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INTRODUCTION

In normal supine human subjects (1, 2), the
rapid intravenous injection of glucose or manni-
tol sharply augments the excretion of sodium.
Animal experiments indicate that the natriuresis
may be mediated at least in large part by a direct
renal response to a change in the concentration of
the solute in the blood perfusing the kidney (3).
It has been suggested that the injected solute re-
strains the reabsorption of water in the proximal
tubules and interferes with the reabsorption of
sodium by accelerating the flow of the tubular
fluid (1, 3), or by diluting the concentration of tu-
bular sodium below that in extracellular water
(4). It is implied in these theories that the ca-
pacity of the tubular system for sodium transport
is either fixed, or only slowly adaptive to changing
loads of sodium. It has therefore been of consider-
able interest to determine the extent to which, and
the rapidity with which, internal regulatory fac-
tors may counterbalance the intratubular effects
of administered solutes. Certain measures which
promote the retention of sodium in normal sub-
jects (antecedent salt restriction, or the adminis-
tration of DOCA) are comparatively ineffective
in preventing the sodium diuresis induced by sol-
ute loads ( 5 ). However, internal regulatory
mechanisms in patients with edema severely limit
the excretion of sodium despite massive glycosuria
(6) even when the renal hemodynamic pattern is
essentially normal. It is not clear, therefore,
whether the retention of sodium during osmotic
diuresis is a unique feature of the edematous state,
or whether the stimuli which have been used to
promote salt retention in normal subjects are of
insufficient intensity.
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Since quiet standing constitutes an extremely
potent stimulus for sodium and water retention
(7-9), the present experiments were undertaken
with the following objectives in mind: (1) to de-
termine whether normal subjects, under the in-
tense stimulus to retain sodium imposed by quiet
standing, nevertheless develop the usual diuresis
of sodium with solute loads; (2) to decide, by
means of clearance techniques, whether the effects
observed are mediated by changes in glomerular
filtration or tubular transport; and (3) to identify,
where possible, the changes in the internal environ-
ment which may have been conditioning the renal
response.

EXPERIMENTALPROCEDURE

Control and experimental studies -were carried out in
nine young healthy male subjects. Urine and blood were
first obtained while the subject was engaged in normal
activity (expts. 1 and 2-Table I), or lying supine on an
examining table (expts. 2 to 14-Tables I and II). Next,
several samples of blood and urine were collected during
quiet standing (the subject stood at the side of a shelf on
which his arms rested, with only such minimal movement
of the trunk and extremities as was found necessary to
prevent collapse). Finally, several recovery periods were
obtained during which the subject again assumed a su-
pine position. In one experiment (Table II, expt. 9) ad-
ditional periods during quiet standing and recovery in the
supine position followed. Urine was collected in all
cases by voluntary voiding. In our experience, the er-
ror involved in this method, in selected normal young
subjects, is small. The possible effect of such an error
on the urinary changes observed between periods of low
and those of high flow, has been minimized in most cases
in these experiments by averaging the data of more than
one period of actual urine collection in each of the "pe-
riods" designated A, B, C, etc., in Tables I and II.

Two types of control studies are summarized in Table
I. The effects of quiet standing alone, without solute
loading, were studied in three experiments during de-
hydration and hydration. Table I summarizes the effects
of injections of hypertonic solutions of sodium bicarbonate
and sodium phosphate (pH 7.4) while the subject was
supine. Table II summarizes the results of experimental
studies of the effects of injections of mannitol and so-
dium salts during the period of quiet standing.
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Data, in part previously reported by this laboratory
(2, 9), on the effects of mannitol loads in supine sub-
jects, and of saline infusions in both supine and stand-
ing subjects, have also been used in the construction of
Table III and Figures 1 and 2.

In six experiments (expts. 3, 8, 10, 11, 12, 13), glo-
merular filtration rates were estimated from the clear-
ance of inulin administered as a constant infusion. The
isotonic sodium phosphate used in experiments 4 and 14
was prepared as a mixture of NaH2PO4 and Na2HPO4
of pH 7.4 (10).

