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Following a sublethal loss of blood an immediate
inflow of fluid into the capillary bed takes place.
This fact has been repeatedly demonstrated by
measurements of reduction in the concentration
of plasma protein, fall in specific gravity of the
plasma (1), and diminution in dry residue of
serum (2). There seems to be no clear evidence
regarding the sources of the fluid by which plasma
volume is restored after hemorrhage, the usual
statement merely implicating “ the tissues.” On
the other hand, the importance of the splenic
reservoir as a source of formed elements after
loss of blood is well known.

Attempts to obtain information on this subject
by tissue analyses following hemorrhage have on
the whole been inconclusive (3), owing to tech-
nical difficulties, variation in composition of dif-
ferent tissues, and the small changes to be ex-
pected when the volume of blood lost is consid-
ered in relation to the body mass.

In one of the first careful studies of base
metabolism Gamble introduced the principle, now
widely accepted, of the parallel movement of base
and water in the body (4). Since potassium is
the chief base in cell fluid and since the concen-
tration of potassium outside cells is kept rigor-
ously low, by measuring the amount of potassium
excreted from the body above the intake and
above that liberated by protoplasmic breakdown a
measurement of the extent of fluid lost from cells
by diffusion is obtained. By using this principle
Butler, McKhann and Gamble were able to com-
pute the loss of intracellular fluid in diarrheal dis-
ease of infants (5).

The present study was directed at determining
whether the fluid which supports plasma volume
under the exigencies of hemorrhage is entirely of
extracellular origin, or whether intracellular fluid
as well is drawn into the circulating blood.

1 Dalton Scholar, Massachusetts General Hospital,

1935-1936).

PLAN OF EXPERIMENT

Large healthy female dogs of docile disposition were
fasted in metabolism cages. The animals were allowed
to drink distilled water as desired. Daily determinations
were made of weight, rectal temperature and water
drunk. Daily catheterization was performed, and usually
the animals did not void between catheterizations. After
a basal fasting level of excretion of electrolyte in urine
was established, which usually required four or five days,
the dogs were bled from jugular vein or femoral artery
to the extent of 2 to 3.5 per cent of body weight in a
single hemorrhage lasting five to twenty minutes. No
anesthesia was used except local injection of a small
amount of novocaine in case blood was taken from the
femoral artery. When the femoral artery was used a
point was selected sufficiently peripheral to exclude the
factor of anoxemia in the extremity, for, as Baetjer has
shown, severe anoxemia leads to diffusion of potassium
from the tissues of an extremity into the plasma (6).
Following the hemorrhage the animal was not allowed
to drink for at least three hours, after which water was
given freely. The observations were continued for three
to four days after the hemorrhage. Blood samples were
taken at appropriate intervals.

An important feature of the experimental plan con-
sisted in conducting the study on the basis of fasting
metabolism. In this way the difficulties and inaccuracies
of measurement of the electrolyte intake in the food
and excretion in the feces were avoided.

Standard analytical procedures were used. Sodium
of serum and urine was determined by the gravimetric
technique of Butler and Tuthill (13) ; potassium of serum
and urine by Fiske’s modified cobaltnitrite method in
which potassium is reprecipitated as potassium acid tar-
trate (14) ; chloride by Wilson and Ball’s method of wet
ashing with nitric acid and potassium permanganate and
Volhard titration (15); carbon dioxide content of the
serum according to Van Slyke and Sendroy (16) ; total
nitrogen by macro-Kjeldahl (17) ; nonprotein nitrogen of
serum by micro-digestion and nesslerization (18). Hem-
atocrit readings were made by heparinization of a sam-
ple of blood, followed by centrifuging in hematocrit tubes
at 2000 r.p.m. until no further change in volume was
perceptible, precautions being taken against loss of CO,.

PRESENTATION OF DATA

In Figure 1 are shown the daily excretion of so-
dium, potassium, chloride, and total nitrogen and
daily urine volume and water drunk, before and
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after hemorrhage. It is to be noted that by the
fifth day of fasting a basal level of excretion has
been reached, although a gradual decrease in the
quantity of electrolyte and nitrogen excreted
daily is evident. The marked increase in excre-
tion of the intracellular base, potassium, and the
lack of change in excretion of sodium and chlo-
ride following hemorrhage are clearly shown.

ExcreTION DATA, EXPERIMENT 36-23.

within the twenty-four hour interval after hemor-
rhage. No appreciable change in the elimination
of nitrogen takes place.

