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In investigating the mechanism of edema f or-
mation, we have made a study of the relations of
sodium and potassium to the water in muscles of
animals suffering from nutritional edema, in order
to learn whether these relations provide evidence
as to the validity of the hypothesis that fluid
retention associated with hypoproteinemia is sim-
ply an accumulation of an ultrafiltrate from the
circulating plasma. These relations might also
indicate whether sodium has any role in the pro-
duction of edema other than that of being the
chief base of plasma filtrate, this question having
been often raised by the observed necessity of
ingested sodium for the formation of experi-
mental plasmapheresis edemas in dogs (1, 2, 3),
and for the occurrence of nutritional (4) and
nephrotic (5) edemas in man. A nutritional
edema in white rats resulting from a protein-poor
carrot diet (6, 7) and shown to be accompanied
by low serum proteins (8, 9) was decided upon
as a practical experimental setting for the problem.

DIETS

Kohman (6) demonstrated that the edema in her ani-
mals had not resulted from the lack of any of the
vitamins then known, and was presumably the result
of protein deficiency in the diet. Vitamin G had not
then been identified and may not have been supplied in
sufficient quantity to Kohman's rats by the wheat-germ
extract. We have sought to learn whether such de-
ficiency could have had any effect on the course of the

-edema. Accordingly, a group of five animals was placed
on the Kohman wet diet to which was added daily, in
a separate dish, 0.05 gram of a yeast concentrate pow-
der.1 This group of animals in Table IV is numbered
from K + B21 to K + B25, and as controls on this group
there were five animals, K + YP1 to K + YP,, which
were given the Kohman diet with addition, in a separate
dish, of 0.05 gram of the yeast protein remaining from

1 This material was supplied by Mead Johnson and
Company, and assayed by them to contain 80 units of
vitamin B, and 35 units of vitamin G per gram.

the concentrate powder after extraction of the B-com-
plex. There were also two other control groups:
K+CP1 toK + CP4, Kohman diet plus 0.05 grams of
casein extracted free of B-complex given in a separate
dish daily; and K + G2, K + G4, Kohman diet plus the
equivalent amount of yeast concentrate which had first
been autoclaved to destroy completely its vitamin B1
content only,2 given in a separate dish daily. Thus all
four of these groups did receive daily a very small
amount of protein with or without vitamin G. In addi-
tion, vitamin Bi was supplied in the form of a solution
of the pure crystals (Merck) rather than by adding
wheat-germ extract to the carrot diet. All of these small
servings of protein with Bi solution added, were, with
few exceptions, completely consumed daily by the rats.
The fact that these animals are all included in the sec-
ond series of edematous rats (Table IV) records the
result that they all showed retention of fluid in varying
degree. Though there was a little delay, as compared
to the group on the unmodified Kohman wet diet (K21
to K25), in the rapidity with which these animals lost
weight from malnutrition and with which they accumu-
lated fluid, the general trend was the same as the K
group, and there were no significant differences among
the various groups outlined above. It was obvious then,
that addition each day to the diet of 0.05 gram protein,
whether this contained vitamin G or not, was sufficient
to defer slightly in some of the animals the effects of
the unmodified Kohman diet. The individual animal
that showed the greatest delay in becoming edematous
can be seen from Table IV to be K + CP1, which after
148 days of diet (the longest period) was still one of
the least edematous animals of the whole group. The
control normal group (Table III) had the Kohman wet
diet with casein, extracted free of vitamin B-complex,
replacing cornstarch in the amount of 20 per cent of
the dry weight of the mixture. Three of the control
animals (K + C + B1 to K+ C+ B4) had in addition
0.05 gram of the yeast concentrate added in a separate
dish.8

The first series of protein-starved animals, K. to K1,g
Table II, were all given their vitamin B1 in wheat-germ

2 Assayed by Dr. Siegfried Maurer and found to con-
tain a concentration of vitamin G five times that of yeast.

8 Three litters of rats (27 in all) comprised all of
these groups. There were representatives of each litter
in each group.
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extract. The first series of normal animals, Table I,
was composed of eight animals (N2 to N1,) on a varied,
high vitamin diet (wheat germ, brewer's yeast, lettuce,
bacon, cheese, and a paste of casein, starch, minerals,
lard, butter, and cod-liver oil); and a group of four
animals (K + C1 to K + C4) on the Kohman wet diet
with commercial casein replacing cornstarch in the
amount of 15 per cent of the dry weight of the diet; and
finally a group of four (K + Al to K + A4) on Kohman
wet diet with egg albumin, extracted free of the B-
complex, replacing cornstarch in the amount of 15 per
cent of the dry weight.

In all of these diets, water was allowed ad libitum,
though very little seemed to be taken by the rats, the
fresh carrots satisfying their needs for water. The
animals in all groups had beginning weights ranging
from 68 grams to 105 grams. The youngest litter of
known age was 49 days old when placed on the diets
and the oldest was 69 days.

During the course of the protein-poor diets the weight
curves showed a steady decline with small irregularities,
and, after 9 or 10 weeks, occasional cycles of rapid gains
and losses with some terminal rises due to sudden in-
creases in fluid retention, as reported by others (6, 8).
There is no need to show all of these curves here. There
was seldom manifest edema or anasarca, though some
had excessive pleural and peritoneal fluids when sacri-
ficed (see Tables II and IV). The weight curves of the
rats on normal and normal control diets showed satis-
factory though not always maximal growths for these
animals in all except the K+ A group, where the gains
in weight were small and growth could hardly be called
satisfactory. (In this connection see footnote 6 on
page 358.)

CHEMICAL DETERMINATIONS

The first series of determinations are recorded
for normal animals in Table I and for animals
with various amounts of fluid retention in Table
II. The determinations include: total serum ni-
trogen, muscle water, muscle protein nitrogen,
muscle sodium and muscle potassium. The ratio,
protein-N: potassium for muscle is shown, and
the concentration of sodium plus potassium in
millimoles per liter of total muscle water is given.
There are also recorded figures for amounts of
intracellular and extracellular water per kilogram
of whole tissue and the concentration of potassium
in intracellular water, derived by calculation, with
certain assumptions which will be discussed later.

