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The apparent Arrhenius energy of activation (E,) of the water osmotic permeabiity (Py,) of the basolateral
plasma cell membrane of isolated rabbit proximal straight tubules has been measured under control
conditions and after addition of 2.5 mM of the sulfhydryl reagent, para-chloromercuribenzenesulfonic acid
(pCMBS), of mersalyl and of dithiothreitol. E, (kcal /mol) was 3.2 + 1.4 (controls) and 9.2 1 2.2 (pCMBS),
while P;, decreased with pCMBS to 0.26 + 0.17 of its control value. Mersalyl also decreased P, both in vitro
and in vivo (using therapeutical doses). These actions of pCMBS and mersalyl were quickly reverted with §
mM dithiothreitol and prevented by 0.1 M thiourea. E, for free viscous flow is 4.2 and greater than 10 for
non-pore-containing lipid membranes. By analogy with these membranes and with red blood cells, where
similar effects of pCMBS on P, are observed, it is concluded that cell membranes of the proximal tubule are
pierced by aqueous pores which are reversibly shut by pCMBS. Part of the action of mercurial diuretics can

be explained by their action on Py,

Introduction

The transepithelial water movements observed
during secretion or absorption in leaky epithelia,
particularly across the mammalian proximal tub-
ule, are envisaged to follow a transcellular and /or
a paracellular pathway [1-5]. This paper is not
concerned with the paracellular route for water
flow but rather with water movements between
cells and peritubular space and, therefore, with
transcellular water movement. Although there is
general agreement in that a significant fraction of
the transepithelial water movement is transcellular
[5-11], the mechanism used by water to cross the
cell membrane has not been studied in leaky epi-
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Abbreviation: pCMBS, para-chloromercuribenzenesulfonic
acid.

thelia. There exist two types of possibilities. Water
may be assumed to be dispersed in the lipid-rich
cell membrane and/or aggregated in the cell mem-
brane such that it forms more or less continuous
files or ‘pores’ stretching across the cell membrane
from extra to intracellular space, i.e., from one
aqueous phase to another [12]. In agreement with
these possibilities, the study of mammalian red
blood cells and lipid artificial membranes had led
to the conclusion that water flows in two ways
across these membranes. (i) In the first place, as is
observed in artificial lipid membranes (without
pores) water dissolves in the membrane and crosses
it strongly interacting with the membrane fabric,
as evidenced by very low values for the water
osmotic permeability P, (which are of the order of
the permeability for water diffusion (P;) and by
apparent Arrhenius energies of activation (E,)
[12-15,22] of the order or higher than 12-14
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kecal /mol (the exact value depending on the lipid
composition of the membranes) [12-15]. (ii) In
addition, water may cross the membranes by
viscous flow. This type of flow is observed by
introduction of some antibiotics into the lipid
bilayers. There is evidence that these antibiotics
form across the lipid membrane small hydrophilic
channels (0.2-0.4 mm in radius) that can accom-
odate ions and water molecules [12]. As compared
with (i), the presence of even small aqueous pores
increases the water flux for a given water-activity
gradient because they permit the transfer of bulk
momentum between water molecules [12,14-20].
P, is without doubt higher than P, in pore-con-
taining artificial membranes [12]. In addition, E,
of P is close to that expected for free solution
viscous flow (i.e., 4.2 kcal/mol) as is the case of
mammalian red blood cells where P, is also sig-
nificantly larger than P, [16-22]. Addition of
pCMBS, reversibly lowers P, in red blood cells to
values about 0.1 of those obtained under control
conditions. Under these circumstances P, ap-
proaches the value of Py, and E, of pCMBS-treated
cells increases to values observed in nonporous
lipid membranes. Thus, pCMBS seems to interact
with the membrane, reversibly closing the water-
porous pathways normally present under control
conditions in red blood cells [16-18,20].

In tight epithelia, there is still controversy con-
cerning the existence of pores after antidiuretic
hormone stimulation. Ambiguity arises from un-
certainties of unstirred layer effects and other fac-
tors [9,23]. However, new independent measure-
ments of the diffusion permeabilities to water and
to molecules with various lipid solubilities have
provided evidence indicating that water probably
crosses the luminal cell membrane primarily
through small aqueous pores even in the unstimu-
lated state, antidiuretic hormone stimulation lead-
ing either to formation or enlargement of pores
[23]. Concerning leaky epithelia, technical difficul-
ties still preclude measurement of permeability to
diffusion. It has only been recently that satisfac-
tory measurements of the water osmotic perme-
ability have been reported in amphibian gall
bladder [11] and of Pg, the basolateral cell mem-
brane water osmotic permeability in mammalian
isolated tubules [6-10,24]. The relative shortcom-
ings of the techniques employed to measure the

time course of cell swelling (to estimate P ) and
therefore the accuracy of these measurements
[6,8,10] have been pointed out [7], indicating either
insufficient space resolution with excellent time
measurements [10] or excellent space resolution
with less precise time controls [6,8].

