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ABsTrAcCT Evidence for the elaboration of a
hormonal inhibitor of renal tubular reabsorption
in response to expansion of extracellular fluid vol-
ume was obtained by examining the effects of
plasma from rats and dogs undergoing saline diu-
resis on the rate of proximal tubular reabsorption
measured both directly by micropuncture tech-
niques and indirectly by clearance techniques.

Intravenous infusion of plasma from saline-
loaded rats and dogs, but not plasma from con-
trol animals, inhibited the intrinsic reabsorptive
capacity of the proximal tubule (as estimated from
the shrinking-drop technique) by 35%, and re-
duced fractional reabsorption (as estimated from
the tubular fluid-to-plasma ratio) by 20%. In ad-
dition the natriuretic plasma increased urine flow,
solute-free water clearance, and potassium excre-
tion in rats with hereditary diabetes insipidus, in-
dicating an increase in the delivery of filtrate out
of the proximal tubule to the more distal diluting
segments of the nephron.

The hormonal inhibition of proximal tubular
reabsorption had an extremely rapid onset of action
(within seconds after instillation into the tubular
lumen) and a short duration of action (less than
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30 min after cessation of an intravenous infusion).
Inhibitory activity was lost from natriuretic plasma
upon dialysis and could be recovered in the dialy-
sate. Dialysates of natriuretic plasma, when in-
jected directly into the tubular lumen, also in-
hibited proximal reabsorption, indicating an action
on the luminal side of the cell.

INTRODUCTION

It is now abundantly clear that the augmented
excretion of sodium which results from expansion
of extracellular fluid (ECF) volume with isotonic
saline is mediated, neither by an increase in glo-
merular filtration rate (GFR) nor by suppression
of aldosterone secretion, but rather by some yet
unidentified mechanism which inhibits the tubular
reabsorption of sodium (1-4). The fact that sa-
line infusion during water diuresis increases both
solute-free water clearance (Cg,0) and sodium ex-
cretion suggests that a major site of inhibition is
the proximal tubule (3), an inference amply con-
firmed by micropuncture studies (5-8).

The mechanism whereby expansion of ECF
volume reduces proximal tubular reabsorption has
not yet been identified. Several investigators (1,
9-12) have suggested that the inhibiting influence
may be mediated by the elaboration of a natriu-
retic hormone, whereas others (13-16) have in-
voked alterations in various physical factors, such
as colloid osmotic pressure, blood pressure, renal
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vascular resistance, and distribution of renal blood
flow.

Cross-circulation studies, designed to demon-
strate the presence of a natriuretic hormone, have
yielded equivocal results (1, 4, 11, 12). The cross-
circulatien technique, however, is not ideally
suited to examine for the presence of a natriuretic
hormone. Micropuncture studies have shown that
saline infusions suppress reabsorption primarily in
the proximal tubule (5-8), and that much of the
filtrate delivered out of this segment is reabsorbed
distally, with only a portion of the increment ap-
pearing in the final urine. Under conditions of
cross-circulation, the small increase in sodium ex-
cretion commonly observed might not accurately
reflect the true magnitude of proximal tubular
inhibition. On the other hand, such small increases
in sodium excretion that do occur may well be
the consequence, not of the cross-circulation of a
humoral inhibitor, but rather of hemodynamic
changes associated with increased renal blood flow
and compositional changes associated with dilu-
tion of the blood, both of which are known to re-
sult from the cross-circulation procedure and are
themselves capable of inducing natriuresis (15, 17,
18).

The present experiments were designed to ob-
viate these difficulties by testing for the presence
of a humoral inhibitor in plasma from animals
undergoing saline diuresis (natriuretic plasma),
not only by examining its effect on urinary so-
dium excretion, but rather by directly assessing its
capacity to inhibit proximal tubular reabsorption.
It was shown that an infusion of natriuretic plasma
inhibited proximal tubular reabsorption, as judged
by three different techniques: prolongation of the
rate of reabsorption of a shrinking drop of saline
during stopped flow ; depression of the inulin tubu-
lar fluid to plasma ratio (TF/P) during free
flow; and increased urinary excretion of free wa-
ter and potassium in rats with hereditary diabetes
insipidus. On the basis of these results the conclu-
sion was drawn that expansion of extracellular
volume causes the release of a humoral agent
which inhibits sodium reabsorption in the proximal
portions of the nephron.

METHODS

The effect of plasma from antidiuretic animals and from
animals undergoing saline diuresis (natriuretic plasma)
on proximal tubular reabsorption was assayed in three
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groups of rats. Groups I and II consisted of Sprague-
Dawley rats, whereas group III contained Brattleboro
rats with hereditary diabetes insipidus.! Rats in groups
I and II were anesthetized with sodium pentobaribital
and prepared for micropuncture as previously described
(19). In order to measure GFR by a constant infusion
technique the assay rats in groups I and II were sub-
jected to right unilateral nephrectomy 1-3 wk before the
acute experiment. In groups I and III GFR was mea-
sured with radioactive inulin as previously described (19).
In group III GFR was calculated on the basis of both
the inulin infusion and the urinary excretion, with good
agreement between the two methods. In group II inulin
was given at a rate of 2 mg/min to maintain a plasma
concentration of approximately 100 mg/100 ml. To re-
place surgical loss of ECF volume occurring during the
surgical procedure each rat was given 1 ml of bicarbonate-
saline solution (25 mM NaHCOs+ 110 mM NaCl). This
amount of saline replacement is less than previously used
(19) in order to avoid any possibility of overexpanding
the assay animal and thus obscuring possible effects of
natriuretic plasma on proximal reabsorption. Transit
time was measured with lissamine green as previously
described (19). i

Group I. In the first group of 18 rats the intrinsic re-
absorptive capacity of the proximal tubule was measured
with the shrinking-drop technique of Gertz (20, 21).
Five rats were infused with plasma from rats, while the
remaining 13 received plasma from dogs. Four of the rats
were given 5 mg of deoxycorticosterone acetate (DOCA)
in oil intramuscularly 4 hr before the experiment.

