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When dogs are fed or infused with sodium
chloride, sodium excretion and glomerular filtra-
tion rate (GFR) both increase. Since filtered
sodium usually increases more than sodium ex-
cretion (1, 2), it is commonly assumed that the
sodium diuresis can be explained by the increase
in filtered load (3). It has occasionally been sug-
gested, however, that augmented sodium excretion
is due to decreased tubular reabsorption of so-
dium rather than to increased filtration. For ex-
ample, de Wardener, Mills, Clapham, and Hayter
(4) recently reached this conclusion from experi-
ments in which saline was infused into mineralo-
corticoid-treated dogs. In about one-half of their
studies, sodium excretion increased in spite of ap-
parent decreases in GFR.
The error of measurement of GFR is probably

about 5% (5). Since sodium excretion even at
the height of a saline diuresis is usually a small
fraction of filtered sodium, it is difficult to rule
out the possibility that small errors in measure-
ment are sufficient to account for occasional in-
stances of apparent dissociation between filtered
and excreted sodium. To circumvent this diffi-
culty in the present experiments, an aortic clamp
has been used to reduce GFR reproducibly be-
low control levels after saline loading in dogs
treated with mineralocorticoids. Since under
these conditions sodium excretion is nevertheless
increased above control rates, part of the sodium
diuresis that follows saline administration in the
dog must be due to a factor other than increased
filtered load or decreased mineralocorticoid activ-
ity.
*Supported by U. S. Public Health Service research

grants HE-06795 (National Heart Institute) and A-5589
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Bethesda, Md.
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METHODS

Female mongrel dogs weighing 10 to 20 kg were
anesthetized with iv sodium pentobarbital, 30 mg per kg;
supplemental doses were given as necessary to maintain
light anesthesia. The aorta was approached retroperi-
toneally by a left subcostal incision; a modified Blalock
clamp was placed around the aorta above the renal ar-
teries and fixed to supporting tissues. To confirm that
the clamp was situated above both renal arteries, it was
closed for a few moments to demonstrate that urine flow
stopped completely. Urine was collected from a reten-
tion catheter in the bladder.

Eighteen hours before an experiment, food and water
were withdrawn. At this time, each dog was given 10 mg
of desoxycorticosterone acetate (DOCA) in oil and 5 U
of vasopressin tannate in oil intramuscularly. One-half
hour before an experiment, each dog received 5 mg of
DOCA in oil. (In a few cases, the medications 18 hours
before the experiment were omitted. These dogs received
10 mg of DOCA in oil and 5 U of vasopressin tannate in
oil i hour before the experiments.) Throughout each
experiment all dogs received an infusion containing either
9a-fluorocortisol or 2-methyl-9a-fluorocortisol.1 In three
experiments, d-aldosterone was also given intravenously.
The approximate amounts of mineralocorticoid infused
were as follows: 2-methyl-9a-fluorocortisol or 9a-fluoro-
cortisol, a priming dose of 0.5 to 2.0 mg and a sustaining
rate of 0.5 to 4 ,g per minute; and d-aldosterone, a prim-
ing dose of 0.5 mg and a sustaining rate of 1 lug per
minute.
The sustaining infusion also contained inulin and p-

aminohippuric acid (PAH) enough for the measurement
of renal clearances, and was given at about 0.4 ml per
minute. Sodium loading was accomplished by infusing
either 0.82% saline or a modified Ringer's solution (140
mEq per L sodium, 5 mEq per L potassium, 119 mEq
per L chloride, and 26 mEq per L bicarbonate). These
infusions were given at about 30 ml per minute initially,
until the dogs had received a total of 400 ml. Thereafter,
the rate of infusion was about 10 to 12 ml per minute,
except that the sodium infusion was occasionally reduced
to 2 to 5 ml per minute later in an experiment if urine
flow was very low.

1 Both supplied through the courtesy of Dr. Harold L.
Upjohn of the Upjohn Company, Kalamazoo, Mich.
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The 53 experiments reported are of eight types. At
least three clearance measurements are included in each
group of periods. Control periods were not obtained
until sodium excretion had been stable for at least 1 hour.
1) "Diuiresis first." Control periods were obtained.
Saline was infused and period collections were made dur-
ing the subsequent diuresis when urine flow had become
relatively stable. The aortic clamp was then closed until
sodium excretion fell to approximately 25 to 200 ,uEq per
minute above the control rate, and "clamp" period collec-
tions were made. 2) "Immediate clamping." Control
period collections were made. Infusion of saline was be-
gun, and the clamp was immediately adjusted in an attempt
to keep sodium excretion no more than 200 AEq per
minute above the control rate. When a stable setting
was achieved, "clamp" period collections were made. In
most experiments, the clamp was then opened, and addi-
tional measurements were made during the subsequent
diuresis. 3) "Double loading." Saline was infused in-
itially, and control period collections were made during
the ensuing diuresis. An additional infusion of saline
was then given and collections made during the enhanced
diuresis. Finally, the clamp was set to reduce sodium
excretion to approximately 100 to 200 aEq per minute
above control, and "clamp" period collections were made.
4) Control. After control period collections, the clamp
was set to reduce urine flow 25 to 50% below the control
rate. "Clamp" period collections were then made. In a
few experiments, additional clearance measurements were
made after the clamp had been released. 5) "Saline infu-
sions." Control period collections were made. After
several hundred ml of saline had been given rapidly, the
infusion rate was slowed; clearance period collections
were made when urine flow was stable. Additional
amounts of saline were subsequently administered three
or four times in a similar fashion, and a set of clearance
period collections was made after each additional infusion.
6) Albumin infusions. These experiments were done ac-
cording to the "diuresis first" protocol, except that bovine
albumin, 7 g per 100 ml, was added to the saline infu-
sion. The albumin solution was infused at the usual rates
until a fixed volume (500 to 2,000 ml) had been given,
and then discontinued. 7) Adrenalectomized dogs. Ex-
periments of the "diuresis first" and "immediate clamp-
ing" types were done on dogs adrenalectomized at least
1 week before. These dogs had been maintained on 25
mg of cortisone and a high-salt intake before use. 8)
Angiotensin. Experiments were performed according to
the "diuresis first" or "immediate clamping" protocols.
An infusion of angiotensin 2 in 3% dextrose was begun at
least 1 hour before collection of the control periods and
was continued throughout the experiment. The rate of
the infusion was set in each experiment to elevate the
blood pressure 10 to 30 mm Hg, measured by means of
a catheter in the carotid artery connected to a damped
mercury manometer. The amount of angiotensin required

2 Hypertensin-Ciba, supplied by the Ciba Pharmaceuti-
cal Company, Summit, N. J., through the courtesy of
Dr. A. A. Renzi.

varied from 1 to 5 ,lg per minute, delivered in a volume
of 0.5 to 1 ml per minute. The solution was administered
either intravenously or into the aorta just above the renal
arteries via a polyethylene catheter inserted through a
femoral artery.