The second series of determinations are re-
corded for normal rats in Table III and for rats
with varying degrees of edema in Table IV.
These determinations include: A. For serum;
total nitrogen, albumin nitrogen, and by differ-
ence, globulin nitrogen. B. For muscle; per-

centage of water in whole wet tissue, percentage
of water in fat-free tissue,4 sodium and potassium
in terms of fat-free wet tissue. The concentra-
tion of sodium plus potassium in millimoles per
liter of total muscle water is also shown; and
again, by calculations discussed later, the amounts
of intracellular and extracellular water per kilo-
gram of fat-free wet tissue and the concentration
of potassium in intracellular water.

In Tables II and IV are also included deter-
minations of sodium in six abdominal or chest
fluids from edematous rats as indicated and in
one subcutaneous fluid from a blister on the chest
of rat K + B24. The fluids found in seven more
animals in these two series were either somewhat
bloody or were obtained in too small an amount
to make possible a sodium determination with
the usual accuracy.

METHODS

The animals included in Tables I and II were sacrificed
by a blow on the head. Because this often caused loss
of a good deal of blood with the consequence that it
was difficult to get blood from the heart in satisfactory
amounts, the later groups, Tables III and IV, were
sacrificed by piercing the medulla oblongata with a
needle. From most of these latter enough blood was
secured from the hearts to make possible determinations
of serum albumin in addition to total serum proteins.

If there was any chest or abdominal fluid it was taken
with a capillary pipette and transferred into a centrifuge
tube. The blood was then taken from the heart by
capillary pipette.

The animal was next placed in a closed chamber in
which the atmosphere had been saturated with water
vapor from a pan of water, and by inserting the hands
through rubber tubes (sections of tire inner tubes at-
tached to round openings in the chamber) the skinning
of the legs, cutting off of the muscles, and placing them
into weighing bottles could all be carried out within
the chamber by vision through its glass top. This
" humidor " was designed to prevent evaporation from
the muscle during the handling. The weighing bottles
having been previously weighed empty from a desiccator
were allowed to come to temperature equilibrium in the
"humidor" before being opened, so that no appreciable
moisture would settle on the glass inside the bottles
when opened. The tightly stoppered bottles containing
the wet muscle were again brought to equilibrium in a
desiccator for weighing the wet muscle. The tissue
was then dried in an oven at 105° C. Those included
in Tables I and II were brought to constant weight in
the milligram place, the larger samples (normals) re-

4Fat extraction was suggested to us by Prof. A. B.
Hastings.
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quiring as much as 19 days. Those in Tables III and
IV, which were later to be extracted to remove fat,
were dried to constant weight within 0.3 mgm., which
required up to 35 days for samples up to 14 grams wet
weight. It was hoped to eliminate moisture so completely
from these samples that the later extraction with dry
ethyl ether and petroleum would remove no salts. How-
ever, it was found in some preliminary experiments that
from 2 to 5 per cent of the total amounts of sodium
and potassium of the samples was removed during the
extraction, whether because of moisture in the sample
or in the ethyl ether, or whether because very minute
scales of dried muscle tissue were sometimes lifted out
with the capillary pipettes used in removing the extract-
ing fluid. The last possibility hardly seems an adequate
explanation of the transfer of so large an amount of
base. At any rate, it was decided to evaporate the ex-
tracts in the quartz beakers in which the muscles were
later to be ashed and thus, although a fat-free weight
was obtained on the dry muscle for calculation, the ex-
tracted fats including whatever base was removed with
them were ashed along with the fat-free tissue. This
discussion obviously applies only to the determinations
included in Tables III and IV since those included in
Tables I and II were not made on fat-free tissues. The
fat extractions were carried out according to the tech-
nique of Hastings and Eichelberger (10). The ashing
of tissue in quartz with sulfuric acid has been described
(22, 28).

The muscles analyzed in Tables I and II were not
ashed in the same way, since. determinations of muscle
protein were made on these samples, and the bases had to
be quantitatively extracted out of the dried mass. This
was accomplished as follows: The tissue was allowed
to stand covered with water until thoroughly soaked.
Then enough trichloracetic acid was added to make a
20 per cent solution. After standing and macerating
thoroughly in a mortar, the extract was filtered off and
maceration was repeated with nine portions of 10 per cent
trichloracetic acid while a quantitative transfer to the
filter was accomplished. The extract was subsequently
treated for phosphate precipitation before being made
up to known volume, after which aliquot portions were
used for dry ashing in platinum crucibles. This method
of extraction was suggested by the procedure described
by Salit (11) for sodium determinations in tissues. Six
preliminary ashings of beef and rat muscle fibers, ex-
tracted in this way, convinced us that the bases were
quantitatively extracted, since the total ash obtained in
platinum crucibles from the protein remaining from 5 to
9 gram samples of muscle weighed only from 1 to 2
mgtn., and being for the most part insoluble could be
accounted for by glass ground off from the mortar.
This ash contained indeterminable traces of sodium and
potassium.

The muscle fiber having been quantitatively collected
on a filter paper was transferred with the filter to a large
Kjeldahl flask and digested for macro-Kjeldahl deter-
minations. Aliquot portions of the digest were used for

duplicate determinations which always agreed to 0.5
per cent.

Because of the variation in the amount of muscle fat
and of the impracticability of mincing the material with-
out loss of fluid, it was decided not to take two separate
samples of muscle from one animal. There were two
exceptions made. In Table I, analyses of two separate
samples taken without mincing from Rat No are shown,
and in Table III, analyses on two samples from Rat
K +C21 are presented. However, for the normal ani-
mals (Tables I and III), where the samples were of
sufficient size duplicate determinations were made as
follows: for those in Table I, after the extraction of
the minerals and the phosphate precipitation in the ex-
tract; for those in Table III, after the ashing. For the
values in Tables I and III the duplicate sodium deter-
minations agreed to within 3 per cent and the duplicate
potassium determinations to within 1% per cent. There
was one exception to each of these standards; namely,
the sodium determinations for K + C25 were 7 per cent
apart, and the potassium determinations for the second
samples of K + C21 were 14 per cent apart. In each of
these two instances the single value that seemed the
more reasonable is given in the Table and used for subse-
quent calculations. We obtained theoretical recoveries
of sodium and potassium from known mixtures of NaCI,
K2SO4, and HBPO4 when put through separate phos-
phate precipitations before the ashings in platinum, or
when put through separate ashings in quartz. Sodium
and potassium determinations on muscle extracts in
which the phosphate precipitation was done in duplicate
agreed to 3 per cent and 1 per cent, respectively. Known
amounts of these bases added to the extracts were re-
covered quantitatively. Duplicate ashings, in quartz, of
dried ground homogeneous beef samples yielded sodium
and potassium determinations which agreed to 1% per
cent.

