
Factors affecting sodium reabsorption by the proximal tubule as
determined during blockade of distal sodium reabsorption.

L E Earley, … , J A Martino, R M Friedler

J Clin Invest. 1966;45(11):1668-1684. https://doi.org/10.1172/JCI105474.

Research Article

Find the latest version:

https://jci.me/105474/pdf

http://www.jci.org
http://www.jci.org/45/11?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://doi.org/10.1172/JCI105474
http://www.jci.org/tags/51?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://jci.me/105474/pdf
https://jci.me/105474/pdf?utm_content=qrcode


Journal of Clinical Investigation
Vol. 45, No. 11, 1966

Factors Affecting Sodium Reabsorption by the Proximal
Tubule as Determined during Blockade of Distal

Sodium Reabsorption *
LAURENCEE. EARLEY,t JOSEPHA. MARTINO, ANDROBERTM. FRIEDLER

(From the Thorndike Memorial Laboratory, the Second and Fourth [Harvard] Medical
Services, Boston City Hospital, and the Department of Medicine, Harvard Medical

School, Boston, Mass.)

Changes in the tubular reabsorption of sodium
independent of aldosterone activity may play an
important role in determining sodium excretion.
Several studies in the dog employing clearance
techniques have demonstrated that infusions of
isotonic saline (1-5) or plasma-like solutions (1,
2) result in a depression of the over-all net tubu-
lar reabsorption of sodium as the excretion of so-
dium increases. Dirks, Cirksena, and Berliner
have demonstrated by micropuncture studies in
the dog that this depression of tubular reabsorption
during the infusion of saline occurs specifically in
the proximal tubule (6). These same authors re-
ported that acute constriction of the thoracic in-
ferior vena cava, a maneuver known to inhibit so-
dium excretion and to lead to chronic sodium re-
tention and the formation of ascites (7), prevents
this depression of proximal reabsorption during
saline infusion (8). Such studies indicate that
nonaldosterone factors determining the rate of
sodium reabsorption by the proximal tubule could
play a major role in the normal physiologic regu-
lation of sodium balance and also may be involved
in the pathogenesis of sodium retention in dis-
orders characterized by the accumulation of as-
cites and edema.

Although the factors that determine the rate
of proximal tubular reabsorption are unknown,
recent studies from our laboratory have demon-
strated that renal vascular resistance and perfusion
pressure may affect the over-all tubular reabsorp-
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tion of sodium (9). Extension of these studies
in dogs with caval constriction has indicated that
increased arterial pressure in the presence of re-
duced renal vascular resistance decreases the net
tubular reabsorption of sodium and may com-
pletely overcome the impaired response to saline
infusion resulting from both acute and chronic
constriction of the thoracic inferior vena cava
(10). Such studies employing clearance tech-
niques have not revealed whether these hemo-
dynamically induced changes in the reabsorption
of sodium occur in the proximal nephron, the site
at which micropuncture studies indicate a depres-
sion in reabsorption in response to extracellular
volume expansion, and an increased reabsorption
in the presence of acute constriction of the thoracic
inferior vena cava.

In the present series of studies we have at-
tempted to examine some of the factors that may
affect the reabsorption of sodium in the proximal
tubule. In the presence of complete, or nearly
complete, interference with sodium reabsorption
in the distal nephron by natriuretic agents which
appear to have little or no effect on the proximal
reabsorption of sodium, it should be possible to ob-
serve the effects of other maneuvers that inde-
pendently alter proximal reabsorption. Studies
employing clearance techniques in the dog sug-
gest that ethacrynic acid may completely abolish
sodium reabsorption in the ascending limb of
Henle's loop (11) and that chlorothiazide inter-
feres with sodium reabsorption at an even more
distal tubular site (11, 12). When given in com-
bination during water diuresis, the two agents re-
duce free water clearance to less than 5% of the
glomerular filtrate, and the excretion of sodium
is increased to about 35%o of the filtered load
(11). These observations are consistent with the
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view that these diuretic agents in combination
could block the major part of distal tubular reab-
sorption of sodium, since micropuncture studies in
the hydropenic dog suggest that at least 65%o of
the filtered sodium is reabsorbed in the proximal
nephron (13). Furthermore, Dirks and his as-
sociates have reported that neither ethacrynic acid
nor chlorothiazide has any net effect on proximal
reabsorption in the dog as determined by micro-
puncture of superficial nephrons (14). Thus,
neither of these agents appears to affect net proxi-
mal tubular reabsorption of sodium, and in com-
bination their effects on urinary dilution and frac-
tional excretion of sodium suggest blockade of the
major part of distal reabsorption.

In the present studies ethacrynic acid and
chlorothiazide were infused together at rates
known to produce maximal natriuretic effects, and
urinary losses were replaced. In the presence of
a steady state effect of the agents, we performed a
number of different experiments to study the in-
fluence of other factors on sodium reabsorption.
Under such conditions additional large changes
in the tubular reabsorption of sodium may be at-
tributable to changes in proximal reabsorption.
The results demonstrate 1) that the infusion of
isotonic saline results in both fractional and abso-
lute decreases in sodium reabsorption, 2) that
acute constriction of the thoracic inferior vena
cava increases fractional sodium reabsorption, and
3) that this increased fractional reabsorption dur-
ing acute caval constriction may be overcome by
increasing arterial pressure. Furthermore, re-
duced renal perfusion pressure may increase frac-
tional sodium reabsorption, but reduced filtration
rate per se does not. In addition, an effect of
oncotic Xpressure on sodium reabsorption has been
demonstrated. Under the conditions of these ex-
periments all of these effects may be attributed, at
least in part, to changes in reabsorption by the
proximal nephron.

Methods

Studies were carried out in 45 mongrel dogs of either
sex, ranging in weight from 14 to 24 kg. Animals were
anesthetized with pentobarbital and ventilated through
an endotracheal tube connected to a Harvard respirator.
Each animal received an intramuscular injection of de-
oxycorticosterone acetate, 10 mg, and vasopressii,- 5 U,
approximately 3 hours before the experiment was begun.
Ureters were cannulated through flank incisions with

polyethylene tubing, and a plastic catheter was inserted
into the left renal vein through the spermatic or ovarian
vein. In 16 experiments a Blalock clamp was placed
around the aorta (usually between the renal arteries),
fixed to the body wall, and extended outward through a
stab wound. In 17 experiments a 23-gauge needle con-
nected to plastic tubing was inserted in the direction of
flow into the left renal artery near its origin at the
aorta. In six experiments a plastic tube containing steel
wire was inserted around the thoracic inferior vena cava
through a right thoracotomy and extended out the left
side of the chest through a stab wound. The ends of
this plastic tubing passed through a double-barreled rigid
plastic sleeve, and the entire device permitted adjustable
and reversible constriction of the inferior vena cava
above the diaphragm and below the right atrium. Plastic
catheters were inserted into a femoral artery and vein
for measurements of aortic and inferior vena caval pres-
sures with Sanborn pressure transducers and a model
964 recorder. Each animal received an intravenous in-
fusion, which delivered inulin at the rate of 20 to 25 mg
per minute, p-aminohippurate (PAH) at 3.0 to 3.75 mg
per minute, deoxycorticosterone at 20 to 25 ,tg per min-
ute, and vasopressin at 40 to 50 mUper kg per hour.
This infusion was begun approximately 2 hours before
experimental measurements.

Clearance periods were usually 5 minutes, and arterial
and renal venous blood samples were collected at the mid-
point of alternate periods, except during prediuretic con-
trol periods, which were longer, and when blood samples
were collected with each clearance period. After 1 to 5
control collections, each animal received an intravenous
injection of 50 mg of ethacrynic acid' and 250 mg of
chlorothiazide.1 These were then infused at 40 and 200
mg, respectively, per hour throughout the remainder of the
experiment. Increased urine flow began within 60 seconds
after the diuretic agents had been injected, and when
a total urine volume of 75 to 100 ml had been collected
intravenous replacement was begun with a solution con-
taining Na 145, K 4.5, C1 129.5, and HCO*, 20 mEq per
L. This solution was infused at a rate approximately 2
ml per minute less. than the total rate of urine flow and
was increased as urine flow increased during the first
30 minutes after infusion of diuretics was begun. After-
wards, the rate of infusion of this replacement solution
was kept constant, and another 30 minutes was allowed
for urine flow to stabilize. This procedure resulted in
negative volume balances ranging from 250 to 500 ml by
the time experimental collections were begun. One hour
after infusion of ethacrynic acid and chlorothiazide was
begun, when urine flow and plasma inulin, PAU{, and so-
dium concentrations were stable, three to seven clearance
periods were collected. Experiments were then con-
tinued according to one of the following protocols. The
infusion of the replacement solution was continued unin-

'Ethacrynic acid and --chlorothiazide were kindly sup-
plied for use in these studies by Dr. William H. Wilkin-
son of Merck Sharp & Dohme Research Laboratories,
West Point,; Pa.
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terrupted and independent of any of the procedures de-
scribed below.

