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SUMMARY

1. Mucosa-to-serosa fluxes of seven polar non-electrolytes were determined during
isotonic fluid transport across the unilateral rabbit gall-bladder preparation in an
attempt to estimate the contribution of the paracellular pathway to the total
transepithelial water flow.

2. 3H- and “C-labelled non-electrolyte tracers appeared in the transported fluid
at fractions (f,) of their mucosal concentration which were inversely related to
molecular size: ethanediol, 0-80; thiourea, 0-55; glycerol, 0-16; erythritol, 0-11;
mannitol, 005; sucrose, 005; inulin, 0-:02. The mean volume flow rate was
78 ul.cm~% hrt.

3. While the fluxes of the larger molecules were probably due to diffusion through
a small but unrestricted paracellular ‘shunt’ permeability, the high f,, values obtained
for the smaller molecules indicate the existence of a substantial paracellular per-
meability restricted to molecules smaller than erythritol.

4. Upper limits to the transcellular ethanediol and thiourea permeabilities,
estimated from the time constants of tracer efflux from preloaded epithelial cells, were
too low to account for more than a very small fraction of the transepithelial fluxes
observed in the unilateral preparation.

5. Comparison of the f, values with the predictions of a hydrodynamic model of
paracellular permeation suggests that in order to account for the large fluxes of
ethanediol and thiourea, considerably more than one half of the transepithelial water
flow must follow the paracellular pathway.

6. Following a reduction of the mucosal osmolality to 110 m-osmole kg™, the
apparent non-electrolyte permeability of the epithelium increased steadily over a
period of 4 hr. This seems to reflect an increase in the shunt permeability rather than
a change in the selectivity of the restricted permeability.

7. Itis concluded that during isotonic fluid transport the bulk of the transepithelial
water flow crossing the epithelium passes through paracellular channels of approxi-
mately 3 A radius which are probably located in the intercellular junction.

* Present address: Department of Physiology, Stopford Building, University of Manchester,
Manchester M13 9PT.
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INTRODUCTION

The extent to which paracellular permeation routes across epithelia contribute to
transepithelial water and solute transport has become a matter for speculation and
investigation in a wide range of tight and leaky epithelia/. In recent years, indications
of solvent drag in the transepithelial permeation of extracellular markers such as
sucrose have been noted in several epithelia responsible for isotonic fluid transport
(Berry & Boulpaep, 1975; Hill & Hill, 1978a; Whittembury, Martinez, Linares &
Paz-Aliaga, 1980; Hunter, Case, Steward & Young, 1981). These observations have
generally been interpreted as indicating bulk water flow in the paracellular pathway,
in contradiction to the assumptions underlying the standing-gradient osmotic flow
hypothesis of Diamond & Bossert (1967). It has been pointed out however (Diamond,
1979), that whereas [*C]sucrose appears in the fluid transported by the Necturus
gall-bladder at very nearly the applied mucosal concentration (Hill & Hill, 1978a),
the rabbit gall-bladder is relatively impermeable to sucrose except at very low
osmolalities (Diamond, 1964 5). The purpose of the present study, therefore, has been
to investigate the permeation of the rabbit gall-bladder epithelium by a range of polar
non-electrolyte molecules, during fluid transport, in an attempt to establish whether
the difference between the two epithelia reflects a fundamental difference in mech-
anism, or simply a difference in the dimensions or ‘selectivity’ of the paracellular
pathway.

In essence the approach is similar to that of Hill & Hill (1978a). Transported fluid
(the absorbate) has been collected from the serosal surface of an isolated rabbit
gall-bladder preparation bathed on its mucosal side by Ringer solution containing
a tracer concentration of 4C-labelled non-electrolyte. The 4C activity of the
absorbate has been determined as a fraction (the fractional transported concentration)
of the mucosal activity, and results obtained for a range of polar non-electrolytes
presumed to be restricted to the extracellular space. By comparing the fractional
transported concentrations of the non-electrolytes with the predictions of a hydro-
dynamic model of paracellular permeation, it has proved possible to estimate both the
effective radius or half-width of the channels through the intercellular junctions, and
also the fraction of the total water flow that follows the paracellular route.

METHODS

_Dissection. New Zealand White rabbits of either sex, weighing between 2:5 and 5 kg, were killed
by cervical dislocation, and the gall-bladder and adjoining liver lobe removed to a dish of warm,
oxygenated Ringer solution within a minute or two of death. In all of the experiments to be
described, the gall-bladder was detached, emptied, cut open along the region previously attached
to the liver, and washed several times to remove residual bile.

Solutions. Most of the experiments employed a bicarbonate/CO,-buffered Ringer solution
(Diamond, 1964a) of composition: NaCl, 110 mm; NaHCO,, 25 mm; KCl, 7 mm; CaCl,, 2 mm;
MgSO,, 1-2 mMm; glucose, 11 mm; NaH,PO,, 1-2 mm. Oxygenation was provided and pH 7-4
maintained by gassing with a warmed, humidified mixture of 95%, O, and 5%, CO,. Solutions of
lower osmolality differed only in containing lower concentrations of NaCl. Osmolalities of 0-2 cm?®
samples were determined by freezing-point-depression osmometry (model 3 W, Advance Instru-
ments) and are expressed in m-osmole kg™ H,0.

Radioactivetracers. [**Clthiourea (60 mc m-mole™?), [**C]glycerol (51 mec m-mole™?), [**Clerythritol
(101 me m-mole™?), [*4C]mannitol (58 mc¢ m-mole™), inulin [*C]earboxylic acid (8 mc m-mole™?),
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and [*H]sucrose (5 ¢ m-mole™!) were obtained from the Radiochemical Centre, Amersham, and
[*4Clethanediol (4 mc m-mole™) from New England Nuclear (Dreieich, W. Germany). Inulin
["C]earboxylic acid was passed through a gel-filtration column (Sephadex-G25, Pharmacia) before
use in order to remove lower molecular weight contaminants, and [*H]sucrose stock solutions were
lyophilized at regular intervals to remove [*H]water. Experimental samples were mixed with
Biofluor scintillation fluid (New England Nuclear) and the *H and !C activities determined by liquid
scintillation spectrometry (model 3255, Packard Instrument Co.).

