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Summary. The osmotic water permeability P; of brush border
(BBM) and basolateral (BLLM) membrane vesicles from rat small
intestine and renal cortex was studied by means of stopped-flow
spectrophotometry. Scattered light intensity was used to follow
vesicular volume changes upon osmotic perturbation with hyper-
tonic mannitol solutions. A theoretical analysis of the relation-
ship of scattered light intensity and vesicular volume justified a
simple exponential approximation of the change in scattered light
intensity. The rate constants extracted from fits to an exponen-
tial function were proportional to the final medium osmolarity as
predicted by theory. For intestinal membranes, computer analy-
sis of optical responses fitted well with a single-exponential treat-
ment. For renal membranes a double-exponential treatment was
needed, implying two distinct vesicle populations. P; values for
BBM and BLM preparations of small intestine were equal and
amount to 60 wm/sec. For renal preparations, P, values amount
to 600 um/sec for the fast component, BBM as well as BLM, and
to 50 (BBM) and 99 (BLLM) um/sec for the slow component. The
apparent activation energy for water permeation in intestinal
membranes was 13.3 £ 0.6 and in renal membranes 1.0 = 0.3
kCal/mole, between 25 and 35°C. The mercurial sulfhydryl re-
agent pCMBS inhibited completely and reversibly the high Ps
value in renal brush border preparations. These observations
suggest that in intestinal membranes water moves through the
lipid matrix but that in renal plasma membranes water channels
may be involved. From the high P; values of renal membrane
vesicles a transcellular water permeability for proximal tubules
can be calculated which amounts to ~1 cm/sec. This value al-
lows for an entirely transcellular route for water flow during
volume reabsorption.
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Introduction

The interpretation of observed transepithelial water
permeability data of intact tissue is controversial
and there has been considerable debate over the
meaning and the magnitude of Pr values [2, 6, 18].
Pitfalls in studying water flows across intact epithe-
lia are unstirred layers, time resolution of flow mea-

surements, membrane area amplification and the
route of water flow, cellular vs. paracellular. These
problems can be circumvented when osmotic flows
are measured across isolated membrane vesicles
with a stopped-flow technique in which scattered
light intensity is used to follow vesicular volume
changes. The advantage is that volume flows are
monitored continuously with time resolution of 2 to
3 msec and osmotic flows are related to real mem-
brane area without interference of unstirred layers.
The disadvantage is that vesicle populations may be
inhomogeneous in size and composition. The tech-
nique has been widely used to determine solute and
water permeabilities [1, 19, 25, 28, 32, 35, 36, 42]. In
the present study we used brush border as well as
basolateral membrane preparations from small in-
testine and renal cortex in an attempt to determine
the physiological relevance of osmotic measure-
ments on isolated membrane preparations. The the-
oretical aspects have been considered and tested
experimentally. Obtained Py values were discussed
in view of recent measurements on intact cells with
a combination of Nomarski optics and a computer-
ized video technique [4, 30, 39].

Materials and Methods
MEMBRANE PREPARATIONS

Brush border membranes of rat small intestine were isolated
according to the Mg?* precipitation method described by Hauser
et al. [13]. Rat renal brush border membranes were isolated with
two subsequent Mg?* precipitation steps according to Biber et al.
[3]. Basolateral membranes of rat small intestine were isolated as
before [11]. Rat kidney cortex basolateral membranes were iso-
lated by means of centrifugation in 38% sucrose followed by
centrifugation in 8% Percoll® [15]. All membrane vesicle prepa-
rations were washed in 100 mM mannitol, 2 mM MgCl, and 5 mm
HEPES/Tris, pH 7.4, spun down at 100,000 x g for 20 min and
resuspended in the same medium. The membrane preparations
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were used for experiments either freshly or after storage in liquid
N, within 5 days. No difference in Py values between membrane
vesicles freshly used or after storage was noticed. Enzymes and
protein were assayed as previously [11, 15]. Purification factors
for the relevant marker enzymes were as given in the original
publication.