Mannitol in serum and urine was analyzed by the
method of Smith (11), modified according to Elkinton
(12), inulin by the method of Roe (13), potassium and
sodium on a flame photometer, and inorganic phosphate
by the method of Fiske and Subbarow (14) as m,odified
for the photoelectric colorimeter. Chloride in the serum
was determined by the method of Hald (15), protein by
the biuret reaction (16), and total CO. content by the

243

method of Van Slyke and Neill (17). Urea and am-
monia in the urine were determined by the methods of
Conway (18), and chloride by a modification of the
method of Volhard and Harvey (19). Acute changes in
plasma volume were calculated from changes in the hemo-
globin and hematocrit as described previously (9). The
pH of serum was determined, with anaerobic precautions,
with a glass electrode (Beckman). Because of the diffi-
culties of collecting urine anaerobically under the condi-
tions of these experiments, bicarbonate concentrations in
the urine were not directly measured. However, since
bicarbonate constitutes the major urinary anion in those
experiments in which sodium bicarbonate was infused,
changes in the excretion of bicarbonate were estimated
from changes in the excretion of "undetermined anions"
(calculated according to the formula: A= [Na + K+
NH] - Cl, where A is the rate of excretion of "unde-
termined anions"). In 27 urines collected anaerobically
in normal individuals during the infusion of sodium bi-

TABLE I

Control studies. The efficts of quid standing, and of infusions of NaHCO3and Na2HP04,
on the serum and urine of normal subjects

Urine Serumt
Subject* Prce-| Periodt Time| - = GFR | -. *- Cplamadure ~~~~~~~~~An-Flow Na Cl K NH4 Pll ions# Na Cl K C02, Prot. pH PllI vol.

cc./ cc/ lgm$. mg.
xo. mins. min. mscro. Eq.1min. mix. mEq.fliler % % per cext

1) AVG(a) Ambulant A 140 0.4 44.4 68.0 39.6 26.0 142 101 3.6 7.75 0
Standing B 63 0.2 4.7 15.6 27.2 19.5 138 104 3.6 7.95 -12
Supine C 131 0.3 6.8 19.1 38.3 21.3 138 106 3.7 7.05 + 5

2) DWS(a) Ambulant A 74 0.6 108 125 37.4 16.7 13.3
Supine B 64 0.6 140 100 42.5 13.3 23.5 138 102 3.4 27.5 7.92 7.43 4.5 0
Standing C 38 0.4 81.2 92.0 38.6 8.0 16.6 140 102 3.5 27.0 7.25 7.46 4.6 +14
Supine D 50 0.2 9.1 12.2 19.0 6.6 11.6 137 102 3.8 24.0 8.18 7.49 3.8 - 6
Supine E 69 0.3 18.8 27.0 23.1 8.1 25.8 142 102 3.5 27.1 7.54 7.47 42 + 2

3) DWS(b) Supine A 66 6.8 294 403 102 41.7 13.5 161 140 105 5.0 6.54 3.5
Standing B 69 1.4 210 270 70.0 37.5 12.7 126 141 105 4.9 25.0 6.78 7.42 3.6 0
Supine C 32 1.1 160 230 57.0 38.3 18.7 103 141 105 5.0 22.4 7.22 7.38 3.6 -24
Supine D 86 4.7 247 318 78.5 39.9 31.7 140 140 105 5.0 242 620 7.48 3.6 + 4

4) H.. Supine A 114 3.1 91.5 83.2 120 16.4 53.4 139 96.0 4.3 26.7 7.12 7.46 4.5
1 liter, 1% Supine B** 116 3.8 161 24.2 210 27.3 472 131 93.0 3.8 25.9 6.71 7.52 10.1
NasHP04 Supine C 91 4.0 248 25.3 203 21.6 584 138 93.3 3.6 26.3 7.00 7.49 10.2

5) Mac, Supine A 108 0.6 79.6 122 34.4 32.8 25
600 cc., 3.1% Supine B* 54 2.6 527 179 191 17.0 556 137 103 4.7 24.4 7.20 7.44
NaHCO* Supine C 146 1.6 371 51.8 151 1.6 471 145 98.4 4.3 31.8 6.28 7.52

Supine D 223 0.8 88.7 29.5 8.4 7.1 74 142 101 4.8 29.1 7.16 7.46

6) Kat, Supine A 66 1.1 172 199 91.5 38.6 104
550 cc., 2.7% Supine B* 104 2.0 377 206 200 11.3 382 140 103 4.3 24.1 7.35 7.43
NaHCOs Supine CW 210 1.2 253 88.5 134 <1 298 144 99.7 3.9 28.0 7.50 7.46

7) Hal, Supine A 98 2.7 200 259 113 26.6 120
600 cc.. 3.1% Supine B* 63 6.2 835 330 249 5.5 759 132 1 95.0 5.7 27.6 7.82 7.30
NaHCO, Supine C 89 2.8 373 127 193 2.1 441 139 94.0 5.4 32.3 6.96 7.32

