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A B S T R A C T The renal response to chronic depletion
of extracellular volume was examined using the tech-
niques of micropuncture. Depletion of salt and water
was produced by administration of furosemide to rats
maintained on a sodium-free diet. There was a marked
fall in body weight, plasma volume, and glomerular
filtration rate. The intrinsic reabsorptive capacity of
the proximal tubule, measured by the split-droplet tech-
nique, was greatly enhanced. The acceleration of proxi-
mal fluid reabsorption could not be accounted for by
changes in filtration rate, tubular geometry, or aldos-
terone secretion. The half-time of droplet reabsorption
in the distal tubule was not altered by sodium depletion.

An increase in the reabsorption of fluid in the proxi-
mal tubule, as demonstrated directly in the present ex-
periments, provides an explanation for a variety of
clinical phenomena associated with volume depletion.

INTRODUCTION
It is now well established that expansion of the extra-
cellular fluid leads to renal excretion of salt and water
in large part through the mechanism of decreased reab-
sorption in the proximal tubule. It is also well-known
that depletion of extracellular volume regularly induces
retention of salt and water, but the mechanism is not
so precisely established. There is reason to think that,
in addition to a fall in glomerular filtration rate, there
is an accelerated reabsorption of sodium in the proximal
tubules resulting in decreased delivery of filtrate to the
distal nephron. Thus far, however, the evidence has been
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largely indirect; for example, concentrating capacity is
impaired (1-3). In addition, several studies have indi-
cated that fractional reabsorption of glomerular filtrate
is increased in the proximal tubule in volume depletion
(4-6), but it is not clear that this is always the result
of increased reabsorptive activity by the tubules. The
present studies offer direct evidence that sodium deple-
tion is associated with an increase in the intrinsic reab-
sorptive capacity of the proximal tubule, in a way that
is independent of glomerular filtration rate, aldosterone
secretion, and tubular geometry.

METHODS
Male Sprague Dawley rats weighing 150-400 g were used
for all experiments. Control animals were fed Purina Chow
and water ad lib. (sodium intake 1.8-2.5 mEq/day). Ex-
perimental rats were fed a diet containing no sodium (Nu-
tritional Biochemicals Corp., Cleveland, Ohio) and were
allowed free access to water. Volume depletion was pro-
duced by the intraperitoneal administration of 15 mg/kg
furosemide, on 2 successive days. To assess the effects of
this treatment, 12 animals were housed in metabolism cages
(Acme Metal Products, Cincinnati, Ohio) in order to
measure the changes in sodium balance and plasma volume.
Food and water intake, as well as complete urine collec-
tions, was measured for 7 days while rats were maintained
on the diet containing no sodium. Furosemide was admin-
istered on the 2nd and 3rd day. Samples of blood were
obtained immediately before (from the orbital capillary
plexus of the lightly anesthetized rat) and at the end of
the collection period. Sodium and potassium content of
plasma and urine was measured by flame photometry.
Hematocrit of blood was measured with microhematocrit
tubes. The biuret method was used to measure plasma
protein concentration (7).

Micropuncture experiments were performed on rats,
maintained on a sodium-free diet, 4-6 days after furosemide
treatment, since at this time the action of the drug was
no longer present and the fall in plasma volume was similar
to the value found in the balance study. Surgical prepara-
tion for micropuncture was performed as previously de-
scribed (8, 9).
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Stop flow studies. Stop flow studies were performed to
measure intrinsic reabsorptive capacity of the proximal and
distal tubules. The shrinking droplet method of Gertz was
used to measure reabsorptive half-time (ti) (8, 10). In
order to improve the validity of the Gertz technique, all
photographs were coded and measured in a random blind
fashion. A regression line, passing through the origin, was
calculated for each droplet sequence. The tj was derived
from the mean slope of these regressions. Proximal and
distal transit times were measured using lissamine green.
The proximal transit time was estimated by the method
as modified by Gertz (11) in which the end point is taken
at the time of convergence of the columns of dye in proxi-
mal tubules before they descend beneath the surfaces to
form pars recta. Distal transit time was measured from
the initial blush of dye on the kidney surface to the earliest
appearance of dye in distal tubules. The diameter and initial
length of the isolated droplets was measured at the oil-
saline interface as previously described (8, 9). Only drop-
lets with an initial length of 60-90 /A were included in the
analysis. Neither hydropenic control rats nor volume-de-
pleted animals received intravenous infusions before or
during these experiments. A second group of control rats,
referred to as hydrated control rats, was given an initial
infusion of 1%o of body weight of isotonic saline intra-
venously to replace surgical losses; followed by a sustaining
infusion of 1.2 ml/hr. A third group of normal animals
received aldosterone in oil, 33 ,ug/kg of body weight, 16 hr
and 2 hr before micropuncture. An additional 100 jug was
infused intravenously in a volume of 0.1 ml of saline, 1 hr
before micropuncture. This dose was chosen to provide
supramaximal amounts of aldosterone (salt restriction pro-
vokes a secretion rate of aldosterone of approximately 60
/Ag/24 hr per rat (12)). No additional fluids were admin-
istered to this group.

