GASTROINTESTINAL WATER AND ELECTROLYTES.

I. THE EQUILIBRATION

OF RADIOSODIUM IN GASTROINTESTINAL CONTENTS AND
THE PROPORTION OF EXCHANGEABLE SODIUM (Na,)
IN THE GASTROINTESTINAL TRACT!

By I. S. EDELMAN 2 anp N. J. SWEET

(From the Department of Medicine, University of California School of Medicine, and the San
Francisco Hospital, San Francisco, Calif.)

(Submitted for publication September 14, 1955; accepted December 19, 1955)

The concept of the partition of body water and
electrolytes into two anatomical entities, extra-
cellular and intracellular fluid, is well established.
This is based on their fundamental differences in
electrolyte structure (1). More refined definitions
of water and electrolyte anatomy have become
possible by the application of tracer dilution meth-
ods to im vivo estimation of body water and elec-
trolyte content (2, 3). Thus, ideas on the organi-
zation of extracellular fluid have undergone dis-
tinct evolution in recent years. It has been pointed
out that the equilibration properties of sodium in
bone and of inulin and thiosulfate in dense con-
nective tissue distinguishes the extracellular phase
of these tissues from free interstitial fluid (4, 5).
The proposal has also been made that the term
transcellular fluid be applied to those extracellular
fluids which are not in simple diffusion equilibrium
with plasma and are probably formed as a result
of active cellular transport mechanisms (3). This
would include fluid in the gastrointestinal tract,
joint spaces, synovial sacs, cerebrospinal canal,
anterior chamber of the eye, glandular ducts and
acini, and in the renal tubules. The physiological
significance of transcellular fluids will depend, in
part, on the volume of these fluids and the extent
of exchangeability of their individual components.

This and the three articles to follow (6-8) will
report the results of studies on the magnitude of
intraluminal gastrointestinal water and electrolytes
in rabbits and humans and on the equilibration of

1 This work was carried out under grants from the
American Heart Association, the United States Public
Health Service (Grant No. H-1441), the Fleischmann
Foundation, the San Francisco Heart Association, the
Paul and Susan Gardiner Fund and the McKee Fund as-
signed by the Medical Research Committee of the Uni-
versity of California School of Medicine, San Francisco.

2 Established Investigator of the American Heart
Association.

gut water and electrolytes with body water and
electrolytes, using tracer indicators, in rabbits.
These studies were undertaken because a) the
gastrointestinal contents probably contribute con-
siderably to the volume of transcellular fluid, and
b) it has been shown that there is rapid bi-di-
rectional transport of water and electrolytes be-
tween blood and the intestinal lumen (9). In
some commonly used laboratory animals, such as
the rabbit and guinea pig, intraluminal gastroin-
testinal water content estimated by desiccation
methods constituted a major subdivision of body
water (10).

This communication presents observations on
a) the amount of intraluminal gastrointestinal so-
dium relative to total exchangeable sodium (Na,)
and the extent of radiosodium exchange equilib-
rium in gastrointestinal contents in rabbits and b)
the amount of intraluminal gastrointestinal sodium
in human cadavers.

METHODS

A. Rabbits

Forty adult albino rabbits were studied in pairs con-
sisting of a male and a non-gravid female. The animals
were allowed to consume pellets and water ad lbitum
until the time of injection, or else water was allowed
ad libitum but food was withheld for a variable period
of time before sacrifice. The average sodium intake prior
to fasting was 15 mEq. per day. Figures 1 and 2 de-
pict the periods of fasting up to the time of sacrifice.

All animals were injected intraperitoneally with 100
to 150 microcuries of Na®Cl® from calibrated syringes.
The injected solution was made isotonic with NaCl,
sterilized and neutralized to pH 7.0. Isotopic purity was
evaluated by prolonged observations of the rates of decay
on aliquots taken from each shipment. At the time of

