4 c m  z o  -5 c m . s  -:~ I o  -s c m . s - I  IO -5 c m . s  -1 xo  - s c m . s  -1 Pi[ (Pa)obs  P l ] ( p a ) m  

(°C) d ~ a n o t  D ( S H H O ) / ~ . t a n o ~  (Pa)o~s (Pa)m P I  

5 870 12.98 11.28 85.8 257 22.8 3.0 
838 11.69 . io.61 xi4.8 235 22.1 2.1 

2o 

35 

1ooo 14.2o 12.I9 86.1 320 26. 3 3.7 
I3Ol 16.98 I6.34 432.9 476 29.I , . i  
879 19.57 16.51 lO5.6 327 19.8 3.I 
20o 59.60 38.82 XlI.I  403 to.4 3.0 

967 19.44 18.36 330.0 lO73 58.4 3.3 
113I 24.40 18.92 83.8 375 J9.8 4.5 
758 33-90 28.78 188.6 495 J7.z 2.6 
9]5 I8.91 I7.o7 174.5 634 37.I 3.6 

confirms the non-linear osmotic behaviour of this tissue described by Diamond ~. 
Therefore, we measured the temperature dependence of both Pf determinations. 

A break in the ArrLenius plot of Pr was found in all determinations. However, 
with IOO mM sucrose, the break appears between io and r 5 °C while with 200 mM 
sucrose it appears at about ~o °C (Fig. 2). This suggests that lowering of the tempera- 
ture augrneuts the effect of increasing osmolarity resulting in a "phase transition" 
in the filtration rate controlling membrane. 

1.6 

t.4 

L2 

'.'g P*" ( t " " )  

70 7 ° ~  u..~..© lOOmMSL~4;roS@ 

%,- -i} 
\ 

|~Z 
1.o 

1.2 

1,o 

o~. 

(~,,-') 

2~ mM Suzros¢ 

Fig. 2. Arrhenius plots cf Pr. P~ is determined with an osmotic gradient  of loo mM (left) and 
zoo mM sucrose (right). At,parent activation energies are calculated from the slopes ~ 4575 
kcal. mole -l. 

The apparent activation energies of Pr and Pa are listed ia Fable IV in kcal. 
mole -1. For both Pr values there is a signifi,'ant decrease in apparent activation 
energy aRcr the break in the Arrhenius plot. The apparent activation energy of 
3HHO diffusion is measured in intact gall bladders without unstirred layer corrections. 
The value 4-3 keal. mole-1 probably reflects the activation energy of 3HHO diffusion 
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in water, in c a s u  the unstirred regions, because these regions comprise 85 % of the 
resistance to 3HHO diffusion. 

T A B L E  IV 

APPARENT ACTIVATION ENERGIES IN kca l .mo le  - t  OF OSMOTIC AND DIFFUSIVE WATER 
PERMEABILITY OF RABBIT GALL BLAD~EII 

Pt ~oo triM sucrose (5- Io  °C) 9.7 + 1.5 {5) (I5-35 °C) 3.I + i .o  (5) 
20o mM sucrose (5-2o °C) 9.4 -¢- o.5 (6) (2o-35 °C) 3-5 + o.6 (6) 

Pd i n t a c t  gall b l adde r  (5-35 °C) 4-3 ~2) a H H O  in  w a t e r  4.6 + o . t  
(ref. 2i)  

DISCUSSION 

~'~' e have to consider the question of whether the ratio of flow and diffusion, after 
corrections for unstirred layer effects as applied in this study, may be used to estimate 
pore dimensions. In well-defined artificial me:nbranes m, m, and red cell membranes m, 
these parameters have led to pore radii whic~ were in agreement with radii obtained 
from diffusion of small molecules of known radius. In more complex systems, with 
several membranes in series as epithelial tissues, for example, estimation of pore 
radii has often led to erroneous results due to underestimation of the diffusional 
flow caused by unstirred layersS, 26. Hays and Franki t '  demonstrated clearly that  
the supporting layer of toad bladder constituted 51% of the resistance to diffusion 
but offered no significant barrier to flow. Unstirred layers in opposition to the luminal 
cell membrane and in the cell cytoplasm were not taken into account. In this study 
we estirr ated the total unstirred layer thickness from butanol diffusion and corrected 
the observed water permeabilities with values for D(SHHO) in the unstirred regions 
determined in chloroform-treated gall bladders. Three assumptions underlying this 
correction have to be considered more closely. 

