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Summary. To assess steady-state transepithelial osmotic water
permeability (Py), rabbit proximal convoluted tubules were per-
fused in vitro with the impermeant salt, sodium isethionate at
26°C. Osmotic gradients (AIl) were established by varying the
bath concentration of the impermeant solute, raffinose. When
lumen osmolality was 300 mOsm and bath osmolality was 320,
360 and 400 mOsm, apparent P, decreased from 0.5 to 0.10 to
0.08 cm/sec, respectively. Similar data were obtained when lu-
men osmolality was 400 mOsm. Five possible causes of the AIl
dependence of apparent P, were considered experimentally and/
or theoretically: (1) external unstirred layer (USL); (2) cytoplas-
mic USL; (3) change in surface area; (4) saturation of water
transport; (5) down-regulation of P;. Apparent P, was inhibited
83% by p-chloromercuribenzene sulfonate (pCMBS) at 20
mOsm, but not at 60 mOsm AT, suggesting presence of a serial
barrier resistance to water transport. Increases in perfusate or
bath solution flow rate and viscosity did not alter apparent Py,
ruling out an external USL. A simple cytoplasmic USL, de-
scribed by a constant USL thickness and solute diffusion coeffi-
cient, could not account for the AIl dependence of apparent Py
according to a mathematical model. The activation energy (E,)
for apparent Princreased from 7.0 to 12.5 kcal/mol when AII was
increased from 20 to 60 mOsm, not consistent with a simple USL
or a change in membrane surface area with transepithelial water
flow. These findings are most consistent with a complex cyto-
plasmic USL, where the average solute diffusion coefficient and/
or the area available for osmosis decrease with increasing AIl.
These results (1) indicate that true P, (at physiologically low AIT)
is very high (>0.5 cm/sec) in the rabbit proximal tubule; (2)
provide an explanation for the wide variation in P, values re-
ported in the literature using different AIl, and (3) suggest the
presence of a flow-dependent cytoplasmic barrier to water flow.
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Introduction

An explicit value for the transepithelial osmotic wa-
ter permeability (Py) of the proximal convoluted tu-
bule (PCT) is required for quantitative treatment of

proximal volume reabsorption. In the last two dec-
ades Prin the rabbit PCT has been reported to be in
the range between 0.04 to 0.7 cm/sec (Berry, 1983).
Unstirred layers (USL) have been suggested to ex-
plain this wide range of P, (Berry, 1983).

The purpose of the present studies was to esti-
mate the true Py of the PCT, taking into account
extra- and intraepithelial USL. We find that the ap-
parent Py varies inversely with the osmotic gradient
(AIT). Possible causes of the AIl dependence of ap-
parent P, were examined by a series of experimental
protocols. The data are not consistent with (1) an
external USL, (2) a simple cytoplasmic USL, (3) a
change in the surface area, and (4) a saturable, sym-
metrical water transport mechanism in parallel with
a nonsaturable water transport mechanism. Theo-
retical and experimental analyses of the data are
consistent with (1) a complex cytoplasmic USL in
which the solute diffusion coefficient and/or the
area available for flow decreases with increasing
All, and (2) physiological down-regulation of Py.
We conclude that in the rabbit PCT the AIl depen-
dence of apparent Praccounts for the wide variation
of reported Py, and that the true Py, if extrapolated
to zero All, is greater than 0.5 cm/sec.

Materials and Methods

Isolated segments of rabbit PCT were dissected and perfused as
described previously (Berry, 1983, 1985). Briefly, kidneys from
female New Zealand white rabbits were cut in coronal slices.
Individual PCT were dissected in cooled (4°C) perfusion solution
containing (mMm) 150 sodium isethionate, 5 potassium isethionate,
4 dibasic sodium phosphate, 2 calcium gluconate, 1 magnesium
sulfate, 1 butyric acid. Butyric acid was used as the metabolic
substrate; Harris et al. (1982) showed that butyric acid supple-
mentation provides adequate ATP during periods of high meta-
bolic demand. The perfusion solution was equilibrated with
100% O,, adjusted to pH 7.4 and was approximately 300 mos-
mol/kg H;O (mOsm).
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Tubules were transferred to a specially constructed bath of
approximately 1.2 ml with a temperature range of 10-50°C
(Berry, 1985). Bath temperature was maintained at 26°C unless
otherwise specified. The bath solution was continuously changed
by flowing bath fluid through the chamber at 1 ml/min unless
otherwise stated. This arrangement provided good mixing of the
bath solution (Berry, 1985). Bath mixing was examined visually
using 0.8 w polystyrene beads (Sigma Chemical Co., St. Louis,
MO). At 250x magnification and 0.4 ml/min bath flow rate,
beads were uniformly distributed in the bathing solution and in
the region directly adjacent to the basement membrane of the
PCT. Therefore, bath mixing appeared complete and no ex-
cluded volume or macroscopic external USL could be detected.

PERFUSION SOLUTIONS

Dissected tubules between 0.7 and 1.6 mm in length (average
1.04 = 0.04 mm, SEM, n = 27) were perfused at rates 25-70 nl/
min (average 41 = 3 nl/min, n = 27) with perfusion solution
containing “C-inulin (New England Nuclear, 100 xCi/mi per-
fusate). In the absence of an osmotic gradient, tubules were
bathed in perfusion solution (see above) containing 6 g/dl bovine
serum albumin and 4 mMm calcium gluconate. To equalize the
osmolalities of the bathing solution and the perfusate, water was
added to the bathing solution. With these osmotically adjusted
solutions, the ratio of collected fluid to perfused fluid inulin ra-
dioactivity was 0.999 = 0.008 (» = 8, 26°C).

