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Effect of Peritubular Protein Concentration

on Reabsorption of Sodium and Water

in Isolated Perfused Proximal Tubules

MASASHIIMAI and JUHA P. KoKKo
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Southwestern Medical School, Dallas, Texas 75235

A BSTRACT Micropuncture studies have indicated
that variation in peritubular oncotic pressure influences
net transport of fluid out of the proximal tubule. The
present in vitro studies on isolated perfused rabbit
proximal convoluted tubules were designed to examine
whether protein concentration gradient must act across
the peritubular capillary membrane to influence reab-
sorption, or whether it can exert a direct effect across
the tubular basement membrane. 71 proximal tubules
were perfused with ultrafiltrate made isosmolal to bath-
ing fluids, the latter having identical electrolyte compo-
sition as the perfusing ultrafiltrate, but adjusted to three
oncotic pressures: hypooncotic, protein 0.0 g/100 ml;
control isooncotic serum, protein 6.4 g/100 ml; and hy-
peroncotic, protein 12.5 g/100 ml. Net volume flux (nl/
mmper min), net Na flux (nEq/mm per min), unidirec-
tional Na flux from bath to lumen (nEq/mm per min),
and passive permeability coefficient (X 10' cm/sec)
for Na (PNa), urea (Purea) , and sucrose (Psucrose) were
determined using isotopic techniques. When the bath
was hypooncotic, there was (as compared with iso-
oncotic serum) a significant decrease in net volume
(38%) and net sodium (40%) flux, but no change in
PNa, Purea, or transtubular potential; however, Psucrose
increased significantly (78%). In experiments in which
hyperoncotic bath was used, there was (compared with
isooncotic serum) an increase in net volume (28%)
and net sodium (30%) flux, but transtubular potential
difference did not change significantly.

These data demonstrated that changes in the ambient
protein concentration gradient exert direct effects upon
proximal tubular reabsorption. Because penetration of
sucrose (an index of intercellular movement) but not

Received for publication 9 July 1971 and in revised form
7 October 1971.

urea (an index of transcellular movement) varied with
changes in tubular reabsorption, it is suggested that
oncotic pressure acts by altering the rate of back-leak
of reabsorbate through extracellular pathways between
tubular cells. It is concluded that an effect of protein
concentration on reabsorption can be exerted directly
across the basement membrane, without necessary inter-
position of the capillary bed.

INTRODUCTION
A number of studies have shown that alteration of
plasma oncotic pressure may produce reciprocal changes
in urinary excretion of sodium in animals and man
(1-18). Infusions of oncotically active substances into-
the renal artery of dog (13, 14), into isolated kidney
of dog (6, 7) and rabbit (17), and into the renal
portal vein of frog (5) and bird (18) exert the effect
exclusively on the infused side without effect on the
contralateral kidney. It has been concluded from these
types of studies that changes in oncotic pressure exert
their effects directly on the kidney rather than through
some extrarenal mechanism.

In 1956 Bresler (19) suggested that peritubular
oncotic pressure exerted an important regulatory effect
on tubular reabsorption of sodium, and that changes
in peritubular oncotic pressure would occur not only
as a result in alteration in arterial plasma protein con-
centration but also by changes in filtration fraction.
Recent micropuncture studies have provided direct
evidence that net reabsorption out of the proximal
convoluted tubule is influenced by filtration fraction
(20) and by peritubular oncotic pressure (21-25).

The exact mechanism by which changes in peritubu-
lar oncotic pressure modifies reabsorption has not been
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established. Bresler (19) suggested the possibility
that the oncotic forces acted directly across the tubular
epithelium influencing the passive reabsorption of salt
and water. Earley, Martino, and Friedler (15) sug-
gested that the net removal rate of the reabsorbate
from the proximal tubule determined by Starling forces
may influence the proximal reabsorption by changing
the renal interstitial volume. Lewy and Windhager (20)
extended this hypothesis, advancing a model in which
changes in the balance between the hydrostatic pres-
sure within the intercellular spaces and the oncotic
pressure of the peritubular capillary modify the geom-
etry of the lateral interspaces or the basilar epithelial
invaginations in such a way that net reabsorption of
salt and water is altered.

The purpose of the present investigation was two-
fold: first, to examine whether changes in protein con-
centration gradient across the isolated perfused proximal
convoluted tubule basement membrane can influence
net water and sodium transport in the in vitro prepara-
tion without necessary interposition of the capillary
bed; second, to ascertain whether protein concentration
gradient exerts its effect on the transcellular or extra-
cellular pathways of the tubular cells.