Saline loading. In 18 experiments after collections
during a steady state of drug-induced diuresis and re-

placement of urinary losses (hydropenia) the animals
received an infusion of 500 or 600 ml of Ringer's solution
(the same solution described above for replacement of
urinary losses, and hereafter referred to as saline) at 30
ml per minute, which afterwards was continued at 10 ml
per minute. Further clearance periods were collected
40 to 60 minutes after the saline infusion was begun,
when plasma concentrations of inulin and PAH were

stable. In 16 of these experiments we constricted the
aorta between the renal arteries to reduce glomerular
filtration rate by the left kidney 5 to 59%. Collections
during aortic constriction were made before the infusion
of saline in nine experiments, and during saline infusion
in 14 experiments. In seven experiments norepinephrine
was infused into the left renal artery both before and
after saline loading at rates (2.0 to 12.5 Ag per min-
ute) producing a 10 to 58%o reduction in glomerular fil-
tration rate by the left kidney.

Pressor infusions. In ten experiments after collections
during the steady state diuretic phase angiotensin (5 to
50 /Ag per minute) or norepinephrine (50 ,.g per minute)
was infused intravenously to produce increases in ar-

terial pressure ranging from 5 to 89 mm Hg. Fur-
ther collections were made during the period of elevated

arterial pressure. In nine of these observations an in-
fusion of acetylcholine into the left renal artery at 10 to
40 /Ag per minute was begun before infusion of angio-
tensin intravenously, and collections were made during
renal vasodilatation before and during the period of in-
creased arterial pressure.

Albumin infusions. In eight of the experiments de-
scribed in the first protocol (saline loading), an infusion of
30 g per 100 ml bovine albumin in isotonic saline was

begun intravenously at 5 ml per minute and continued
until a total of 75 g of albumin was infused. This infu-
sion of albumin was begun after collections during the
stable natriuresis produced by the saline load. Collec-
tions were made at 5- to 10-minute intervals after the
infusion of albumin was begun, and they continued for
10 to 30 minutes after this infusion was completed. Dur-
ing the infusion of albumin the saline infusion was slowed
from 10 to 6.25 ml per minute (5 ml of the albumin solu-
tion contains 3.75 ml saline).

In five experiments after collections during the steady
state diuretic phase (hydropenia), an infusion of 6.5%
bovine albumin in isotonic saline was begun at 30 ml
per minute. After 300 to 400 ml was infused, the rate
was decreased to 5 ml per minute. When a total of 600
to 800 ml of this 6.5%o albumin solution had been infused,
further collections were made. In two of these experi-
ments the aorta was then constricted to reduce mean

aortic pressure to the same level as that present before

TABLE I

The effects of saline infusion and aortic constriction on fractional sodium reabsorption
during distal tubular blockade*

V GFR CPAH RBF UNaV UKV FN& TNa/FNa Plasma U/P08m
Arterial

Time R L R L R L L R L R L R L R L TP Na R L pressure

min mil/min ml/mn ml/min ml/ uEq/min pEq/min uEq/min g/100 mEq/ mmHg
min ml L

0- 10 0.47 0.43 43 47 116 137 230 113 94 34 33 6,450 7,050 0.98 0.99 5.40 149 2.89 2.83 119
10- 20 0.48 0.48 47 53 128 142 241 120 112 36 37 6,956 7,844 0.98 0.99 5.36 148 2.81 2.81 120
20- 30 0.50 0.52 49 54 123 135 227 126 119 36 37 7,154 7,884 0.98 0.98 5.30 146 2.87 2.69 120

50 mgethacrynic acid and 250 mg chlorothiazide intravenously, followed by 40 mgethacrynic acid and 200 mg chlorothiazide intra-
venously per hour; 45-70 minutes. adjust replacement solution to 18 ml per minute.

90- 95 10.20 9.20 30 30 123 127 315 1,469 1,380 92 129 4,410 4,410 0.67 0.69 5.20 147 1.00 1.03 87
95-100 9.90 8.98 29 30 125 130 319 1,485 1.311 99 90 4,321 4,470 0.66 0.71 1.01 1.02 85

100-105 10.00 9.00 29 29 123 135 333 1,490 1,368 100 90 4,350 4,350 0.66 0.69 5.25 150 1.00 1.01 88

105-125 minutes, 600 ml isotonic Ringer's solution intravenously then decreased to 10 ml per minute.
145-150 14.90 14.40 33 34 126 128 465 2.235 2,189 119 130 4,884 5,032 0.54 0.56 3.76 148 1.00 1.00 93
150-155 14.90 14.40 33 34 116 123 455 2,190 2,160 119 115 4,884 5,032 0.55 0.57 1.00 1.01 93
155-160 15.00 14.40 33 33 113 119 445 2,115 2,160 120 115 4,851 4,851 0.56 0.58 3.80 147 0.99 1.00 93

160-165 minutes, adjust inter-renal aortic constriction.
175-180 17.00 8.20 34 25 102 96 300 2,499 1,230 136 90 4,998 3,675 0.50 0.67 3.76 147 0.99 1.01 69
180-185 16.60 8.36 34 25 100 100 313 2,357 1,179 116 92 5,066 3,725 0.53 0.68 1.00 1.01 72
185-190 16.80 8.80 34 25 104 93 290 2,402 1,311 118 97 5,134 3,775 0.53 0.65 3.76 150 1.02 1.02 70

190 minutes, release inter-renal aortic constriction.
205-210 14.80 13.60 32 32 87 92 345 2,072 1,986 118 122 4,800 4,800 0.57 0.59 4.00 150 0.99 0.98 95
210-215 14.40 13.90 33 32 84 92 352 2,131 1,988 130 111 5,016 4,864 0.58 0.59 0.99 0.99 90
215-220 14.90 14.40 33 32 84 88 341 2,280 2,044 134 126 5,049 4,896 0.55 0.58 3.80 153 1.00 1.00 93

* Transitional periods between phases of the experiments have been omitted from all of the Tables. Abbreviations are as follows: V = rate of
urine flow; R = right; L = left; GFR= glomerular filtration rate (the clearance of inulin); CPAH clearance of p-aminohippurate; RBF = total
renal blood flow; UNaV = rate of excretion of sodium; UKV = rate of excretion of potassium; FN& = rate of filtration of sodium CGFRX concen-
tration of Na in Plasma (PN&)J; TN. = rate of tubular reabsorption of sodium (FN& - UN.V); TN&/FN& = fraction of filtered sodium reabsorbed;
TP = total protein concentration; U/P0.s = ratio of urinary to plasma osmolality.
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TABLE II

Comparison of the effects of aortic constriction and the renal arterial infusion of norepinephrine on
fractional sodium reabsorption during distal tubular blockade*

V GFR CPAH RBF UN.V UKV FN. TN&/FN& U/POr
IArterial

Time R L R L R L L R L R L R L R L PN. R L pressure

min ml/min ml/min ml/min m/min pEq/min ,Eql/min uEq/min mEqIL mmHg
0- 10 0.40 0.43 43 44 121 124 228 114 135 25 27 6,278 6,600 0.98 0.98 150 3.49 3.64 130

10- 20 0.39 0.42 42 44 120 124 232 111 135 25 27 6,132 6,600 0.98 0.98 150 3.48 3.66 133

50 mgethacrynic acid and 250 mg chlorothiazide intravenously, followed by 40 mgethacrynic acid and 200 mgchlorothiazide intra-
venously per hour. 40-70 minutes, adjust replacement solution to 18.5 ml per minute.