Although, in general, aqueous channels are pre-
sumed to cross the cell membrane of these tissues
[7], evidence as clear cut as that reported for red
blood cells and for artificial membranes is still
missing. To gain some insight into the nature of
the water movements across kidney proximal tubu-
lar cells, we investigated the effect of temperature
and of sulfhydryl reagents on P;, in mammalian
isolated tubules. A new technique with good space
and time resolution has been used to measure P
[24]. pCMBS was chosen because of its specific
action on water transfer over that of other rea-
gents in red blood cells [25]). We have studied: (i)
The effect on P, of pCMBS and of dithiothreitol,
an agent which is used for the quantitative reduc-
tion of disulfide groups and which reverses the
action of pCMBS in red blood cells [16-19]. (ii)
The E, of control and of pCMBS-treated tubules.
(iii) Similar experiments were performed using the
mercurial diuretic mersalyl, instead of pCMBS.
The present experimental results indicate that E,
of control experiments is of the order of that
expected for viscous flow. pCMBS significantly
reduces PS, and increases E,. Mersalyl has a simi-
lar action. It is possible that part of the diuretic
action of this compound might be related to the
decrease in the P it produces.

Materials and Methods

The method used to handle the tubules and to
measure P has been described in detail before
(Ref. 24, see also Refs. 6, 8). New Zealand rabbits
weighing 1.5-2 kg were used. Individual proximal
straight tubular segments (about 0.5 mm in length)
were dissected out of the upper kidney cortex.
They were crimped with micropipettes in a cham-
ber leaving a length of 0.2-0.3 mm of usable free
tubular tissue between the pipettes, and then were
kept in an isosmotic artificial bathing solution
which was equilibrated with 95% O,/5% CO, pre-
viously thermostated at the desired temperature.
The chamber was thermostated with the aid of a



surrounding water jacket. The inverted microscope
was focused on the tubular axis using a 40 X
objective. The tubular image was recorded with a
TV camera. The video signal was analyzed with a
special processor which generates an analog signal,
proportional to the outer tubular diameter, to a
pen-recorder. Following the records, tubular
volume was calculated as a function of time. The
time resolution was 0.0167 s and the space resolu-
tion was near 0.03 pm [24]. For the osmotic steps
required to measure P, the chamber was quickly
emptied and the anisosmotic test medium was 95%
replaced about the tubule in less than 100 ms [6].
When the diameter change was stabilized, the iso-
smotic bathing solution was placed back in the
chamber. Some of the experimental protocols re-
quired exposition of the tubules in the chamber to
different solutions for times as long as 1-2 h. At
37°C, this might have damaged the tubules.
Therefore, they were kept crimped in the chamber
at 10-15°C, except for the short periods of time
in which P was measured at the required temper-
ature.

Bathing solutions. All solutions were made up
from a basic solution containing (in mM) KCIl,
4.8/NaHCO,, 25.0/MgSO,, 12/CaCl,, 1.9/
Na,HPO,, 4.0/glucose, 8.3 /alanine, 5.0. Bovine
serum albumin (6 g/dl) was added to this solution.
Required amounts of NaCl were added to the
basic solution to achieve an osmolality of 300
mosM. This solution was used to equilibrate the
tubules. Dextran M, 60000 (1 mM), was used
instead of albumin to prepare the pCMBS-con-
taining solutions to avoid reaction between this
agent and the disulfide bonds of albumin [26,27].
Osmolality differences across the peritubular
aspect of the cells were achieved by using solutions
with different NaCl concentrations. The osmolal-
ity of the solution was checked by freezing-point
determination. All chemicals were obtained from
Sigma Chemical Co. Ltd.