METHODS
Isolated segments of proximal convoluted tubules (PCT)1
were perfused in vitro by general techniques previously de-
scribed (26, 27). Female New Zealand white rabbits weigh-
ing 1.5-2 kg were used in all experiments. Rabbits were
sacrificed by guillotine decapitation without prior anesthesia
or administration of any drugs. Immediately after sacrifice,
the left kidney was removed, and a 1 mmslice removed and
transferred into a chilled dish of rabbit serum where a
single segment of PCT was dissected free without use of
collagenase or other enzymatic agents. The pH of both the
dissection serum and the subsequent bathing media were
kept at 7.4 by continuous bubbling with 95% 02-5so C02.
After dissection, the tubule was transferred into the per-
fusion dish and, in all cases, perfused with ultrafiltrate of
commercially available rabbit serum. In each study the per-
fusion fluid was isosmolar to the bathing media. The follow-
ing three baths were used: (a) commercially available
regular rabbit serum (normal bath), (b) ultrafiltrate of
rabbit serum (hypooncotic bath), and (c) serum remnant of
ultrafiltration (hyperoncotic bath). The compositions of
these solutions are shown in Table I. Minor differences in
osmolality among these solutions were adjusted by adding
appropriate amounts of water.

To minimize the effects of minor electrolyte differences
in the perfusion fluid and each of the bathing media,
equilibrium dialysis was performed among these solutions
by the following technique. Approximately 20-ml aliquots
each of ultrafiltrate, control serum, and hyperoncotic serum
were placed in cellophane bags and dialyzed at 4°C against
a liter of rabbit serum for 72 hr. All solutions were bubbled
with 95% O-5% CO2 for at least 10 min immediately

1 Abbreviation used in this paper: PCT, proximal convo-
luted tubules.

TABLE I
Protein Concentration and Osmolality of the

Bathing Fluids*

No. of Protein
determinations concentration Osmolality

g/100 ml mtOsm/kg waler
Hypooncotic bath 37 0.0 d0.0 305 ±1
Normal bath 55 6.4 40.1 307 :1:1
Hyperoncotic bath 18 12.5 0.1 302 42

* Numbers are given as mean i4SE.

before use. The bath was kept at 37°C and also bubbled
continuously with the above mentioned gas mixture.

After initial hook-up, the tubule was allowed to stabilize
its function for 30 min before collection of control periods.
Three 10-min control periods were then obtained. Bath was
then changed to vary its oncotic pressure, and another 10
min equilibration period started. After this, an additional
three experimental periods were obtained. To minimize any
systematic bias, the order in which oncotic pressure was
varied in the bath was randomized. The experiments were
divided into three groups according to the oncotic pressure
of the bath used in the experimental periods: group I, hypo-
oncotic bath; group II, normal control rabbit serum; and
group III, hyperoncotic bath.

In order to measure net fluid reabsorption 'wI-labeled
human serum albumin (E. R. Squibb & Sons, New York)
was added to the perfusate, and the concentrations of iso-
tope were measured in both perfusate and collected fluid.
Frequently it was noted that recovery of the volume
marker, albumin-tII, was less than 100% when perfusion
fluid was placed directly into the collecting pipette without
first perfusing the tubule. For this reason a great care was
exercised when the concentration of albumin-'I in the
perfusate was measured. In order to minimize the error in
the calculation of perfusion rate, the perfusate was put
into the collecting pipette through a perfusion pipette at the
end of each experiment. Then known values of perfusate
were removed from the collected pipette by use of a cali-
brated, constant bore pipette. Specific activities of the per-
fusate could be calculated in exact manner using this pro-
cedure. It is felt that the reason for a lower specific activity
of the perfusate obtained in the described manner, as con-
trasted to calculation directly from stock solution, lies in
the fact that albumin-MI has a tendency to adhere to glass.
Because of the difficulties associated with albumin-'I, a
search was made for a more suitable volume marker. Io-
thalamate-'I (Glofil-125, Abbot Laboratories, North Chi-
cago, Ill.) has proved to be more ideal than albumin-'I,
and accordingly, this was used as a volume marker in the
sucrose permeability experiments. Iothalamate-lmI does not
seem to adhere to glass nor be absorbed into the oil in the
collecting pipette so that 100% recoveries were uniformly
obtained. In addition, the variation in net reabsorption be-
tween consecutive collection periods was significantly less
than when albumin-"I was used as a volume marker.2

In order to determine passive permeability coefficient of
the tubule for sodium, for urea, and for sucrose, approxi-