STOPPED-FLOW EXPERIMENTS AND
LIGHT-SCATTER MEASUREMENTS

Light-scatter intensity was measured using an Aminco Morrow
stopped-flow apparatus mounted on an Aminco DW2a spectro-
photometer. The photomultiplier tube was mounted on the
stopped-flow unit under 90° with the incedent beam from the
DW2a monochromator. The photomultiplier signal was amplified
with an Aminco photomultiplier microphotometer and this am-
plified signal was visualized on the monitor of an Apple Ile com-
puter and stored with an appropriate time base.

To perform the experiments, 50 to 200 ul of a concentrated
vesicle suspension was diluted into 2.7 mi 100 mM mannitol, 2
mM MgCl, and S mm HEPES/Tris, pH 7.4. One of the syringes of
the stopped-flow apparatus was filled with this membrane sus-
pension while the other was filled with a similar solution without
membranes and a different mannitol concentration in order to
obtain an osmotic perturbation upon mixing. One-to-one mixing
was accomplished by applying 4 atm pressure. The final protein
concentration after mixing was always between 50 and 150 ug/
ml. The stopped-flow apparatus was thermostated at 35°C, un-
less stated otherwise. Signals of 3 to 5 subsequent runs under
identical conditions were summed by an Apple Ile computer and
after correction for the signal change of an equal amount of runs
with no osmotic perturbation the data were analyzed on a PDP11
computer using a nonlinear least-squares fitting program.

ELECTRON MICROSCOPY

To determine vesicular dimensions, electron micrographs were
taken on a TEM-300 electron microscope. Pellets of membrane
vesicles were fixed with 2% glutaraldehyde in a 0.1 M phosphate
buffer, pH 7.4, washed with 0.1 M phosphate buffer (pH 7.4),
treated with 1% OsO, and washed twice again with the same
phosphate buffer. After dehydration and embedding in Epon,
thin sections were stained with uranyl and lead citrate. Vesicular
structures from randomly chosen micrographs were stereologi-
cally analyzed on a desk computer (Videoplan, Kontron GmbH
FRG).

THEORY

When volume changes of membrane vesicles are followed via
changes in turbidity or light scattering one has to know the exact
relationship between the optical signal and the vesicular volume.
This problem has been approached experimentally [1, 34] and
theoretically using the Mie and van de Hulst equations [23, 24].
However, Koch [21, 22] showed that the applicability of the
more simple Rayleigh-Gans approximation can be extended to
large particles such as mitochondria and bacteria for turbidity as
well as light-scattering measurements.

Starting from the Rayleigh-Gans approximation the turbid-
ity or light scattering can be written as

S=h-F-Q (1)

in which # is independent of the vesicular properties and F and Q
are functions described in detail by Chong and Colbow [5].

A simple way to relate the optical signal S to the change in
vesicular radius R is to take the logarithmic form of Eq. (1) and
differentiate it.

dlnSidlnFJra'InQ' )
dlnR dinR  dInR
Now the relation between S and vesicular volume is
1 1dl
din S ns _x 3)

dinV 3dInR

It has been shown previously that F is fairly insensitive to
changes in R [S].

When vesicles are mixed with a hypertonic solution with
one impermeable solute the volume flow J, is given by the equa-
tion

dv

J, = adi = ~L,RTAC = ~V,PAC 4

dv L
where @ is the volume change per unit time, A the membrane

area, L, the hydraulic conductivity, R and T the gas constant and
temperature in °K, V, the molar water volume, Py the osmotic
water permeability and AC the osmotic gradient in Osm/liter
[20].

