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A Humoral Component of the Natriuretic

Mechanism in Sustained Blood Volume Expansion

HARALD SONNENBERG, ANTHONY T. VERESS, and JaMEs W. PEARCE

From the Department of Physiology, University of Toronto,

Toronto 181, Ontario, Canada

ABSTRACT A natriuretic and diuretic response to
whole blood infusion in the rat, exaggerated and sus-
tained by intravenous reinfusion of excreted urine, was
shown to be associated with increased glomerular filtra-
tion and reduced tubular reabsorption. Cross-circulation
of animals so responding (donor rats) with isovolemic
recipients led to a modest natriuretic and diuretic re-
sponse in the latter, not accounted for by altered physi-
cal composition of the blood nor by observed changes
in filtration rate or arterial blood pressure. The recipi-
ent natriuresis was unchanged when nephrectomized
donors were used and it occurred in experiments in
which donor urine was simultaneously replaced by in-
travenously infused Ringer-Locke solution; the natri-
uretic property of the cross-circulating blood could
therefore not have been due to reinfusion of urinary
constituents, nor to accumulation of metabolites, nor
to a factor of renal origin. A recipient natriuresis was
also observed when the expanded and urine reinfused
donor had been acutely adrenalectomized, ruling out an
altered secretion of adrenal cortical or medullary hor-
mones as a principal cause of this natriuresis; the data,
however, do not exclude participation of reduced aldo-
sterone secretion in the normal effector mechanism.
In control experiments in which whole blood was ex-
changed for donor blood, a small delayed natriuresis
did occur in the recipient; this could be completely pre-
vented by administration of aldosterone. In similar ex-
change experiments with adrenalectomized donors, a
small natriuresis developed in the recipient before blood
administration but declined afterwards. These minor
natriuretic effects probably resulted from altered min-
eralocorticoid content of the cross-circulating blood
due to factors other than blood volume change. The
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larger natriuretic response seen in all recipients when
the donor was volume expanded must have been due
largely to a humoral natriuretic factor of other than
renal or adrenal origin.

INTRODUCTION

Various effector mechanisms have been proposed to
account for the renal natriuretic response to blood
volume expansion. There is convincing evidence that
decrease in peritubular capillary oncotic pressure, such
as may result from plasma dilution or decreased filtra-
tion fraction, can diminish uptake of tubular reab-
sorbate (1). This change, associated with increase
in peritubular capillary blood pressure, is advanced as
a possible basis of “volume natriuresis” (2, 3). On the
other hand, the possibility of a humoral natriuretic
effector has been extensively explored (4-10), but the
natural occurrence and physiological importance of
such a “natriuretic hormone” has not been convincingly
demonstrated for reasons outlined in recent commen-
taries (11, 12). In particular, some earlier reports
(6-8) of a humoral natriuretic factor remain question-
able because the blood volume expansion techniques
involved alterations in blood composition which are
now known to affect the kidney directly (13-16). Fur-
thermore, the renal reaction to injection of blood from
expanded animals into bioassay animals has been small
and inconsistent (17, 18) or absent (19, 20). The first
of these major obstacles to accepting the existence of
a humoral effector of natriuresis could be removed by
demonstrating transfer of natriuresis in a bioassay pro-
cedure where vascular expansion occurred without
alteration in blood composition. Two studies with posi-
tive results which approach or meet this requirement
are available (21, 22). The second difficulty, of incon-
sistently positive findings, could be resolved if the
humoral activity were shown to be normally comple-
mentary to some other renal effector mechanism.
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Ficure 1

We have reported (20) that cross-circulation of
two rats, one of which is undergoing natriuresis and
diuresis after whole blood infusion, fails to reveal a
humoral causation of the renal response by a similar
alteration in renal function of the recipient animal.
It was concluded that either a humoral natriuretic fac-
tor does not exist in the rat, or that its action can only
be expressed in the presence of some other change re-
sulting from vascular expansion. Only if the latter is
provided, or if the hormone is circulating in greatly
increased amounts, might its physiological action, or
even presence, be demonstrable.

In the course of micropuncture experiments, in
which a sustained state of volume expansion was a re-
quirement, the technique of intravenous reinfusion of
formed urine was employed in the rat (23). Such “re-
infused” animals showed exaggerated renal responses
to blood infusion, and these, as well as successful trans-
fer of a natriuretic effect by cross-circulating reinfused
rats with normal recipients, will be described.

