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A B S T R A C T In many previous studies, the natri-
uresis induced by saline loading has been demonstrated
to persist even though glomerular filtration rate (GFR)
has been decreased to below pre-expansion levels by
a reduction in renal artery pressure. In such studies,
however, the kidney has been exposed to the effects
of volume expansion for varying periods of time before
renal artery pressure was controlled. The present ex-
periments were designed to evaluate whether this
period of exposure induces critical changes in intra-
renal factors that are responsible for the natriuresis.

Experiments were carried out in rats, in which renal
artery pressure was decreased to 70 mmHg either at
the onset of saline loading (immediate clamping ex-
periments) or after 45 min of saline loading had
elapsed (delayed clamping experiments). In the delayed
clamping experiments, consonant with previous studies,
mean sodium excretion, 3.2 ,seq/min, remained mark-
edly increased above control, despite a reduction in
GFR to 91% of the hydropenic control value. In con-
trast, when renal artery pressure was comparably re-
duced at the onset of saline loading mean sodium ex-
cretion was only trivially increased, 0.4 ieq/min, al-
though GFR increased to 140% of the hydropenic
control value.
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These results exclude an important role for either a
circulating hormone or a reduction in plasma oncotic
pressure in the natriuretic response to saline loading,
and indicate that intrarenal factors are the critical de-
terminants of the natriuresis. Wehave used the differ-
ence in response to saline loading in the immediate
and delayed clamping experiments to evaluate the role
of two intrarenal factors, interstitial hydrostatic pres-
sure and renal plasma flow. Interstitial pressure changes
were estimated from changes in tubular pressure and
diameter by using the in situ compliance characteristics
of the tubules. In a group of rats saline loaded with-
out aortic clamping, interstitial pressure increased by
4-5 mmHg and renal plasma flow increased by 2.5
ml/min. During the period of reduced renal artery
pressure, however, neither interstitial pressure nor
renal plasma flow was detectably increased above con-
trol in either the immediate or the delayed clamping
experiments.

The only noteworthy difference between the experi-
ments in which a natriuresis occurred (unclamped and
delayed clamping studies) and the experiments in which
no natriuresis occurred is that in the former group the
kidney was at least transiently exposed both to an
increase in renal plasma flow and interstitial pressure.
These findings indicate, first, that extracellular fluid
volume expansion can induce a natriuresis only if the
kidney has been exposed to at least a transient increase
in either interstitial hydrostatic pressure or renal
plasma flow (or both); and, second, that a sustained
increase in interstitial pressure and renal plasma flow
is not required for the natriuresis to persist.

INTRODUCTION
Over a decade ago, de Wardener, Mills, Clapham,
and Hayter (1) demonstrated that the natriuresis in-
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duced by saline loading persists despite a reduction in
renal artery pressure sufficient to reduce the glomerular
filtration rate (GFR) 1 to below pre-expansion levels.
Since a reduction in renal perfusion pressure not only
reduced GFR, but also reversed the effects of volume
expansion on such intrarenal factors as blood flow,
and presumably, intrarenal hydrostatic pressures, at-
tention was naturally focused upon extrarenal factors
such as plasma oncotic pressure and circulating hor-
mones to account for the persistent diuresis (1, 2). It
is noteworthy, however, that in these studies and other
confirmatory studies (3, 4), renal artery pressure was
either reduced gradually or was reduced only after a
period of saline loading had elapsed. No consideration
has been given to the possibility that the transient
period of exposure of the kidney to the effects of extra-
cellular fluid (ECF) volume expansion in these studies
might have produced crucial intrarenal changes which
were not immediately reversed by the subsequent re-
duction in renal artery pressure. The present studies
were therefore undertaken to determine whether pre-
vention of such exposure by a prompt partial reduction
in renal artery pressure at the onset of saline loading
would alter the natriuretic response.

The results indicate that a period of exposure of the
kidney to the effects of volume expansion at a normal
perfusion pressure is indeed a prerequisite to the natri-
uresis. When renal artery perfusion pressure was re-
duced to 70 mmHg at the very onset of saline loading,
no diuresis occurred despite an increase in GFR. Re-
duction of renal artery perfusion pressure to an identi-
cal level after a period of saline loading, on the other
hand, failed to abolish the diuresis despite a fall in
GFR to below control levels. These findings strongly
support the view that intrarenal rather than systemic
effects of ECF volume expansion are the primary de-
terminants of the resultant natriuresis.