Non-electrolyte fluxes in the unilateral preparation

The unilateral gall-bladder preparation, which allows direct sampling and analysis of the fluid
transported by the epithelium, has traditionally consisted of a sac tied to the end of a cannula,
and filled or perfused with Ringer solution (Diamond, 1964b; Hill & Hill, 19784, b; Whittembury
et al. 1980). In the investigation described here, an alternative arrangement was employed in order
to improve stirring, temperature control and oxygenation, and to minimize transmural pressure
differences. The preparation consisted of a flat sheet of gall-bladder wall, of area 1:43 cm?, held
stretched over the mouth of a small, rimmed glass funnel with the mucosal surface of the tissue
facing outwards (Fig. 1). A concentric double polythene sampling cannula connected to the stem
of the funnel allowed the withdrawal of absorbate samples, usually at hourly intervals, while the
whole chamber remained submerged in a reservoir of Ringer solution. The latter, normally 20 cm?
in volume, was stirred by a stream of warmed humidified gas bubbles, and a temperature of 37 °C
maintained by a thermostatically controlled dry-block incubator (model DB-3, Techne Ltd).

——

7/~ To collection vessel

Gall-bladder wall

‘O’-ring

Glass funnel

Absorbate

Ringer solution

Sampling cannulamv

Fig. 1. Mounting arrangement for the unilateral gall-bladder preparation. Absorbate
drains from the serosal surface (S) into the stem of the glass funnel and may be withdrawn
through the outer section of the sampling cannula into a closed vessel (not shown). The
fine central cannula provides continuity between the atmosphere and the funnel interior.
The funnel diameter is 1-3 ¢cm, and the epithelium is generally positioned less than 1 em
from the surface of the Ringer solution. (M: mucosal surface.)

In order to determine mucosa-to-serosa fluxes during fluid transport, tracer concentrations of
14C- and *H-labelled non-electrolytes (usually less than 10 M) were added to the mucosal Ringer
solution shortly after mounting the preparation. One hour after the addition of the tracers, the
absorbate which had accumulated in the stem of the funnel, and which would be expected to contain
the bulk of the tracer-free fluid previously occupying the serosal dead space, was withdrawn and
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discarded. By this time the non-electrolyte fluxes were assumed to have reached their approximately
steady-state levels and the absorbate that accumulated over the course of the following hour was
withdrawn and weighed in order to estimate the mean volume flow rate J,. 75 ul. samples of the
absorbate and the mucosal fluid were then each mixed with 3 em? of scintillation fluid and assayed
for 1*C and *H activity. In experiments designed to monitor changes in the non-electrolyte fluxes
following a reduction in mucosal fluid osmolality, identical concentrations of the non-electrolyte
tracers were included in the normal- and low-osmolality Ringer solutions and hourly absorbate
samples collected for a total of five hours.

Non-electrolyte fluxes expressed as fractional transported concentrations f,, have been calculated
from the measured absorbate and mucosal tracer activities according to

Absorbate activity (cpm cm™3)
fn = P 3
Mucosal activity (cpm cm™3)

and results are presented as the means (+s.E. of mean) of data from at least four different
gall-bladders.

n

Non-electrolyte efflux measurements

Gall-bladders removed, emptied and rinsed as above were divided into two pieces and rinsed for
a further 15 min in oxygenated Ringer solution. Each piece was then incubated for 1 or 2 hr in
2 em?® Ringer solution containing 5 xc 4C-labelled urea, ethanediol or thiourea. 100 xl. samples of
the incubation solutions were retained as standards for subsequent scintillation assay. A temperature
of 37 °C was maintained throughout and agitation was provided by vigorous gassing. Following
the loading period and a preliminary 5 min rinse in 20 cm? of label-free Ringer solution, tissue pieces
were taken through a series of 5 or 10 min rinses in 1-5 cm® Ringer solution. 1 cm?® samples taken
from each of the rinsing solutions were mixed with 8 cm? of scintillation fluid and assayed for 14C
activity together with the appropriate blanks and standards. Finally, the tissue pieces were
swabbed with damp filter paper and their wet weights determined with 0-1 mg accuracy.

After correction for background activity, mean non-electrolyte efflux rates were calculated for
each rinse period and plotted on a log scale as a function of time. The time constant and integral
of the slow component of efflux were estimated by least-squares linear regression on the assumption
that the slow component follows an exponential time course:

Je= Je,o exp (—t/Tg10w), 2)

where J, , is the efflux rate immediately following the loading period (¢ = 0). The apparent volume
of the compartment responsible for the slow component was calculated from the integral and
corrected for the loading period on the assumption that during the loading period, the tracer
concentration C; inside the compartment approached the external, loading concentration C,
according to an exponential time course with the same time constant as that observed during efflux:

Cy = Co(L—exp (—t/Tg0w))- (3)
For reasons to be discussed below, no attempt was made to correct for the effects of unstirred layers.

Simulation of paracellular non-electrolyte flow

Programmes written in Fortran IV were run in double precision on the IBM 370/165 computer
of the University of Cambridge Computing Service, using routine DO2CAF of the Numerical
Algorithms Group Library to integrate the differential equation for interspace non-electrolyte flow
(eqns. (A 15) and (A 16)).

