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Summary.  In order to assess the contribution of transcellular 
water flow to i sosmotic  fluid transport across N e e t u r u s  gallblad- 
der epithelium, we have measured  the water permeabili ty of  the 
epithelial cell membranes  using a nuclear  magnetic  resonance 
method.  Spin-lattice (T~) relaxation of water protons in samples 
of  gallbladder t issue where the extracellular fluid contained 10 to 
20 mM Mn 2§ showed two exponential  components .  The fraction 
of  the total water  populat ion responsible for the slower of the 
two was 24 + 2%. Both the size of  the slow component ,  and the 
fact that it d isappeared when the epithelial layer was removed 
from the t issue,  suggest  that it was due to water  efflux from the 
epithelial cells. The rate constant of efflux was estimated to be 
15.6 • 1.0 sec ~ which would be consis tent  with a diffusive mem- 
brane water permeability P j  of  1.6 x 10 3 cm sec ~ and an os- 
motic permeability P~,~ of between 0.3 • 10 4 and 1.4 • 10 4 cm 
sec E osmolar  ~. Using these data and a modified version of  the 
standing-gradient  model,  we have reassessed the adequacy of a 
fluid transport  theory based purely on transcellular osmotic  wa- 
ter flow. We find that the model accounts  satisfactorily for near- 
isosmotic fluid t ransport  by the unilateral gallbladder prepara- 
tion, but a substant ial  serosal diffusion barrier has to be included 
in order to account  for the t ransport  of  fluid against  opposing 
osmotic  gradients.  
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Introduction 

The continuing uncertainty about the route of water 
transport across leaky epithelia such as the gallblad- 
der has been attributed to a lack of information 
about the osmotic permeability (Po,) of the epithe- 
lial cell membranes (Diamond, 1979; Hill, 1980; 
Spring & Ericson, 1982). It has been argued that the 
Pos of these membranes must be unusually large if 
transcellular osmosis is to account for fluid trans- 
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port (Hill, 1975), but until recently the only avail- 
able measurements of P,,~ have been those obtained 
from whole epithelia (e.g. van Os et al., 1979) rather 
than from the cell membranes. Values of Po, for the 
cell membranes are, however, essential for any rig- 
orous assessment of ftuid transport models based on 
transcellular osmosis and, for various reasons, they 
cannot easily be deduced from transepithelial water 
flow measurements. 

Persson and Spring (1982) have addressed the 
problem more directly by measuring rates of change 
of cell volume in Necturus gallbladder when the 
epithelium is exposed to step changes in extracellu- 
lar osmolarity. Their results do not reveal unusually 
large values for Po, but the authors claim that, in the 
context of a simple two-barrier model, the figures 
are nonetheless sufficient to account for the near- 
isotonicity of fluid transport. 

Inevitably, the cell volume technique displays 
some technical limitations and poses problems of 
interpretation. Not the least of these are the uncer- 
tainty about the influence of unstirred layer effects, 
and, owing to the leakiness of the paracellular path- 
way, the difficulty of applying step changes in os- 
molarity separately to the apical and basolateral 
membranes. We have therefore explored the use of 
a totally different technique which, though it mea- 
sures diffusive water permeability, P~, rather than 
Pos, nonetheless provides an order-of-magnitude 
estimate of the latter. Furthermore, it has the ad- 
vantage that the measurement is made at equilib- 
rium thus obviating any uncertainty about unstirred 
layer effects. The method is based on a nuclear 
magnetic resonance (NMR) relaxation technique 
which has already been used with success to deter- 
mine the Pd of erythrocyte membranes (Fabry & 
Eisenstadt, 1975). In outline, the method measures 
the rate constant of diffusive water efflux from the 
cell interior, where water proton relaxation is very 
slow, to the extracellular fluid, where relaxation is 
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Fig. 1. Rate constants of spin-lattice relaxation (k~, k,, ) and diffu- 
sive exchange (kx, ky) between intracellular and extracellular 
water molecule populations (N~, N,, ). Based on Fabry and Eisen- 
stadt (1978) 

N M R  MEASUREMENTS 

Measurements  were made at 100 MHz on a Varian XLI00-A 
spectrometer  using an external D~O lock. The spin-lattice (T~) 
relaxation of the water protons in the samples was assessed by a 
standard inversion-recovery pulse sequence (Farrar & Becker. 
1971), A 180 ~ pulse inverted the net magnetization and its recov- 
ery was monitored by applying a 90 ~ test pulse after a known 
delay, t. The amplitude of  the resulting free induction decay was 
measured as a function of the delay time, the latter being varied 
between 0.001 and 5 sec. Results are presented as the difference 
between the net magnetization after a delay of t sec, M(t), and 
the equilibrium value as estimated from the magnetization exist- 
ing after a delay of 5 or 10 sec, M(zc), the difference being nor- 
malized to unity at zero time. 

accelerated by a factor  of  about  100 by the presence 
of a low concentrat ion of Mn 2+ ions. 