85- 90 12.4 10.6 34 32 164 162 450 1,810 1,537 112 106 4,998 4,832 0.64 0.68 151 1.02 1.03 120
90- 95 12.9 10.6 35 31 167 159 437 1,865 1,553 103 95 5,215 4,681 0.64 0.67 1.02 1.03 120
95-100 12.6 10.8 35 31 164 157 430 1,827 1,587 101 97 5,250 4,650 0.65 0.66 150 1.02 1.03 121

100 minutes, begin infusion of norepinephrine into left renal artery at 12.5 pg per minute.
132-137 16.6 4.7 38 11 119 43 144 2,440 682 100 38 5,890 1,705 0.59 0.60 154 1.01 1.01 164
137-142 16.2 5.6 38 15 117 47 162 2,398 818 97 39 5,852 2,310 0.59 0.65 1.02 1.01 156
142-147 15.4 5.2 36 13 113 39 135 2,264 753 92 36 5,580 2,015 0.60 0.63 154 1.02 1.01 149
147-152 15.4 4.9 36 12 112 39 115 2,264 715 92 34 5,580 1,860 0.60 (,.02 155 1.02 1.00 154

152 minutes, end infusion of norepinephrine into left renal artery.
175-180 9.3 8.1 27 24 131 132 470 1,339 1,174 93 81 4,158 3,696 0.68 0.68 154 1.04 1.04 105
180-185 9.7 8.3 28 24 131 126 449 1,407 1,195 97 83 4,312 3,696 0.67 0.68 1.04 1.04 103
185-190 10.0 8.9 28 25 130 132 472 1,450 1,291 90 89 4,312 3,850 0.66 0.66 154 1.04 1.04 110

190 minutes, adjust inter-renal aortic constriction.
198-203 12.2 4.6 30 18 126 97 274 1,775 652 98 60 4,590 2,754 0.61 0.76 153 1.04 1.05 86
203-208 12.6 4.4 30 17 128 97 303 1,852 625 101 57 4,590 2,601 0.60 0.76 1.04 1.05 92
208-213 12.8 5.6 30 18 131 117 330 1,882 795 102 62 4,590 2,754 0.59 0.71 153 1.03 1.04 97

213 minutes, release inter-renal aortic constriction.
220-225 11.9 9.6 28 23 119 109 456 1,749 1,411 95 77 4,284 3,519 0.59 0.60 153 1.03 1.03 110
225-230 11.8 9.8 28 23 116 106 441 1,723 1,441 94 78 4,284 3,519 0.60 0.59 1.03 1.03 110
230-235 12.0 10.0 28 23 117 105 432 1,752 1,464 96 80 4,284 3,519 0.59 0.58 153 1.03 1.03 115

* Abbreviations are the same as in Table I.

the infusion. After additional collections the aortic con-
striction was removed. To minimize the effects of large
increases in renal blood flow (RBF) that occurred dur-
ing the infusions of protein-containing solutions, we pro-
duced unilateral renal vasodilatation in two of these ex-
periments by infusing acetylcholine (40 gsg per minute)
into the renal artery before infusion of the 6.5%
albumin.

Constriction of the thoracic inferior vena cava. In six
experiments after collections during the steady state diu-
retic phase the thoracic inferior vena cava was con-
stricted to produce a venous pressure of 15 to 28 mm
Hg. At the same time an infusion of saline was begun
at 30 ml per minute and after 20 minutes decreased to
10 ml per minute. One hour after constricting the vena
cava and beginning the infusion of saline, we again made
collections. Arterial pressure was then increased by the
intravenous infusion of angiotensin (3.25 to 10.0 ,eg per
minute) to an average of 52 mmHg above the caval
constriction values. After collections during the infu-
sion of angiotensin the agent was discontinued and ar-
terial pressure allowed to decrease. Norepinephrine (9.0
to 50 ,ug per minute) was then infused to achieve a
similar elevation of arterial pressure, and further col-
lections were made. Finally, after additional collections
following the infusion of norepinephrine, the constric-
tion of the inferior vena cava was removed.

Inulin, PAH, osmolality, sodium, and potassium were
determined by methods previously described for this
laboratory (15). Total protein in plasma was determined
by a modified biuret method (16), and hematocrits (Hct)
were determined in standard Wintrobe tubes. Renal
plasma flow (RPF) was calculated by the formula of
Wolf (17): RPF= [V (U-R)]2/(A-R), where V =

rate of urine flow and U urinary, R renal venous, and A
arterial, concentration of PAH. Renal blood flow (RBF)
= RPF/(1 -.95 Hct). Renal vascular resistance was
calculated in peripheral resistance units (PRU) from
RBF, arterial pressure (Pa), and venous pressure (Pv):
PRU= (Fa-Pv) /RBF.

Results
Effects of combined ethacrynic acid and chloro-

thiazide. Before we infused the combination of
2 During the infusion of ethacrynic acid sand chloro-

thiazide the extraction ratio (E) for PAH was as low
as 0.25, and urine volumes averaged about 35% of the
glomerular filtrate. Therefore, a considerable 'error
would be introduced if RPF were calculated from the
simpler formula, RPF= CPAH/EPA9, where C = clearance.
The reason for such low values for EPAH is not clear, but
could result in part from the direct competition for ex-
cretion between PAH and chlorothiazide (18).
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TABLE III

Effects of saline loading, unilateral renal arterial infusion of norepinephrine, and systemic infusion of hyperoncotic albumin on
fractional sodium reabsorption during distal tubular blockade*

V GFR CPAH RBF UNaV UKV FNa TN&/FNa Plasma U/Pom
Arterial

Time R L R L R L L R L R L R L R L TP Na L pressure

min ml/min ml/min mi/min ml/min gEq/min uEq/min uEq/min g/lOO mEq/L mmHg
ml

0- 30 0.18 0.15 47 41 134 122 193 44 30 24 20 7,191 6,273 0.99 0.99 5.64 153 4.59 136

50 mgethacrynic acid and,250 mg chlorothiazide intravenously, followed by 40 mgethacrynic acid and 200 mg chlorothiazide intra-

venously per hour. 42-65 minutes, adjust replacement solution to 20 ml per minute.

90-95 12.20 11.10 32 29 77 70 329 1,671 1,542 122 111 4,928 4,350 0.66 0.65 5.98 154 0.99 137

95-100 11.84 11.00 31 28 71 66 299 1,634 1,529 118 110 4,681 4,200 0.65 0.64 1.00 130
100-105 11.70 10.90 31 28 70 62 275 1,591 1,515 117 109 4,557 4,200 0.65 0.64 5.94 148 1.01 130

105-125 minutes, 600 ml isotonic Ringer's solution intravenously, then decreased to 10 ml per minute.

140-145 18.40 16.30 36 33 57 52 349 2,489 2,266 146 130 5,400 4,950 0.57 0.54 4.76 150 1.00 146
145-150 17.84 16.20 35 32 57 52 349 2,426 2,219 142 130 5,180 4,736 0.53 0.53 1.01 145

150-155 17.90 16.00 35 31 54 49 319 2,399 2,224 143 128 5,075 4,526 0.53 0.51 4.85 145 1.00 146

155 minutes, begin infusion of norepinephrine into left renal artery at 6 ug per minute.

168-173 21.40 11.50 41 25 53 34 170 2,825 1,564 171 92 5,945 3,625 0.52 0.56 4.92 145 1.00 193
173-178 21.20 11.00 40 24 52 33 172 2,820 1,485 191 88 5,840 3,504 0.52 0.58 1.00 181

178-183 21.00 11.00 40 24 49 31 164 2,814 1,485 189 88 5,840 3,504 0.52 0.58 4.86 146 1.00 185
183-188 21.20 10.20 40 20 50 29 168 2,841 1,377 191 82 5,840 2,920 0.51 0.53 1.00 178

188-193 21.20 9.80 39 20 49 25 156 2,820 1,333 191 78 5,694 2,920 0.50 0.53 4.69 146 1.00 185

193 minutes, discontinue renal arterial infusion of norepinephrine.

216-221 15.20 12.80 32 28 41 37 307 2,052 1,741 152 128 4,640 4,060 0.56 0.57 4.02 145 1.00 133

221-226 14.40 12.30 30 25 41 37 283 1,958 1,694 144 123 4,410 3,675 0.56 0.54 1.00 121

226-231 14.30 12.30 29 27 43 39 274 1,945 1,710 157 135 4,321 4,023 0.55 0.57 3.78 149 1.00 117
231-236 14.50 12.40 31 27 49 47 355 1,972 1,724 160 136 4,650 4,050 0.58 0.57 1.00 117
236-241 14.40 12.30 30 25 48 45 353 1,944 1,685 158 135 4,500 3,750 0.57 0.55 3.58 150 1.00 119

241 minutes, begin intravenous infusion of 30 g per 100 ml bovine albumin in isotonic Ringer's solution at 5 ml per minute.

241-251 14.50 12.40 30 27 47 44 341 1,987 1,736 160 136 4,500 4,050 0.56 0.57 1.01 129

251-257 13.08 10.50 29 26 50 45 335 1,779 1,449 157 126 4,379 3,926 0.59 0.63 4.32 150 1.01 129

257-261 11.50 9.80 28 25 49 47 344 1,587 1,362 150 118 4,256 3,775 0.63 0.64 1.01 125
261-266 12.20 9.96 30 26 58 52 383 1,671 1,374 159 129 4,560 3,952 0.63 0.65 4.92 152 1.01 125

266-271 11.50 9.50 29 25 51 48 284 1,564 1,273 150 124 4,408 3,800 0.65 0.66 1.01 134

271-276 10.10 9.70 28 28 51 54 244 1,364 1,300 152 136 4,256 4,256 0.68 0.69 5.53 152 1.01 127

276-281 9.40 7.80 28 24 54 48 206 1,260 1,037 150 117 4,256 3,648 0.70 0.72 1.01 122

281-286 8.80 7.40 27 24 55 51 201 1,179 999 150 126 4,077 3,624 0.71 0.72 5.64 151 1.01 122

286-294 8.37 6.87 27 23 64 58 243 1,130 907 151 117 4,131 3,519 0.73 0.74 5.74 153 1.01 122

294 minutes, end albumin infusion.