Combining Egs. (3) and (4) results in

das dav - A
Sd - —XW=XVWP,*‘—/AC. (5)

In Eq. (5) the magnitude of § is uncertain since leaky vesicles
contribute to § but not to dS/d:. Also X is not exactly known.
Experimentally, vesicles with an initial vesicular volume V,
in an osmotic medium C,, are mixed with a solution with osmo-
larity C,,. V, will change to the end value V... Since vesicles have
an osmotically inactive volume b, the osmotic equation will be

C(V —b)=C\V, — b)=C,(V. — b). (6)

Assuming that Prand A in Eq. (4) remain constant and using Eq.
(6), then Eq. (4) can be integrated exactly with the result:

Vo — V} V-V, AC,
In {Vm =V, T V. C, - K-t (7a)
where AC, = C,, — C, and
~ A b\-1 C2,
K= VM-P_/'VU (1 V(,) C. . (7b)

A similar result was obtained before by Macey [25] and Terwilli-
ger and Solomon [35].

Equation (7a) can be approximated by a more simple equa-
tion realizing that (V — V,)/ V.. — V,) is relatively important in the
initial stage of the process when the logarithmic term is still
small. Therefore we can make the approximation:

———V_V"~(——dv)- —V-Pi<1—i>flc 8
v, \ava), TV By Lo y) Gt ®

where AV =V, — V,.
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Substituting Eq. (8) into Eq. (7) we obtain

1{V;C—V}__K 9
V.=, TR (%)
where

K—Vpi(l-iylc 9
e wl f v; V; m» ( )

This approximation yields a simple exponential function with a
rate constant proportional to C,. This result differs from the
“small perturbation’’ theory of Farmer and Macey [8], which
resulted in a simple exponential behavior with a rate constant
proportional to C%/C,. The optical signal can now be intro-

) dln § .
duced using Eq. (3). From Firea —X we obtain

V=H. S (10)
where H results from integration.

Substituting Eq. (10) into Eq. (7) and making use of the
approximation
A —-a™=1/X)1-a™") 1

we arrive at the following equation

_(5-8) 5. aC,
(Ssc - So) S Co

In {(S” —9) S”} = Kt 12)

S-—5) §

where K is defined as in Eq. (7b).
For the same reason as stated under (7a), Eq. (12) can be
approximated by

1{S°°_S}——K 13
05 =5, = K (13)

Equation (13) will deviate seriously from Eq. (7), which is shown
in Fig. 1 where the left-hand sides of Egs. (12) and (13) are
compared with the left-hand side of Eq. (7) as a function of the
progress of the volume change.

Despite these large deviations when Eq. (13) is used, it is
still justified to interpret the optical signal as a single exponential
as long as the appropriate rate constant X, is used as defined in
Eq. (9b). Experimental evidence for this approach will be given
in the Results section.

For calculation of P, values we have fitted the optical sig-
nals to one- and to two-exponential functions:

S =8, — AS exp(—K.p) (149
and
S = 8. — AS, exp(— K1) — AS; exp(— K1) (15)

where AS; and AS;correspond to the signal changes with either a
slow rate constant K; or a fast one K. K., K, and K, are inter-
preted as in Eq. (9b).

From AS = AS; + AS; a weighted averaged rate constant
K, can be determined

_[dS _ KAS, + KAS,
Ko = (ASdt)o = AS - a6

% %
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Fig. 1. Percentage deviation of the left-hand side of Eq. (12) (left
panel) and Eq. (13) (right panel) from the left-hand side of Eq.
(7a), as a function of the progress of the vesicular volume change
(BV/AV). AV =V, — V,and 8V = V —~ V,. For calculations the
value X = § (Eq. 3) has been used. Solid line: C, = 0.1 Osm and
C,, = 0.3 Osm; Dotted line: C, = 0.4 Osm and C,, = 0.1 Osm

Results

WAVELENGTH AND VESICULAR VOLUME
DEPENDENCE OF THE OPTICAL SIGNAL

The turbidity = for suspensions of intestinal and re-
nal BBM vesicles was measured between 350 and
750 nm. The value d In 7/d In A varied slightly with
the aperture but was between —1.6 and —1.5. For
90° scattered light the value d In S/d In A, had a
minimum of —1.6. However, the sensitivity of the
photomultiplier tube varied with the wavelength. In
this study all experiments with scattered light were
done at 400 nm. The volume dependence of 90°
scattered light intensity could be estimated to be d
In $/d In V = —0.87 (Eq. 3). Yoshikawa et al. [43]
reported an X value of 0.67 for liposome suspen-
sions, applying the Mie theory.