Free flow studies. Free flow studies were performed in
a separate series of animals. Glomerular filtration rate
(GFR),' and tubular-fluid-to-plasma ratios (TF/P) of inu-

lin were measured using inulin-methoxy-'H (New England
Nuclear Corp., Boston, Mass.). After a priming dose of
100 juCi in 0.25 ml of isotonic saline given intravenously,
100 /ACi in 1.2 ml of saline was infused per hr. Samples of
plasma, urine, and tubular fluid were counted in Scintisol
Complete (Isolab Inc, Akron, Ohio). No quenching effect
was noted with this method, using an H' internal standard.
The site of tubular puncture was identified by injection of
latex (General Biological Supply House Inc., Chicago,
Illinois) and subsequent microdissection (13). Tubular di-
ameters during free flow were measured from direct photo-
graphs of the surface of the kidney or from histological
sections of kidneys subjected to instant freezing (8).

Glomerular filtration rate and renal plasma flow were
measured in control- and volume-depleted animals by clear-
ances of inulin-"C and H' aminohippuric-acid (H'PAH).
A priming dose of 50 ,4Ci of H' PAH and 50 /LCi of inulin-
14C were given intravenously in 0.4 ml saline. 50 uCi of each
in 1.2 ml saline was then infused per hr. Filtration fraction
(FF) was calculated by the equation: FF =CIR/CPAH. All

data have been expressed as the mean plus or minus the
standard error. Fisher's test has been used to determine
significance.

1 Abbreviations used in this paper: C, reabsorptive rate
constant; FF, filtration fraction; GFR, glomerular filtra-
tion rate; TF/P, tubular-fluid-to-plasma ratios.

RESULTS
General effects of chronic volume depletion (Fig. 1).

Diuretic treatment and continued sodium restriction
produced a marked reduction in body fluid. In balance
studies performed on 12 rats, average body weight fell
from 313.5 ±10.0 g to 263.2 +8.0 g, resulting in a mean
loss of 15.4 ±0.9%. The mean net sodium loss was 2.15
±0.14 mEq while the mean potassium balance was
+ 0.76 ±0.44 mEqper rat.

Associated with this contraction of body fluid, the
glomerular filtration rate, measured in a separate group
of eight control- and nine volume-depleted animals, fell
24% from 531 +35.0 /Al/kidney/min per 100 g body
weight to 403 ±47.0 (P < 0.001). Urine sodium concen-
tration decreased from a control value of 40.0 ±+12.0
mEq/liter to 1.5 ±0.3 mEq/liter. The serum sodium did
not change.

The gross appearance of the kidneys of volume-de-
pleted rats was markedly altered compared to the kidneys
of normal animals. The kidney frequently appeared
shrunken and dark in color. The surface was irregular
because the tubules were narrowed and often collapsed.
After injection of lissamine green, the appearance of
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FIGURE 1 Consequences of chronic volume depletion. Body
weight, urine-sodium concentration, hematocrit, and glomeru-
lar filtration rate, before and after volume depletion. Values
represent mean -SE. All changes are significant (P < 0.001).
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TABLE I
Proximal Tubular Function During Stopped Flow

