
J. Membrane Biol. 5, 297-318 (1971) 
�9 by Springer-Verlag New York Inc. 1971 

The Magnitude of Nonelectrolyte Selectivity 
in the Gallbladder Epithelium 

ANTHONY P. SMULDERS and ERNZST M. WRmHT 

Department of Physiology, University of California Medical Center, 
Los Angeles, California 90024 

Received 13 January 1971 

Summary. The permeability of the rabbit gallbladder epithelium to nonelectrolytes 
was determined by radioactive tracer techniques and by a rapid osmotic procedure. 
As expected from empirical and theoretical considerations, there was a good agreement 
between the selectivity sequences obtained by the two methods for the sixteen compounds 
used in this study. Although the permeability coefficients are directly related to their 
bulk-phase partition coefficients, the gallbladder behaves as if the membranes controlling 
selectivity are more hydrophilic than isobutanol. The relation between permeability 
coefficients and molecular weight also show that these membranes are less viscous 
than other single cell membranes. Small polar solutes exhibit lower apparent activation 
energies for permeation than larger solutes, and this is taken as support for the view that 
small polar molecules permeate across this tissue via a polar pathway. Inulin and sucrose 
permeability coefficients are in the ratio of their free-solution diffusion coefficients, and 
the apparent sucrose activation energy is indistinguishable from that reported for dif- 
fusion in aqueous solution. These latter observations may be explained by the presence 
of a few large "pores" in the epithelium. 

In a previous study of nonelectrolyte permeation across the gallbladder 

epithelium, an osmotic method was used to measure relative rates of perme- 

ation. On the basis of these experimental results, it was possible to describe 

the selectivity of nonelectrolyte permeation and to analyze the nature 

of the molecular forces controlling permeation (Wright & Diamond, 

1969a, b; Diamond & Wright, 1969a). Although the selectivity pattern 

can be obtained from osmotic procedures, the magnitude of the selectivity 

spread, the ratio of the least to the most permeable solutes, cannot be 
readily obtained from such measurements. Since the range of the selectivity 

sequence provides an important clue about the composition of the mem- 

branes controlling permeation (Diamond & Wright, 1969b), we have set 

out to measure permeability coefficients by radioactive tracer techniques. 

The low spread of the permeability coefficients obtained suggests that the 
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l ipid of  the m e m b r a n e s  con t ro l l i ng  p e r m e a t i o n  across  the  epithelium. 

con t a in  a h igh  ra t io  o f  h y d r o g e n  b o n d i n g  sites to  me thy l ene  g r o u p s  c o m -  

p a r e d  wi th  m o s t  single cell m e m b r a n e s .  This  is t aken  to  m e a n  tha t  p e r m e -  

a t ion  o f  none lec t ro ly tes  across  the  ga l lb ladder  is via  a h igh ly  h y d r a t e d  

m e m b r a n e  o r  m e m b r a n e s .  

The Principle of the Experiments 

In the previous study, the parameter used to measure the permeability of the rabbit 
gallbladder was the reflection coefficient (a). Reflection coefficients are defined as the 
ratio of the osmotic flow produced by a concentration gradient of the test molecule to 
the flow produced by the same concentration gradient of an impermeable solute (Staver- 
man, 1951). The value of a depends on the nature of the membrane and the molecule: 
for an impermeant molecule, a= 1 ; for increasingly permeant solutes, a decreases progres- 
sively below 1. Reflection coefficients have been related quantitatively to permeability 
coefficients by the following expression: 

09i ~ coifimd 
ai = 1 (1) 

Lp ~b w 

where co i is the permeability coefficient (P~= couRT) of molecule i, V i the partial molar 
volume of i, Lp the hydraulic conductivity of the membrane, d the thickness of the mem- 
brane, f~,~ the frictional coefficient between i and the membrane, and 4w the volume 

fraction of water in the membrane (Katchalsky & Kedem, 1962). The term a h l / i  

represents the volume flow of i across the membrane, and " ' is the frictionalinter- 

action between i and water in the membrane. This frictional term appears in the equation 
if, and only if, water and the solute interact while crossing the membrane. Although the 
precise form of the frictional term depends to some extent on the model used to describe 
frictional interaction, this interaction is probably negligible in most biological membranes 
except for small polar solutes such as urea. 

Reflection coefficients in this study are determined by the procedure described pre- 
viously (Smyth & Wright, 1966; Wright & Diamond, 1969a). This method takes advan- 
tage of the fact that osmotic flow across the gallbladder generates so-called streaming 
potentials. As the magnitude of the streaming potentials is directly proportional to the 
rate of flow, the ratio of the streaming potentials produced by a test solute and by an 
equal concentration of an impermeant solute yields a. Permeability coefficients are 
determined from measurements of nonelectrolyte tracer fluxes, and it is assumed that 
the rates of permeation of the labelled and unlabelled species are identical. 

Unstirred Layer Effects 

Owing to the fact that it is impossible to achieve perfect mixing of the solutions 
adjacent to biological membranes, some consideration must be given to unstirred layer 
effects (see Dainty, 1963). In the solutions on each side of membranes there is a region 
adjacent to the membrane in which diffusion is the only mechanism of transport. A direct 
consequence of the presence of these unstirred layers is that the flux of a molecule 
across the membrane tends to dissipate the concentration gradient of that molecule (or 
isotope) across the membrane; the concentration gradient is reduced by an amount 
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[' 31 6 2 O ~-7 -+~-~ f~  where ~ is the steady state flux of the molecule across the membrane, 
\ - - J  - - . r  

D 1 and D 2 the diffusion coefficients in the unstirred layers 61 and 3 2 o n  side 1 and side 2 
of the membrane. Thus the permeability coefficient (P) determined experimentally is 
related to the true membrane permeability coefficient (Pro) by 

1 1 61 62 
- ~--DT-+ . (2) P P,~ D2 

Another factor which affects the magnitude of the effective concentration gradient 
is the flow of water across the membrane. A water flow tends to reduce the solute con- 
centration gradient by convectively enhancing the solute concentration in the unstirred 
layer on one side of the membrane and by depleting the solute concentration on the other 
side. The solute concentration adjacent to the membrane (Cm) is related to the velocity 
of the water flow (V) by 