Calculation of Pf,. This has been described in
detail [6,8,24]. The tubular lumen was collapsed,
thus only water flow through the contraluminal
(basolateral) membrane could contribute to the
volume change. Briefly, water flow from cell to
bath or bath to cell is provoked by a step change
of the osmotic pressure difference across the cell
membrane, AC! = C,— C,,,. This is achieved by
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increasing or decreasing C_,,, the concentration of
impermeant solutes in the bath. C, is the cellular
concentration of osmotically active substances. Cell
volume changes are followed as diameter changes
[6,8,24]. Cell volume, V¢, and C, will change with
time. Therefore, the osmotic pressure difference
across the cell membrane will also change with
time. P;, may be obtained from Eqn. 1
P = [Vio/(A5Cout)}[1 = R+ (b= K)

XIn|(K-R)/(K-1)|] 1)

where A4S is the membrane area, R = V°/V{ , the
ratio of tubule volume at times ¢ and 0, respec-
tively, and K = (C:,/C,,. )1 — b) + b, where
Ci.o./Cou 18 the ratio of external concentration
before and after the solution change. Before the
osmotic experiment begins, C, = C,,,, since the
cells have an intracellular concentration isosmotic
to that of the bath in which the tubule is kept. b is
the cell solid content. Eqn. 1 was fitted to the data
to calculate Pg.

Results

Most experiments were carried out ‘with an
osmotic difference of 30 mosM. Under the condi-
tions at 37°C, the control values for PjJ were
(21.3 + 4.3)-107* cm®/s per osM per cm? of basal
membrane (n = 12). This value agrees with previ-
ous estimates at the stated osmotic difference [24]
and corresponds to an extrapolated value (to 0
osmotic difference) of 50.4 + 8.7 - 10~ in the same
units [24]. This value equals 18.7 - 10~ 8 cm®/s per
cm H,O per cm? of basement area, 19.2-1077
cm’/s per atm per cm® of basement membrane
area and 2800 pm/s and agrees with independent
measurements [10]. In what follows, results are
expressed as ratios of experimental to control val-
ues.

Effect of pCMBS on P,

To test the effect of pCMBS, we proceeded as
follows. First a series of five control measurements
were performed at 37°C with a given tubule at
1-min intervals, each measurement taking some 10
s. Following each return to isosmotic solution, the
tubule did return to its original diameter. The



Fig. 1. Actual records of the time course of diameter (volume)
changes, Pannels A, B and C represent experiments with three
different tubules. Two records are shown in each pannel. In
records C (control condition), tubules had been equilibrated in
an isosmotic (0.3 osM) solution. At a time indicated by a notch
in the top horizontal line, a hyposmotic solution (0.27 osM)
was flushed in and diameter changes were recorded. The slope
of the diameter changes as function of time was used to obtain
PS,. Subsequently, an isosmotic solution was flushed in. An
isosmotic solution containing 2.5 mM pCMBS was replaced as
the bathing solution for 25 min. Then record P was obtained

with the same osmotic difference. The time notch was used to .

superimpose both traces.

control values agreed within 3%. Then, the tubule
was incubated for 25 min at 10-15°C in the
presence of a solution containing 2.5 mM pCMBS,
and PS measurements were performed again at
37°C. Some of the actual records are reproduced
in fig. 1. It may be seen that pCMBS diminishes
the speed of the osmotic response and the value of
P (as compared to the controls) without altering
the end-point of the osmotic response.

The values for PJ, could be falsely low if the
membrane permeability to Na were to increase
after pCMBS treatment so that the reflection coef-
ficient for Na could be near 0 rather than closer to
1 as in the control condition [24]. Measurements of
the reflection coefficient (not reported here) indi-
cate that this is not the case. There was no dif-
ference in the osmotic response to osmotic steps
induced with NaCl and with mannitol or raffinose
to measure the reflection coefficient. This indicates
that the reflection coefficient for NaCl, mannitol
and raffinose is 1.0.

Although we do not know whether pCMBS
altered the cell composition (as is the case of red
cells [28] and frog skin [29]), the possibility that
the initial osmotic step across the membrane would
be lower than that obtained under control condi-
tions can also be ruled out, since the tubules in the
presence of pCMBS responded osmometrically as
illustrated by the observation that control and
pCMBS records reach the same end-point. In this
work, we preferred NaCl to the non-electrolytes as

osmotic agents since the latter change the viscosity
of the solution which is undesirable if E, is to be
evaluated. In addition, the diffusion coefficient of
these non-electrolytes is a fraction of that for
NaCl. This shows up in unstirred layer effects
[6,8].

Fig. 2 shows a dose-response curve. It may be
seen that the concentration of pCMBS required to
produce half-maximal effect, K,,, is near 0.12

‘mM. This value agrees with that observed in red

cells [14]. In the experiments which follow, a con-
centration of 2.5 mM pCMBS was used in order to
obtain maximal and clear-cut differences between
controls and pCMBS-treated tubules in a rela-
tively short time (25 min).