radioassay there was less than 8 per cent contamination

3 Prepared by deuteron bombardment of Na®Cl in the
60 inch cyclotron in the Crocker Radiation Laboratory,
University of California, Berkeley.
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THE EFFECT OF SHORT FASTING PERIODS ON
TOTAL EXCHANGEABLE SODIUM CONTENT
IN THE RABBIT
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with P®, The scintillation counting technique employed,
however, detects virtually none of this contaminant since
P*® electrons are absorbed by the shield in this system.
Urine and stool passed during the period of isotope equi-
libration were collected in metabolism cages. The rabbits
were anesthetized with 2 ml. of 2 per cent Nembutal®
administered into a dorsal ear vein 20 to 26 hours after
injection of radiosodium and then were weighed to the
nearest gram. Cardiac blood was drawn by puncture
through the intact chest wall. The abdominal cavity
was opened, and all bladder urine was aspirated and
pooled with the cage urine. Double ligatures were placed
at the cardia of the stomach, pylorus, ileocecal valve and
the mid-transverse colon. The intact serosal surfaces
were washed with distilled water and carefully dried to
prevent contamination of the pans with blood. The rub-
ber gloves worn by the experimenters were carefully
washed off with distilled water. Each segment of the
gastrointestinal tract was removed separately, opened along
the long axis, and the contents were carefully emptied
into distilled water-rinsed containers. The mucosal sur-
faces were stripped as gently as possible, but a thin layer
of mucus invariably clung to the mucosal surface. Ab-
solute recovery of gastrointestinal contents was not at-
tempted in order to avoid bleeding or epithelial damage.
The evacuated contents were transferred quantitatively to
graduated cylinders with multiple rinses using more than
100 ml. of distilled water in every instance. The volumes
were recorded, and aliquots were filtered through glass
wool. Aliquots of serum, gastrointestinal contents, urine
and stool were taken for radioactive assay and chemical
analysis.

One-ml. aliquots of serum, gastrointestinal contents and
urine were plated in triplicate on filter paper, dried under
an infra-red lamp and covered with parafilm. Three
separate dilutions of the injected solution were each
plated in triplicate and processed as above. Radioactivity
assays were carried out with an aluminum-covered end-
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window, thallium-activated sodium iodide scintillation
counter and autoscaler. Preliminary observations re-
vealed that self-absorption loss was not encountered up
to twice the quantity of solids present in the experimental
samples and that coincidence loss was not detected up to
five times the counting rates of the experimental sam-
ples. All samples, however, were corrected for back-
ground and radioactive decay (Tis = 15.04 hours [11]).
A minimum of 5,000 counts were collected on each
planchet.

Triplicate sodium analyses were made from duplicate
dilutions on aliquots of serum, gastrointestinal con-
tents, urine and stool with a lithium internal standard
flame photometer (Baird Associates—Na II filter). Since
random samples of gastrointestinal contents contained less
than 12 mEq. per liter of calcium, a correction for the
contribution of calcium emission to sodium assays was
unnecessary.

B. Human subjects

Thirteen human subjects were studied at the time of
postmortem examination. The gross and microscopic
postmortem findings, as well as the age, sex, body weight
and height of each subject, were recorded. Patients with
demonstrable edema or organic gastrointestinal disease
were eliminated from the study.

Double ties were placed at the cardio-esophageal junc-
tion, the pylorus of the stomach, the ileocecal valve, and
just distal to the hepatic flexure of the transverse colon.
The tract was separated into segments by cutting be-
tween ties and removed from the peritoneal cavity. The
serosal surfaces were trimmed, washed with distilled
water, carefully dried, and each segment of the tract
weighed on a torsion balance to within 1.0 gram. Each
segment of the tract was opened along its long axis.
The mucosal surfaces were stripped with a gloved finger,
and the contents transferred to distilled water-cleaned
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pans, using multiple distilled water rinses. The wall of
each portion of the tract was carefully dried and re-
weighed. A thin layer of mucus invariably clung to the
mucosal surfaces at the end of these manipulations. The
gastrointestinal contents were homogenized, the total
volume recorded using graduated cylinders, and aliquots
were taken for estimation of total solids, chloride, sodium
and potassium.

Triplicate sodium analyses were made from duplicate
dilutions of the separate gastrointestinal contents with a
lithium internal standard flame photometer (Baird As-
sociates—Na II filter).

CALCULATIONS

A. Rabbits

The total exchangeable sodium content (Na,) was cal-
culated from the dilution formula (2):

Nai" - Nao"
Nao = a/Nam 0
where:

Na = injected radiosodium in counts per minute.