In calculating the expected paracellular fluxes of the various non-electrolytes it was assumed:
(1) that their free-solution diffusion coefficients D, are related to molecular weight M by the
relationship D, M*5 = a constant (Stein, 1967) with D, = 52 x 107® cm? sec™ for sucrose as a
reference (Longsworth, 1953); and (2) that their hydrodynamic radii @ may be estimated from their
diffusion coefficients by means of the Stokes-Einstein relationship and the small-molecule correction
of Schultz & Solomon (1961) 2

o = %Et V(asg’+2a5g)

> @

where agp is the Stokes-Einstein radius of the molecule. Values of M, D, and a for each of the
non-electrolyte tracers are listed in Table 1.
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Fig. 2. Distribution of the values of the fractional transported concentration of [*H]sucrose
obtained in thirty-nine experiments. The absorbate samples were each collected over a
period of 1 hr.

TasBLE 1. Molecular properties, fractional transported concentrations (f,) and apparent
permeability coefficients (P,’) of the tracer non-electrolytes

10° D, J

v
(cm?® a (ulem™ 108 B’

M secl) (A) Jfa feu hrl)  (cmsec™) =
Ethanediol 66 11-8 25 079610015 0078+0008 82+11 933+149 5
Thiourea 78 109 26 0550+0043 0-048+0-011 70+7 267167 5
Glycerol 94 99 29 0157+0:029 004010008 94+9 548+160 5
Erythritol 125 86 32 0108+0012 0051+0011 60+9 1944022 5
Mannitol 184 71 39 0052+0007 0039+0006 76+11 1124014 5
Sucrose 342 52 51 0:050+0004 78%5 1-110+0-11 30
Inulin 5200 *1-3 0017+0:004 004410009 86+13 034+004 5

The molecular weights (M) are those of the radiolabelled molecules, and the free-solution diffusion
coefficients (D,) and hydrodynamic radii (¢) were obtained as described in the methods section.
* From Phelps (1965).

RESULTS
Non-electrolyte permeation during fluid transport at normal osmolality

Fractional transported concentrations (f,) of [*H]sucrose and *C-labelled ethane-
diol, thiourea, glycerol, erythritol, mannitol and inulin were determined in a series
of thirty-nine experiments using the unilateral rabbit gall-bladder preparation. In
each experiment values of f,, were obtained simultaneously for both [*H]sucrose and
one of the 1*C-labelled non-electrolytes. The [*H]sucrose value f,, was measured both
as a reference for subsequent analysis, and also as a convenient means of assessing
the structural integrity of the preparation. Fig. 2 illustrates the distribution of the
fsu values drawn from all thirty-nine experiments, and it is evident that whilst 30
(77%) of the preparations yielded values in the range 0—0-1, consistent with the
previous observation that ‘ the secreted fluid contained only small or barely detectable
quantities of sucrose’ (Diamond, 1964b), several yielded rather higher values. In some
cases this was due to unusually low volume flow rates; in others it may have reflected
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real differences between the epithelia of different individuals. It is, however, also
possible that it was occasionally a consequence of edge-damage or damage sustained
during mounting. For this reason, and in order to permit the comparison of mean
fa values based on relatively small sample groups, the nine experiments in which f,
exceeded 0-1 were excluded from further analysis.

The mean fractional transported concertrations (f,) of the %C-labelled non-
electrolytes are listed in Table 1, together with the accompanying mean f;, values
and mean volume flow rates (J,) obtained in each group of five experiments. It may
be noted that the group means for f, and J, are scattered slightly around the over-all
mean values drawn from all thirty experiments.
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Fig. 3. Mean fractional transported concentrations (+s.E. of mean) of seven polar
non-electrolytes plotted as a function of molecular weight. n = 5 for each non-electrolyte
except sucrose for which n = 30. Error bars smaller than the symbol radii are omitted.
The curve was generated by a hydrodynamic model of non-electrolyte flow in the
paracellular pathway (see legend to Fig. 74).

The dependence of f,;, on molecular weight is illustrated in Fig. 3. Three features
are particularly evident: (1) the high f, values for ethanediol and thiourea; (2) the
steep ‘cut-off’ at molecular weights of around 80; and (3) the long ‘tail’ of low
permeability to the larger non-electrolytes.

It is quite clear that a non-electrolyte selectivity pattern of this sort cannot be
accounted for simply in terms of an unrestricted, diffusive shunt or leak pathway
across the epithelium. In the steady state the flux of a non-electrolyte J,, through such
a pathway would depend on the mucosal and serosal concentrations C, (M) and C,(8S),
and the non-electrolyte permeability coefficient P,, according to

Jn = Fu(Cn(M)—Cy(8)) (5)

and the permeability coefficients of the different non-electrolytes, all else being equal,
would be directly related to their free-solution diffusion coefficients D,. Now since
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Iy = Cu(S) J, and Cy(S) = fCn(M), apparent permeability coefficients F,’ for the
various non-electrolytes tested may be calculated from the experimental data using
B =Jfo/(1=fn) : (6)
and in each individual experiment, therefore, where J, is constant
_PL,= fn/(l_fn) . (7)
Psu/ fsu/(l —fsu)

Mean values of this ratio for each of the 14C-labelled non-electrolytes have been
plotted against D, /Dg, in Fig. 4 to test the hypothesis that permeation occurs via
an unrestricted diffusive permeability. P,’/P,,” approximates closely to D,/Dy, for

B
50 - Ethanediol
A
10F 40
Thiourea
30
8 b
20+
Glycerol ¢
6 10}
s 2
3_\= Glycerol {
N olade—t—et®t1"T
4k 0 1 2 1
i Erythritol
2 Mannitol
Sucrose
Inulin
0 1 1 1 1
0 0-5 1-0 16 20

D, /Dy,
Fig. 4. A, relationship between the apparent non-electrolyte permeability ratio F,’/F,,’
and the free-solution diffusion coefficient ratio D,/ Dy, . B, the same, but including the data
points for thiourea and ethanediol which lie some distance from the line of identity. Each
point represents the mean (+s.E. of mean) of five measurements.

inulin, sucrose and mannitol, and these molecules may therefore, as has been
suggested before (Smulders & Wright, 1971; van Os, de Jong & Slegers, 1974),
permeate by diffusion through such a pathway (hereafter referred to as the ‘shunt’
pathway). The smaller non-electrolytes, however, cross the epithelium at rates vastly
in excess of what would be expected of the shunt pathway alone. This could be due
to the existence of an additional but restricted paracellular permeability, or
alternatively it could indicate transcellular non-electrolyte permeation.