METHODS
All studies were performed on male Charles River rats
(200-250 g, Charles River Breeding Laboratories, Inc.,
Wilmington, Mass.), fed a standard rat chow diet and
allowed water ad lib. The rats were prepared for study as
described previously (5, 6), with the exception that in the
studies in which the aorta was partially clamped, the femo-
ral artery rather than the carotid artery was cannulated for
blood pressure measurement and blood sampling. Upon
completion of the surgical preparation, all animals were
required to meet the following criteria or the experiment
was discontinued: blood pressure greater than 95 mmHg;
temperature 36-390C; urine free of blood; and Lissamine
green transit time less than 13 s with dye distributed
evenly to all areas of the kidney and with no dye retention
in tubules.

If the above conditions were met, 25 ,uCi of ['4C]inulin
in 0.3 ml of isotonic saline was given as a bolus and an

'Abbreviations used in this paper: ECF, extracellular
fluid; GFR, glomerular filtration rate.

isotonic saline infusion containing ["C]inulin in amounts
sufficient to deliver 25 AGCi/h was begun at a hydropenic
rate of 1.7 ml/h. After a 30-min equilibration period, the
experimental protocols described below were begun.

Experimental protocols
Three experimental protocols were carried out. In the

first protocol, the effect of saline loading on GFR, sodium
excretion, and interstitial pressure was studied without
aortic clamping ("unclamped studies"). In the remaining
two experimental protocols, the effect of a reduction in
renal artery pressure on the natriuresis induced by volume
expansion was examined. All three protocols consisted of
a control period followed by a period of saline loading. In
the control period, the sustaining infusion of isotonic saline
was continued at 1.7 ml/h. In the saline loading period, the
infusion rate of isotonic saline was increased to 24 ml/h

nd was continued at this rate for the remainder of the
experiment.

In the two protocols in which renal perfusion pressure
was reduced, renal artery pressure was reduced after a 45-
min period of saline loading had elapsed in one protocol
("delayed clamping" studies), and at the onset of saline
loading in the other protocol ("immediate clamping" stud-
ies). In both of these protocols femoral artery pressure
was reduced to 70-75 mmHg by tightening a suture placed
around the aorta above the left renal artery but below the
right renal artery. This level of pressure was chosen be-
cause in a preliminary series of delayed clamping experi-
ments, it resulted in the desired experimental model, in
which GFR was reduced to approximately 70-100% of the
pre-expansion values in the majority of the rats studied. In
the delayed clamping experiments, rats were accepted for
study only if GFRwas reduced below the hydropenic con-
trol value during the period of aortic clamping.

During the control period in all experiments, two timed
urine samples (15-30 min each) were collected for measure-
ment of sodium excretion and inulin clearance. In the un-
clamped studies, these measurements were repeated after 45
min of saline loading had elapsed. The timing of the urine
collections during the saline loading period in the experi-
ments in which renal perfusion pressure was decreased is
described below.

Delayed clamping experiments. 30 min after the onset
of saline loading, a single 15-min urine collection was ob-
tained. Left renal artery pressure was then reduced to 70-75
mmHg as described above, and was maintained at this level
for the remainder of the experiment. 15 min after left renal
artery pressure was reduced, two additional urine samples
were collected for measurement of sodium excretion and
inulin clearance. The period of aortic clamping ranged from
40 to 80 min.

Immediate clamping experiments. In these studies, left
renal artery pressure was reduced to 70-75 mmHg simul-
taneously with an increase in the infusion rate of saline
to 24 ml/h, as described above. After 30 min of saline
loading and aortic constriction, two timed urine samples
were collected while femoral artery pressure was main-
tained at 70-75 mmHg. After completion of these collec-
tions, the aortic clamp was released and 15 min later, one
further timed urine sample was collected. The period of
aortic clamping ranged from 60 to 110 min.