2 Note added in proof: Since submission of this manu-
script we have evaluated polyvinylpyrrolidone-bI (Amer-
sham/Searle Corp., Arlington Heights, Ill.) and find this
volume marker much more ideal than either albumin-'I
or iothalamate-'I.
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mately 10 jsCi of Na (International Chemical Nuclear
Corporation, Irvine, Calif.), 20 /ACi of urea-'C (Interna-
tional Chemical Nuclear Corporation), and 30-100 gCi of
sucrose-14C (New England Nuclear Corp., Boston, Mass.)
were added to the bath, respectively. Concentrations of
the isotopes in the bath were corrected for plasma water.
Radioactivity of '1I and 'Na were determined by three-
channel well scintillation counters (Packard 3003, Packard
3365). 14C was counted by a liquid scintillation counter
(Packard 2420). The concentrations of sodium of the per-
fusate and the bathing solution were measured by an IL
flame photometer (Instrumentation Laboratory Inc., Water-
town, Mass.), and osmolality with a wide-range osmometer
(Advanced Instruments Inc., Newton Highlands, Mass.).

The transtubular potential difference was measured by
connecting the bath and perfusion pipette via equivalent
bridges (300 mOsmliter' Ringer's in 4% agar) to satu-
rated KCl solution which contained Beckman (Beckman
Instruments, Fullerton, Calif.) calomel half-cells. The
circuit was completed by placing a voltage reference source
and a battery-operated Keithley Model 602 (Keithley In-
struments Inc., Cleveland, Ohio) electrometer in the cir-
cuit. The stability of this system was excellent with base
line voltage drift of less than ± 0.3 mv for the duration
of an experiment. Electrical seal was obtained at the tissue/
glass junction of the perfusion end with Sylgard 184 (Dow
Corning Corp., Midland, Mich.) by techniques previously
described by Burg and Orloff (28).

Calculations. Net water flux (J,, nl mm-' min') was
calculated according to the following formula:

JV-Vi -Vo V0 __L [125'j1 (1)J L E(C25I], ) 1

where V, is perfusion rate (nl min') ; V., collection rate
(nl min'); L, length of the tubule (mm); and ['I] and
[ ,lo, concentration of the perfusate and collected fluid,
respectively.

Net sodium flux (4,BND, nEq mm' min') was expressed
as:

s0Na = [Na~hjv, (2)

where [Na]J is concentration of sodium in the perfusate
(nEq nl').

Passive permeability coefficient for sodium (PN.), for
urea (Pure.), and for sucrose (Psucrose) was expressed as
follows (cm sec'):

PNa, urea, sucrose = EI](3)
A[R -RI]

where A (cm2) is luminal surface area assuming I.D. = 20 1;
VO, collected volume expressed as ml sec'; and [Rib and
[RI, are concentration of the corresponding isotopes in
the bath and collected fluids, respectively. [Rb- Ri] is the
logarithmic mean concentration gradient between the bath
and collected fluid 'Na concentration. Equation 3 has two
sources of error. First, it does not account for transmem-
brane potential differences, and second, a correction for
active outward transport of 'Na which has diffused into
the lumen is not included. The latter objection is of minor
significance since net transport of fluid out of the PCT
in these experiments was roughly 10%, or less, of the per-
fusion rate. However, a transmembrane potential difference
of 6 mv with lumen negative would induce such a force
that our calculated permeability coefficient for Na' would
be 25% higher. As presented elsewhere in results, there was

no significant difference in transmembrane potential differ-
ence when ambient oncotic pressure was varied so no sys-
tematic error is introduced from this source when passive
permeabilities of Na are compared in baths of differing
protein concentration. In this study we were more con-
cerned with relative permeabilities between control and ex-
perimental periods than with absolute values so we feel no
serious difficulties are associated with equation 3 when
applied in this context.

Unidirectional sodium flux from bath to lumen (4blNa,
nEq mm-' min') was calculated by the equation

Tbl Na = PNa[Nalb, (4)

where [Na] b is equal to the concentration of sodium in
the bath.

The length of the tubule was measured with an ocular
micrometer. Luminal surface area was calculated from the
approximate tubular diameter of 20 u. All the data pre-
sented were derived from mean of three periods except for
experiments determining permeability coefficient for sucrose,
in which samples of three periods were combined to obtain
statistically sufficient counts for sucrose-"4C. Results are
expressed as mean ±standard error. The statistics were
performed using paired t test analysis comparing the mea-
sured absolute values of the parameters between the con-
trol and experimental periods.

RESULTS
Net water and net sodium fluxes. The effects of on-

cotic pressure changes in the bath on net water and
net sodium fluxes were determined in 71 tubules per-
fused with ultrafiltrate isoosmotic to the bath. The
results are summarized in Table II, and the individual
values for net water flux are shown in Fig. 1. In 13
control experiments in which the bath composition was
kept unchanged and consisted of regular rabbit serum
during the initial three collection periods and the sub-
sequent three experimental collection periods, both net
water and net sodium fluxes were not significantly dif-
ferent in the two periods (Fig. 1). Respective changes
in these parameters were 1.6 ±6.6% (P > 0.5) and
- 4.1 ±10.3% (P > 0.1). These data indicate that the
transport characteristics of the isolated tubule remain
unaltered throughout the course of the experiment.