In each assay rat 6-10 measurements were made dur-
ing each of three periods (control, experimental, and re-
covery; see below for experimental protocol).

Group II. In the second group of 12 rats fractional
reabsorption in the proximal tubule was calculated from
the ratio of inulin concentration in tubular fluid and
plasma [(TF/P)mn] at the end of the proximal convolu-
tion. The end of the proximal convolution was identified
by the passage of lissamine green (7, 22). In each rat
four samples of tubular fluid were collected in each of
three periods (control, experimental, recovery).

Group III. In order to estimate the effect of natriuretic
plasma on the delivery of filtrate out of the proximal tu-
bule, experiments were carried out in six rats with heredi-
tary diabetes insipidus (Brattleboro strain). In the ab-
sence of antidiuretic hormone (ADH) urine flow can be
used as a rough approximation of the amount of fluid
delivered out of the proximal portions of the nephron to
the distal diluting segments. Urine volume (V), osmolar
clearance (Cosm), solute-free water clearance (Crzo), and
sodium and potassium excretion were measured during
control, experimental, and recovery periods. Four to five
10-min urine collections from an indwelling bladder
catheter were obtained in each period; arterial blood was
obtained at the midpoint of each urine collection.

Experimental protocol. The same experimental proto-
col was used in all three groups of assay rats. The ex-
periment was divided into three periods: control, experi-

1 Courtesy of Dr. Heinz Valtin.
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mental, and recovery. Each period consisted of an initial
30 min for equilibration and 30-45 min for shrinking-drop
measurements or collection of tubular fluid and urine
samples. Plasma was infused intravenously through the
entire experiment at a rate of 0.02 ml/min. (Preliminary
studies demonstrated that this amount of plasma by it-
self would not change proximal reabsorption.) During
the first or control period plasma from control animals
was infused. During the second or experimental period
the control plasma was discontinued and natriuretic
plasma was infused. During the third or recovery period
natriuretic plasma was discontinued and the original
control plsma reinfused. In an occasional rat the sequence
was varied.

In two experiments 5 ml of natriuretic plasma was di-
alyzed through Visking cellophane membrane against 50
ml of isotonic bicarbonate-saline solution for 18-24 hr at
4°C. The dialyzed plasma was then infused into group I
assay rats according to the standard experimental pro-
tocol. In an additional experiment, 5 ml of natriuretic
plasma was dialyzed against an equal volume of distilled
water for 1824 hr at 4°C and the dialysate then infused
into a group I rat at 0.04 ml/min during the experimental
period. )

In five other experiments 3 ml of antidiuretic plasma
and 3 ml of natriuretic plasma were each dialyzed against
3 ml of isotonic bicarbonate-saline solution for 18-24 hr
at 4°C. The plasma was discarded and the dialysate was
then injected into the lumen of a proximal tubule and its
reabsorptive rate measured with the shrinking-drop tech-
nique. In these experiments measurements were first made
with isotonic bicarbonate-saline solution, then with dialy-
sate of control plasma, next with dialysate of natriuretic
plasma, and finally again with dialysate of control plasma.

Collection of plasma. For each experiment hepa-
rized arterial blood from three to four control rats was
pooled. In another group of three to four rats, saline
diuresis was induced by infusing bicarbonate-saline solu-
tion intravenously at 0.4 ml/min. When urinary sodium
excretion rose to approximately 10% of the filtered so-
dium, the rats were bled directly from the aorta. The
blood was centrifuged and the plasma stored at 4°C until
the time of the experiment. Each batch of plasma could
be utilized for two or three experiments. There was no
difference in the results if a fraction of pooled plasma
or plasma from individual rats was infused into the re-
cipient rats.

In experiments utilizing dog plasma both control and
natriuretic plasmas were obtained from the same donor
animal. In the first three experiments (Table II, experi-
ments 6, 7, 9), both control and natriuretic plasma were
obtained from the femoral artery. In subsequent experi-
ments all samples were obtained through a catheter im-
planted into a jugular vein. Heparinized saline filled
the entire length of the catheter until the blood samples
were obtained. After collection of control plasma, bi-
carbonate-saline solution was infused through a leg vein
at 15 ml/min. When sodium excretion increased to ap-
proximately 10-15% of the filtered sodium, blood was
obtained for the experimental period.

Hormonal Inhibitor of Proximal Tubular Reabsorption

Analytic methods. The concentration of inulin in tu-
bular fluid was measured by the method of Vurek and
Pegram (23). Inulin in plasma filtrate and urine was
measured by the anthrone method (24). The concentra-
tion of inulin-*C was measured by adding samples of
infusion solution, plasma, urine, and tubular fluids to 10
ml of Bray’s solution and counting in a Packard Tri-
Carb liquid scintillation counter (Packard Instruments
Co., Inc., Downers Grove, Ill.). The details of this tech-
nique have already been described (19). Sodium and po-
tassium in plasma and urine were measured by flame
photometry with lithium as an internal standard. Urine
and plasma osmolalities were measured by the tech-
nique of Ramsay and Brown (25).