Filtered sodium is calculated as equal to k X PNa X CIN.
The Donnan factor k, was assumed to change propor-
tionately with plasma protein concentration; at a plasma
protein concentration of 6 g per 100 ml, the k for sodium
was taken as 0.95, for chloride as 1.023 (6, 7).
The analytical methods used were as follows: inulin,

the diphenylamine method of Walser, Davidson, and
Orloff (8); PAH, the method of Bratton and Marshall
(9), as modified for use with the Auto-Analyzer; 3 so-
dium, internal standard flame photometry; chloride, the
amperometric method of Cotlove (10); and plasma pro-
tein, a biuret method (11).

RESULTS

Diuresis first. The detailed protocol of one ex-
periment is given in Table I; eight experiments of
this type are summarized in Table IV A. In the
control periods, sodium excretion was very low;
filtered sodium averaged about 5 mEq per minute.
Saline was then infused, and about 1 1 hours later
sodium excretion had become reasonably stable
at about 490 /uEq per minute. This increase of
some 460 uEq per minute in the rate of sodium
excretion represented only about 60% of the
simultaneous increase in filtered sodium. Sodium
excretion was then reduced by means of the aortic
clamp to about 250 ,.Eq per minute. Subsequent
analysis showed that filtered sodium was about
2.9 mEq per minute during these periods, a value
well below the control rate. By further closure
of the clamp, sodium excretion was then reduced
to just above 100 1uEq per minute. It was later
found that filtered sodium had decreased still
further, to about one-half the control value. Thus,
in both sets of "clamp" periods, although sodium
excretion was well above control, filtered sodium
was markedly below control. The results were
qualitatively similar with respect to excreted and
filtered chloride.
The volume of saline or Ringer's solution in-

fused by the end of the "clamp" periods varied
from 1,600 to 2,700 ml in the 8 "diuresis first"
experiments. Increased sodium excretion in the
face of decreased filtered sodium was found in
7 of the 8 experiments (Table IV A). In ex-
periment 7, filtered sodium in the "clamp periods"

3 Technicon Instruments Corporation, Chauncey, N. Y.
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TABLE I

Representative "diuresis first" experiment*

Time V CIN CPAH PPrOt PNa FNa UNaV PCI Fci UCIV

min mil/min ml/min ml/min gi100 ml mEqIL mEqimin pEqlmin mEqIL mEqimin pEq/min
- 30 5 mg DOCA intramuscularly

0 Priming dose given: 300 mg inulin, 400 mg PAH, 0.5 mg 2-methyl-9a-fluorocortisol, 0.5 mg d-aldo-
sterone

Infusion I started: 15 mg/min inulin, 5 mg/min PAH, 50 mU/kg/hr vasopressin, 0.76 Ag/min 2-
methyl-9a-fluorocortisol, and 0.76 ug/min d-aldosterone in 3% dextrose solution
at 0.4 ml/min

173-189 0.438 35 86 5.5 154 5.14 36 122 4.36 42
189-197 0.438 34 78 5.4t 154t 5.00 25 121t 4.20 32
197-205 0.375 34 97 5.3 154 5.00 23 120 4.17 26

220 Infusion II started: 0.82% NaCl at 30 ml/min for 500 ml, then slowed to 12 ml/min
299-304 5.20 40 125 2.5 153 5.99 497 132 5.33 445
304-309 5.20 38 121 2.6t 154t 5.73 499 133t 5.10 448
309-314 5.00 38 115 2.5t 154t 5.73 476 133t 5.10 424
314-319 5.00 38 124 2.6 154 5.73 474 133 5.10 424

320 Closure of aortic clamp begun
340 Desired clamp setting obtained

346-352 2.33 19 60 2.3 153 2.85 212 136 2.61 186
352-358 2.67 20 57 2.3t 153t 3.00 247 136t 2.75 221
358-364 2.87 20 55 2.2 153 3.01 267 136 2.75 244
364-370 3.00 19 55 2.1 153 2.86 286 137 2.63 265

372 Infusion II slowed to 6 ml/min and further closure of aortic clamp begun
400 Desired clamp setting obtained

417-423 1.33 17 41 2.3 151 2.51 102 137 2.35 80
423-429 1.42 16 40 2.3t 151t 2.37 109 137t 2.21 89
429-435 1.42 17 37 2.3 150 2.50 107 137 2.35 88

*Abbreviations are as follows: V = urine flow, CIN = inulin clearance, CPAH = p-aminohippurate clearance,
Pprot = plasma protein, P1a = plasma sodium, FNa = filtered sodium, UNaV = sodium excretion, Pci = plasma chloride,
Fci = filtered chloride, UciV = chloride excretion, and DOCA = desoxycorticosterone acetate.

t Interpolated value.

was 80 ,uEq per minute above control, while so-
dium excretion was 132 ,uEq per minute higher.