The samples from the undernourished edematous ani-
mals and from the K+ A group of Table I were so
small that the material could not be divided for the
duplication of even the final steps in the sodium and
potassium determinations. In the case of protein nitro-
gen, duplicate determinations were made just as for nor-
mal animals. The single determinations in Tables II and
IV ought to be dependable, granting always a possibility
of some bad error committed unconsciously, which would
bring a determination far out of line.

The final chemical methods used were the following.
1. Removal of phosphate. (a) In trichloracetic acid

extracts from muscles listed in Tables I and II (first
series), the method of phosphate removal was based on
that given by Hoffman (12) in preparation for total
base determinations in urine. It was modified to the
extent that the solutions were not transferred to volu-
metric flasks until after the precipitate of ferric am-
monium acetate was well coagulated and all evolution
of gases had ceased. Then, aliquot portions of filtrate
were evaporated down with 3 cc. of 1: 1 H2So4 in
platinum crucibles for dry ashing. The ashing was
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TABLE I
NormaZ rats-first series

Serum Muscle
total

Number Dit nitro-- ___-_____ - _____-___ -____-
Of Deiet gen Water Sodiummt p er Of Protein Sodium Potas- Extracellular Intracellular Potas- + Protein

100 cc. whole nitrogen sium fluid water sium potas- nitrogen
X 6.25 tissue slum potassium

mM. mM.
days per cent mM. per kgm. of whole tissue mi. per kgm. of whole tissue Per liter Per liter ratio

cdl water total H20

ON VARIIED NORMALDIET

Ns | 62 7.1 73.0 2130 21.6 97.7 151 580.5 167 163 21.8

N, 75 7.2 72.5 2162 22.0 97.2 153.5 573 168.5 164 22.25

N | 75 8.15 73.6 2162 21.4 98.5 149 588 166.5 163 22.0

No 77 6.65 73.7 2164 20.15 102.0 140 598 169.5 166 21.2

Nis 75 7.1 73.7 2227 22.9 101.7 160 579 174.5 169 21.8

Nii 76 7.35 71.9 2095 20.9 97.8 146 574 169 165 21.4

Nu, 82 8.4 73.25 2210 23.8 100.7 166 568 176 170 21.9

72.2 2132 19.8 97.8 138 585 166 163 21.8
Ng* 93 8.05 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - _

73.1 2135 20.75 101.7 145 587 172 167.5 21.0

Range 166-138 568-598 176-166 170-163

Average 7.50 73.0 2157 21.5 99.5 150 581 170 165.6 21.7

ON CARROTCONTROLDIET-KOHMANDIET + CASEIN

K+C4 79 6.6 73.25 2134 22.1 99.8 154 579.5 171 166.5 21.4
K+C | 82 6.9 74.2 2095 20.7 105.6 144.5 599 175 170 19.8

K+C2 86 7.5 73.85 2204 19.8 103.5 138 601.5 171 167 21.3

K+Cs 93 7.9 74.3 2201 24.3 99.5 169.5 575 172 167 22.1

Range 169-138 575-601 175-171 170-166

Average 7.2 73.9 2158 21.7 102.1 151.5 589 172 167.5 21.15

ON CARROTCONTROLDIET-KOHMAN DIET + EGGALBUMINt

K+A., 82 6.5 75.0 2173 26.5 102.0 185 567 178.5 171 21.3

K+A | 103 5.05 74.8 2100 24.7 103.2 172 577 177.5 171 20.3

K+A2 126 6.35 75.0 2150 27.15 97.9 189.5 562.5 172.5 167 22.0

K+A1 131 6.5 74.2 2190 21.1 105.7 147 596 176 171 20.7

Range 189-147 562-596 178-172 171-167

Average 6.1 74.8 2153 24.9 102.2 173.5 575.5 176 170 21.1

Complete range 189-138 562-601 178-166 171-163

Complete average 7.1 73.5 2157 22.3 100.7 156 581 172 167.1 21.4

* Two samples.
t See footnote 6 on page 358.
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done in duplicate for the large samples but not for the
small.

(b) In the aliquots of ash used for sodium determina-
tions on the muscles listed in Tables III and IV (second
series), the method of phosphate removal described by
Butler and Tuthill (13) was used.

2. Sodium. The solutions for sodium determinations
were evaporated to dryness in 30 cc. beakers, and the
procedure of Butler and Tuthill (13) was followed.

Barber and Kolthoff (14) have stated that a contam-
inating precipitation of the potassium triple salt occurs

only in the presence of more than 50 mgm. of KCI per

cc., while a precipitation of some K2SO4 itself may occur

in the presence of somewhat smaller amounts of K2SO-.
Butler and Tuthill have accepted this finding. Never-
theless, we found that sodium precipitates obtained from
the muscles (either series) and also from known mixtures
of K2so4 and NaCl of approximately muscle propor-

355

tions contained some potassium. Mond and Netter (15)
also found sodium determinations on muscle tissues to
be higher than their true values when made as uranyl-
zinc-sodium-acetate precipitates in the presence of the
muscle potassium. Wetherefore worked out a correction
curve for the increase in weight of sodium precipitate
with increasing amounts of potassium present, making due
allowance for sodium blanks on the potassium sulfate
used in the known mixtures. From this curve was taken
the absolute weight increment to be subtracted from any

given weight of sodium precipitate, on the basis of the
amount of potassium known to be present in the given
solution from the potassium value determined on another
aliquot of the same ash. These corrections ran from 0
to 3.1 mgm. for the presence of 6 to 20 mgm. of potas-
sium in the 2 cc. of solution used for sodium determina-
tion. It was only in the cases of the larger amounts of
potassium that the correction was of an order of magni-

TABLE II

Edematous rats-first series
(Listed in order of increasing water content in whole tissue)