Renal plasma flow measurements
Renal plasma flow was measured in four rats in the

delayed clamping studies and in five rats in the immediate
clamping studies. In these studies, in addition to arterial
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TABLE I
Renal Function, Blood Pressure (BP), and Hematocrit before and during Saline Loading in the

Three Experimental Groups

U/P In GFR V/GFR UNaV* BPI Hct

mil/min % peqlmin mmHg mi/lOD ml

Unclamped (17 rats)
Control 545454 1.4±0.1 0.2±0.02 0.140.01 122±3 45±0.7
Early saline 27±6 1.7±0.1 5.7±0.7 15.9±2.0$ 121±3 40±0.7
Late saline 19±3 1.8±0.1 6.8i0.8 24.0±2.8 12345 4040.5

Delayed clamping (11 rats)
Control 352±27 1.440.1 0.3i0.02 0.2±0.07 112±t3 47±0.7
Saline 40±5 1.7±0.1 1.9±-0.4 9.9±1.1 112±3 41±0.9
Saline + clamp 165±36 1.2±0.1 1.0±0.3 3.2±0.9 72±1 39±0.8

Immediate clamping (11 rats)
Control 352427 1.140.1 0.3±0.02 0.140.01 119±3 47±0.7
Saline + clamp 621± 118 1.540.1 0.2±0.04 0.4±0.14 73±1 40±0.7
Saline 21±2 1.6±0.1 5.8±0.9 17.4±1.9 13744 40±1.0

Values shown are means±SEM.
* Control sodium excretions were measured in eight rats in the unclamped series, and in nine rats in each of the clamped series.

In the unclamped series sodium excretions during saline loading were measured in 13 rats.
§ In the immediate and delayed clamping experiments, the blood pressure values given are femoral artery pressures.

blood and urine samples, renal venous blood samples were
obtained with a sharpened micropipette with a 50-,um tip
opening, as described by Barratt, Wallin, Rector, and Seldin
(7). Renal plasma flow was calculated by the Wolf formula
(8), (U-RV)V/(A-RV), where A, RV, and U are the

activities of ["4C]inulin in arterial plasma, renal vein plasma,
and urine, respectively, while V is the urine flow rate.
Filtration fraction was calculated by the formula, (A-RV)/
A.

Tubular pressure and diameter measurements
Proximal and distal tubular pressure and diameter mea-

surements were carried out in all the rats in the unclamped
protocol, and in a group of rats from each of the two
aortic clamping protocols, to estimate changes in interstitial
and transepithelial pressure (see below). In the experi-
ments in which these measurements were made, proximal
and distal tubular pressures were measured by a modifica-
tion of the technique of Gottschalk and Mylle (9) de-
scribed previously from our laboratory (5), and photo-
graphs were taken of the kidney surface after the intra-
venous injection of Lissamine green for diameter measure-
ments (6). Tubular pressures were measured in at least
one proximal and one distal tubule both before and after
photographing the kidney surface, and in not less than three
proximal and three distal tubules in each experimental
period. In the unclamped studies tubular pressure and di-
ameter measurements were made in the control period and
repeated after 45 min of saline loading had elapsed. In
both the immediate and delayed clamping experiments,
tubular pressures and diameters were measured in the con-
trol period and repeated during the period of aortic clamp-
ing and saline loading.

Estimation of changes in interstitial pressure and changes
in the transepithelial pressure gradient. Changes in inter-
stitial pressure and in the transepithelial pressure gradient
during the period of saline loading were estimated from the
observed changes in tubular pressure and diameter from

the in situ compliance characteristics of the tubules. The
definition of tubular compliance and how it is used to esti-
mate changes in transepithelial and peritubular pressures
have been described in detail in a previous study from our
laboratory (6), and are summarized briefly below.

The in situ compliance characteristics of both the proxi-
mal and distal tubule have been defined (6) by measuring
the changes in tubular diameter induced by increasing tubu-
lar pressure in individual tubular segments partially ob-
structed with castor oil. In such a setting, the change in
tubular pressure is assumed to be equal to the change in
the transepithelial pressure gradient (ATEP), since the
peritubular interstitial environment is not perturbed. Proxi-
mal tubular compliance was found to be linear over the
range of pressures studied, and is described by the equation,
AD= 0.5 X ATEP, where AD is the change in tubular
diameter in microns. Distal tubular compliance was found
to be curvilinear and is described by the equation, AD=
15.3 - 3.3 X e-8xATRP+ 5.