Reabsorptive Reabsorptive
half-time Transit rate constant Fractional

(t4) time Diameter (C) T reabsorption

sec sec , mm3/mmsec %

Hydrated controls (6 animals) 10.4 40.8 11.5 ±0.9 32.8 ±0.60 5.69 X 1I0- 54
(n = 36) (n = 15) (n = 35)

Hydropenic controls (8 animals) 9.0 ±0.8 12.0 ±0.7 32.9 ±0.55 6.54 X 10-5 60
(n=71) (n=20) (n=71)

Volume depleted (12 animals) 6.4 ±0.4* 18.8 ±2.5* 30.8 ±0.51 8.06 X 10-5 87
(n = 110) (n = 15) (n = 75)

Aldosterone (4 animals) 9.8 ±t1.0 12.0 41.0 32.8 ±0.91 6.00 X 10-5 57
(n = 18) (n = 10) (n = 18)

Values represent mean ±tSE; n, number of observations.
* P < 0.001 compared with hydropenic controls.
1 C was estimated from mean values for tj and radius of the droplet.

dye across the renal surface was uneven because of an
abnormally great heterogeneity of nephron transit time.

During volume depletion the hematocrit rose 21%
from 42.9 +0.52% to 52.3 ±2.6% (P < 0.001), pre-
sumably owing to contraction of the extracellular fluid
about a relatvely fixed red cell mass. Plasma volume,
estimated from the change in hematocrit, decreased by
16%.

In volume-depleted rats studied by micropuncture, the
changes in plasma volume and hematocrit were similar.
The hematocrit was 43.0 ±0.41 and 43.5 ±0.39% in the
hydrated and hydropenic groups, respectively, and in-
creased 24% to 53.5 ±0.55% in animals with chronic
volume depletion.

Stopped flow studies of the proximal tubule (Table I,
Fig. 2). The reabsorptive half-time (ti) of the hydrated
control group was 10.4 ±0.8 sec. The t, of the hydro-
penic controls was slightly lowered to 9.0 ±0.8 (P not
significant). There was a marked and statistically sig-
nificant reduction to 6.4 ±0.4 sec in the volume-depleted
animals (P < 0.001, compared to both hydrated and hy-
dropenic control groups). These measurements are es-
pecially interesting because they demonstrate for the
first time an accelerated reabsorption of fluid from the
proximal tubule during stopped-flow. Aldosterone given
in doses above physiological amounts failed to alter the
reabsorptive half-time (ti) in an additional group of rats
which were not volume depleted.

The diameter of the isolated split droplet measured
at the droplet-oil interface is considerably greater than
the diameter measured during free flow, probably be-
cause of expansion of the tubule by the oil. The diam-
eters during stopped-flow in the proximal tubule were
32.8 ±0.6 * for the hydrated controls, 32.9 ±0.6 u for

the hydropenic controls, 30.8 +0.5 /A for the volume-de-
pleted animals, and 32. +0.9 j for the aldosterone-treated
rats.

Since the diameter of the oil-filled tubule was similar
in each group of rats, the reabsorptive half-time (t )
becomes directly proportional to the reabsorptive rate
constant (C)2 (10, 11), expressed as mm3/mmsec. The
value of C was calculated from the mean ti and r of each
of the three groups of rats. The reabsorptive rate con-
stant (C), estimated in this way, was 5.7 X 10' and
6.5 X 10' mm3/mmsec. in the hydrated and hydropenic
control groups, respectively. In volume-depleted rats
in which the reabsorptive half-time was markedly re-
duced, C was increased 24% to 8.1 X 10'.

Volume depletion induced a marked prolongation and
irregularity of the lissamine green transit times. Proxi-
mal transit time rose by 50%, from 12.0 ±0.7 sec in the
hydropenic control group to 18.8 ±2.5 sec in the hypo-
volemic animals. Aldosterone administration did not
alter the transit time of control animals. Fractional reab-
sorption estimated from t2 and transit time by the equa-
tion of Gertz' (11) was 60% in the control group and
87% in the sodium-depleted animals. The relationship
between the variables ti and transit time are shown
graphically in Fig. 2. The slope of the shaded areas
represent the rate of reabsorption in the hydropenic con-
trol and volume-depleted groups and transit time (sec)