As seen in Fig. 3, 2.5 mM pCMBS lowers PS to
about 0.5 in about 15 min and to about 0.2 in
20-30 min. This time course is similar to that
observed in red cells [16,17]. The time required for
the chemical reaction of mercurials with proteins
in aqueous solution ranges from minutes to hours
[27]. In erythrocytes, times of incubation of 20-30
min need be used [16,17] and the uptake of pCMBS
over a longer time period at 37°C could produce a
similar action to that of 2.5 mM pCMBS used
here, as in the case of mersalyl (Fig. 3). However,
the experimental protocol called for measurements
under control conditions followed by pCMBS and
subsequent addition of dithiothreitol to check on
reversal of the action of pCMBS. This rendered
longer pCMBS exposure times impractical. It may
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Fig. 2. Dose-response curve showing the action of pCMBS on
P§,. P§, is expressed as a fraction of its control value. In each
experiment after five control measurements of PS,, the tubules
were incubated with pCMBS for 25 min, and PS, was measured
again. The graph shows average results obtained in five tubules.
The osmotic difference used was 30 mosM. The temperature
was 10 ° C throughout.
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Fig. 3. Time course of the action of 2.5 mM pCMBS (@) and of
100 pM mersalyl (O) on PS. Values in the presence of the
drugs (n =12) are expressed as relative to a set of controls
(n =12) run in parallel. At the time indicated by the arrow, 5
mM dithiothreitol (DTT) was added to the pCMBS-containing
solution.

also be seen in Fig. 3 that the action of pCMBS
could be reverted after a short exposition to 5 mM
dithiothreitol. We did not explore whether lower
concentrations of dithiothreitol also reverted the
action of pCMBS or whether lower dithiothreitol
concentrations had a different reversal time course.
Dithiothreitol alone does not significantly alter
P;. Thus, in a series of 12 experiments, the ratio
of P, values of dithiothreitol-treated to control
tubules (the same tubule was used as its own
control previous to the addition of dithiothreitol)
was 1.304+0.16 (n=12) (mean + S.E.), a value
not statistically different from 1.00. In a separate
series of 12 experiments, values for PS, were mea-
sured under control conditions. Then, pPCMBS was
added and Pj, was measured after 25 min. Use of
2.5 mM pCMBS for 25 min decreased P to
0.26 £ 0.17, a figure statistically different from
1.00 (¢ = 4.35, p < 0.001) but not from 0. After the
measurement in the presence of pCMBS, 5 mM
dithiothreitol was added and PS was measured
again. After 10 min, P5 was 1.91 + 0.26, a value
significantly higher than 0.26 + 0.17, but not stat-
istically different from 1.30 4+ 0.16 obtained in the
group of tubules treated with dithiothreitol alone.

Prevention of pCMBS action by thiourea
As is the case of erythrocytes, 0.1 M thiourea
prevented the action of 2.5 mM pCMBS [19]. This
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series of experiments were performed as follows.
First, control measurements of PS were per-
formed. Then, the tubules were bathed in a solu-
tion containing thiourea for 5 min and PS was
again measured. The ratio of thiourea/control
value was 1.51 + 0.21 (n = 12). Subsequently, and
still in the presence of thiourea, 2.5 mM pCMBS
was added and after 30 min, a group of PS mea-
surements was performed again. The average value
of P_, as referred to control values was 1.62 + 0.31
(n=12) which is not different from the average
ratio of 1.51 obtained previously. As has been
mentioned before, pCMBS would have decreased
P 10 0.26 + 0.17-times the control value.

Apparent activation energy, E, for P},

In these measurements, difficulties arose from
at least two factors: the temperature dependence
of the permeation process and the temperature
dependence of the binding of pCMBS to its recep-
tors. P measurements take a few seconds while
drug-receptor equilibration takes much longer (Fig.
3) [17,27]. Accordingly, measurements of Py, were
performed first under control conditions at 37, 27
or 12°C. Then the tubule was exposed to 2.5 mM
pCMBS for 25 min (at 10-15°C); the temperature
was jumped to one of the values mentioned above
within a fraction of a second and PS was mea-
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Fig. 4. Arrhenius plots of In PS, values obtained in proximal
tubules as a function of the reciprocal of the absolute tempera-
ture under control conditions (O) and after the preparation
had been treated with 2.5 mM pCMBS for 25 min (@). The
osmotic difference was 30 mosM. Each experimental point
shown is mean + S.E. of at least 12 measurements.
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sured again. By repeating the experiment using
different temperature jumps, we got sufficient data
to plot In P vs. the reciprocal of the absolute
temperature (1/7) (Fig. 4). The slope of the con-
trol group of 52 measurements (12 tubules) is
clearly different from that obtained after the addi-
tion of pCMBS (52 measurements, 12 tubules).
From the slopes, the apparent Arrhenius energy of
activation for the permeability process was calcu-
lated on the assumption that the permeability
coefficient could be expressed in the form Pj, =
A exp(—E,/RT). Where E, is related to the en-
thalpy of activation (see Refs. 14 and 22 for a
detailed treatment). Under control conditions, E,
was 3.2 + 1.4 kcal/mol. This value is not statisti-
cally different from 4.2 kcal /mol expected for free
viscous flow [22]. After the tubule had been treated
with pCMBS, E, significantly increased t0 9.2 + 2.2
kcal /mol.