METHODS

Male Sprague-Dawley rats, ranging in weight from 194 to
397 g and anesthetized with Inactin® (100 mg/kg), were
used in the eight series of experiments. Series I consisted
of five single animals infused with whole rat blood and
reinfused with their own urine for 2 hr, after which urine
reinfusion was discontinued but urine collections continued
for 70 min. Series II-VIII were cross-circulation experi-
ments, identified in Table I by treatment of the donor rat;
the recipient rats were normal in all these series. Identical
protocol was used throughout series II-VIII, except for
deliberate deviations to be described. Cross-circulation was
commenced after completion of the surgical preparations;
the initial weight of the recipient, including secreted urine,
was kept constant thereafter as described below. After 40
min, “control period” observations were made for 1 hr and
blood was then infused into the donor and urine reinfusion
instituted ; observations continued over the next 2 hr (“post-
infusion” period).

! Sodium ethyl- (L-methylpropyl)-malonyl-thiourea supplied
by Promonta, Hamburg.
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In series III, VII, and VIII the renal vessels in the donor
rat were ligated, with or without excision of the kidneys,
through a midline laparotomy which was then closed. In
series V and VI, the adrenal glands of the donor were ex-
cised through lumbar incisions, the procedure completed
about 30 min before cross-circulation. Series II and IV were
parallel, except that in series IV the donor urine flow simul-
taneously displaced an equal volume of Ringer-Locke solu-
tion from a separate reservoir into the donor circulation;
the urine was collected but not reinfused. Series III and
VII were parallel, except that during whole blood infusion
in series VII, the donor was simultaneously hemorrhaged
at the same rate; this “exchange” procedure allowed addi-
tion of homologous blood to the crossed-circulation without
vascular expansion of either partner. Series V and VI were
similarly parallel, except for the absence of vascular expan-
sion in series VI. Series VII and VIII were also parallel
exchange experiments, except that the animals of the latter
series received aldosterone and vasopressin in the continuous
infusion.

Preparation and procedures. In all animals, after tracheal
cannulation, a femoral artery and vein were cannulated for
blood pressure recording and blood sampling and for infu-
sions, respectively. A carotid artery and jugular vein were
cannulated with PE90 polyethylene tubing for the cross-
circulation procedure depicted in Fig. 1. In the donors of
series III, VII, and VIII the renal vessels were ligated;
in all other animals the bladder was cannulated, care being
taken to reduce dead space in the bladder stump by ligatur-
ing close to the ureters. In donor rats and those of series I
a second femoral vein was cannulated for urine reinfusion.
The method of cross-circulation was similar to that de-
scribed earlier (24) except that free flow was allowed
through the crossed arteriovenous shunts. Rats of each pair
were placed on two pans of a simple balance set in equi-
librium initially; after opening the shunts any change in
weight of either rat due to unequal volume flow rate in the
shunts was corrected by appropriate adjustment of the arte-
rial catheter clamps; the balance was sensitive enough to
register two scale divisions for a weight difference of 0.4 g.
Momentary deflections occurred during an experiment, but
these rarely exceeded the equivalent of 0.5 ml of blood
volume change in any one rat. Urine was collected into
tared polyethylene tubes attached to the balance pans and,
during blood infusion to the donor rat, an equal volume
of saline was simultaneously delivered into a container on
the side of the recipient rat. The latter animal was thus
kept isovolemic, except for the urine secreted. Blood for

H. Sonnenberg, A. T. Veress, and J. W. Pearce



TaBLE I
Identification of Series by Treatment of Donor Rat

Experi- .
Series ments Preparation Blood used for Donor urine
11 7 Normal Expansion (Inf) Reinfused
111 5 Nephrectomized (Nx) Expansion —
v 7 Normal Expansion Replaced with
Ringer solution
\Y% 10 Adrenalectomized (Adrx) Expansion Reinfused
VI 10 Adrenalectomized Exchange (Exch) Reinfused
VII 5 Nephrectomized Exchange —
VIII 5 Nephrectomized Exchange —

+Aldosterone + ADH

infusion was obtained immediately before use by decapita-
tion of an anesthetized normal rat; the amount infused was
equal to 33% of the blood volume (estimated as 7% of the
body weight) of the rat to be expanded. Each animal re-

INF

ceived an initial dose of 1500 IU/kg heparin and a priming
dose of 1 ml Ringer-Locke solution containing 3 uCi of
inulin-*H ; this was followed by a continuous intravenous
infusion of 1.25 ml/hr of Ringer-Locke solution containing
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Figure 2 Donor and recipient responses to simple (top) or sustained (bottom) blood volume
expansion. Averaged data for water (V) and total sodium (Ux.V) excretion before and after
infusion of whole blood (Inf) into the donor (solid lines) of cross-circulated pairs of nor-
mal rats; the data for the isovolemic recipient are shown by interrupted lines. The upper two
panels show data from simple blood infusion experiments reported earlier to compare with
data from series II (lower two panels) in which blood volume expansion was sustained by
urine reinfusion. Values are expressed per gram kidney weight.