Serum Muscle
Num- Diet total Free Fluid ___-____-______

ber pe- nitrogen Terminal weight fluid 5OU Water Pro- Po Extra Intra- Sodium ProteinOf riod pe chns found dium of tein So- Po- cellu- cellu- Potas- +Prtirat 100 cc. whole nitro- dium tas- lar lar sium potas- nitrogen
X 6.25 tissue gen sium fluid water sium potassium

days ~~~~~~~~~~~~mm.per mM. Per kgm. ml. per kgm. mm. mm.
days | | per cent whole tissue whole tissue per liter per lite ra io

liter cell water total HsO
Ks 62 5.1 Gained 3 grams in None - 73.9 2073 29.8 91.5 208 533 170 164 22.6

2 days
Kui 82 4.8 No gain None - 75.8 2120 27.8 100.3 194 566 176 169 21.15

Kis 80 3.6 No gain None - 75.9 2191 33.7 97.3 235 526 183 172.5 22.5

Ki 83 3.65 Gained 1% grams Chest and - 76.9 2026 34.1 90.8 238 533 168.5 162 22.3
in 2 days abdom.*

0.3+ ml. _

Ks 73 4.4 Gained 5 grams in None - 77.0 1936 34.8 90.7 243 529 169.5 163 21.3
3 days- I____

Kio 93 3.6 Gained 2 grams in Chest and 141.8 77.0 1996 36.3 89.6 253 519 171 163.5 22.3
1 day. Other gains abdom.
and losses 0.5 + ml. _ _

Ki2 76 3.25 Gained 1 grams Abdom. - 77.7 2026 28.8 99.5 201 578 171 165 20.4
in 1 day. Main- only
tained 1 day 0.4+ ml. _ _

Ks 74 4.05 Earlier rapid gains None - 78.1 1986 49.3 71.5 344 440 159t 154t 27.8
and losses

K. 92 3.0 Earlier rapid gains None - 79.0 1860 51.1 82.7 356.5 437 186 169 22.5
and losses

K4 75 3.1 Gained 3 grams in Chest and 141.8 79.8 1795 53.1 73.9 370.5 431 168 159 24.3
3 days abdom.

1.8+ ml.

Ks 77 3.05 Gained S grams in Abdom. 149.1 80.0 1780 56.0 73.6 391 413 174 162 24.2
3 days. Main- only
tained 1 day 0.8+ ml. _ _

Kzn 75 2.75 Gained 4 grams in Chest and 144.8 80.5 1726 54.6 77.7 381 428 178 164 22.2
1 day abdom.

2.0 + ml.

Range 186-168t 172-159t
Average 174t 165t

* abdom. = abdominal.
t From the figures of both range and average the values for Ks have been omitted see discussion.
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TABLE III

Normal rats-second series

Serum nitrogen Muscle
X 6.25 per 100 cc.

Number Diet Water
of pe- -Sodium__

rat riod albu- Glob- Sodium Potassium Extrace lular Intracellular Potas- Sodium
moalmi uln f Of oim Poasu fluid water sium potassium

whole fat
tissue free

per per m.eq. per kgm. of ml. per kgm. of mm. mm.
days cent cent fat-free tissue fat-free tissue cper water teotl HsO

K+C+B, 84 8.5 4.15 4.36 72.65 77 25.5 93.1 178 595 155 154

K+Cu 76 7.45 3.6 3.85 73.9 77.35 23.8 108.8 166 609 177.5 171

K+C+Bi 147 7.65 4.45 3.2 74.4 76.9 21.95 97.4 153 617 157 155

75.35 76.65 19.25 98.0 134 633.5 154 153
K+C21* 147 7.3 3.7 3.6 - - - - - - - - - - -

76.0 77.3 19.25 102.9 134 640 160 158

K+C+B4 144 7.45 3.75 3.7 71.3 76.65 27.2 99.2 190 578.5 170 165

K+Cu 102 8.85 4.15 4.7 74.45 77.1 23.3 96.3 163 610 157 155

K+Cu 144 7.5 3.7 3.8 74.0 Not completed

Range 190-134 578-640 177-154 171-153

Average 7.8 3.9 3.9 74.0 77.0 22.9 99.4 160 612 161.5 158.7

* Two samples.

tude equal to or larger than the experimental error of
the sodium method. However, the proportionate correc-
tion was applied to all weights. The removal of po-
tassium with saturated ammonium perchlorate solution
proved to be much more tedious and to bring about re-
sults on known sodium solutions that were approximately
2 per cent low.

3. Potassium. The aliquots of ash for potassium de-
terminations in both series were evaporated to dryness
in 30 cc. beakers, and the potassium determinations were
made by the Shohl and Bennett (16) method using their
colorimetric procedure.

In edema fluids the protein was removed with 20 per
cent trichloracetic acid and for sodium determination an
aliquot of the filtrate was transferred directly to the
uranyl-zinc-acetate reagent in the glass filter.

The serum albumin and globulins were separated by
the method of Howe (17). All serum nitrogen deter-
minations were done by the Koch and McMeekin (18)
micro-Kjeldahl method.

Blanks on all reagents used in all procedures were
determined repeatedly.

Discussion of tables
The normal rats

In Table I, the animals are not listed in a
particular order. They are, however, grouped
according to diet, and the litter mates are listed

in succession. In Table III, the second group
of normals is arranged also with litter mates in
succession, the two diets being differentiated by
the numbers assigned to the animals. In com-
paring the two tables of normals it is to be noted
that the average percentage of water in the whole
muscle of rats in Table III agrees very closely to
that found for the previous K + C group, that
the N group is about 1 per cent lower and the
K + A group about 1 per cent higher.5 The
maximum variation in water among the animals
in any diet unit in Table I, however, is 2 per cent,
while the variation in Table III reaches almost
5 per cent in the water figures. It is interesting
to see that the percentage of water based on f at-
free tissue has greater constancy than the per-
centage of water of whole tissue. The variation
between extreme values in fat-free tissues does
not exceed 0.7 per cent. This extreme variation
of the whole group is shown between the two
samples from one animal, K + C21. The average
for fat-free tissue is 3 per cent higher than the
average for whole tissue. The 5 per cent varia-

5 See footnote 6 on page 358.
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tion noted in this series in terms of whole tissue stancy in sodium and in potassium figures in the
can, then, be explained chiefly as due to variations fat-free tissue of the normal animals in Table III
in fat content of the whole tissues. than in the corresponding figures based on whole

Surprisingly enough, there is no greater con- tissue of the normal animals in Table I. One

TABLE IV

Edematous rats-second series
(Listed in order of increasing water content in fat-free tissue)