From these relationships, changes in the transepithelial
pressure gradient can be calculated from changes in tubular
diameter for the proximal and distal tubule in any setting
in which the compliance characteristics of the tubules have
not been altered by the experimental maneuver. Changes in
interstitial pressure (AIP) are then calculated as the differ-
ence between the changes in tubular pressure (ATP) and
the change in the transepithelial pressure gradient, AIP =
ATP - ATEP. Because the distal tubule is markedly com-
pliant (i.e., small changes in the transepithelial pressure
produce large changes in diameter), changes in interstitial
pressure can be estimated quantitatively by using the distal
tubule when tubular pressure is increased by as little as 2
mmHg. On the other hand, because the proximal tubule
is less compliant, quantitative estimates of interstitial pres-
sure changes can only be carried out with proximal tubular
data when proximal tubular pressure is increased by 5 or
more mmHg (6).
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TABLE I I
Tubular Pressures and Diameters before and during Saline Loading in the

Three Experimental Groups

Proximal tubule Distal tubule

Pressure Diameter Pressure Diameter

mmHg Am mmHg Jim

Unclamped studies (17)
Control 11.940.2 15.4±0.5 6.8:4:0.2 12.9±0.4
Saline 17.1±0.8 16.940.5 13.140.9 18.2±0.7

Delayed clamping studies (6)*
Control 13.2±0.6 13.3±0.5 6.9±0.5 12.1±0.3
Saline + clamp 13.0±1.0 12.8±0.3 7.1±0.9 12.3±0.5

Immediate clamping studies (4)
Control 13.9±0.5 12.4±t0.6 7.040.5 12.6±0.7
Saline + clamp 12.7±0.2 12.0i0.6 6.2+0.2 11.8±0.5

Values shown are the means±SEM.
* Tubular diameters were measured in four rats in this group.

As noted above, this method of estimating changes in in-
terstitial and transepithelial pressure is based upon the as-
sumption that the experimental agent does not significantly
affect the compliance characteristics of the tubule. In the
case of isotonic saline loading, such an assumption does
not seem unreasonable. As a further check, however, a
comparison of the estimates of the change in interstitial
pressure obtained independently from the proximal and dis-
tal tubules can be carried out. Given the different compli-
ance characteristics of these two segments of the nephron
over the range of pressures studied, it would be remark-
ably fortuitous if a direct effect of saline on tubular com-
pliance yielded similar estimates of the change in inter-
stitial pressure from the proximal and distal tubule.

Analytic methods
["C]Inulin activity in plasma and urine was measured

with a liquid scintillation solution described previously (10).
Plasma and urine sodium concentrations were measured
with a flame photometer. Tubular diameter measurements
were made from photographs of the kidney surface pro-
jected on a white cardboard screen by a doubled-blind
technique. Only Lissamine green-filled tubular segments
were measured, and tubular diameters were arbitrarily taken
as the width of the intratubular dye column. The technique
of diameter measurement and the controls used were identi-
cal to those reported previously (6).

RESULTS

Acute saline loading without aortic clamping
(17 rats)
The results of these studies are shown in Tables I

and II and in Figs. 1 and 2.
GFRand sodium excretion (Fig. 1). The period of

saline loading was divided into an early saline period
(45-80 min after the onset of saline loading) and a
late saline period (80-120 min after the onset of saline

loading). Mean GFR in the micropunctured kidney
increased significantly' from 1.4 ml/min in the hy-
dropenic control period to 1.7 ml/min in the early
saline period, and increased further to 1.8 ml/min
(P < 0.02) in the late saline period. Mean sodium
excretion increased from 0.1 ,Aeq/min in the control
period to 15.9 /Aeq/min in the early saline period,
and increased further to 24.0 /heq/min in the late saline
period.

Tubular pressures and diameters (Table II). In the
hydropenic control period, mean proximal tubular pres-
sure was 11.9 mmHg, and mean distal tubular pres-
sure was 6.8 mmHg. During the period of saline
loading, proximal tubular pressure increased signifi-
cantly to a mean value of 17.1 mmHg, and distal
tubular pressure increased significantly to a mean value
of 13.1 mmHg. This increase in tubular pressure oc-
curred within the first 45 min of saline loading; there
was no further significant change in tubular pressure
in the late saline period. Proximal tubular diameter
increased slightly but significantly from a mean value
of 15.4 iem in the hydropenic control period to 16.9 aem
during saline loading, and distal diameter increased
significantly from 12.9 iem in the control period to 18.2
rm during the period of saline loading.