Humoral Component of Natriuresis of Blood Volume Expansion

’
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TaBLE [
Direct and Transferred Effects of Blood Infusion,

Mean Mean — — v UnaV
body  kidney Re- —— —
Series Animal wt. wt. Actual  ported Control Post-inf Control Post-inf
g g ul, min-g ulig/min-g
I Inf Single 308 2,85 5 5 3.84£2.1*% 217.84+7.3F 0.10%0.06 18.5+4.3
1T Inf Donor 325 291 10 7 2.8+0.5 171.3+8.6 0.30£0.10 19.0£3.0
v Inf + Ringer-Locke  Donor 233 2.58 7 7 14402 118.7+25.9 0.05+£0.001  16.24+3.5
11 Inf Recipient 326 2.64 (10 7) 3.3+£0.3 11.942.5 0.3740.09 2.00+0.46
I Nx + Inf Recipient 299 2.39 9 5 3.440.3 13.1+£1.9 0.284-0.09 1.684+0.47
v Inf 4+ Ringer-lLocke  Recipient 231 2.35 7 7) 1.7£0.2 15.0£3.2 0.10£0.03 2.86£0.78
V Adrx + Inf Recipient 276 2.69 12 10 4.640.8 95415 0.2040.06 1.334+0.24
VI Adrx + Exch Recipient 305 2.68 12 10 3.4+0.5 1.4+£0.6 0.17+£0.03 0.38+0.10
VII Nx + Exch Recipient 311 2.69 8 5 2.74+0.4 +.440.7 0.2040.13 0.50+£0.15
VIIT  Nx 4+ Exch
+Aldosterone Recipient 298 2.82 7 5 3.240.6 3.240.4 0.21+0.07 0.26+0.11

Abbreviations: ABP, arterial blood pressure; GFR, glomerular filtration rate represented by inulin-H clearance; TRFx,, tubu-
lar rejection fraction for sodium or percentage of filtered sodium appearing in the urine; Ux,V, total sodium excretion; V

urine volume.
* Values =standard error of the mean.

1 Italics denote significant difference (P < 0.05) from corresponding control value with each series.

3.3 uCi of inulin-*H. In series VI1II, 13 ug/kg per ml of
p-aldosterone and 1 mU/kg per ml of vasopressin (Pitressin,
Parke, Davis & Company, Detroit, Mich.) were added to
both priming dose and constant infusion.

In series IV only, donor urine was collected into an air-
tight volumetric tube connected by tubing to a second tube
containing Ringer-Locke solution; this reservoir was also
stoppered except for a connection between an intake needle
below the fluid surface and the femoral vein catheter of
the donor rat. A minimum outflow pressure was arranged
so that entry of urine into the first tube automatically dis-
placed into the animal an equal amount of Ringer-Locke
solution (NaCl, 130 mEq; KCl, 5 mEq; CaCl,, 5.3 mEq;
NaHCO;, 20 mEq/liter). An exchange of protein-free elec-
trolyte solution for protein-free urine was thus achieved,
permitting no change in the fluid volume of the rat but
allowing the removal of products excreted in the urine.

Determinations. In series II-VIII, determinations were
made at 20-min intervals; the 1st hr included three control
periods and was followed by blood infusion or exchange of
the donor rat during the fourth period with simultaneous
urine reinfusion where relevant; observations then continued
over the remaining six periods. In series I only, urine re-
infusion was discontinued at the end of the ninth period but
urine collections and determinations were made over a
further 70 min at shorter intervals as depicted in Fig. 3.
Urine was collected continuously over each period except
where it was reinfused and here 30-sec samples were ob-
tained at the end of the period by briefly interrupting the
reinfusion ; the choice of this time for sampling led to some
overestimate of the total excretion over a period if a func-
tion were increasing. In reinfusion experiments, plasma inulin
specific activity rose in both donor and recipient rats. The
changing plasma level was compensated for in recipient
rats by averaging the values bracketing a urine collection
period; in donor rats plasma and urine sampling were
closely consecutive. Urinary and plasma sodium concentra-
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tions were measured by flame photometry from samples of
collected urine or from plasma obtained from blood sam-
ples of 0.1 ml collected into microhematocrit tubes from
the femoral arterial catheter; this volume of withdrawn
blood was replaced with homologous donor blood in all rats
except in the nephrectomized donors where serial samples
were not taken. Plasma potassium concentrations were also
determined on selected blood samples, two before and two
after infusion. Arterial blood pressure was monitored with
a strain gauge connected to the femoral arterial catheter.
Rectal temperature of the animals was kept close to 37.5°C
with a heat lamp. At the conclusion of experiments a post-
mortem examination was carried out and the kidneys re-
moved for weighing; a loss of 2 ml or more of blood into
the abdominal cavity (from operative incisions) was con-
sidered grounds for exclusion of experimental data. As
shown in Table II, such blood loss occurred more com-
monly in acutely nephrectomized donors. Plotted data are
collection period averages for all animals in a series. Sta-
tistical evaluation of selected data was done on the mean
values for the control period (of 1 hr) and of the post-
infusion period (of 2 hr), subjected to the unpaired ¢ test
for significant differences (Table IT). The paired ¢ test was
also used in evaluating the less obvious differences in the
data of series VII and VIIL. Correlation coefficients were
calculated between absolute period values for selected varia-
bles, and the changes from control in these values after
blood infusion, for the individual recipient rats of series II,
V, and VI.