In this initial study, we have concentrated on 
determining a mean permeabil i ty for the whole cell 
surface rather  than at tempting to measure  sepa- 
rately the apical and basolateral  permeabilities. The 
results obtained have been used to reassess the ade- 
quacy of fluid t ransport  models based on osmotic 
water  flow via a transcellular route. 

Materials and Methods  

Adult Necturus maculosus were obtained from Xenopus Ltd. 
(Redhill, Surrey, UK) and kept at room temperature in a run- 
ning-water aquarium. They were anesthetized by immersion in a 
1% urethane solution and pithed prior to dissection. Gallbladders 
were removed,  emptied and cut open, and then rinsed with an 
oxygenated HCO;-f ree  Ringer's solution of the following com- 
position (raM): 100 NaCI, 2.5 KCI, I CaCI_, and 10 Tris buffer (pH 
7.4). Each sample prepared for the NMR measurements con- 
sisted of three gallbladders; these were bathed for about 10 min 
in a Ringer 's solution in which some of the NaC1 was isosmoti- 
cally replaced by 10, 15 or 20 mM MnC12. The Mn 2+ ions had 
access to both surfaces of  the epithelium. After soaking in the 
Mn z+ solution, the three pieces were swabbed with moistened 
filter paper and packed loosely into a small glass sample tube 
together with a sealed glass capillary containing D20. The sam- 
ple tube was then placed at the bottom of  a standard 5 mm NMR 
tube. The tissue sample occupied a height of approximately 5 
mill. 

In two experiments,  the epithelial cell layer was separated 
from the rest of  the gallbladder wall and discarded before soaking 
the latter alone in the Mn z+ solution. Separation was achieved by 
pinning the gallbladder as a flat sheet onto a Sylgard | resin sur- 
face (Dow Corning Corporation, Midland, Mich.) under oxygen- 
ated Ringer 's  solution, and then peeling the epithelium away 
from the subepithelial tissue with a scalpel blade and fine watch- 
maker 's  forceps. In one further experiment,  the sample con- 
sisted of flakes of epithelium which had been obtained in the 
same way and suspended in a small volume of Ringer's solution 
containing 5 mM Mn ~+. 

D A T A  ANALYSIS  

The kinetics of  spin-lattice relaxation in a two-compartment  sys- 
tem where there is exchange between the compartments  has 
been described in detail elsewhere (Woessner,  1961; Fabry & 
Eisenstadt,  1975, 1978). In the present application, inclusion of a 
low concentration of paramagnetic Mn 2" ions in the extracellular 
compartment  enhances the relaxation process in that compart- 
ment so that the relaxation time constant,  T~, for water protons is 
reduced from about 2 sec to 5 msec. Inside the cell, the water 
protons are assumed to be uninfluenced by the extracellular 
Mn 2+ ions and the relaxation process is much slower with a r~ of 
approximately 0.5 sec. 

If there were no exchange between the compartments,  the 
total net magnetization would decay after an inverting pulse ac- 
cording to the sum of  two exponentials whose rate constants 
would simply reflect the Tt values in the two compartments.  If, 
however,  the water molecules are free to move between the two 
compartments  by diffusion, and are leaving the cellular compart- 
ment with a rate constant k, that lies between the cellular and 
extracellular relaxation rate constants,  the rate constant of the 
slower exponential will become dominated by k~. 

More precisely, if the deviation of  intracellular and extra- 
cellular magnetization from their equilibrium values are M~ and 
M,,, respectively, the relaxation process is described by 

dMi _ 
dt (ki + kx)Mi + k~.Mo (1) 

dmo 
dt = -(k, ,  + ky)Mo + kxMg (2) 

where kl and ko are the relaxation rate constants (I/T0 inside and 
outside the cells, and kx and ky are the rate constants for water 
efflux and influx across the cell membrane (see Fig. 1). 

At equilibrium, water efflux equals water influx and thus 

kxNi = kyNo (3) 

where Ni and No are the total amounts of exchangeable water in 
the two compartments .  