Na * = radiosodium excreted in the urine (bladder plus
cage urine) to time of equilibrium blood sample.

Na/Na,® = serum specific activity at equilibrium of
distribution in counts per mEq.

In these studies the equilibrium samples were obtained
20 to 26 hours after administration of the radiosodium
solution. Urinary loss of radiosodium during this period
averaged 6.6 per cent of the injected amount, with a range
of 2.2 to 10.7 per cent.

The degree of ionic exchange of intraluminal sodium
with serum sodium was evaluated by relating gastrointes-
tinal specific activities to the serum specific activities.
The fraction of the tissue element, in this case intraluminal
sodium, exchanged with serum element is given by the
formula:

(S.A):

Specific activity ratio (S.A.R.) = F.E. = A, ©
where:
F.E. = fraction exchanged.

(S.A.); = Na*/Na¢® = tissue specific activity at equi-
librium of distribution in counts per mEq.
Na,*/Na,® = serum specific activity at equi-
librium of distribution in counts per mEq.

(S.A)s =

The derivation of this formula requires that the serum
specific activity be constant or almost constant at the time
of tissue sampling (4). Although equating the specific

.. . (S.A)e
activity ratio GA).
orously precise, it is sufficiently accurate for the purposes
of this study.

to the fraction exchanged is not rig-

B. Human subjects

The intraluminal gastrointestinal sodium content has
been expressed as an absolute quantity (mEq.), as the
amount per unit of body weight (mEq. per kgm.) and as a
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per cent of the “predicted” total exchangeable sodium
content (¢f. Table VI). To reduce the data to a fraction
of the labile pool of body sodium it was necessary to pre-
dict the Na, in each subject. For this purpose we used
the previously published normal standards (12), rather
than attempting to take into account deviations induced
by a particular disease state. The mean value listed in
these tables was applied to each patient according to sex
and age, using the body weight as the reference unit. In
studies on patients with a wide variety of disease states,
the Na, was invariably found to be less than twice the
expected normal values in edema-free subjects (13). It
seems most likely, therefore, that the gastrointestinal
sodium content expressed as per cent of the Na, is accurate,
at least to within a factor of 2 as a postmortem estimate.
The absolute error resulting from agonal or postmortem
migration of sodium across the gastrointestinal mucosa is
unknown. The method employed has the advantage of
eliminating the possibility of weighting the data by arbi-
trary selection of a predicted Na, value.

RESULTS
A. Rabbits

To evaluate the possibility of sex-linked differ-
ences in either total exchangeable sodium content
or the relative amount of intraluminal gastroin-
testinal sodium content, the rabbits were studied
in pairs consisting of a male and a non-gravid fe-
male. The pairs of animals were subjected to
identical fasting periods. Table I details com-
parisons of the Na,, Na, per kgm. of body weight
and the “total” gastrointestinal sodium between
male and female rabbits matched for age and body
weight. “Total” gastrointestinal sodium refers to
the intraluminal sodium content of the gastroin-

TABLE 1

The exchangeable sodium (Na,) and gastrointestinal sodium
content of male versus female rabbits

Male Female t P

Number 16 16
Bodywelghtm

kgm.+s.d.* 2.144+0.20 2.09+0.12 0.83 >0.4
Na, in

mEq.+s.d. 96.5 6.5 96.5 7.3 0 1.0
Na.lbod weightin

Il}:'gmgl:sd 45.3 £2.3 46.2 £2.3 1.07 >0.2

“Total" G-I so-

diumt as % of

Na,=+s.d. 140 +2.1 143 24 037 >0.7

tsd = 4 Fi‘.;_i)'

t “Total” G-I sodium refers to the intraluminal sodium
content of the gastrointestinal tract from the cardia of the
stomach to the mid-transverse colon.
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testinal tract from the cardia of the stomach to the
mid-transverse colon. The p values for either
body sodium content or the proportion of body so-
dium within the gastrointestinal tract do not
achieve statistical significance. Because of these
findings subsequent tabulations were made without
regard to the sex of the individual animals.