RESULTS

In comparison with the responses to simple vascular
expansion as reported earlier (20) and reproduced in
Fig. 2, rats in which expansion was maintained by
urine reinfusion exhibited a greatly enhanced diuresis

H. Sonnenberg, A. T. Veress, and J. W. Pearce



or Exchange in Single and Cross-Circulated Rats

GFR TRFxs Mean ABP Hematocrit Plasma Na
Control Post-inf Control Post-inf Control Post-inf Control Post-inf Control Post-inf
ml/min-g mm Hg % mEq/liter
0.914+0.02 2.06+0.04 0.09+0.01 5954034 1333 1306 472409 53.5+0.7 142.3+15 142.4+12
1.1540.04 2.30+0.14 0.194+0.09 6.014+0.96 11242 12643 47111 50.9+0.7 141.7+11 1421413
0.98+0.03 1.3540.04 0.03+£0.00 8474171 11145 12045 43.34+0.6 46.4+0.5 1448409 143.5+0.8
1.1240.04 1.144+0.08 0.29+0.08 1.144+0.22 1176 1176 47.1+1.0 50.84+0.7 143.7+1.8 142.8+13
1.1540.04 1.1840.07 0.1940.06 1.00+0.22 122+4 12244 44.740.6 47.0+1.2 142.7+0.7 142.8%+1.2
1.1240.06 1.2440.04 0.07+0.02 1.564+0.40 108+4 107+2 43.14+0.7 46.3+0.6 144.84+0.7 143.7+1.1
1.184+0.04 1.09240.03 0.1240.03 0.86+0.17 10542 103+2 44.0+0.7 46.9+0.6 1424408 141.330.7
1.2440.05 1.044+0.02 0.09+0.01 0.27+0.07 112+5 109+5 45.040.5 445304 14340.7 142.5+0.5
0.97+0.11 1.07+£0.10 0.13+£0.06 0.31+0.09 11544 1024+4 47.54+09 44.1+0.5 143+1.0 1424409
0.88+0.03 0.85+0.04 0.18+0.06 0.21+0.08 112+3 102+6 4554+14 409418 143.1+0.4 1422405
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Ficure 3 Renal and other responses to blood infusion with urine reinfusion. Averaged
changes in normal rats (series I) in which urine reinfusion followed intravenous whole
blood infusion (Inf-Reinf) for 2 hr after which reinfusion of urine was discontinued
(Release). V, urine volume; Un.V, total sodium excretion; TRFxa, tubular rejection frac-
tion of filtered sodium; GFR, glomerular filtration rate; ABP, arterial blood pressure.
The cumulative totals of fluid input and output (including loss in blood samples) are plotted
at lower right.

Humoral Component of Natriuresis of Blood Volume Expansion
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Ficure 4 Averaged changes in renal function of recipient rats of cross-circulated pairs
of series II (normal infused and urine reinfused donors) and of series III (nephrec-
tomized infused donors). Abbreviations as for Fig. 3.

and natriuresis. There is evidence, from the urine-
replacement experiments of series IV (Table II), that
the initial expulsion of urine stored by slight distension
of the bladder stump during interruption of the rein-
fusion line did not lead to any significant overestima-
tion of the absolute values for renal excretion during
the reinfusion period. The renal response, studied in
detail in series I rats (in which the reinfusion was
eventually terminated) was of a magnitude such that
the volume of blood infused was usually equalled by the
urine flow measured over the first or second postin-
fusion period. As seen in Fig. 3, the increased excretion
reached a peak within 1 hr of the start of vascular ex-
pansion and was maintained with little decrement until
reinfusion was stopped. The response was associated
with a pronounced increase in GFR and TRFxa; at the
cessation of reinfusion, the increased levels of excre-
tion fell at a progressively decreasing rate in parallel