For determination of apparent Py, a transepithelial osmotic
gradient was produced by addition of varying amounts of raf-
finose to the bath solution. For examination of the gradient de-
pendence, 20, 60 and 100 mOsm gradients were tested. For ex-
amination of the effect of p-chloromercuribenzene sulfonate
(pCMBS), only 20 and 60 mOsm gradients were tested. For ex-
amination of the effect of luminal perfusion rate and bath ex-
change rate and of bath viscosity, only a 60-mOsm gradient was
tested.

For examination of the symmetry of the osmotic gradient
dependence, AIT was generated by addition or subtraction of 20
and 60 mOsm sodium isethionate. This was necessary because
raffinose was not present in the control perfusion solution and,
therefore, could not be subtracted. Because of uncertainties re-
garding the reflection coefficient of this salt, these data are not
direcily comparable to all other data obtained using raffinose as
the osmotic agent.

ProTOCOL

The tubules were allowed to equilibrate for 15 min in the absence
of an osmotic gradient before collections were begun. Collec-
tions, usually four, were made every 1-3 min with a 75-nl con-
stant volume pipette. At the beginning and the end of each proto-
col, collections were made in the absence of an osmotic gradient.
Only those tubules in which the collected/perfused inulin con-
centration ratio was between 0.99 and 1.01 were included in the
data analysis. This strict procedure was necessary because the
maximum collected/perfused inulin concentration ratio for 20-
mOsm gradients (at osmotic equilibrium) was ~1.07 (320/300}. In
general, osmotic equilibration was <50% and the collected/per-
fused inulin ratio for the 20-mQOsm gradient was ~1.03.
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ANALYSIS

Collections were put into a vial containing a 1:4 mixture of
acetic acid/Aquasol (New England Nuclear) for liquid scintilla-
tion counting (Tri-Carb 460C, Packard, Downers Grove, IL). A
mean value for Py was determined from the three to four collec-
tions during a given period in a given tubule.

CALCULATIONS

In the presence of impermeant solutes collected fluid osmolality
was calculated from the product of the collected/perfused inulin
concentration ratio and the perfusate osmolality. The assump-
tion of solute impermeability was validated by comparing the
collected fluid osmolality calculated using the collected inulin
concentration ratio with that measured using the method de-
scribed by Ramsay and Brown (1955). The two methods agreed
to within one mOsm. The ratio of the inulin method/Ramsay-
Brown method was 0.998 = 0.004 (n = 3). Apparent P; values
were calculated using the equations developed by DuBois, Ver-
niory and Abramow (1976) and Al-Zahid et al. (1977).

STATISTICS

Data are expressed as mean = SE. The statistical significance for
mean paired differences was assessed using the Student r-test.

Results

DEPENDENCE OF APPARENT Py
ON THE OSMOTIC GRADIENT

Nonequilibrium thermodynamics predicts a linear
relationship between transepithelial volume flux
(J,) and osmotic gradient. The proportionality coef-
ficient is P/(V,/RT), where V,, is the partial molar
volume of water, R the gas constant, and T absolute
temperature. Because of partial dissipation of the
osmotic gradient along the length of the tubule, the
log mean osmotic gradient (AIl) was taken as a
measure of the osmotic gradient. When 5 PCT were
perfused with varying concentrations of sodium
isethionate, Fig. 1 shows that the relationship be-
tween the J, and AIl was symmetrical, but nonlin-
ear. J, obtained at the higher AIl is lower than pre-
dicted for a constant P;. In Fig. 1 perfusate
osmolality was constant at ~300 mOsm. Apparent
Psdecreased from 0.13 * 0.03 to 0.06 = 0.01 cm/sec
when the bathing solution was 20 and 60 mOsm
hypotonic to the perfusate (mean paired difference:
0.08 + 0.03, P < 0.05). When the bathing solution
was varied from 20 to 60 mOsm Aypertonic to the
perfusate, apparent Prdecreased similarly from 0.15
+ 0.04 to 0.03 = 0.01 cm/sec (mean paired differ-
ence: 0.011 = 0.04, P < 0.05). There was no signifi-
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Fig. 1. Dependence of volume gtﬁorption (J,, nl/mm min) on
the log mean osmotic gradient (AIl, mOsm). Each point repre-
sents mean = seM of 5 PCT. AIl was varied by altering the
concentration of sodium isethionate

cant difference between apparent Py’s at identical
but oppositely directed AIl (mean paired difference:
AIT [20 mOsm] 0.02 = 0.06, P > 0.05; Al
[60 mOsm] 0.02 + 0.01, P > 0.05).

The AlIl dependence of apparent Py was exam-
ined over a wider range of All by adding varying
concentrations of raffinose to the bathing solution.
Table 1 shows the dependence of apparent P;on the
initial osmotic gradient (All,) for perfusate osmo-
larities of 300 and 400 mOsm. For the 300 mOsm
perfusate (Table 1, left) apparent P, was 0.50 =
0.12, 0.10 = 0.02, and 0.08 = 0.03 cm/sec. The
apparent Prat a All, of 20 mOsm was significantly
higher than that at All, of 60 and 100 mOsm.!