In Table I are shown the quantities of potas-
sium and nitrogen excreted in the urine before
and after hemorrhage. The daily basal level of
excretion is to be compared with the amount ex-
creted in the twenty-four hours following hemor-

The increase in urinary potassium occurs only rhage. The much greater increase in potassium
TABLE 1
Data on potassium and nitrogen excretion
" K excretion N excretion K : N ratio
ment Weight Hemorrhage
number Basal Posthemorrhage Basal Posthemorrhage Basal Posthemorrhage
kgm. cc. per kgm. m.eq. per day m.eq. per day grams per day grams per day
36-12 20.15 22 12.5 31.0 4.1 5.8 3.0 5.3
36-13 18.70 26 11.5 22.5 5.2 5.2 2.2 4.3
36-17 12.30 36 12.5 24.8 3.1 4.6 4.0 5.4
36-23 15.40 21 11.1 28.1 5.4 5.4 2.1 5.2
36-25 15.00 31 10.4 26.4 3.4 4.6 3.1 5.7
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TABLE II

Experiment 36-25.

Excretion data and blood values before hemorrhage, after hemorrhage but before ingestion of water,

and after ingestion of water

Da Serum values Urine. Quantities excreted
y
of | Time |Weight H:0 Hema-
as Serum Vol-
Na K Cl protein N.P.N. ume K Na N Cl
m.eq. | m.eq. | meg. | grams | mgm.
kgm. cc. per per per per per per cent | cc. m.eq. | m.eq. | grams | m.eq.
liter liter liter | 100 cc.| cent
5 [11:45a.m.| 15.00 | Bladder emptied 0
6 | 9:20 a.m. | 15.00 | Bladder emptied | 500 | 146.4 6.0 1120 | 5.85 30.0 45.6 145 9.52 0.4 3.12 1.4
11:50 a.m. He4n718rrhage V]
cc.
10:00 p.m. Bladder emptied 142.1 5.7 112.0 | 5.50 21.9 43.0 56 | 19.25 1.8 2.03 3.1
11:00 p.m. Given water
7 9:50 a.m. | 14.35 | Bladder emptied | 755 139.7 5.2 109.0 | 5.29 21.7 36.8 400 7.12 2.1 2.60 3.8

as compared with nitrogen and consequent rise in
potassium: nitrogen ratio is clearly shown.

From Table II, it will be seen that during the
twenty-two hour period before hemorrhage the
dog drank 500 cc. water, excreted 145 cc. urine
and 9.52 m.eq. of potassium. In the twelve hours
(roughly) after hemorrhage no water was taken,
56 cc. urine were excreted containing 19.25 m.eq.
of potassium, representing over a fourfold in-
crease in rate of excretion of potassium. The
animal was then allowed to drink and took 755 cc.
water during the following twelve hours. In
this period potassium excretion fell off sharply.
This experiment was undertaken to show that
following hemorrhage the loss of potassium from
cells takes place immediately after the loss of
blood and not chiefly during the subsequent period
when water is drunk. Note the reduction in
serum sodium, potassium, nonprotein nitrogen
and protein before water is taken, with chloride
concentration remaining unchanged.

The data presented in Table III were obtained

TABLE III
Serum concentrations before and after hemorrhage

Experiment | Hemor- Serum
‘number rhage Na K Ci CO: | N.P.N. protein
cc. per | m.eg. m.eq. m.eq. | volumes | mgm. | grams

kgm. pcrl‘gar per liter | per liter | per cent | per cent | per cent
36-12 22 1445 45 105.0 56.7 22.7 5.9
143.0 4.2 107.0 55.1 23.1 5.2
36-13 26 146.0 47 107.0 | 54.6 23.1 6.6
139.0 4.6 103.0 49.8 28.6 6.1
36-17 36 144.6 5.0 112.5 50.5 23.5 5.7
143.5 4.6 107.5 52.7 25.2 4.6
36-23 21 146.8 5.3 108.0 28.7 6.7
136.9 5.0 103.5 30.8 6.0
36-25 31 146.4 6.0 112.0 30.0 58
139.7 5.2 109.0 217 5.3

in blood samples taken just before hemorrhage
and again twenty-four hours later, the animal
having been allowed to drink water freely follow-
ing an interval of at least three hours after hemor-
rhage. Serum sodium concentration is invariably
reduced, while serum chloride in one instance is
increased. CO, and nonprotein nitrogen show
no significant change, while serum protein is in-
variably reduced. The concentration of serum
potassium likewise always falls.