Estimated changes in interstitial pressure and in the
transepithelial pressure gradient (Fig. 2). In 15 out
of 17 experiments distal pressure increased by 2 or
more mmHg during saline-induced volume expansion.
The right-hand panel of Fig. 2 depicts the mean change
in interstitial pressure calculated from the observed

'Throughout this paper, the term "significant" will indi-
cate a P value of less than 0.01, unless otherwise indicated.
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changes in tubular pressure and diameter in these ex-
periments (see Methods). As can be seen, saline load-
ing resulted in a significant increase in interstitial
pressure (mean increase = 5.3 mmHg). In 10 of the
17 experiments, proximal tubular pressure also in-
creased by 5 or more mmHg, allowing an independent
estimate of the increase in interstitial pressure. On
the basis of the changes in proximal tubular pressure
and diameter in these 10 experiments, interstitial pres-
sure increased by 4.3 mmHg, a value not significantly
different from the distal tubular estimate. The finding
of closely similar values for the increase in interstitial

Proximal Tubule Distal Tubule

8 *8-

ft 6-6
Pressure

mmHg
4-4

2 2

A Tubular a Interstitial ATubular a Interstitial
Pressure Pressure Pressure Pressure

FIGURE 2 Changes in tubular pressure, and changes in
interstitial pressure estimated from proximal tubular pres-
sure and diameter changes (left-hand panel, n = 10), and
estimated from distal tubular pressure and diameter changes
(right-hand panel, n = 15). In both panels the bars repre-
sent the mean change in mmHg±SEM.

pressure calculated independently from the proximal
and distal tubules, despite their markedly different
compliance characteristics (see Methods), strongly sup-
ports the assumption that saline loading has no direct
effect on tubular compliance.

Both proximal and distal tubular pressure increased
to a greater extent than interstitial pressure during
saline loading in these experiments (Fig. 2), and there-
fore, the transepithelial hydrostatic pressure gradient
increased significantly in both segments of the nephron.

Acute saline loading with delayed aortic clamping
(11 rats)
The results of these studies are presented in Tables

I and II, and in Figs. 3 and 4.
GFR and sodium excretion (Fig. 3). Mean GFR

in the micropunctured kidney increased significantly from
1.4 ml/min in the hydropenic control period to 1.7 ml/
min in the period of saline loading before aortic clamp-
ing, and sodium excretion increased from 0.2 to 9.9
ieq/min. Aortic clamping reduced mean GFR to 1.2
ml/min, a value 91% of the mean GFR in the control
hydropenic period. As expected, despite the reduction
in renal perfusion pressure and GFR, sodium excretion
remained significantly increased, at 3.2 tzeq/min.

Tubular pressure and diameter (Table II). Tubular
pressure measurements were carried out in six rats,
and diameter measurements in four rats in this group.
During the period of saline loading and aortic clamp-
ing, mean proximal and distal pressure, 13.0 and 7.1
mmHg, respectively, were not significantly different
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from control. Proximal and distal tubular diameters
during the period of saline loading and aortic clamping,
12.8 and 12.3 Am, respectively, were also not signifi-
cantly different from control.

Renal plasma flow and filtration fraction (Fig. 4).
Renal plasma flow and filtration fraction were mea-
sured in four rats in the delayed clamping group. Renal
plasma flow increased from 6.5 ml/min in the hydro-
penic control period to 8.9 ml/min during the period
of saline loading, and filtration fraction decreased in
three of the four rats. After aortic clamping, renal
plasma flow decreased to a mean value of 5.3 ml/min,
and filtration fraction increased to 0.27; these values
were not significantly different from control.
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Acute saline loading with immediate aortic
clamping (11 rats)

The results of these studies are presented in Tables
I and II and in Figs. 4 and 5.

GFR and sodium excretion (Fig. 5). Mean GFR
in the micropunctured kidney increased from 1.1 ml/
min in the hydropenic control period to 1.5 ml/min
(P < 0.05) in the period of saline loading and aortic
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FIGURE 4 Filtration fraction and renal plasma flow in the
delayed clamping studies (left-hand panels), and in the im-
mediate clamping studies (right-hand panels). For each
animal, the results are obtained from the left kidney, and
are represented by the same symbol in the control period,
the period of saline loading without aortic constriction
(saline), and the period of saline loading with renal per-
fusion pressure reduced to 70-75 mmHg (clamp + saline).

