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Persistence of the Natriuretic Response to Isotonic Saline Load 
During Hemorrhagic Hypotension in the Dog* (3385,s) 
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The demonstration ( 1-3) that intravenous 
infusion of an isotonic saline solution is 
promptly followed by an increase in sodium 
excretion without demonstrable change in 
plasma composition, glomerular filtration 
rate, or increased activity of any known hu- 
moral agent has recently evoked a spate of 
experimental studies. The use of micropunc- 
ture and recollection techniques in dog (4) 
and cat (5)  showed that the major discrete 
renal functional change is a fall in fractional 
sodium reabsorption by the proximal tubule. 
Special attention was paid to the possibility 
of the release (or inhibition) of a natriuretic 
(or antinatriuretic) hormone (third factor) 
(1-7). DeWardener and others (1, 3, 6) 
stressed the role of an expansion in extracel- 
lular fluid as the major determinant of the 
response, while Rector et al. (7) and Mar- 
tino and Earley (8) emphasized variously 
the influence of secondary changes in in- 
trarenal hemodynamics, hydrodynamics, and 
geometries that may directly affect tubular 
reabsorption of sodium or that may effectuate 
the action of “third factor.” 

I t  was reported recently (9) that isotonic 
saline loading maintains urinary output and 
minimizes ultrastructural damage to the tub- 
ules during persistent and severe hemorrhagic 
shock in dogs. This observation suggests 
that the natriuretic stimulus may even be 
capable of overriding the powerful antinatri- 
uretic effect od profound systemic arterial 
hypotension. Partial occlusion of the aorta 
with resultant renal arterial hypotension also 
fails to suppress such a natriuresis in spite of 
hypofiltration as marked as that observed af- 
ter blood loss (4). With severe hemorrhage, 
however, the concomitant reductions in blood 
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volume, cardiac output, and arterial pressure 
serve as powerful extrarenal stimuli that eli- 
cit a widespread neural and humoral response 
which may profoundly affect sodium and 
water excretion independently of filtration. 
Indeed, Cirksena et al. (10) observed that 
the depressio’n in proximal sodium reabsorp- 
tion induced by sodium loading was com- 
pletely reversed in dogs after acute intra- 
thoracic vena caval obstruction in association 
with a “severe hemodynamic disturbance” 
that presumably resembled shock. A more 
precise evaluation of the effect of controlled 
hemorrhagic hypotension upon the natriuretic 
response therefore appears to be in order. 

Methods. Eight female mongrel dogs, 
weighing between 10 and 18 kg, were em- 
ployed in this study. All were fasted for 12  
hr, allowed free access to water, and given 10 
mg of DOCA intramuscularly about 2 hr 
before control measurements began. Anesthe- 
sia was induced with sodium pentobarbital 
(30 mg/kg iv) and maintained throughout by 
additional amounts as required. Catheters 
were placed in the bladder, a femoral artery, 
and a peripheral vein. The arterial catheter 
was connected to a mercury manometer and 
used for the collection of blood samples and 
for bleeding. After arterial blood and urine 
blanks were obtained, a priming dose of inu- 
lin-3H (1.4-0.7 SD pCi/kg of body wt) was 
given rapidly by intravenous injection. 
Thereafter, a constant infusion of i n ~ l i n - ~ H  
(0.02 1 - 0.007 pCi/kg/min) was maintained. 
This sustaining infusion was made up in a 
small volume of isotonic saline, so as to mini- 
mize the extent of volume expansion during 
the preliminary equilibrium ( 12-2 5 min) and 
control phase. 

The amount of saline infused throughout 
the initial control phase, including a slow 
drip into the femoral artery to keep the 
catheter patent, never exceeded 150 ml. Since 
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the urine flow was very low at this time, 10 
ml of distilled water and 10 ml of air were 
used to wash out the bladder a t  the end of 
each of three 10-15-minute clearance peri- 
ods. An arterial blood sample was obtained 
near the midpoint of each period. Following 
completion of the initial phase, 150 ml of 
NaC1 was infused iv a t  23 ml/min for 35 min 
and then at 15 ml/min throughout the re- 
mainder of the experiment. After urine flow 
had attained high and relatively stable levels, 
three more clearance periods were obtained 
with air alone being used to insure bladder 
emptying. Immediately thereafter, the animal 
was bled until the blood pressure became 
stable in the vicinity of 50 mm Hg. In  order 
to maintain the arterial pressure relatively 
constant in the face of continuing saline infu- 
sion, blood was withdrawn repeatedly during 
this phase of the study. (In one animal the 
blood pressure remained in the vicinity of 80 
mm Hg). In  general, about 30 min were 
required to achieve a stable hypotensive 
phase. Three more clearance periods were 
then collected, with inulin infusion reduced 
to one half the control rate. Distilled water 
was again used for bladder washout. In  two 
dogs blood was retransfused at  the end of the 
study, and the animals were used a second 
time 20 and 26 days later. 