2636

with a fall in GFR until at 70 min after the end of the
reinfusion the GFR had returned to normal. At this
time, however, TRFx. still exceeded 1.0%, a value 10-
fold greater than during control periods. The natriuresis
was therefore accounted for both by increased tubular
load and by inhibition of sodium reabsorption. Blood
infusion resulted in some progressive increase in he-
matocrit and a temporary small elevation in mean ar-
terial blood pressure. During the rapid excretion of
water after the end of reinfusion, the hematocrit re-
mained relatively constant; this could imply an extra-
vascular source of the excreted water or a concomitant
sequestration of red blood cells. Also, after cessation of
urine reinfusion, the increased rate of urine formation
had almost returned to control values by the end of
the experiment at which time there remained only a
small positive fluid balance similar to that measured
during the control periods.

H. Sonnenberg, A. T. Veress, and J. W. Pearce
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FiGure 5 Averaged changes in renal function of recipient rats of cross-circu-
lated pairs of series II (normal infused and urine reinfused donors) and of
series IV (infused donors with Ringer-Locke replacement of excreted urine).

Abbreviations as for Fig. 3.

In series II experiments, the recipient rats, cross-
circulated with expanded urine-reinfused donors, ex-
hibited the gradual development of a modest natriuresis
and diuresis. This is shown in Fig. 2 and, with ex-
panded scales, in Fig. 4. In this and other series, there
was some increase in urinary excretion during the
control periods. This was probably related to the initial
priming infusions of saline; as seen in Fig. 2, this
trend was short-lived in the recipients of blood from
simply expanded donors (20). The natriuresis in series
II recipients reached a peak only after 100 min and
then declined, possibly due to the ongoing reduction
in the recipient’s own fluid volume. The increase in
sodium excretion occurred without an increase in GFR
(see also. Table II) and was closely followed initially
by ‘increased water excretion; the hematocrit of the
recipients rose in parallel with that of the donors, but
there was no change in blood pressure of the recipient
animals. There were no consistent or significant changes
in recipient plasma Na* (see Table II) or K* concen-
trations, the values for the latter averaging 4.66 mEq/

Humoral Component of Natriuresis of Blood Volume Expansion

liter before infusion of blood to the donor, and 4.80
afterwards, during the final period.

Series III, designed to determine whether the natri-
uretic factor was of renal origin, was identical to series
I except that the donor animals possessed no function-
ing kidneys and hence were kept expanded after blood
infusion by virtue of their anephric state. The renal
response of the cross-circulated recipients of series III
(Fig. 4, thin lines, open circles) was essentially similar
to that of recipients in series II except that the diuresis
was slightly greater and the peak delayed. Again the
hematocrit rose in parallel with that in the donor rats,
but no change in blood pressure occurred (Table II).
It was therefore clear that the source of any natriuretic
factor transferred was not the kidneys of the expanded
animal nor could the kidneys subserve any sensory func-
tion related to this factor.

Series IV, designed to determined whether the re-
cipient natriuresis was dependent on some constituent
of the reinfused urine or due to a nonspecific effect of
accumulating metabolites, again revealed a natriuresis

2637
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in the recipient rats (Fig. 5, Table II). The temporal
pattern of this natriuresis was similar to that seen in
recipients of series II and III, but its magnitude ap-
peared greater; this difference was not statistically
significant. There was a trend toward an increase in
GFR during the early postinfusion period. The natri-
uresis was associated with diuresis and these responses
declined, as in series IT and III, in spite of maintained
volume expansion of the donor rat. Considerable vari-
ability was seen in recipient renal function in series IV,
probably related to the replacement with isotonic solu-
tion of urine of variable tonicity. A slight consistent
decrease in plasma K+ concentration occurred in these
recipients from an average of 4.54 to 3.50 mEq/liter,
measured in the first and last periods of the day. He-
matocrit changes were similar to those seen in earlier
series, indicating some hemoconcentration. The donor

Humoral Component of Natriuresis of Blood Volume Expansion

animals of series IV showed a greatly augmented ex-
cretion of sodium and water, not significantly different
from the donor responses in series I and II (Table II);
the elevation in GFR in the electrolyte-reinfused donors
was significantly (P < 0.01) less than that seen in
series II urine-reinfused donors. The pertinent finding,
however, was that expansion, rather than functional
anuria, was the common feature related to recipient
natriuresis.