Firstly, the assumption that butanol diffusion is completely unstirred layer 
limited which is based on a simplistic epithelial structure model i.e. two thin hydro- 
phobic cell membranes in series with compartments consisting of aqueous solutions 
of polyelectrolytes. In this model the thickness of the aqueous compartments is a 
dominating factor in the diffusion of hydrophobic solutes through the epithelium. 
Indeed, Smulders and Wright 4 found for butanol no difference between measured 
Pd values and those calculated from unstirred layer thickness values of rabbit gall 
bladders. Moreover, they reported a reflection coefficient for butanol indistinguishable 
from zero. The results of Table I show clearly that in intact tissue there is an additional 
barrier to 3HHO diffusion besides the barrier wh:ch is rate limiting for butanol. 
After chloroform treatment the barriers for butanol and SHHC, become equal, which 
supports the assumption of unstirred layer limited butanol permeability. 

Secondly, we assumed that the luminal cell membrane is rate limiting for 
flow. No direct evidence is available for this assumption. In epithelia where anti- 
diuretic hormone regulates the water flow through the tissue, it is generally accepted 
that the rate-limiting barrier for water passage is at the luminal membrane ~7-29. 
In Necturus proximal tubule, functionally comparative to gall bladder, Bentzel 
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d a/. a° provided evidence for a luminal rate-limiting membrane. Cremaschi et al. 8x 
reported that Amphotericin B, a polyene antibiotic which interacts specifically with 
sterol-containing membranes 3s, only effects the luminal membrane but not the 
basal or lateral cell membranes of gall-bladder epitheliuaa. Since cholesterol lowers 
the water permeability of thin lipid membranes 3a, this observation strongly supports 
our assumption that  the luminal membrane is less permeable to water than to_e basal 
or lateral ones. 

Thirdly, we assumed that aHHO diffuses in tL z unstirred regions as have been 
determined in chloroform-treated bladders. This assumption may lead to under- 
estimation of the unstirred layer effect, since D(aHHO) in the unstirred regions of 
the intact tissue can only be smaller than the used D(aHHO) value. Chloroform 
treatment might have loosened the connective tissue structure by extraction of 
lipophilic components. 

In calculating true permeabilities (Table III), the contribution of unstirred 
layers to the total resistance to ~HHO diffusion turned out to be about 85 %. This 
situation raakes ~:he accuracy of (Po)obs determinations extremely important, as 
has been emphasized by Everitt et al. u. Therefore, we subsequently measured 
P(aHHO) in the same bladder six times and found standard errors of + 3 %. The 
same relative errors, but independent from each other, occur in determinations of 
6 and D(aHHO). This leads to ~ relative standard error of about 8 % in the calculated 
(Pa)m values of Table III,  which is still sufficiently low to maintaiu confidence in 
the.qe values. 

In the comparison of (Pd)m with Pf, we assumed that  unstirred layer effects 
are trivial in determining Pt. In frog skin s, toad bladder n and red blood cell 35, un- 
stirred layers had no effect on the magnitude of Pt. Very recently, RajeIlson et al. ~ 
demonstrated that Pf of isolated frog skin epithelium was identical to Pt of intact 
skin. However, a significant correction for Pt values arises from the Pt dependence 
on medium osmolarity. The difference in mean values for Pt determined with IOO 
and 20o mM sucrose gradients is 3o % and extrapolation to isotonic condition gives 
Pt values at least 3o % greater than those used in Table III. By taking into a< count 
this osmolarity influence the mean value for the ratio Pt/Pd i.e. 3.1 :]z 0.4, increases 
to 4.0. From this we may conclude that if water permeation thro~lgh rabbit gall 
bladder proceeds by bulk flow, the equivalent pore radii will not exceed the value 
5-4 A. This implies that  the main route of water flow is through the epithelial cells 
and that rite extracellular ,.;hunt, the passive pathway for ions and inulin a,4 does 
not contribute significantly to this flow. For predominant permeation of water via 
the shunt pathway, one can calculate that the ratio Pt/(Pd)m has to exceed the value 
14 in order to arrive to pore radii greater than 12 A, which dimension is needed for 
inulin permeation. 