When the bath was changed from the regular serum
to ultrafiltrate (hypooncotic experiments), both net
water and net sodium fluxes decreased significantly,
with mean per cent changes of - 40.0 ±13.5% (P
< 0.001) and of - 37.2 ±13.6% (P < 0.001), respec-
tively. As shown in Fig. 1, 19 of 23 tubules show ap-
parent decreases in net water flux and only one ex-

periment shows an opposite result. Conversely, when
the bath was changed from ultrafiltrate to the regular
serum, both net water and net sodium fluxes increased
significantly. The mean per cent changes from post-
experimental control were - 23.2±4.8% (P < 0.05)
and - 28.3 +5.2% (P < 0.05), respectively.

Effect of Protein Concentration on Proximal Tubule Transport 317



(23) (17) (13) (9) (9)

C1 E E C2 C1 C2 C1 E E C2

Hypooncotic Normal Hyperoncotic

FIGURE 1 The effect of varying ambient oncotic pressure on net water flux of isolated per-

fused rabbit proximal convoluted tubules. C1, E, and C2 denote preexperimental control,
experimental, and postexperimental control periods, respectively. Number of observations are

indicated in the parenthesis. The broken lines indicate the data obtained by the experiments
in which fluids dialyzed against each other were used for perfusate and bath.

P<cO.05

150-

*
JV 100-1

Na 50~

en

0

PNa 100 -----

Na50-

Hypooncotic Normal Hyperoncotic
FIGURE 2 The effect of changing bath oncotic pressure on:

net water (J,) and net sodium (4,,N) fluxes unidirectional
sodium flux from bath to lumen (4bIN"); and permeability
coefficient for sodium (PN.). Values are expressed as per-

centages of controls. P values are calculated by paired t
analysis using controls and experimental period in each
individual experiment. Both pre- and postexperimental con-

trols are included.

When the bath was changed from regular serum to
serum remnant of ultrafiltration (hyperoncotic experi-
ments), both net water and net sodium fluxes increased
in eight of nine experiments. The mean per cent in-
creases were + 70.9 ±33.6% and + 72.0 ±33.9%, re-

spectively. These values are statistically different from
controls (P < 0.05). When the bath was changed from
hyperoncotic to normal control bath, per cent decreases
from the postexperimental control were - 25.5 ±+16.5%
for net water flux and - 24.8 4+16.2% for net sodium
flux. Although these changes were not statistically
significant (P > 0.3), six of nine experiments showed
a marked decrease in net water and sodium flux from
the periods in which hyperoncotic bath was used as

compared to baths in which isooncotic control rabbit
serum was used.

To exclude the possibility that minor differences in
ionic compositions of the baths may influence net re-

absorption, fluids dialyzed against each other were

used for perfusate and baths in 18 experiments. These
experiments are depicted by broken lines in Fig. 1.
These results when analyzed separately do not differ
from others and therefore data presented included
means from all studies performed.
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Fig. 2 summarizes the data when the two groups,
experimental bath preceding control and control bath
preceding experimental, are pooled. When the results
of the hypooncotic baths are compared to control, there
was a 38% decrease in net water flux and 40% decrease
in net sodium flux. These values are significantly dif-
ferent from controls (P < 0.001). Similarly, when all
the hyperoncotic experiments are compared to controls,
there was a mean increase in net water flux of 28%
and an increase of 30% in net sodium flux. These values
also were statistically different from controls (P <
0.05).

It is conceivable that in the process of making ultra-
filtrate by pressure dialysis using Aminco PM-30 mem-
branes (American Instrument Co., Inc., Silver Springs,
Md.) some unrecognized factor responsible for sup-
porting transport is dialyzed out. Evidence against this
hypothesis are the experiments in which commercially
available bovine albumin (Pentex Biochemical, Kan-
kakee, Ill.) was added to ultrafiltrate in such a manner
that the final protein concentration- was 6.6 +0.1 g/100
ml as compared to the rabbit serum used in this series
of 6.5 g/100 ml. The primary purpose of these experi-
ments was to determine whether the reconstituted ultra-
filtrate with added protein could maintain net transport
at the same level as the control serum when each of
these were used as the bathing fluid. Also in this series,