Series V and VI data, from experiments in which
adrenalectomized donors were either expanded or ex-
changed respectively, are given in Table II and Fig. 6.
The recipient rats of both series exhibited a rise in
urine volume and sodium excretion before blood in-
fusion in the donor; this trend reached a plateau in
series VI whereas a superimposed natriuresis and di-
uresis (P < 0.01) followed expansion of the donor in
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series V. The recipient natriuresis in series V re-
sembled that seen in series II, but was somewhat
smaller and reached a maximum earlier (Fig. 7); as
in series II, there was no increase in GIFR over control
period values. The arterial blood pressure was usually
lower in adrenalectomized donors, particularly when
then were exchanged rather than expanded. The diure-
sis in recipient rats of series V was poorly sustained
as it usually was in the donor; this feature of the vol-
ume response in acutely adrenalectomized rats has been
observed in this laboratory in other experiments with-
out urine reinfusion. Acute adrenalectomy did not, how-
ever, alter the essential features of the natriuretic ac-
tivity in the blood of the expanded animal.

Series VII data, from experiments in which a
nephrectomized donor rat was exchanged, reveal the
late development of a small natriuresis and diuresis,
poorly related to the slight rise in GFR, as seen in
Fig. 8. None of these changes proved to be significant
statistically (Table II). The possibility arose, never-
theless, that these trends were due to dilution of circu-
lating aldosterone and vasopressin, which might be ex-
pected to be higher in experimental than in blood donor
animals. (It is noteworthy that similar trends were not
seen in series VI exchange experiments with adrenalec-
tomized donors.) This reasoning led to series VIII ex-
periments in which the level of these two hormones in
the cross-circulating blood was exogenously elevated;
the data (Fig. 9, Table I1) show that blood exchange
in the donor then had no effect on renal excretion in

the recipient. The decline in arterial pressure and in
hematocrit were, however, quite similar in recipients of
series VII and VIII.

Correlation of variables in recipient rats where rein-
fused donors were normal or adrenalectomized. Period
values for individual rats of three selected series (II.
V, and VI) for two parameters of natriuresis (UsaV’
and TRF~a) were related to corresponding period
values for ABP, and for GFR in the case of Us.V.
This was done both for absolute levels and for ratios
of individual postinfusion values to an averaged con-
trol value (t/c) in each animal. Table III gives the
correlation coefficients obtained with their significance.

There were significant but low correlations hetween
sodium excretion and absolute blood pressure levels in
series II and VI but not V; a correlation between
(t/c¢) (UxaV) and (t/c) (ABP) was also seen in series
II and V but not in VI. The low values for r indicate
that although the initial and subsequent level of arterial
pressure positively influences recipient natriuresis, some
other factor is the principal cause of the increased so-
dium excretion. In series II the arterial pressure fell
as often as it rose and in series V the pressure usually
fell; in both series the recipient natriuretic responses
tended to be greater when the absolute arterial pressure
was initially higher and when it declined less after ex-
pansion of the donor.

In all correlations but one, the GFR was not sig-
nificantly related to sodium excretion in the recipient;
the one exception (series IT) wvielded an » value of
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TaBLE III
Coefficients of Correlation between Period Values in Individual Recipient Rats

Series UxaV TRFxa vs. E(L’x.-.\’/)* é(TRan) v
11 0.3750% 03612 ABP 0.4605 0.4390 E(:\BP)
(n = 60) n =42 .
0.2042 — GFR 0.3221 — é(GFR)
t
v 0.0871 0.1109 ABP 0.3304 0.3498 é(ABP)
(n = 90) n = 60 .
0.0989 — GFR 0.0244 _— é(GFR)
t
VI 0.275 0.230 ABP 0.228 0.204 é(:\BP)
(n = 90) n = 60
0.126 — GFR 0.054 — E(GFR)

* Ratio between period value after infusion and average control period value.

1 Italics indicate P < 0.05.

0.3221 between (t/c)(UxaV) and (t/c)(GFR), im-
plying that about 109, of the rise in sodium excretion
could be accounted for by rise in GFR. Again, however,
the natriuresis was accompanied by a fall in GFR
more often than with a rise.

DISCUSSION

The volume diuresis and natriuresis resulting from sus-
tained blood volume expansion, associated with signifi-
cant increase in GFR as well as reduced tubular reab-
sorption, was greatly augmented over the reaction to
simple expansion. The .blood of the expanded reinfused
animal underwent an alteration, not related to plasma
sodium or potassium levels, which caused natriuresis
in an isovolemic cross-circulated recipient rat. This al-
teration was not due to a factor elaborated by the kidneys,
as the transfer of natriuresis occurred similarly in re-
cipients paired with nephrectomized donors. It was not
the result of accumulation of products normally ex-
creted by the kidney, as natriuresis occurred in the re-
cipient when the expanded donor was permitted to ex-
crete freely, volume expansion being maintained by re-
infusion of electrolyte solution. Furthermore, no natri-
uresis occurred in the recipients of nephrectomized but
unexpanded donors (also treated with aldosterone and
Pitressin) which would be accumulating metabolites.
As nonspecific metabolite levels did not play an es-
sential role in the recipient renal response, it may be con-
cluded, from comparison of recipient responses to ex-
pansion of the donor with those after exchange, that in-
crease in extracellular fluid volume was required to
vield the natriuretic change in cross-circulating hlood.