Cellular non-electrolyte efflux measurements

According to the osmotic reflexion coefficient measurements of Wright & Diamond
(1969), ethanediol and thiourea are neither small enough nor lipid soluble enough to
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penetrate the cell membranes of the rabbit gall-bladder epithelium very readily. It
would therefore seem unlikely that a transcellular permeation pathway could acount
for the very high apparent permeabilities to these molecules observed in the
fluid-transporting unilateral preparation. Nonetheless, in order to assess this possi-
bility quantitatively, the time constants of cellular efflux of '4C-labelled urea,
ethanediol and thiourea have been determined in a series of experiments in which
pieces of gall-bladder wall were loaded with the tracers for 1 or 2 hr prior to the eflux
measurement.

A B c

10° - . -

10° b - -

102 | - a Lo N

Efflux (counts/min g~! wet wt - min~!)

10!

100 1 1 J 1 '} J 1 1 J
0 1 2 30 1 2 30 1 2 3

Time (hr)
Fig. 5. Efflux of 4C-labelled non-electrolytes from hemibladders preloaded with the tracers
for 1 hr. The slow exponential components of efflux were fitted by least-squares linear
regression. 4, urea: 7g,, = 83 min, V,,, =2 pul. g1, r = 0-978, P < 0-001. B, thiourea:
Toiow = 10 min, V., =46 ul. g™, r = 0996, P < 0:001. C, ethanediol: 7, = 149 min,
Veow =59l g7, r = 0967, P < 0-001.

Fig. 5 illustrates typical time courses of tracer efflux from three preloaded
hemibladder pieces which were taken through a series of 10 min washes in ¥C-free
Ringer solution. In each case the fast exponential component of efflux, accounting
for the majority of the tracer recovered, almost certainly derived from the extracellular
compartment. The slower exponential component seen clearly in the efflux of
ethanediol and thiourea, however, probably reflects non-electrolyte efflux from an
intracellular compartment. The time constants of the slow component 7, and the
corresponding apparent compartment volumes Vg, (corrected for the limited
loading period and expressed in ul.g™! wet weight) have been determined by
least-squares linear regression, and the mean values obtained for urea, ethanediol and
thiourea are listed in Table 2.
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The calculated compartment volume for ethanediol and thiourea corresponds well
with that expected from the stereological measurements of Blom & Helander (1977).
Also, the ratio of the mean time constants for ethanediol and thiourea efflux is
comparable with the inverse ratio of their olive oil:water partition coefficients,
suggesting that these non-electrolytes have to cross a lipid barrier in order to leave
the tissue. The results obtained with urea do not fit this interpretation, possibly
because a fast efflux from the cells becomes confounded with the movement of urea
from the extracellular space.

TaBLE 2. Time constants (75,,) and calculated compartment volumes (¥;,,,,) of the slow
component of non-electrolyte tracer efflux

Tslow | 4

slow
M K., (min) (#l g7 wet wt.) n
Urea 62 0-:00015 63+5 5+1 5
Ethanediol 66 0-00049 132+12 36+5 6
Thiourea 78 00012 76+7 4243 7

Olive oil: water partition coefficients (K;) from Collander (Wright & Diamond, 1969).

In order to estimate the transcellular permeabilities to ethanediol and thiourea
from the efflux data it will be assumed that tracer efflux from the intracellular
compartment of 1 cm? of epithelium is satisfactorily described by

Jo = VdCi/dt = P,C; (8)
where V is the volume of the intracellular compartment per cm?, P, the efflux

permeability per cm?, and C; the intracellular tracer concentration. The efflux J, is
thus described as a function of time by

Jo = Je o exXp(—t/Tc) 9)
in which J, , is the efflux at ¢t = 0, and 7, the time constant of eflux
Te = V/P.. (10)

Now the transcellular permeability to a non-electrolyte P, depends to a first
approximation on the reciprocal sum of the apical and basolateral membrane
permeabilities F, and F,:

1/R =1/F+1/F, (11)
while the efflux permeability P, depends on the direct sum

Thus if the apical and basolateral membranes contribute fractions a and 1 —a to the
total efflux permeability, then from eqns. (10), (11) and (12):

F=a(l—a)V/7,. (13)

Astherelative non-electrolyte permeabilities of the apical and basolateral membranes
are not known, it is difficult to estimate a, but since by definition a(1 —a) cannot
exceed 0-25, it is nonetheless possible to determine an upper limit to the magnitude
of the transcellular permeability:

F, <025V/7,. (14)
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This derivation ignores the effects of unstirred layers on the grounds that the
unstirred layers hindering cellular efflux and those hindering transcellular permeation
areeffectively identical and therefore may be considered simply asintegral components
of the apical and basolateral permeabilities P, and FB,.

Now if the volume of the cellular compartment may be taken as 2 yl.cm™2, eqn.
(14) suggests that, given the measured efflux time constants, the transcellular
permeabilities to ethanediol and thiourea cannot exceed approximately
6:3 x 1078 cm sec™! and 1:1 x 1077 em sec™! respectively. As both figures are two or
three orders of magnitude smaller than the apparent permeabilities seen in the
unilateral preparation during fluid transport (Table 1), it would seem unlikely that
transcellular permeation accounts for more than a very small fraction of the
ethanediol and thiourea fluxes observed under those conditions.