0.693irr22 C,
8%Fractional reabsorption, I tilg @301 TT) 10

tt
TT, transit time.
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Fig. 3 demonstrates that the TF/Pi..iin was elevated
18 21 above 24 observations in control animals throughout

-r--t-~-~-~ -I the entire length of the proximal nephron in the volume-
depleted rats. Mean nephron GFR was 22.9 ± 1.4 nl/
min/nephron per g kidney weight in the control group
and 19.8 ±2.9 in the volume-depleted rats (P not sig-
nificant). Nephron GFR in the experimental group is
probably an overestimate of the average value for sur-
face nephrons since only fluid filled tubules were punc-
tured. Fractional reabsorption can be calculated directly
from the TF/P1nuii. (fractional reabsorption = (1-P/
TFIn1 in) X 100). Control fractional reabsorption dur-
ing free flow was 58.3%. Volume depletion induced a
rise to 83.6%.

The diameters of proximal tubules during free flow
were measured by direct photographs and by instant
freezing. Although there is considerable difference be-
tween these methods of measurements, both techniques
demonstrate a diminution of tubular diameter in volume
depletion. The snap-freezing technique showed a de-
crease of about 20% from 25.3 ±0.4 to 20.6 ±0.4 /A.
Measurement of direct photographs indicated a decrease
of approximately 15% from 20.7 ±0.4 to 17.9 ±0.3 1A.

Serum protein concentration and filtration fraction in
chronic volume depletion. Measurements of ti, plasma

l A protein, filtration fraction, and hematocrit were made in
18 21 10 normal hydropenic control rats and in 11 rats sub-

jected diuretic treatment and sodium restriction. While
FIGURE 2 Reabsorptive half-times, transit times, and pre-
dicted fraction reabsorption in the proximal tubule. Shaded
area represents mean +SE.

is described on the abscissa. Fractional reabsorption is
estimated on the ordinate as the per cent of filtrate ab-
sorbed during the average transit time in the proximal
convolution in both groups of rats.

Free flow studies of the proximal tubule (Fig. 3).
Micropuncture analysis was performed during free flow
in five control and six volume-depleted rats. Diuretic
treatment and sodium restriction caused an 11 ±3.2%
fall in body weight and 16% rise in hematocrit to 55.5
±1.17%, compared with a control value of 47.6 ±0.45%
(P < 0.001). Serum protein concentration was 5.0 ±0.10
g per 100 ml in control rats and 5.09 ±0.13 g per 100 ml
in the experimental group (P not significant).

Many of the tubules on the surface of the kidneys of
volume-depleted rats were collapsed or poorly perfused.
Only those tubules noted to be filled with fluid were

used for these measurements. The TF/Pinuiin ratio of
tubular fluid collected from the proximal tubules was

considerably increased in chronic volume depletion.
The mean TF/Ptn'uu. collected from the most distal
surface portions of the proximal tubules was 2.4 ±0.2 in
control rats (17 observations) and 6.1 ±0.9 in the
hypovolemic animals (12 observations)

,
(P > 0.001).
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volume depletion was associated with a 12.3 ±3.6% re-
duction in body weight and an 16% increase in hemato-
crit to 49.6 ±0.5% compared with 42.8 ±51% in control
rats, there was no demonstrable change in plasma pro-
tein concentration. The plasma protein concentration was
5.68 ±0.26% g per 100 ml before and 5.32 ±0.16 g per
100 ml after volume depletion. The plasma protein of the
control animals was 5.47 ±0.19 g per 100 ml. Filtration
fraction (Cln/CPAH) was 0.32 ±0.03 (11 observations)
in volume-depleted rats, similar to the control value of
0.35 ±0.04 (21 observations, P not significant). A sig-
nificant decrease in the ti from 10.3 +0.5 sec (n = 38)
for the hydropenic controls to 7.6 ±0.3 sec (n = 38,
P < 0.001) in volume depletion confirmed the previous
findings.