The following considerations are in support of the conclusion reached from the 
Pt/Po ratio. The osmotic permeability is determined with sucrose gradients although 
gall bladder is not completely impermeable for this solute. Since both sucrose and 
inulin diffuse through the extracellular shunt pathway the reflection coefficient of 
sucrose in this shunt will be closer to zero than to one which has been pointed out by 
Smulders and Wright 4. For thZs reason sucrose must be rather ineffective in pulling 
water thrc, agh this extracellular shunt. 

The Pr value of gall bladder is not extraordinary high compared to the 
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relatively high conductance. In Table V resistance and osmotic water permeabilities 
of several membrane species are listed. I t  is obvious that  there is no simple correlation 
between both parameters. An unmodified blackfdm is as permeable to water as most 
biological membranes. For this reason it is very unlikely tha t  the small junctional 
area, responsible for the high conductance, comribute significantly to the osmotic 
water flow, despite the fact tha t  this pathway might be highly permeable to water. 
Therefore /gf  determinations with sucrose gradients provide information about the 
cellular membranes. 

T A B L E  V 

C O M P A R I S O N  B E T W E E N  E L E C T R I C A L  RES.~STANCE A N D  O S M O T I C  W A T E R  P E R M E A B I L I T Y  I N  S E V E R A L  

M E M B R A N E  S P E C I E S  

R~O'cm 2) P/(xo-"cm's -1) Re#. 

R a b b i t  gal l  b l a d d e r  z8 

P r o x i m a l  t u b u l e  Nectuvus 8o 

F rog  sk in  2 ooo 

T o a d  b l a d d e r  + a n t i d i u r e t i c  h o r m o n e  800 

Nitella tvanslucens 26 400 

B lack  fi lm io 8 

B lack  fi lm + n y s t a t i n  IOO 

5.2 Th i s  p a p e r  

z.3 ref. 37 

o.q ref. 8 

19.3 ref. 26 

ref. 38 
4.3 te l .  39 

t .o  r~ f. 7 

4.o ref. I 

From apparent activation energies of Pt from Table IX" we reach the same 
~onclusion. The measured activation energies 3-5 + 0.6 (2~o mM sucrose) and 
3.1 + I.O (ioo mM sucrose) kcal-mole -3 between 2o-35 °C and Io-35 °C, respectively, 
are comparable to activation energies of Pr in human and dog red cell membranes, 
3-3 + 0.4 and 3.7 + 0.4 kcal 'mole-I,  respectively, as reported by Viera et al.IL 
"Ihese values are not significantly lower than 4.2 kcal 'mole -1, which is the inverse 
v due of the activation energy for bulk water viscosity is. According to Gary-Bobo 
and Solomon Is this is a second criterion for classical viscous flow. This second criterion 
for viscous flow is not fullfilled at any temperature. Below i o J .  5 °C with a gradient 
of ioo mmoles sucrose and below 20 °C with a gradient ot 200 mmoles, the activation 
energy rises to 9.7 zk 1.5 kcal 'mole -1 and 9.4 i 0.5 kcal-mole -1, respectively. These 
values are not significantly lower than activation energies expected for a simple 
solubility-diffusion mechanism in the water permeation process. For such a mechanism 
apparent activation energies are predicted between lO. 5 and 12.4 kcal.mole -~ 
(ref. 40). Hence a possible explanation for the break in the Arrhenius plots is a 
phase transition from a rather hydrated state, with areas in the membranes in 
which water possess bulk water properties, to a relatively dehydrated state without 
such areas. A second explanation can be a gradual decrease in pore size, which causes 
increasing "structure" of water in the aqueous pore. In that  case activation energies 
are expected between 4 and 16 kcal.mole -1, i.e. the lower limit referring to diffusion 
in water, and the upper limit to diffusion in ice-like water or single ice crystals ̀:° . 
Apparent activation energies of Pr from rabbit gall bladder reflects typical values 
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for lipid membranes which supports the conclusion that the osmotic flow through 
the tissue is merely controlled by the cellular membrane and not by the extracellular 

shunt pathway. 
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