FIGURE 5 GFR and sodium excretion during hydropenia
(control), during saline-induced volume expansion with
renal perfusion pressure reduced to between 70 and 75 mm
Hg at the onset of saline loading (clamp + saline), and
during continued volume expansion without control of renal
perfusion pressure (saline) in the immediate clamping
studies. For each animal, the results are obtained from the
left kidney and are represented by the same symbol during
the three experimental periods. The observations during the
clamp + saline period were obtained between 30 and 110
min of saline loading, and in the saline period were ob-
tained 15 min after release of the aortic clamp. Control
sodium excretions were measured in only 9 of the 11 rats,
and GFR was measured in only 9 of the 11 rats during
the saline period.

constriction. Despite the resultant increase in the filtered
load of sodium, mean sodium excretion increased only
trivially, from 0.1 /eq/min to 0.4 izeq/min (P < 0.05).
This value was significantly lower than the mean so-
dium excretion during the period of aortic constriction
in the delayed clamping studies (3.2 /ueq/min). When
the aortic clamp was released, mean GFR did not
change significantly, increasing in five rats, and de-
creasing in four rats. However, urinary sodium excre-
tion increased dramatically in all animals to a mean
value of 17.4 seq/min.

In two rats in this group both ureters were catheter-
ized so that urinary sodium excretion could be mea-
sured from the unclamped as well as from the clamped
kidney. In these two studies, sodium excretions from
the contralateral unclamped kidney were 9.4 and 12.0
Aeq/min, respectively, during the period of saline load-
ing, as compared to 0.2 and 0.01 Leq/min on the
clamped side.

3Although these results are based upon GFR measure-
ments begun after 30 min of aortic constriction and saline
loading, it should be noted that a similar pattern is present
in the period immediately after aortic constriction. In three
rats in which GFR was measured during the first 20 min
of aortic constriction and saline loading, GFR increased in
two (by 8 and 13%) and decreased in one (by 16%).
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Tubular pressures and diameters (Table II). Tubu-
lar pressure and diameter measurements were carried
out in four rats in this group. Mean proximal and dis-
tal pressures during the period of aortic clamping and
saline loading, 12.7 and 6.2 mmHg, respectively, were
not significantly different from control. Similarly, prox-
imal and distal tubular diameters during the period of
aortic clamping and saline loading, 12.0 and 11.8 gm,
respectively, were not significantly different from con-
trol.

Renal plasma flow and filtration fraction (Fig. 4).
Renal plasma flow and filtration fraction were mea-
sured in five rats in the immediate clamping group.
During the period of aortic clamping, renal plasma
flow (5.5 ml/min) and filtration fraction (0.28) were
not significantly different from the hydropenic control
values (4.4 ml/min and 0.30). With release of the
aortic clamp, renal plasma flow increased to 7.1 ml/
min and filtration fraction fell to 0.24 (P <0.05).

DISCUSSION

The present studies have demonstrated that the natri-
uretic response to ECF volume expansion is markedly
different when renal perfusion pressure is reduced at
the onset of saline loading rather than after a period
of saline loading has elapsed. As shown in Fig. 5,
sodium excretion increased only trivially, despite mas-
sive ECF volume expansion and an increase in GFR
when renal perfusion pressure was promptly reduced to
70 mmHg at the onset of saline loading. By contrast,
when renal perfusion pressure was reduced to an iden-
tical level after 45 min of saline loading, sodium ex-
cretion remained markedly increased, even though
GFRwas below pre-expansion levels.

These findings argue strongly that neither a circu-
lating hormone nor a reduction in plasma oncotic pres-
sure is responsible for the diuresis induced by volume
expansion. If a hormone were responsible for the per-
sistent diuresis in the delayed clamping experiments,
it should also have produced a diuresis in the imme-
diate clamping experiments, since these rats were mas-
sively volume expanded and since the right unclamped
kidney was having the expected diuretic response.
Similarly, these findings provide little support for the
hypothesis that a reduction in systemic plasma oncotic
pressure is the critical determinant of the diuresis in-
duced by volume expansion. Since the vascular com-
partment was expanded during saline loading to a vir-
tually identical degree in both the immediate and de-
layed clamping studies (38 and 41%, respectively, on
the basis of the fall in hematocrit), it is reasonable to
infer that plasma oncotic pressure was reduced to the
same degree in both settings. Furthermore, in the ab-
sence of any further alteration in plasma volume (or

GFR), release of the aortic clamp in the immediate
clamping experiments led to a marked increase in so-
dium excretion (from 0.4 to 17.4 ,teq/min).