In all experiments, both filtered sodium and
sodium excretion were above control in the post-
saline periods collected without clamping ("di-
uresis" periods, Table IV A). The increase in
excretion was a very variable proportion of the
increase in filtered sodium, ranging between 7
and 112%. In all cases except experiment 8,
however, the increase in filtered sodium during
the "diuresis" periods is sufficient to account for
the increase in excretion.
Immediate clamping. In these experiments, the

aortic clamp was set at the start of the saline in-
fusion. It was thus possible to collect the "clamp"
periods after the control periods without an inter-
vening diuresis in order to explore the possibility
that the prior diuresis might itself in some way
condition the increased sodium excretion found in

the "clamp" periods of the "diuresis first" experi-
ments. One experiment is presented in detail in
Table II; nine experiments are summarized in
Table IV B. In this experiment, closure of the
aortic clamp was begun within 2 minutes after the
modified Ringer's solution had been started. At
no time during the next part of the experiment
did urine flow exceed 1 to 2 ml per minute. After
a number of attempts, an appropriate clamp set-
ting was obtained at which sodium excretion was
about 80 uEq per minute above the control rate.
Later analysis indicated that filtered sodium was
about 800 ,uEq per minute less in the "clamp" than
in the control periods. After the "clamp" periods
had been collected, the clamp was released. Urine
flow increased promptly, and a brisk sodium di-
uresis developed. The filtration rate increased 15
ml per minute, a value 8 ml per minute above the
control GFR.
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The volume of saline or Ringer's solution in-

fused up to the end of the "clamp" periods varied
from about 1,400 to 2,700 ml in the 9 "immediate
clamping" experiments. In 7 of the experiments,
the results were qualitatively similar; an increase
in sodium excretion was present during the
"clamp" periods in spite of a decrease in filtered
sodium. In experiments 9 and 10, small increases
in filtered sodium, approximately equal to the re-

spective increases in sodium excretion, were pres-

ent in the "clamp" periods.
In 6 experiments, clearance periods were col-

lected after the aortic clamp had been released.
In each case, sodium excretion had increased dur-
ing these "diuresis" periods. In experiments 9,
14, and 17, the increase in sodium excretion be-
tween the control and the "diuresis" periods was

associated with a more than equivalent increase in
filtered sodium. In experiments 11 and 16, fil-
tered sodium was decreased in the "diuresis" pe-

riods, as compared to the controls; yet sodium
excretion was increased about 300 and 200 uEq
per minute, respectively. Each of these dogs had

received about 2,500 ml of saline before the col-
lection of the "diuresis" periods. In experiment
12, sodium excretion was over 1,000 ,Eq per min-
ute higher than the control rate during the "di-
uresis" periods, although filtered sodium in the
"diuresis" periods was slightly below control.
This dog had received only 1,800 ml of saline
before the "diuresis" periods.
Double loading. In the experiments described

above, in which the control rate of sodium excre-

tion was very low, it was found that part of the
increase in sodium excretion after saline infusion
was not related to increased filtered sodium. To
determine whether this is also the case when the
rate of excretion during saline diuresis is further
increased by additional saline loading, the five ex-

periments summarized in Table IV C were per-
formed. Data from one experiment are given in
detail in Table III. Before the collection of the
control periods, this dog had been infused with a

volume of saline equivalent to that regularly given
in experiments of the "diuresis first" and "imme-
diate clamping" types. Sodium excretion in the

TABLE II

Representative "immediate clamping" experiment*

Time V CIN Pprot PNa FNa UNaV

min mi/min ml/min g/100 ml mEqIL mEq/min ,Eq/min
- 30 5 mg DOCA intramuscularly

0 Priming dose given: 300 mg inulin, 400 mg PAH, 0.5 mg 2-methyl-9a-fluorocortisol
Infusion I started: 5.9 mg/min inulin, 5 mg/min PAH, 50 mU/kg/hr vasopressin, and 0.84

,ug/min 2-methyl-9a-fluorocortisol in 3% dextrose solution at 0.4 ml/min
261-267 1.25 65 5.4 148 9.18 78
267-273 1.25 68 5.4t 149t 9.64 80
273-285 1.17 67 5.4 149 9.59 81

305 Infusion II started: 114 mM/L NaCl, 26 mM/L NaHCO3, and 5 mM/L KCl in water at
30 ml/min for 400 ml, then slowed to 12 ml/min

307 Closure of aortic clamp begun
419 Infusion II slowed to 2 ml/min
435 Desired clamp setting obtained

456-462 1.25 58 3.7 149 8.44 174
462-468 1.13 58 3.6 148 8.38 175
468-480 0.96 60 3.6 149 8.68 144

486 Clamp released
487 Infusion II increased to 12 ml/min

550-555 7.80 76 3.4 149 11.0 1,014
555-560 8.30 75 3.3 150 10.9 1,062
560-565 9.20 75 3.4 150 11.0 1,178

* Abbreviations as in Table I.
t Interpolated value.
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TABLE III

Representative "double loading" experiment*

Time V CIN PPmt PN& FNA UN&V PCi Fci UCIV

min mi/min mi/min g/100 ml mEqIL mEqimin pEqlmin mEqIL mEq/min jEq/min
- 30 10 mg DOCA and 5 pressor U vasopressin tannate in oil intramuscularly

0 Priming dose given: 300 mg inulin, 400 mg PAH, 0.5 mg 2-methyl-9a-fluorocortisol
Infusion I started: 5.9 mg/min inulin, 5 mg/min PAH, 50 mU/kg/hr vasopressin, and 0.9 Mg/min

2-methyl-9a-fluorocortisol in 3% dextrose solution at 0.4 ml/min
75 Infusion II started: 0.82% NaCl at 30 ml/min for 500 ml, then slowed to 12 ml/min

161-166 5.6 65 4.7 152 9.54 784 117 7.76 739
166-171 5.2 63 4.6t 152t 9.28 733 118t 7.61 754
171-176 5.2 65 4.5 152 9.49 728 119 7.84 785
176-181 5.3 64 4.4 153 9.44 731 112 7.30 774

182 Infusion II increased to 30 ml/min for 500 ml, then slowed to 20 ml/min
240-245 13.2 57 3.9 144 7.97 1,439 117 6.79 1,531
245-250 13.2 56 3.9t 144t 7.81 1,386 118t 6.72 1,465
250-255 13.1 57 3.9 144 7.97 1,415 118 6.85 1,480

257 Closure of aortic clamp begun

403 Desired clamp setting obtained

418-423 8.1 49 3.1 144 6.92 875 117 5.83 988
423-428 7.6 47 3.1t 144t 6.54 813 116t 5.47 936
428-433 8.4 44 3.1 144 6.18 907 114 5.07 907
433-438 8.8 45 3.1 144 6.35 942 1,038

* Abbreviations as in Table I.
t Interpolated value.

control periods, therefore, was over 700 ,uEq per
minute. After these periods had been collected,
an additional volume of 500 ml of saline was in-
fused rapidly, and the rate of the sustaining saline

infusion was increased to 20 ml per minute.
When the second group of periods was collected,
an hour later, sodium excretion had increased to
about twice the initial rate. Analysis subsequently

3000 2700 2400 2100 1800 500 1200 900 600 300 +300
CHANGE IN FILTERED SODIUM (AEq /min)

FIG. 1. SODIUM IN THREE TYPES OF EXPERIMENTS. Points represent mean

changes, "clamp" minus control periods.
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FIG. 2. CHLORIDE IN THREE TYPES OF EXPERIMENTS. Points represent mean

changes, "clamp" minus control periods.