Action of mersalyl

Addition of mersalyl lowers the values of Pg,.
The dose-response curve for the action of mersalyl
is shown in Fig. 5. After a 30 min exposure, the
ko s for mersalyl is 0.5 mM. In a series of 12
tubules, 30-min exposure of the tubules to 1 mM
mersalyl reduced PS5 significantly to 0.28 + 0.19
(n = 12) of its control value. Subsequent addition
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Fig. 5. Dose-response curves showing the action of mersalyl on
P£. In each experiment after five control measurements of Py,
the tubules were incubated with mersalyl at the stated con-
centration for 30 min and P was measured again in the
presence of this agent. PS is expressed as a fraction of the
control value obtained before mersalyl was added. In all mea-
surements, an osmotic difference of 30 mosM was used. Experi-
ments were performed at 10°C. The graph shows average
results.

of 5 mM dithiothreitol for 10 min reversed this
inhibition, yielding a value for P of 1.44 + 0.21
(n = 12) times its control level, a value statistically
not different from 1.00.

Mercurial agents react progressively with the
sulfhydryl groups existing in the proteins, with
very different time constants [27], and mercurial
diuretics have their peak of action several hours
after administration [31-33}. Therefore, we ex-
plored whether exposure to mersalyl for periods
longer than the 30 min, used in the dose-response
curve for practical reasons, further inhibited PS.
For this purpose 100 M mersalyl was added to a
tubule and P was measured at 10°C as a func-
tion of time. The experiment was repeated with 12
tubules.

Fig. 3 shows that 100 pM mersalyl has little
action after 30 min, in agreement with the dose-re-
sponse curve (Fig. 5). However, after 50 min, P
has in average been reduced to 0.5 of its control
value and to 0.2 after 2 h. This action of mersalyl
reversed upon addition of dithiothreitol (not
shown). The effectiveness of mersalyl at relatively
low concentrations in the tubule contrasts with
observations in red cells using short exposure times
[18]. These results prompted us to explore whether
therapeutical concentrations of mersalyl in vivo
would show any action on P. We injected 2.4 mg
mersalyl (i.e., 5 pmol mersalyl or 2 mg Hg) per kg
of body wt. into three different rabbits. Human
doses of mercurial diuretics were recommended to
be lower than 3.5 mg Hg/kg [31]. The rabbits had
free access to water and were killed 2 h later. The
tubules were dissected out and mounted to mea-
sure PS (see Methods). A P, value of 0.55 + 0.15
(relative to control) was obtained in 32 tubules,
significantly different from 1.00 ( p < 0.001). Sub-
sequent in vitro addition of 5 mM dithiothreitol
for 10 min increased the ratio to a value of 0.79 +
0.13 (n=32), a value not statistically different
from 1.00.

Discussion

The main findings of this work are: (1) that
under control conditions, P, varies with tempera-
ture as expected from the changes in the water
viscosity in free solution. This leads to calculation
of E, for P;, of 3.2 + 1.4 kcal/mol. (2) The use of



2.5 mM of the sulfhydryl reagent pCMBS lowers
PZ from a control value (extrapolated to 0 osmotic
difference) of 50.4-10~% cm’/s per osM per cm?
of basal membrane area to 0.26 of this value, i.e.,
to 13.1-10 in the same units. As mentioned in
Introduction, pCMBS was chosen because of its
specificity on water transport [25] and because it is
known to penetrate only very slowly and to a
small degree into the cell interior [34] so that the
possibility that it would affect other cell processes
inside the cell are less than with other mercurial
sulfhydryl reagents [3]. Mersalyl has a similar ac-
tion. This action of pCMBS and mersalyl on P,
has the following characteristics: (a) it is dose-de-
pendent; (b) it is quickly reversible upon addition
of dithiothreitol; (c) the action of pCMBS can be
prevented by the use of thiourea; (d) therapeutic
intramuscular doses of mersalyl significantly re-
duce P.. This action can be reverted by subse-
quent addition of dithiothreitol.