To determine whether the apparent All depen-
dence of measured Py was due to changes in All
rather than to changes in absolute osmolarity which
might decrease cell volume or alter the membrane
directly, Prwas measured using a 400 mOsm perfus-
ate and 400 mOsm + AIl, bath. In 4 PCT perfused
with 400 mOsm sodium isethionate and 20, 60 and
100 mOsm raffinose gradients, apparent P was 0.37
+ 0.14, 0.05 = 0.02, and 0.4 = 0.01 cm/sec. These
data show a AIl dependence of apparent Py similar
to that obtained using a 300 mOsm sodium isethio-
nate perfusate, suggesting that the AIl dependence
of apparent Py is related to All. The small, but not

! The variation in apparent Py is similar to that obtained
using sodiitm isethionate gradients. The ratio of apparent Prat 20
mOsm to apparent Pyat 60 mOsm was 4.4 using sodium isethio-
nate and 5.0 using raffinose. However, the absolute value of
apparent P;is smaller for sodium isethionate. There is no obvi-
ous reason for this discrepancy, but it may be due to differing
reflection coefficients for sodium isethionate and raffinose.
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Table i. Dependence of apparent P, on initial osmotic gradient
(AIL)

Perfusate Apparent Py (cm/sec)
osmolality (mOsm)
300 400
AIT, (mOsm)
20 0.50 = 0.12 0.37 = 0.14
60 0.10 + 0.022 0.05 = 0.02°
100 0.08 = 0.03 0.04 = 0.01

@ Significantly different from AIl, (20 mOsm, perfusate osmolal-
ity 300 mOsm); mean paired difference: 0.40 = 0.11, P < 0.001,
n = 6.
b Significantly different from AIl, (20 mOsm, perfusate osmolal-
ity 400 mOsm); mean paired difference: 0.32 + 0.13, P < 0.05,
n =4,

Table 2. Effect of pCMBS on apparent Py

All, (mOsm) Apparent P, (cm/sec)

20 60
-pCMBS 0.29 = 0.09 0.05 = 0.01
+pCMBS 0.04 = 0.022 0.06 £ 0.01°
% Inhibition 83 + 32 0 + 40

2 Mean paired difference: 0.25 = 0.09, P < 0.05, n = 6.
b Mean paired difference: 0.01 = 0.02, P > 0.05, n = 6.

significant decreases in Py with the 400 mOsm per-
fusate may be related to a small decrease in cell
volume resulting in an increase in cytoplasmic vis-
cosity (see Discussion).

EFFECT oF 2 mM pCMBS onN THE All
DEPENDENCE OF APPARENT Py

A possible explanation for the AIl dependence of
apparent Py is the presence of a USL. To test the
hypothesis that apparent Pris membrane-limited at
small ATl and nonmembrane-limited at larger AIl,
the effect of 2 mM lumen and bath pCMBS on ap-
parent Py was examined at 20 and 60 mOsm raf-
finose gradients (Table 2). In 6 PCT apparent Py
determined using a 20 mOsm raffinose gradient was
0.29 = 0.09 in the absence of pCMBS and 0.04 =
0.02 cm/sec in the presence of pCMBS representing
83% inhibition. In contrast, when apparent P; was
determined using a 60 mOsm raffinose gradient, ap-
parent Prwas not significantly influenced by the ad-
dition of pCMBS. These data are consistent with
the view that transcellular osmosis involves two re-
sistances in series: membrane and USL. At a AIT, of



36
(-d
0.5 e e
N \ "= 2.4
~ 04r \_  PREDICTED P;
2 03 N FOR SIMPLE USL
£ o N
- 02r \_ MEASURED P,
at N
0.l o—L . __ o
0 | | | l 1|
0 20 40 60 80 100
AT (mOsm)

Fig. 2. Calculated dependence of apparent Py on All in the pres-
ence of a simple cytoplasmic unstirred layer. Curves were calcu-
lated from Eqgs. (A3) and (A4) (one-dimensional USL) and (AS8)
and (A4) (two-dimensional USL) with C, = 300 mOsm, C, = 300
+ AIl mOsm, § = 6.3 X 10~* cm*/mm, V, = 18 cm*/mole, Pf =
0.5 cm/sec (or equivalently, true transepithelial P of 1 cm/sec),
D=5x10"%cm¥sec,d=5p, =10 pand r, = 20 . Measured
apparent P, data are shown for comparison

20 mOsm, osmosis is predominately restricted by a
pCMBS-sensitive, membrane pathway. At a AIl, of
60 mOsm, osmosis is predominately pCMBS-insen-
sitive and nonmembrane limited.

EVALUATION OF EXTERNAL UNSTIRRED LAYERS

The presence of an external USL in series with one
or both of the cell membranes (between the luminal
solution and the apical membrane and/or the bath
solution and the basolateral membrane) would pre-
dict that apparent P, might be sensitive to perfusate
flow rate and bath solution mixing rate and viscos-
ity. Increased mixing rate should increase apparent
P by decreasing USL thickness. Increasing solu-
tion viscosity should decrease apparent P, by de-
creasing solute diffusion coefficients in the USL.
These effects would be more apparent at larger Al
therefore, a 60 mOsm raffinose gradient was used.