Since the plasma protein concentration, and there-
fore the oncotic pressure, in the postglomerular micro-
circulation is proportional to the peripheral plasma
protein concentration and filtration fraction, there was
no evidence that enhanced renal reabsorption of sodium
was associated with increated oncotic pressure in chronic
volume depletion. The filtration fraction of the whole
kidney, however, might not have mirrored changes
which occurred in superficial nephrons, where an in-
creased capacity for sodium reabsorption in the proximal
tubules was observed. Whether changes in proximal tu-
bular function in volume depletion occur independently
of alterations in peritubular capillary oncotic pressure
can only be settled by direct measurement of protein
concentration in such animals.

Studies of the distal tubule (Table II). The split-
droplet method of Gertz was also employed to study
fluid reabsorption in the distal convolution. In contrast
to the proximal tubule, reabsorption of the isolated
droplet in the distal convolution was unchanged by vol-
ume depletion. Distal ti was 38.8 +2.5 sec in the control-
and 37.2 ±2.0 sec in the volume-depleted group.

The distal transit-time is an indication of the rate of
flow of tubular fluid through the proximal tubule and the
loop of Henle. This was almost doubled from 43.5 ±3.5
sec in the control animals to 77.7 +8.1 sec in the vol-
ume-depleted rats.

As in the proximal tubule, the free flow diameters of
the distal tubule, measured by the snap-freezing tech-
nique, were significantly diminished. Control distal di-
ameter was 18.3 ±0.4 A. The diameter of the distal tu-
bules of the volume-depleted rats was 13.7 ±0.6 g.

DISCUSSION
Contraction of the volume of body fluids usually pro-
duces prompt renal retention of sodium (14). Since a
depression of the glomerular filtration rate is usually
associated with hypovolemia, it was thought earlier
that this was responsible for the concomitant urinary

TABLE I I
Distal Tubular Function in Volume Depletion

Reabsorptive Transit
half-time (tq) time

sec sec

Hydropenic controls
(4 animals) 38.8 4=2.5 43.5 :1=3.5

n = 28 n = 20
Volume depleted

(4 animals) 37.2 412.0 77.7 :4:8.1*
n = 28 n = 13

All values represent mean 4SE; n, number of observations.
* P < 0.001 compared with control. All other values not

significantly different from controls.

changes (15). More recent investigations have suggested
that alterations in reabsorption of fluid by the tubules
are also important in determining the final composition
of the urine.

What portion of the nephron is chiefly responsible
for the conservation of sodium? Indirect studies have
suggested that volume depletion induces an increase in
sodium reabsorption by the nephron at a site proximal
to the diluting and concentrating segments. Patients
with congestive heart failure, decompensated cirrhosis
or severe salt depletion have been shown to have an in-
ability to excrete a water load, due to an impairment in
urinary diluting ability (14, 16, 17). Concentrating
ability is similarly impaired by acute or chronic sodium
depletion in a way which cannot be explained by a de-
crease in filtered load (1-3).

Direct evidence for an increase in fractional reab-
sorption in the proximal tubule was presented by Dirks,
Cirksena, and Berliner (4) who showed by micropunc-
ture techniques that diuretic treatment of hydropenic
dogs provoked a rise in the proximal TF/Pi..i in. These
experiments were complicated by the fact that salt de-
pletion produced by diuresis lowered the glomerular
filtration rate. Several studies have demonstrated that a
drop in filtration rate per se, induced for example by
constricting the renal artery or aorta, is associated with
a rise in fractional reabsorption of glomerular filtration
in the proximal tubule (5, 6). Brenner and Berliner
(18) demonstrated with a recollection technique that
acute volume depletion, produced by instillation of poly-
ethylene glycol into the peritoneal cavity of rats, also
induced a significant rise in the proximal TF/Pinu5 in.
Recognizing that a reduction of filtration rate might be
in part responsible for these findings, additional experi-
ments were performed in three rats in which carotid
artery ligation produced hypertension, thus minimizing
or preventing a fall in the individual surface nephrons
that were punctured. TF/Pnul in increased with volume
depletion nevertheless. The validity of these experiments
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is subject to the errors involved in the accuracy of the
measurement of GFR in individual nephrons.