Since the quantity of sodium in the gastroin-
testinal contents could be a function of food intake
either by direct addition or by stimulation of gas-
trointestinal secretions, the effect of short fasting
periods on the Na, and “total” gastrointestinal so-
dium expressed as per cent of Na. was investi-
gated ; the results are depicted in Figures 1 and 2.
The periods of fasting varied from 8 to 43 hours.
Within this interval as judged by the slope “A,”
there is an insignificant effect on Na. (A= +
0.03 per hour) and on the gastrointestinal fluid so-
dium content (A = — 0.03 per hour). These data
indicate that short fasting periods insured basal
gut fluid sodium contents without depletion of
body sodium or shifts of sodium from the lumen of
the gastrointestinal tract to the carcass.

Table II enumerates two fundamental param-
eters of body sodium anatomy, namely, the serum
sodium concentration and the exchangeable sodium
content, Serum sodium concentrations averaged
145 = 4 mEq. per liter, essentially the same as in
humans. Exchangeable sodium content averaged
46.0 = 2.0 mEq. per kgm. of body weight, whereas
in humans the Na, averages 41.0 =5 mEq. per
kgm. (12).

Exchange equilibrium between gastrointestinal
sodium and body sodium was evaluated by ex-
pressing the specific activity of gut fluid as a
fraction of the serum specific activity (cf. Table
III). The values of 0.95 %+ 0.128 for stomach,
0.97 = 0.045 for small intestine, 0.99 = 0.049 for

S0S

TABLE II
The exchangeable sodsum (Na,) content in the rabbit *

Body Serum Exchangeable Na
weight Na mEq./
kgm. mEq./L. mEq. kgm.
Number 35 35 35
Mean 2.12 145 97.4 46.0
s.d. +0.21 +4 +7.1 +2.0
Coefficient of
variation 10.0% 2.8% 1.3% 4.3%

* Fasting period varied from 8 to 43 hours prior to
sacrifice.
cecum and transverse colon, and 0.99 = 0.036 for
the “total” gastrointestinal tract indicate that all
of the gut sodium is freely exchanged with extra-
cellular sodium. The small differences from unity
were evaluated by the formula:

_100—-%
s.e.

t (€)]

where:

X
s.€.

mean value
standard error

The p value for small intestine sodium exchange
is < 0.02 and does achieve statistical significance.
However, the quantity of sodium involved (3 per
cent) is negligible.

The magnitude of intraluminal gastrointestinal
sodium content is summarized in Table IV.
“Total” gastrointestinal sodium is 14.2 = 2.4 per
cent of the Na.; with the smallest fraction in the
stomach, 0.9 = 0.4 per cent of the Na,, an in-
termediate amount in the small intestine, 3.2 %= 1.2
per cent of the Na,, and the major portion in the
cecum and proximal transverse colon, 10.2 += 2.1
per cent of the Na,. The proximal segment of
the large bowel, therefore, contains 72 per cent
of the total gastrointestinal sodium in the normal
rabbit.

TABLE III
The equilibration of Na* with intraluminal gastrointestinal sodium in the rabbit*

Fasting Specific activity ratiot
period
Number hours Mean s.d. t P
Stomach 17 20-24 0.95 +0.128 1.61 >0.1
Small intestine 17 20-24 0.97 +0.045 2.74 >8.81
<0.02

Cecum and transverse colon 17 20-24 0.99 +0.049 0.84 >0.4
“Total” G-I 35 843 0.99 =+0.036 1.15 >0.2

* Na*Cl was injected intra

ritoneally 20 to 25 hours prior to sacrifice.

t This ratio was obtained by dividing the specific activity of the gastrointestinal contents by the specific activity

of the serum.
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TABLE IV
The intraluminal gastrointestinal sodium content in the rabbit

Cecum and
Stomach Small intestine transverse colon “Total” G-I*
mEq. %ofNas mEq. Y%ofNa. mEq. %of Nae mEq. %ofNa.

Number 17 17 17 35
Fasting period in hours 20-24 20-24 20-24 8-43
Mean 0.8 0.9 3.1 3.2 10.0 10.2 13.7 14.2
s.d. +04 +04 +1.1  +£1.2 +2.0 +2.1 +24 +24
Coefficient of variation 50% 44% 35% 31% 20% 20% 18% 11%

* “Total” G-I sodium refers to the intraluminal sodium content of the gastrointestinal tract from the cardia of the

stomach to the mid-transverse colon.