The difference in response between the immediate
and delayed clamping experiments indicates that intra-
renal rather than systemic factors are the critical de-
terminants of the natriuretic response to ECF volume
expansion. In addition, these experiments provide a
tool for examining what factors within the kidney
might be playing a role in producing the diuresis. In
the present study, we have used this difference in re-
sponse to evaluate whether changes in interstitial hy-
drostatic pressure (defined as the pressure opposing
tubular dilatation) might be playing a major role in
producing the natriuresis. As shown in Fig. 2, saline
loading in the absence of aortic clamping results in
a 4-5 mmHg increase in interstitial pressure, as esti-
mated both from the proximal and distal tubule. The
finding of an increase in interstitial hydrostatic pres-
sure in these studies is in agreement with measure-
ments of subcapsular pressure in the rat (11) and in
the dog (12) after acute saline infusions. The increase
in interstitial pressure during saline loading has been
suggested by Lewy and Windhager (13) and others
(14, 15) to be the factor that ultimately produces the
reduction in proximal sodium reabsorption.

The results of the studies in which renal perfusion
pressure was reduced, however, provide little support
for the view that a sustained large increase in inter-
stitial hydrostatic pressure plays any important role in
the natriuretic response to saline loading. When renal
artery pressure was reduced after an interval of saline
loading had elapsed, a setting in which proximal so-
dium reabsorption is depressed (2) and sodium ex-
cretion increased (Fig. 3), tubular pressures and di-
ameters were virtually identical to their respective
control values, indicating that interstitial pressure had
returned to the hydropenic control value. Although it
is conceivable that there might still be a small increase
in interstitial pressure, i.e., less than 2 mmHg (which
would not be detectable by this technique) during
aortic clamping in these studies, it is clear that the
large increase in interstitial pressure found in the
unclamped studies is no longer present.

In addition, the results of the aortic clamping studies
provide little support for the view that sustained altera-
tions in renal plasma flow and filtration fraction are
crucial determinants of the natriuresis. In both the
immediate and delayed clamping experiments, renal
plasma flow and filtration fraction were indistinguish-
able from the control hydropenic values during the
period of reduced renal artery pressure and saline
loading.
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Although sustained alterations in renal plasma flow
and interstitial hydrostatic pressure cannot be invoked
as determinants of the natriuretic response to ECF
volume expansion, it should be noted that in all ex-
periments in which a natriuresis occurred, the kidney
was in fact exposed to at least a transient increase
in both parameters. Both in the unclamped experiments
and in the delayed clamping experiments before aortic
clamping, interstitial pressure and renal plasma flow
were increased. In contrast, in the immediate clamping
experiments, in which no natriuresis occurred during
saline loading, the kidney was not exposed even tran-
siently to an increase in either interstitial pressure or
renal plasma flow. These studies strongly suggest,
therefore, that ECF volume expansion can induce a
natriuresis only if the kidney has been exposed to at
least a transient increase in interstitial pressure or
renal plasma flow (or both). In addition, this transient
exposure must produce sustained changes in the peri-
tubular environment that reduce sodium reabsorption,
since a subsequent reduction in renal artery pressure
does not eliminate the diuresis.

The natriuresis induced by volume expansion has
been well documented to result from a combination of
increased delivery of sodium out of the proximal tubule
and an impairment of the ability of the more distal
portions of the nephron to recapture the additional so-
dium delivered from the proximal tubule (16, 17).
Since impairment of sodium reabsorption in both the
proximal and distal nephron appears to be required
for the natriuresis to occur (16), the increase in inter-
stitial hydrostatic pressure and renal plasma flow that
occurs when the kidney is exposed to volume expansion
at a normal perfusion pressure could have its predomi-
nant effect on sodium reabsorption at either site in
the nephron, or at both sites. In the succeeding discus-
sion, we will first examine the possible mechanisms
by which an increase in hydrostatic pressure and renal
plasma flow can produce sustained alterations in the
peritubular environment of the proximal tubule, and
then we will examine the possible effects of these two
factors on the peritubular environment in the more
distal portions of the nephron.