TABLE IV

Summary of experiments (types 1, 2, and 3)*

A. Diuresis first l. Immediate clamping C. Double loading
CIN PN. FN. UNaV CIN PNa FNa UNV CIN PNa FNa UNaV

ml/ mEq/ mEq/ ,uEq/ ml/ mEql mEq/ MEq/ ml/ mEqi mEq/ JEq/
min L min min min L min min min L min msn

1. ControlA 34 154 5.05 28.0 9. Control 55 153 7.92 84.3 18. Control 64 152 9.44 744
Diuresis 38 154 5.80 487 Clamp 54 153 8.06 218 Diuresis 57 144 7.92 1413
Clamp 20 153 2.93 253 Diuresis 59 156 8.91 839 Clamp 46 144 6.50 884
Clamp 17 151 2.51 106

10. Control 46 153 6.72 20.8 19. Control 78 151 11.2 11.2
2. Control 53 148 7.49 7.8 Clamp 46 150 6.73 45.8 Clamp 71 153 10.3 185

Diuresis 68 152 10.1 195
Clamp 33 153 4.70 102 11. Control 65 146 9.07 10.2 20. Control 49 154 7.16 211

Clamp 31 144 4.38 79.9 Diuresis 50 153 7.40 713
3. Control 76 130 9.44 117 Diuresis 59 143 8.16 313 Clamp 43 155 6.42 347

DiuresisR 76 137 10.1 560
Clamp 69 137 9.14 255 12. Control 56 145 7.68 72.9 21. Control 44 147 6.17 406

Clamp 50 143 6.79 293 Diuresis 47 148 6.79 1190
4. Control 47 159 7.09 24.2 Diuresis 53 143 7.31 1101 Clamp 44 147 6.32

Diuresis 61 155 9.21 1398
Clamp 43 151 6.24 118 13. Control 72 143 9.80 17.5 22. Control 74 148 10.4 795

ClampR 62 147 8.69 71.4 Diuresis 76 150 11.1 1817
5. Control 33 149 4.58 1.5 Clamp 63 154 9.4

Diuresis 54 151 7.93 227 14. Control 72 147 10.0 58.1 Clamp 60 157 9.11 1070
Clamp 27 152 3.94 43.8 ClampR 63 147 8.84 101

Diuresis 73 148 10.5 424
6. Control 41 149 5.77 10.1

Diuresis 49 155 7.30 881 15. ControlA 45 144 6.20 8.9
Clamp 33 152 4.87 34.8 Clamp 28 149 4.07 101

7. Control 47 164 7.24 23.6 16. ControlA 47 152 6.86 112
Diuresis 54 164 8.51 600 Clamp 43 150 6.29 155
Clamp 47 163 7.32 156 Diuresis 46 150 6.61 341

8. Control 32 147 4.43 57.0 17. Control 67 149 9.47 79.5
Diuresis 37 151 5.43 1187 ClampR 60 149 8.58 161
Clamp 27 150 3.90 212 Diuresis 75 150 11.0 1085

* Abbreviations as in Table I. Superscript A = aldosterone administered, and superscript R = modified Ringer's solution infused.
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TABLE V

Representative control experiment*

Time V CIN CPAH Pprt P.Na FN& UNaV PCI Fci UcV

min milmin mi/min ml/min g1l00 ml mEqIL mEq/min I.Eq/min mEqIL mEqlmin 4Eqimin
- 30 5 mg DOCA intramuscularly

0 Priming dose given: 300 mg inulin, 400 mg PAH, 1 mg 9a-fluorocortisol
infusion started: 5.9 mg/min inulin, 5 mg/min PAH, 50 mU/kg/hr vasopressin, 1.7Isg/min

9a-fluorocortisol in 3% dextrose solution at 0.4 ml/min
207-218 0.77 52 123 5.9 153 7.50 69 118 6.23 73
218-228 0.90 49 124 5.9 152 7.09 83 117 5.87 82
228-236 0.94 50 127 5.9 153 7.32 100 118 6.09 100

250 Closure of aortic clamp begun

330 Desired clamp setting obtained

338-350 0.40 37 91 5.8 153 5.32 3 115 4.30 1
350-361 0.45 41 98 5.7t 153t 5.94 3 115t 4.78 1
361-368 0.54 42 96 5.5 153 6.17 6 114 4.92 1
368-379 0.50 39 92 5.2 153 5.72 7 113 4.49 1
379-389 0.45 40 94 5.7 153 5.90 10 113 4.67 1

390 Clamp released

430-440 0.60 53 105 5.4 153 7.69 87 118 6.35 70
440-450 0.75 51 121 5.4t 153t 7.47 91 117t 6.12 80
450-460 0.70 52 126 5.3 153 7.53 94 115 6.05 74
460-471 0.80 56 130 5.7 153 8.18 113 119 6.80 80

* Abbreviations as in Table I.
t Interpolated value.

showed that the increased excretion had occurred
in spite of a spontaneous fall in filtered sodium.
At the time of the experiment, the development
of this "spontaneous experiment" could not be
appreciated. Therefore, the clamp was manipu-
lated in order to reduce sodium excretion to a
value about 100 FAEq per minute greater than the
initial control values. As would be expected,
filtered sodium was reduced still further below
initial control values during these "clamp" pe-
riods. Changes in chloride filtration and excre-
tion in this experiment were parallel with those
described for sodium.

In four of the five experiments of this type
(Table IV C), when sodium excretion in the
"clamp" periods was set somewhat higher than
the initial control rates, filtered sodium was found
to be reduced well below control values. Experi-
ment 19, in which the "immediate clamping" tech-
nique was employed, was unusual in that control
sodium excretion was only 11 FtEq per minute in
spite of the prior infusion of nearly 2,000 ml of
saline. The results, however, were qualitatively
in agreement with the other experiments.