Effect of Bath Flow Rate on Apparent P;

Increasing bath flow rate 25-fold, from 0.4 to 10 ml/
min, did not significantly increase apparent P;. Ap-
parent Py was 0.07 = 0.03 (0.4 ml/min) and 0.07 =
0.05 cm/sec (10 ml/min) (mean paired difference:
0.01 = 0.02, P > 0.05, n = 4).

Effect of Luminal Flow Rate on Apparent Py

Changing luminal perfusion rate from 40 to 12 and
back to 40 nl/min did not significantly alter apparent
P¢. Apparent Py was 0.03 = 0.01, 0.04 = 0.01, and
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0.04 = 0.01 cm/sec (mean paired differences: 0.01
* 0.01, P > 0.05, n = 6).

Effect of Increasing Bath Viscosity
on Apparent Py

Bath viscosity was increased by addition of high
molecular weight dextran (77,500 daltons) and was
measured using an Oswald viscometer. Increasing
bathing solution viscosity >10-fold, from 0.010 to
0.108 Poise with 2 mm dextran did not significantly
decrease apparent Py. Apparent P, was 0.05 + 0.02
and 0.04 + 0.02 cm/sec (mean paired difference:
0.01 £0.01, P> 005, n=4).2

EvVALUATION OF CYTOPLASMIC
UNSTIRRED LLAYERS

The effect of a ‘simple’ cytoplasmic USL on the All
dependence of apparent Py was calculated (see Ap-
pendix). For a simple USL, solute diffusion and the
area available for volume flow are assumed to be
independent of transepithelial volume flow. The cal-
culation is based on the steady-state solution to the
convection-diffusion equation applied with bound-
ary conditions appropriate for a cell. Equations
were solved both in one dimension and in two di-
mensions, to closely approximate tubule geometry.

As shown in Fig. 2, the hypothesis that a simple
cytoplasmic USL can account for the measured de-
pendence of Pron All is wrong. For calculations
performed in both one and two dimensions with pa-
rameters chosen from the PCT (see legend to Fig.
2), there is only a slight dependence of apparent Py
on AIl, far less than that measured experimentally.
Qualitatively, the reason for this finding is that there
is a roughly proportionate effect of transepithelial
volume movement on solute polarization within the
USL for any value of transepithelial volume move-
ment (see Discussion). This finding holds for a wide
range of parameters tested in one and two dimen-
sions, and for a simple external USL with or with-
out a simple cytoplasmic USL.

2 Although increasing solution viscosity with high molecu-
lar weight dextran is a standard method to increase solution
viscosity with a minimal increase in solution osmolarity, it has
been questioned that dextran addition does not change micro-
scopic solute diffusion coefficients to the same degree that it
increases bulk viscosity (S.D. Levine, private communication;
Wang, 1954). If this is correct, the conclusion that the dextran
data rule out external USL’s is weakened.
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Table 3. Effect of temperature on apparent P,

All, (mOsm) Apparent P, (cm/sec)

20 60
20°C 0.15 = 0.02 0.04 = 0.01
39°C 0.32 = 0.03 0.16 = 0.06
E, (kcal/mole) 7.0 + 0.48 125 =2.0¢

4 Unpaired difference: 5.5 = 2.0, P < 0.025, n(20) = 5 and n(60)
= 10.

AIl DEPENDENCE OF ACTIVATION ENERGY
FOR APPARENT P

The activation energy (E,) for apparent Prat 20 and
60 mOsm gradients was measured to distinguish
among causes for the All dependence of P;. If ap-
parent P;decreases with increasing AIl because of a
decrease in tubule surface area with increasing
transepithelial volume flow, there should be no ef-
fect of AIl on E, because the intrinsic properties of
the ‘folded’ and ‘unfolded” membrane should be
identical. If the AIl dependence of apparent Py is
due to an increasing relative contribution of a sim-
ple cytoplasmic USL with increasing All, then E, is
expected to approach the value obtained for solute
diffusion in aqueous solution, 4.5~5 kcal/mole at
large AIl. E, at small AIl would depend on the
mechanism of water transport: water movement
through a lipid pathway is expected to have an E, of
10-20 kcal/mole; water movement through a po-
rous, water-filled channel is expected to have an E,
of <5 kcal/mole. However, if the AIl dependence of
apparent Pris due to an increasing relative contribu-
tion of a complex cytoplasmic USL, then it is not a
priori possible to predict the E, at high All.

The effect of temperature on apparent Pr is
shown in Table 3. Apparent P was measured at 20
and 39°C at 20 and 60 mOsm gradients. Only two,
widely displaced temperatures were used to obtain
significant differences in apparent P, at a All of 20
mOsm {see Materials and Methods). Apparent £,
increased significantly from 7.0 + 0.4 kcal/mole
when All was 20 mOsm to 12.5 = 2.0 kcal/mole
when AIT was 60 mOsm (P < 0.025).