V~ 

Cm = Cb e • (3) 

where C b is the bulk phase concentration, ~ the unstirred layer thickness, and D the free 
solution diffusion coefficient. In the present study, permeability coefficients are deter- 
mined under conditions of zero water flow, i.e., in the absence of concentration gradients 
and in the absence of solute-linked water flow, and so only the former unstirred layer 
effect need be considered. In the case of a determinations, both unstirred layer effects 
have to be evaluated; the sweeping-away effect is more important for the least permeable 
solutes, whereas the flux effect becomes more important the more permeable the solute. 
Two lines of evidence suggest that water flows have negligible effects on a measurements 
in the gallbladder: (1) a's determined by the described method here and by a zero flow 
method give identical results (Wright & Diamond, 1969a); and (2) the solute concentra- 
tion adjacent to the mucosal surface of the gallbladder is reduced by less than 5% even 
at the maximum flow rates encountered (Smulders, Tormey &Wright, 1971). As in 
previous papers, we have not attempted to correct a's for the unstirred layer effects as we 
will limit the discussion to those conclusions that can be drawn in the absence of such 
corrections. However, permeability coefficients are corrected for the unstirred layers 
by the use of Eq. (2). 

M a t e r i a l s  a n d  M e t h o d s  

In these experiments, the rabbit gallbladder was mounted as a flat sheet between two 
lucite chambers similar in design to those first described by Ussing and Zerahn (1951) 
for the frog skin. A schematic representation of the apparatus is shown in Fig. 1 (see 
Wright & Diamond, 1968, and Wright, Barry & Diamond, 1971, for procedural details). 

Reflection coefficients were determined by the procedure described in detail by Wright 
and Diamond (1969a). Briefly, a's were obtained by measuring the streaming potentials 
produced by test solutes (0.05 mole) and by an impermeant solute (sucrose, 0.05 mole)which 
were added to the mucosal solutions. 

The use of sucrose as the reference solute is justified by two lines of reasoning: (1) 
38 fully hydroxylated compounds ranging from 4-carbon to 18-carbon compounds 
gave a's indistinguishable from 1 (Wright & Diamond, 1969b); and (2) sucrose flux and 
Lp measurements show that co Vs> 1% Lp [co Vi=3.6x 10 .8 cm/sec/atm (Table 2), 
and Lp=4.5 x 10 .4 cm/sec/atm (Smulders et al., 1971)1. 

Permeability coefficients were determined through the use of radioactive tracer 
techniques. The nonelectrolytes were added to both the mucosal and serosal solutions to 

21" 
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Fig. 1. A schematic drawing of the apparatus employed in this study. The gallbladder 
(G) is clamped between two lucite half chambers (A & A') which are connected to two 
reservoirs (F & F'). Saline was recirculated through the chambers and reservoirs by 
means of gas lifts (g), and the temperature of the saline was controlled by perfusing 
water through the water jackets (W & W') of the glass reservoirs. The potential difference 
across the tissue was measured on an electrometer (V) and displayed on a chart recorder 
(C.R.); the electrometer was connected to each chamber by means of salt bridges (B & B') 
and calomel half cells (C & C'). The resistance of the tissue was monitored by passing a 
direct current across the gallbladder from a battery (H) using a potentiometer (R), 
silver/silver chloride electrodes (E & E'), and salt bridges (D & D'). The current passed 

was recorded on an electrometer (1) 

give a final concentration of 0.05 mole to avoid the "sweeping-away" effects and the 
asymmetrical osmotic behavior of the epithelium (see Smulders etaL, 1971). A tracer 
quantity of the 14C radioactive isotope was added to the mucosal solution, and the rate 
of appearance of the tracer in the serosal solution was determined by withdrawing 
aliquots of the serosal solution at 15-min intervals. After each aliquot was withdrawn, 
the volume of the serosal fluid was maintained constant by the addition of "co ld"  saline. 
Samples were withdrawn for at least 1 hr, and at the end of each flux determination a 
sample was withdrawn from the mucosal solution to determine the activity of the isotope 
in the " h o t "  solution. All radioactive samples were assayed, after dilution if necessary, 
by conventional liquid scintillation counting techniques where each sample was counted 
to at least 1% counting efficiency. The radioactive tracer flux is expressedin/amoles/cmZ/hr, 
and the permeability coefficient in cm/sec. 

The physiological saline used to perfuse the mucosal and serosal surfaces of the gall- 
bladder contained NaC1 (0.148 mole), KCI (0.006 mole) and CaC1 z (0.0025 mole) buffered at 
pH 7.4 with Na2HPO4/NaHeP04 (0.0025 mole). The saline was recirculated and oxygenated 
by means of an oxygen gas lift. Nonelectrolytes were obtained in the purest form com- 
mercially available, generally from Eastman Kodak Organic Chemicals or from Aldrich 
Chemical Company, and these were added to the saline to give a final concentration of 
0.05 mole. In this study we were limited to 1614C labelled radioactive isotopes which are 
commercially available; these were obtained from International Chemical and Nuclear 
Company, Irvine, Calif. (sucrose, glycerol, urea, 1,6-hexanediol and 1,2-propanediol), 
New England Nuclear, Boston, Mass. (inulin, sucrose, nicotinamide, aeetamide, anti- 
pyrine, caffeine), and Tracerlab, Waltham, Mass. (n-butanol, n-propanol, 1,4-butanediol). 

Although most experiments were carried out at room temperature (22-24 ~ in 
a few experiments the temperature was varied between 5 and 35 ~ by varying the tern- 
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perature of the water circulated through the water-jacketed reservoirs (see Fig. 1). By 
using two water baths, it was possible to bring about 90% of the desired temperature 
change within 1 min. 