In all four experiments in which spontaneous
"diuresis" periods were obtained, the increase in

sodium excretion after the second load of saline
Wvas greater than the increase in filtered sodium.
Each dog had received more than 2,000 ml of
saline when the "diuresis" periods were collected;
the volume of saline infused by the end of the
experiments was 2,700 to 5,400 ml.

In all three types of experiments described
above, when sodium excretion after saline load-
ing was set 20 to 280 fAEq per minute above con-
trol, filtered sodium was regularly lower than the
control value. These results are illustrated in
Figure 1. Each point represents a comparison of
a group of "clamp" periods with its respective con-
trol. The 24 points represent all the experiments
in the "diuresis first," "immediate clamping," and
"double loading" categories. (Since there were
2 sets of "clamp" periods in experiments 1 and 22,
there are 2 more points than experiments.) In
20 of 24 comparisons, mean filtered sodium was
less in "clamp" than in control periods, by approx-
imately 300 to 4,700 juEq per minute. In four
cases (points to the right of the vertical line), fil-
tered sodium in the "clamp" periods was slightly
above control, by an amount approximately equal
to the increase in sodium excretion.

Chloride analyses were done in 13 of these 22
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experiments. The data are shown graphically in
Figure 2, which is plotted like Figure 1. The
results of these experiments are qualitatively com-

parable when expressed in terms of either chloride
or sodium.
To rule out the possibility that aldosterone it-

self affects sodium excretion differently from large
doses of DOCA and fluorocortisol, three dogs
(experiments 1, 15, and 16) received aldosterone,
in addition to the mineralocorticoids used in the
other experiments. The data from one experi-
ment are given in detail in Table I; the three ex-

periments are summarized in Table IV and pre-

sented graphically in Figures 1 and 2. These
experiments are entirely consistent with the other
experiments in the same categories.
Plasma sodium concentration was relatively

stable in most experiments. In 17 experiments,
plasma sodium concentration varied less than 5
mEq per L; in three, it increased 7, 6, and 9 mEq
per L, respectively; in two others, plasma sodium
decreased 8 mEq per L. No significant differ-
ences related to changes in plasma sodium were

noted.
In those experiments in which 0.82% saline

was infused, plasma chloride concentration usu-

ally increased. In five experiments, modified
Ringer's solution was infused instead of saline.
In these experiments, the mean change in plasma
chloride concentration was + 3 mEq per L com-

pared to a mean change of + 11 mEq per L when
saline was infused. There was no significant dif-
ference between the results of these two types of
experiments.

Control experiments. In seven control experi-
ments, the aorta was clamped, but saline was not
infused. A representative experiment is shown
in Table V. The experiments are summarized in
Table VI A. In the control periods, sodium ex-

cretion was low, but rising slowly. When the
clamp was set, decreasing filtered sodium 20%,
sodium excretion fell to 10% of the control rate.
When the clamp was released, filtered and ex-

creted sodium returned approximately to control
values. Changes in filtered and excreted chloride
were comparable. In each of the seven control
experiments, shown in Table VI A, sodium excre-

tion decreased when filtered sodium was reduced
by use of the aortic clamp. In all experiments
except one (no. 24), the decrease in sodium ex-

TABLE VI

Summary of experiments (types 4 and 5)

A. Controls B. Saline infusions

CIN PNa FNa UNaV CIN PNa FNa UNav

ml/min mEqIL mEqlmin AEq/min mi/min mEqIL mEq/min JAEq/min
23. Control 50 153 7.30 84.0 30. Control 43 144 5.84 25.7

Clamp 40 153 5.81 5.5 Diuresis 1 56 150 8.02 442
Control 53 153 7.72 96.3 Diuresis 2 61 151 8.85 1,226

Diuresis 3 62 153 9.12 2,625
24. Control 60 146 8.34 18.4

Clamp 34 148 4.76 13.3 31. Control 48 155 7.02 3.2
Diuresis 1 59 153 8.85 391

25. Control 43 151 6.14 8.3 Diuresis 2 60 151 8.74 600
Clamp 26 148 3.61 3.6

32. Control 54 156 7.97 14.5
26. Control 43 149 6.06 23.6 Diuresis 1 80 155 11.7 252

Clamp 35 148 4.89 6.4 Diuresis 2 81 153 11.9 600
Diuresis 3 77 151 11.2 849

27. Control 74 153 10.8 34.3
Clamp 61 151 8.70 10.7 33. Control 71 143 9.56 38.0
Clamp 46 153 6.61 3.4 Diuresis 1 66 144 9.12 294
Control 59 153 8.58 17.9 Diuresis 2 62 143 8.60 552

Diuresis 3 69 144 9.57 1,253
28. Control 47 151 6.77 28.7

Clamp 35 153 5.10 4.3 34. Control 46 148 6.40 19.0
Control 51 148 7.31 65.4 Diuresis 1 50 152 7.26 504

Diuresis 2 55 155 8.20 1,271
29. Control 71 152 10.2 91.8 Diuresis 3 57 156 8.53 2,002

Clamp 64 150 9.16 45.0
Clamp 57 151 8.14 50.3

* Abbreviations as in Table I.
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FIG. 3. CONTROL EXPERIMENTS. Points represent mean changes, "clamp"

minus control periods.

cretion was proportionately more than the de-
crease in filtered sodium. Since sodium excretion
in the control periods was always low, the abso-
lute decrease in sodium excretion during the
"clamp" periods is necessarily small.
The data from the control experiments are

shown graphically in Figure 3. This is plotted
like Figures 1 and 2, with the mean change in
excretion, "clamp" minus control, on the ordinate,
and the corresponding change in filtered load on

the abscissa. Comparison of Figure 3 with Fig-
ures 1 and 2 reveals that, with comparable de-
creases in filtered load, sodium or chloride excre-

tion is regularly increased during saline loading
(Figures 1 and 2), but decreased in the control
experiments (Figure 3).