DISCUSSION

From the data presented it is quite clear that
following hemorrhage of the extent produced in
these experiments there is a marked increase in
excretion of potassium in the urine. Concerning
this loss of potassium from the cells two expla-
nations come to mind, either an increase in break-
down of cell protoplasm after hemorrhage, or a
simple diffusion of fluid from the cell with re-
duction in cell volume. Were the potassium
liberated from the cells by a process of disorgani-
zation of cell protoplasm then there should be an
equivalent liberation of nitrogen. By examina-
tion of Table I one sees that such is not the case,
since the potassium excreted after hemorrhage
doubled or trebled, while the urinary nitrogen
showed slight or no increase. Hence there is a
sharp rise in the potassium to nitrogen ratios.
These facts have a clear significance since the
maintenance of normal or even reduced concen-
trations of serum potassium and nonprotein nitro-
gen following hemorrhage (Table III), excludes
an abnormal retention of these elements.

The possibility of a relationship between the
water ingested by the animal and the observed
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dilution of the blood plasma and loss of intra-
cellular electrolyte must be considered. It might,
for instance, be suggested that a reduction of the
total osmotic value of extracellular fluid by re-
tention of ingested water would make necessary
a removal of intracellular electrolyte in order to
produce osmotic equivalence without a change in
the volume of intracellular water. In the pres-
ence of such an adjustment, loss of potassium
would not be accompanied by a removal of cell
water.

To investigate this question the time relation-
ships in the excretion of potassium following
hemorrhage were studied. From the data ob-
tained in Experiment 36-25 and tabulated in
Table II it is clear that cell potassium was lost
largely during the period of adjustment immedi-
ately following hemorrhage and before water was
ingested. In this experiment the rate of elimi-
nation of potassium in the urine in the twelve
hour period after hemorrhage during which no
water was taken was over four times as great as
during the twelve hour period before hemorrhage.
Therefore, the posthemorrhagic loss of potassium
from cells is not the effect of osmotic adjustments
occasioned by retention of ingested water.

The mechanism of dilution of plasma follow-
ing hemorrhage can dependably be viewed in the
light of Starling’s theory (11, 12), of counter-
poised hydrostatic pressure and colloid osmotic
force of plasma proteins in the capillary bed, for

the fundamental validity of this theory has

remained unchallenged. With reduction of capil-
lary hydrostatic pressure consequent on hemor-
rhage and favored by activation of the sym-
pathicoadrenal apparatus (7), the unopposed
colloid osmotic pressure of the plasma proteins
becomes effective in creating a flow of fluid into
the capillary bed. From the evidence obtained in
these experiments it is clear that movement of
fluid out of the cells as well as interstitial areas
takes place.

Let us consider this fact further. We are ac-
customed to regard interstitial fluid as an ex-
tensive reservoir from which plasma losses can
be readily replaced, its electrolyte composition
being so nearly-identical with that of the plasma.
That water and the unsuitable electrolyte, potas-
sium, should also be immediately withdrawn from
tissue cells would not, on teleological grounds, be
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expected. We must remember, however, that
the expectation that plasma losses will be replaced
exclusively by interstitial fluid rests on the as-
sumption that there is everywhere in the tissues
an appreciable quantity of interstitial fluid be-
tween the capillaries and tissue cells. It will be
admitted that this premise has not been estab-
lished to the extent of excluding the possibility
that capillary wall may often lie in contiguity with
cell wall.

On this basis we venture an explanation of the
entrance of cell fluid into the capillaries. One
visualizes two sets of colloid osmotic forces in
the tissues, one centered within the capillary and
created by plasma protein, the other centered
within the cell and incident to the high intracel-
lular content of protein. Between the colloid im-
permeable membranes of capillary and cell gen-
erally lies the protein-poor interstitial menstruum.
So long as interstitial fluid separates cell mem-
brane from capillary membrane the increased ef-
fectiveness of colloid osmotic pressure in the
capillary following the hypotension of hemor-
rhage should be exerted only against the inter-
stitial fluid, and the intracellular system should
not be disturbed. However, wherever capillary
wall lies in contiguity with cell wall, cell fluid also
will come under the influence of the increased
effective oncotic pressure in the capillaries, and
loss of cell fluid into the capillary take place.
Presumably a depletion of the interstitial reser-
voir would favor this mechanism of reduction in
cell fluid volume.