Blood samples were drawn with clean, dis- 
posable syringes and transferred to heparin- 
ized tubes. Hematocrits were obtained for 
almost every sample. The activity of '3H in 
plasma and urine was measured in a Packard 
Tri-Carb model 3003 liquid-scintillation 
spectrometer. Equal volumes (0.5 ml) of 
plasma and hydroxide of hyamine were mix- 
ed and allowed to stand overnight after which 
10 ml of Bray's solution were added. Urine 
specimens were appropriately diluted with 
distilled water, and 0.5 ml of the final dilu- 
tion was mixed with 10 ml of Bray's solution 
by means of a mechanical vibrator. All sam- 
ples were processed in duplicate. Frequent 
internal standards, also in duplicate, were 
prepared by adding 50 pl of the i n ~ l i n - ~ H  
infusion to samples of both urine and plasma 
prepared as described above. Owing to differ- 
ences in quenching between urines and plas- 

mas, correction factors were introduced on 
the basis of such recoveries. Sodium and po- 
tassium were determined by flame photome- 
try, osmolality by the Fiske osmometer, and 
plasma protein concentration by a hand re- 
f ractometer. 

Results. Table I summarizes the data from 
each experiment. The values are averages of 
a t  least two (generally three) collection peri- 
ods for each of three successive phases; viz., 
control (C) , isotonic saline loading before 
(S) , and after (H) bleeding. There was good 
intraphase agreement from period to period 
during control and initial saline-loading and 
somewhat more variability during the hypo- 
tensive phase, probably owing to the greater 
difficuly in maintaining a stable blood pres- 
sure. The degree of hemodilution is shown by 
the extent of the fall in hematocrits and 
plasma protein concentrations. 

During the initial saline-loaded phase, in- 
crements in urine flow, i n ~ l i n - ~ H  clearance 
and sodium and potassium excretion rates 
were observed. Arterial pressure tended to 
fall somewhat or to remain unchanged in 
spite of a net gain of 570-2100 ml of saline 
together with a fall in hematocrit in every 
experiment. 

During the hypotensive phase, an initial 
negative fluid balance attributable to the rap- 
id blood loss was followed by a continued 
gain, so that the final net fluid balance did 
not differ greatly from that obtaining a t  the 
end of the initial saline-loaded phase. In  gen- 
eral, therefore, clearance measurements were 
made in both phases under similar conditions 
of overall fluid balance. I t  may be pre- 
sumed, however, that a material reduction in 
blood volume and cardiac output accounted 
for continued hypotension and that the ex- 
tracellular, extravascular spaces were further 
expanded. With the reduction in arterial 
pressure, inulin clearances tended to fall in 
all but two (Clara and Blinky, Table I )  to 
levels below the initial control values. The 
sodium excretion decreased sharply in every 
instance but never to values as low as those 
observed during the control normotensive 
periods. The sodium-inulin clearance ratios 
behaved similarly; the percentage of filtered 
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sodium excreted in the urine remained much 
higher than during control despite blood loss 
and hypotension. A persistent natriuretic re- 
sponse was thus evident during marked he- 
morrhagic hypotension. 

This enhanced output of sodium in re- 
sponse to isotonic sodium loading under cir- 
cumstances seemingly conducive to sodium 
retention was associated with persistent reab- 
sorption of solute-free water and with a rela- 
tive kaliuresis. In  nine studies in which osmo- 
tic clearances were followed, TC ~~0 was 
found to range from 0.27 to 0.93 ml/min 
during the control phase. With saline loading, 
this value increased by 0.17-1.04 ml/min or 
by 57-36070 in all but two (Janetll and Car- 
ol, Table I )  in whom a free water clearance 
of 0.22 and 0.89 ml/min were observed. Dur- 
ing hemorrhage plus saline load, T C ~ z ~  rose 
on four occasions and fell or remained 
unchanged relative to control values on four. 
I t  is noteworthy that the percentage of 
filtered water reabsorbed as solute-free water, 
rose from an average control level of 0.94% 
(range: 0.63-1.550/0) to 1.44% (0.5-2.9%) 
during hemorrhage in salt-loaded animals. 
The clearance of potassium also increased 
relative to the inulin clearance in 9 out of 10 
dogs (from an av of 12.1 to 34.4%) during 
saline load and fell with hemorrhage in all 
but not to less than control values in eight, 
ie., from an average control of 12.1 to 19.1% 
after blood loss. 