The observation that the action of pCMBS and
of mersalyl is reversible upon addition of di-
thiothreitol indicates that sulfhydryl groups are
involved in the structure of the water pathways,
and that the reduction of P. by the sulfhydryl
reagents is neither due to damage of the prepara-
tion during the incubation period nor to an irre-
versible effect of the mercurial compounds on the
membrane. On the contrary, its quick reversibility
with dithiothreitol indicates easily accessible sites
of action for pCMBS and mersalyl.

Prevention of pCMBS action by thiourea has
been observed in red cells [20]. It probably indi-
cates that thiourea in kidney cell membranes, as in
erythrocytes, acts near the site of action of pPCMBS.
However, the high concentrations of thiourea
needed indicate a low degree of affinity for this
action.

Action of pCMBS on P;_and on its E,

The observation that E, for P is 3.2 kcal /mol
under control conditions to be compared with 4.2
kcal /mol, which is the E, for bulk water viscosity,
indicates that a continuum for water movement
must exist across the cell membrane, thus explain-
ing a low degree of interaction between the water
molecules, moving across the membrane under the
osmotic force, and the membrne. The possibility
that Pg is apparently less (though not necessarily

in

significantly so) than 4.2 kcal /mol would be com-
patible with some slip at the water-membrane
interface in the water pore, in contrast to the zero
velocity at the interface layer in Poiseuille flow in
glass capillaries in which viscosity is normally
measured. In these respects, the present observa-
tions resemble those made in untreated (control)
erythrocytes [22]. As was previously reported in
red cells, E, increases significantly to 9.2 kcal / mol
after addition of pCMBS. If filtration of water
across the tubular cell membrane were, as in lipid
bilayers, without water channels, E, should be
near 10 kcal /mol or larger. This indicates that the
interaction between water molecules crossing the
membrane and the proximal tubular cell mem-
brane is increased by pCMBS as compared to that
observed under control conditions.

In additon, the P, values in the presence of
pCMBS are about one-fourth of the control val-
ues. P; is evaluated from the volume flow induced
per unit osmotic concentration difference. If the
pathways through which the water movement oc-
curs are cylindrical *, PS = Nawr*/8nAx, where N
is the number and r the radius of each of these
pathways, 7 is the water viscosity within the path-
ways (and should reflect the degree of interaction
between water and membrane) and 4x the length
of each of these pathways. Therefore, P, depends
on geometrical factors and on 7. The values for E,
of PJ. under control conditions indicates that 5
may be as in free solution *. The decrease in PS
with pCMBS must be due to geometrical terms
since addition of pCMBS does not change the
viscosity of water. This must, in all probability, be
due to conformational changes in the geometry of
the aqueous pathways (which leads to their virtual
occlusion through highly specific interaction of
pCMBS with sulfhydryl groups in the membrane
protein related to the structure of the pore), rather
than by mechanical blocking of the pore by the

* The validity of a calculation of pore radius based on the
continuum hydrodynamic theory has been checked experi-
mentally only for pores several nm in radius [20]. If the
pathways are not exactly cylindrical, the geometrical factors
change, but this is immaterial for the calculations that follow
which are to be taken as an example to analyze the signifi-
cance of the effect of pCMBS on P£ and not as an actual
representation of the shape of the water pathway in the
membrane.
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pCMBS molecule itself. This change need be only
small, since r intervenes as r*. Dithiothreitol re-
verts this change and suggests that the main action
of pCMBS is not secondary to irreversible changes
or to reaction of this agent with groups other than
sulfhydryl. Still unexplained is the observation that
although the effect of pCMBS on water transport
has a time-course in the order of 30 min, the
reversal of pCMBS inhibition by dithiothreitol is
of the order of 5 min.