the same ultrafiltrate without additional protein was
used as a bath. In each instance the reconstituted pro-
tein containing ultrafiltrate was placed in a cellophane
bag and dialyzed against the same solution which was
later used as the bath. In five experiments the recon-
stituted ultrafiltrate was dialyzed against serum, while
in three studies it was dialyzed against protein-free
ultrafiltrate. The technique of dialysis was the same as
previously described. The order in which these bathing
fluids were used was the following: (a) control rabbit
serum, (b) reconstituted ultrafiltrate with added pro-
tein, and (c) protein-free ultrafiltrate. In these eight
consecutive experiments the mean reabsorption was
0.75 ±0.07 nl/min during the first three periods when
rabbit serum was used as a bath, it increased to 1.02
+0.10 nl/min during the second three periods when
bath was changed to ultrafiltrate to which the protein
was added (P < 0.02), and decreased to 0.28 +0.15
nl/min when ultrafiltrate without protein was used as
the bath (P < 0.01). These results clearly indicate that
the effects described in these studies are due to the
presence of protein, and not secondary to some un-
recognized dialyzable factor. It is interesting to note
that although the total protein concentration of the
control bath and the ultrafiltrate with the added albu-
min were the same, the latter had a somewhat higher
absolute reabsorption. This probably is due to the in-

'-', 0.05IC

'"E 0
E

LUC -0.05

O -0.10

-.5-. ( nEq mmmin1)

-0.15 -0.10 -0.05 0 0.05 0.10 0.15

FIGURE 3 The relationship between changes in net sodium flux (4Na)
changes in unidirectional sodium flux (blN'a) in hypooncotic experiments.
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TABLE II I
Effect of Hypooncotic Bath on Permeability Coefficient for Sucrose*

Counts of sucrose-14C

Exp. Collected
No. Vi$ J. Change fluid Bath Pse Change C010

nl min-' nl mm-' min-' % cpm nxl- cpm W-1 10O5 cm sec-1 % xi mm-' min-'

1 C 16.37 0.59 0.09 12.8 0.21 0.08
E 15.82 0.22 -62.7 0.14 12.6 0.32 +52.4 0.12

2 C 7.47 0.76 3.64 36.8 1.46 0.55
E 9.92 0.20 -73.7 3.66 37.4 2.16 +47.9 0.81

3 C 14.62 0.77 0.12 30.2 0.13 0.05
E 11.48 0.44 -42.9 0.35 28.6 0.32 +46.2 0.12

4 C 13.92 1.37 1.17 36.1 0.81 0.31
E 13.82 1.34 -2.2 0.67 35.2 0.49 -39.5 0.18

5 C 11.36 1.18 3.53 47.8 2.17 0.82
E 11.51 0.18 -84.7 3.79 43.6 2.83 +30.4 1.07

6 C 13.15 1.14 0.25 44.3 0.17 0.06
E 12.80 0.32 -63.5 0.30 45.2 0.21 +23.5 0.08

7 C 7.21 0.75 2.07 56.6 0.50 0.19
E 9.78 0.41 -45.3 1.29 44.8 0.58 +16.0 0.22

8 C 10.44 0.88 1.33 40.3 0.64 0.24
E 11.63 0.77 -12.5 1.16 45.4 0.56 -12.5 0.21

9 C 8.07 1.27 1.02 41.8 0.40 0.15
E 7.86 -0.15 -111.8 4.90 50.2 1.99 +397.5 0.75

10 C 8.12 1.38 1.66 49.1 0.65 0.24
E 10.12 0.15 -89.1 3.86 44.4 2.51 +286.2 0.95

11 C 6.44 0.73 0.20 7.5 0.35 0.13
E 7.93 0.38 -47.9 0.82 6.7 1.86 +431.4 0.70

12 C 8.52 1.00 0.29 8.5 0.74 0.28
E 9.12 0.64 -36.0 0.21 6.1 0.83 +12.2 0.31

* Experimental data of individual experiments are given.
t Abbreviations: Vi = perfusion rate; jv = net water flux; Psucrose = permeability coefficient for sucrose; Csucrose = clearance
of sucrose; C, E = control and experimental period.

creased number of oncotically active particles contained
in the ultrafiltrate solution reconstituted by addition of
only albumin when compared to the control serum
where the total concentration of protein must be made
up of a smaller number of oncotically active particles
due to the presence of high molecular weight globulins.

Unidirectional sodium flux from bath to lumen and
passive permeability coefficient for sodium. Passive
permeability coefficient for 'Na and unidirectional in-
flux of Na were determined in 20 tubules to examine
whether changes in these parameters were responsible
for the observed changes in net water and net sodium
fluxes when varying oncotic pressures were used in
the bath (Table II, Fig. 2). In seven control experi-
ments these variables were unchanged throughout the
experiment. The control permeability coefficient for 'Na

obtained here are comparable to ones previously re-
ported by Kokko, Bu-rg, and Orloff (27). In these stud-
ies the positively charged 'Na was added to the bath,
while in the earlier studies (27) 'Na was added to the
perfusion fluid. In hypooncotic experiments, neither
unidirectional sodium flux nor permeability for sodium
was changed significantly in spite of the changes in
net water and net sodium fluxes. As shown in Fig. 2,
the per cent changes when compared to control baths
in back flux of sodium were 0% while the per cent
changes in permeability coefficients for Na were + 5%.
These values are not significantly different from unity.