The quantity measured in the NMR experiment is M, + M,,. 
The expression obtained for M~ + M,, from the general solution of  
Eqs. (I) and (2) and normalized to unity at zero time is 
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Fig. 2. (A) Spin-lattice relaxation of  water  protons in samples of  
Ringer's solution containing three different Mn 2~ concentra- 
tions: a, 10 raM; b, 15 mM; c, 20 raM. (B) Relationship between 
relaxation rate constant (I/T0 and Mn > concentration in Ring- 
er 's  solution samples (Q), and between the derived rate constant 
k,, and extracellular Mn 2+ concentration in whole gallbhtdders (A) 
and gallbladders from which the epithelia had been removed (A) 

100-  

3O 

I 

10 �84 

P u l s e  d e l a y  ( m s e c )  

5 0  100  0 
' i ' i 100 

3 0  

10" 

5 0  
i 

Fig. 3. Spin-lattice relaxation of  water protons in samples con- 
sisting of: A, three intact gallbladders (qSa = 219 sec t, 058 = 15.1 
s e c t  and H = 26.9%); B, three gallbladders after removal of 
their epithelia (6A = 211 sec ~). The extracellular Mn 2+ concen- 
tration was 10 mM in both cases. 49A and 058 are the rate constants 
of  the faster and slower exponential components  and H is the 
zero-time intercept of  the slower component  

M, + Mo = (1 H) exp(--~bAt) + H exp(-chBt) (4) Results 

where the rate constants 05A and 05e are given by 

05A = �89 + k,, + k+ + k,) 

+ �89 ",/(ki - ko + k.+ - k,.) z + 4k~k ,  

4'8 = �89 + ko + kx + k O  

- �89 ",/(kl - ko + kx - G)2 + 4k+ky.  

The zero-time intercept H of the slow component  is related to the 
intracellular fraction f, of the total water molecule population 
according to 

H = 
,~(k,, k i )  + ,% - k,, 

5 A  --  05B 

where 

f = N i / ( N ,  + N o ) .  (8) 

An approximate solution which can be shown to hold under 
the conditions of these experiments,  where kl ~ k, and k,. < k,,, 

is 

05A ~ ko + k? (9) 

% ~ ki + kx. (10) 

In the present  study, the rate constants Q~A and 05B and the 
zero-time intercept H were estimated from the experimental data 
by least-squares curve-fitting using the nonlinear regression 
routine in the SPSS library as implemented at the University 
of  Manchester  Regional Computing Centre. Values for k~ 
and Pi which satisfy Eqs. (3) and (7) to (10) were obtained by 
iteration. 

M n 2 + - R I N G E R ' S  SOLUTIONS 

In a series of control experiments, the T~ relaxation 
of small samples of Ringer's solution containing 

(5; various concentrations of Mn 2+ ions consistently 
followed a simple exponential decay. In every case, 
a log-linear plot of the deviation of net magnetiza- (6) 
tion M(t) from its equilibrium value M(w) against 
pulse delay t was fitted well by a straight line over 
the two measurable decades of relaxation (Fig. 2A). 
As shown by Fig. 2B, the rate constant of relaxation 
1/Tr obtained from the slope of these lines was ap- 
proximately linearly related to the Mn 2+ concentra- 

(7) t i o n  u p  t o  20 r a M .  

INTACT TISSUE SAMPLES 

Relaxation data obtained in exactly the same way 
from samples consisting of three emptied gallblad- 
ders presoaked in a Mn2+-Ringer's solution were 
more complex. Figure 3A shows the results from 
one such sample. As expected of a two-compart- 
ment system, the relaxation time-course is domi- 
nated by two exponential components. Values for 
the rate constants of the two components, 4'A and 
~ba, and the zero-time intercept of the slow compo- 
nent H have been obtained by least-squares curve- 
fitting and are listed in Table 1 together with the 
results from four similar samples soaked in various 
external Mn 2+ concentrations. In each case, suffi- 
cient data were obtained at the longer pulse delays 
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Table 1. Rate cons tan ts  and relative magnitude of the fast and 
slow componen t s  of  spinqatt ice relaxation" 

Sample [Mn 2§ (hA (% H 
number  (raM) (sec -z) (sec -I) (%) 

(a) Intact epithelium 
1 20 214 • 21 19.8 _+ 3.5 22.3 _+ 3.2 
2 20 220 + 26 19.3 • 2.3 32.9 + 3.3 
3 15 136 • 11 15.3 • 1.1 34.9 • 2.5 
4 15 188 • 13 18.4 -+ 1.8 25.2 • 2.3 
5 10 219 _+ 14 15.1 • 1.0 26.9 • 1.5 

(b) Epithelium removed 
6 20 281 • 32 
7 10 211 + 17 

m 

u 

a Curve-fit parameters  are listed with their 95% confidence lim- 
its. 

for the time-course of the slow-component and the 
zero-time intercept to be defined with reasonable 
precision. 