The split-droplet method was employed in the pres-
ent experiments because it has the inherent advantage of
measuring the intrinsic reabsorptive capacity of the tu-
bular surface in a way that is independent of glomerular
filtration rate or passage time. In order to reduce ob-
server bias and increase the validity and reliability of
the technique, all photographs were coded and measured
in a random blind fashion, and the measurements evalu-
ated by statistical methods. Differences in the length of
the saline droplet or oil column, noted by others (19)
and ourselves to influence the rate of shrinkage, can-
not account for the changes in ti which we observed,
since these factors were held constant.

The outstanding finding in the present paper is that
volume depletion markedly accelerated the rate of drop-
let shrinkage in the proximal tubule. The reabsorptive
rate constant, which expresses absolute reabsorption in
terms of volume of fluid absorbed per unit of tubular
surface area, was consequently increased. The implica-
tion is that severe volume depletion greatly enhances
the capacity for active reabsorption of sodium by the
proximal tubule, regardless of the rate of flow through
the tubule, or the rate of glomerular filtration. This
finding cannot be duplicated by the administration of
large doses of aldosterone, in spite of the evidence that
aldosterone has an action in the proximal tubule (20).
There was likewise no evidence that a rise in the on-
cotic pressure within the postglomerular microcirculation
of the kidney during volume depletion, although oncotic
pressure has been shown to influence proximal reab-
sorption (21, 22). Since the peritubular capillary on-
cotic pressure of surface vessels was not directly mea-
sured, a final conclusion about the importance of this
factor in producing the acceleration of proximal tubu-
lar absorption that we observed must await further study.

The rise in hematocrit that accompanied volume de-
pletion might also have affected proximal tubular func-
tion by changing the viscosity of the blood and the flow
and pressure in peritubular capillaries (23, 24). Neither
hydrostatic pressure in peritubular capillaries nor sys-
temic blood pressure was measured in these experiments;
it is conceivable that these "physical factors" might have
influenced reabsorption from the proximal tubule (25).

The fraction of the glomerular filtrate reabsorbed in
the proximal convolution may be estimated from ti and
transit time according to the equation of Gertz. Frac-
tional reabsorption calculated in this way was 86.9% in
volume depletion compared with 60% in the control
animals. Direct confirmation of this elevated fractional
reabsorption was sought by collecting fluid from the
tubules during free flow. In these experiments great
care was taken to avoid an artifactually high tubular
fluid concentration of inulin due to retrograde flow (6).

A large oil block was placed distal to the collection site,
negative pressure was not applied to the collecting
pipette, and the sample was discarded if the oil block
moved during the collection period. The mean end proxi-
mal TF/Pinu. in was 6.1. This represents a fractional
reabsorption of 83.6%, remarkably similar to that esti-
mated from the stopped-flow data. The volume of fluid
delivered to the distal tubule (total GFR-per cent frac-
tional reabsorption X GFR) was therefore markedly
diminished in hypovolemic rats to one third of control.
This reduction offers a direct explanation for the cur-
tailment of urinary concentrating and diluting ability
in hypovolemic states. It should be noted that fractional
reabsorption during free flow in the proximal tubule
was increased, even though the measured diameter of the
tubular lumen was decreased by volume depletion.

In the present studies, an attempt was made to assess

function in the distal convolution with the shrinking
droplet technique. The half-time of reabsorption is longer
here than in the proximal tubule and sodium transport
cannot automatically be equated with droplet shrinkage
because the concentration of sodium in the drop quickly
falls below that of isotonic saline (26). To allow the
sodium concentration in the droplet to approach its
equilibrium levels, photographic measurements were
delayed at least 15 sec after the introduction of the drop-
let of saline. In contrast to the proximal tubule, reab-
sorption of an isolated droplet in the distal convolution
was unchanged by volume depletion. It is interesting
that, by contrast, the half-time of reabsorption in the
same segment is actually shortened during rapid saline
infusion (8).

It is appropriate to compare the alterations in nephron
function induced by chronic sodium depletion with
changes in the opposite direction, associated with acute
volume expansion. Infusions of isotonic saline or Ringer's
solution produce a decrease in reabsorption in the proxi-
mal tubule with a prolongation of the split-droplet half-
time (8, 27, 28). The present experiments establish that
the reabsorptive capacity of the proximal tubule is
powerfully influenced by the volume of the extracellular
fluid over the entire spectrum of bodily hydration (8).