The impressive amount of sodium in the cecum
and proximal transverse colon raises the possibility
of fairly large rates of sodium loss in the stool.
This question was examined by measuring the in-
traluminal sodium content of the descending colon
and rectum and by quantitative 24-hour stool col-
lections during short fasting periods (16 to 41
hours). The results are listed in Table V. The
distal large bowel had a mean sodium content of
1.9 per cent of the “total” gastrointestinal sodium
content, and the rate of stool sodium excretion
averaged 0.40 mEq. per day, which is equivalent
to 2.9 per cent of the “total” gastrointestinal so-
dium or 0.41 per cent of the Na,. The cecal mech-
anism for sodium conservation is apparently quite
efficient.

B. Humans

The results obtained on postmortem examina-
tion are listed in Table VI. The interval from the
time of death to the time of collection of gastro-
intestinal contents varied from 6 to 22 hours.
Perusal of the data indicates that there is no gross
relation between the quantity of gastrointestinal

TABLE V

The sodium content of the distal colon and the rate of
stool sodsum excretion in the rabbit

Descending colon Stool sodium per
and rectum

24 hours
“Total" Total “Total”
m 9'&w{.s'odium mEq. 7&?{ sodium*
}I:_Iumber od 8 16
‘astin; i
in lu:»gupr:rl 22-41 1641
Mean 0.28 1.9 0.40 2.6
Range 0.06-0.56 0.6-4.1 0-1.47 0-8.2

* “Total” G-I sodium refers to the intraluminal sodium
content of the gastrointestinal tract from the cardia of the
stomach to the mid-transverse colon.

sodium and the interval between death and post-
mortem examination. The smallest quantity of
gastrointestinal sodium (154 mEq.) was found
in a patient with an 11-hour postmortem interval;
the largest amount (70.5 mEq.) was found in a
patient with a 12-hour postmortem interval. This
series consisted of 13 patients, 8 males and 5 fe-
males, varying in age from 50 to 77 years. The
clinical and pathological features of these cases
are summarized in the appendix.

To express the intraluminal gastrointestinal so-
dium content in terms of the total labile pool of
body sodium, a predicted Na, was calculated for
each case from previously published normal val-
ues (12), taking into account the patient’s age,
sex and body weight. Mean “total” gastrointes-
tinal sodium was 0.54 mEq. per kgm. of body
weight, or 1.6 per cent of the predicted Na,.
Stomach and proximal large bowel sodium con-
tents almost equaled each other, averaging 0.18
mEgq. per kgm. of body weight, or 0.45 per cent of
the predicted Na,, and 0.14 mEq. per kgm. of
body weight, or 0.36 per cent of the predicted
Na,, respectively. Small bowel contents con-
tained the largest fraction of gut sodium with
a mean value of 0.30 mEq. per kgm. of body
weight or 0.74 per cent of the predicted Na..

DISCUSSION

Sodium is universally present, usually in high
concentrations, in body secretions. In humans
the lowest concentrations of sodium tend to occur
in stomach and cecal aspirates, averaging 60.4
and 52.5 mEq. per liter, respectively, while the
highest concentrations occur in biliary and pan-
creatic secretions, averaging 1489 and 141.1 mEq.
per liter, respectively (14). Nevertheless, so-
dium in the gastrointestinal tract has been ignored