Using the expressions given in the Materials and 
Methods section for the kinetics of a two-compart- 
ment system with exchange, the measured values of 
r ~bB and H have been used to estimate: (i) the 
rate constants of exchange k.~ and k,.; (ii) the rate 
constant of relaxation in the extracellular fluid ko; 
and (iii) the size of the exchangeable intracellular 
water pool f- expressed as a fraction of the total 
water content of the sample. The calculations re- 
quire an estimate of the relaxation rate constant of 
the intracellular water protons ki, which proved in- 
accessible to measurement in this tissue since most 
of the water proton signal derives from extracellular 
water and we were unable to obtain samples of 
higher cytocrit. However, Tl values for cell water in 
the literature invariably lie close to 500 msec 
(Mathur-De Vr6, 1979) and a value of 0,002 msec -I 
has therefore been assumed in the present calcula- 
tions. Increasing or decreasing this figure by a fac- 
tor of two, the maximum error that is likely to have 
been introduced by assuming this value, makes little 
significant difference to the calculated values of the 
other kinetic parameters. 

The rate constant of water proton relaxation in 
the extracellular fluid ko which largely defines the 
rate constant of the fast component of relaxation r 
surprisingly showed little correlation with the extra- 
cellular Mn z+ concentration (Fig. 2B).The values of 
k0 were also consistently faster than the rate con- 
stants obtained from samples of Mn2+-Ringer's so- 
lution alone. Taken together, these two observa- 
tions suggest that association of the Mn 2+ ions with 

the tissue had maximized their capacity to enhance 
relaxation. 

Assuming a value of 2 sec -1 for ki, the mean 
values of the exchange rate constants k, and k, ob- 
tained in the five sets of data were 15.6 _+ 1.0 sec J 
and 4.9 .+- 0.5 sec -1 , respectively. The exchangeable 
intracellular water pool accounted for 24.1 +_ 1.9% 
of the total signal. 

R E M O V A L  OF THE E P I T H E L I U M  

In order to establish whether the slow component 
really reflects water efflux from the cellular com- 
partment, an attempt was made to separate the epi- 
thelial layer from the remainder of the gallbladder 
wall by dissection. This proved easy and samples 
consisting of three gallbladders, with their epithelia 
removed, were soaked in Mn2+-Ringer's solutions 
and relaxation data obtained as before. 

Data obtained from one such sample are illus- 
trated in Fig. 3B, and, unlike those from the intact 
sample (Fig. 3A), they are fitted satisfactorily by a 
single exponential. Furthermore, the rate constant 
of this single component is indistinguishable from 
the fast-component rate constant (hA obtained from 
the intact tissue samples (Table 1). This indicates 
that the presence of the slow component is certainly 
dependent on the presence of the epithelium. It is 
also interesting to note that the relaxation enhance- 
ment due to the Mn 2+ ions is still greater than that 
seen with the Mn2+-Ringer's solution alone (Fig. 
2B), even in the absence of the epithelium. This 
suggests that the association of Mn 2+ ions with the 
tissue occurs in the nonepithelial regions, although 
association with the epithelium as well in the intact 
preparation cannot be excluded. 

Attempts to determine the relaxation kinetics of 
water protons in pieces of isolated epithelium sus- 
pended in Mn2+-Ringer's solution proved less suc- 
cessful. Despite very careful handling, the epithelial 
pieces broke into 'flakes' and single cells during 
preparation, and this was paralleled by a loss of 
viability as assessed by trypan blue exclusion in a 
0.02% solution. In the NMR probe, the spinning of 
the sample tube and the presence of the DzO capil- 
lary insert probably accelerated the disintegration 
of the epithelium, and unlike all the other samples 
examined, the relaxation time-course changed with 
time over the course of the measurements. The 
slow component, although most certainly present 
during the first 30 rain, gradually disappeared or, 
more probably, its time constant decreased, over 
the course of the following hour as shown by the 
data in Fig. 4. 
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Discussion 