Mucosa Serosa

X

2r \\ \

C, (M) pJ, = C, (O) C.(L) | 2R

// P

§ ; °
T T nen
n L

Fig. 6. Schematized longitudinal section of the paracellular pathway. In the model
employed in this study, the paracellular water flow pJ, enters the interspace through the
junctional complex, and the transcellular water flow (1—p)J, enters through the lateral
cell membranes according to a standing-gradient flow pattern.

Simulation of paracellular non-electrolyte permeation

In order to test the alternative hypothesis, that the very high apparent permeabil-
ities to ethanediol and thiourea are due to the existence of narrow channels through
the intercellular junctions (in parallel with the unrestricted shunt permeability), a
simulation of non-electrolyte flow in the paracellular pathway has been used to
interpret the selectivity pattern of Fig. 3. The restricted junctional channels of 1 cm?
of epithelium have been considered both as an array of N pores of radius r and depth
n, and also as a network of parallel-sided slits of half-width r, depth » and linear extent
sin the plane of the epithelium. This treatment of the paracellular pathway, of which
a schematic section is shown in Fig. 6, is described fully in the Appendix. In order
to interpret the non-electrolyte selectivity pattern of Fig. 3, values of f,, have been
calculated as a function of molecular weight over the range 70-350. Selectivity curves
have been computed for both slit and pore models using a wide range of values for
the junctional parameters r, s/n (slit) and N/n (pore), and values of 0, 0-5, and 1 for
the fraction p of the total water flow J, passing through the junctional channels.
J, has been taken as 78 ul.cm~2 hr! (Table 1).
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Comparison of the experimental data with selectivity curves such as those
illustrated in Fig. 7 leads to three general conclusions. (1) The very steep fall in f,
at molecular weights of around 80 suggests that the restricted channels, whether they
be slits or pores, have an effective half-width or radius of approximately 3 A. (2) The
high values of f, characteristic of ethanediol and thiourea can only be explained if
the fraction of the total water flow that passes through the junctional channels is
substantially greater than 0-5. (3) The values of s/n and N/n required by the slit and
pore models respectively for such a steep dependence of f,, on molecular weight are

10

08}
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04}

0-2f

@ o -
(=] [¢2] o o
T T

[
A
T

4
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T

Fractional transported concentration

o

0 50 100 150
Molecular weight

Fig. 7. Comparison of non-electrolyte selectivity patterns predicted by the junctional slit
model with experimental data for ethanediol, thiourea, glycerol, and erythritol (see
Fig. 3). A4, exclusively paracellular water flow (p=1). Curve a: r=285A4,
8/n = 36 x 10° cm™2. Curves b and c illustrate the effects of increasing and decreasing the
value of s/n by a factor of 4. Curves d and e illustrate the effects of increasing and
decreasing the channel half-width r by 0-25 A. B, mixed paracellular and transcellular
water flow (p = 0-5). Curves as in 4. C, exclusively transcellular water flow (p = 0). Curves
as in A. In every case, J, =78 ul.cm™2 hr™!, and the shunt component is based on
P, =114x107% cm sec™!.



430 M. C. STEWARD

of the order of 3-6 x 10° cm~2 and 3:3 x 10'® cm~3. This means that if the maximum
geometrically reasonable values of s and N are taken as 4000 cm em~2 and
4000/2r cm™2, the maximum channel depth n compatible with the experimental data
will be 110 A for the slit model and 2 A for the pore model. The latter seems
implausibly small so it may perhaps be concluded tentatively that the restricted
channels show a selectivity more like that expected of a slit network than a population
of cylindrical pores.

Non-electrolyte permeation during fluid transport at reduced osmolality

It hasbeendemonstrated by Diamond (1964 b) that the unilateral rabbit gall-bladder
preparation continues to transport an almost isotonic fluid when the osmolality of
the mucosal Ringer solution, normally about 290 m-osmole kg1, isreduced to aslittle

06 |-
c [ ]
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® - o
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€ 04l »
§ 04
8 ‘.,
§0-2— R a
K=l . " A g
g} . N ¢
& G
| ] [
0 1 1 1 = % sfg® |
0 100 200 300

Osmolality (m-osmole kg™ H,0)

Fig. 8. Osmolality dependence of the fractional transported concentrations of sucrose (@),
fucose (a), and inulin (m) tracers. Collection periods ranged between 3 and 6 hr.

as 80 m-osmole kg'. He has also pointed out, however, that at low osmolalities the
epithelium becomes ‘leaky’ to phenol red and sucrose (Diamond, 1964b, 1979). In
an attempt to understand this latter phenomenon in terms of the model for
non-electrolyte permeation described in this paper, the fractional transported
concentrations of several non-electrolytes have been measured first as a function of
mucosal osmolality and second as a function of time during transport at reduced
osmolality.

Using data from a preliminary study, fractional transported concentrations of
inulin, sucrose and fucose, based on single absorbate samples collected over periods
of 3—6 hr, are plotted against mucosal osmolality in Fig. 8. A quite distinct rise in
‘f, for each non-electrolyte is evident at osmolalities below about 150 m-osmole kg™,
although this is partly attributable to the rather low mean volume flow rates observed
over periods of 3-6 hr at these osmolalities. Below about 90 m-osmole kg™ fluid
transport was generally not sustained long enough for collection of a sufficient volume
of absorbate.
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Fig. 94 illustrates the results of twenty-four experiments in which, after 1 hr at
normal osmolality, the mucosal osmolality was reduced to 110 m-osmole kg~! by
removal of NaCl, and samples of absorbate collected every subsequent hour for a total
of 4 hr. In Fig. 9 B the gradual rise in the apparent permeability to sucrose over that
period is compared with the fairly constant permeability seen in the averaged results
of four control experiments. The combined effects of the increase in shunt permeability
and the concurrent changes in J, (Fig. 9C) on the non-electrolyte selectivity pattern
predicted by the slit model are compared in Fig. 10 with the experimental data from
the first, third and fifth hours of the time-course experiments. It would seem that
a gradually increasing shunt permeability is well able to account for the change in
the fractional transported concentration of each of the non-electrolytes examined.
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Fig. 9. Effects of reducing the mucosal osmolality from normal (290 m-osmole kg™!) to
110 m-osmole kg™ after 1 hr as indicated by the arrows. 4, mean fractional transported
concentrations (+s.E. of mean, » = 4) of: (a) ethanediol; (b) thiourea; (c) glycerol; (d)
erythritol; (¢) mannitol; (f) inulin. B, mean apparent sucrose permeability ( +s.E. of mean,
n = 24) compared with control data obtained at normal osmolality (n = 4). C, mean
volume flow rates (+s.E. of mean, n = 24) compared with control data as in B. The data
are all based on 1 hr absorbate samples.