Some tentative calculations

With the equation given in the last paragraph
and the present values of PS of 50.4-10™% cm’/s
per cm? of basal membrane osM, we can calculate
the number of cylindrical pores, N, that might
pierce the kidney cell membrane, if we use n = 0.69
cP (the viscosity of water in free solution at 37°C,
equivalent to 2.69-1071° osM/s) and Ax =7.5
nm. We assume that r ranges from 0.35 to 0.5 nm
which would include pores the size of the
gramicidin channel and the value of » measured in
red cells [12,20]. N turns out to range from 0.4 to
1.7 - 10" pores /cm’ of basal membrane area, which
would occupy less than 1% of the tubular area.
Due to the basolateral infoldings, there are 8.6 cm?
of real basolateral cell membrane areas per cm* of
basal membrane area [35). Therefore, Pg, is 5.9-
10~* cm?/s per cm? of real basolateral cell mem-
brane area per osM and (5-20) - 10'® pores occupy
1 cm? of real basolateral cell membrane area.
These values are to be compared with a figure of
1.7 - 10" pores/cm? of erythrocyte area. There are
2.7 - 10° pores/red cell. The average area of a red
cell is 163 u? [20]. In our preparation, the water
osmotic permeability per pore turns out to range
from (3-12)-10~" cm’/s per osM, to be com-
pared with figures of the order of (1.7-2.5)-107 %5
(same units) for the red cell and of 1.0-10~1 for
the gramicidin channel [12). Given the number of
assumptions used in the calculations, the coinci-
dence between these water permeabilities may be
fortuitous. However, agreement between red cells
and proximal tubular cells might be expected,
since the water osmotic permeability of these two
cells agree when expressed per real cell surface
area [8].

In short, the present paper shows high values of
PS in the peritubular cell membrane of untreated
proximal straight tubule with an E, compatible

with free water movements, as observed in viscous
flow, strongly suggesting the presence of continu-
ous water pathways piercing the cell membrane.
pCMBS lowers P: and increases E, to 9.2 4+ 2.2
kcal/mol. Whatever permeability remains in the
presence of pCMBS, it can be due to the presence
of a diffusive flow driven by the difference in
water activity set up by the osmotic gradient ex-
perimentally imposed between bath and cell inter-
ior, and to the presence, if any, of some parallel
remnant viscous flow. This latter possibility is
suggested, because E, in the presence of pCMBS
falls a bit short of the 12-14 kcal /mol expected
from bilayers.

Besides the evidence presented in this paper,
and as mentioned in Introduction, the following
additional criteria help define the presence of
aqueous pores and therefore of viscous flow in cell
and artificial membranes. (a) The observation that
P_ /P, for water is significantly larger than 1; (b)
the demonstration of solvent drag of solute accom-
panying the osmotic flow; (c) the presence of
graded permeability to small solutes (molecular
sieving); (d) the observation that the ratio of the
diffusive permeability for water to that for other
solutes greatly exceeds the values for such ratios in
artificial membranes {23]. This ratio keeps a fairly
constant value for a given lipid bilayer (not con-
taining water pores) and is greatly exceeded when
these membranes are incorporated with pre-form-
ing antibiotics [23]. Experiments along these lines
should be tried in the kidney tubule to further the
present findings and to ascertain whether the
aqueous pores are also used by small non-electro-
lytes and ions [9].

Another remaining question relates to the pro-
tein responsible for these water pathways. Evi-
dence that Band III is related to the water pore of
red cells has been provided, although these are still
conflicting view [20]. Measurements of this protein
density in kidney tubular cell membranes should
lead to finding an answer to this question.

Finally, a word about the action of mercurial
diuretics. Although there is evidence that mercurial
compounds inhibit salt transport in epithelia, and
this explains the diuretic action of these com-
pounds [31-33,36], the present experiments open
the possibility that curtailment of water permeabil-
ity contributes to their diuretic effect.



Acknowledgements

Part of these ideas were developed in fruitful
discussions with Professor A.K. Solomon, Dr. G.
Camejo and Dr. Flor V. Barnola. Professor Linde-
mann helped to improve the manuscript. It is a
pleasure to acknowledge the help of Mr. J. Mora,
Mr. A. Cazorla and Mr. F. Murillo with the equip-
ment. Part of this research was supported with
grants from CONICIT, PNUD/RLA 78,/024 and
CDCH project-M-09.582. G.W. is also Professor
in Fundacion Internacional de Estudios Avanza-
dos, IDEA. A preliminary report of some of these
findings has appeared in abstract form [37].