Serum nitrogen Muscle
X 6.25

per 100 cc.
Number Diet _____100_cc._ Terminal Free Fluid Water E n

of pe- weight fluid so- E- Intr- Sodium
rat nod changes found dium So- Potas- trua cellu- Potas- +

To- Albu- Glob- Of Of dium sium fluar wlater sium potas-
talmmulin ~~~~~~~~~ ~~~wholefat fluid

tissue free.~~~~~~~~~~~~~~~~~
mM. per per mM. per kgm. ml. per kgm. mM. mM.

days lscPerr cent cent fat-free tissue fat-free tissue per liter per liter
liter cell water total H20

K+Bs| 75 4.8 2.2 2.6 No gain None - 75.0 77.85 22.1 113.7 154 626 180.5 174

K+CPI 148 3.25 1.2 2.05 No gain None - 76.2 77.9 34.7 97.9 242 539 180 170

K+CP4 98 4.65 1.7 2.95 No gain None - 73.65 78.0 27.3 111.3 190.5 591.5 187 178

K+YPs 84 4.35 1.95 2.4 Gained 1J grams 1 day None - 73.7 78.0 26.7 108.3 186.5 595.5 180.5 173
after 1 gram loss l_l

K+CPs 76 5.35 2.35 3.0 Gained 3 grams 2 days None - 72.15 78.1 23.55 109.2 164 618 176 170
after 4 grams loss

K+Bns 83 4.7 1.95 2.75 Gained 2 grams in 2 days None - 74.1 78.4 24.8 104.0 173 613 168.5 164

K+CPs 144 3.1 1.1 2.0 Gain and loss 2 grams in Chest and - 77.2 78.6 46.8 83.3 327 462 177.5 165.5
2 days. Earlier cycles abdom.
also 0.3 + ml.

K+G2 75 5.2 2.5 2.7 No gain None - 76.9 78.8 29.0 108.8 202 588 183.5 175

Ka 83 4.65 2.05 2.6 Gained 1%grams 1 day None - 75.1 78.9 27.8 104.3 194 597 173 167
after 3 grams loss

K+YPI 76 6.2 2.5 3.7 No gain None - 75.8 79.0 25.25 106.7 176 616 172 167

K+Bs 104 3.45 1.1 2.35 No gain None - 76.25 79.0 30.0 102.5 209 583 174.5 168

Ku 104 2.85 0.8 2.05 No gain Abdom. - 76.95 79.35 33.45 101.8 233 562.5 179 171
0.3+ ml.

K2i 105 3.55 1.25 2.3 No gain None - 71.2 79.4 35.3 89.45 246 550 161 157

K+YP& 98 4.0 1.6 2.4 No gain None - 77.0 79.5 36.9 98.4 257.5 540 180.5 170

K2s 75 3.05 - - No gain Chest and - 78.55 80.4 50.3 84.6 351 456 182.5 168
abdom.
0.2+ ml.

K+G4 98 3.1 1.3 1.8 No gain None - 76.2 80.5 38.5 94.8 269 539 174 166

K+B2i 144 3.65 - - No gain Chest and - 80.7 81.2 43.95 73.7 307 508 143* 145*
abdom.
0.4+ ml. __l|-_

K+YP4 138 4.4 - - Gained 23 grams in 1 Chest and 140.5 81.25 81.7 61.65 68.7 430 390 172 159.5
day abdom.

1. 5 + ml.,
subcu. -

0.2+ ml. _ _

K+Bs. 138 2.45 - - Gradual gain of 7 grams Chest and 141.3 81.55 83.25 59.0 67.25 411 425.5 154 152
in 15 days, 2 grams in abdom.
last 2 days 1.0 + ml.,

subcu. 143.9
0.5+ ml.

Kst 125 2.65 1.0 1.65 Lost 43 grams 1 day Chestonly - 81.6 83.3 70.25 63.2 490 348 176 160
after gain of 5 grams in 0.4+ ml.
3 days. Two other
cycles

Range 187-154* 178-152*

Average 175.5* 166.9*

* From the figures of both range and average the values for K+B2, have been omitted since it seems not unlikely that
their extreme lowness is due to technical error.
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might have expected that these bases, which are
presumed to be in solution in the muscle water,
would follow water in showing less variation
when based on fat-free tissue. The variation in
potassium of this fat-free series is, in fact, greater
than that in the other series and taken by itself
the N group of animals, made up of a variety of
litters but all on the same non-carrot normal diet,
shows the greatest constancy in sodium and po-
tassium figures even in terms of tissue which
must have had some variations in fat content.
From this it might be inferred that the animals
on the control carrot diets, and especially those
of the second series, had larger variations in the
relative amounts of their intracellular and extra-
cellular muscle water than the N series. The
possibility of less accuracy in the method of ash-
ing in quartz, used preparatory to these deter-
minations in the second series, was considered,
but from the ashings of known salts we could
get no evidence of less reliability in this procedure
than in our previous procedure of extraction plus
ashing in platinum. The final chemical methods
used in both series were the same.

The serum albumin and globulin figures re-
corded for normal rats in Table III indicate that
the serum albumin: globulin ratio in white rats is
1 as contrasted with about 2 for this ratio in
man.

The edematous rats
In Table II the animals are listed in the order

of increasing water content in whole tissue, in
Table IV in the order of increasing water con-
tent of fat-free wet tissue. There is a very rough
correlation of increasing water contents with de-
creasing serum total nitrogen and serum albumin
figures. This correlation which is better when
calculated extracellular fluid contents are com-
pared with serum protein values will be discussed
below.

Calculations
The calculation of extracellular fluid was based

on the assumptions that all the sodium of the
muscle is in the extracellular fluid and that its
concentration in this fluid is 143.3 mM. per liter
of fluid, which is the mean of the seven values
determined for the concentration of sodium in
free fluids from edematous rats. The cell water

was calculated by difference between fluid water
and total water (using 99 per cent of the fluid
value as its water value). Finally, having made
an allowance of 4 mM. of potassium per liter of
extracellular fluid (this being the medium value
for potassium from among those reported for
various edema fluids by several authors (19, 20,
21)) the concentration of the remaining potas-
sium in the cell water was calculated. Because
of physiological variation of sodium concentration
in extracellular fluid a mean value cannot be con-
sidered as accurate for any individual animal
even if it is based on more determinations than
we had. Since a constant value (143.3) was
used for all our animals as a basis for the several
calculations, the inaccuracy involved here must
be reflected in an exaggerated variation between
animals in the final calculated result; namely, the
potassium concentration in the cell water.