Calculations. Fractional reabsorption was calculated
from the (TF/P) ratio with the expression,

fractional reabsorption = [1 — (P/TF)w.]. (1)

The intrinsic reabsorptive capacity, K (expressed as mil-
liliter reabsorbed per second per milliliter of tubular vol-
ume), was either measured directly with the split-drop
technique and calculated from the expression (20, 21),

_ 0.693
tie |

(2)

where t3 is the time required to reabsorb 50% of the in-
jected column of saline from the tubular lumen, or esti-
mated indirectly from the (TF/P)m and transit time
(T) by the expression (7, 19, 22),

TF KT
log ( g )x.. =723 3
The ratio of tubular volume (xr’d) to GFR/per nephron
(Vo) was estimated from the expression (7),

2,
fractional reabsorption = K ’—;;—od, (4)
where 7 is the tubular radius and d is the tubular length.

RESULTS

Effects on intrinsic reabsorptive capacity (group
I). The effects of plasma from control animals
and from animals undergoing saline diuresis are
shown in Tables I and II; experiments using
plasma from rats are listed in Table I and those
using plasma from dogs are listed in Table II.
The administration of natriuretic plasma increased
sodium excretion modestly in five experiments,
considerably in one (Table I, experiment 1), and
not at all in one (Table I, experiment 5). Urine
flow rose only slightly. GFR was not significantly
altered by the natriuretic plasma in any experi-
ment.

The effects of control and natriuretic plasmas
on the intrinsic reabsorptive capacity of the proxi-
mal tubule are also shown in Tables I and II.
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Preliminary experiments revealed that plasma
from control animals had no effect on intrinsic
reabsorptive capacity. The average t; of 11.4 sec
and K of 0.062 sec obtained during control peri-
ods (Tables I and IT) are similar to those obtained
in assay rats not infused with donor plasma. The
infusion of plasma from animals undergoing saline
diuresis uniformly prolonged the t; and decreased
K. In preliminary experiments changes in proxi-

mal reabsorption were noted within 10-15 min

after starting the infusion of natriuretic plasma,
and maximal effects were attained within 20-30
min; upon discontinuing the- infusion of natri-
uretic plasma the inhibitory effects on proximal
reabsorption were completely dissipated within
20-30 min. For this reason the equilibration
period of 30 min was utilized in all of the experi-
ments in Tables I and II. Plasma from natriuretic
rats increased t; to an average value of 20.1 sec
and inhibited K by an average of 40% (Table I).
Plasma from natriuretic dogs inhibited K by an
average of 33% (Table II). Upon discontinuing
the infusion of natriuretic plasma and reinfusing

the original control plasma, t; and K returned to-
or towards the control values in every experiment.
In experiment 17 (Table II) in an additional
experimental period natriuretic plasma inhibited
K to the same degree as in the first experimental
period, and in the final recovery period K returned
to the control level. In experiment 18, despite re-
versal of the sequence in which natriuretic and
control plasmas were infused, K was still 43%
lower during the infusion of natriuretic plasma
than during the administration of control plasma.
Pretreatment of the assay animals with DOCA
(Table I, experiments 4, 5; Table II, experiments
13, 14) did not alter the response to either control
or natriuretic plasma.

Average transit time (T") through the proximal
tubule fell from a control value of 12.5 sec to 10.6
sec during the administration of natriuretic plasma
and then rose to 12.2 sec during the recovery
period. Per cent of reabsorption, calculated from
the K and T in each experiment (equation 3), fell
from a control level of 53 to 35% during the
infusion of natriuretic plasma and rose again to

TaBLE 1
Effect of Natriuretic Rat Plasma on Intrinsic Reabsorptive Capacity of the Proximal Tubule

Intrinsic reabsorptive

capacity
Reabsorptive Urine Sodium Transit
Rat No. half-time (ti/2)* K Inhibition GFR flow excretion time (T)
ml/min
sec sec™! % per g ul/min nEgq/min sec
1. Control 11.1 £+ 0.28 -0.062 4.73 6 0.27 12.5
Experimental 16.7 £ 0.18 0.042 33 4.81 59 10.89 8.2
Recovery 10.6 &+ 0.16 0.065 4.94 14 5.36 11.6
2. Control 14.9 + 0.15 0.046 5.28 5 0.69 10.3
Experimental 19.8 + 0.14 0.035 25 5.36 11 1.46 9.9
Recovery 15.1 £ 0.15 0.046 5.12 3 0.64 11.5
3. Control 124 £ 0.28 0.058 7.12 3 0.07 12.5
Experimental 20.8 + 0.16 0.033 42 7.68 5 .0.36 10.6
Recovery 10.7 £ 0.29 0.065 791 2 0.07 13.0
4.1 Control 12.2 £ 0.24 0.057 5.98 4 0.10 119
Experimental '25.3 + 0.53 0.027 52 5.80 4 0.21 9.0
Recovery 10.4 + 0.11 0.067 5.17 3 0.10 11.5
5.1 Control 12.3 £+ 0.23 0.056 6.45 5 0.63 14.0
Experimental 22.8 &= 0.35 0.030 49 6.89 6 0.65 14.0
Recovery 11.0 + 0.24 0.063 6.97 7 0.64 14.0

K, intrinsic readsorptive capacity; GFR, glomerular filtration rate.