OsMOTICALLY INDUCED CHANGES IN SCATTERED
LIGHT INTENSITY

In Fig. 2 a typical example is given of the time
course of the scattered light intensity when renal
and intestinal BBMV’s are rapidly mixed with a hy-
pertonic solution. There is a striking difference be-
tween the two BBMV populations. The scattered
light from renal BBMV suspension increases much
faster in intensity after osmotic perturbation. In
Figs. 3 and 4 the changes in scattered light intensities
from renal and intestinal BBMV suspensions have
been fitted to a single and to a double-exponential
function. It is obvious that with intestinal BBMV
the fit is good with one exponential, which suggests
a rather homogeneous vesicle population. With re-
nal BBMYV the fit to a double-exponential function
is better than the fit to one exponential. This result
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A SCATTERED INTENSITY
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Fig. 2. Time course of change in
scatter intensity after osmotic
perturbation of rat renal and
intestinal brush border vesicles.
Upper curve: renal BBMV; middle
curve: intestinal BBMV; lower
curve: isoosmotic experiment (C, =
C, = 116 mOsm). C, = 116 mOsm;
C, = 219 mOsm. The traces
represent a summation of five single
shots
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Fig. 3. Computer fit of change in scatter intensity from a renal
brush border membrane preparation, after correction for the iso-
tonic response. Solid line: double-exponential fit; Dotted line:
single-exponential fit

points to an inhomogeneity either in vesicle size or
in water permeability.

INTERPRETATION OF RATE CONSTANTS

For calculating osmotic water permeability Py, we
have used the simplified exponential approximation
as outlined under Theory (Eq. 13). To justify this
approach we did osmotic shrinking experiments
with rat intestinal BBMV and increasing osmotic
gradients. The correct interpretation of the rate
constant K was obtained from plots of the left-hand

T

450 600 ms

Arbitrary units
14.5 4

Scat

.3744 ; .
11.8 639.
Time (Mms)

Fig. 4. Computer fit of change in scatter intensity from a small
intestinal brush border membrane preparation, after correction
for the isotonic response. Solid line: double-exponential fit; Dot-
ted line: single-exponential fit

side of Eq. (12) versus ¢ in which K is interpreted as
in Eq. (7b). The single-exponential approach gives
us the rate constant X,. In Fig. 5 the osmotically
corrected rate constants are plotted as a function of
the medium osmolarity. It is obvious that within
each single experiment there is a much better agree-
ment between K,/C,, and the correct interpretation
K - C,/C% than between K, - C,/C% and K - C,/
C?%,. The last interpretation, K, - C,/C%, used by
Macey’s group [8, 25] obviously leads to the errone-
ous conclusion that water permeability is a function
of osmolarity. When the rate constants K - C,/C?,
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Table 1. Osmotically corrected rate constants sec™' Osm~' for rat renal and intestinal plasma mem-

brane vesicles, and the dimensional parameters

Intestine Kidney

BBM (n = 4) BLM (n = 3) BBM (n = 9) BLM (n = 4)
K./C2 34.0 £ 0.2 29 = 130 = 19 41 +£ 10
K,/C,P 43.7 £ 0.3 44 = 11 263 = 7 68 + 19
K,/C,c — — 37+ 3 23 =12
K,/C,8 — — 443 £ 15 130 = 32
V,/A 35 nm 35 nm 35 nm 90 nm
(1 - blV,)r 0.72 0.72 0.72 0.88

a K, , rate constant from a single-exponential fit (Eq. 14).

b K. weighted averaged rate constant from a double-exponential fit (Eq. 16).
¢d K., K, slow and fast rate constant of a double-exponential fit (Eq. 15).
¢ b = osmotic inactive vesicle volume calculated from (R — 10)*/R3, assuming a membrane thickness of

10 nm.

sec™'., Osm

60

504 3

404 n .