The validity of the assumption that all muscle
sodium is in extracellular fluid is discussed be-
low. So also is the consideration that the con-
centration of sodium in this fluid should have a
slightly different value in the fluid of the normal
animal than that found in the edema fluids. Hast-
ings and Eichelberger (10) and Harrison, Dar-
row and Yannet (22) base their calculations on
the assumption that chloride is present only in
extracellular fluid and on chloride concentrations
found for each animal by applying the Donnan
ratio to the individual serum chloride figures.

DISCUSSION

Relation of edema fluid in muscle to serum
protein levels

In the figures for extracellular fluid content
of muscle at different serum protein levels we
have quantitative evidence that the muscle tissue
becomes slightly edematous with the first decrease
of serum protein, and that it becomes increasingly
so with decreasing serum proteins.6 This rela-

6The four animals, K+ A1 to K+ A4, though they
are included in Table I as normal animals, ought prob-
ably to be considered as on the borderline of fluid reten-
tion. Their diet was hardly adequate in protein for
growth, and this is reflected in a tendency to lower serum
protein as compared to other normals, and a tendency
to slightly higher muscle sodium and water values. The
average calculated extracellular water figure for this
group is consequently somewhater higher than that of
the other normal groups.
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tionship is plotted in Figure 1. It shows that
there are increasing slight accumulations of edema
fluid in the muscle while the serum total protein
values are dropping from 6.5 to 4.5, the serum
albumin values from 3.5 to 2.0, and that the
accumulation of fluid becomes progressively
greater when the serum total protein falls below
4.5 per cent and the albumin below 2.0 per cent.
Weech, Snelling and Goettsch (23) studied the
behavior of weight curves and their relation to

-Total
Protein

8

6~

5,

3,
Aib

The theory of a " critical level of plasma pro-
teins " which must be reached before edema oc-
curs has grown out of the circumstance that the
presence of edema can usually be ascertained only
by such gross methods as the following: body
weight increase, palpability, swelling of parts and
occurrence of free fluid in the cavities. More-
over, a completely rational filtration theory for
the mechanism of edema formation must include
the conception that filtration begins with the first

xowv

2'"in
4%

.1

900 200 - 3b0 ' 4bo -- 56

ExtroceJl4ulr fluid- rWiLlitliters per kloEfPari of tissue.
FIG. 1. THE RELATION OF THE EXTRACELLULARFLUID CONTENTOF MUSCLETO

THE SERUMTOTAL PROTEIN AND ALBUMIN VALUES.
The crosses represent values for normal animals and the dots for edematous

animals. The symbol f indicates that free fluid was found in these animals. The
extracellular fluid values per kilogram of whole tissue (Tables I and II) are
plotted on the same scale as the extracellular fluid per kilogram of fat-free tissue
(Tables III and IV).

declining plasma proteins as well as sodium, chlo-
ride, and nitrogen balances in dogs with nutri-
tional and plasmapheresis edemas. They con-
clude that there is no indication of " the existence
of a 'margin of safety' in the plasma oncotic
pressure which must be exceeded before retention
of salt and water begins " and that their " data
argue in favor of gradual fluid retention which
seems to accompany the entire process of plasma
protein depletion." It seems likely to us that this
situation exists in the tissues during the course
of plasma protein depletion in nephrosis, also.

decrease of the plasma oncotic pressure below the
level of the balancing pressures.

Relation of muscle protein nitrogen to potassium
In the normal rats of Table I the ratio of

muscle protein nitrogen to muscle potassium has
extreme values as far apart as 11.4 per cent of
the average ratio. It would seem then that as
related to cell protein the variation in amounts
of cell water, if this is determined by a constant
concentration of potassium, can reach the extreme
of about 12 per cent in normal tissues. If not,

I -4
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the variability in the ratio must be a combination
of variations in concentration of potassium in
cell water and in the amounts of cell water as

compared to cell protein. In giving this signif-
icance to the ratio of protein-nitrogen to potas-
sium the small amount of potassium in extracel-
lular water is disregarded. Gamble, Ross and
Tisdall (24) used the concept of a constant re-

lationship of cell protein to cell water, together
with their findings of potassium and nitrogen
excretion during starvation, as a basis for calcu-
lating intracellular water lost by protein metabo-
lism, and, by difference, the amount of intracel-
lular water lost due to reduction of cell volume.
The latter, they consider, is roughly determined
by the amount of glycogen depletion. Lavietes,
D'Esopo and Harrison (25) review Gamble's
reasoning and point out that the possibilities of
large variations in cell water without " change of
nitrogen or glycogen or even potassium balance
as the result of a change in the molar concentra-
tion of the body water as a whole through the
addition or removal of water without base or a

change in the concentration of sodium in inter-
stitial fluids, which necessitates an exchange of
water with the cells in order to restore osmotic
equilibrium " make it unreasonable to assume that
" cellular protein or glycogen is associated in
such fixed proportion with water that the excre-

tion of one inevitably entails the elimination of
an equivalent amount of the other."

It was therefore not to be expected that in the
course of progressing edema and starvation the
ratio of protein-nitrogen to potassium should be
maintained at a constant level, but with such a

range of variation in normals it is perhaps not

surprising that nine out of twelve of the rats in
Table II did maintain a ratio of muscle-protein-
nitrogen: potassium in the normal range or very

near its upper limit. Among these nine were two

of the most edematous animals in the group. The
nine ratios average somewhat higher (21.9) than
the normal average (21.4), indicating perhaps a

tendency to some loss of cell water accompanied
by potassium beyond that from protein metab-
olism or a tendency to lowered potassium con-

centration in the cell water. The three remaining
quite edematous animals showed a high ratio of
nitrogen to potassium, which means either a loss

of water and its base out of the cells beyond the
loss by protein metabolism or else a dilution of
potassium within cell water. The latter alterna-
tive is not consistent with the results in general
from calculations of potassium concentration
based on the intracellular water values, but in
the case of K3 which has the highest ratio, it
appears that there may be an unusual dilution of
potassium. However, a gross error in the potas-
sium determination of this one muscle could ac-
count for both the high ratio of its protein nitro-
gen to potassium and the low calculated potassium
concentration.