507

GASTROINTESTINAL SODIUM

T 6T SOL 80 ¥€0 S'IT €8T SL'0 8'0F ST'1 6£°0 9'ST
=L’0 —0£°0 -¥'ST 0 0 -0 -¥1'0 -90°0 -4°¢ -90°0 -¢0°0 -4’1 :a3uey
9T ¥§°0 1'se 9¢'0 ¥I'0 €8 .0 00 6'91 S¥0 810 66 ‘U
Tt 6’1 SOL 80 ¥¢'0 8'81 €8'T SL°'0 80V 6¥°'0 070 601 0£T'T ¥ 9L (A p400 [eulds [EIAID
Jjo uoneziuiPAwWSp onewnel], €1-W
§'1T 790 ¢eh 670 710 T8 8L°0 €0 Tt s¥'0 81'0 6°C1 098°C 0'04 0s L Areyinyid
jo ewoudpe aqoydowotyd ZI-W
0T 680 1'ST 95°0 €70 6'%1 ¥I'0 900 L€ ST0 o010 S99 09'T ' i 9 uonorejul
[eipaecofuwr Jua.LINY  TI-N
80 €0 V1T 90°0 700 91 99°0 LT0 T'81 900 700 L1 08L'c 089 65 61 e3J0e 3ulpuadse
Jo wisAnaue 3undessiq  OI-W
¥l ¥S0 T'se 0 0 0 L0 ST'0 96 00’1 6£°0 9°ST 0L5'T 0's9 9 0t sisoquioy} [eIqaId)  6d
¥'c 660 €79 £8°0 ¥¢£'0 S'IT o¥'1 850 V9f L1°0 L0°0 SV 065°‘T e 69 91 efuownaudoyouoiq
pue suejide sisA[ered 8-
'l €¥0 04T 92’0 01’0 99 1,0 870 L4t 110 %0°0 4°C 00S‘T ¥e9 89 (44 35e3s[P 3183Y OROII[OS
-oLI33Ie pue dAISUIAAY  L-A
6T LLO LYY 18°0 T€0 L'8T Lo v1'o v'8 L0 080 91 00£°‘T 8 9 9 epeeworeydaous ym
SISOJO|ISOLI9}IR [BIQIISD)  9-d
€T S60 STV 820 11'0 6% 180 €£0 ¥¥1 ST1 1§50 7Tt 084°1 ey ¥9 L u::rm
JO BWIOUdIED [[30 showen S-N
'y evo ¥ ¥1°0 SO0 1€ 80 7£0 881 1’0 %00 S°C 00€'C 78S  ¥S 6 Jowmy Lreymild ¥4
I 090 192 ¥I'0 900 LT 090 97°0 ¥I1 £€9'0 870 0Tl 068°1 9'tY Is (44 95LISIP
Ie[noseaoipied asualRdA £
L'0 0£0 ¥'St 110 %00 €7 170 L1'0 88 170 800 %% ozr'e Y €S 1 S1soud3s [enjjw
Y3ia aseasip Jreay onewmeyy  T-IN
¥l SS0 61 £€€°0 €10 9% L0 870 6'6 €0 ¥10 LY 08¢€'1 0'S¢ LL 9  UOnIIejul [eIpJecOAW JUY -4
Y Y - Sl -
paRpPad  Apog walow
10 ..Je0L,, uo[0d WIdA8UBIY supsARu} [rews yorwoys -804

rewjxoxd pus wndI)

Wa140U1S0G PAAPNIS 192LqNS UDWNY Y1 UL JUU0 UNIPOS (DULSIUIOLISDS 1DUIUNIDIIU]
IA 279VL



508

in past considerations of body water anatomy.
This is in spite of the fact that in many species the
volume of intraluminal gastrointestinal fluid is
considerable (10, 15).

The justification for separate identification of
gut lumen contents rests firmly on both anatomical
and physiological grounds. Anatomically, gastro-
intestinal sodium is clearly extracellular and falls
in the same general category as plasma and in-
terstitial fluid. However, the similarity ends there,
Visscher and his co-workers have shown that the
intraluminal gut-plasma concentration ratios for
sodium, chloride and hydrogen ions may exceed
100; that water may enter the intestinal phase
against a concentration gradient ; that sodium may
leave the intestinal phase against a concentration
gradient; that the total flux of sodium ion across
the intestinal mucosa is higher at the oral end;
and that the flux of sodium out of the intestinal
lumen relative to inward flux is greatest at the
aboral end of bowel (9, 16-18). These findings
indicate that exchange across the gastrointestinal
mucosa probably involves active transport mecha-
nisms and is not entirely a function of simple dif-
fusion or pressure gradients. The decreased trans-
port of sodium from ileal loop to blood during
adrenal cortical insufficiency (19) and the de-
creased gastrointestinal sodium content in ACTH-
treated, fasted, nephrectomized rats (20) support
this conclusion, since hormonal influences on ac-
tive transport mechanisms are well known.