NaC1 diffusion potentials were obtained by partially replacing the NaC1 in either 
the mucosal or serosal solutions with iso-osmotic mannitol. These dilution potentials 
were corrected for junction potentials as described by Barry and Diamond (1970). The 
half-times for the buildup of both these diffusion potentials and streaming potentials 
were used to estimate the thickness of the unstirred layers at the mucosal and serosal 
surfaces of the gallbladder by the following expression: 

0.38 6 2 
t_~ - J (4) 

where qr is the half-time, 6 the unstirred layer thickness, and D the free-solution diffusion 
coefficients (Diamond, 1966; Dainty & House, 1966). 

All calculations were performed on a programmed Hewlett Packard Calculator 
(Model, 9100 A), and all errors are expressed as standard errors with the number of 
estimates in parentheses. 

Results 

Measurements of Unstirred Layers 

The  thicknesses of the unst i rred layers adjacent  to the mucosal  and 

serosal surfaces of the gallbladder epi thel ium were est imated f rom NaC1 

diffusion and sucrose s treaming potent ia l  measurements .  In three gall- 

bladders,  the mucosal  and serosal unst i rred layers were est imated f ro m  bo th  

potentials,  and there was no  significant difference in the results which 

suggests tha t  neither the mucosal  no r  the serosal unst irred layers behave 

as selective diffusion barriers.  The  half-times for  the mucosal  s treaming 

potentials  and  the serosal diffusion potentials  are given in Table  1 together  

with the est imated thickness of the unst i rred layers. The  r e s u l t s -  

Table 1. Unstirred layers in the gall bladder 

Surface tl/z (sec) ~ (microns) 

Mucosal 6.4 + 0.4 (147) 95 
Serosal 158 -I- 17 (16) 780 

Streaming potentials were used to evaluate the mucosal-surface unstirred layers; 
NaC1 diffusion potentials were used to evaluate the serosal unstirred layers. Streaming 
potentials were produced by the addition of sucrose (0.05 mole) to the mucosal fluid, and 
diffusion potentials were produced by replacing half the NaC1 concentration with iso- 
osmotic mannitol. The diffusion potentials were corrected for junction potentials as 
described by Barry and Diamond (1970). Unstirred layers were calculated from the 
relation tl/z= 0.38 ~2/D assuming free-solution diffusion coefficients in both the mucosal 
and serosal unstirred layers; i.e., Dsucrose=5.2X 10-6cmZ/sec, and DNacl=l.48X 
10 -s cm2/sec. 
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Fig. 2. A theoretical curve calculated from Eq. (2) relating the measured permeability 
coefficients (ordinate) to the membrane permeability coefficients (abscissa). The solute 
diffusion coefficient is assumed to be the same in both unstirred layers (i.e., DI=D2), 
and the thickness of the unstirred layers (01+ 02) was taken as 900 ~t. A solute diffusion 
coefficient of 5 x 10 .6 cmZ/sec was used in the construction of the curve. The dotted 
line represents the relation between the two permeability coefficients when the unstirred- 

layer thickness is negligible 

95 Ix in the mucosal and 780Ix in the serosal solution - are essentially the same 

as those obtained by Diamond (1966) for sac preparations of the isolated 

gallbladder. These unstirred layers are calculated assuming free-solution 

diffusion coefficients in both the mucosal and serosal unstirred layers; 

this is probably correct for diffusion in the mucosal unstirred layer but  not 

for the serosal unstirred layer where diffusion through the muscle and 

connective tissue may be lower than that in free solution. Consequently 
these calculations only give effective widths of the unstirred layers. 

Using these estimates of the thickness of the unstirred layers, we cal- 

culated the theoretical relationship between the apparent permeability 

coefficients (P) and the true membrane permeability coefficients (P,,) using 
expression (2). The results are illustrated in Fig. 2 where it is shown that the 
presence of unstirred layers becomes apparent at Pm values greater than 
10 -5 cm/sec and that permeability measurements become unstirred-layer 

limited when Pm is greater than 5 x 10 -4 cm/sec. 

Flux Measurements 

Preliminary flux experiments showed that steady state unidirectional 
fluxes were obtained within 15 rain after the addition of the isotope to 
either the mucosal or serosal solutions and that the fluxes of at least five 
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compounds (sucrose, antipyrine, 1,4-butanediol, urea and acetamide) were 
constant for up to 8 hr. This contrasts with the conductance of the gall- 
bladder which increased by about 20 % over the first 60 to 90 min of the 
experiment (see Wright et al., 1971, Fig. 3; and Barry, Diamond & Wright, 
1971, Fig. 6). For two compounds, n-butanol and n-propanol, the uni- 
directional fluxes decreased exponentially with time. As judged by sub- 
sequent measurements of diffusion potentials and solute fluxes, this decrease 
was not due to irreversible effects of these compounds on the epithefium. 
Calculations show that the permeability of these two compounds is limited 
by the unstirred layers. Consequently the decrease in the flux is ascribed 
to the dissipation of the isotope gradients across the tissue. Thus the perme- 
ability coefficients of both n-butanol and n-propanol are calculated from 
the extrapolated zero time fluxes. These preliminary experiments also 
showed that there was no difference in the two unidirectional fluxes, mucosa 
to serosa and serosa to mucosa, for the six nonelectrolytes tested (sucrose, 
urea, acetamide, 1,4-butanediol, 1,7-heptanediol and nicotinamide). 

In each gallbladder, it is possible to measure up to six permeability 
coefficients by measuring the flux of each compound for 1 hr and then 
washing both the mucosal and serosal compartments free of the compound 
before exposing the tissue to another compound. Initially sucrose fluxes 
were determined before and after every other compound to ensure that the 
tissue was not adversely affected by long exposures to the compounds 
used in this study. Since it soon became apparent that the compounds 
produced no irreversible effects 1, that permeability coefficients were con- 
stant over the concentration range 0.01 to 0.1 mole, and that sucrose fluxes 
were constant over the course of the experiments, we decided to measure 
sucrose fluxes only once in each gallbladder. 