DISCUSSION

In the past, non-electrolyte permeability studies of the rabbit gall-bladder
epithelium (Wright & Diamond, 1969; Smulders & Wright, 1971 ; van Os et al. 1974)
have been carried out under experimental conditions where fluid transport rates can
be presumed to be very low. Evidence has accumulated for the existence of three
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Fig. 10. Non-electrolyte selectivity patterns immediately before (4) and over two 1 hr
periods after the reduction of the mucosal osmolality to 110 m-osmole kg™ (B and C). The
three curves were generated by the slit model using the junctional parameters established
in Fig. 7 A. They differ only in the values used for the sucrose permeabilities and volume
flow rates which were taken from the experimental data. 4, normal osmolality:
P, =10x10"%cmsec™®, J, = 77 ul.cm~2 hr™!. B, mean values from the period 1-2 hr
after the reduction of the mucosal osmolality: P, =32x107%cm sec™?,
J, =173 ul.em™2 hr™'. C, mean values from the period 3—4 hr after the reduction of the
mucosal osmolality: P, = 47x107% cm sec™!, J, = 54 ul.cm™2 hr™*.

principal routes of passive non-electrolyte permeation: (i) a transcellular permeability
to lipid-soluble non-electrolytes; (ii) an anomalous additional permeability to small
polar non-electrolytes; and (iii) a rather variable but generally low paracellular
‘shunt’ permeability available to molecules at least as large as inulin. The second
of these three routes was attributed initially to a polar pathway through the epithelial
cell membranes (Wright & Diamond, 1969). More recently though, Moreno (1975b)
has demonstrated that 2,4,6-triaminopyrimidinium (TAP), which blocks the para-
cellular cation channels, also reduces the permeability to small polar non-electrolytes,
so there may in addition, or alternatively, be a substantial paracellular permeability
to these smaller molecules.

Naturally any of these three or four non-electrolyte permeation routes will be
available to water molecules, so if a full understanding of epithelial water transport
is to be achieved, it is important that the contribution of each route to both passive
(osmotically induced and pressure-induced) water flows, and, more importantly, to
‘active’ isotonic water transport be determined. What would appear the simplest way
of approaching this question would be to look for evidence of solvent drag in the fluxes
of non-electrolytes known to take particular routes across the epithelium. For
example, the observation of almost unrestricted sucrose tracer flow during fluid
transport in Necturus gall-bladder (Hill & Hill, 1978a) indicates that in that tissue
there is a substantial flow of water through relatively wide channels in the
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paracellular pathway. Previous work, however, suggests that the situation is quite
different in the rabbit gall-bladder. In that epithelium, although a significant sucrose
permeability is evident in the absence of fluid transport (1-:8 x 107¢ cm sec™!, Moreno,
1975b), relatively little sucrose appears in the absorbate during fluid transport
(Diamond, 1964b).

Non-electrolyte permeation at normal osmolality

The results of the present study suggest that the small sucrose fluxes observed in
the rabbit epithelium during fluid transport are actually no greater than would be
expected from passive diffusion through a ‘shunt’ or ‘leakage’ permeability of
1-1 x 107® cm sec™!. The absence of any enhancement of sucrose permeation during
fluid transport would seem to indicate that very little of the water flow across the
rabbit epithelium follows the paracellular shunt pathway. On the other hand, the
smaller non-electrolyte molecules ethanediol and thiourea appear to penetrate the
epithelium quite freely. It is possible, therefore, that the apparent fundamental
difference between the Necturus and rabbit epithelia is simply the result of a difference
between the effective diameters of their restricted junctional channels. Before this
explanation can be accepted with confidence though, two questions have to be
answered: (i) might the appearance of ethanediol and thiourea tracers in the
absorbate be a result of transcellular non-electrolyte permeation? and (ii) if we can
assume that these small non-electrolytes are largely confined to the paracellular
pathway, do their fluxes necessarily indicate significant paracellular water flow ?

If the slow exponential component observed in the efflux of the smaller tracer
non-electrolytes from preloaded gall-bladder pieces truly reflects eflux from the
cellular compartment, it is clear that the transcellular permeabilities to ethanediol
and thiourea are much too small to account for the transepithelial fluxes seen during
fluid transport. The reflexion coefficient measurements of Wright & Diamond (1969)
support this conclusion. In addition, it has been observed that application of
1073 M-ouabain to both sides of a bilateral rabbit gall-bladder preparation reduces
its apparent thiourea permeability by at least 959, (Steward, 1979). Since treatment
with ouabain is believed to bring about the almost total occlusion of the interspaces
as a result of epithelial cell swelling (Tormey & Diamond, 1967), this result too is
consistent with the idea that the paracellular pathway is responsible for the bulk of
the transepithelial thiourea permeability.