Discussion

The purpose of the present studies was to measure
the true transepithelial Prin the rabbit PCT. Appar-
ent Py was found to vary inversely with AIl. AIl
dependence has been observed in a variety of epi-
thelia and has most frequently been attributed to a
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Fig. 3. Comparison of present data (solid triangles, solid line)
with previously obtained values of transepithelial osmotic water
permeability (P;. cm/sec) as a function of initial osmotic gradient
(AT, mOsm)

USL providing a resistance to water flow in series
with the plasma membranes. Five mechanisms for
the AIl dependence were considered experimen-
tally and/or theoretically: (1) external USL; (2) cy-
toplasmic USL; (3) flow-dependent change in sur-
face area; (4) saturation of a water transport
pathway; and (5) physiologic down-regulation of a
water transport pathway. Nonlinear osmosis and its
possible explanations will be considered in the fol-
lowing discussion.

AIl DEPENDENCE OF Py
IN RaBBIT PROXIMAL TUBULE

In the last two decades a wide range of values have
been reported for transepithelial osmotic water per-
meability in the rabbit proximal tubule: 0.04 to 0.7
cm/sec. Three technical considerations have been
suggested to account for the variation in reported P
(Berry, 1983): (1) methods of measurement; (2)
varying reflection coefficients for the osmotic
probe; and (3) USL. In the present study apparent
Prwas measured at initial osmotic gradients of 20,
60 and 100 mOsm raffinose eliminating causes (1)
and (2) as explanations for variation in P;. Nonethe-
less, a significant All-dependence of apparent P,
was obtained (Table 1). Figure 3 shows a compari-
son of the present values for Pyas a function of AT,
(filled triangles, solid line) with previous data. The
AlIl dependence of Py is a consistent observation.
Those investigators who used small AIT obtained
high Pr(Andreoli, Schafer & Troutman, 1978; Scha-
fer, Patlak & Andreoli, 1978) and those who used
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large ATI obtained low P; (Kokko, Burg & Orloff,
1971; Corman & DiStefano, 1983).

AIl DEPENDENCE OF Py (NONLINEAR OSMOSIS)

Nonlinear osmosis has been described in a variety
of epithelia: toad urinary bladder (Bentley, 1961);
turtle bladder (Brodsky & Schilb, 1963); frog skin
(House, 1974; Franz & Van Bruggen, 1967); fowl
cloaca (Skadhauge, 1967); Necturus gallbladder
(Persson & Spring, 1982); rabbit gallbladder (Dia-
mond, 1966; Wright, Smulders & Tormey, 1972);
dog gastric mucosa (Altamirano & Martinoya,
1966); frog intestine (Loeschke, Bentzel & Caaky,
1970); Necturus proximal tubule (Bentzel, Parsa &
Hare, 1969); rat proximal tubule (Fromter et al.,
1969; Ullrich et al., 1972); and rabbit proximal tu-
bule (Capri-Medina, Gonzalez & Whittembury,
1983). In the early studies nonlinear osmosis was
usually explained by such theories as flow-induced
membrane deformation (Brodsky & Schilb, 1965),
asymmetrical series-membrane effects (Kedem &
Katchalsky, 1963; Ogilvie, McIntosh & Curran,
1963; Patlak, Goldstein & Hoffman, 1963), external
USL (Dainty, 1963; Brodsky & Schilb, 1965), cyto-
plasmic USL (Dick, 1959) and osmotic and nonos-
motic effects of the osmotic solutes (Earley, Sidel &
Orloff, 1962; Dainty & Ginzburg, 1964). lllsley and
Verkman (1986) added the possibility that satura-
tion of the water transport mechanism might lead to
nonlinear osmosis. However, most recent authors
have used the arguments advanced by Diamond
(1979; Barry & Diamond, 1984) and have invoked
either external or cytoplasmic USL to explain the
phenomena (Wright et al., 1972; Persson & Spring,
1982; Capri-Medina et al., 1983; Corman, 1985).

RoLE oF USL 1N AIl DEPENDENCE
OF APPARENT Py

P;can be underestimated in the presence of a USL.
When the transepithelial water transport pathway
consists of cell membranes in series with a USL,
apparent Py would be limited by two barriers to os-
mosis. Inhibition of osmotic water movement by
pCMBS was observed only at low All, (Table 2),
where the cell membranes constitute the rate-limit-
ing barriers to water permeation. At high All, the
inhibitory potency of pCMBS decreased (Table 2).
Such a decreased sensitivity to pCMBS might occur
because the rate-limiting barrier at high All,, the
USL, is not pCMBS sensitive.

In addition to suggesting a USL, the large effect
of pCMBS at 20 mOsm AII gives some insight into
the membrane water transport mechanism. In the
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red blood cell pCMBS inhibits water entrance
through aqueous channels, presumably by binding
to the sulthydryl groups of the proteins that consti-
tute the channel walls and thereby closing the chan-
nel (Macey, Daran & Farmer, 1972). Osmotic water
permeability of the red cell is inhibited by about
90% by pCMBS (Macey et al., 1972). In the proxi-
mal tubule pCMBS has been shown to inhibit os-
motic water permeability in luminal (Pratz, Ripoche
& Corman, 1986; van Heeswijk and van Os, 1986)
and basolateral (Whittembury et al., 1984; Meyer &
Verkman, 1987) membranes and in rabbit proximal
tubule cells Meyer & Verkman, 1987) and to inhibit
transepithelial (Berry, 1985) and basolateral mem-
brane diffusional water permeability (Verkman &
Wong, 1987) in rabbit PCT. pCMBS sensitivity has
been taken as evidence for the existence of protein-
bound aqueous channels in the cell membranes. If
pCMBS does not inhibit paracellular osmotic water
permeability, the high degree of pCMBS inhibition
at low All, provides strong evidence for a predomi-
nately (at least 83%) transcellular osmotic water
pathway in the rabbit PCT.