The Correlation between P's  and a's 

In each gallbladder we measured permeability coefficients for at least 
four compounds (including sucrose) in a random fashion such that each 
of the sixteen compounds was compared directly with each of the other 
fifteen compounds in at least one gallbladder. Also in each gallbladder 
we determined the nonelectrolyte ~'s before and after the flux determinations. 
No effort was made to determine the inulin ~ owing to the fact that it is 
only slightly soluble in water. All the permeability coefficients and reflection 
coefficients measured in this study are listed in Table2 in order of decreasing 

1 However, ethyl acetoacetate reduced PcJPNa toward free solution even though 
subsequent sucrose fluxes were unaffected by this compound. 
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Table 2. Gallbladder P's and ~'s 

Compound a P Pm 
(cm/sec x 105) (cm/sec x l0 s) 

Inulin - 0.06_ 0.01 (50) 0.06 
Sucrose 1.00 0.38 __+ 0.01 (285) 0.4 
Erythritol 0.95-~0.01 (12) 1.2 _ 0  (28) 1.4 + 0.1 
Glycerol 0.92+--0.02 (12) 1.5 +_0 (30) 1.8 +- 0.1 
1,4-Butanediol 0.74___ 0.01 (16) 2.6 _ 0 (58) 3.4 -4- 0.1 
Nicotinamide 0.65+--0.02 (13) 2.7 + 0  (39) 3.8 ___ 0.1 
1,2-Propanediol 0.63+--0.03 (8) 2.9 _0.1 (25) 3.7 
Acetamide 0.50 +--0.03 (17) 4.7 +-0.1 (63) 7.0 
Urea 0.48+--0.03 (15) 5.5 +-0.1 (59) 8.9 
1,6-Hexanediol 0.33+-,0.01 (16) 3.9 +__0.1 (42) 6.4 
Antipyrine 0.28+_0.02 (14) 3.9 _0.1 (58) 7.6 
1,7-Heptanediol 0.11 +- 0.02 (12) 4.0 -• 0.1 (36) 6.8 
Caffeine 0.10+__0.02 (12) 3.9 ___0.1 (36) 7.6 
Ethyl acetoacetate 0.06+__0.02 (11) 8.6 +__0.2 (30) >>10 
n-Propanol 0.01 _0.01 (7) 14.2 -t-0.5 (4) ~ ~ 10 
n-Butanol 0.00+-,0.01 (15) 16.6 ___1.5 (8) a >>10 

a Calculated from zero time fluxes as indicated in the text. 

The nonelectrolytes are listed in column 1 in order of decreasing a. The second 
column gives the average value, the standard error of the mean (SEM) and the total number 
of estimates of tr. The third column gives the average value, SEM and total number of 
estimates of P. The fourth column lists the membrane permeability coefficients (Pm) 
obtained from the measured permeability coefficients in column 3 after correction for the 
presence of unstirred layers using Eq. (2); unstirred layers were obtained from ~I able 1 
and diffusion coefficients were calculated from the relation DM1/2=constant using 
sucrose (D= 5.2 • 10 -6 cmZ/sec) as the reference solute. Both P's and a's were determined 
in the same gallbladders - a minimum number of four gallbladders for each compound. 
a's were uncorrected for the presence of unstirred layers for the reason outlined in the 
text. P 's  were calculated assuming that the area of the gallbladder was identical to the 
area of the window between the half chambers, i.e., 1.13 cmL All P's were determined 
from fluxes measured at concentrations of 0.05mole in both the mucosal and serosal solu- 
tions, except for inulin which was determined at 0.001 mole owing to the low solubility of 
this compound. For the same reason, the inulin a was not determined. 

a. C o m p a r i s o n  of these a results with those ob ta ined  previously  (Wright  & 

D i a m o n d ,  1969b) shows tha t  there is good  quali tat ive and  quant i ta t ive  

agreement  be tween the two studies. Permeabi l i ty  coefficients were corrected 

for  the presence of unst i r red layers by  the use of Eq. (2). As predic ted 

(see Table  2 and  Fig. 2), the correc t ion  is insignificant for  inulin and  sucrose,  

but  for  the other  c o m p o u n d s  the correc t ion  increases in magn i tude  with 

increasing P until  the unst i r red layers become  ra te  l imiting for  bu t ano l  

and  p ropano l .  In  other  words,  the resistance of the unst i r red layers becomes  
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Fig. 3. A plot of a/co ~.  The ~r values are those obtained from Table 2 and the co V~ 
values are those calculated from the permeability coefficients listed in Table 2 after 
correction for unstirred layers according to Eq. (2). As an approximation, molar volumes 
are equated with partial molar volumes. The curve drawn in the figure is the theoretical 
cttrve predicted for the relation between a and co Vs on the basis of Eq. (10) where a is 
uncorrected for unstirred layers and co V~ is corrected. The parameters used in Eq. (10) 
are Pn:o=7.5x 10-4cm/sec, DH2O=2.3X 10 -s cmZ/sec, &l+O2----9x 10-2cm, and 

VJ Vn2o = 7. (Also see Appendix) 

greater than the resistance of the epithelium for compounds with P ' s  
greater than 10 -4 cm/sec. 

The corrected permeability coefficients, expressed as coVe, are plotted 
against a in Fig. 3; the curve fitted to the points is the theoretical expectation 

for the relation between the observed o- and membrane permeability coeffi- 

cients (for further details see the figure legend and the Appendix). This 

figure shows that ~r's decrease below 1 as the permeability coefficients 

increase in a fashion expected from theoretical considerations. 