Supine DW 140 2.2 162 35.8 103 3.4 232 136 93.6 5.1 32.0 7.05 7.40

Subjects were normal young adults. AVG, DWS(a), Mac, and Kat were thirsting for 12 to 14 hours before the
experiments, and were given no water during the experiments except in period marked w. DWS(b), H, and Hal were
allowed water ad lib. More the experiments, and drank 100 cc. per hour during the experiments. DWS(b) ingested 15
vms. of NH4Cl in 36 hours before experiment. This subject also was infused with normal saline containing requisiteinulin and sodium para-aminohippurate, at about 2.3 cc. per minute throughout the experiment.

t Infusions of test solutes were given during periods marked". Water p. o. allowed ad lib. in periods marked w.
Each period composed of 1 to 3 sub-periods corresponding to individual collections of urine.

t Serum values at the beginning of each corresponding period, except for values in italics which are at the end of the
corresponding period.

I Changes in plasma volume at the beginning of each corresponding period, calculated with respect to the control
period, which is indicated by 0.

§ P calculated as B,IPO..
See Experimental Procedure for calculation of anions.
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EFFECT OF STANDING ON SOLUTE DIURESIS

carbonate, this estimate has been found to agree with the
measured excretion of bicarbonate with an error of 18±
9 per cent.

RESULTS

Quiet Standisng Alonse (Table I):

The effects of quiet standing during hydration
and water deprivation were studied in three ex-
periments on two subjects. The passive erect
position caused the plasma volume to contract.
Urine flow, sodium, potassium and chloride ex-
cretion decreased in all experiments, and remained
below control values during one or more periods in
the supine position. Glomerular filtration de-
creased in the one experiment in which it was
measured. In addition, the excretion of ammonia
decreased slightly in the two hydropenic subjects,
phosphate excretion was unchanged or declined in
two experiments, and the serum bicarbonate de-
creased slightly, with no significant change in the
serum pH in the two experiments in which it was
measured.

+ 900

+ g00

+ 700

t 60c

Quiet Standing with Mannitol Infusion (Table
II):

The administration of 350 cc. of 25 per cent
mannitol to two thirsting subjects (expts. 8 and 9)
prevented any significant contraction of the plasma
volume. Presumably the transudation of fluid in
the lower extremities caused by quiet standing was
balanced by the movement of fluid from the tissues
into the blood stream, possibly as a result of two
mechanisms: (a) the extraction of water from cells
(indicated by the decrease in the serum sodium),
and its distribution to the plasma volume as a part
of the extracellular space; and (b) the withdrawal
of fluid from the extracellular fluid into the blood,
as a result of the transient osmotic gradient set up
during diffusion of mannitol from the vascular
compartment.

Glomerular filtration was also maintained at
control values during the period of quiet standing
in experiment 8.

The excretion of water, sodium, and chloride
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TABLE III

Modification of the decrease in sodium excretion during quiet
standing by infusions of sodium salts

Mean
change*

in sodium
No. of excretion

Infusion given during obser- micro. Range*
quiet standig vations EQ./mix. micro. Eq./min.

None" 6 - 91 - 39to -243
400 cc., 3-4% NaCl** 2 -101 - 30 to -172
400 cc., 6%NaCl** 4 - 41 +273 to-149
SOOcc., 3.6%NaHCO, 3 +140 +228to+117
1,000 cc., isotonic,

neutral sodium
phosphate 1 +209

* Values calculated as the differences between the aver-
age rates of 1-3 control periods, and the rates of 1-2
expeimental periods.

** Data of 3 of the experiments without infusions, and
of all the experiments with NaCI infusions, were taken
from another study (4).

increased during the infusion of mannitol and for
several periods thereafter (expts. 8 and 9). How-
ever, it is evident from Figure 1 that quiet stand-
ing in these experiments limited the usual increase
in excretion of sodium which is caused in the nor-
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mal subject by the infusion of mannitol. Indeed,
in one of the experiments (expt. 9, Table II), so-
dium excretion decreased below control values
during a second period of quiet standing and then
increased again when the subject was supine, al-
though the excretion of mannitol continued slowly
to decline.

In a third experiment, on a hydrated subject
(expt. 10, Table II), the injection of a smaller
quantity of mannitol maintained glomerular fil-
tration at control values, and the plasma volume
at or above control values, but sodium excretion
declined below control values despite a mannitol
diuresis which would have induced marked losses
of sodium, if the subject had been supine.