Saline infusions. In all the "double loading"
experiments described above, the increase in so-

dium excretion between the control and "diuresis"
periods was greater than the increase in filtered
sodium. This suggested that with extreme de-
grees of saline loading it might regularly be pos-

sible to show a dissociation between changes in
sodium excretion and changes in filtered sodium
without the use of the aortic clamp. In five ex-

periments, therefore, large volumes of saline were

infused stepwise, and clearance periods were ob-
tained without the use of a clamp. These experi-
ments are summarized in Table VI B; one ex-

periment is illustrated in Figure 4. Each point
represents the mean value for a group of 3 to 5

clearance periods obtained at a relatively stable
urine flow. Before saline infusion, sodium ex-

cretion was about 25 uEq per minute, and filtered
sodium, about 5.8 mEq per minute. After about
1 L of saline had been infused, sodium excretion
had increased more than 400 F&Eq per minute to
about 440 ,uEq per minute. Filtered sodium had
increased almost 2,200 ,tEq per minute, much
more than enough to account for the increase in
excretion. An additional infusion of 1.3 L of
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saline was given; the rate of sodium excretion
increased almost 800 uEq per minute to more

than 1,200 /AEq per minute. This increase in

excretion represented virtually the entire incre-
ment in filtered sodium, which was about 830 IAEq
per minute. More saline was infused until the
total volume of infused material had reached 3.7 L.

Sodium excretion increased markedly from 1,200
to about 2,600 IAEq per minute. This increase in

excretion of some 1,400 /AEq per minute was much
greater than the concurrent increase in filtered

sodium, which was less than 300 IAEq per minute.

Results qualitatively similar to that shown in
Figure 4 were obtained in each of the five experi-
ments summarized in Table VI B. Initially, in-

creases in sodium excretion usually represented
only a fraction of concurrent increases in filtered
sodium (as was also the case in the analogous
"diuresis" periods of the "diuresis first" experi-
ments). As the degree of saline loading was in-
creased, this fraction tended to increase; finally,
sodium excretion increased more than filtered so-

dium, or in some cases, increased even when fil-
tered sodium decreased. The total volume of
saline infused was from 2,700 to 4,400 ml. Casual
observation and occasional auscultation of the
lungs revealed no evidence of pulmonary edema
or congestion.

Renal plasma flow. PAH clearance was meas-

ured in ten experiments summarized in Tables IV
and VI; representative data are given in Tables I
and V. Changes in renal plasma flow were usu-

ally about proportionate to changes in GFR. Dur-
ing aortic clamping, the filtration fraction was con-

stant, or tended to increase slightly.
Albumin infusions. Plasma protein concentra-

tion fell in all the experiments described above
(except the control experiments). The decrease
in concentration between the control and the
"clamp" periods varied from 0.5 to 3 g per 100 ml.
To investigate the relation between dilution of
plasma proteins and changes in sodium excretion,
a series of experiments was performed in which
changes in plasma protein concentration were min-
imized by an infusion of 0.82% saline containing
7 g of bovine albumin per 100 ml. The volume
of the infusion was from 500 to 2,000 ml. The
data, summarized in Table VII A, are quali-
tatively similar to those obtained in the com-

parable "diuresis first" experiments in which

saline was infused (Table IV A). In experi-
ments 35 through 42, sodium excretion increased
markedly after the infusion of albumin in saline;
GFR also increased. When sodium excretion was

reduced by clamping to rates 60 to 230 uEq per
minute above control, filtered sodium was in every
case below control. In experiments 43 and 44,
sodium excretion increased only slightly after the
albumin infusion; filtered sodium had decreased
spontaneously in each experiment.
A drenalectomized dogs. Five experiments,

summarized in Table VII B, were done in
adrenalectomized dogs to determine whether
adrenal ("salt-losing") hormones play any part
in causing the changes in sodium excretion de-
scribed above. In four of the five experiments,
filtered sodium was below control when sodium
excretion was set about 100 to 250 uEq per min-
ute above control by aortic clamping.

Angiotensin. Angiotensin was infused through-
out the course of the four experiments summarized
in Table VII C. In experiments 50 and 51, the
angiotensin was infused intravenously; in experi-
ments 52 and 53, it was infused into the aorta just
above the renal arteries. In the "clamp" periods
of each experiment, sodium excretion was above
control, while filtered sodium was less than the
control value.

DISCUSSION

These experiments demonstrate that some fac-
tor other than increased filtered sodium or de-
creased aldosterone accounts for part of the so-

dium diuresis that follows saline infusion in the
dog. De Wardener and associates (4) have pre-
viously reached a similar conclusion, based on de-
creases in GFR after saline infusions in some of
their experiments. Since changes in plasma so-

dium were not given, however, and changes in
GFR were usually small, it is uncertain whether
filtered sodium decreased. Bojesen (12) has re-

ported that after rapid intravenous administration
of saline to dogs, the sodium diuresis precedes a

demonstrable increase in GFR by 10 to 15 min-
utes. He suggested, however, that there is a

"slight (unmeasurable) increase in the filtration
rate, whereas the reabsorption of salt and water

remains absolutely uninfluenced by changes in the
water and salt loads." In human subjects (not
treated with exogenous mineralocorticoids), Craw-
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TABLE VII

Summary of experiments (types 6, 7, and 8)

A. Albumin infusions B. Adrenalectomized dogs

CIN PNa FNa UNaV Pprt, CIN PNa FNa UNaV

ml/min mEqIL mEq/min gEq/min g/100 ml mil/min mEqIL mEg/min jEq/min
35. Control 54 159 8.07 28.6 6.8 45. Control 112 153 16.2 101

Diuresis 66 155 9.67 257 6.6 Diuresis 135 152 19.6 1,019
Clamp 34 154 4.93 140 6.5 Clamp 98 154 14.6 242

36. Control 77 161 11.6 40.1 7.0 46. Control 89 155 13.1 5.1
Diuresis 92 159 13.8 658 7.1 Diuresis 110 151 16.0 436
Clamp 76 158 11.2 216 6.9 Clamp 49 150 7.05 109

37. Control 63 164 9.74 87.1 7.1 47. Control 63 140 8.23 10.9
Diuresis 72 160 10.9 552 6.7 Clamp 41 136 5.41 248
Clamp 62 160 9.35 166 6.7 Diuresis 61 139 8.28 935

38. Control 61 152 8.78 41.0 5.6 48. Control 75 150 10.7 2.8
Diuresis 64 149 9.12 666 6.3 Clamp 76 148 10.9 97.4
Clamp 49 153 7.20 160 5.8 Diuresis 93 150 13.5 716