If it can be accepted that ethanediol and thiourea cross the gall-bladder epithelium
mainly via restricted channels through the intercellular junctions, it remains to be
established whether the observed large fluxes through these channels are the result
of a large diffusive permeability which allows the non-electrolytes to enter a
standing-gradient flow stream in the interspace by diffusion, or whether they indicate
solvent drag associated with a flow of water through the junctional channels.
Superficially, the hydrodynamic model that has been examined in the present
investigation would appear to support the latter alternative. In order to generate the
high f, values characteristic of ethanediol and thiourea, and yet exclude molecules
larger than glycerol, the model requires a paracellular water flow certainly well in
excess of one half of the total transepithelial flow. Further consideration, however,
reveals that this is not because the ethanediol and thiourea fluxes have to be
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interpreted in terms of solvent drag through the junctional channels. It is actually
because in the absence of substantial paracellular water flow, a standing-gradient flow
pattern would generate a poorly stirred region at the junctional end of the interspace
which would act as a major barrier to non-electrolyte entry by diffusion (Steward,
1981).

Even though it seems likely that the bulk of the transepithelial water flow passes
through the restricted junctional channels, solvent drag per se probably does not
contribute as much as diffusion to the passage of ethanediol and thiourea through
these channels at normal volume flow rates. This conclusion derives from an estimate
of the expected diffusive and convective (solvent drag) components of the non-
electrolyte fluxes, which may be obtained by inserting the channel dimensions and
drag factors indicated by the model studies into an approximate expression for solute
flow (see Appendix, eqn. (A 13)):

SD 2rs

Jn = 27— Dp(Cr(M)—Cy(0)) +

SpK, , Co(M)+Cy(0)
K »n " ’

2
K P (15)

It seems that even when all the transepithelial water flow is made to follow the
paracellular route, i.e. p = 1, the diffusive component has to contribute the majority
of the ethanediol flux (81 % in this instance) in order to achieve the observed emergent
absorbate concentration. This is because junctional channels narrow enough to
exclude molecules larger than glycerol will impede convective ethanediol flow to the
extent that the filtration reflexion coefficient, 1 —Sg K,/ K, (see Appendix), is of the
order of 0-84.

Non-electrolyte permeation at reduced osmolality

In view of previous observations (Diamond, 1964b), it was to be expected that a
reduction of the mucosal Ringer solution osmolality to approximately 110 m-
osmole kg~! might bring about an increase in the apparent sucrose permeability of
the unilateral preparation. The increase that was observed in fact occurred steadily
over a period of at least 4 hr (Fig. 9 B), and it would appear from the changes in the
non-electrolyte selectivity pattern as a whole (Fig. 10) to have been the result of a
progressive increase in the magnitude of the unrestricted shunt component of the
paracellular permeability rather than a change in the selectivity of the restricted
junctional channels. It is impossible to tell from the experimental data, however,
whether the increased shunt permeability was due to disruption of epithelial integrity
on account of cell death for example, or whether it was the result of the ‘opening’
of some regions of the junctional network.

Very recently, Whittembury et al. (1980) have published the results of a study of
epithelial non-electrolyte permeation in the unilateral guinea-pig gall-bladder
preparation. Perhaps surprisingly, the guinea-pig epithelium, unlike the rabbit
epithelium, appears to allow quite substantial mucosa-to-serosa fluxes of sucrose,
inulin and dextran tracers during fluid transport. At normal osmolality the fractional
transported concentrations reported were 0-40, 0-33 and 0-10 respectively. Because
of the low volume flow rates however (approximately 9 xl. cm™2 hr') these data
correspond to apparent permeabilities of only 17, 1-2 and 0-3 x 10~% em sec™, which
are quite comparable with the permeabilities attributed to the unrestricted shunt
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pathway in the rabbit. On account of the apparent J, dependence of the non-
electrolyte fluxes, though, Whittembury et al. interpret their data in terms of solvent
drag through paracellular channels of 2040 A radius. This interpretation depends
rather heavily on fluxes determined at very low osmolality (20 m-osmole kg~!) and
it is possible that an elevated shunt permeability, such as is observed in the rabbit
gall-bladder under less severe conditions, is a complicating factor which needs to be
eliminated. If, on the other hand, the analysis of Whittembury et al. proves to be
correct, their results suggest that the guinea-pig gall-bladder epithelium is an
unusually leaky mammalian epithelium, and this observation, like that of Hill & Hill
(1978a) in Necturus, will inevitably impose considerable constraints on the possible
driving forces envisaged for junctional water flow (Hill, 1980).

The nature of the junctional channels

In view of the many simplifying assumptions underlying the junctional models
considered in this paper, the geometry and precise dimensions suggested by simulations
of non-electrolyte flow cannot be regarded as more than a very rough indication of
the possible channel structure. The radius or half-width of the channels responsible
for the restricted permeability, however, must be close to 3 A to allow ethanediol and
thiourea, but not erythritol or mannitol, to penetrate the junctions by this route. It
is interesting to note, therefore, that the junctional cation channels characterized in
this epithelium by Moreno & Diamond (1975) are of approximately the same size
(r = 44 A). It is also perhaps significant, in view of the difference between the rabbit
and Necturus non-electrolyte selectivities, that the cation channels of another
amphibian, Rana catesbeiana, are apparently considerably larger than those of the
rabbit (r = 8:1 A, Moreno & Diamond, 1975). These comparisons naturally raise the
possibility that the junctional cation channels are responsible for the large restricted
non-electrolyte permeability that was observed in this study. Some support for this
hypothesis comes from the observation that TAP, which significantly reduces the
permeability of the cation channels, also reduces the epithelial permeability to urea
and glycerol (Moreno, 1975a, b). If the hypothesis is correct, the present results
suggest that the junctional cation channels may carry the bulk of the water flow
crossing the epithelium during isotonic fluid transport.