External USL

In the proximal tubule external USL have been sug-
gested by the presence of streaming potentials
(Frémter et al., 1969; Corman, 1985). However,
their values are small (<1 mV) and it is difficult to
differentiate between the potential attributed to the
presence of a USL and electrokinetic potentials in-
duced by true solvent drag. A direct evaluation of
the role of external USL in the measurement of Py
requires examination of Py as a function of time,
ambient solution mixing, or ambient solution diffu-
sion coefficient (Barry & Diamond, 1984). How-
ever, in the present studies variation of bath and
luminal solution flow rate and variation of bath vis-
cosity failed to provide evidence for a bathing or
luminal solution USL, probably because of ade-
quate mixing and lack of surrounding supportive
tissue.

Cytoplasmic USL

Failure to find evidence for an external USL sug-
gests that a cytoplasmic or intracellular USL might
be playing a role in the All dependence of apparent
P;. The presence of a cytoplasmic USL was origi-
nally suggested by Dick (1966) in sea urchin eggs
because of the inverse dependence of Py on cell
size. More recently, a cytoplasmic USL has been
suggested to account for AIT dependence of Pr by
Barry and Diamond (1984) and Persson and Spring
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(1982). Until recently there has been no experimen-
tal evidence supporting such a notion. Rick and Di-
Bona (1987) have now measured an intracellular
solute gradient during ADH-induced osmotic water
flow using electron-microprobe analysis of freeze-
dried cryosections in the toad urinary bladder. A
major implication of this finding is that there is a
significant cytoplasmic resistance to solute diffu-
sion. Consequently, in the presence of transcellular
water movement, the cell cytoplasm is not equi-
osmotic, but rather there is an osmotic profile
across the cell cytoplasm. In contrast, other recent
evidence in the ADH-treated mammalian cortical
collecting duct contradicts this view (Strange &
Spring, 1987).

Simple Cytoplasmic USL

In Appendix I the influence of a simple cytoplasmic
USL on apparent Prand on its AIl dependence were
analyzed. Interestingly, although a simple cytoplas-
mic USL does result in an underestimate of P, it
does not result in significant AIl dependence of Py
for the model parameters chosen to simulate the
experimental protocol. This is understandable con-
ceptually. A large osmotic gradient (e.g. 100 mOsm;
perfusate 300 mOsm, bath 400 mQOsm) will induce a
large transepithelial volume flux causing solute po-
larization in the USL and a decreased osmotic driv-
ing force (e.g. osmolarities at the membrane surface
of 330 and 370 mOsm). A small osmotic gradient
(e.g. 1 mOsm; perfusate 300 mOsm, bath 301
mOsm) will induce a smaller transepithelial volume
flux giving proportionately lower solute polarization
(c.g. osmolarities at the membrane surface of 300.3
and 300.7 mOsm). But in both cases the fractional
decrease in osmotic driving force is similar (40 out
of 100 mOsm and 0.4 out of 1 mOsm). The marked
dependence of apparent P;on All is thus not ex-
plained by a simple USL. Conversely and impor-
tantly, these calculations indicate that a simple ex-
ternal or cytoplasmic USL cannot be ruled out from
measurements of the AIl dependence of Py. A sim-
ple USL gives a falsely low Py, but does not give AIl
dependence. For a USL to give AIl dependence the
properties (average solute diffusion coefficient and/
or the area available for volume flow) must change
with AI1. Such a USL will be referred to as a com-
plex USL.

The increase in apparent E, with increasing All
provides experimental evidence against a simple cy-
toplasmic USL. For a transepithelial water trans-
port pathway that includes cell membranes and
USL in series, the apparent E, is a combination of
E, for the membrane component and E, for the
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USL. The E, of a simple USL is approximately
equal to the E, for solute diffusion in unrestricted
solution, 4-5 kcal/mole. Thus as AIl increases, the
apparent F, should tend toward 45 kcal/mole. Ta-
ble 3 shows that the apparent E, for osmosis in the
rabbit PCT is 7.0 kcal/mole when AIT was 20 mOsm
and 12.5 kcal/mole when AIl was 60 mOsm. This
observation is not consistent with an increasing
contribution of a simple USL when AIl increases. A
simple USL, either external or cytoplasmic, there-
fore, does not appear to account for the AIl depen-
dence of apparent P.