* Mean =+ standard error.
} Assay animal pretreated with DOCA.
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TasLE 11
Effect of Natriuretic Dog Plasma on Inirinsic Reabsorptive Capacity of the Proximal Tubule

Intrinsic reabsorp-

tive capacity
Reabsorptive Urine Sodium Transit
Rat No. half-time (t1/2)* K Inhibition GFR flow excretion time (T)
ml/min
sec sec™1 % per g ul/min nEg/min sec
6. Control 10.1 & 0.26 0.069 14.5
Experimental 12.2 + 0.17 0.057 17 14.5
Recovery 10.5 & 0.15 0.066 16.0
. 14.5
7. Control 9.4 + 0.13 0.074 9.0
Experimental 18.3 £ 0.17 0.038 49 6.8
Recovery 10.4 £ 0.14 0.067 9.0
8. Control 10.6 + 0.16 0.065 7.03 7 0.47 11.8
Experimental 17.9 £ 0.20 0.039 41 7.41 8 0.99 8.5
Recovery 9.4 + 0.21 0.074 7.52 7 0.81 10.0
9. Control 11.8 + 0.15 0.059 6.87 3 0.17 14.0
Experimental 20.0 £ 0.48 0.027 55 6.78 9 0.65 10.2
Recovery 11.4 4 0.25 0.061 7.00 6 0.32 14.0
10. Control 12.8 4 0.23 0.053 12.3
Experimental 16.1 + 0.18 0.043 20 11.5
Recovery 12.2 4 0.39 0.057 13.0
11. Control 11.8 = 0.13 0.059 15.5
Experimental 13.0 + 0.14 0.053 10 14.5
Recovery 11.2 + 0.11 0.062 13.5
12. Control 11.8 + 0.31 0.059 13.0
Experimental 16.2 + 0.28 0.043 27 11.8
Recovery 11.0 & 0.26 0.063 14.5
13.1 Control 11.5 £ 0.50 0.060 10
Experimental 16.6 + 0.46 0.042 31 8
Recovery ©11.4 £ 042 0.061 10
14.1 Control 11.5 4 0.41 0.060 13
Experimental 15.7 & 0.38 0.044 27 11.8
Recovery 11.8 + 0.41 0.059 14.5
15. Control 13.2 4 0.32 0.053 10.0
Experimental 27.0 £ 0.37 0.033 31 10.0
Recovery 15.1 4 0.26 0.046 10.0
16. Control 10.0 & 0.22 0.069 15.0
Experimental 13.8 £ 0.24 0.050 28 12.5
Recovery 9.8 4+ 0.22 0.071 15.0
17. Control 10.6 & 0.13 0.065 4 0.47 11.8
Experimental 17.9 & 0.36 0.039 41 13 1.73 8.5
Control 9.4 &+ 0.22 0.074 13 1.32 9.0
Experimental 18.3 £ 0.35 0.038 13 2.53 6.8
Recovery 10.4 = 0.24 0.067 16 2.32 9.0
18. Experimental 14.5 + 0.16 0.048 12.0
Control 8.1 £ 0.10 0.086 43 14.0
Experimental 14.6 £+ 0.12 0.047 12.0

* Mean =+ standard error.

t Assay rat pretreated with DOCA.

Hormonal Inhibitor of Proximal Tubular Reabsorption
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TasBLE III

Effect of Natriuretic Plasma on Per cent Reabsorption in the Proximal Tubule

Sodium Proximal
Rat No. GFR excretion Transit time (TF/P)un* reabsorption
ml/min per kg unEq/min sec % % change
Experiments using rat plasma :

1. Control 4.70 0.28 12.0 196. + 0.26 49
Experimental 4.57 0.58 79 1.18 &+ 0.09 15 -170
Recovery 5.52 0.99 8.3 1.58 + 0.16 37

2. Control 3.38 0.25 11.2 2.42 + 0.09 59
Experimental 3.29 0.30 8.5 2.09 £ 0.08 52 —12
Recovery 3.29 0.08 11.7 2.88 + 0.14 65

Experiments using dog plasma

3. Control 4.84 ©0.417 11.8 3.33 + 0.42 70
Experimental 5.89 0.13 10.0 2.32 + 0.30 57 -19
Recovery 4.45 0.10 11.0 2.78 &+ 0.09 64

4. Control 4.55 0.76 13.0 2.41 + 0.08 59
Experimental 4.56 0.74 79 1.72 £ 0.05 42 -29
Recovery 4.83 0.30 10.8 2.41 £ 0.23 59

5. Control 4.87 0.44 9.5 2.16 £ 0.02 54
Experimental 4.99 0.31 8.5 1.84 & 0.10 46 —15
Recovery 5.02 0.13 9.5 2.17 £ 0.16 54

6. Control 4.98 1.01 15.0 2.13 = 0.18 52
Experimental 5.00 1.44 10.1 1.68 + 0.06 41 -22
Recovery 5.85 1.03 9.2 1.88 £ 0.13 47

7. Control 5.96 0.94 9.8 2.00 = 0.15 50
Experimental 4.90 1.14 9.1 1.64 4 0.06 39 -22
Recovery 5.33 1.1 9.7 2.08 + 0.10 52

8. Control 9.76 0.31 . 113 2.10 & 0.08 52
Experimental 7.44 2.40 8.8 2.21 3= 0.36 55 +6

9. Control 7.00 0.09 12.0 2.00 &+ 0.15 50
Experimental 7.00 0.34 11.0 1.84 &+ 0.26 46 -8
Recovery 6.90 1.57 12.3 1.88 + 0.02 47

10. Control 6.23 0.42° -13.0 2.71 £ 0.39 67
Experimental 5.98 1.10 11.7 2.31 += 0.11 57 —-15
Recovery 6.05 0.84 10.9 2.54 £+ 0.37 61

11. Control 7.64 0.09 16.6 2.61 £ 0.21 62
Experimental 7.13 0.28 . 103 2.38 £+ 0.17 58 —6
Recovery 6.57 0.38 11.0 2.50 & 0.16 60

12. Experimental 4.66 11.6 2.36 + 0.08 58
Control 5.55 13.0 3.21 + 0.06 69 57
Experimental 3.70 12.1 2.26 + 0.07 56

(TF /P)1n, ratio of inulin concentration in tubular fluid and plasma.
* Mean =+ standard error.
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52% during the recovery period; the average
depression in per cent of reabsorption was 34%.
The ratio of tubular volume to GFR per nephron,
mr2d/Vo, also calculated from K and T (equations
3 and 4), was not altered by the natriuretic
plasma.