In Fig. 3 the changes in net sodium fluxes are
plotted against the changes in unidirectional sodium
fluxes from bath to lumen in hypooncotic experiments.
Although there is a tendency of a negative correlation
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between these variables, the correlation coefficient of
- 0.49 is not statistically significant (P > 0.05).

Permeability coefficient for urea. Permeability of the
proximal convoluted tubule for urea was determined in
13 experiments in which isooncotic and hypooncotic
baths were used. The results are shown in Table II.
In the control period permeability for urea was 6.6 X
10' cm sec1. This value is approximately one half of
the permeability coefficient for sodium and comparable
to the value obtained when urea-"C was added to
equilibrium solution which was used as the perfusion
fluid (29). The value of 7.1 X 10' cm sec1 in post-
experimental control is not different from the preex-
perimental control value when analyzed by the paired
t test. When the bath was changed from regular serum
to hypooncotic fluid or vice versa, the permeability
coefficient for urea did not change.

Permeability coefficient for sucrose. In order to evalu-
ate whether changes in oncotic pressure of the bath
influence the permeability for a substance which is
supposed to penetrate primarily via an extracellular
route, sucrose-14C was added to the bath in a sufficient

amount to obtain statistically significant counts in the
collected tubular fluid. In order to assure sufficient 14C
counts, the samples from three collection periods were
combined and put into a single counting vial. 350 nl
of fluid was collected on average, containing a mean of
567 cpm. The observations were made using 12 tubules
with regular isooncotic rabbit serum as control with
subsequent changes to hypooncotic bath during experi-
mental period. The results are summarized in Table
II and individual values are shown in Table III.

In this series of experiments, net water flux decreased
from 0.99 ±0.08 to 0.41 ±0.11 n1 mm' min1 when the
bath was made hypooncotic, while permeability co-
efficient for sucrose increased from 0.69 ±0.17 to 1.23
±0.28 X 105 cm sec1. When each tubule is used as its
own control, the per cent change from the control was
116.7 ±47.1% (P < 0.05). The permeability coefficient
for sucrose indicates that the PCT is approximately
20 times more permeable to sodium and 10 times more
permeable for urea than for sucrose when normal iso-
oncotic bathing media is used. Fig. 4 shows relation-
ship between changes in net water flux and changes in
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FIGURE 4 Significant correlation between changes in net water flux (J,) and changes in
permeability for sucrose expressed as clearance from bath to lumen (Caucrose). The re-
gression line was calculated by least square methods. The broken line indicates a line of
identity showing the changes in net flux are completely identical with changes in sucrose
clearance.
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permeability for sucrose. There is correlation between
these variables. The correlation coefficient of - 0.73 is
statistically significant at 0.01 level. In this series we
have also expressed permeability characteristics for
sucrose in terms of clearance from bath to lumen as
nl mm' min1 for the convenience of the comparison
with the magnitude of the changes in net water flux.
The regression line has a slope of - 1.16 and inter-
cepts y axis at - 0.34 nl mm-' min. The broken line in
Fig. 4 shows the line of identity indicating changes in
net water flux completely depend on changes in perme-
ability for sucrose. The regression line was signifi-
cantly different from this line.

Electrical potential difference. The transtubular po-
tential under control conditions (perfused with isos-
molal ultrafiltrate and bathed with isooncotic rabbit
serum), ranged in six consecutive experiments from
3.7 to 7.1 mv with a mean of 5.1 mv with the lumen
negative. When the bath was changed to hypo- or
hyperoncotic media, the maximum unidirectional changes
in transtubular potential differences was 0.6 mv, but no
statistical difference was noted in the mean potential
differences in these groups. At the end of these ex-
periments, 10-5M ouabain was added to the bath and a
prompt decrease to near zero was noted in the trans-
tubular potential difference.

DISCUSSION
A variety of studies suggests that peritubular oncotic
pressure plays an important regulatory role in proximal
reabsorption of salt and water (20-25). It has been
hypothesized that these oncotic forces exert their effect
across the capillary basement membrane and influence
the uptake of reabsorbate from the renal interstitium;
the latter, by influencing interstitial hydrostatic pres-
sure, modulates reabsorption from the tubular lumen
(20).