The gastrointestinal specific activity ratios of
0.95, 0.97, 0.99 and 0.99 for stomach, small in-
testine, proximal large bowel and “total” gastro-
intestinal contents, respectively, confirms the com-
plete exchangeability of gastrointestinal sodium.
This phase of sodium is, therefore, an integral
part of the body pool of labile sodium. The la-
bility of gastrointestinal sodium is undoubtedly not
unique for rabbits, since it has been shown that
there is rapid blood-to-gut (both small and large
bowel) lumen transport of sodium in dogs and
blood to gastric juice transport of sodium in hu-
mans (18, 21). These data also indicate that esti-
mates of total exchangeable sodium by radioso-
dium dilution include intraluminal gastrointestinal
sodium, as is the case in other transcellular fluids,
such as cerebrospinal fluid and pancreatic juice
(21-23). Isotopic exchange, however, does not
indicate the nature of the mechanism of gastro-

I. S. EDELMAN AND N. J. SWEET

intestinal transport. It establishes that there is
blood-to-gut transport but does not distinguish
among passive diffusion, exchange diffusion, elec-
troosmosis or active transport dependent on meta-
bolic energy.

The amount of intraluminal gastrointestinal so-
dium in the rabbit is substantial. It is of interest
that in this species, 14.2 per cent of the Na, is in
the gut, and 72 per cent of this quantity or 10.2
per cent of the Na, is in the cecum and proximal
half of the transverse colon. The distal colon con-
tains only 1.9 per cent of the “total” gastrointesti-
nal sodium, and the stool excretion rates averaged
2.9 per cent of the “total” gastrointestinal sodium
or 0.4 per cent of the Na, (cf. Table V). Vis-
scher, Varco, Carr, Dean, and Erickson (18)
found that sodium flux out of the colon exceeded
sodium flux into the colon considerably in dogs.
Judged by these findings the proximal and mid-
colon conserve sodium quite efficiently. The hu-
man gastrointestinal tract may contain much less
sodium than the rabbit’s, since postmortem analy-
ses gave values averaging 1.6 per cent of the pre-
dicted Na., and its distribution differs in that the
small intestine contains 46 per cent of this quan-
tity, with the remainder about equally distributed
between the stomach and proximal colon (cf.
Table VI). We cannot assume, of course, that
these values apply to the living normal subject.
Differences in gastrointestinal sodium content be-
tween rabbit and postmortem man may have sig-
nificance, however, in view of similar differences
in intraluminal gastrointestinal water contents be-
tween various species noted by Cizek (10). The
collection of gastrointestinal fluid at postmortem
after catastrophic illness, needless to say, does
not afford a sound basis for estimating normal
values. The justification for this examination
rests in the fact that animal data cannot be trans-
posed to humans. Indeed, premortem shifts of
sodium under hormonal or other physiological in-
fluences may account for the low intraluminal so-
dium contents found in the human subjects.

The total exchangeable sodium of normal adult
humans averages 41.0 mEq. per kgm. of body
weight (12, 21, 22). The young adult rabbit has
a mean Na. of 46.0 mEq. per kgm. of body weight,
which is significantly greater than the human val-
ue (cf. Table II). This difference may be due,
at least in part, to greater intraluminal gastroin-
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testinal sodium content in the rabbit. “Total”
gut sodium averages 14.2 per cent of the Na,,
which is equivalent to 6.5 mEq. per kgm. of body
weight (cf. Table IV). In the human subjects
studied postmortem, “total” gastrointestinal so-
dium averaged 0.54 mEq. per kgm. of body weight.
The additional 6.0 mEq. of sodium per kgm. of
body weight in the rabbit gut would, therefore,
neatly match the difference in the Na, of 5.0 mEq.
per kgm. of body weight between the two species.
Since postmortem studies after catastrophic ill-
ness are obviously not adequate for judgment of
normal values, there is a need for further studies
in human subjects, particularly in previously well
individuals soon after sudden accidental death.

Kruhgffer (24) estimated the interstitial fluid-
plasma volume in rabbits by inulin volume of dilu-
tion to be slightly less than 20 per cent of the body
weight. This volume would contain approxi-
mately 60 mEq. of sodium. If there is a shift of
sodium from the gastrointestinal tract to the in-
terstitial-plasma compartment in response to meta-
bolic need, gut sodium could replace up to 20 per
cent of the interstitial-plasma sodium in rabbits.
During short fasting periods, however, we found
little or no redistribution of sodium between gut
and carcass (cf. Figure 2). In humans, shifts
into this compartment might produce significant
internal loss of sodium from the interstitial-plasma
compartment. The finding of decreased fecal
extraction of sodium with cation exchange resins
in patients with edema suggests that disease states
may alter sodium exchange or induce shifts of
sodium across intestinal mucosa (25).