294-299 8.70 7.20 30 25 67 62 303 1,166 986 157 130 4,560 3,800 0.74 0.74 1.01 126

299-304 9.10 7.50 31 25 71 65 330 1,219 1,013 164 128 4,712 3,800 0.74 0.73 5.42 152 1.01 125

304-309 9.80 8.10 30 26 74 69 321 1,313 1,110 176 138 4,560 3,952 0.71 0.72 1.00 125

309-314 10.40 8.56 30 26 75 68 321 1,404 1,173 176 146 4,560 3,952 0.69 0.70 5.11 152 1.01 130

314-319' 11.00 9.00 31 27 83 76 375 1,496 1,215 187 144 4,712 4,104 0.68 0.70 1.00 130

319-324 11.40 9.20 32 26 82 75 387 1,539 1,242 182 138 4,864 3,952 0.68 0.69 4.95 152 1.00 135

* Abbreviations are the same as in preceding tables.

diuretic agents, glomerular filtration rate (GFR) in arterial pressure. Thus, the diuretic agents re-
averaged 39 ml per minute per kidney, RBF av- sulted in marked renal vasodilatation with a re-
eraged 195 ml per minute per kidney, and arterial duction in average renal vascular resistance from
pressure averaged 133 mmHg. The fractional 0.73 to 0.47 PRU. Urinary total solute concen-
reabsorption of sodium averaged 0.98, and urinary tration was reduced to isotonicity in all experi-
osmolality ranged from 418 to 2,344 (average ments, and urinary/plasma (U/P) osmolality re-
1,046) mOsmper kg. During the steady state of mained virtually at unity throughout all studies,
diuretic infusion and replacement of urinary losses despite the reductions in GFRand urine flow in-
GFR was reduced by an average of 28%o, and duced by some of the maneuvers (Tables I-IV).
RBF was increased strikingly by an average of During the steady state (infusion of drugs and
49%o, despite an average decrease of 19 mmHg replacement of urinary losses) the fraction of fil-
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TABLE IV

The effect of thoracic vena caval constriction of preventing depression of fractional sodium reabsorption during saline infusion
and reversal of this effect during infusions of pressor agents, as studied during distal tubular blockade*

V GFR CPAH RBF Us.V UKV FNa TN&/FN& U/Posm
Arterial Venous

Time R L R L R L L R L R L R L R L PNa R L pressure pressure

min ml/min ml/min mi/min ml/ uEq/min uAqimin pEq/min mEqIL mmHg
min

0- 10 0.39 0.44 22 25 86 92 196 77 84 19 21 3,300 3,750 0.98 0.98 150 2.29 2.22 128 6
10- 20 0.39 0.43 24 25 97 86 186 74 79 20 22 3,600 3,750 0.98 0.98 150 2.34 2.26 125 6

50 mgethacrynic acid and 250 mgchlorothiazide intravenously, followed by 40 mgethacrynic acid and 200 mg chlorothiazide intra-
venously per hour. 34-53 minutes, adjust replacement solution to 12 ml per minute.

75- 80 6.56 6.80 21 22 82 87 231 911 972 59 61 3,213 3,366 0.72 0.71 153 1.00 1.01 113 6
80- 85 6.62 6.60 21 22 84 223 927 944 60 59 3,213 3,366 0.71 0.72 1.00 1.01 111 5
85- 90 6.60 6.78 21 22 87 87 233 924 970 59 61 3,192 3,344 0.71 0.71 152 0.98 1.01 113 5

91-105 minutes, adjust thoracic inferior vena caval constriction.
94-114 minutes, 600 ml isotonic Ringer's solution intravenously, then decreased to 10 ml per minute.

157-162 4.16 3.50 14 13 55 55 136 578 494 46 42 2,142 1,989 0.73 0.75
162-167 3.48 2.88 12 11 48 45 112 480 403 42 40 1,836 1,683 0.74 0.76
167-172 3.14 2.78 11 11 45 47 120 436 389 38 36 1,672 1,672 0.74 0.77
172-177 3.13 2.62 12 11 49 42 111 435 367 38 37 1,836 1,683 0.76 0.78
177-182 3.20 2.78 12 12 51 51 142 445 392 38 36 1,836 1,836 0.76 0.77

182 minutes, begin intravenous infusion of angiotensin at 5 pg per minute.
190-195 10.86 10.80 23 23 59 60 208 1,553 1,555 76 86 3,519 3,519 0.56 0.56
195-200 10.60 10.80 23 24 58 63 200 1,473 1,566 74 76 3,519 3,672 0.58 0.57
200-205 11.00 11.24 24 24 60 61 197 1,529 1,641 77 79 3,672 3,672 0.58 0.55
205-210 10.80 11.00 24 24 61 55 175 1,512 1,606 65 77 3,672 3,672 0.59 0.56

210 minutes, discontinue infusion of angiotensin.
228-233 4.30 3.72 15 15 44 46 143 589 528 39 37 2,295 2,295 0.74 0.77
233-238 4.40 3.76 15 15 46 46 149 607 534 40 38 2,295 2,295 0.74 0.77
238-243 4.62 4.00 15 16 45 47 156 633 572 42 40 2,295 2,448 0.73 0.77

243 minutes, begin intravenous infusion of norepinephrine at 16 pg per minute.
249-254 11.30 11.86 24 26 56 61 297 1,571 1,720 79 83 3,672 3,978 0.57 0.57
254-259 12.76 13.00 26 28 60 59 298 1,786 1,898 77 91 3,978 4,284 0.55 0.56
259-264 13.36 13.70 26 26 56 62 276 1,870 2,000 80 96 3,978 4,131 0.53 0.52
264-269 13.70 14.40 27 29 55 59 248 1,904 2,102 82 86 4,131 4,437 0.54 0.53
269-274 14.10 14.90 28 30 55 63 264 1,974 2,175 85 89 4,256 4,560 0.54 0.52

274 minutes, discontinue infusion of norepinephrine.
315-320 11.30 11.30 25 25 58 60 245 1,559 1,627 90 90 3,825 3,825 0.59 0.57
320-325 11.70 11.60 25 25 61 60 237 1,615 1,636 94 93 3,825 3,825 0.58 0.57
325-330 12.00 11.90 25 26 59 66 262 1,668 1,690 96 95 3,825 3,978 0.57 0.57

331 minutes, remove thoracic inferior vena caval constriction.
345-350 16.50 16.70 34 34 73 76 355 2,294 2,371 116 117 5,202 5,202 0.56 0.55
350-355 15.70 15.90 31 32 67 69 269 2,182 2,242 110 127 4,723 4,896 0.54 0.54

* Abbreviations are the same as in preceding tables.

153 1.00 1.01 81
1.00 1.01 78

152 1.00 1.01 76
1.00 1.00 72

153 0.99 1.00 72

153 0.97 0.99 143
153 0.96 0.97 149

0.97 0.97 146
153 0.97 0.98 148

20
21
21
22
23

24
27
20
21

153 1.00 1.00 78 21
1.00 1.00 78 21

153 1.00 1.01 78 21

153 0.98 0.98
0.98 0.99

153 0.98 0.99
1.00 0.99

152 1.00 0.99

153 0.99 0.99
0.99 1.00

153 0.99 0.98

153 0.98 0.98
153 0.98 0.98

115
118
120
115
114

97
100
99

113
115

21
21
20
20
20

19
19
19

14
13

tered sodium reabsorbed averaged 0.65 (range
0.51 to 0.84) and was constant in each experiment
before the interventions described below.

The effects of saline loading. The infusion of
600 ml of isotonic saline resulted in an absolute
decrease in the fraction of filtered sodium reab-
sorbed, which averaged - 0.12. This represented
an average percentage change in fractional reab-
sorptions of - 19%o. The percentage decreases

' Percentage change in fractional reabsorption

(TN.FN2 aI X100,s
TNa

in fractional reabsorption for all of these experi-
ments are shown in Figure 1. In most experi-
ments the infusion of saline resulted in absolute
decreases in the rate of tubular reabsorption of
sodium as the excretion of sodium increased more
than the increased filtered load of sodium (Figure
2). Details of experiments with saline infusion
are given in Tables I and III.