The present in vitro perfusion studies indicate that
variations in the protein concentration of the bathing
media significantly affect the rate of reabsorption from
the proximal tubule without interposition of the capillary
basement membrane (Table II). Changing the bath
from isooncotic to hypooncotic media inhibits re-
absorption by 38%, whereas raising the bath protein
concentration to 12.4 g/100 ml increases reabsorption
by 28% when compared to isooncotic bath with a pro-
tein concentration of 6.5/100 ml. It is of interest that
protein-free bath inhibited reabsorption to the same
extent as observed by Spitzer and Windhager (24)
when they perfused peritubular capillaries with protein-
free solutions.

There are several possible mechanisms whereby
changes- in oncotic pressure can influence tubular re-
absorption in the absence of a capillary network. Bres-

ler ( 19) suggested the possibility that the oncotic
forces acted directly across the tubular epithelium
influencing the passive reabsorption of salt and water.
Giebisch, Klose, Malnic, Sullivan, and Windhager (30)
and Kashgarian, Mitchel, and Epstein (31) could not
demonstrate any effect of the addition of protein to
the intratubular fluid on the rate of reabsorption. These
studies constitute evidence against Bressler's hypothesis.
However, it is conceivable that under these experi-
mental protocols small changes in reabsorption might
not be detectable by the split-drop techniques.

An alternative hypothesis is that the protein in the
bathing medium exerts its oncotic pressure across the
tubular basement membrane, and consequently influ-
ences the volume of the basal labyrinth and intercellu-
lar compartments. A hypooncotic bath would retard
the transfer of reabsorbate out of these areas causing
dilatation of these spaces, while a hyperoncotic bath
would enhance reabsorption and cause further collapse
of these spaces. In order for the system to behave in
this fashion, the tubular basement membrane would have
to have the following properties: (a) a high hydraulic
conductivity so that the movement of water can be
driven by small hydrostatic and oncotic pressure dif-
ferences, (b) essentially zero reflection coefficient for
dissolved crystaloids so that small concentration gradi-
ents of these substances do not nullify the hydrostatic
and oncotic pressure gradients, and (c) a finite re-
flection coefficient for plasma proteins so that their
presence in the outside fluid will generate an effective
osmotic pressure. Recent studies of Welling and Gran-
tham (32) indicate that isolated tubular basement mem-
brane when stripped of its epithelial cells indeed does
retard the penetration of albumin.

Lewy and Windhager (20) have suggested that the
mechanism of isotonic proximal reabsorption is similar
to the model proposed by Curran and MacIntosh (33)
and extended to the gall bladder by Diamond and Bos-
sert (34). According to this model, solute is trans-
ported by the tubular epithelium into the poorly mixed
third compartment and generates a local osmotic gradi-
ent which promotes bulk flow of water. The solution
of salt and water is then forced out of this interspace
across the tubular basement membrane by a small hy-
drostatic pressure gradient. Lowering the protein in
the outside solution, for example, would exert its
regulatory effect primarily by retarding the transfer
process across the basement membrane. As a secondary
consequence, the volume of the intercellular space and
basilar labyrinth are increased. Lewy and Windhager
(20) have suggested that expansion of these inter-
spaces might reduce reabsorption by one of three
mechanisms: (a) inhibition of the active sodium
pump, (b) increased sodium permeability at the site
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of the active pump, thereby increasing the back-leak,
and (c) increased hydrostatic pressure augmenting the
passive back-flux of solute and water through the junc-
tion of the intercellular space.

The present studies provide some insight as to which
of these mechanisms might be operative. Although the
possibility of a direct effect on an active sodium pump
was not examined in detail, we did observe that hypo-
oncotic decreased and hyperoncotic increased reabsorp-
tion but had no effect on transmembrane potential dif-
ference. Studies of Burg and Orloff (28) and Kokko
and Rector (35) indicate that the transmembrane po-
tential difference in the isolated tubule is in fact a
transport potential which is reversibly reduced by both
ouabain and cooling (35). The failure of hypo- and
hyperoncotic bath to have any detectable effect on the
transmembrane potential differences is suggestive, but
admittedly not conclusive, evidence against an effect on
the active transport process.

To determine whether hypooncotic bath might alter
passive sodium influx either by increasing the specific
Na permeability of the membrane or opening channels
for the back-leak of sodium and water, we examined
permeability of sodium from bath to luminal fluid. The
PNa determined by this manner was comparable to that
obtained when the flux of 'Na was measured from
lumen to bath (Table II). Despite the relatively high
permeability to Na and importance of interspace to the
over-all process, alteration of bath oncotic pressure had
no measurable effect on PNa (Table II). These results,
therefore, fail to provide any direct evidence in support
of the hypothesis that changes in oncotic pressure exert
their effect on the back-leak of Na from interstitium
into tubular lumen. However, they do not exclude this
possibility, since the unidirectional back-flux of Na is
4-5 times greater than net Na reabsorption (Table
TI), so that small changes in the back-leak might pro-
duce significant changes in net reabsorption without
detectably altering the unidirectional influx of 'Na.