Osmolal concentrations of bases in the two com-
partments of tissue water

Weare indebted to Prof. A. B. Hastings for
his aid in clarifying our concept of how the values
of the various constituents of a tissue in terms of
a unit weight of tissue are affected by addition of
water to that tissue. In considering the amount
of fluid retention in any tissue it is misleading to
use the water percentage or grams of water per
kilogram of the original (normal) tissue as a
basis from which to calculate the retention in the
edematous tissue. A muscle, for example, which
had 750 cc. of water per kilogram to begin with
has had 250 cc. of water added to each kilogram
of original tissue to make it an edematous muscle
containing 800 cc. of water per kilogram. In
other words the fluid added is 25 per cent of the
original weight of tissue rather than only 5 per
cent. Or, more simply, from the solids stand-
point the 25 per cent solids are diluted to 20 per
cent solids which means a change to % of the
original bulk or addition of water equal to ¼
the original weight. In the new kilogram of
tissue then, there is 1250X 250 cc. = 200 cc. of
the retained water and the equivalents of sodium
and chloride ions retained with it. Now, if origi-
nally, all the sodium and chloride ions in the kilo-
gram of tissue were in solution in 150 cc. of its
water (extracellular portion) and 2 of the
original amount of sodium and of chloride ions
is present in the kilogram of new tissue, the new
kilogram of muscle now contains sodium and
chloride ions in amounts equivalent to 120 + 200
cc. of water if the sodium and chloride ions were
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added in the same concentrations as those in the
original extracellular water (plasma filtrate con-
centrations). Hence the quantity of sodium and
of chloride ions has increased per kilogram of
tissue from an amount equivalent to 150 cc. of
water to an amount equivalent to 320 cc. of water.
Each will have more than doubled in value, then,
while the water figure has increased only by %
of its original value. The increase in sodium
and chloride values per kilogram of tissue will
be related to the increase in water value as 170
is to 50 which would seem to make the added
sodium and chloride ions 3.4 times as concen-
trated in the added water as they really are. In
this fact lies the fallacy of Lepore's (26) con-
clusion that chloride found in the muscle was
" stored hypertonically." As Peters (27, page
137) points out " no interpretation can be made
without knowledge of the total osmolar concen-
tration in the interstitial fluids at the beginning
and at the end of each experiment," and for this
knowledge more complete data are required.
However, it is not necessary to assign the great
variability and the large values of Lepore's " mo-
larity of stored chloride " to " large technical
errors " as is done by Peters. Such variability
and such apparently tremendous excesses of
chloride as compared to water excesses are en-
tirely possible when the figures are treated in that
way. In the instances of only 1 per cent increase
of water content in a tissue the discrepancies
of excess chloride compared to excess water fig-
ures explainable by the above can even be more
than doubled if the average normal value for
water (used as a basis for calculation) happens
to be off by 1 per cent or more of what is really
normal for that individual animal. There is
enough variability in the water of muscles of
normal animals when fat is not extracted so that
an average value may easily be 1 to 2 per cent
off for an individual specimen. Hence molarity
figures for chloride in the neighborhood of 1.0,
as several that occur in Lepore's report, which
are 8 to 9 times plasma filtrate molarity, are
explainable by combination of this circumstance
with the fallacious handling of figures as outlined
above.

Though the calculations of amounts of extra-
cellular water, and by difference, amounts of

intracellular water, could be done with more as-
surance on the basis of chloride determinations
than on the basis of sodium, since all experimental
evidence seems to point to the conclusion that no
chloride whatever is to be attributed to muscle
cells (Peters (27, pages 132, 133)) yet the broad
conclusion of other workers that probably also no
sodium is to be found in skeletal muscle cells
(Peters (27, pages 129, 130)), gives us this basis
for using our sodium figures. With the findings
of Hastings and Eichelberger (10) in mind that
"approximately 5 mM. of sodium per kilo of
tissue" in dog muscle is attributable to the muscle
cells, and the following conclusion of Harrison,
Darrow, and Yannet (22) in mind also, that, " ex-
cept for the skeletal sodium and 10 per cent of the
sodium of dog muscle, all of the sodium of the
body can be accounted for in the same volume of
extracellular water which would contain the body
chloride," we admit the possibility that from 10
to 20 per cent of our sodium in normal muscles
should be excluded from calculation as osmotically
active extracellular sodium.7 Harrison, Darrow
and Yannet found practically no " extra sodium "
in the separate muscle determinations in rabbits,
however. No one has reported the relationship of
the muscle sodium to muscle chloride for rats, and
it is to be regretted that we do not have the neces-
sary data to do so. However, with 15 per cent
allowance for "extra sodium" our several nor-
mal 8 averages for extracellular fluid would be
lowered to 127 ml. (N group), 129 ml. (K + C1
to K + C4), and 136 ml. (Table III). As they
now stand the averages are 150, 151, and 160,
respectively. All of the extracellular water values
in normal rats, as they stand without correction
for " extra sodium," come within the range of 13
to 20 per cent of the muscle weight. This is in
agreement with the more or less general conclu-
sion from a variety of investigations concerning
the amount of interstitial fluid in muscle tissue
(Peters (27, pages 128, 130, 134, 141)). With a

7 For discussion of "extra sodium" see Peters (27,
pages 139 to 142). As a result of many perfusion experi-
ments with frog legs, Mond and Netter (15) come to
the conclusion that there is sodium in an amount up to
30 mgm. per cent which is not balanced by chloride,
bound in some way to the surface of the muscle fiber.

8Excluding the K + A group, see footnote 6 on page
358.
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15 per cent allowance for "extra sodium" the
great majority of extracellular water figures in
normal rats would fall below 150 ml. or 15 per

cent of the whole tissue, and would range down to
11 per cent of the whole tissue. This range has
some support also from the figures for interstitial
fluid in muscle of dogs calculated by Peters (27,
page 135) on the basis of Lepore's figures.