The Relation between P 's  and K's  

In view of the empirical and theoretical relation between nonelectrolyte 
permeability coefficients and bulk-phase partition coefficients (see Diamond 

& Wright, 1969b), we have plotted the gallbladder permeability coefficients 
against olive oil, ether and isobutanol partition coefficients. In all cases 

there is a good straight-line relationship between P and K, the correlation 
coefficient in all cases being greater than 0.95. The plot of P/Kisobut~.oi 
is shown in Fig. 4 where it can be seen that P ' s  increase linearly with in- 
creasing K, the slope of the line being 0.45. 
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Fig. 4. The correlation between permeability coefficients and isobutanol partition coef- 
ficients. The isobutanol partition coefficients, plotted on the abscissa, were obtained 
from the sources indicated in Table 3. The gallbladder permeability coefficients, on the 
ordinate in cm/sec, were taken from Table 2 (corrected for unstirred layers) and expressed 
per unit area of the mucosal surface. Although the area of the window between the 
lucite half chambers was 1.13 cm 2, the actual surface area of the epithelium is greater 
owing to the presence of folds and the microvilli. It is estimated that the mucosal surface 
area is about 14 times greater than the serosal area in this tissue. However it should 

be noted that the slope of the P/Kisobut,,ol plot is unaffected by this correction 

Recently Lieb and Stein (1969) have published an approach to this 

problem which enables us to extract f rom such a plot of P/K the relationship 

between P and K on one hand  and the relationship between P and molecular 

weight on the other. They derive the expression 

logP = logPo + Sk l o g K -  Sm 1ogM (5) 

where P is the permeabili ty coefficient, Po a constant,  K the part i t ion 

coefficient of the model  system under  consideration (e.g., olive oil or ether), 

M the molecular weight of the solute under  consideration, sk the correlation 

between P and K (if Sk = 1, then the model  system mimics the biological 

membrane  under  consideration, and if sk = 0, there is no correlation between 
P and K), and sm the correlation coefficient between P and M. Double 

linear regression analysis of the gallbladder results has yielded values of Sk 

and sm for plots of P against Kether, Ko~vo oU and Kisobutanoi. These are listed 
in Table 3 where it is seen that  s,, = - 0 . 7  for all three plots and  that  the 

isobutanol  K ' s  provide the best model  for the gallbladder permeabili ty 
barrier. Even though  K~sob.t,,o~ provides the best fit for the gallbladder, 
the membranes  are even more hydrophil ic than isobutanol  since sk =0.36 

and not  1. 
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Table 3. Vahtes of s m and s k. For each model system obtained by application of  multiple 
linear regression analysis to the gallbladder permeability coefficients and isobtttanol, olive 

oil and ether partition coefficients according to Eq. (5) 

System s m s k 

Olive oil - 0.74 0.22 
Ether --0.73 0.18 
Isobutanol -- 0.73 0.36 

Partition coefficients were obtained from Collander (1949, 1950b, 1954). For 1,4- 
butanediol, 1,2-propanediol and 1,6-hexanediol, Kisobutanol was obtained from the follow- 
ing expression: log Kisobutanol = 0.5 log Kether-~- 0.8 (Collander, 1947). 

Ef f ec t s  o f  Tempera ture  on P 

It has been established previously that a's for small polar solutes, 
such as urea and acetamide, are less sensitive to change in temperature 
than other solutes which permeate solely by virtue of their "lipid solubility" 
(Wright & Diamond, 1969b). This observation is in accord with other lines 
of evidence which suggest that these small polar solutes permeate via 
polar pathways. We have investigated temperature effects further by 
measuring the apparent activation energy of solute permeation across 
the gallbladder. According to the classical theory of Arrhenius, the relation 
between permeation and temperature takes the form 

P ~-" eo  e -  A/RT 

where P is the permeability, Po a constant, and A the apparent activation 
energy for permeation (see also Stein, 1967). The fluxes of five compounds 
are plotted against temperature in Fig. 5 where it can be seen that there 
is a linear relationship between the log of the flux and 1/T  as expected from 
the Arrhenius theory. The apparent activation energies are obtained from 
the slopes of these curves. The apparent activation energies of sucrose, 
urea and acetamide are between 5 and 7.5 kcal/mole which is comparable 
to that expected for diffusion in aqueous solution; e.g., the activation 
energy for urea and mannitol diffusion in aqueous solution is 4.5 kcal/mole 
(Taylor, 1938; Longsworth, 1954). In contrast, the apparent activation 
energies for 1,4-butanediol and antipyrine-between 12 and 15 kcal /mole-  
are approximately twice that expected for diffusion in aqueous solutions. 
Although the temperature effects are undoubtedly complex (see Diamond & 
Wright, 1969a, b), the apparent activation energies would seem to suggest 
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Fig. 5. The effect of temperature on gallbladder permeability coefficients. Nonelectrolyte 
permeability coefficients, on the ordinate, are plotted against the reciprocal of tem- 
perature, on the abscissa. The graph shows the results of one experiment each on five 
compounds (sucrose, urea, acetamide, 1,4-butanediol, and antipyrine). In each experiment 
the nonelectrolyte flux at each temperature was bracketed with measurements at room 
temperature. The membrane permeability coefficients were calculated from the apparent 
permeability coefficients from Eq. (2) using the unstirred layers and solute diffusion 

coefficients at the appropriate temperature 

that the small polar solutes and sucrose permeate via a more polar route 
than the solutes which are expected to permeate by virtue of their lipid 

solubility alone. This view is substantiated by the fact that there is no 
obvious correlation between the apparent activation energies and molecular 
weight; e.g., the molecular weight of antipyrine is about  twice that of 1,4- 
butanediol although there is little difference between their activation 

energies. 

Discussion 

In general this study confirms the validity of using the osmotic method 
described previously (Wright & Diamond, 1969a) to determine relative 
rates of nonelectrolyte permeation across biological membranes as expected 
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from empirical and theoretical considerations (Collander, 1950a, 1954; 
Kedem & Katchalsky, 1958). In particular we have established that there 
is a close correlation between the permeabilities recorded by this osmotic 
method and by tracer techniques (see Fig. 3). Further support for the method 
comes from preliminary experiments which show that there is good agree- 
ment between these a's and those determined by (1) direct measurement 
of osmotic flows, and (2) osmotically induced resistances changes (see 
Smulders et al., 1971). 

