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A B S T R A C T The activation energy (EA) for the dif-
fusion of water across the epithelial cell layer of the toad
bladder was determined in the absence and presence of
vasopressin. An experimental approach was employed
which minimized the effects of unstirred layers and the
thick supporting layer of the bladder on the measure-
ment of water diffusion. EA in the absence of vasopressin
was 11.7 ±1.4 kcal mole'; after vasopressin it was 10.6
±1.1 kcal mole'. The difference between the two values
was not significant. The results are consistent with an
increase in the number rather than the size of aqueous
channels in the cell membrane, a finding which differs
from the generally held view that the hormone increases
the radius of pores in the membrane.

INTRODUCTION
Vasopressin is believed to enlarge aqueous channels in
the cell membrane, permitting an increase in bulk flow
of water across the epithelial cell (1, 2). Experimental
support for this hypothesis (the "pore enlargement hy-
pothesis") was obtained in studies of the activation
energy for the diffusion of tritiated water across the
toad bladder (3); activation energy was high (9.8
kcal mole1) in the absence of vasopressin, but dropped
to 4.1 kcal mole1 in the presence of the hormone. Since
this latter value was close to the activation energy for
the diffusion of water in water, the experiment sug-
gested that vasopressin did indeed enlarge aqueous
channels in the membrane, providing an environment
for the diffusing molecules close to that of bulk water.

The present studies have as their starting point the
observation that unstirred layers of water in apposition
to the bladder, and the thick tissue layer supporting the
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epithelial cells, provide significant resistance to the
diffusion of water after vasopressin (4). When the con-
tribution of these extraneous layers is taken into account,
the rate of diffusion of water proves to be far higher
than has been recognized. Wehave therefore restudied
the effect of temperature on the role of diffusion of
water across the toad bladder, using an experimental
approach in which the resistance of the unstirred layers
and supporting layer is minimized, and in which the
activation energy for the diffusion of water across the
epithelial cell layer alone can be estimated. In contrast
with the earlier findings, activation energy is high both
in the presence and absence of vasopressin. The results
indicate that the hormone may increase the number
rather than the size of aqueous channels in the cell
membrane.

METHODS
Paired hemibladders from Dominican Republic toads (Bufo
mtarinus, National Reagents Inc., Bridgeport, Conn.) were
mounted in chambers equipped with motor-driven paddles
(4), with stirring speed set at 580 rpm. One chamber was
run at room temperature; the chamber with the paired half-
bladder was run in a cold room at 7-80C. Phosphate-buffered
amphibian Ringer's solution (pH 7.4, 230 mOsm/kg) bathed
both sides of the bladders. The temperature of the Ringer's
solution was monitored during the experiment, and did
not change more than 0.50C. The permeability coefficient
(Ktrang)1 for tritiated water (THO, New England Nuclear
Corp., Boston, Mass.) was determined for a 30 min period
for both bladders, in the presence or absence of vasopressin
(80 mU/ml). The chambers were then emptied of Ringer's
solution (with the bladder still in place) and refilled with
calcium-free Ringer's solution for 30 sec. This was re-
peated twice, and had the effect of loosening the bladder
epithelial cells (5). The chambers were then carefully sepa-
rated with the bladder still covering one chamber half, a
glass microscope slide was placed under the bladder, and
the epithelial cells were scraped off the bladder with a glass
coverslip. The chambers were then reassembled, filled with
calcium containing Ringer's solution, and the Ktrans THO

1 Abbreviations used in this paper: EA, activation energy;
Ktrans, permeability coefficient.
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TABLE I
Activation Energy for THODiffusion across Intact Bladder

(Stirring Speed 580 rpm)

Ktans THO

Vasopressin Cold* Room temp. EA

cm sec'1 X 107 kcal mole-'
Absent (10)j 436 ±49 (SE;) 1107 ±60 10.7 ±1.2
Present (7) 2140 4132 4610 4361 8.5 ±0.7

* For each experiment, the precise cold room and room tem-
peratures were used in calculating EA. For all experiments,
temperature range for the cold room was 6-80C, for room
temperature 21-251C.
4 Numbers in parentheses indicate number of experiments.

determined across the supporting layer of the bladder for a
second 30 min period, at room temperature and in the cold.
In experiments in which vasopressin had been used ini-
tially for the intact bladder, it was placed in the serosal
medium bathing the supporting layer. The experiments pro-
vided values for Ktran, THO for intact bladders, and for
the supporting layers, at room temperature and in the cold.
Using the expression for the resistance of barriers in series
(6, 7),

1 _1
Kt nsintact Ktm.n epithelial layer

+1Ktmn, supporting layer'
it was possible to solve for Ktrn, THOacross the epithelial
layer alone at the two temperatures. The activation energy
(EA) for water diffusion in the presence and absence of
vasopressin was then calculated, using the Arrhenius
equation.