These findings provide an explanation for several
clinical observations associated with depletion or dislo-
cation of body fluids. Salt deprivation, congestive heart
failure, and decompensated cirrhosis are often accom-
panied by a dilutional hyponatremia secondary to a de-
crease in the ability of the kidneys to excrete free water
and dilute the urine (14, 16, 17). The urinary excretion
of calcium and urate, which are chiefly reabsorbed in
the proximal tubule, is curtailed by sodium deprivation
(29, 30). The polyuria of diabetes insipidus is improved
by depletion of salt (31). The mechanism responsible for
these phenomena lies in the accelerated proximal reab-
sorption of tubular fluid that characterizes the renal re-
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sponse to depletion of the volume of the extracellular
fluid.

ACKNOWLEDGMENTS
The authors gratefully acknowledge the technical assistance
of Mr. Richard Whittaker, Mrs. Marian Holmes, Mrs.
Kathy Renquist, and Mrs. Nadia Myketey, and the en-
couragement and advice of Franklin H. Epstein.

This work was supported by U. S. Public Health Service
Grants HE 00834, AM 07369, and AM 5015, and by the
American Heart Association.

REFERENCES
1. Stein, R. M., B. H. Levitt, M. H. Goldstein, J. G.

Porusch, G. M. Eisner, and M. F. Levitt. 1962. The
effects of salt restriction on the renal concentrating
operation in normal hydropenic man. J. Clin. Invest. 41:
2101.

2. Goldsmith, C., H. K. Beasley, P. J. Whalley, F. C.
Rector, Jr., and D. W. Seldin. 1961. The effect of salt
deprivation of the urinary concentrating mechanism in
the dog. J. Clin. Invest. 40: 2043.

3. Gann, D. S., and H. K. Wright. 1966. Increased renal
sodium reabsorption after depletion of the extracellular
or intravascular fluid volumes. J. Surg. Res. 6: 196.

4. Dirks, J. H., W. J. Cirksena, and R. W. Berliner. 1966.
Micropuncture study of the effect of various diuretics
on sodium reabsorption by the proximal tubules of the
dog. J. Clin. Invest. 45: 1875.

5. Landwehr, D. M., J. Schnermann,. R. M. Klose, and G.
Giebisch. 1968. Effect of reduction7 in filtration rate on
renal tubular sodium and water retsorption. Amer. J.
Physiol. 215: 687.

6. Brenner, B. M., C. M. Bennett, an R. W. Berliner.
1968. The relationship between glbrular filtration
rate and sodium reabsorption by the _poxmal tubule of
the rat nephron. J. Clin. Invest. 47: 5,5

7. Henry, R. J., C. Sobel, and S. Berkta. 1957. Inter-
ferences with biuret methods for serum proteins. Use of
Benedict's qualitative glucose reagent as a biuret reagent.
Anal. Chem. 29: 1491.

8. Hayslett, J. P., M. Kashgarian, and F. H. Epstein. 1967.
Changes in proximal and distal tubular reabsorption
produced by rapid expansion of extracellular fluid. J.
Clin. Invest. 46: 1254.

9. Hayslett, J. P., M. Kashgarian, and F. H. Epstein. 1968.
Functional correlates of compensatory renal hyper-
trophy. J. Clin. Invest. 47: 774.

10. Gertz, K. H. 1963. Transtubulare natriumchloridflusse
und permeabilitat fur nichtelektrolyte im proximalen und
distalen konvolut der rattenniere. Pfluegers Arch. Gesamte
Physiol. Menschen Tiere. 276: 336.

11. Gertz, K. H., J. A. Mangos, G. Braun, and H. D. Pagel.
1965. On the glomerular tubular balance in the rat
kidney. Pfluegers Arch. Gesamte Physiol. Menschen
Tiere. 285: 360.

12. Marieb, N. J., and P. J. Mulrow. 1965. Role of the
renin-angiotensin system in the regulation of aldosterone
secretion in the rat. Endocrinology. 76: 657.