The data obtained in this study suggest that, at equi- 
librium, water molecules diffuse out of the epithelial 
cells of Necturus  gallbladder with a rate constant of 
approximately 16 sec -~. This is a ' lumped' figure 
which does not distinguish between water move- 
ment across the apical and basolateral membranes. 
Its accuracy is inevitably subject to several possible 
sources of error. For example, Mn 2+ may itself 
have altered the membrane water permeability. Un- 
published results from this laboratory suggest, how- 
ever, that transepithelial 3H-water permeability 
measured in perfused sac preparations is little 
changed by the presence of Mn 2+ at the concentra- 
tions used in the NMR experiments. Mean values of 
the transepithelial permeability, although severely 
distorted by unstirred layer effects, decreased from 
1.33 -+ 0.25 x 10 -4 cm sec -J (n = 4) in normal 
Ringer's solution to 1.26 _+ 0.29 x I0 -4 cm sec -~ (n 
= 4) in 10 mM Mn 2+ Ringer's and 1.22 x 10 -4 cm 
sec i (n = 2) in 20 mM Mn 2§ Ringer's. Another 
possibility is that Mn 2-- ions distorted the NMR 
results by entering the cells during the experiment. 
The absence of any significant drift in the relaxation 
data over periods of up to 2 hr suggests that this 
effect was also minimal. 

Our belief that the slow component of water 
proton relaxation reflects water efflux from the epi- 
thelial cells rests on two principal observations. 
First, the size of the water compartment contribut- 
ing this component of the signal, 24% of the total 
water content of the sample, is compatible with the 
histology of the Necturus  gallbladder where the epi- 
thelium occupies approximately one quarter of the 
total tissue thickness. Second, selective removal of 
the epithelium by dissection resulted in the total 
disappearance of the slow component. We there- 
fore feel confident that kx represents a reasonable 
estimate of the rate constant of water efflux from 
the epithelial cells. 

D I F F U S I V E  W A T E R  P E R M E A B I L I T Y  Pd 

To translate the efflux rate constant k~ into a diffu- 
sive permeability coefficient Pd (House, 1974), we 
require information about the surface area and vol- 
ume of the epithelial cells. Spring and Hope (1979) 
have used an optical technique to measure both of 
these parameters. After correction for refractive in- 
dex (Persson & Spring, 1982), their average value 
for the volume of a Necturus  gallbladder epithelial 
cell is approximately 20,500/xm 3, and the gross api- 
cal and basolateral areas (neglecting microvilli and 
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Fig. 4. Spin-lattice relaxation of water protons in a sample con- 
sisting of  isolated epithelial flakes suspended  in a small volume of 
Ringer ' s  solution containing 5 mM Mn 2-. Data obtained within 
the first 30 min after dissection (0)  are fitted well by a double 
exponent ial  funct ion where  4~A = 77 sec -~, 4~B = 6.7 sec ~ and H 
= 11.0%. Data collected after further intervals of  approximately 
30 min (A) and 60 min (11) show a progressive decline in the time 
cons tant  of  the slow componen t  

lateral membrane folds) are 600 and 3,900/xm 2, re- 
spectively. Without stereological data for the sur- 
face amplification factors in this epithelium, it is 
difficult to estimate the true apical and basolateral 
membrane areas. However,  Suzuki et al. (1982) 
have measured the apical and basolateral membrane 
capacitances in Necturus  gallbladder. On the as- 
sumption that, like most biological membranes, the 
capacitance per unit area of the epithelial cell mem- 
brane is 1 /xF cm -2, their data indicate that the ap- 
parent apical area is amplified approximately eight- 
fold by the presence of microvilli, and that 
membrane folds increase the apparent basolateral 
area approximately fourfold. 

The total membrane area of each epithelial cell 
thus appears to be around 20,400/,m 2, and conse- 
quently the volume/area ratio (V/A) is approxi- 
mately 1.0 x 10 .4 cm. Thus, using the relationship: 

Pd = kx" V/A (I1) 

we obtain a diffusive permeability for the epithelial 
cell membranes of 1.6 • 10 3 cm sec -~. This figure 
lies well within the range of values characteristic of 
animal cell membranes (House, 1974) and close to 
values obtained for artificial phospholipid mem- 
branes (reviewed by Fettiplace & Haydon,  1980). It 
is somewhat smaller than the Pa of the mammalian 
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erythrocyte which generally lies in the range of 4 • 
10 .3 to 6 • 10 3 cm sec -1 (House, 1974). Thus there 
is nothing in our results to suggest that the epithelial 
cell membranes of Necturus gallbladder have an un- 
commonly high Pa. 