Quiet Standing writh the Infusion of NaHCO3or
Na2HPO4:

Control Studies: The infusion of 18.75 gms.
of NaHCO3as a 3 per cent solution into normal
supine subjects augmented greatly the excretion
of water, sodium, and potassium. Chloride ex-
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FIG. 2. CHANGESIN THE RATEOF EXCRErION OF SODIUMCOMPAREDWITH

CHANGESIN THE RATE OF EXCRETIONOF ANIONS CAUSEDBY THE INFUSION
OF NAHCO.ANDNA,HPO,

Individual periods of urine collection.
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EFFECT OF STANDING ON SOLUTE DIURESIS

cretion initially increased, but then decreased.
Ammonia excretion uniformly declined. The con-
centrations of bicarbonate and sodium in the se-
rum increased; those of chloride and protein de-
creased.

The infusion of one liter of isotonic Na2HPO,
into one normal subject increased greatly the ex-
cretion of sodium and potassium, increased slightly
the excretion of ammonia, and decreased the excre-
tion of chloride. The concentrations of chloride
and protein in the serum decreased slightly, that
of phosphate increased greatly.

Studies with Quiet Standing: Injections of so-
dium bicarbonate and buffered sodium phosphate
prevented any significant fall of plasma volume,
in three of four experiments (expts. 11, 12, 13),
or of glomerular filtration rate in two experiments
(expts. 11 and 12). However, sodium excretion
was augmented in the same manner during quiet
standing as in the supine position in each experi-
ment (Figure 2). This was in sharp contrast to
the inhibition of sodium excretion caused by the
passive erect posture during mannitol loading (de-
scribed above) and during salt loading (Table
III). In the latter Table, various sodium salts
are compared for their effects on the usual reten-
tion of sodium induced by quiet standing. Al-
though the excretion of sodium decreased during
quiet standing in spite of infusions of sodium
chloride (except in one experiment with 6 per
cent saline), it increased in all experiments in
which sodium bicarbonate or phosphate was in-
fused. Potassium excretion was augmented by
the administration of sodium bicarbonate during
quiet standing, as in control studies, but was not
appreciably changed by infusions of sodium
phosphate.

DISCUSSION

A. Infusions of Mannitol

In the present experiments on normal subjects
during quiet standing, as in previous experiments
on patients with edema (6, 20), the sodium diure-
sis induced by mannitol loads was partially in-
hibited (Figure 1). Since glomerular filtration
rate remained at or above control values (expts. 8
and 10) the inhibition of sodium diuresis ap-
peared to be the result of an increased capacity
of the renal tubules to reabsorb sodium. This
conclusion is in doubt only to the extent that the

estimation of glomerular filtration by present
clearance methods is not sufficiently accurate to
define the exact relationship between a small (un-
measurable) fall in the filtered sodium and a
change in the tubular reabsorption of this ion.

The results do not imply that the renal re-
sponses to infused solutes are not mediated at
least in part by the direct effect of a change in the
solute content and flow of the tubular fluid (3).
They do emphasize, however, that internal regu-
latory mechanisms in normal subjects, as in pa-
tients with edema, may be of sufficient intensity
to limit the intratubular effects of an adminis-
tered solute on the reabsorption of sodium. What
specific regulatory mechanisms are involved, and
whether they may apply to the state of edema, are
questions concerning which only inferential data
are now available.

In the present experiments, several factors of
the internal environment were considered possible
stimuli for the retention of sodium:

1. Changes in the serum sodium (Table II),
and calculated internal shifts of water and electro-
lytes were not significantly different during quiet
standing from those in previously reported experi-
ments in which mannitol was administered in the
supine position (2). In experiments 8 and 9,
when hypertonic mannitol was infused, intracel-
lular balances of water and potassium were nega-
tive. Positive values for sodium were too small
to be considered significant. In experiment 10,
when 4.25 per cent mannitol was infused, intracel-
lular balances of water, sodium, and potassium
were not significantly altered.