Complex Cytoplasmic USL

Using the present model parameters and the data at
All of 20 mOsm, the experimental data at 60 and 100
mOsm cannot be modeled if the average solute dif-
fusion coefficient D and the area available for flow
are independent of AlIl or the rate of transepithelial
volume flow. The data can be modeled if D or the
area available for flow decreased with increasing
transepithelial volume flow. Using the parameters
in the legend to Fig. 2, the decreased apparent P at
an 80 mOsm gradient could be explained if the fac-
tor d/SD increased eight-fold (or equivalently, if the
diffusion coefficient or the area available for flow
decreased eight-fold). Such dependences are quite
plausible physically. Transcellular volume flow may
cause polarization of cytoplasmic contents (pro-
teins, small organelles) with build-up at the surface
to which flow is directed. The increased density of
cytoplasmic material could decrease the area avail-
able for osmosis by presenting a physical barrier, or
cause a decrease in solute diffusion coefficient. Us-
ing the Carmen-Kozeny equation for P, in a 3-di-
mensional fiber matrix as described by Curry and
Michel (1980), P, is proportional to f3/(1 — f)?
where f is the fraction of the total volume which is
fluid and conductive to osmosis. This steep depen-
dence of Pron f suggests that a modest drop in f
(e.g. 0.8 to 0.4) with cytoplasmic polarization could
decrease ‘cytoplasmic P’ dramatically (72-fold),
presenting a significant flow-dependent barrier to
0SMOSis.

Although the data presented here do not pro-
vide direct evidence for a complex USL, the pro-
posed physical mechanisms can be subjected
to experimental verification. Measurement of pre-
steady-state values for transepithelial P; may pro-
vide evidence for solute polarization within the cell
cytoplasm (Barry & Diamond, 1984). In addition,
effects of transcellular flow on cytoplasmic polar-
ization and on solute diffusion coefficient may
be resolvable by quantitative fluorescence micros-

copy.
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RoLE oF OTHER FACTORS IN AIl DEPENDENCE
OF APPARENT Py

Change in Membrane Surface Area

A change in available membrane surface with
changes in transepithelial volume flux predicts a AIl
dependence for P;. An increase in the available
membrane surface area due to unfolding of mi-
crovilli might be expected to increase apparent Py.
To explain the data surface area would have to in-
crease with decreasing AIl. However, if membrane
surface area increases as AIl goes from 60 to 20
mOsm, it is predicted that AIl should have no ef-
fects on E, and the inhibitory potency pCMBS,
contrary to the experimental results. A change in
membrane surface areas, thus, appears an unlikely
explanation for the AIl dependence of apparent P
in the rabbit PCT.

Role of Saturable Water Transport Mechanism

A nonlinear relationship between flux and driving
force is compatible with a carrier-mediated trans-
port process. Carrier-mediated transport processes
show saturation and can be described by a satur-
able, single-site model. For symmetrical, saturable
water transport, the dependence of apparent Py
(P#?) on the absolute value of the osmotic gradient
might be described by the relation, P¥® = P All/
(Al + K,) + PP, where P and P} are the
magnitudes of saturable and nonsaturable water
permeability, and K, is an effective ‘affinity’ (Illsley
& Verkman, 1986). The data in Table 1 are fitted
well to this relation with a K; of 10 mOsm.
Experimentally, the AIl dependence of E, (Ta-
ble 3) is consistent with a saturable water transport
pathway with a low E, in parallel with a nonsatura-
ble water transport pathway through membrane
lipid with high E,. However, other experimental
data do not support the saturable water transport
model. It would be expected that the inhibitory po-
tency of pCMBS should change little once satura-
tion of the water transporter has been achieved
(>10 mOsm). However Table 2 shows that pCMBS
inhibited apparent Py strongly (83%) at a AlI of 20
mOsm and insignificantly at a ATl of 60 mOsm. In
addition, saturation of a water transport pathway
has not been observed in studies of the All depen-
dence of Pyin isolated brush border membrane vesi-
cles (Verkman, Dix & Selfter, 1985; Chen et al.,
1988) and in suspended rabbit proximal tubule cells
(Meyer & Verkman, 1987). Furthermore, although
transport saturation is easy to visualize for carrier-
mediated solute transport, it is less so when consid-
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ering osmotic water transport. One possible physi-
cal description of a saturable water transport
mechanism might be a diminution of water flow as
turbulent flow is approached. However, estimates
of the Reynold’s number for the water channel® do
not support this possibility. Moreover, there is rea-
sonably good agreement between the estimated sin-
gle-channel Py and that expected from Poiseuille’s
Law (Finkelstein, 1987), which suggests that even
in channels as narrow as gramicidin A, where sin-
gle-file diffusion of 5 water molecules is the cur-
rently accepted mode of water transport, laminar
flow, rather than turbulent flow, prevails. Therefore
it is unlikely that the AIl dependence of apparent P,
is due to saturation of a symmetrical water trans-
port pathway with a K, of 10 mOsm.

Role of Physiologic Down-Regulation
of Water Transport

AIl dependence of apparent Py could be explained
by All-dependent, physiologic down-regulation of
water transport. Up- and down-regulation of Py has
been extensively studied in antidiuretic hormone
(ADH)-sensitive epithelia, and involves, in part, the
endocytic retrieval of water-permeable patches
from the apical surface (Harris, Wade & Handler,
1986; Verkman et al., 1988). This type of process
may have relevance to the proximal tubule. In the
toad bladder ADH-stimulated osmotic water flow is
initially proportional to the applied osmotic gradi-
ent, but Pr decreases with continued ADH and os-
motic gradient exposure. The time-dependent de-
crease in Py has been termed flux inhibition.