Because of the high sodium permeability relative to
the magnitude of net reabsorption, we examined the
effect of alterations of oncotic pressure on the perme-
ability of two less permanent solutes, urea and sucrose.
Our studies revealed two important differences in the
permeability of these solutes. First, Purea was approxi-
mately 1/2 PNa, but approximately 10-fold greater than
Psucrose (Table II). Second, lowering oncotic pressure
of the bath had no effect on urea permeability, but
markedly increased Psucrose. If one considers that sucrose
has a volume distribution limited to extracellular space
(inulin space), then these marked differences between
Purea and Psucrose might be attributed to different paths
of permeation. The major path for sucrose is probably
paracellular, through the tight junction, whereas urea

is distributed throughout total tissue water and, there-
fore, its major pathway of transmembrane penetration
is through the cells in addition to the paracellular path-
ways. The fact that only Psucrose was increased by the
hypooncotic bath, suggests that variation in oncotic
pressure influences net reabsorption by increasing and
decreasing the backflow of reabsorbate from interstitial
space to lumen via the tight junction. If the concen-
tration of sucrose in bath media and interstitial space
were the same, one would predict that with hypooncotic
bath the increase in clearance of sucrose into the
lumen, as shown in Fig. 4 and Table III, should equal
the decrease in net reabsorption. This is clearly not
the case; the decrease in net reabsorption was two
times greater than the increase in the clearance of
sucrose. This discrepancy might be explained in one
of two ways. One possibility is that some process other
than back-flow of reabsorbate via the tight junction
was contributing to reduction in net reabsorption. An
alternative, and more likely possibility, is that the
sucrose concentration in the interstitium is lower than
in the bath. This would result from the fact that the
simultaneous process of reabsorption from lumen to
interstitium through the paracellular space is exerting
a convective force which prevents sucrose from achiev-
ing equilibrium between the paracellular space and the
bath.

These studies therefore indicate that in perfused
isolated tubules lowering the protein concentration in
bath inhibits and raising protein concentration in bath
enhances net reabsorption of salt and water without
changing transmembrane potential differences or perme-
ability coefficients for urea and sodium. The perme-
ability of sucrose, which is used as an index of para-
cellular pathway permeability, is increased with hypo-
oncotic bath. These data are best explained by the
following model. Salt and water reabsorbed by tubular
epithelium enter the intercellular space and are driven
across the tubular basement membrane into the bath
by a combination of hydrostatic and oncotic pressures
acting across this membrane. Lowering the oncotic
pressure in the bath reduces the driving force across
the tubular basement membrane, causing expansion of
the interspace and possibility a slight increase in its
hydrostatic pressure. As a consequence of these changes
a fraction of reabsorbate is driven back into the lumen
through the tight junction. Raising the oncotic pres-
sure in the bath produces the reverse sequence of these
events.

The foregoing model might be criticized on the basis
that previously determined osmotic water permeabilities
for the proximal convoluted tubule (27, 32, 36) are so
low that the protein concentration gradients cannot
exert their effect simply by osmotic forces. Indeed, re-
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cent studies of Welling and Grantham (32) have dem-
onstrated that the basement membrane has a hydraulic
conductivity several orders of magnitude greater than
the intact tubular membrane. Thus it might be argued
that fluid transported into the lateral intercellular
spaces should simply reflux through the basement mem-
brane with only a small fraction returning back into
the lumen. Thus, for the presented model to be opera-
tive the hydraulic resistance of the "tight junction/
lateral intercellular space complex" must decrease, pre-
sumably because of dilatation of the intercellular spaces.
In support of this are the findings that sucrose perme-
ability increases twofold when protein-free bath is used.
In addition, this model is consistent with recent elec-
trophysiological studies of Windhager, Boulpaep, and
Giebisch (37) and Boulpaep (38) who were able to
show the presence of a low-resistance pathway around
the cells, and that the resistances of this pathway were
further reduced in saline diuresis.

The present studies clearly indicate that protein con-
centration gradient can act across the tubular basement
membrane without interposed capillary network. These
studies, however, do not exclude the possibility that in
the intact kidney the alteration of peritubular oncotic
pressure exerts its effects primarily across the capillary
basement membrane altering the interstitial pressure,
and that changes in interstitial pressure might secondar-
ily influence the transfer of fluid across the tubular
membrane, the size of interspace, and back-flow across
the tight junction.
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