OSMOTIC WATER PERMEABILITY Pf 

The relationship between osmotic permeability Pr 
and diffusive permeability Pd has been discussed in 
detail elsewhere (e.g. House, 1974; Hill, 1979; Fetti- 
place & Haydon, 1980). In outline, plis expected to 
equal Pd in a nonporous membrane where osmotic 
water flow is necessarily diffusive in nature, but Py 
will exceed Pd in a porous membrane where there is 
the possibility of viscous flow. The ratio Pf/Pd de- 
clines towards 1, however, as pore radius decreases 
and diffusive flow increasingly predominates. Ex- 
ceptions to this latter rule occur when water flow 
through long, narrow pores involves a single-file 
process. Under these circumstances, Pf/Pd is be- 
lieved to be approximately equal to the average 
number of water molecules inside the pore (Rosen- 
berg & Finkelstein, 1978) and could exceptionally 
be as high as 10. 

Since our aim is to estimate osmotic permeabil- 
ity, a value has to be assumed for Pf/Pd. If the 
gallbladder cell membranes are porous, the pores 
are unlikely to be large in diameter because, for 
osmotic water flow to be driven efficiently by solute 
gradients, the pores must be small enough to ex- 
clude the solutes. On the other hand, small pores 
might well show single-file properties and PflPu 
could be as high as 5 if, for example, the pores 
resembled an antibiotic channel such as gramicidin 
A (Rosenberg & Finkelstein, 1978). Allowing for 
this possibility, we might expect p/4P,I to lie some- 
where between 1 and 5. 

We conclude, therefore, that the value of prfor 
the Necturus gallbladder cell membranes, after cor- 
rection for membrane convolution, most probably 
lies between 1.6 x 10 -3 and 8.0 • 10 -3 cm sec -~. 
Persson and Spring (1982), using a totally different 
technique, have obtained data describing the swell- 
ing and shrinkage of Necturus gallbladder cells in 
response to osmotic gradients, and their Pr values 
for the apical and basolateral membranes are 4.6 • 
10 .3 and 6.8 x 10 3 cm sec -1. 

For the purposes of modelling osmotic flow 
across the epithelium, it is more convenient to ex- 
press the osmotic permeability in units of cm sec- 
osmolar -1. To avoid confusion, this parameter is 
denoted Po, and it is related to Pf according to 

Pos = PI" Vw" 10 .3 (12) 

where V~,. is the partial molar volume of water (18 
cm 3 mol ~). Our estimate of P ..... therefore, lies 
between 0.3 • 10 .4 and 1.4 • 10 -4 cm sec ~ osmo- 
lar i. An order-of-magnitude estimate of 10 -4 c m  

sec -l osmolar -I will be used in the remainder of this 
discussion. We have, incidentally, assumed in our 
calculation that the membranes of the apical and 
basolateral surfaces of the cells are identical with 
respect to their water permeability properties. This 
may well not be true, but the similarity of the apical 
and basolateral Pf values given by Spring (1983) sug- 
gests that it is a reasonable approximation. 

The effective Po~ of the apical surface of the cell 
is, of course, enhanced by the presence of mi- 
crovilli. As mentioned above, these provide a sur- 
face amplification factor of about 8, so we expect 
the apical Po, to be effectively 8 • 10 .4 cm sec 1 
osmolar -l. The amplification factor due to the fold- 
ing of the basolateral membrane is about 4, so the 
effective Pos there will be about 4 • 10 4 cm see -I 
osmolar- 1. 

ISOSMOTIC FLUID TRANSPORT 

It has been argued (Hill, 1975) that for the standing- 
gradient model of fluid absorption (Diamond & Bos- 
sert, 1967) to account adequately for experimental 
observation, the water permeability of the epithelial 
cell membranes would have to be unreasonably 
high. This conclusion resulted in part from the fact 
that, as Sackin and Boulpaep (1975) pointed out, the 
original standing-gradient model included a physi- 
cally unrealistic boundary condition. Diamond and 
Bossert made it a requirement that the interspace 
fluid at the serosal end of the interspace be exactly 
isosmotic with the cell interior. By replacing this 
requirement with the more realistic condition that 
the osmolarity of the interspace fluid at the serosal 
end will be equal to the serosal bath osmolarity, the 
demands on Pos ease dramatically. 