Effect of per cent reabsorption (group II). In
the second group of experiments (Table III) the
administration of natriuretic plasma did not pro-
duce any significant increase in sodium excretion
that could be attributed to the effects of the plasma.
In those experiments in which sodium excretion
did increase during the experimental period, it
did not return to the control level during the
recovery period. GFR was not changed by the
natriuretic plasma.

During control periods the (TF/P), averaged

one of these (experiment 9) the (TF/P)p did
not rise during the recovery period. During the
experimental period (TF/P);, averaged 1.96 and
per cent of reabsorption averaged 47% ; per cent
of reabsorption was depressed an average of 19%.

The average transit time (7) fell from 12.3 sec
during the control period to 9.6 sec during the
experimental period and rose to 10.4 sec during
the recovery period. The intrinsic reabsorptive
capacity, K, calculated from the (TF/P);, and
transit time (equation 3), was depressed an aver-
age of 22% by the natriuretic plasma. The ratio
of tubular volume to GFR per nephron, also cal-
culated from the (TF/P)n and T (equations 3
and 4), was not altered during the experimental
periods.

Effect on water and solute excretion in rats

242 and per cent of reabsorption averaged 58%.
The administration of natriuretic plasma reduced
the (TF/P)m in 11 out of 12 experiments; in

with diabetes insipidus. To determine the effect
of natriuretic plasma on the delivery of filtrate out
of the proximal tubule, six studies were performed

TaBLE IV

Effect of Natriuretic Rat Plasma on Water and Solute Excretion in Rals with
Hereditary Diabetes Insipidus*

Urine Urine Sodium Potassium
Rat No. osmolality flow Cosm CHp0 excretion excretion GFR
ml/min
mOsm/kg ul/min ul/min ub/min uEq/min uEq/min per kg
1. Control 254 8.0 7.0 1.0
Experimental 123 42.0 17.8 24.2
Recovery 195 12.0 8.0 4.0
2. Control 165 13.0 8.3 4.7 0.24 0.31
Experimental 85 60.7 20.5 40.2 1.31 0.56
Recovery 196 24.0 17.0 7.0 0.36 0.12
3. Control 231 25.0 19.8 5.2 0.40 0.11 5.36
Experimental 189 84.0 51.6 324 2.92 1.84 5.16
Recovery 235 45.0 35.5 9.5 1.11 0.60 5.20
4. Control 215 4.2 3.2 1.0 0.33 0.19
Experimental 126 38.8 15.8 23.0 1.99 0.50
Recovery 171 21.1 12.3 8.8 0.21 0.06
5. Control} 228 11.7 8.3 34 0.16 0.14
Experimental 162 87.6 45.8 41.8 1.08 1.16
Recovery 239 33.3 24.2 9.1 0.45 0.54
6. Controlt 195 38.5 26.3 12.2 0.66 0.05 4.98
Experimental 145 143.6 66.4 77.2 4.21 3.09 5.19
Recovery 195 42.5 30.3 12.3 0.17 0.40 5.00
Cosm, 0smolar clearance; Ca,o, solute-free water clearance.
* All values are the average of three to four collection periods.
1 Control plasma was obtained from rats with hereditary diabetes insipidus.
Hormonal Inhibitor of Proximal Tubular Reabsorption 767



in rats with hereditary diabetes insipidus. As
shown in Table IV urine flow rose sharply in
every experiment during the infusion of natri-
uretic plasma, increasing from an average flow
of- 16.7 pl/min during control periods to 76.1
pl/min during the experimental periods. Although
there was a significant drop in urine flow during
the recovery period, the average value remained
at levels almost twice the control values. Since the
urine flow of 31.3 pl/min during recovery is close
to the flow before the rats were anesthetized, it is
possible that the relatively low flow at the begin-
ning was the consequence of anesthesia.

The marked rise in urine volume in all experi-
ments was principally due to an increase in Cg,o,
which rose from a control value of 4.6 pl/min to
a value of 43.2 pl/min during the experimental
period. As in the case of urine flow, although there
was a sharp drop in Cg,o during recovery, the
value was about twice that observed during con-
trol periods. To exclude the possibility that the
control plasma might have had much higher levels
of ADH than the natriuretic plasma, thus causing
the lower urine flow and Cg,o during control and
recovery periods than during the experimental
periods, two experiments (Table IV, experiments
5 and 6) were performed with control plasma
taken from rats with hereditary diabetes insipidus.
The differences between control and natriuretic
plasmas in these two experiments were the same
as-those in the other four experiments.

Natriuretic plasma also increased solute excre-
tion in these rats. Cym rose from a control level

50
40 |
Per cent
Inhibition 30 |-
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Reabsorptive
Rate 20 -
10
o . S —
conTROL | O 10 20 30
PLASMA Days of Aging

CONTROL PLASMA

of 12.1 ul/min to an experimental value of 33.1
pl/min and fell to 20.1 ul/min during the recovery
period. There was a modest increase in sodium
excretion in all experiments, with a fall towards
control levels during the recovery periods. Similar
changes in potassium excretion were also noted.
In the two experiments in which it was measured
GFR was not changed.

Characteristics of the hormonal inhibitor of
proximal reabsorption. Natriuretic plasma re-
tained its inhibitory activity after standing at room
temperature for 3—4 hr. As seen in Fig. 1 it also
retained its activity when stored at 4°C for as
long as 30 days. Inhibitory activity did not appear
in control plasma after standing at room tempera-
ture for 3—4 hr or after storage at 4°C for several
days. Thus the substance appears to be relatively
stable. The full extent of its heat stability, how-
ever, has not yet been ascertained.