Although there is good agreement between the nonelectrolyte selectivity 
sequences as determined by the osmotic procedure and by direct permeability 
measurements, the presence of the rather thick unstirred layers adjacent 
to the epithelium precludes a rigorous quantitative correlation between ~r 
and P. However, the empirical nonlinear relationship between a and co Vs 
is that expected from theoretical considerations (see Fig. 3 and Appendix). 
Further analysis is complicated by the fact that a's are neither measured 
at zero water flows nor can they be corrected for the unstirred-layer effects. 
Flux measurements show that the unstirred layers contribute significantly 
to the resistance of permeation when P~, is greater than 10 -5 cm/sec; when 
Pm is greater than 5 x 10 -4 cm/sec, permeation is unstirred-layer limited. 
Furthermore Lp measurements are particularly sensitive to the presence 
of unstirred layers and are further complicated by osmotically induced 
structural changes in the epithelium (Smulders et al., 1971). 

Regression analysis of plots of P/K show that PocM -~ (Table 3) 
which is greater than that expected for diffusion in aqueous solution 
(DocM -~ but is less than that obtained for Nitella membranes (PocM- 1 .s, 
Collander, 1954). If the Stokes-Einstein relation 2 holds for the diffusion 
of nonelectrolytes across biological membranes, these results suggest 
that the membrane or membranes controlling permeation across the gall- 
bladder have a low viscosity compared with those in Nitella membranes. 

Although permeability coefficients are directly related to bulk-phase 
partition coefficients (Fig. 4), it appears that even isobutanol is more hydro- 
phobic than the barrier or barriers controlling nonelectrolyte permeation 
across the gallbladder epithelium. This view stems from the observation 
that the slope of the plot of P/Kisobutanol is less than 1 and that multiple 
regression analysis of the results in terms of Eq. (5) reveals that 
Poc(gisobutanol) 0"36. Yet another expression of the same information is the 
relatively small effect of hydroxyl groups on permeation; e.g., addition 

kT 
2 D= where k is the Boltzmann constant, T the absolute temperature, r the 6~rre 

radius of the molecule, and e the viscosity of the medium. 
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of one -OH group to 1,2-propanediol to form glycerol only reduces perme- 
ation by a factor of two whereas isobutanol partition coefficients are 
reduced on the average by a factor of 5.3 (Collander, 1950b). These obser- 
vations suggest that the barriers or barrier controlling permeation through 
the gallbladder are more hydrated than single cell membranes. Consistent 
with this view is the observation that the apparent activation energies 
for 1,4-butanediol and antipyrine are somewhat lower than that generally 
reported for the permeation of similar compounds across single cell mem- 
branes [see, e.g., Stein, 1967 (Tables 3, 4), and Wartiovaara, 1956]. 

Previously, on the basis of a measurements alone, it was tentatively 
concluded that the gallbladder membranes must be virtually free of hydrogen 
bonding sites (Diamond & Wright, 1969a). This conclusion was based 
on a comparison of the relative effects of -OH and -CH2- groups on 
gallbladder a's and on partition coefficients. For instance, removal of one 
hydroxyl group from 1,2-propanediol to give propanol has a slightly 
greater effect than the addition of five methylene groups to give 1,8-octane- 
diol which suggests that one -OH group is offset by slightly more than 
five -CH2- groups. Similar conclusions can be made from the ~'s and 
P 's  obtained in the present study. If these results are compared with the 
average effects of -OH and -CH2- groups on partition coefficients, 
it is concluded that the gallbladder membranes are more hydrophobic than 
olive oil. It is now apparent that this line of reasoning is invalid owing 
to the fact that for the diols the number of -CH2- groups required to 
balance the effect of an -OH group is independent of the lipid solvent 
(see Table 4). 

The membranes controlling ion permeation across the gallbladder 
and other epithelial tissue also behave as if they are more hydrated than 
single cell membranes (Wright et al., 1971; Barry et al., 1971). This con- 
clusion is based mainly on the relative rates of alkali metal ion permeation. 
There is a considerable array of evidence which suggests that ions permeate 
via the so-called tight junctions which join adjacent epithelial cells at the 
apical surface to separate the mucosal fluid from the lateral intercellular 
spaces. Although this is a possible route for the permeation of the non- 
electrolytes, there is not sufficient evidence at this time to distinguish 
between this and the transcellular pathway. This question may be resolved 
by the use of autoradiographic techniques. 

On the basis of a measurements alone, it has been concluded that small 
polar molecules permeate across the gallbladder via a polar pathway 
that bypasses the membrane lipids (Wright & Diamond, 1969b). In the 
present series of experiments, there are two lines of evidence which support 
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Table 4. The effect o f -OH and-CH z- on aleohol partition coefficients 

System Increase in K or P n 

1 2 3 4 5 

gisobutanol 10 14 1.4 -t-0.3 7.0 7.8 
golive oil 76 252 1.8 ___ 1.0 7.7 9.9 
K~th~ 106 405 2.0___0.9 6.5 8.4 
PNitella 424 664 2.5 + 2.4 6.7 7.2 

The effect of removing an hydroxyl group or adding a methylene group on solute 
partition coefficients in various solvent systems. Columns 1 and 2 list the effect of remov- 
ing an -OH group; 1 from 1,2-propanediol to form n-propanot and 2 from 1,4-butanediol 
to form n-butanol. Column 3 lists the average effect of adding a -CH 2- group in the 
dihydroxy alcohol series (1,2-propanediol, 1,4-butanediol, 1,5-pentanediol, 1,6-hexane- 
diol, 1,7-heptanediol). Columns 4 and 5 give the number of -CH z- groups (n) needed to 
offset the affect of one -OH group in columns 1 and 2, respectively, according to the 
equation: 

(effect of removing one -OH)= (effect of adding one -CHz-) n. Also included in the 
table is the effect of these groups on Nitella permeability coefficients (taken from Col- 
lander, 1954). The changes in K and P listed in columns 1, 2 and 3 are all factors. 

this hypothesis. (1) The position of urea and acetamide in the plot of P / K  

(Fig. 4) would indicate that these two solutes permeate faster than predicted 

from their partition coefficients alone. However, this is not fully conclusive 

owing to the limited number of points on the graph. (2) The effect of tempe- 

rature shows that the apparent activation energies for urea and acetamide 

permeation (Fig. 5) are indistinguishable from the activation energies for 

diffusion in aqueous solution but are significantly less than the apparent 

activation energies of 1,4-butanediol and antipyrine permeation. The 

difference between urea and acetamide on one hand and 1,4-butanediol 

and antipyrine on the other is not due simply to a molecular weight depend- 

ence of diffusion on temperature since there is no obvious correlation 

between molecular weight and the apparent activation energies; e.g., 

there is no significant difference between the apparent activation energies 

for 1,4-butanediol and antipyrine although their molecular weights differ 

by a factor of two. The interpretation of the temperature experiments 

is complex (for discussion, see Wartiovaara & Collander, 1960, and Diamond 

& Wright, 1969/)), but the results suggest that the two small polar solutes 

permeate via "pores" .  This view is further strengthened by experiments 

on the goldfish gallbladder which show that the apparent activation energies 

of acetamide and 1,4-butanediol are not significantly different (Wright, 
unpublished observation). In this gallbladder, D . J .  Hingson and J . M .  