Humoral Component of Natriuresis of Blood Volume Expansion

One obvious change in the character of this blood, in ex-
periments with vascular expansion, was the rise in he-
matocrit which occurred equally, of course, in both donor
and recipient animals. This change is most readily ac-
counted for by hemoconcentration associated with in-
creased outward capillary filtration and it is reasonable
to assume that plasma protein concentration also rose.
The latter change has been shown to increase proximal
tubular reabsorption (1) and an increase in red cell con-
centration has been reported to decrease renal excre-
tion of water and sodium in the rat (16). There is no
reason, then, to attribute to hematocrit elevation a di-
rect effect on the kidney leading to the natriuresis ob-
served in recipient rats as the opposite change might have
been expected. A more serious objection, however, could
be that the probable elevation of protein concentration
led to expansion of the recipient by shift of interstitial
fluid into its vascular compartment. If such an effect were
large enough to produce a volume response in the recipi-
ent, this should have occurred in the simple expansion
and cross-circulation experiments reported earlier (20).
In the recipients of these experiments, the averaged he-
matocrit rise (n=13) was from 45.7 to 51.1%, but no
natriuresis or diuresis resulted.

Hemodynamic alterations in the recipient kidneys
could have occurred, but not in response to change in
arterial perfusion pressure as this showed no systematic
rise. The possibility that increase in central venous pres-
sure occurred in the recipient rats cannot be directly ex-
cluded as this was not measured; such an increase could
be expected if the blood flow increased from the donor to
the jugular vein catheter of the recipient. However,

2641



INF DONOR

8ol

7.0-

50r T

— NORMAL RESPONSE
UV 40r‘ TRANSFERRED RESPONSES
Na -~ --NX DONOR
£q/min-g — ADRX DONOR
s 3.0
20
1oF
|
oboes

40 80 120 160
TIME IN MINUTES

200

Ficure 10 Natriuretic response to simple vascular expan-
sion compared to natriuretic responses in recipient rats
cross-circulated with donors subjected to sustained vascular
expansion. Averaged data in each case derived by subtract-
ing responses to exchange from responses to infusion. Thick
outline, intact donor rats cross-circulated (12); dotted line,
recipient rats cross-circulated with nephrectomized donors
(series II-VII) ; thin outline, recipient rats cross-circulated
with adrenalectomized donors (series V-V1). The stippled
response is believed to be due to a humoral factor of non-
adrenal origin.

as the recipient arterial pressure did not rise, there
was no physical basis for increased flow from the re-
cipient to the donor animal through a shunt with fixed
resistance. In maintaining the isogravimetric conditions,
flow from donor to recipient must also have been kept
constant (by constriction of the arterial line as the do-
nors’ arterial pressure rose). There is thus no basis for
a direct effect on venous pressure of the recipient animal.
Furthermore, if the change in recipient kidney function
had been related to a direct effect of vascular pressure
changes in the donor, it is improbable that such a change
would develop gradually over more than 1 hr. Hence,
it seems safe to conclude that even if the recipient natri-
uresis should prove to have been a consequence of altered
renal hemodynamics, this effect was of humoral causation.

Series V and VI were designed to examine whether
reduced secretion rates of adrenal cortical or medullary
hormones, known to regulate tubular sodium reabsorp-
tion or renal hemodynamics, could have accounted for
the recipient natriuresis. The sustained expansion of
an adrenalectomized donor led to a natriuresis in the re-
cipient resembling that seen in earlier series with donors
having intact adrenals; it differed only in reaching a
slightly lower peak value slightly earlier. As in series
T, the recipient natriuresis occurred without a mean
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increase in GFR or in ABP. The response to ex-
pansion of the adrenalectomized donor rat (data not
included) was somewhat smaller than that seen in the
donors of series II or I1I, both the natriuresis and diure-
sis being depressed. This was probably related to the hy-
podynamic-state of the cardiovascular system, known to
develop very soon after total adrenalectomy (25) and
evidenced by a relative arterial hypotension in these ex-
periments. In another unpublished study, we have ob-
served that central venous pressure is also initially low
in acutely adrenalectomized rats and rises only transi-
ently on vascular expansion with whole blood. The re-
duced recipient natriuresis in series V experiments is
not therefore unexpected, if it is related to the re-
sponse of the donor. Assuming that this natriuresis is due
to a factor also operating to cause recipient natriuresis
when the donor rats are intact, such a factor cannot be
related to adrenal gland secretions. Our findings confirm
the observations of Tobian, Coffee, and McCrea (21)
and the conclusions of other workers (22, 26) that a hu-
moral natriuretic factor exists which is not of adrenal
or renal origin.