The present studies cannot address physiologic
down-regulation of apparent P, because between
each experimental period there was a 15-min equili-
bration time. Direct evidence that the AIl depen-
dence of apparent P,in the proximal tubule is due to

3 To calculate the Reynolds number (R) for a single Grami-
cidin A channel represented by a right cylinder whose radius is
ZA, one needs to know v, the average velocity in the channel
(cm/sec), D, the diameter of the channel (cm), p, the density of
water (g/cm?), and n, the viscosity of water (dynes sec/cm?): R =
vDp/n. v can be estimated from the single-channel Py (6 x 107"
cm?/sec per channel; Table 8-1, Finkelstein, 1987), the partial
molar volume of water V,, (0.018 liter/mole) and the concentra-
tion gradient, C (100 mOsm):

v = [PV, CYmr?].

v is calculated to be 0.05 cm/sec. Using the diameter of the
Gramicidin A channel (D) of 4 X 1078 cm, the density of water at
25°C (p) 0.997 g/cm?, and the viscosity of water (n) 0.0089 dynes
sec/cm?, R is calculated to be 10~7. Turbulent flow occurs when
R is greater than 1000.
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down-regulation of P, requires rapid measurements
of Primmediately following osmotic gradient expo-
sure. The present E, and pCMBS data, however,
are consistent with down-regulation if the down-
regulated pathway is pCMBS sensitive and has an
E, of 7 kcal/mole.

In summary, we have determined the apparent
Py of the rabbit PCT at 20, 60 and 100 mOsm gradi-
ents and found a marked AIl dependence of appar-
ent Py sufficient to account for the wide range of
transepithelial P, reported previously. Mechanis-
tically, the AIl dependence, or so-called nonlinear
osmosis, could be explained by USL, change in sur-
face area, saturation of water transport and down-
regulation. A simple external or cytoplasmic un-
stirred layer, a flow-dependent change in surface
area and saturation of a water transport pathway
are unlikely on experimental and theoretical
grounds. The present data are consistent with a
complex cytoplasmic USL with flow-dependent
characteristics. The role of down-regulation of ap-
parent P, is an interesting hypothesis that requires
further investigation.

This work was supported by grants DK26142, DK35124 and
DK39354 from the National Institutes of Health. ASV is an es-
tablished investigator of the American Heart Association.
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Appendix

1. ONE-DIMENSIONAL CYTOPLASMIC
UNSTIRRED LAYER

Consider a cell separating solutions 1 and 2 containing solute
with bulk concentrations C; and C, (Fig. 4). Within the USL (cell
cytoplasm), solute polarization will diminish the driving force for
osmotic water flux (J,) by altering solute concentration just
within the cell (CT and C%") according to the relations (Barry &
Diamond, 1984),

" = Cexp(—J,d/SD) ™ = Cexp(J,d/SD) (A1)

where d is the USL thickness (cm) (see Fig. 4), D is solute
diffusion coefficient in the USL (cm?/sec), S is tubule surface
area (cm?/mm) and C, is solute concentration midway within the
cell (mM). Steady-state mass conservation requires that,

J, = PFV.S(C, — CF) = PPV, S(CT — C)) (A2)
where PF is the osmotic water permeability of the individual

apical and basolateral membranes in cm/sec (assumed to be
equal), and V,, is the partial molar volume of water.

k—d —h—d —
— >JV

Fig. 4. Schematic of cell with cytoplasmic unstirred layer sepa-
rating solutions 1 and 2. Bulk solute concentrations C, and C; are
constant in the absence of an external USL. Within the cell
cytoplasm, convection-diffusion causes solute polarization with
solute concentrations CT and C% at the cell cytoplasm-mem-
brane boundary. The dashed line shows the predicted solute con-
centration in the absence of solute polarization in which the os-
motic water permeabilities of the two membranes are equal
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Combining Eqs. (Al) and (A2),
gy = PPV.S(C — (€ + Gjl[1 + exp(—2J,d/SD)]). {A3)
Equation (A3) was solved iteratively for J, using Newton’s

method. The apparent transepithelial water permeability (Py) is
then,

Pr=J/[V,.5(C — ). (Ad)

II. Two-DIMENSIONAL CYTOPLASMIC
UNSTIRRED LAYER

The two-dimensional analog of Eq. (A3) was derived to better
approximate tubule geometry. In general, the steady-state con-
vection-diffusion equation is,

DV =v-VC (AS)
where v is flow velocity. In two dimensions with cylindrical sym-

metry in which flow is radial and in which all intraceHular volume
accommodates volume flow,
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g 1dc | ic
az i I g (46)

If the inner and outer tubule radii are r, and r,, respectively, J,(r)
will be taken to be J,(r,) - (r,/r), where r, is midway in the cell,
to account for the radial convergence of flow and allow for ana-
lytical integration. Integration of Eq. (A6) for an impermeant
solute subject to the condition C(r,) = C, gives the relations
analogous to Eq. (A1),

;" = CC(I — d/ra)(nrd)lv(ro)/SD (A7)
C4 = C} + dir,)rotdivtrolSD_

Applying mass conservation, the two-dimensional relationship
analogous to Eq. (A3) is,

Cy + (n/r)Cy
G - r(1 — dlr, o= dutrallSD (A8)
[+ <

ro(1 + dfr, )t distrisD

JAr,) = PFSV. (nlr,)

where r, = (r + r;)/2. The relationship between Prand C; — Cy1s
then given approximately by Eq. (A4) with J, replaced by J(r,).