304 A

20
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100

300
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Fig. 5. Comparison of osmotically corrected rate constants (S
- Osm~!) from osmotic shrinking experiments with intestinal
brush borders. ®—@ K - C,/C2, according to Eqs. (12) and (7b);
B—N X,/C,, according to Egs. (13) and (9b); A—A K, - C,/C2,
according to Egs. (12) and (7b); C, = 0.116 osm

and K,/C,, are used the water permeability turns out
to be independent of the medium osmolarity.

In all further experiments we have used the sim-
ple exponential approximation and interpreted the
rate constant K, as in Eq. (9b).

VESICULAR DIMENSIONS

The dimensions of the vesicles of renal and intesti-
nal BBM and BLM were determined from electron
micrographs of thin sections. The BBM vesicles
were of uniform size and an average value for V,/A
could easily be obtained. The BLM vesicles were

Table 2. Osmotic water permeabilities of rat renal and intestinal
brush border and basolateral membrane vesicles

P; (um/sec)
BBM BLM
Small intestine 60 = 0.4* (4 60 £ 15 (3)

Kidney
Fast component
Slow component

359 £ 10 (9)
604 =20  (58%)
50+ 4 (42%)

291 = 81* (4)
557 = 137 (46%)
9+ 5 (54%)

* Calculated from the weighted rate constant K, of a double-
exponential fit.

2 Mean values *= S with number of experiments in parentheses.
In case of two exponentials the percentage in parentheses
means:

AS;
A_S x 100% or

AS;
A < 100%.

less uniform. The renal BLM preparation especially
contained larger vesicles with more irregular
shapes. In Fig. 6 the histograms are given for the
dimensions of the four membranes used. All, except
the renal BLM have calculated V,/A ratios of about
35 nm. This ratio varied between 40 to 90 nm for
renal BLMV's.

OsmoTIC WATER PERMEABILITIES

All data were fitted to a single- and to a double-
exponential function. In Table 1 the dimensional
parameters and the rate constants are summarized
which have been used for calculating the osmotic
water permeabilities of the four membrane types.
Table 2 gives the calculated Py values for renal and
intestinal membranes. The P, values for renal mem-
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| ' " Fig. 6. Histograms of vesicular diameters
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100 .200  .300 .400 200 electron micrographs. (A4) R.’:it mte-stmal brush
border membranes; (B) Rat intestinal
c D basolateral membranes; (C) Rat renal brush
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1 1 border membranes; (D) Rat renal basolateral
P membranes. The dotted lines indicate the
gaussian distributions around the mean values
a5 4 55 4 ) with standard deviations. Mean values * SE
for diameters are: (A) 0.180 = 0.081 um, n =
197; (B) 0.181 = 0.068 um, n = 177; (C) 0.191
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Fig. 7. Temperature dependence of osmotic shrinking behavior of brush border membranes. (A) Rat small intestine; K, obtained from
single exponential fit. (B) Rat renal cortex weighted averaged K, from double-exponential fit. All experiments were done with C, =
0.116 mOsm and C,, = 0.219 mOsm

branes are significantly higher than those for small  ues. Roughly half of the renal vesicles have a
intestine. This difference becomes even more strik-  10-fold higher P, value than the intestinal vesicles.
ing when the fast and slow components of the opti-  The other half has similar P, values as the intestine.
cal signal are used separately in calculating Prval-  Another important observation is that both cell
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A SCATTERED INTENSITY
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Fig. 8. Effect of pCMBS on change
in scattered light intensity from rat
renal brush border membranes.
Upper curve: untreated control;
Middle curve: after 45-min exposure
to 1.5 mm pCMBS; Lower curve:
after 5-min exposure to 10 mMm
pCMBS

150 300

O

poles have equal water permeabilitics which sug-
gests that cortical renal and small intestinal cells are
symmetrical with respect to water flows.