Taking a very simple standing-gradient model 
(described in outline in the Appendix and illustrated 
in Fig. 5), it is easy to show that near-isosmotic fluid 
transport by the Necturus gallbladder is accounted 
for satisfactorily by transcellular osmosis--at least 
in the case of the unilateral or 'sweating' prepara- 
tion. Using the modest osmotic permeabilities ob- 
tained in this study, the modified standing-gradient 
model predicts that a unilateral sac preparation 
filled with a 200 mosmolar Ringer's solution would 
generate an absorbate with an osmolarity of 204 
mosmolar--compatible with experimental observa- 
tion. The steepness of the standing gradient in the 
interspace under these circumstances would, we 
calculate, be infinitesimally small--in accordance 
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with  the  p r e d i c t i o n s  o f  Sack in  and B o u l p a e p  (1975) 
and W e i n s t e i n  and  S t e p h e n s o n  ( 1 9 8 1 ) - - a n d  the sys-  
t em is t h e r e f o r e  well  a p p r o x i m a t e d  by the two-ba r -  
r ier  mode l  o f  Pe r s son  and Spr ing  (1982). 

One  s i tua t ion  w h e r e  the  s imple  s t and ing-grad i -  
ent  m o d e l  and  the  t w o - b a r r i e r  mode l  fail to a c c oun t  
for  o b s e r v a t i o n  is the  case  w h e r e  the ga l l b l adde r  is 
ba thed  on  bo th  s ides  by  the s a m e  solu t ion .  In the 
rabbi t ,  and  p r o b a b l y  a lso  N e c t u r u s ,  fluid a b s o r p t i o n  
con t inues  to be n e a r - i s o s m o t i c  u n d e r  these  condi -  
t ions ( W h i t l o c k  & W h e e l e r ,  1964), but  the  s tanding-  
g r ad i en t  m o d e l  p r e d i c t s  a 1600 m o s m o l a r  a b s o r b a t e ,  
and the  t w o - b a r r i e r  mode l  p red ic t s  z e ro  vo lume  
flow. L i k e w i s e ,  bo th  m o d e l s  fail to a c c o u n t  for  the  
ab i l i ty  o f  the  g a l l b l a d d e r  ep i the l i um to t r a n s p o r t  
fluid aga ins t  o s m o t i c  g r a d i e n t s - - u p  to 20 m o s m o l a r  
in the  ca se  o f  N e c t u r u s  (Pe r s son  & Spr ing ,  1982). 
H o w e v e r ,  as  W e i n s t e i n  and  S t e p h e n s o n  (1981) have  
shown ,  this  e x p e r i m e n t a l  o b s e r v a t i o n  can  be mim-  
i cked  sa t i s f ac to r i l y  if  a so lu te  d i f fus ion  ba r r i e r  is 
i nc luded  b e t w e e n  the  i n t e r s p a c e  and the  se rosa l  
ba th .  This  cou ld  be  the  b a s e m e n t  m e m b r a n e  and /o r  
the  c o n n e c t i v e  t i s sue  l aye r s  o f  the  g a l l b l a d d e r  wall .  
By add ing  a b a s e m e n t  m e m b r a n e  to the  mode l  de-  
s c r i bed  in the  A p p e n d i x ,  we  ca l cu l a t e  that  its NaCI  
p e r m e a b i l i t y  w o u l d  need  to be  a p p r o x i m a t e l y  2.6 • 
10 -5 cm sec l ( equ iva l en t  to a b o u t  50 ohm c m  2) in 
o r d e r  to  a c c o u n t  for  a ' s t r eng th  o f  t r a n s p o r t '  (Wein-  
s te in & S t e p h e n s o n ,  1981) o f  20 m o s m o l a r .  It wou ld  
s i m u l t a n e o u s l y  r e d u c e  the  e x p e c t e d  a b s o r b a t e  o~- 
m o l a r i t y  o f  the  s y m m e t r i c a l l y  b a t h e d  ep i the l ium 
f rom 1600 to 244 m o s m o l a r ,  and  it wou ld  have  no 
effect  on  the  a b s o r b a t e  o s m o l a r i t y  e x p e c t e d  f rom 
the un i l a t e ra l  p r e p a r a t i o n .  The  e x i s t e n c e  o f  this  bar-  
r ie r  and  its p r e c i s e  l oca t i on  and p e r m e a b i l i t y  char-  
ac t e r i s t i c s ,  h o w e v e r ,  r ema in  to be  e s t ab l i shed .  
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Appendix 