APPENDIX
Non-electrolyte flow in the junctional channels

Unrestricted non-electrolyte flow by convection and diffusion in a channel of
cross-sectional area A containing a moving fluid, is adequately described at any
distance x along the channel by

B o0) o)~ Dy 2 @), A1)

where v(z) and C,(z) are the fluid velocity and non-electrolyte concentration, and D,
the free-solution diffusion coefficient. If, however, as in the restricted junctional
channels, the solute radius a, exceeds even a very small fraction of the effective
channel radius 7, eqn. (A 1) has to be modified substantially (Renkin & Curry, 1979)
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to take into account: (i) steric restrictions on the position of the non-electrolyte
molecules in the channel and (ii) hydrodynamic drag effects due to the proximity of

the channel wall: .
v jn(@) _ SeK, o,

SD

(A2)
Here, Sy and Sy, are steric restriction factors for convective and diffusive flow which
depend on: (i) the ratio A of the solute radius and the channel radius (or half-width),
(ii) the geometry of the channel, and (iii) the nature of the fluid flow within the
channel. In a cylindrical pore through which the fluid flow is laminar, the fractions
of the channel cross section effectively available for convection and diffusion of the

solute are Sp = 2(1—A)2—(1=A)%, (A3)
Sp = (1—-A)? (A4)
and in a parallel-sided slit the equivalent expressions are
Sp = H1-)—}1-2), (A5)
Sp=1—A. (A6)

The hydrodynamic drag factors K,/K, and 1/K, applicable to the cylindrical pore
may be approximated (Haberman & Sayre, 1958) by:

K, 1-3*—020217°

K,~  1-0758570%° (A7)

1 1—2-105A+2:086513 —1-7068A° + 0-72603A°

K 1—0-75857A° (A8)
and those for the parallel-sided slit (Happel & Brenner, 1965) by

% =1-1A2, (A9)

KLI = 1—1:004A+ 041823 —0-210A* — 0-1697°. (A10)

The combined correction factors for restricted convective and diffusive non-electrolyte
flow, SgK,/K, and Sp/K,, are plotted as functions of A for both pores and slits in
Fig. 11.

The expected steady-state non-electrolyte flux J,, through the restricted junctional
channels of 1 cm? of epithelium may be estimated by integrating eqn. (A 2) over the
length and total cross-sectional area of the channels occupying that area of
epithelium. This yields an expression for J, in terms of the non-electrolyte concen-
trations at either end of the channels, C;, (M) and C,,(0), and the junctional volume-flow
pJ, per cm? of epithelium (Fig. 6). In the case of a population of N cylindrical pores
of radius r, and depth n, integration of eqn. (A2) gives

SpK, pJy n
Sk, Cu(Myexp (522 225 )00

K Sg K, pJ, n
1 exp(g 2ZZ\)’ﬂrzD) 1

Jn(pore) = (A11)
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Fig. 11. Combined steric exclusion and hydrodynamic drag factors restricting the diffusive
(Sp/K,) and convective (Sp K,/ K,) flow of a spherical solute in a narrow channel, plotted
as a function of the solute:channel radius ratio 4, cylindrical pore. B, parallel-sided slit.

If the restricted channels form a network of parallel-sided slits of half-width r, depth
n and linear extent s in the plane of the epithelium, integration gives

%&1)_

iy SeKe OO exp( e ) -cut0 .

n - Kl P v o (SFKzzﬂﬁ)_l . ( )
P Sp 2rs D,

It will be noted that in eqns. (A 11) and (A 12) the junctional parameters N and s
occur in association with the junction depth n. This means that for the purposes of
analysis, it is possible to treat N/n and s/» as single parameters. It may also be noted
that under conditions where the arguments of the exponential terms in eqns. (A 11)
and (A 12) are small, and where C, (M) = C,(0), the expressions are approximated
(Bean, 1972) by the solute flux equation of Kedem & Katchalsky (1958)

Jp = w0, RTAC + (1—0) pJ . C,, (A13)
. - _ Sp Nmr? Sp 2rs
in which: w, RT = K, n D, or K, n D,
_ Sk,
and : l—0o= K

The mean apparent permeability to sucrose F,,” (Table 1) may be used to estimate
the additional flux of each non-electrolyte J,(shunt) that passes through the
non-selective shunt permeability presumed to exist in parallel with the restricted
junctional channels described above:

, D
Jn(shunt) = F, l)—n(Cn(M)—Cn(O))- (A14)
su

Nomn-electrolyte flow in the interspace

If the interspace is treated as a uniform parallel-sided space of constant half-width
R, length L and linear extent ! (per cm?) in the plane of the epithelium, and if
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non-electrolyte flow by convection and diffusion is largely unrestricted, eqn. (A1)
becomes dc
Jn = 2Rlv(x) Cn(x)—2Ran—x“(x) (A 15)

where x refers to the distance from the tight-junction end of the interspace (Fig. 6).
The fluid velocity profile along the interspace v(x) will depend upon the distribution
of flow between the paracellular and transcellular pathways (pJ, and (1 —p)J,), and
on the distribution of the latter over the lateral membranes of the epithelial cells.
If the transcellular component is to satisfy the differential equations for standing-
gradient osmotic flow with uniformly distributed salt transport (Diamond & Bossert,
1967) and yield a fluid isotonic with the mucosal Ringer solution to within 1%, it
canbeshown (Hill & Hill, 1978a; Hill, A. E., personal communication) that the over-all
velocity profile, including the paracellular component, is well approximated by

2RIv(z) = pJy+(1—p) Jv[— 1-68 (%>4+4-58 (%)3—5-2 (%)2+ 33 (%)] (A 16)

Values for R and ! have been taken as 0-465 um (Blom & Helander, 1977) and
4000 cm cm~2 (Steward, 1979).

In the steady state, the non-electrolyte flux through the junction has to equal that
along the interspace. The particular value of J,, which satisfies this condition may
be determined by finding iteratively the value of C,(0) which on insertion into eqns.
(A11) or (A12) and (A 14), and when used as a boundary condition for the solution
of the interspace flow eqn. (A 15) yields identical fluxes through the two parts of the
paracellular pathway. This procedure may be carried out by computer and the
expected fractional transported concentrations of the non-electrolytes obtained by
setting Cy,(M) to unity, whence

Jo=In/ds. (A17)
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