The results of the exchange experiments, with or with-
out aldosterone and Pitressin treatment (series VIII and
VII) suggest that a late and small component of the
natriuresis observed, whenever blood was infused, was
attributable to dilution of existing levels of aldosterone.
The magnitude of this response was comparable to that
seen in series VI, before exchange, when an acutely
adrenalectomized rat was cross-circulated with a normal
one. These effects may be regarded as artefacts of the
experimental design, but must, nevertheless, be taken
into consideration in assessing the true magnitude of the
natriuretic effect due to expansion itself. On the other
hand, our data do not exclude the possibility that ex-
pansion leads to inhibition of aldosterone secretion and
that this, as well as an additional natriuretic factor, ex-
ert a combined humoral influence on sodium excretion.
Indeed, comparison of the recipient responses shown in
Fig. 7 could support this view. The recipient natriuresis
demonstrated when adrenalectomized donor rats were
expanded with aldosterone-containing blood, still implies
that a major part of the humoral component of this re-
sponse is due to an extra-adrenal factor.

The recipient natriuresis appears to depend on altered
tubular sodium handling; the poor correlation with
changes in filtered load and in arterial pressure in the
recipient implies that these were not primary causes of
the recipient response. Our results do not permit specu-
lation on the mechanism of action or source of the natri-
uretic factor. They may suggest, however, that it is not
normally excreted and concentrated in the urine, as the
transferred effect was even greater when the donor urine
was replaced with electrolyte solution rather than rein-

H. Sonnenberg, A. T. Veress, and ]. W. Pearce



fused. The factor may therefore be different from the
natriuretic activity recently revealed by bioassays of hu-
man urine (9, 10).

The results of the present experiments are not neces-
sarily at variance with our earlier negative findings
(20). A humoral component of the natriuretic effector
mechanism apparently can be revealed with sustained
blood volume expansion but not with simple expansion
of the donor of a cross-circulated pair. We suggest that
the rapid correction of the simple expansion (by the
renal response) may prevent the humoral component
from reaching a level sufficient to manifest a significant
effect in a recipient animal lacking other consequences
of vascular expansion. It is possible, as suggested by
Lichardus and Ponec (27), who also observed recipient
natriuresis using urine reinfused donors, that concen-
tration of plasma protein during the associated diuresis
may have cancelled out a positive response in the re-
cipient. Sustained expansion, judging by the resultant
rise in hematocrit, must also have lead to concentration
of protein. In addition, however, it may allow accumula-
tion of a humoral factor such that there is a slowly de-
veloping and modest natriuresis in the recipient in spite
of plasma protein concentration.

Finally, the physiological importance of this humoral
component of volume natriuresis should be assessed. As
it has not been demonstrable, by arterio-arterial or ar-
teriovenous cross-circulation, when the donor rat was
simply expanded, the prompt excretion by such animals
of the extracellular fluid volume increment may depend
mainly on other than humoral mechanisms. The natri-
uretic response to simple expansion (ref. 12, normal
rats but cross-circulated with a partner) may be com-
pared to the recipient natriuresis in series II (normal
donors) and series V (adrenalectomized donors) ; values
for UsV, adjusted by subtraction of values obtained in
parallel exchange experiments, are plotted in Fig. 10.
The humorally mediated natriuresis in series II and V
recipients amounts to an appreciable fraction of the total
response in the simply expanded animals; indeed, the
magnitudes overlap during the 2nd postinfusion hr. Al-
though the initial stimulus of vascular expansion was
comparable in the simply expanded rat and in the donors
of series II and V, this stimulus was, of course, short
lived in the first group and prolonged in the latter two.
The duration of the stimulus could be related to the ac-
cumulation of a natriuretic factor, possibly accounting
for the failure to demonstrate it in recipients cross-circu-
lated with simply expanded donors. Alternatively, the
factor could act synergistically with other effector
mechanisms and thus be effective in these circumstances
at much lower levels than would be required in unex-
panded recipients. Finally, it is possible that the changed
blood activity observed in these experiments was a re-

Humoral Component of Natriuresis of Blood Volume Expansion

duced level of an antinatriuretic factor (4, 26). If this
were true, elevated levels might have far greater physio-
logical effects than reduced levels and could be an im-

portant determinant of the sodium retention of disease
states.
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