In three experiments after collections were
made during the small infusion of saline (600 ml

where FN. = the rate of filtration of sodium (GFR
X plasmaNa), and TNa = the rate of tubular reabsorption
of sodium (FNa - UN.V). 1 = control measurements, and
2 = experimental measurements.
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FIG. 1. EFFECTS OF SMALL INFUSIONS OF SALINE ON
FRACTIONAL SODIUM REABSORPTION DURING BLOCKADE OF
DISTAL REABSORPTIONBY ETHACRYNIC ACID AND CHLORO-
THIAZIDE. Points indicate the percentage change in frac-
tional sodium reabsorption and glomerular filtration rate.
The means of multiple uniform collections during hydro-
penia (drug infusion with replacement of urinary losses)
and during saline infusion were used to calculate the
changes. Fractional sodium reabsorption ranged from
0.56 to 0.81 during hydropenia and from 0.37 to 0.68
during the infusion of saline.
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FIG. 2. CHANGESIN FILTERED AND EXCRETED SODIUM

RESULTING FROMTHE INFUSION OF SALINE DURING DISTAL

TUBULARBLOCKADEWITH ETHACRYNICACID AND CHLORO-

THiAZIDE. The solid circles represent experiments in
which combined collections from the two kidneys were

made, and all other points are changes in individual kid-
neys. The points represent means of multiple collections
before and after the infusion of small (see Methods)
volumes of saline. In most experiments the increased
excretion of sodium was greater than the increased fil-
tered load of sodium, as indicated by the number of points
below the diagonal line, which represents unity.
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FIG. 3. EFFECTS OF REDUCEDRENAL PERFUSION PRES-

SUREBY AORTIC CONSTRICTION ON GLOMERULARFILTRATION
AND FRACTIONAL SODIUM REABSORPTION DURING DISTAL
BLOCKADEWITH ETHACRYNIC ACID AND CHLOROTHIAZIDE.
Points are the changes in means of multiple collections
before and after left renal perfusion pressure was re-
duced 14 to 55 mmHg by inter-renal aortic constriction.
Solid circles are during the infusion of saline, and open
circles are during hydropenia induced by drug infusion
and replacement of urinary losses. In each experiment
aortic constriction resulted in some increase in fractional
sodium reabsorption as glomerular filtration was de-
creased.

followed by 10 ml per minute), the animals re-
ceived an additional 1,000 ml at 50 ml per minute,
which was then continued at a rate equal to the
increased rate of urine flow. In the six kidneys
of these three experiments fractional sodium reab-
sorption was depressed an additional 7 to 13% by
the second infusion of saline. This further de-
crease in fractional reabsorption was associated
with an increased GFR in two and a decreased
GFRin one of the experiments.

The effects of reduced GFR on sodium reab-
sorption. In 16 experiments both before and after
saline loading, GFR was reduced 5 to 59% by
constriction of the aorta above the left renal artery.
In each of these experiments the fraction of filtered
sodium reabsorbed increased (Figure 3). The
percentage increase in fractional reabsorption ap-
peared to be somewhat greater in the presence
of saline loading than in the hydropenic state (re-
placement of urinary losses only), as shown in
Figure 3. There was no evidence of autoregula-
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tion of RBF in these experiments, since RBF de-
creased in direct proportion to the reduction in
perfusion pressure during aortic constriction, and
renal vascular resistance remained constant or in-
creased slightly in most of the experiments (Fig-
ure 4).

To determine whether the increased fractional
reabsorption of sodium during aortic constriction
was the result of the diminished GFRor the re-
sult of the diminished perfusion pressure, we de-
creased GFR at a constant or increased arterial
pressure by the renal arterial infusion of norepi-
nephrine in seven experiments. The relationship
between the change in GFRand fractional reab-
sorption of sodium for these experiments is shown
in Figure 5. The percentage change in fractional
reabsorption of sodium in these studies ranged
from - 5 to + 11 (average + 3%o) as GFRwas
reduced as much as 58%o. Arterial pressure dur-
ing the renal arterial infusion of norepinephrine
was changed from control by - 5 to + 38 mmHg.
Thus, in contrast to the increased fractional reab-
sorption of sodium observed as GFR was de-
creased during reduced perfusion pressure (aortic
constriction), similar reductions in GFRwithout
reduced perfusion pressure resulted in little or no
increase in the fractional reabsorption of sodium.
Details of an experiment in which the effects of
aortic constriction and the renal arterial infusion

.801
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FIG. 4. EFFECTS OF AORTIC CONSTRICTION ON RENAL

VASCULAR RESISTANCE AND RENAL PERFUSION PRESSURE
DURING DISTAL TUBULAR BLOCKADEBY ETHACRYNIC ACID

AND CHLOROTHIAZIDE. Both with and without saline in-
fusion, renal vascular resistance usually did not decrease
as perfusion pressure was reduced by aortic constriction,
indicating a lack of autoregulation of renal blood flow
during the drug infusions.
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FIG. 5. EFFECTS OF RENALARTERIAL INFUSION OF NOR-
EPINEPHRINE ON GLOMERULARFILTRATION AND FRACTIONAL
SODIUM REABSORPTIONDURING DISTAL TUBULAR BLOCKADE
BY ETHACRYNICACID AND CHLOROTHIAZIDE. Solid circles
are during the infusion of saline, and open circles are
during hydropenia. In these experiments glomerular
filtration was reduced as much as 58%o without a reduc-
tion in renal perfusion pressure. The fractional reabsorp-
tion of sodium changed little (average, + 3%o), in con-
trast with uniform increases in fractional reabsorption
when glomerular filtration and perfusion pressure were
reduced by aortic constriction (Figure 3).

of norepinephrine were compared are given in
Table II.

The effects of renal vasodilatation and increased
arterial pressure. In ten experiments unilateral
renal vasodilatation was produced by the renal
arterial infusion of acetylcholine. RBF increased
an average of 12%; GFRdecreased by an average
of 9%. However, the fractional reabsorption of
sodium was essentially unchanged during the re-
nal arterial infusion of acetylcholine (range - 6
to + 6%). In ten experiments, which include
seven of the studies during renal vasodilatation,
arterial pressure was increased 5 to 89 mmHg
by the intravenous infusion of angiotensin or nor-
epinephrine. In these experiments the fractional
reabsorption of sodium did not change in a con-
sistent relationship to the changes in arterial pres-
sure during the infusion of the pressor agents, but
reabsorption decreased in eight of the ten, and
this decreased reabsorption was independent of
changes in GFR. The results of these studies are
shown in Figure 6. Also shown in Figure 6 are
the changes observed in the right kidney in the
seven experiments in which arterial pressure was
increased 5 to 38 mmHg during the infusion of
norepinephrine into the left renal artery.
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FIG. 6. EFFECTS OF INCREASED ARTERIAL PRESSUREON
FRACTIONAL SODIUMREABSORPTIONDURINGDISTAL TUBULAR
BLOCKADEWITH ETHACRYNIC ACID AND CHLOROTHIAZIDE.
Arterial pressure was increased 5 to 58 mmHg by the
infusion of angiotensin (open circles) or norepinephrine
(solid circles). Points indicated by V are vasodilated
kidneys. The points represent changes in the means of
multiple collections before and after the increased ar-
terial pressure. Although fractional sodium reabsorp-
tion did not change significantly in all experiments, reab-
sorption was decreased in most of the studies, and this
decreased fractional reabsorption was independent of the
changes in glomerular filtration and occurred with or
without renal vasodilatation. The figure includes mea-
surements from the right kidneys in the experiments in
which arterial pressure was elevated by the infusion of
norepinephrine into the left renal artery (Figure 5).

The effects of infusions of albumin. In eight
studies 30% bovine albumin was infused intra-
venously during saline loading. The purpose of
these studies was to determine if increasing the
plasma protein concentration would affect the
fractional reabsorption of sodium, which had been
depressed by the infusion of saline. The amount
of albumin infused (75 g) was estimated to be
sufficient to return the concentration of protein in
plasma to values present before saline loading.
Within 10 minutes after the infusion of 30%o al-
bumin was begun, the excretion of sodium began
to decrease. The fractional reabsorption of sodium
during the last two periods (10 minutes) of albu-
min infusion for all of these experiments is
shown in Figure 7, and details of one experiment
are given in Table III. In these experiments the
infusion of 30%o albumin resulted in decreases in
GFRranging from 6 to 33%o. RBF and- arterial
pressure were usually unchanged or increased.
When the infusion of 30%o albumin was discon-

tinued and the saline-loading infusion continued,
sodium excretion increased and the fractional reab-
sorption of sodium began to decrease (Table III).
Plasma total protein concentrations were decreased
an average of 28%o during the infusion of saline,
and during the final 10 minutes of the infusion of
-30%o albumin plasma total protein concentrations
averaged 96%o of presaline-loading control values.