312 A.P. Smulders and E. M. Wright: 

Diamond (personal communication) found no separate pathway for the 
permeation of the small polar solutes. 

In recent reviews Lieb and Stein (1969, 1971) have questioned the evidence 
for "pores" in the gallbladder and in Nitella. First, in the case of Nitella, they 
analyzed the permeability coefficients obtained by Collander (1954) by the use 
of Eq. (5) to obtain the relationship between P and M. They found that 
Pw.M- 3.7 and suggested that Nitella membranes behaved as a homogeneous 
membrane of hydrophobic polymers where the high rates of permeation of the 
small polar solutes were no longer anomalous. Since their conclusions are mar- 
kedly different from those reached by Collander himself, their analysis de- 
serves close scrutiny. Of the 70 permeability coefficients obtained by Collan- 
der, Lieb and Stein selected 13 P's  and the molecular weight of 9 of these 
compounds was less than 90 g/mole, average molecular weight 95 _+ 15 (13). On 
repeating their analysis on 53 of Collander's P's (neglecting compounds 1, 2, 
3, 8, and 57-70 because in Collander's view these were the least accurate), 
we find that P~:M -~'8. Furthermore, if we (1) neglect compounds with 
M < 70, then we find that P ~:M- 1.2, and (2) if we only consider compounds 
with M<70,  we find that PocM-3'7; i.e., we reach the same conclusions 
reached by Collander himself, namely, that the low molecular weight 
compounds have a steeper relationship to M than the higher molecular 
weight compounds. Thus Lieb and Stein's conclusions for the Nitella data 
are only correct insofar as they apply to compounds of low molecular weight. 

In their review of the gallbladder studies, Lieb and Stein (1971) suggest 
that there is no need to postulate the existence of pores to explain the devia- 
tion of the small polar solutes from the main pattern in plots of ~/K. Their 
line of reasoning is as follows: since most of the small molecules deviating 
from the ~/K plot are amides, they suggest that the membranes controlling 
permeation are amidophilic. To test this suggestion, they extract relative 

coVe, 
P 's  from G values using o = 1 --L~-p calculate relative membrane diffusion 

coefficients using the relation PoCK~o,vooil+o~oio,oid) D,,, and finally plot 
D,,~roi,t~vo)/M. The plot indicated that a single permeation mechanism 
was operative for solutes of all sizes and that Drn(relative) cs -2"s. These 
conclusions are erroneous for the following four reasons. (1) The gallbladder 
membranes are not "amidophilic". Although some of the small polar 
compounds happen to be amides, others are not amides (the remainder 
are ureas and polyhydroxy alcohols). The significant effect is that all small 
polar solutes, whether amides or not, are deviant. (2) The position of larger 
amides (e.g., butyramide, valeramide and hexanamide) on the ~/K plots 
do not deviate from the main pattern. (3) Of the 21 compounds selected 
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for their analysis, 13 have molecular weights less than 90, and of the remain- 
ing 8 compounds 2 are branched compounds which are known to be less 
permeant than predicted from bulk phase K's. Neglecting the compounds 
with molecular weights less than 65 Dm(re~,tivo~ is proportional to M -~'2. 
Thus the steep molecular weight dependence of permeation implied by Lieb 
and Stein applies mainly to low molecular weight compounds, i.e., com- 
pounds that would be expected to permeate via the polar pathway. (4) Un- 
stirred layer effects were ignored. It is obvious from Fig. 2 that the unstirred 
layers have profound effects on solute permeation and it is for this reason 
that we have urged caution in this kind of analysis of gallbladder a's 
(see also Wright & Diamond, 1969a). Consequently we see no need to 
revise our earlier conclusion that small polar solutes permeate across the 
rabbit gallbladder via a polar pathway which bypasses the membrane lipid. 
Furthermore, the recent experiments on artificial membranes doped with 
Nystatin or with Amphotericin B (Andreoli, Dennis & Weigl, 1969; 
Holz & Finkelstein, 1970) show that the antibiotics introduced into artificial 
bilayer membranes the same type of permeation properties associated 
with "pores"  in biological membranes and suggest a possible molecular 
basis for this pathway. 

The final point for discussion concerns the mechanism of sucrose perme- 
ation across the gallbladder. In Table 2 it is apparent that the ratio of the 
sucrose and inulin permeability coefficients (Ps ...... /Pinulin=6) is close 
to the ratio of the free-solution diffusion coefficients (D ....... /D~nuHn =4); 
in three experiments where the fluxes of these two compounds were directly 
compared, the permeability ratio was even closer, i.e. (Psnoruso/P~,uH,=3). 
Another point to note is that the apparent activation energy for the perme- 
ation of sucrose (Fig. 5) is indistinguishable from that expected for sucrose 
diffusion in aqueous solution. These observations suggest that inulin and 
sucrose permeate across the tissue via a free-solution shunt. The question 
that now arises concerns the nature of the shunt: is it due to edge-damage 
effects brought about by clamping the tissue between the lucite half chamber 
[compare the effect in frog skin (Dobson & Kidder, 1968)], or is permeation 
via "pores"  evenly distributed over the surface of the epithelium ? If sucrose 
permeation were confined to damaged regions, this would amount to about 
0.2% of the total area of the mucosal surface. Edge damage, however, 
is ruled out by experiments where the edge/surface area ratio was varied 
by changing the area of the window between the lucite chambers. There was 
no change in membrane resistance or in NaC1 diffusion potentials (Wright 
et aL, 1971) or in Ps,~,o~. (J. W. Prather & E. M. Wright, unpublished obser- 
vations) when the area of the tissue was reduced from 1.13 cm 2 to 2.6 mm z. 