As shown in Table V the inhibitory activity was
lost when natriuretic plasma was dialyzed against
large volumes of Ringer’s bicarbonate solution.
When natriuretic plasma was dialyzed against
equal volumes of Ringer’s bicarbonate solution,
inhibitory activity was observed when the dialysate
was infused intravenously. Dialysate of control
plasma had no effect. These studies, showing loss
of the inhibitor from natriuretic plasma during
dialysis and its recovery in the dialysate, indicate
that the substance is probably a small molecular
weight, water-soluble compound.

Site of action of the proximal inhibitor. The
ability to recover the inhibitor in dialysates of

' - 50
|
]
—l e
S ———— - 30
- 20
—
410
CONTROL FRESH -0
NATRIURETIC
PLasua PLASMA oDay'sool i:in:o
NATRIURETIC PLASMA

Ficure 1 Effect of storage at 4°C on inhibitory activity of control and natriuretic plasma.
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TaABLE V

Effect of Dialysis on Inhibitory Activity
of Natriuretic Plasma

Intrinsic reabsorp-

tive capacity
Reabsorp-
tive half- Inhi-
Expt. No. time (ti/2) K bition
sec sec1 %
Dialysis against large volumes
of fluid

1. Control plasma 11.0 0.063
Natriuretic plasma 15.2 0.045 28
Dialyzed natriuretic plasma  11.3 0.061 3
Control plasma 11.0 0.063

2. Control plasma 10.8 0.064
Natriuretic plasma 16.5 0.042 34
Dialyzed natriuretic plasma  11.1 0.062
Control plasma 11.0 0.063

Dialysis against equal volumes

of fluid*

3. Control plasma 11.3 0.61
Natriuretic plasma 17.0 0.41 35
Dialyzed natriuretic plasma  10.8 0.64 0
Dialysate 16.6 0.42 34
Control plasma 10.8 0.64

* Dialysate infused intravenously at 0.04 ml/min. Plasma
infused intravenously at 0.02 ml/min.

natriuretic plasma made it possible to determine
whether the substance could exert an effect when
placed in contact with the luminal membrane of
the tubule cell. As shown in Table VI dialysates
of control plasma, when injected directly into the
tubular lumen, were reabsorbed at the same rate
as Ringer’s bicarbonate solution. In contrast,
dialysates of natriuretic plasma were reabsorbed
at a much slower rate. The dialysates of natri-
uretic plasma inhibited K by an average of 35%,
a degree of inhibition similar to that observed when
either natriuretic plasma or dialysates were infused
intravenously. These studies, therefore, clearly in-
dicate that the substance can act from the luminal
side of the cell.

It was surprising that the intratubular injection
of dialysate, which should produce very high local
concentrations, gave only the same degree of inhi-
bition as the intravenous infusions. To pursue the
quantitative aspects of this problem further the
effect of serially diluting jugular venous plasma
and dialysates was examined. As shown in Fig. 2

Hormonal Inhibitor of Proximal Tubular Reabsorption

TaBLE VI
Intratubular Action of Dialysates of Natriuretic Plasma

Intrinsic reab-
sorptive capacity
Reabsorptive ~——m—m———
half-time Inhi-
Expt. No. (ty/2) K bition
sec sec™t %

1. Ringer's solution 10.8 + 0.32 0.064
Dialysate-control plasma 9.6 & 0.20 0.072
Dialysate-natriuretic plasma 17.7 £ 0.24 0.039 45
Ringer’s solution 9.1 + 0.40 0.076

2. Ringer’s solution 15.0 + 0.42 0.046
Dialysate-control plasma 15.5 + 0.54 0.045
Dialysate-natriuretic plasma 20.3 =+ 0.61 0.034 24
Ringer’s solution 15.0 £ 0.57 0.046

3. Ringer's solution 11.3 +0.38 0.061
Dialysate-control plasma 12.2 + 0.24 0.057
Dialysate-natriuretic plasma 20.2 + 0.58 0.034 43
Ringer’s solution 11.5 £ 0.21 0.061

4. Dialysate-control plasma 11.5 + 0.16 0.060
Dialysate-natriuretic plasma 16.2 & 0.09 0.043 29
Dialysate-control plasma 11.5 + 0.08 0.060

5. Dialysate-control plasma 11.0 &= 0.89 0.063
Dialysate-natriuretic plasma 16.3 =+ 0.31 0.043 33
Dialysate-control plasma 11.0 &+ 0.46 0.063

the inhibitory effect of natriuretic plasma infused
intravenously was almost completely lost when
the plasma was diluted 1:4 with Ringer’s bicar-
bonate. In three other experiments natriuretic
plasma infused intravenously lost all activity at
a 1:2 dilution. In one of these experiments inhibi-
tory activity was obtained when the diluted plasma
was infused at twice the rate (0.04 ml/min). In
contrast, dialysate injected into the tubular lumen
produced the same inhibitory effect (approxi-

aot it
Per Cent
Inhibition of 30T
Proximal .
Reabsorptive i
Rate 20r
10f
1:32 146 18 14 1:2 111 Undiluted