To determine whether the increased fractional
reabsorption of sodium during the infusion of
30%o albumin related to the decreased GFR, in
three experiments we infused norepinephrine into
one renal artery to reduce GFR during saline
loading before the infusion of albumin. The de-
tails of one of these studies are given in Table III.
Reduction in GFRby norepinephrine did not in-
crease fractional sodium reabsorption, in contrast
to the striking increases in reabsorption during
the infusion of the protein.
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FIG. 7. EFFECTS OF INCREASED ONCOTIC PRESSUREON
THE FRACTIONAL REABSORPTION OF SODIUM DURING THE

INFUSION OF SALINE IN THE PRESENCEOF DISTAL TUBULAR

BLOCKADEWITH ETHACRYNIC ACID AND CHLOROTHIAZIDE.
Points represent the changes in means of multiple uni-
form collections during saline infusion and the final two
collections during the infusion of 250 ml of 30 g per 100
ml bovine albumin. Fractional sodium reabsorption was

increased strikingly by the infusion of protein, which
returned plasma total protein concentrations-to an aver-

age of 96% of the presaline infusion values. This in-
creased fractional sodium reabsorption was independent
of the extent to which glomerular filtration was de-
creased during the infusion of protein. Fractional so-

dium reabsorption ranged from 0.41 to 0.02 during the
infusion of saline alone and from 0.62 to 0.82 at the com-

pletion of the infusion of protein.-
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To examine whether expansion of the intravas-
cular volume with "plasma-like" solutions affects
fractional sodium reabsorption in a manner simi-
lar to the infusion of saline, we gave five animals
a 300- or 400-ml infusion of 6.5%o bovine albu-
min in isotonic saline at 30 ml per minute. This
infusion was continued throughout the experi-
ment at 5 ml per minute. To minimize the pos-
sible effects of increased arterial pressure and in-
creased RBF that occurred with these infusions
of "plasma," we produced unilateral (left) renal
vasodilatation by the renal arterial infusion of
acetylcholine (40 ,ug per minute) before the in-
fusion of plasma in two of the experiments. When
arterial pressure increased (one of the five stud-
ies) after the infusion of plasma, collections were

made and then the left renal perfusion pressure

was reduced by aortic constriction to the same

level present during the control collections (drug
infusion with replacement of urinary losses) be-
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FIG. 8. EFFECTS OF INFUSIONS OF 6.5% PROTEIN SOLU-

TIONS ON FRACTIONAL REABSORPTIONDURING DISTAL TU-

BULAR BLOCKADEBY ETHACRYNIC ACID AND CHLOROTHIA-

ZIDE. Points are the changes in means of multiple col-
lections during hydropenia and after the infusion of 600
to 800 ml of "plasma" (6.5% bovine albumin in isotonic
saline). In two experiments the left kidney was vaso-

dilated by the renal arterial infusion of acetylcholine be-
fore the infusion of "plasma," and in one experiment left
renal perfusion pressure was reduced by aortic con-

striction to the same level that was -present before the
infusion of plasma. All ten kidneys from the five stud-
ies are represented. The shaded area encloses all points
(32 kidneys) observed through a similar range of change
in glomerular filtration during the infusion of 600 to
1,000 ml of saline (from Figure 1).
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FIG. 9. EFFECT OF ACUTE THORACIC INFERIOR VENA
CAVAL CONSTRICTION IN PREVENTINGDEPRESSIONOF FRAC-
TIONAL SODIUM REABSORPTIONDURING THE INFUSION OF
SALINE AND REVERSALOF THIS EFFECT BY INCREASED AR-
TERIAL PRESSURE. Changes are from mean hydropenic
control values. As shown in the first column the infu-
sion of saline in the presence of acute thoracic inferior
vena caval constriction was associated with reduced ar-
terial pressure, and fractional sodium reabsorption re-
mained at or above hydropenic values in 11 of 12 ob-
servations. When arterial pressure was increased by the
intravenous infusion of either angiotensin or norepineph-
rine, fractional sodium reabsorption decreased. In each
of these studies, when arterial pressure was equal to or
greater than initial control values, fractional sodium re-

absorption decreased below hydropenic control values.
Changes in the 12 kidneys of six experiments are shown.

fore the infusion of plasma. The effects of this
infusion of plasma on fractional sodium reab-

sorption are summarized in Figure 8. In all in-
stances the change in reabsorption was distinctly
less than the changes observed during saline in-
fusions, whether or not arterial pressure was

held constant and whether or not the kidney was

previously vasodilated. After the infusion of 600
to 800 ml of the 6.5% albumin solution, plasma
total protein concentrations averaged 104%o of
control (range 95 to 119%o).

The effects of suprahepatic vena caval con-

striction. In six experiments after collections dur-
ing the steady state diuretic infusion, the thoracic
inferior vena cava was constricted to increase ve-

nous pressure to 15 to 28 mmHg by the device
previously positioned through a thoracotomy. At
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the same time an intravenous infusion of isotonic
Ringer's solution was begun at 30 ml per minute
and after 20 minutes slowed to 10 ml per min-
ute. One hour after the caval constriction, when
the infusion of saline was begun, collections were

continued. In these experiments the fractional
reabsorption of sodium during the infusion of sa-

line in the presence of caval constriction increased
by an average of 7%o (range - 8 to + 23%o, Fig-
ure 9), in contrast to the decreased fractional re-

absorption observed during saline infusions in the
absence of caval constriction. The caval constric-
tion resulted in reduced GFR, RBF, and arterial
pressure. During caval constriction GFR was

reduced 24 to 53%o (average, - 39%o), RBF was

reduced 29 to 59%o (average, - 43%o), and ar-

terial pressure decreased 23 to 42 mmHg (aver-
age, - 29 mmHg). Arterial pressure was then
elevated by the intravenous infusion of angiotensin
to levels ranging from - 13 to + 42 mmHg dif-
ferent from the preconstriction values. This re-

sulted in increased GFRand RBF and decreased
fractional reabsorption of sodium. In six kidneys
of the six experiments the fractional reabsorp-
tion of sodium was decreased below control val-
ues despite continued depression of GFR when
arterial pressure was increased during the infu-
sion of angiotensin. In each experiment in which
arterial pressure was elevated above the preload-
ing and precaval constriction values, the fractional
reabsorption of sodium was decreased below con-

trol values. Increasing arterial pressure with
norepinephrine had the same qualitative effect of
decreasing the fractional reabsorption of sodium.
Thus, the effect of caval constriction of preventing
a depression of fractional reabsorption of sodium
during the infusion of saline was associated with
decreased arterial pressure, and this inhibited de-
pression of reabsorption was overcome when ar-

terial pressure was increased. These experiments
are summarized in Figure 9, and details of a

single experiment are given in Table IV.

Discussion

The present study was designed to investigate
by clearance techniques factors that may affect the
proximal tubular reabsorption of sodium. The
conclusions that the results of this study reflect
changes in proximal reabsorption are dependent

upon the following assumptions. 1) Ethacrynic
acid and chlorothiazide together interfere with the
major fraction of distal tubular reabsorption of
sodium in the dog. This assumption appears
justified, since clearance studies in the dog have
demonstrated that ethacrynic acid abolishes the
ability to elaborate a concentrated urine and re-
duces the capacity to excrete dilute urine, indi-
cating an effect on sodium reabsorption in the
loop of Henle (11). Chlorothiazide reduces di-
luting capacity but does not affect concentrating
capacity, indicating an effect on sodium reabsorp-
tion beyond the loop of Henle (12). Together the
two agents almost abolish diluting capacity (11),
and in the present study the two drugs resulted
in the excretion of about 35%o of the glomerular
filtrate in the hydropenic dog. Since micropunc-
ture studies have demonstrated that dilution is
totally a distal tubular phenomenon (13, 19, 20)
and that in the dog about 65%of the filtrate may
be reabsorbed proximally (13), these latter ob-
servations from clearance studies are consistent
with the view that the two agents together could
abolish most of the reabsorption of sodium beyond
the proximal nephron. 2) The agents should
have no important effect on net reabsorption by
the proximal nephron. Although an effect of
diuretic agents to decrease proximal reabsorption
may be masked by secondary changes in hydration
or tubular volume (21), Dirks, Cirksena, and
Berliner found no net effect of either ethacrynic
acid or chlorothiazide on fractional reabsorption
in the proximal tubule of the dog (14). 3) The
maneuvers being studied should not in themselves
alter the absolute effect of the agents on sodium
reabsorption by the distal tubule. Although this
possibility cannot be ruled out by the present stud-
ies, there is no indication that this is the case.
Even when urine flow and the excretion of so-
dium were markedly reduced by some of the ex-
perimental procedures, urine remained virtually
isotonic in the presence of increased fractional re-
absorption of sodium, providing no evidence that
this increased reabsorption occurred in the distal
nephron. The possibility cannot be ruled out that
in the presence of the diuretics significant distal
isotonic reabsorption continued and could have
become a larger fraction of the filtered load of
sodium when distal delivery was diminished by
some of the experimental procedures. If so, over-
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all fractional reabsorption could be increased
without a change in proximal fractional reabsorp-
tion as distal delivery was diminished. However,
it appears unlikely that this was the case in the
present studies, since absolute increases in reab-
sorption were produced by hyperoncotic albumin
in some experiments (Table III, Figure 7), and
fractional reabsorption was not increased during
arterial infusions of norepinephrine, despite very
large decreases in GFRand distal delivery (Tables
II and III, Figure 5). Likewise, residual distal
reabsorption in the presence of the diuretics could
be depressed by some of the experimental proce-
dures (saline loading, increased arterial pressure)
and could account in part for the over-all depres-
sion of fractional reabsorption. Although the
present studies do not rule out the possibility that
these maneuvers normally would depress distal
reabsorption, it is unlikely that the large depres-
sions in fractional reabsorption produced by saline
loading and systemic angiotensin or norepineph-
rine could be due to what must be a very limited
distal reabsorption in the presence of the diuretic
agents. Therefore, whether or not distal reab-
sorption normally would be affected by the ma-
neuvers studied, we can conclude that under the
conditions of the present study, the changes ob-
served occurred primarily in the proximal tubule.
4) The presence of the agents should not inter-
fere with the independent effects of other factors
on proximal tubular reabsorption. If the forego-
ing assumptions are correct, then it follows that
any additional changes in tubular reabsorption
are attributable to changes in proximal reabsorp-
tion independent of the action of the drugs. This
should be true even though the agents may be
exerting an inapparent effect on proximal reab-
sorption (21). In addition to the above consider-
ations, changes in the reabsorption and excretion
of sodium could relate to inverse changes in the
reabsorption and excretion of potassium, which
may occur in the distal nephron independent of the
action of ethacrynic acid and chlorothiazide. How-
ever, in the present studies the relationship be-
tween the excretion of sodium and the excretion
of potassium remained constant, and in none of
the experiments were the fractional changes in
sodium excretion due to inverse changes in the
excretion of potassium.