RESULTS
EA of intact bladders. EA in the absence and presence

of vasopressin was 10.7 ±1.2 and 8.5 ±0.7 kcal mole1,
respectively (Table I). EA in the absence of vasopressin
differed little from that obtained in unstirred chambers
(3); EA after vasopressin, however, was considerably
higher than the earlier value of 4.1 kcal mole'. To
confirm the fact that unstirred layers had an important
effect on EA after vasopressin, EA was determined in a
series of experiments in which stirring speed varied
from 60 to 800 rpm (Table II). EA increased progres-

TABLE I I
Effect oj Stirring Speed on EA of Intact,

Vasopressin- Treated Bladders

Stirring
speed EA

rpm kcal -mole-'
60 (6) 6.1 ±0.9 (SE)

128 (6) 7.0 ±0.7
580 (7) 8.5 ±0.7
800 (8) 9.3 ±40.8

sively as stirring speed increased; the value at 800 rpm
was significantly higher (P < 0.02) than that at 60 rpm.

EA for diffusion across the epithelial layer. By deter-
mining KtrnuTHO across the intact bladder, then across
the supporting layer alone, KtranuTHO across the epi-
thelial layer can be estimated (see Methods). In Table
III, KtransTHO across the epithelial layer is shown in
the cold, and in paired experiments at room temperature.
In the last column, EA for the epithelial layer is shown
in the absence and presence of vasopressin. Correction
for the resistance of the supporting layer results in a
small increase in EA without vasopressin, and a rela-
tively larger increase following the hormone. The dif-
ference between the two activation energies is not
significant.

EA for diffusion across the supporting layer. In the
experiments shown in Table III, EA for the supporting
layer alone was 4.3 ±1.1 in the absence of vasopressin,
and 5.4+±0.8 kcal mole' after vasopressin. These are
close to the value of 4.6 kcal-mole' for diffusion of
water in bulk water (8) and are consistent with the
highly porous structure of the supporting layer.

DISCUSSION

Liquid water has a semicrystalline structure as the result
of hydrogen bonding between neighboring water mole-
cules (9, 10). Diffusion of individual water molecules
is believed to require the breaking of hydrogen bonds
in the water lattice; EA for diffusion is therefore re-
lated to the number of hydrogen bonds broken (8, 11).
In bulk water, the EA for diffusion of 4.6 kcal mole'
indicates that an average of two hydrogen bonds are

TABLE I I I
THODiffusion across Intact Bladder, Supporting Layer, and Epithelial Layer

Ktrtm cold Ktrans room temp.

Vasopressin Intact Supp. Epith. Intact Supp. Epith. EA epith.

cm sec-1 X 107 cm sec1 X 107 kcal mole-
Absent (10) 436 449 4734 ±212 486 460 1107 460 6968 ±977 1332 ±t86 11.7 ±1.4
Present (7) 2140 ±132 5000 ±t300 4046 ±482 4610 4361 8421 4828 10644 ±1688 10.6 ±1.1
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broken for the movement of each water molecule (8).
EA for water diffusion across many cell membranes is
considerably higher than 4.6 kcal mole1 (12); this can
be explained either by extensive bonding of water mole-
cules to components of narrow aqueous channels in the
membrane, or by the tendency of water to assume an
icelike state in the vicinity of nonpolar groups in the
channel (10). In channels with large radii, on the other
hand, water in the central core would assume the proper-
ties of liquid water, and EA for diffusion would be cor-
respondingly low (note, for example, the low EA for
diffusion across the porous supporting layer, Table III).
Based on this interpretation, the apparent fall in EA
after vasopressin gave support to the pore enlargement
hypothesis for hormone action.

The determination of EA for water across epithelial
cells however, depends on the accuracy with which
KtrauuTHO can be measured. The resistance to diffusion
offered by unstirred layers and the supporting layer is
apparently not of importance in the absence of vaso-
pressin, since our present value of 11.7 kcal mole1 is
not far from the value of 9.8 kcal mole1 obtained in
chambers where bubbling provided the only stirring (3).
Following vasopressin, however, KtransTHO across the
epithelial cells becomes so rapid that the unstirred and
supporting layers become rate limiting for diffusion,
and only by correcting for these extraneous layers can
the true KtranuTHO across the epithelial layer be deter-
mined. EA across the epithelial layer is 10.6 kcal mole1,
more than twice the value obtained in the earlier experi-
ments. Even this value is probably lower than the true
EA after vasopressin, since the unstirred layer effect
cannot be entirely eliminated, no matter how vigorous
the stirring (4). The low value for EA obtained in
earlier experiments reflected the presence of the un-
stirred and the supporting layers, and gave no informa-
tion about the interaction of water molecules with the
epithelial cells, and notably, with the luminal mem-
branes of these cells.

There was no significant difference between the acti-
vation energies before and after vasopressin, indicating
that the extent of bonding of water molecules as they
traverse the epithelial cells is uninfluenced by the hor-
mone. The finding that EA remains high suggests that
vasopressin increases the number of small aqueous chan-
nels in the membrane rather than increasing their size.
This finding is in accord with the very large increase
in the diffusion rate of THOproduced by the hormone
(4). Since the radius of the channels would remain
small, this would account for the observation that solutes
with radii greater than 2.6 A do not penetrate the
bladder more rapidly following vasopressin (13).' There-

2The amides remain an interesting exception to this rule,
since the permeability of the bladder to large amides such
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fore it becomes unnecessary to postulate that a fine
diffusion barrier in series with a highly porous barrier
(series barrier hypothesis) is responsible for the selec-

tivity of the luminal membrane towards small solutes
(2, 15).
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