Dilution Factor

Ficure 2 Effect of concentration of hormonal inhibi-
tor on intrinsic reabsorptive capacity of the proximal
tubule. The dialysis of plasma against an equal volume
of Ringer’s bicarbonate results in a concentration of in-
hibitor in the dialysate of exactly half that of undialyzed
plasma. For this reason the horizontal axis is adjusted
so that undiluted dialysate has a dilution factor of 1:1.
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mately 35%) when diluted 1:2 and 1:4 as with
the undiluted dialysate; activity was less at a 1:8
dilution and was completely gone at a 1:16 dilu-
tion. Since the inhibitor is diluted by a factor of
2 in the process of dialysis, the undiluted dialysate
is equivalent to a 1:1 dilution of plasma and the
1:2, 1:4, 1:8, and 1:16 dilutions of dialysate
are equivalent respectively to 1:4,1:8, 1:16, and
1:32 dilutions of plasma. The intratubular injec-
tion, therefore, appears to result in the delivery
to the reabsorptive site of about eight times more
inhibitor than does the intravenous infusion. The
studies with the dilutions of .dialysate (Fig. 2)

indicate that the process of inhibition exhibits

saturation characteristics with a maximum inhibi-
tion of approximately 30-40%. For this reason,
both the intravenous infusion of plasma and the
intratubular injection of dialysate produce the
same inhibitory effect despite the much higher
local concentrations attained with the intratubular
injections. o

DISCUSSION

Previously we have suggested that fractional
reabsorption in the proximal tubule is regulated
by the interaction of two variables: the intrinsic
reabsorptive capacity, K, and the ratio of tubular
volume of GFR per nephron [=r?d/Vo (7, 19,
22)]. Recent studies in our laboratory (7) have
shown that expansion of ECF volume with isotonic
saline in rats depresses fractional reabsorption in
the proximal tubule by reducing K 33% and
wrtd/Vo 25%. We proposed that the decrease in
K might be due to some hormonal inhibitor,
whereas the decrease in #r?d/Vo might be medi-
ated by changes in renal interstitial volume sec-
ondary to alterations in the hydrostatic and oncotic
pressures in the peritubular capillary bed (7).
Indeed, Earley, Martino, and Frielder (15) have
shown that experimental maneuvers which modify
hydrostatic and oncotic pressures in the post-
glomerular capillaries markedly influence sodium
excretion,

The present experiments clearly demonstrate
that a hormonal inhibitor of proximal reabsorption
is elaborated in response to expansion of . ECE
volunie with isotonic saline. Three lines of evi-
dence ‘support this conclusion. First, infusions of
plasma from animals undergoing saline diuresis
inhibited the. intrinsic reabsorptive capacity of the
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proximal tubule, as measured by the shrinking-
drop technique. The fact that dialysates of natri-
uretic plasma placed directly into the tubular
lumen also inhibited intrinsic reabsorptive capacity
unequivocally establishes a direct inhibitory action
on the tubular epithelium rather than any indirect
effects secondary to either compositional changes
in blood or alterations in renal hemodynamics.
Second, infusions of natriuretic plasma reduced
(TF/P)1, ratios, indicating a net reduction of
proximal reabsorption. Third, infusions of natri-
uretic plasma increased both urine flow and cation
excretion in rats with hereditary diabetes insipidus.
Since minimal amounts of water are reabsorbed
in the distal diluting segments of the nephron in
the absence of ADH, the rise in urine flow can
be used as evidence of accelerated delivery of
filtrate out of the proximal portions of the nephron.
Although there was a significant increase in so-
dium excretion in all six experiments (Table IV),
most of the increased sodium delivered out of the
proximal tubule was reabsorbed distally, resulting
in augmented Cg,o. In addition, potassium excre-
tion rose also, indicating that a portion of the
sodium delivered out of the proximal tubule was
reabsorbed distally in exchange for potassium. All
three types of studies, therefore, indicate that
plasma from animals undergoing saline diuresis
contains a humoral agent capable of inhibiting the
intrinsic reabsorptive capacity of the proximal
tubule, thereby producing a net suppression of
proximal reabsorption and increasing the delivery
of filtrate to more distal portions of the nephron.

The exact mechanism by which this hormone
inhibits proximal reabsorption cannot be ascer-
tained from the present studies. However, certain
characteristics of its action can be described. First,
the material acts both when infused intravenously
and when injected directly into the tubule. This
finding does not necessarily mean that the hormone
reaches the transport site through both surfaces of
the tubular cell. Substances such as digitalis, vaso-
pressin, and aldosterone, which are known to influ-
ence transport across epithelial structures (frog
skin, toad bladder, and isolated collecting ducts),
have been demonstrated to gain access to their
site of action through only one surface of the
epithelial cell, even though the final site of action
may be on the opposite surface. If the renal tubular
cell behaves like these isolated epithelial structures,
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it is probable that the tubular surface is the portal
of entry, since the material injected intratubularly
could have had contact with only the luminal sur-
face of the cell. The material injected intravenously
would not be limited to the blood surface of the
renal tubular cell. Since it is dialyzable, it can
doubtless pass through the glomerulus and thus
would have access to the luminal surface of the
tubule.

The second important characteristic of the in-
hibitory action on the proximal tubule is that the
humoral agent exhibits saturation kinetics. The
studies utilizing serial dilutions of dialysate (Fig.
2) indicate that a maximal inhibition of 35-40%
is maintained over about an eightfold concentration
range. As the dialysate is diluted by greater than
1:8 the inhibiting effect is rapidly lost. The satura-
tion kinetics explain the finding that the infusion
of natriuretic plasma at a very low rate (0.02
ml/min) inhibited the intrinsic reabsorptive capac-
ity to the same degree (Tables I and II) as that
observed in rats undergoing massive saline diure-
sis (7, 8, 26), where the circulating level of the
inhibitor has been shown, in unpublished studies,
to be very much higher. Indeed, preliminary stud-
ies in our laboratory suggest that there is a rough
correlation between the level of circulating hor-
mone and the magnitude of ECF volume expan-
sion. The significance of such a variation in plasma
levels is not clear, however, since the present
studies would indicate that maximal inhibition is
achieved at very low plasma concentrations and
that any further rise would have little additional
effect. It is possible, on the other hand, that if the
hormone acts only from the luminal side of the
cell and is either reabsorbed or inactivated by the
tubular epithelium, variations in plasma concen-
tration might be of physiologic importance by
determining the length of the tubule inhibited.