In view of the foregoing considerations it ap-

pears likely that the changes in both absolute and
fractional reabsorption of sodium that occur in
the presence of the combined diuretic infusions
were related to changes occurring predominantly
in the proximal tubule. If so, then the present
studies demonstrate that several factors may inde-
pendently affect proximal tubular reabsorption of
sodium. The infusion of relatively small volumes
of saline resulted in absolute decreases in "proxi-
mal" reabsorption. The decreases in proximal
reabsorption of sodium resulting from these small
infusions of saline averaged - 19o.4 Thus, the
present studies are consistent with the view that
the depressions of proximal tubular reabsorption
in the dog that result from the infusion of saline
as indicated by micropuncture of superficial neph-
rons (6) are qualitatively and probably quanti-
tatively representative of the total nephron popu-
lation. In three of the present studies, when an
additional rapid infusion of saline was superim-
posed on the smaller saline load, further depres-
sions in proximal fractional sodium reabsorption
occurred; this change was independent of changes
in GFR in one of the three studies. This sug-
gests that the greater natriuretic effect of large
and rapid saline infusions (5) as compared to
smaller infusions (1, 2, 6) is the result of a greater
depression of proximal reabsorption.

The present studies indicate that a reduction in
renal hemodynamics produced by aortic constric-
tion may be associated with increased fractional
reabsorption in the proximal nephron. This ob-
servation is in contrast to the findings by micro-
puncture of Dirks and co-workers (6), who ob-
served a constant fractional reabsorption in the
proximal nephron when renal arterial constric-
tion was used to reduce GFR. However, our ob-
servation that aortic constriction increases the
fractional reabsorption of sodium is in agree-
ment with other reports that reduced renal perfu-

' This average percentage change observed in the pres-
ent studies is in reasonably good agreement with the av-
erage of 32% decrease in proximal tubular reabsorption
during saline infusion in the dog reported by Dirks and
associates (6) on the basis of re-collection by micropunc-
ture at random sites along superficial proximal convolu-
tions. However, the quantitative significance of this
change in the present studies is not clear, since under
the conditions of our studies the vascular and tubular
effects of the diuretic agents could alter the response of
the proximal nephron to the other factors studied.
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sion pressure may result in absolute increases in
tubular reabsorption of sodium during saline (5)
and mannitol (22) diuresis. In previous studies
from our laboratory we suggested that the tu-
bular reabsorption of sodium may relate in some
way to the extent to which perfusion pressure is
transmitted along the intrarenal circulation (9).
In the normal kidney a reduction in perfusion
pressure by aortic or renal arterial constriction is
accompanied by reduced renal vascular resistance
as the result of autoregulation. Such autoregula-
tion could maintain a relatively constant hydro-
static pressure at distal portions of the renal cir-
culation, despite the changes in renal arterial
pressure. In support of this view are the obser-
vations of Thurau and Wober, who observed con-
stant peritubular capillary pressures over a wide
range of arterial pressures (23). In the present
studies the combination of ethacrynic acid and chlo-
rothiazide resulted in profound renal vasodilata-
tion as RBF increased strikingly in the presence
of reduced arterial pressure. Furthermore, in the
present studies autoregulation was apparently
abolished during the infusion of the diuretics,
since renal vascular resistance did not decrease
as perfusion pressure was reduced by aortic con-
striction. If, as previously suggested, transmis-
sion of pressure along the renal circulation is a
factor that affects the reabsorption of sodium, then
reabsorption should change readily in response to
changes in perfusion pressure in the absence of
autoregulation, as was the case in these studies.
Consistent with this view are the observations
that proximal fractional reabsorption of sodium
was not decreased when GFRwas reduced in the
presence of unchanged or increased arterial pres-
sure by the renal arterial infusion of norepineph-
rine. Since norepinephrine results in postcapil-
lary, as well as precapillary, constriction (24),
the reductions in GFRand renal blood flow pro-
duced by the infusions of norepinephrine could
be associated with a higher capillary hydrostatic
pressure than that present with similar reductions
in these hemodynamics produced by aortic con-
striction. The filtration fraction remained con-
stant during aortic constriction (Tables I and
II), but increased during the renal arterial in-
fusion of norepinephrine (Tables II and III).
This suggests that during aortic constriction pres-
sure and flow were uniformly reduced throughout

the renal circulation. Although the increased fil-
tration fraction during the arterial infusion of
norepinephrine could be due to relatively greater
efferent arteriolar constriction, such a change
could be explained equally well by a combination
of afferent and postcapillary constriction. These
interpretations support the concept that the in-
creased fractional reabsorption of sodium ob-
served in these studies during aortic constriction
was related to the reduced perfusion pressure and
not to the reduction of GFR. Also, when arterial
pressure was elevated in "hydropenic" animals
(infusion of diuretics and replacement of urinary
losses), fractional sodium reabsorption usually de-
creased; this change was independent of changes
in glomerular filtration rate. It is not surprising
that renal vasodilatation alone did not decrease
fractional sodium reabsorption [in contrast to the
previously reported effects of renal vasodilatation
(15)], since profound vasodilatation was already
present as a result of the diuretic agents alone.
These observations strengthen the suggestions
that renal perfusion pressure may be a determi-
nant of the tubular reabsorption of sodium (9,
25, 26), and under the conditions of the present
studies this effect of pressure appears to be mani-
fested in the proximal nephron.