The simplest model for fluid transport across the gallbladder epi- 
thelium which takes account of the possibility of salt-water cou- 

piing in the interspace is depicted in Fig. 5. The main features 
are: (1) solute is transported across the apical membrane by an 
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J: U ~ "  v / 
JI  - - -  

Cm 

apical membrane 

C s 

basollterel membrane 

C(O) C(x) C(L) 
interspace ~ Ja 

x=O x:L] Serosel bath 

Fig. 5. A modified standing-gradient  model for fluid transport  
across  Necturus  gallbladder epithelium, incorporating osmotic 
water  flow across  the apical membrane ,  and with salt t ransport  
uniformly distributed over  the entire length of the interspace. 
Salt fluxes (JD and water  fluxes (J~) are represented by thin and 
thick arrows,  respect ively 

unspecified mechan i sm and at a constant  rate J,  : (2) solute trans- 
port at the same total rate is distributed uniformly over  the base-  
lateral membrane ;  and (3) water flow is a s sumed  to be entirely 
transcellular and driven by osmosis  across  both the apical and 
the basolateral membranes .  

F L O W  E Q U A T I O N S  

The flux of water  across  the apical membrane  J~ will be given by 

J~ = P~',,(C, - Cm) (13) 

where P ~  is the effective osmotic  permeabili ty of  the apical 
membrane ,  and Cc and Cm are the cell and mucosal  bath osmo- 
larities, respectively.  

The well-known general equations for salt and water flow 
along the interspace (Diamond & Bossert ,  1967; Hill, 1975) may 
be rewrit ten for the s impler  case of  uniformly distributed basola- 
teral solute t ransport  in the form 

dJ--2 = 21P~,. (C(x) C,) (14) 
dx 

d C = J~(x) . C(x) - J , .  (x/L) (15) 
dx Dwl 

where Jo(x) and C(x) are the longitudinal volume flux and os- 
molarity in the interspace at a distance x from the junctional 
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Table 2. Parameter  values for I cm 2 of Necturus  gallbladder 
epithelium ~' 

J~ - 5 x 10 m osmole sec [ 
ells = 8 x 1 0  4 c m  sec osmolar  t 

PI',, - 4 x 10 4 cm sec osmolar  i 
w = 0.5 x 10 4 c m  

L = 30 x 10 4 cm 
t = 1000 cm 
D = 1.5 x It) ~ cm-' sec 

The values for J~ and the geometric parameters  are based on 
data from Spring and Hope (19791 and Hill and Hill t1978). 

end. L and w are the length and width of the interspace, and 1 is 
its linear extent  in the plane of the epithelium. D is the diffusion 
coefficient of  NaCI. 

The boundary  condit ions for the solution of Eqs. (14) and 
(15) are: (i) that the volume flux at the junctional end of the 
interspace is zero, i.e., J0(0) = 0; and (ii) that,  at the serosal end. 
the solute osmolari ty in the interspace equals the serosal bath 
osmolari ty,  i.e. C(L) = C~. 

In order to obtain a s teady-state  solution, a value of C, is 
sought  where  the vo lume flux leaving the interspace equals the 
volume flux across  the apical membrane  predicted by Eq. 13). 
The osmolari ty of  the absorbate  is then given by 

C,, = J,/Jo(L). 161 

N U M E R I C A L  S O L U T I O N S  

By a simple numerical  method,  using the parameter  values given 
in Table 2, solutions have been obtained for the following realis- 

tic situations: 

(a) Unilateral Preparation 
Cm is set at 200 mosmolar  and the absorbate  is allowed to form 
the serosal bath. Thus  C(L) = C~ = C, = J~/Jo(L). The value of 
Ca predicted by the model is 204.1 mosmolar ,  and J~tL) is 8.8/zl 
cm -a hr -L Cc is 203.1 mosmolar .  

(b) Symmetr ical  Solutions 
Cm and C, are both set at 200 mosmolar .  In the s teady state, the 
predicted value of C, is 1602 mosmolar ,  J~(L) is 1.1 /xl cm 2 hr i 

and Cc is 200.4 mosmolar .  

(c) Strength o f  Transport  
C, is set at 200 mosmolar  and Cm is progressively raised until a 
solution is found where  Jo(L) = 0. The value of C,, at which this 
is achieved is 200.6 mosmotar .  