The operation of still another factor must be
considered in relation to flow of fluid from the
tissues into the capillary bed after hemorrhage,
and this is the force termed tissue tension, or
tissue turgor. Such tissue tension is little under-
stood and lends itself poorly to analysis. Pre-
sumably tissue tension is produced by such fac-
tors as the distending force of the intracapillary
hydrostatic pressure exerted against the inter-
stitial menstruum and cells, muscle tonus, and
gravity. On the reduction in capillary filtration
pressure, tissue tension conceivably should favor
movement of fluid from the interstitial areas and
cells toward the capillary bed. In the present
state of our knowledge of the forces involved
this can only be conjecture.

Possibly concerned also in the redistribution of
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body fluids after hemorrhage is an alteration in
the permeability of the capillary endothelium and
cell wall incident to anoxemia and a reduced rate
of removal of tissue catabolites. Such a disturb-
ance in membrane function might relate itself not
only to the relative impermeability for colloid but
also to the selective impermeability of cell wall for
specific ions.

Let us consider now the data shown in Table
IT and compare the concentration of electrolyte in
the blood serum before hemorrhage and again
twelve hours afterwards, but before water has
been taken. The serum sodium falls distinctly,
potassium falls, and chloride remains unchanged.
Interstitial fluid contains a lower concentration
of sodium than plasma (8, 9, 10), while intra-
cellular fluid probably contains no sodium.
Therefore, the inflow into the plasma of inter-
stitial and intracellular fluid will necessarily re-
duce plasma sodium. On the other hand, inter-
stitial fluid contains a higher concentration of
chloride than does plasma while intracellular fluid
contains no chloride. The effect on plasma chlo-
ride concentration, then, will depend upon the
relative amounts of fluid brought into the circu-
lation from the interstitial areas and from the
cells, assuming alert renal function. One sees
in Table III, that the concentration of serum
sodium twenty-four hours after hemorrhage
(water having been drunk) was invariably re-
duced, whereas the concentration of serum chlo-
ride was at times increased, at times decreased.
In Table II serum potassium twelve hours after
hemorrhage (no water drunk) is slightly reduced,
in spite of the large amount of potassium carried
from intracellular fluid into the urine. The urine
excreted during this period had a potassium con-
centration of 344 m.eq. per liter, or about three
times that of cell water. From this it is ap-
parent that cell water was retained in the plasma
while the cell electrolytes, unsuitable for plasma
construction, were excreted.

In Figure 1 the data obtained in Experiment
36-23 and illustrative of the findings in the other
experiments are shown. The power of the kid-
ney to maintain conservation of the mneedful
electrolytes sodium and chloride even after hemor-
rhage and a posthemorrhagic diuresis is well dem-
onstrated.
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A striking and invariable event in these experi-
ments is illustrated in Figure 1. Without ex-
ception a diuresis to the extent of 20 to 500 per
cent of the average urine volume before hemor-
rhage occurred during the second day after
hemorrhage. This polyuria does not appear to be
directly related to water intake. Its mechanism
is obscure and will be the subject of further in-
vestigation.

SUMMARY

1. Measurements were made of the daily uri-
nary excretion of sodium, potassium, chloride,
and nitrogen by fasting dogs before and after
hemorrhage to the extent of 2 to 3.5 per cent body
weight.

2. Daily water intake and urine volume were
measured.

3. Serum concentration values of the appropri-
ate electrolytes and nitrogen were determined
before and after hemorrhage.

4. A sharp increase in urinary potassium im-
mediately after hemorrhage was noted, whereas
sodium, chloride and total nitrogen in urine
showed no significant change.

5. Regardless of whether water was drunk,
hemorrhage was followed by a fall in serum
sodium, potassium and protein, while chloride,
CO, and nonprotein nitrogen were variable.

6. A posthemorrhagic diuresis occurred in-
variably on the second day after hemorrhage.

CONCLUSIONS

During the process of compensating for blood
loss fluid is drawn into the circulation from tissue
cells as well as from interstitial areas. The po-
tassium diffusing out of the cells in this process
is promptly excreted in the urine.

The authors wish to acknowledge a debt of gratitude
to Dr. James L. Gamble for stimulating their interest in
the subject of body fluid metabolism and for helpful
criticism in the preparation of this paper.
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