Wesuggested, on the basis of previous studies
from our laboratory, that the effect of perfusion
pressure on the reabsorption of sodium may de-
pend on a change in capillary hydrostatic pres-
sure, which in turn could alter the renal inter-
stitial volume (9). If so, then factors other than
capillary hydrostatic pressure that should alter
interstitial volume also should result in predictable
changes in the reabsorption of sodium. It has
been known for some time that infusions of hy-
peroncotic albumin may decrease the excretion of
sodium in man (27-29), and that such infusions
may not increase sodium excretion in the dog de-
spite the associated expansion of the vascular vol-
ume (30). In the present studies the infusion of
30% albumin during saline loading resulted in
marked increases in proximal fractional reabsorp-
tion of sodium, and in some cases absolute in-
creases in the reabsorption of sodium. This ef-
fect of hyperoncotic albumin of increasing the
reabsorption of sodium, which was previously de-
pressed by the infusion of saline, was independent
of changes in GFRand occurred with no decrease
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in RBF or arterial pressure. These observations
are consistent with the interpretation that proxi-
mal reabsorption relates in some inverse manner
to the renal interstitial volume. Since the rate of
proximal tubular reabsorption may relate in some
direct manner to tubular distension (31, 32), an
inverse relationship between interstitial volume
and proximal reabsorption could be mediated by
changes in tubular volume. The distribution of
volume between the capillary and interstitium
should be determined according to "Starling
forces." It seems likely that in the kidney the ma-
jor source of interstitial volume is the tubular re-
absorbed material, and the rate at which this vol-
ume is removed by the blood should be determined
by the relationship between hydrostatic and os-
motic (protein) pressures across the capillary
wall. Thus, either increases in capillary hydro-
static pressure or decreases in plasma oncotic
pressure could result in a relative shift of volume
from capillary to interstitium as the removal of
tubular reabsorbed material is slowed. The kid-
ney has limited distensibility, and a decreased up-
take of volume by the capillary may not reduce the
intravascular volume so long as vascular resistance
and perfusion pressure are constant. Therefore,
an expansion of the interstitial volume due to de-
creased removal of reabsorbed material could re-
sult in a decrease in the tubular volume. How-
ever, any increase in interstitial volume resulting
from decreased plasma oncotic pressure should be
self-limited by a rise in pericapillary hydrostatic
pressure as the extravascular volume increases.
Thus, at lowered plasma oncotic pressure a new
steady state could be achieved with an increased
interstitial volume and pressure, a reduced volume
of reabsorbed material due to tubular collapse, and
an equally reduced rate of removal by blood of
the tubular reabsorbed material. With increased
plasma oncotic pressure or reduced capillary hy-
drostatic pressure an opposite series of changes
could occur as the uptake by blood of interstitial
volume increased. The resulting decreased in-
terstitial volume and pressure could permit tu-
bular distension (especially if GFRwere constant)
and thereby increase tubular reabsorption to equal
the increased uptake of interstitial volume by
blood. Such a mechanism whereby capillary pres-
sure via changes in interstitial volume could play
an important role in determining sodium reab-

sorption and excretion remains unproved, but it
could account for the effects of oncotic pressure,
vasodilatation (15), and arterial pressure (9) on
sodium reabsorption.

The possibility cannot be ruled out that the in-
fusion of bovine albumin in the dog may have some
"toxic" effect that resulted in the present findings,
but there is no reason to favor such a conclusion.
The observations by others that infusions of iso-
oncotic plasma-like solutions depress the tubular
reabsorption of sodium (1, 2) are not inconsistent
with the present findings that hyperoncotic solu-
tions of albumin increase proximal reabsorption.
Since the infusion of plasma-like solutions may
result in marked renal vasodilatation as well as
increased arterial pressure (33), capillary pressure
and interstitial volume could be increased during
the infusion of iso-oncotic solutions; therefore,
such studies (1, 2) do not provide conclusive evi-
dence against an inverse relationship between in-
terstitial volume and the reabsorption of sodium.
Furthermore, in the present studies when animals
were infused with relatively large volumes of an
iso-oncotic albumin solution, whether or not re-
nal perfusion pressure was kept constant, little
or no depression in proximal reabsorption resulted.
This failure of infusions of plasma to depress the
reabsorption of sodium under the conditions of
the present studies, in contrast to studies by others
(1, 2), may relate to the fact that the infusion of
ethacrynic acid and chlorothiazide produced strik-
ing renal vasodilatation, and any additional vaso-
dilatation resulting from the infusion of plasma
has little additional effect on reabsorption. Also,
arterial pressure usually did not increase during
infusions of iso-oncotic albumin. Therefore, the
major change produced by these infusions was
expansion of the vascular volume, and this had
little or no effect on sodium reabsorption, even
though GFRwas increased in some of these stud-
ies. This conclusion suggests that the mechanism
whereby the infusions of saline depress proximal
reabsorption under the conditions of the present
studies may be due largely to decreases in plasma
oncotic pressure; this interpretation is supported
by the observations that hyperoncotic albumin in-
fusion reversed the saline-induced depression of
fractional sodium reabsorption.

The present studies were extended to determine
whether an effect on proximal tubular reabsorp-
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tion could be demonstrated during constriction of
the thoracic inferior vena cava. This maneuver
is known to result in the chronic retention of so-
dium and the accumulation of ascites (7), an in-
hibited or absent natriuretic response to acute sa-
line loading (10, 34), and a failure of saline infu-
sions to depress proximal reabsorption (8).

In the present studies acute constriction of the
thoracic inferior vena cava prevented a decrease
in proximal reabsorption during the infusion of
saline, as has been observed by micropuncture
studies (8). In most experiments, proximal
fractional reabsorption was greater during caval
constriction than during hydropenia alone, despite
the infusion of saline. This effect of vena caval
constriction was associated with decreased ar-
terial pressure, as well as with -decreased GFR
and RBF. However, since reduced GFR and
RBFwithout reduced arterial pressure during the
renal arterial infusion of norepinephrine was not
associated with increased proximal fractional re-
absorption, we conclude that the decreased GFR
and RBF per se during caval constriction are not
the mechanism that inhibits the depressing of the
fractional reabsorption of sodium by saline infu-
sion. In support of the view that the reduced ar-
terial pressure may be the important factor that
limited the sodium reabsorption-depressing effect
of saline loading are the striking effects of pressor
infusions of either angiotensin or norepinephrine
during caval constriction. In each experiment,
during constriction of the thoracic inferior vena
cava, when arterial pressure was increased to or
above the preconstriction levels, proximal frac-
tional reabsorption of sodium was promptly de-
creased despite the continued presence of caval
constriction. In some experiments this effect of
pressor agents of decreasing reabsorption in the
presence of caval constriction occurred with filtra-
tion rates no greater than during hydropenic con-
trol periods. Other studies from our laboratory
demonstrated that the inhibited response to saline
loading that' results from both acute and chronic
constriction of the thoracic inferior vena cava may
be overcome by increased arterial pressure in the
presence of renal vasodilatation (10). The
present observations suggest that this effect of in-
creased arterial pressure of overcoming this re-
tention of sodium during caval constriction is a
proximal tubular phenomenon. Under the con-

ditions of these studies the increased proximal
reabsorption associated with acute thoracic in-
ferior vena caval constriction appears to be largely
the result of reduced arterial pressure.

In the present studies renal vasodilatation alone
with acetylcholine had no effect on the frac-
tional reabsorption of sodium and also was un-
necessary for the effect of increased arterial pres-
sure of depressing proximal reabsorption in the
normal animal and during acute caval constric-
tion. Since infusion of the diuretic agents alone
results in profound renal vasodilatation, it may be
unnecessary to produce further vasodilatation to
permit depression of the reabsorption of sodium
by increased arterial pressure. Consistent with
this interpretation are other observations that re-
nal vasodilatation alone increases the excretion of
sodium when renal blood flow is relatively low
(high renal vascular resistance), but in the pres-
ence of low renal vascular resistance during sa-
line or mannitol diuresis further renal vasodilata-
tion has no additional effect of increasing the ex-
cretion of sodium (15).

Summary

In the present studies we took advantage of
the knowledge that ethacrynic acid and chloro-
thiazide have separate and additive effects to inter-
fere with the reabsorption of sodium in the distal
nephron, that together they appear to block the
major fraction of the distal tubular reabsorption
of sodium, and that neither of them may have any
net effect on proximal tubular reabsorption of so-
dium. During steady state infusions of the two
agents and replacements of urinary losses, we in-
voked several different maneuvers to study factors
that may influence proximal tubular reabsorption
of sodium.

Infusions of saline resulted in both absolute
and fractional decreases in "proximal" reabsorp-
tion, and the changes were qualitatively similar
to the changes reported during saline loading for
superficial cortical nephrons in the dog. Re-
duced perfusion pressure but not reduced glo-
merular filtration rate per se increased proximal
fractional reabsorption of sodium. When arterial
pressure was increased with either angiotensin or
norepinephrine, proximal fractional reabsorption
was usually decreased, independent of changes in
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glomerular filtration rate. During saline loading
with depressed proximal reabsorption, infusions
of hyperoncotic albumin strikingly increased the
fractional reabsorption of sodium. Infusions of
iso-oncotic "plasma-like" solutions had minimal
effects on proximal reabsorption, despite marked
expansion of the vascular volume. These obser-
vations are interpreted as indicating that the renal
interstitial volume may be a factor inversely re-
lated to proximal tubular reabsorption, and that
both capillary hydrostatic and plasma oncotic
pressures may affect this mechanism.

Acute constriction of the thoracic inferior vena
cava prevented a depression of proximal fractional
reabsorption during the infusion of saline, as has
been observed in micropuncture studies. This
inhibited depression of proximal reabsorption was
associated with decreased arterial pressure as well
as decreased renal hemodynamics. When arterial
pressure was increased to control levels or above
by the infusion of norepinephrine or angiotensin,
proximal fractional reabsorption decreased, indi-
cating that this hemodynamically induced in-
creased excretion of sodium in the presence of
thoracic inferior vena caval constriction is a proxi-
mal phenomenon. The latter observations sup-
port the view that hemodynamically determined
increases in proximal tubular reabsorption of
sodium may play a role in the pathogenesis of
such experimentally produced retention of sodium.
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