Discussbn. These observations appear to 
be consonant with the conclusion that he- 
morrhagic shock does not eliminate the natri- 
uretic response to an isotonic saline load. The 
response was somewhat obtunded but sodi- 
um output was usually greatly in excess of 
that observed during the control unloaded 
period when the glomerular filtration rate was 
much higher. It may be inferred, therefore, 
that reduction in fractional proximal tubular 
reabsorption occured even in the face of 
severe blood loss, in company with mainte- 
nance or an increase in distal reabsorptive 
rate (11-14) that was evident in relative 
increments in the reabsorption of solute-free 
water and in potassium-sodium exchange. 

Analysis of the mechanisms which govern 
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the natriuretic response is always complicated 
by the simultaneous operation of multiple 
potential determinants. The present study is 
certainly no exception. Although total ex- 
tracellldar fluid volume was kept close to the 
control, the blood volume undoubtedly de- 
creased together with arterial blood pressure 
and cardiac output. The associated fall in 
glomerular filtration rate, reactive release of 
mineralocorticoids and adrenergic substances, 
and increased autonomic activity ( 15-1 7 )  
might all have been expected to diminish 
sodium and water excretion to the vanishing 
point. Replacement of the blood loss with 
isotonic saline resulted in a marked reduction 
in the hematocrit and the plasma protein 
concentration. Both of these changes could 
conceivably have impaired the tubular reab- 
sorption of sodium and contributed to natri- 
ur esis . 

There is increasing agreement, however, 
that isotonic saline infusion produces its 
effect in normal animals through an alter- 
ation in some aspect of body water volume 
(1, 3, 6, 18-210). The weight of the evidence 
points increasingly to an expansion of blood 
volume per se as the prime mediator but the 
possibility of an integral change in an inter- 
stitial fluid volume cannot be set aside. In 
the experiments set folrth herewith, it is high- 
ly probable that blood volume was greatly 
reduced, although the difficulty of making 
precise measurements of blood volume under 
the circumstances of the study precluded ab- 
solute certainty on this polint. Nevertheless, 
the persistent reduction in arterial blood 
pressure following blood loss is hard to ex- 
plain in any other way and it may be in- 
ferred that the added saline was distributed 
preponderantly to the extravascular compart- 
ment. The striking dilution of the plasma 
proteins may be presumed to have been 
largely responsible for this shift, serving to 
permit the movement of water from the capil- 
laries despite the fall in intravascular hy- 
drostatic pressures. Such an expansion of the 
interstitial spaces, independent of the blood 
volume, both in control and in hypotensive 
animals, following infusion of isotonic saline 
might be important in eliciting release of a 

natriuretic hormone from some undetermined 
tissue site. 

The kidney itself cannot be eliminated ei- 
ther as the source of the hypothetical hor- 
mone or as responsive directly to hemodilu- 
tion and increased interstitial fluid volume. 
The fall in hematocrit unquestionably en- 
tailed a corresponding reduction in oxygen 
delivery that was further diminished by the 
hypotensive renal ischemia. Although moder- 
ate anemia per se does not seem to depress 
tubular reabsorption (20), hematocrits rang- 
ing from 6 to 27% might well have been 
associated with sufficient oxygen deficit to 
impair cellular function. It may be noted, 
however, that sodium reabsorption is well 
maintained in dogs receiving hypertonic glu- 
cose solutions during equally severe hemor- 
rhagic shock and anemia (21). Moreover, 
measurements were made promptly after 
equilibration of the arterial pressure in the 
present study, so that tubular cell damage 
must have been minimal or absent. Even a 
more prolonged exposure under these circum- 
stances has proved to produce relatively little 
cellular injury that can be detected by elec- 
tron microscopy (9).  

The most characteristic ultrastructural 
change observed (9) in dogs similarly receiv- 
ing isotonic saline loads during hemorrhagic 
shock has been an expansion of the extracel- 
lular phase of the basal infoldings of the 
proximal convoluted tubules. This accumula- 
tion of interstitial fluid was not observed in 
hypotensive dogs in whom urine flow was 
maintained by osmotic diuretics. Other work- 
ers (22)  have described a similar distention 
of the basal cisternae during excretion of a 
sodium load in normal animals. Curran and 
Macintosh (23) recently suggested that such 
an intercellular compartment, bounded by 
the cellular plasma membrane and by a more 
permeable basal lamina propria, could oper- 
ate to couple osmotic and hydraulic pressure 
gradients in promoting a net iso-osmotic flow 
across the intestinal mucosa. Anatomical evi- 
dence conforming with the Curran “serial 
membrane” model has now been reported for 
several tissues active in sodium transport 
(24, 25). Although the correlation of tubular 
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sodium rejection (rather than enhanced reab- 
sorption) with expansion of the ‘basal laby- 
rinth is difficult to understand in terms of the 
Curran hypothesis, the appearance of the 
clefts in the saline-loaded hypotensive dogs is 
consistent with the natriuresis observed and 
suggests that localized hydrodynamic respon- 
ses were not deranged by intrarenal hemody- 
namic rearrangements. A number of workers 
(26-28) have presented evidence that peritu- 
bular pressure may be a major normal deter- 
minant of sodium reabsorption, perhaps by 
governing the movement of fluid from the 
cisternae. Measurements of deep intrarenal 
pressures would therefore be of considerable 
interest in view of the possibility that the 
exaggeration of the imbalance in transcapil- 
lary forces by saline loading could actually 
result in an increase in “effective” interstitial 
pressure and thus interfere with transport of 
electrolyte and water out of the clefts, even 
in the face of arterial hypotension. 