2. Support of the total plasma volume in these
experiments by the infusion of mannitol, as in
other similar studies by the infusion of albumin
(9), failed to eliminate the stimulus for salt re-
tention (Figure 1) elicited by standing. These
infusions, however, undoubtedly did not prevent
local pooling of blood (in the lower extremities),
transudation in the area of increased venous pres-
sure, and consequent redistribution of the flow and
volume of the circulating blood. The importance
of these factors in the control of salt excretion may
be inferred from studies of other abnormal circu-
latory states in which they may also be operative:
Sodium retention occurs with the venous conges-
tion produced by tourniquets on the limbs (21)
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or by obstruction of the inferior vena cava (22,
23) and with the portal congestion of decompen-
sated hepatic cirrhosis (24) just as it does when
a large volume of blood is actually removed from
the circulation by hemorrhage (25). With ve-
nous obstruction, cardiac output and arterial blood
pressure tend to fall (26). The renal response
occurs in spite of lumbodorsal sympathectomy
(21) and is independent of the pituitary (27), the
adrenals (28) or of measurable circulatory
changes in the kidney, but it may be eliminated by
very large blood transfusions (26) (which prob-
ably overcompensate for blood lost by pooling).
The upright position causes vasoconstriction in
the cerebral (29) and splanchnic (30) areas; the
renal response may occur in the absence of the
adrenals (31).

It is possible, therefore, that in the present ex-
periments, although there was no hemoconcentra-
tion when mannitol was infused during quiet
standing, the kidneys may have responded not to
the circulating blood volume as a whole, but to a
change in the flow and/or volume of blood in some
"central" area of the circulation (32, 33).

B. Infusions of Sodium Bicarbonate and Phosphate

In order to determine more precisely the in-
tensity and character of the increased tubular ca-
pacity for sodium transport which is induced by
quiet standing, sodium bicarbonate and buffered
sodium phosphate were injected in experiments
11 to 14. These salts impose unique limitations on
the tubular reabsorption of sodium. When the
anion of an administered electrolyte is reabsorbed
only to a slight extent, the total excretion of ca-
tions into the urine is correspondingly increased
because of the limited quantity of free acid which
may be secreted by the tubules.4 The factors which
determine the nature of the "covering" cation are
unclear, but under ordinary conditions, particu-
larly when the administered electrolyte is a sodium
salt, this cation is mostly sodium. In the presence
of a strong stimulus for the retention of sodium, it
might be expected that the increased cation would
be largely potassium (or conceivably partly am-

4 This limitation is imposed not only because of the ex-
treme acidity of acids such as HIPO and H.SO4, but
also, in the case of bicarbonate, because of the probability
that CO, has a great capacity to diffuse back rapidly
across the tubular membrane.

monium, in the case of phosphate or sulfate). In-
deed, when sodium bicarbonate is administered to
patients with congestive heart failure or with "de-
compensated" hepatic cirrhosis, the bicarbonate
ion is excreted to a great extent with potassium
(20). However, in the present experiments, in-
jected sodium bicarbonate and sodium phosphate
were excreted much more easily during quiet
standing than were similar quantities of sodium
chloride which were of about the same tonicity and
which increased the serum sodium to approxi-
mately the same extent (Table III). Further-
more, standing did not alter the role of sodium as
the chief "covering" cation in the urine (Figure
2). The increased excretion of potassium was
similar to that which was observed in the absence
of a stimulus for the retention of sodium.

Two explanations for these results suggest them-
selves: (1) the effects of administered phosphate
or bicarbonate on the excretion of sodium involve
renal tubular mechanisms which may be entirely
distinct in location (proximal vs. distal) or char-
acter (ion exchange vs. trace resorption) from
those involved in the sodium retention of quiet
standing; or (2) the stimulus for sodium retention
imposed by quiet standing is not sufficiently power-
ful to counteract the unique limitation imposed by
the excretion of bicarbonate and phosphate on the
reabsorption of sodium. It may be that the excre-
tion of sodium bicarbonate would be curtailed in
the normal subject, as it is in the patient with
edema (20, 34-36), if the stimulus for the reten-
tion of sodium were intense enough and sufficiently
prolonged.

SUMMARY

Infusions of mannitol, sodium bicarbonate and
sodium phosphate were administered to normal
subjects in the supine position and during quiet
standing.

Observations were made of changes in the
plasma volume, the serum electrolytes, and the
urinary excretion of the loading solute, and of so-
dium and other electrolytes.

It was found that quiet standing partially in-
hibited the sodium diuresis induced by the adminis-
tration of mannitol, but did not interfere with the
increased excretion of sodium caused by infusions
of NaHCO3or Na2HPO4.
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EFFECT OF STANDING ON SOLUTE DIURESIS

The results with mannitol indicate the operation
of internal regulatory mechanisms on the intrinsic
renal responses which characterize solute diuresis.

The results with sodium bicarbonate and phos-
phate are discussed in relation to the unique limi-
tations imposed by these salts on the tubular re-

absorption of sodium.
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