The changes in the transepithelial hydrostatic pres-
sure gradient during saline loading described in the
present experiments, in association with the recent
measurement of subcapsular fluid protein concentra-
tion by Wolgast, Persson, Schnermann, Ulfendahl, and
Wunderlich (18), allow a critical evaluation of the hy-
pothesis that the observed reduction in proximal sodium
reabsorption is the result of a reduction in transepi-
thelial Starling forces. In Fig. 6, we have used these
data to depict schematically the net transepithelial hy-
drostatic and oncotic pressure gradients during hydro-
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FIGuRE 6 Schematic representation of the net Starling
forces favoring fluid movement from the tubule to the
peritubular interstitium during hydropenia (left-hand panel)
and during saline-induced volume expansion (center panel).
The right-hand panel depicts a hypothetical model of the
net Starling forces when renal perfusion pressure is reduced
after a period of saline loading has elapsed.

penia and during saline loading. From this representa-
tion of the data it is apparent that the net transepi-
thelial hydrostatic pressure gradient is increased rather
than decreased during saline loading, since tubular
pressure increases more than interstitial pressure.'
These data indicate, therefore, that if a reduction in
the transepithelial Starling forces is the factor that
produces the depression in proximal sodium reab-
sorption during saline loading, then interstitial fluid
oncotic pressure must be decreased. As shown in Fig. 6,
measurements of subcapsular fluid protein concentra-
tion during hydropenia and during saline loading are
in fact consistent with a fall in interstitial oncotic
pressure of approximately 6 mmHg.

During aortic clamping in both the immediate and
delayed clamping experiments, the transepithelial hy-
drostatic pressure gradient was not significantly changed
from control. To account for the difference in sodium
excretion in these two settings on the basis of differ-
ences in transepithelial Starling forces, therefore, one
must postulate that interstitial fluid oncotic pressure
is reduced in the delayed clamping experiments (as
shown in the right-hand panel of Fig. 6) but not in
the immediate clamping experiments. Since plasma on-
cotic pressure is reduced to the same degree in both
settings, however, a difference in interstitial fluid
oncotic pressure would require that some mechanism
other than a reduction in peritubular capillary protein
concentration is responsible for inducing changes in
interstitial fluid oncotic pressure. The transient increase

'Although Daugharty, Ueki, Nicholas, and Brenner (2)
have recently reported that proximal tubular pressure is not
increased in volume-expanded rats, it should be noted that
in their studies, tubular pressure was measured only after
the volume-expanding stimulus had been discontinued. Prox-
imal tubular pressure must have been increased in their
experiments during the induction of volume expansion, how-
ever, since the rate of infusion was identical to that used in
our studies.

Dependence of Saline-Induced Natriuresis upon Intrarenal Effects 1435



in interstitial pressure (and renal plasma flow) ob-
served in the present experiments might conceivably
be the factor necessary to induce this critical alteration
in interstitial fluid composition. The hypothesis that
differences in interstitial fluid oncotic pressure (and
therefore in proximal tubular sodium reabsorption) are
responsible for the difference in sodium excretion in
the immediate and delayed clamping experiments, of
course, remains speculative, but is readily amenable
to experimental testing.

Alternatively, it is possible that proximal tubular
sodium reabsorption is depressed in both the immediate
and delayed clamping experiments, but that the capacity
of the distal nephron to recapture the increased sodium
delivery is impaired only in the delayed clamping ex-
periments. One mechanism by which an increase in
interstitial pressure and renal plasma flow might im-
pair the capacity of the loop of Henle and collecting
duct to increase sodium reabsorption is by reducing
medullary interstitial solute content (4).

The present experiments cannot, of course, exclude
the possibility that intrarenal effects other than those
measured might play a major role in producing the
natriuresis. Further studies will be required to deter-
mine the precise mechanism responsible for the natri-
uresis and the site within the nephron where this effect
occurs. Regardless of the mechanism, however, it is
apparent from these studies that a period of exposure
of the kidney to the effects of saline loading at a normal
perfusion pressure profoundly alters its response to a
subsequent reduction in pressure. The absence of a
diuretic response despite massive loading in the im-
mediate clamping experiments, in which the kidney
was not exposed to these effects, indicates that intra-
renal factors are the critical determinants of the natri-
uretic response to saline loading.
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