Finally, the luminal inhibition has a very rapid
onset of action, within seconds after its instillation
into the tubular lumen. In this respect it differs
from aldosterone, where a lag of at least 0.5 hr
occurs before transport is stimulated, presumably
because aldosterone stimulates the synthesis of an
intermediate agent, perhaps a specific protein,
which directly influences transport (27, 28). The
rapid onset of action of the hormonal inhibitor
suggests that it has a more direct effect and does
not act by stimulating the synthesis of an active
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intermediary. Its duration of action is compara-
tively short, lasting no more than 20-30 min after
the discontinuation of the intravenous infusion of
natriuretic plasma. Sustained natriuresis, therefore,
to the extent that it is mediated by the humoral
inhibitor, would seem to require persistent expan-
sion of ECF volume to insure continued pro-
duction.

The elaboration of a potent hormonal inhibitor
of proximal reabsorption in response to ECF
volume expansion would explain some, but not
all, of the changes observed during saline diuresis.
The infusion of natriuretic plasma inhibited the
intrinsic reabsorptive capacity to the same degree
as did massive saline infusions (7), yet fractional
reabsorption during free flow was reduced only
20% in contrast to the 50% depression observed
during saline diuresis. This discrepancy is probably
the consequence of two factors. First, because of
higher plasma concentrations of hormone the entire
length of the proximal tubule might be maximally
inhibited during saline diuresis, but not during
infusion of natriuretic plasma. Since for technical
reasons most shrinking-drop measurements are
made in the earlier portions of the proximal con-
volution, this discrepancy might not be detected.
Second, saline infusions reduced the ratio of tubu-
lar volume to GFR per nephron by approximately
25%, whereas the infusion of natriuretic plasma
had no effect on tubular geometry. Since the abso-
lute rate or proximal reabsorption has been shown
to vary directly with tubular volume (19-22),?

2 The influence of tubular geometry also affords an
attractive explanation for the different effects of the hor-
mone and another potent inhibitor of proximal reabsorp-
tion, furosemide. As judged by the shrinking-drop tech-
nique, furosemide inhibits the intrinsic reabsorptive ca-
pacity of the proximal tubule to the same extent as does
the hormone (29). Yet furosemide does not depress net
proximal reabsorption, whereas the hormone does. The
explanation, doubtless, revolves about the potent inhibi-
tion of reabsorption in the ascending limb by furosemide
(30, 31). In consequence, large amounts of fluid issue into
the collecting duct, generating internal hydronephrosis,
which, in turn, causes proximal tubular dilatation, thereby
overcoming the inhibitory effect of the drug (29). The
hormone, at least in the concentrations resulting from the
infusion of natriuretic plasma, exerts little, if any, distal
effect, so that internal hydronephrosis does not occur.
Therefore, the inhibition of intrinsic reabsorptive ca-
pacity is not masked by the enhancing effects of tubular
dilatation, and net inhibition of proximal reabsorption
results.
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the reduction of #r2d/Vo during saline diuresis
could account for the greater suppression of frac-
tional reabsorption. The fall in =*d/Vo is proba-
bly the consequence of an increased interstitial
volume secondary to the combined effects of de-
creased plasma protein, reduced renal vascular
resistance, and increased blood pressure (7, 14,
15) which occur during massive saline infusions
but not during the infusion of small amounts of
natriuretic plasma.

Another major difference between the effects of
the hormone and saline diuresis is that, despite
significant inhibition of proximal reabsorption, the
infusion of natriuretic plasma failed to increase
sodium excretion appreciably. This finding clearly
indicates the importance of inhibition of reabsorp-
tion beyond the proximal tubule in promoting
saline diuresis. Evidence from both Cg,o studies
(32, 33) and micropuncture experiments (34)
indicate that the expansion of ECF volume sup-
presses sodium reabsorption in the distal nephron.
There are several possible explanations as to why
the infusion of saline, but not the infusion of small
amounts of natriuretic plasma containing the hor-
mone, inhibits distal reabsorption. It is possible
that the hormone inhibits sodium reabsorption
along the entire length of the nephron, but that,
owing to the low circulating levels achieved by the
plasma infusions, the hormone is reabsorbed from
the tubular fluid and does not reach sufficiently
high toncentrations distally to inhibit the tubule.
In contrast, in animals infused with saline far
higher concentrations of hormone circulate in the
blood, much of which escapes proximal reabsorp-
tion and achieves sufficiently high luminal concen-
trations distally to produce maximal inhibition.
Even in the presence of high circulating levels,
however, the hormone would probably account for
only a fraction of the inhibition of distal reabsorp-
tion. Hemodynamic factors, such as increased med-
ullary blood flow with washout of the hypertonic
medullary interstitium (35) and redistribution of
filtrate from deep nephrons with high capacity
loops to superficial nephrons with low capacity
loops (16, 36) probably account for most of the
reduction of the total effective reabsorptive capac-
ity of the distal nephrons during saline diuresis.

It would appear, therefore, that although a
potent inhibitor of proximal reabsorption is re-
leased during ECF volume expansion, its full
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physiologic effect is not expressed unless it is
accompanied by the associated renal hemodynamic
changes that occur during saline diuresis. These
changes might potentiate the effect of the hormone
by altering the geometry of the proximal tubule,
by increasing medullary blood flow, and by redis-
tributing filtrate from deep nephrons with high
capacity loops to superficial nephrons with low
capacity loops.
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