To carry along the effect of a 10 to 20 per cent
change in extracellular water figures into the sub-
sequent calculations would mean a 21/2 to 5 per
cent decrease in the concentration of potassium in
the intracellular water. Since our figures from
normal rats for potassium concentration in intra-
cellular water seem to run somewhat high (154 to
178) as compared to those given for muscle and
various other tissues in various animals (22)
(muscle: one dog, 132; one monkey, 143; one

rabbit, 122; other tissues: 109 to 155) it might be
argued that the " extra sodium " allowance would
bring them closer to other muscle figures. How-
ever, it might equally well be argued, as shown
above, that it would bring the extracellular water
figures out of line with those reported figures that
are in the neighborhood of 17 to 20 per cent
(Peters (27, pages 130, 134, 141 ) ). Besides, our

figures for concentration of sodium plus potassium
in total water also average higher than other re-

ported figures. Light, Smith, Smith and Ander-
son (28) give figures ranging from 125.4 to 176.6
on whole rat bodies, and Harrison, Darrow, and
Yannet (22) show results for muscle of one dog,
144; one monkey, 149; one rabbit, 127; while for
other tissues in these animals they give sodium plus
potassium concentration ranging from 139 to 175.
The range of 153 to 171 covers all of our sodium
plus potassium concentrations per liter of total
muscle water in normal rats. Our average in
Table III is no higher than the one figure cal-
culated from the Katz analysis of human muscle
as shown by Peters (27, page 129) though the
relative amounts of sodium and potassium are

quite different from these figures for human
muscle, and as Peters points out the Katz figures
seem to run higher than other reported muscle
figures. At any rate, for a comparative study as

between normal and edematous rats, of the osmotic
concentrations of potassium or sodium in their

respective compartments of water, the "extra
sodium " can be disregarded.

Relation to edema
In general, the relations of sodium and potas-

sium to muscle water in our rats with a nutritional
edema and hypoproteinemia are such as to indicate
that the stored sodium and water can be entirely
accounted for by an accumulation of ultrafiltrate
of the plasma. The extracellular fluid per kilo-
gram of tissue may reach an amount as great as
three times the normal with no significant change
in the osmolal concentrations in the two compart-
ments of muscle water. This is the broad con-
clusion resulting from comparison of the values
for sodium plus potassium per liter of total muscle
water and for concentration of potassium per liter
of cell water in the normal animals with the same
values in the edematous animals. A more de-
tailed analysis of these figures can be had from
Figure 2, and from the following discussion of
the tables. For the first series of edematous ani-
mals in Table II the average values are essentially
the same as the complete average for the first
series of normal animals in Table I, though there
is more variation in these values among the
edematous group. For values of concentration
of potassium in cell water there are three higher
than the highest normal and one (K8) so much
lower than the lowest that there seems a possi-
bility of technical error as mentioned above. For
the second series of edematous animals, Table IV,
these average values are 5 and 8 per cent higher
than the same averages for the second series of
normals, Table III. As before, there is also more
variation than among the normal group but this
second normal group itself shows much more
variation than the earlier normals, and the average
figure for sodium plus potassium concentration
is 5 per cent lower, the potassium concentration
6 per cent lower than the corresponding figures
in the first normal series. Were this last edema-
tous series to be compared with the earlier nor-
mals then, it would hardly show any significant
difference in average values. It is perhaps more
reasonable to make the comparison with the group
of normals which was dieted coincidentally and
in which the procedure for analyses was the same.
From this comparison it might be concluded that
there is a tendency for slightly higher osmotic
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FIG. 2. THE CONCENTRATIONOF MUSCLE BASES IN RELATION TO THE WATERCONTENTOF THE

MUSCLE.
The crosses represent values for the concentration of Na + K in total water, and the dots,

values for the concentration of K in calculated cl

concentrations in the total muscle water of edema-
tous rats than in the muscle water of normal rats.
This could be a reflection of a slightly higher than
normal sodium concentration in the plasma of
edematous rats, which might show its effect in
the tissues as an increased sodium concentration
in interstitial fluid, and, in consequence, by a shift
of water out of the cells to satisfy osmotic equilib-
rium, an increased potassium concentration in
the cell water. Darrow and Yannet (29, 30) have
shown definitely that the shift of water between
erythrocytes and plasma is such as to reestablish
osmotic equilibrium when a change from the nor-

mal has occurred in the osmolal concentration of
the plasma. As these authors and Peters (27,
pages 144, 145) argue, the same is to be expected
between other cells and the fluid surrounding
them. Without serum sodium figures to estab-
lish a relationship between the muscle bases and
the chief base of the serum, we cannot go beyond
conjecture on this point. At any rate, the in-
creased base concentration in these edematous rats
is not out of physiologic range, and must theo-
retically be shared by both the intracellular and
extracellular water. This would indicate that the

figure used for sodium concentration in the inter-
stitial fluid of normal animals should have been
slightly lower than that of the edema fluids.
There seems to be no correlation of this tendency
to higher base concentration with the degree of
edema.

CONCLUSIONS

Lack of vitamin G is not significant for the
occurrence of edema in young rats on a protein-
poor carrot diet. The addition to the diet of as

small an amount as 0.05 gram daily of a bio-
logically good protein causes some delay in the
edema formation.

The ratio of albumin to globulin in normal rat
serum is equal to 1, as contrasted to approximately
2 in normal human serum. The loss of serum

protein in rats with a nutritional edema is more

at the expense of serum albumin than serum

globulin, as in the human edema, so that the ratio
of serum albumin to globulin becomes less than 1.

The calculated values for amounts of extra-
cellular water in muscle with declining serum pro-
tein values indicate that the retention of fluid in
the muscle begins with the first loss of serum

Values from Tables I and 1H.
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protein and progresses with increasing hypopro-
teinemia. This finding argues against the concept
of a "critical level" of plasma proteins for the
formation of edema fluid. The progressively
greater accumulation of edema fluid in the muscle
when the plasma protein drops below 4.5 per cent
correlates with the gross findings in clinical
edemas.

In general, the values of muscle sodium and po-
tassium, and of muscle water in rats with a nu-
tritional edema are such as to be accounted for
by normal concentrations of sodium in extracellu-
lar water and potassium in intracellular water.
An appreciable number of edematous animals did
show a 5 to 8 per cent increased concentration for
these two bases combined, but this is not out of
physiologic range of osmolal changes. The
theory that the accumulation of fluid in the tissues
in conditions of hypoproteinemia is simply a result
of ultrafiltration through the capillaries caused by
the reduced plasma osmotic pressure is compatible
with these determinations of the predominant
bases in edematous rat muscles.
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