13. Walker, A. M., P. A. Bott, J. Oliver, and M. C. Mac-
Dowell. 1941. The collection and analysis of fluid from
single nephrons of the mammalian kidney. Amer. J.
Physiol. 134: 580.

14. McCance, R. A., and E. M. Widdowson. 1937. The
secretion of urine in man during experimental salt
deficiency. J. Physiol. (London). 91: 222.

15. Wesson, L. G., Jr. 1957. Glomerular and tubular factors
in the renal excretion of sodium chloride. Medicine (Bal-
timore). 36: 281.

16. Bell, N. H., H. P. Schedl, and F. C. Bartter. 1964. An
explanation for abnormal water retention and hypo-
osmolarity in congestive heart failure. Amer. J. Med. 36:
351.

17. Schedl, H. P., and F. C. Bartter. 1960. An explanation
for and experimental correction of the abnormal water
diuresis in cirrhosis. J. Clin. Invest. 39: 248.

18. Brenner, B. M., and R. W. Berliner. 1969. The relation-
ship between extracellular volume and fluid reabsorp-
tion by the rat nephron. Amer. J. Physiol. 217: 6.

19. Bank, N., K. M. Koch, H. S. Aynedjian, and M. Aras.
1969. Effect of changes in renal perfusion pressure on
the suppression of proximal tubular sodium reabsorption
due to saline loading. J. Clin. Invest. 48: 271.

20. Wiederholt, M., H. Stolte, J. P. Brecht, and K. Hier-
holzer. 1966. Micropunktionsuntersuchunger uber den
einfluss von aldosteron, cortison und dexamethason auf
die renale natriumresorption adrenalektomierter ratten.
Pfluegers Arch. Gesamte Physiol. Menschen Tiere. 292:
316.

21. Brenner, B. M., K. H. Falchuk, R. I. Keimowitz, and
R. W. Berliner. 1969. The relationship between peri-
tubular capillary protein concentration and fluid reab-
sorption by the renal proximal tubule. J. Clin. Invest.
48: 1519.

22. Spitzer, A., and E. E. Windhager. 1970. Effect of peri-
tubular oncotic pressure changes on proximal tubular
fluid reabsorption. Amer. J. Physiol. 218: 1188.

23. Knox, F. G., S. S. Howards, F. S. Wright, B. B. Davis,
and R. W. Berliner. 1968. Effect of dilution and expan-
sion of blood volume on proximal sodium rabsorption.
Amer. J. Physiol. 215: 1041.

24. Clapp, J. R. 1970. Factors affecting proximal sodium
reabsorption in response to acute volume contraction.
Clin. Res. 18: 61.

25. Hayslett, J. P., D. T. Domoto, M. Kashgarian, and
F. H. Epstein. 1970. Role of physical factors in the
natriuresis induced by acetylcholine. Amer. J. Physiol.
218: 880.

26. Malnic, G., R. M. Klose, and G. Giebisch. 1966. Micro-
perfusion study of distal tubular potassium and sodium
transfer in rat kidney. Amer. J. Physiol. 211: 548.

27. Landwehr, D. M., R. M. Klose, and G. Giebisch. 1967.
Renal tubular sodium and water reabsorption in the
isotonic sodium chloride loaded rat. Amer. J. Physiol.
212: 1327.

28. Rector, F. C., Jr., J. C. Sellman, M. Martinez-Mal-
donado, and D. W. Seldin. 1967. The mechanism of sup-
pression of proximal tubular reabsorption by saline in-
fusions. J. Clin. Invest. 46: 47.

29. Suki, W. N., A. R. Hull, F. C. Rector, Jr., and D. W.
Seldin. 1969. Mechanism of the effect of thiazide diu-
retics on calcium and uric acid. Clin. Res. 15: 78.

30. Steele, T. H., and S. Oppenheimer. 1969. Factors af-
fecting urate excretion following diuretic administra-
tion in man. Amer. J. Med. 47: 564.

31. Earley, L. E., and J. Orloff. 1962. The mechanism of
antidiuresis associated with the administration of hy-
drochlorothiazide to patients with vasopressin-resistant
diabetes insipidus. J. Clin. Invest. 41: 1988.

Accelerated Proximal Tubular Reabsorption in Volume Depletion 1385