APPARENT ACTIVATION ENERGIES AND EFFECT
ofF pCMBS

Since Py values of renal membranes are one order of
magnitude larger than those for intestine we studied
the temperature dependence. Osmotic shrinking ex-
periments were done at 25, 30 and 35°C with five
intestinal and six renal brush border preparations.
The results are shown in Figs. 74 and B. The slopes
of the Arrhenius plots yields a mean value for the
apparent activation energy of 13.3 = 0.6 kCal/mol
for intestinal BBMV, with a minimum value of 9.6
kCal/mol. For renal BBMV there was almost no
influence of temperature on Pybetween 25 and 35°C.
The mean value for activation energy was 1.0 = 0.3
kCal/mol. The low activation energy for the renal
water permeability suggests that water can cross
the membrane relatively free, possibly through wa-
ter channels. Water permeation through intestinal
membranes is most likely through the lipid matrix.

Water permeability mediated by water channels
has been shown to be reversibly inhibited by mercu-
rial sulthydryl reagents such as pCMBS (p-chloro-
mercuribenzene sulfonate) [26]. For this reason we

450 600 ms

studied the effect of pCMBS on renal BBMV water
permeability. In Fig. 8 the effect of pCMBS on os-
motic shrinking of renal BBMV is shown. With 10
mM pCMBS the fast component of the shrinking
process completely disappeared after 5-min expo-
sure to the drug. At 1.5 mm the inhibition process
can be followed more closely since it takes 30 min
before the inhibition is completed. In Table 3 a typi-
cal example is given of the time course of the inhibi-
tion of water permeability by pCMBS.

Three conclusions can be drawn from Table 3:
i) the contribution of the fast component to the total
change in scatter intensity (ASyas % of AS) is re-
duced by pCMBS, but the high P, value is relatively
unaffected by pCMBS. This result is most easily
interpreted if water channel closure is all or none.
Apparently, pPCMBS acts by reducing the number of
channels. A similar conclusion was reached for red
blood cell water channels by Macey [26]; ii)) pCMBS
acts reversibly on renal water channels since
dithiothreitol restores the contribution of the fast
component to the scatter signal; iii) The low P
value, most likely the lipid matrix permeability, in-
creases by pCMBS.

The experiments shown in Fig. 8 and Table 3
were repeated with two other membrane prepara-
tions with similar results. In addition, pPCMBS had
no effect on osmotic shrinking of small intestinal
BBMYV.
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Table 3. pCMBS effect on osmotic water permeability of rat renal brush border membrane vesicles

Change in scatter intensity

(% of AS) Py (um/sec)
Fast (ASy) Slow (AS,) High Low
Control 47 53 450 37
p CMBS exposure time: 5 min 45 55 444 66
10 51 49 480 75
15 43 57 333 92
20 38 62 330 72
30 8 92 329 76
60-min pCMBS? + 25-min DTT® 36 64 380 87

2 pCMBS, p-chloromercuribenzene sulfonate (1.5 mm).
b DTT, dithiothreitol (1.5 mm).

Discussion
METHODOLOGICAL ASPECTS

Changes in scattered light intensity were used to
follow the osmotic shrinking of renal and intestinal
membrane vesicles and from these experiments os-
motic water permeabilities were calculated. Al-
though the principle has been widely used for eryth-
rocytes, membrane vesicles and liposomes, most
studies use this method for comparing solute per-
meabilities and not to extract absolute values for
permeabilities [1, 19, 25, 32]. We justified our ap-
proach both theoretically and experimentally and
concluded that a simple exponential approximation
can be used provided the rate constant K, is consid-
ered being proportional to C,, and not to C2,/C,, and
as long as d In §/d In V does not deviate too much
from —1 (Figs. 1,5).