The redistribution of the blood flow within 
the kidney during hemorrhagic hypotension 
appears to be associated with complete or 
partial cessation of function of the more 
peripheral cortical nephrons ( 2 1, 29). This 
heterogeneity of perfusion results both from 
the hypotension itself and from a nonuniform 
vasoconstrictive response. Assuming hetero- 
geneity of nephron function, it is possible 
that the antinatriuresis of shock arises, in 
part at  least, from the functional removal of 
that portion of the nephron population in the 
cortex which is most active in sodium excre- 
tion. If so, then the infusion of isotonic saline 
could have its effect by preventing or mod- 
erating afferent arteriolar constriction so that 
filtration is maintained in a moiety of sodi- 
um-excreting nephrons, with resultant pro- 
duction of a natriuresis. Such an explanation 
would require a much more marked function. 
al heterogeneity with respect to sodium ex- 
cretion, however, than has been evident in 
micropuncture studies ( 14). An infusion of 
saline does seem to evoke a moderate in- 
trarenal vasodilation ( 2 7 )  but there is as yet 
no evidence that it is nonuniform or that it 
can occur during hemorrhagic hypotension. 

Further work is necessary to explore these 
possibilities. 

Summary. Water, sodium, and potassium 
outputs increased well above control values 
in normal hydrated fasting dogs during the 
intravenous administration of isotonic saline 
solution. With the reduction in arterial pres- 
sure to a constant level close to 50 mm Hg 
by controlled hemorrhage in these animals, 
all three outputs decreased in association 
with diminished glomerular filtration rate 
(inulin clearance), hematocrit, and plasma 
protein concentration but never to levels as 
low as those observed during the control 
phase. Since the blood loss was more than 
replaced by the isotonic saline infused, it 
may be presumed that extracellular extravas- 
cular fluid volume increased while blood vol- 
ume fell. The persistence of natriuresis indi- 
cates continued tubular rejection of sodium, 
possibly as a result of a change in interstitial 
volume or vascular perfusion of the kidney. 

The authors wish to acknowledge with thanks the 
technical assistance of Misses Eleanor Bachthaler, 
Linda Green, and Barbara Jones. 
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Glycerylphosphorylcholine ( GPC) dies- 
terase ( glycerolphosphorylcholine glycero- 
phosphohydrolase, EC 3. l .4.2), which cat- 
alyzes the following reaction: GPC + 
H 2 0  + L-a-glycerophosphate + choline is 
found at the end of the phosphatidylcholine 
degradative scheme. GPC, unlike lysolecithin 
is not capable of being acylated to form 
lecithin (1). Consistent with this data is our 
inability to demonstrate the synthesis of 
GPC from L-a-glycerolphosphate and choline. 
It therefore appears in view of available 
evidence that the sole purpose of GPC dies- 
terase is to hydrolyze GPC. 
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The rate at which this enzyme operates 
with respect to the other degradative enzy- 
mes in the metabolism of lecithin in mam- 
mals could conceivably exert an influence on 
the rate of metabolism of lecithin due to its 
unique position in the degradative scheme. 

Studies designed to test the effects of vari- 
ous biosynthetic and degradative intermedi- 
ates in lecithin metabolism on GPC dies- 
terase in our laboratory ( 2 )  showed ATP to 
be a strong inhibitor of the enzyme. The 
present communication reports the results ob- 
tained from studies on the nucleotide inhibi- 
tion of GPC diesterase from rat kidney. 

Materials and Methods. The ATP was pur- 
chased from Sigma. The GTP, UTP, and 
ITP were products of P. L. Biochemicals and 
all other nucleotides were obtained from 
Calbiochem. PPi was the product of the 
Fisher Chemical Company. Sources of sub- 
strates and other reagents were those used in 
a previous publication (2 ) .  