39. Control 65 167 10.1 53.0 7.0 49. Control 73 146 10.3 20.3
Diuresis 72 162 10.9 185 6.7 Diuresis 84 147 12.0 600
Clamp 61 161 9.27 113 6.4 Clamp 36 146 5.11 237

C. Angiotensin

40. Control 93 150 13.2 91.4 5.7 50. Control 69 150 9.61 138
Diuresis 97 148 13.7 587 6.0 Clamp 36 149 5.04 185
Clamp 87 148 12.2 325 5.8 Diuresis 58 149 8.32 754

41. Control 61 155 9.11 26.4 6.3 51. Control 39 144 5.27 69.4
Diuresis 63 156 9.23 301 6.3 Diuresis 143 696
Clamp 41 153 5.99 138 6.2 Clamp 32 145 4.53 188

42. Control 59 160 8.85 45.8 6.7 52. Control 26 148 3.62 13.1
Diuresis 75 157 11.2 596 6.2 Clamp 19 146 2.74 181
Clamp 58 158 8.66 187 6.1 Diuresis 37 147 5.27 1,260

43. Control 54 155 7.91 31.4 5.7 53. Control 60 162 9.27 26.8
Diuresis 46 152 6.67 45.6 5.4 Diuresis 76 166 12.1 1,319
Diuresis 40 157 6.06 42.1 5.5 Clamp 56 162 8.73 86.9

44. Control 57 147 8.02 6.2 4.9
Diuresis 51 149 7.19 38.0 4.8
Diuresis 49 148 6.89 43.7 4.8

* Abbreviations as in Table I.

ford and Ludemann (13) found that sodium ex-

cretion increased moderately after infusion of 1
to 3 L of isotonic saline, while mean GFR de-
creased slightly. They concluded that there must
be a mechanism capable of promoting sodium ex-

cretion by reducing tubular reabsorption at a con-

stant filtered load. In contrast to these studies
are the experiments of Wesson and co-workers
(1), who infused a saline solution into dogs not
pretreated with mineralocorticoids. They found
that reabsorptive capacity for sodium, measured
at a constant filtered load, increased rapidly. No
explanation can be offered for the discrepancy be-
tween these results and the present data.

The decreases in filtered sodium produced by
the technique of aortic clamping are reproducible
and too large to be attributed to errors of meas-
urement. It is very unlikely that the procedure of
aortic clamping itself caused the increased sodium
excretion during the "clamp" periods. Sodium
excretion uniformly fell in the control experiments,
in which comparable reductions in GFR were pro-
duced by the same technique, but saline was not
infused. Other workers (14, 15) using similar
techniques also have found that acute reductions
in GFR uniformly result in decreased sodium ex-
cretion. Moreover, increased excretion with stable
or decreased filtered sodium was demonstrated
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without the use of the aortic clamp, when large
volumes of saline were infused ("saline infusion"
experiments and "diuresis" periods of "double
loading" experiments).

Plasma sodium concentration was relatively
constant in most experiments. Any possible
specific effect of acute elevations of plasma sodium
not related to filtered load (16) is, therefore,
presumably not relevant. Some error may be in-
troduced into the calculation of sodium concentra-
tion in glomerular filtrate water by the assumption
employed that the Donnan factor is linearly related
to plasma protein concentration. Any error, how-
ever, would be at most 2 to 3%o and cannot ex-
plain the results. The results of the experiments
in which Ringer's solution was infused to keep
the plasma chloride and bicarbonate concentra-
tions relatively constant were not different from
those in which saline was given. Changes in the
concentration or proportions of the principal fil-
trable anions thus do not account for the results.
Changes in excreted and filtered chloride were
qualitatively comparable to those in sodium, and
the conclusions derived from these experiments
would not be altered if expressed in terms of
chloride rather than sodium.
No measurements relevant to distribution of

function among nephrons have been made. In
most of the present experiments, reduction in GFR
during clamping of the aorta was less than 40%.
Studies of maximal reabsorptive capacity for glu-
cose (17) and potassium excretion (18) during
reduction of GFR by similar techniques suggest
that decreases in GFR of this magnitude are due
to general reduction of GFR involving all neph-
rons, not to the dropping out of whole nephron
units. In any case, evidence for a tubular factor
decreasing sodium reabsorption was obtained in
some experiments without the use of the aortic
clamp (Figure 6). In addition, equivalent reduc-
tions of GFR by clamping in the control experi-
ments resulted in decreased sodium excretion.
It is therefore very unlikely that the increase in
sodium excretion after saline loading is the re-
sult of intrarenal adjustments to dropping out of
nephrons during clamping. The possibility ex-
ists, however, that more subtle changes in distri-
bution of function among nephrons may occur
during saline infusion and account for that part

of the increase in sodium excretion not due to
increased filtered sodium.
De Wardener and co-workers (4) have sug-

gested that the increase in sodium excretion after
saline infusion is essentially independent of
changes in GFR. In their experiments, GFR
increased or decreased with approximately equal
frequency when saline was infused; excretion al-
ways increased. In all experiments in the present
series in which comparable volumes of saline were
given ("diuresis first," Table IV A), GFR in-
creased. When the GFR was then reduced by
clamping, the greater part of the increase in so-
dium excretion produced by the saline was elimi-
nated. It would, therefore, seem reasonable to
assume that part of the increase in sodium excre-
tion is due to the increase in GFR associated with
saline infusions in the dog.
The magnitude of the tubular effect accounting

for the balance of the increase in excretion can-
not be determined precisely from the present data.
This effect could presumably be quantitated by
measuring the increase in sodium excretion when
filtered sodium after saline loading is reduced ex-
actly to the control value. It was necessary, how-
ever, to reduce filtered sodium well below con-
trol in order to establish the presence of the tu-
bular factor. The increase in excretion of ap-
proximately 80 to 100 puEq per minute found un-
der these circumstances (Figure 1), therefore,
represents the minimal change in tubular reab-
sorption after saline infusion.
The results of the "double loading" experiments

suggest that the magnitude of this change in tu-
bular reabsorption is related to the volume of sa-
line infused. Before collection of the control pe-
riods, these dogs had received in excess of 1,500
ml of saline, an amount sufficient to activate the
"tubular effect" in the "diuresis first" and "im-
mediate clamping" experiments. At least 100
uEq per minute of the elevated control rate of so-
dium excretion, therefore, presumably was due
to the action of the tubular factor. After the sec-
ond saline load, an additional "tubular effect" was
demonstrated; at least 150 to 200 /kEq per min-
ute of the increase above control excretion was
not related to increased filtered sodium (Figure
1). The initial infusion of more than 1,500 ml
thus had not elicited the maximal "tubular effect";
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FIG. 5. SPONTANEOUS PERIODS: LESS THAN 2,000 ML OF SALINE INFUSED.
Points represent mean changes, "diuresis" minus control periods (0) or
"diuresis" minus periods immediately preceding (A).