The size analysis based on electronmicroscopy
(Fig. 6) showed a gaussian distribution around a
mean value for all four preparations, suggesting a
reasonably homogeneous vesicle preparation with
respect to size. In a recent study it was demon-
strated that size analysis of membrane vesicles by
means of electronmicroscopy, gel filtration and
quasi elastic light scattering yielded identical di-
mensional parameters [29]. Moreover, the size for
BBM vesicles reported by Perevucnik et al. [29] is
identical to our values in Fig. 6A4,C. In our study
only renal BLM vesicles were significantly larger,
which could be due to the mild homogenization step
with a Dounce apparatus [15]. Also canine renal
BLMYV were irregularly shaped with vesicle diame-
ters ranging between 0.5 and 1.0 pwm [41].

Although the size distribution is rather homo-
geneous, the degree of resealing may present a
problem in interpreting permeability coefficients
of membrane vesicles. It is obvious that vesicles

with a ¢ = o for mannitol do not contribute to
osmotic shrinking. These vesicles contribute to
the scatter intensity S, but not to AS after osmotic

. Cn
perturbation. Therefore the value g—s " AC. Pro-

vides information about the percentage of osmoti-
cally active vesicles. This value was twice as high
for BBM as for BLLM preparations, suggesting twice
as many resealed vesicles in BBMV than in BLMV
counterparts. The agreement with previous data is
striking, since BLM preparations of small intestine
and renal cortex contain 40 to 50% leaky vesicles,
based on latency in Na*,K*-ATPase activity [11,
15]. In another study we estimated mannitol and
salt permeability coefficients of renal and intestinal
BBMYV and found values around 1 nm/sec which is
5 orders of magnitude smaller than Py values for
these membranes [17]. We also observed that after
storage of vesicles in liquid N, the solute permeabil-
ity increased twofold while the water permeability
remained unchanged (unpublished observation). It
is therefore unlikely that small differences in manni-
tol permeabilities among membrane vesicles will af-
fect Pr measurements seriously.

Brush border and basolateral membrane prepa-
rations are contaminated with membranes derived
from intracellular organelles. How does this affect
the conclusions of our study? The optical signal
from intestinal BBMV and BLMYV fit well with one
exponential function. This implies a homogeneity in
size and in water permeability of the membranes
present in these preparations. Therefore, intracellu-
lar membranes either have the same P, value as
plasma membranes or do not contribute to AS be-
cause they are too leaky. The first possibility is
most likely and could also explain the two P, values
found for renal BBM and BLM preparations. The
high Py value reflects the plasma membranes and the
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Table 4. Osmotic water permeabilities of epithelial cell membranes®

Py {pm/sec) Preparation Source
Brush border Basolateral
Rat kidney cortex 604 557 Vesicles This study
Rabbit kidney cortex 110 — Vesicles Verkman et al. [36]
Rabbit kidney PCT — 293 Intact cells Welling et al. [39]
PST — 345 Intact cells Welling et al. [39]
PST — 340 Intact cells Capri-Medina et al. [4]
Rat small intestine 60 60 Vesicles This study
12 (25°C) — Vesicles Worman & Field [42]
Necturus gallbladder 70" 500 Intact cells Persson & Spring [30]
Corneal endothelium 300600 — Intact cells Fishbarg [10]

2 All data per unit membrane area.
® Per unit membrane area as cited in Berry [2].

low P, value the intracellular membranes. Since
both contributions to AS are roughly equal (Table 2)
this means that about 50% of the membranes could
be of plasmalemmal origin. This possibility is sup-
ported by recent work on Na*/H"* exchange in renal
BBM. Mircheff et al. [27] demonstrated that con-
ventional renal BBM preparations can be resolved
into four distinct membrane populations with a
counter-current distribution technique. Roughly
50% of the membranes were of plasmalemmal ori-
gin, an estimate in good agreement with our inter-
pretation of the two components of AS.