References

1 Whittembury, G. (1965) Acta Cientif. Venezol. 18, Suppl. 3,
71-83
Hill, A.E. (1980) J. Membrane Biol. 56, 177-182
Sackin, H. and Boulpaep, E.L. (1975) J. Gen. Physiol. 66,
671-733 '
4 Whittembury, G. and Hill, B.S. (1982) Proc. R. Soc. Lond.
B215S, 411-431
5 Windhager, E.E. (1979) in Membrane Transport in Biology
(Giebisch, G., Tosteson, D.C. and Ussing, H.H., eds.), Vol.
4a, pp. 143-213, Springer-Verlag, Berlin
6 Carpi-Medina, P., Gonzalez, E. and Whittembury, G. (1983)
Am. J. Phpysiol. 244, F554-F563
7 Berry, c.A. (1983) Am. J. Physiol. 245, F279-F294
Gonzalez, E., Carpi-Medina, P. and Whittembury, G. (1982)
Am. J. Physiol. 242, F321-F330
9 Finn, A.L. (1979) in Membrane Transport in Biology
(Giebisch, G., Tosteson, D.C. and Ussing, H.H., eds.), Vol.
3, pp- 209-237, Springer Verlag, Berlin
10 Welling, L.W., Welling, D.J. and Ochs, T.J. (1983) Am. J.
Physiol. 245, F123-F129
11 Persson, B.E. and Spring, K.R. (1982) J. Gen. Physiol. 79,
481-505-
12 Fettyplace, R. and Haydon, D.A. (1980) Physiol. Rev. 60,
510-550
13 Cass, A. and Finkelstein, A. (1967) J. Gen. Physiol. 50,
1765-1784
14 Cohen, B.E. (1975) J. Membrane Biol. 20, 205-234
15 Cohen, B.E. (1975) J. Membrane Biol. 20, 235-268
16 Macey, R.I. (1979) in Membrane Transport in Biology
(Giebisch, G. Tosteson, d.C. and Ussing, H.H., eds.), Vol.
2, pp. 1-58, Springer-Verlag, Berlin

wW N

o0

373

17 Macey, R.I., Karan, D.M. and R.E.L. Farmer (1972) in
Passive Permeability of Cell Membranes (Kreuzer, F. and
Slegers J.F.G., eds.), Biomembranes, Vol. 3, pp. 331-340,
Plenum Press, New York

18 Sha’afi, R.I. (1981) in Membrane Transport (Bonting, S.L.
and De Pont, J.LJ.H.H.M,, eds.), pp. 29-60, Elsevier/North
Holland, Amsterdam

19 Solomon, A K. (1972) in Passive Permeability of Cell Mem-
branes (Kreuzer, F. and Slegers, J.F.G., eds.), Biomem-
branes, Vol. 3, pp. 299-330, Plenum Press, New York

20 Solomon, A.K., Chasan, G., Dix, J.A., Lukacovic, M.F,,
Toon, M.R. and Verkman, A.S. (1983) Ann. N.Y. Acad.
Sci. 414, 97-124

21 Terwilliger, T.C. and Solomon, A.K. (1981) J. Gen. Physiol.
717, 549-570

22 Vieira, F.L., Sha’afi, R.1. and Solomon, A.K. (1970) J. Gen.
Physiol. 55, 451466

23 Finkelstein, A. (1976) J. Gen. Physiol. 68, 137-143

24 Carpi-Medina, P., Gonzilez, E., Lindemann, B. and Whit-
tembury, G. (1984) Pflugers Arch. 400, 343--348

25 Naccache, P. and Sha’afi, R.I. (1974) J. Cell Physiol. 83,
449-456

26 White, A., Handler, P. and Smith, E.L. (1968) Principles of
Biochemistry, 4th edn., McGraw-Hill, New York

27 Boyer, P.D. (1954) J. Am. Chem. Soc. 76, 4331-4337

28 Garrahan, PJ. and Rega, AF. (1967) J. Physiol. 193,
459-466

29 Dick, HJ. (1977) Inaugural dissertation, Medizinische
Fakultaet der Universitaet des Saarlandes

30 Rothstein, A., Takeshita, M. and Knauf, P.A. (1972) in
Passive Permeability of Cell Membranes (Kreuzer, F. and
Slegers, J.F.G., eds.), Biomembranes, Vol. 3. pp. 393-414,
Plenum Press, New York

31 Goldberg, M. (1973) in Handbook of Physiology, Section B,
Renal Physiology (Orloff, J. and Berliner, R.W., eds.), pp.
1003-1032, American Physiological Society Washington,
DC

32 Kessler, R.H,, Lozano, R. and Pitts, R.F. (1957) J. Clin.
Invest. 36, 656-668

33 Mudge, G.H. and Weiner, .M. (1958) Ann. N.Y. Acad. Sci.
71, 344-354

34 Vansteveninck, J., Weed, R.I. and Rothstein, A, (1965) J.
Gen. Physiol. 48, 617-632

35 Welling, L W. and Welling, D.J. (1975) Kidney Int. 8,
343-348

36 Linderholm, H. (1952) Acta Physiol. Scand. 27, Suppl. 97,
1-104

37 Gonzalez, E., Carpi-Medina, P., Linares, H. and Whittem-
bury, G. (1983) Acta Cientif. Venezol. 34, Suppl. 1, 215