the magnitude of this effect increased with in-
creased saline loading.
The data summarized in Figures 5 and 6 also

suggest that the magnitude of the "tubular effect"
increases with progressive saline loading. All
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minus control, is plotted on the abscissa and the
change in excretion, on the ordinate. The data
shown in Figure 5 are from those experiments in
which the total volume of infusion at the time of
collection of postsaline periods was less than
2,000 ml. The diagonal broken line represents
equal changes in filtered and excreted sodium.
Almost all the points are seen to lie to the right of
this line, indicating that the increase in filtered
sodium was mathematically more than sufficient
to account for the increase in sodium excretion.
In Figure 6 are shown the data from experiments
in which more than 2 L of saline had been infused
before collection of the postsaline periods. All
but three points are seen to lie to the left of the
broken line representing equal changes in filtered
and excreted sodium. Thus, sodium excretion
regularly increased more than filtered sodium
when large amounts of saline were infused.4

It is suggested that the greater part of the in-
crease in sodium excretion when relatively small
volumes of saline are infused is related to an in-
crease in filtered sodium. Most of the increase in
GFR due to saline loading occurs during infusion
of the first 2 L (Table VI B). As the volume in-
fused becomes greater, further changes in GFR
are variable and a decrease in tubular reabsorption
apparently accounts for most of the additional in-
crease in sodium excretion. These conclusions
apply directly only to acute saline loading. The
relative significance of glomerular and tubular
factors in altered sodium excretion during chronic
saline loading remains to be determined.
Three possible explanations for the decrease

in tubular reabsorption of sodium have bee l
tested. It has been proposed that a decrease in
plasma protein concentration may decrease pas-
sive sodium reabsorption due to oncotic forces in
the proximal tubule (19, 20). When dilution of

4 This phenomenon is also noted in a comparison of
"diuresis" and control periods in experiments 11 and 16
(Table IV B) of the "immediate clamping" type, which
is not included in Figures 5 and 6 because a group of
"clamp" periods intervenes between the relevant spon-
taneous periods. Each dog received approximately 2,500
ml of saline. The increase in sodium excretion between
the control and "diuresis" periods of experiment 11 in
which only 1,800 ml of saline was infused is probably too
large to explain in this way; no explanation can be
offered.

plasma proteins was prevented by adding albumin
to the saline infusion (Table VII A), the decrease
in tubular reabsorption of sodium was entirely
comparable to that noted when saline alone was
infused. Changes in protein oncotic forces, there-
fore, do not account for the "tubular effect" on
sodium excretion.
De Wardener and associates (4, 21) have pro-

posed that a humoral agent other than aldosterone
is the "tubular factor" involved. Cross-perfusion
experiments designed to provide evidence to this
effect, however, failed to demonstrate the pres-
ence of a "salt-losing" hormone (4). Since de-
creased tubular reabsorption of sodium after saline
loading was demonstrated in adrenalectomized
dogs (Table VII B), secretion of adrenal "salt-
losing" hormones cannot play a role in this phe-
nomenon. Large amounts of vasopressin were in-
fused in all our experiments; changes in endog-
enous antidiuretic hormone, therefore, are pre-
sumably eliminated as a possible factor.

Tobian, Coffee, Ferreira, and Meuli (22) have
recently proposed that an agent altering tubular
reabsorption of sodium may be formed by the kid-
ney itself. Several lines of evidence (23-25) sug-
gest that angiotensin may be such an agent.
Angiotensin was infused throughout several ex-
periments to eliminate changes in endogenous
angiotensin activity as a factor. In an attempt
to duplicate the high intrarenal concentrations
that may be present during endogenous secretion,
in two experiments the angiotensin was infused
into the aorta above the renal arteries. Continu-
ous infusions of angiotensin did not prevent de-
crease in tubular reabsorption of sodium after sa-
line infusion. It therefore seems unlikely that
changes in endogenous angiotensin secretion are
the cause of this phenomenon.

SUMMARY

1) The mechanism of the sodium diuresis after
saline infusion was studied in dogs in which fil-
tered sodium could be reduced by means of a
clamp around the aorta. Mineralocorticoids were
administered in amounts sufficient to eliminate
changes in endogenotus secretion of aldosterone as
a factor in these experiments. 2) In 22 acute
experiments, control periods were obtained, after
which dogs were infused with 1,400 to 5,400 ml of

1274



MECHANISM OF SODIUM DIURESIS IN THE DOG

isotonic saline or modified Ringer's solution.
Plasma sodium was stable. When filtered sodium
after saline loading was reduced significantly (300
to 4,700 fAEq per minute) below control values
by aortic clamping, sodium excretion was 20 to
280 ,uEq per minute above control. 3) When fil-
tered sodium was comparably reduced in 7 control
studies without saline infusion, excretion always
fell, showing that no artifact was introduced by
clamping. 4) In additional experiments, large
volumes of saline were infused stepwise, without
clamping. When the volume infused was less
than 2,000 ml, the increase in filtered sodium was
usually greater than the increase in sodium ex-
cretion. When the volume infused was more
than 2,000 ml, sodium excretion usually increased
more than filtered sodium. 5) It is concluded
that neither increased filtered sodium nor de-
creased aldosterone secretion can account for the
increase in sodium excretion that occurs after
saline loading in the dog. Part of the increase
must result from the action of another as yet un-
defined factor which decreases tubular reabsorp-
tion of sodium. The magnitude of this effect ap-
parently increases with progressive saline loading.
6) Additional experiments suggest that the factor
is not dilution of plasma proteins, adrenal "salt-
losing" hormones, or angiotensin.
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