PHYSIOLOGICAL MEANING OF Py VALUES OF
MEMBRANE VESICLES

Osmotic permeabilities obtained in this study are
compared with recent P, values from the literature
in Table 4. When differences in techniques and spe-
cies are taken into consideration, it is surprising
that our Py values for renal membranes are almost
equal to those reported by Welling et al. [39] and
Carpi-Medina et al. [4] measured on intact proximal
tubular cells. Our P, values for intestinal mem-
branes are similar to Persson and Spring’s [30] val-
ues for intact gallbladder cells. Recently Verkman
et al. [36] reported a fivefold lower Py for rabbit
renal BBMV. In the initial stage of our study we
used rabbit renal BBMV and found a similar low P,
value [16]. Moreover, we never found two different
vesicle populations as in rat renal cortex. At the
moment this species difference is puzzling but de-
serves further study. It is feasible that either cy-
toskeletal elements in rabbit BBMV affects the os-
motic response or that water channels become
inactivated or partly damaged during membrane
isolation. Worman and Field’s [42] P, value for rat

intestinal BBMYV is small compared to our value but
these authors worked at 25°C, did not correct for
the osmotic inactive space and used Macey’s small
perturbation theory. All three factors work in the
same direction, i.e., underestimation of the P,value.

An important conclusion from our study is that
BBM and BLM have equal P, values. In rabbit
proximal tubules, Welling and Welling [37] showed
that the brush border area and the lateral cell wall
area are equal. Hence, proximal tubular cells are
symmetrical with respect to water permeability.
The same conclusion was reached for gallbladder
epithelium [30]. Combining Welling’s estimate [37,
38] for membrane area amplification (46 cm?/cm?
epithelial surface) and our Py values, then the trans-
cellular P, value can be calculated and amounts to
1.38 cm/sec. Measured transepithelial P, values
range between 0.2 and 0.7 cm/sec [2]. Therefore, an
entirely transcellular route for water flow is a realis-
tic possibility and the paracellular pathway may be
rather insignificant. This conclusion was also
reached by Preissig and Berry [31] based on calcula-
tions using realistic dimensions for the shunt path-
way.
With a transepithelial P;value around 1 cm/sec,
the transcellular osmotic gradient needed to drive
volume absorption, with a rate of 2 to 4 nl/min -
mm tubular length, can be calculated to be 2.5 to 5
mOsm (see also [2]). The small luminal hypotonic-
ity recently demonstrated in rat proximal tubules
falls within this range {12]. These calculations dem-
onstrate that Py values of membrane vesicles, as
obtained in our study, are in line with the hypothe-
sis that luminal hypotonicity drives fluid absorption
in proximal tubules [33].

The high activation energy for water permeabil-
ity of intestinal brush borders strongly suggests a
lipid solubility-diffusion mechanism for water per-
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meation [9]. For renal membranes the possibility of
water channels as an alternative is very likely.
Firstly, the low activation energy for water perme-
ation is compatible with those found for red blood
cells of various species [26], ADH-treated toad
bladder [7] and cortical collecting tubules [14]. Sec-
ondly, in renal membranes pCMBS inhibits water
permeability in an all-or-none mode as described in
red blood cells [26]. Whittembury et al. [40] also
demonstrated an effect of pCMBS on water perme-
ability of lateral membranes in intact proximal tu-
bules. The likelihood of water channels in renal cor-
tical membranes makes a more biochemical
approach to characterize these channels feasible,
since large amounts are readily available from
slaughterhouse material.

Our final conclusion is that osmotic studies on
isolated membrane vesicles provide realistic values
for the osmotic water permeability of epithelial
cells. The renal plasma membranes are one order of
magnitude more permeable for water than the intes-
tinal counterpart and most likely water channels are
responsible for the high P, value in renal mem-
branes.

Electron microscopy was performed by Dr. W. Eling, Depart-
ment of Cytohistology. The stereology counting device was
made available by Dr. G. Eggberink, Department of Electronmi-
croscopy. The final version of the manuscript was typed by Mrs.
S. Engels. This study was in part supported by the Netherlands
Organization for the Advancement of Basic Research (ZWO)
through the Foundation of Biophysics (12-25-16).
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