22 J. Membrane  Biol. 5 
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Furthermore, microscopic examination showed no evidence of damage 
(J. McD. Tormey, personal communication). Finally there is a substantial 
body of evidence which suggests that the lateral intercellular spaces provide 
a common pathway for the permeation of water, ions and nonelectrolytes 
(including sucrose) across the gallbladder epithelium (Smulders et al., 1971). 

Thus sucrose and inulin permeation across the gallbladder is probably 
due to the presence of a few large "pores"  ( >  12 A radius) distributed over 
the surface of the epithelium. These pores may be located at the tight junc- 
tions of the epithelial cells (see Wright, Smulders & Tormey, 1971, for a 
further discussion of this problem). A similar explanation would also account 
for the permeation of large molecules across a number of other epithelial 
tissues, e.g., in the choroid plexus (Welch, 1967), small intestine (Loehry, 
Axon, Hilton, Hoder & Creamer, 1970) and stomach (Altamirano & Mar- 
tinoya, 1966). Direct evidence for the route of permeation of these solutes 

across epithelia may be obtained by the use of autoradiographic techniques. 
These few large pores are not the pathway used by the small polar 

solutes to traverse the gallbladder epithelium since (1) the urea and ace- 
tamide fluxes are about five times greater than would be predicted from the 
sucrose flux and the ratio of the free-solution diffusion coefficients, and 

(2) the sucrose ~ is indistinguishable from 1 as is the case for 37 other fully 
hydroxylated compounds. This means that all 38 compounds fail to get 
through the urea pathway and that in the few large pores all solutes have 
e's close to zero. Finally it should be pointed out that correction of the perme- 
ability coefficients in Table 2 for permeation via the sucrose shunt does 

not alter the slope of the P/K plots; i.e., the relation between P and M, 
and between P and K are unaffected by the presence of the sucrose shunt. 
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Appendix 

The Effect of Unstirred Layers on Reflection Coefficient Measurements 

In the absence of frictional interaction between solutes and water in a membrane, 
Eq. (1) reduces to: 

~ r = l -  ~oV~ (6) 
Lv 
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Fig. 6. The theoretical relationship between a '  and Pm; the effects of varying the unstirred- 
layer thickness. The reflection coefficient, on the ordinate, is uncorrected for unstirred 
layers whereas the permeability coefficient, on the abscissa, is the true membrane permea- 
bility coefficient. The affect of increasing the unstirred layer thickness from 0 to 500 Ix 
is shown on the graph; in the presence of unstirred layers at the higher permeability coef- 
ficients, a '  becomes independent of Pm and the thicker the unstirred layer the curves 
level out at higher values of a'. In the construction of the graph, it was assumed that 

DH20 = 2.3 x 10-s cm2/sec, PH20 = 2.5 x 10-3 cm/sec, and D~ = 8.5 x 10-6 cm2/sec 

where to is related to P by the expression 

co =P/RT. (7) 

If we assume that water crosses the membrane by diffusion, the water permeability 
coefficient Pn2o is related to Lp by the expression: 

PH~o = Lp R T/Vu2o (8) 

where Vn2o is the partial molar volume of water (Dainty & House, 1966). Eq. (6) can 
then be rewritten in terms of PH20 and Ps, 

esv. 
a =  1 eu~o VH, o " (9) 

When sweeping-away effects are negligible, reflection coefficients measured in the presence 
of unstirred layers (a') may be related to membrane permeability coefficients by sub- 
stitution of Eq. (2) into Eq. (9) 

- -  1 6 1  t 62 
# = 1  V~P-ff~o4 D(H~o), D(H~o)~ (10) 

- 1 61 6 2 
VH20 ~'-s "J- O~-s) 1% D(~)2 

22* 
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Fig. 7. The theoretical relationship between a '  and Pro; the effect of varying water 
permeability. The plots are similar to those shown in Fig. 6 except that the unstirred- 
layer thickness was held constant at 500 Ix and PH2o was varied between 1.75 x 10 --4 and 
5 •  10 - 3  cm/sec. This figure shows that the precise shape of the plot of a '  against P,~ 
depends on the permeability of the membrane to water; at low water permeabilities, 
negative reflection coefficients are obtained, whereas at higher values only positive tr's 
are obtained. The curve obtained for PH2o = 1.75 x 10 -4 cm/sec corresponds to the behav- 
ior expected for the choroid plexus (Wright & Prather, 1970) whereas the curve for 

Pn2o=2.5 • 10 -4 cm/sec would correspond to that for the rabbit gallbladder 

This equation defines reflection coefficients (uncorrected for unstirred layers) in term 
of membrane permeability coefficients (PH20 and Ps), the thickness of the unstirred 
layers, and the diffusion of the solutes and water through the unstirred layers. 

The influence of unstirred layers and PHzO on the relationship between a '  and Ps 
(membrane) are shown in Figs. 6 and 7 where we have assumed for simplicity that DI=D 2 
and Vs= Vu2o. In Fig. 6 all parameters except the thickness of the unstirred layers were 
kept constant, and it can be seen that the most striking deviation between the presence 
and absence of unstirred layers is that tr' becomes independent of P when the permeability 
coefficients are high; a '  becomes independent of P at lower values of P the thicker the 
unstirred layer. In Fig. 7 all parameters except PH2o were kept constant at an unstirred 
layer thickness of 500 ~t. This figure shows that tr' levels out at different values depending 
on the permeability of the membrane to water. Thus the precise form of the relation 
between a '  and P depends critically on both the thickness of the unstirred layers and the 
water permeability. Consequently, extreme caution is required in the interpretation of 
reflection coefficients obtained from different membranes in the presence of unstirred 
layers. 
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