The equilibration of radiosodium with transcel-
lular sodium is of significance in the interpretation
of body sodium anatomy based on simultaneous di-
lution methods using inulin and sucrose. These
saccharides apparently do not penetrate gastric
juice, bile or cerebrospinal fluid (24, 26-28).
The estimation of intracellular sodium by subtrac-
tion of the sodium in the inulin or sucrose volume
of dilution from the total exchangeable sodium
would therefore be in error in proportion to the
quantity of transcellular sodium in the animals
under study.

SUMMARY

Intraluminal gastrointestinal sodium content was
measured in rabbits and in humans studied post-
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mortem. In the former, gut sodium was referred
to Na, estimated with Na?¢, while in the latter,
gut sodium was referred to predicted Na values.

Total exchangeable sodium averaged 46.0 =
2.0 mEq. per kgm. of body weight in rabbits. Of
this, 14.2 = 2.4 per cent was found to be in the
gastrointestinal tract, with 0.9 = 0.4 per cent in
the stomach, 3.2 = 1.2 per cent in the small in-
testine, and 10.2 = 2.1 per cent in the proximal
half of the large intestine. Radiosodium exchange
equilibrium was virtually complete 24 hours after
injection at all levels of the gastrointestinal tract.
Fasting periods of 8 to 43 hours did not affect the
quantity or distribution of gastrointestinal sodium
to any appreciable extent. No significant differ-
ence in either Na, or the quantity of intraluminal
gastrointestinal sodium was found between male
and female rabbits.

Human subjects at postmortem after a variety
of diseases had relatively small amounts of intra-
luminal gastrointestinal sodium; the mean values
were 1.6 per cent of the predicted Na, in the
“total” gastrointestinal tract, with 0.45 per cent
in the stomach, 0.74 per cent in the small bowel
and 0.36 per cent in the proximal portion of the
large bowel. These data, however, cannot be taken
as a reliable guide to the quantity of intraluminal
sodium in living man.

The implications of these data are discussed in
terms of the dynamics of sodium transport across
the intestinal mucosa and the anatomy of body
sodium.
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APPENDIX
Summary of case histories

F-1. Patient G. A., SFH 126096, female, aged 77 years.
Patient expired 24 hours after admission.

Postmortem examination revealed: marked coronary
atherosclerosis, myocardial fibrosis, recent infarct of the
interventricular septum, 600 ml. of fluid in both pleural
cavities, moderate pulmonary edema, calcification of the
abdominal aorta and chronic cholecystitis with chole-
lithiasis.

M-2. Patient J. F., SFH 56451, male, aged 53 years.
Patient expired in coma 11 days after admission.
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Postmortem examination revealed : mitral stenosis, con-
gestive heart failure with passive congestion of lungs,
liver, spleen and kidneys, mural thrombus of left auricle,
multiple pulmonary emboli, multiple emboli to brain
stem, saddle embolus at bifurcation of the aorta, chronic
pyelonephritis and chronic cholecystitis with cholelithiasis.

M-3. Patient J. W., SFH 179284, aged 51 years. Ad-
mitted in coma, with a known history of hypertension.
Patient expired 1 hour after admission.

Postmortem examination revealed: hypertrophy of
both ventricles, marked arteriolar nephrosclerosis, pul-
monary congestion, occlusion of the right vertebral artery
with multiple cerebellar and pontine infarcts, and coro-
nary artery atherosclerosis with focal myocardial fibrosis.

F-4. Patient B. N,, SFH 1693, female, aged 54 years.
Present admission was for diabetic acidosis and coma.
Patient expired 19 days after admission.

Postmortem examination revealed: necrotic pituitary
tumor, type undetermined, mild glomerulosclerosis, bi-
lateral cataracts, generalized arteriosclerosis involving
the heart, kidneys and peripheral arteries, and a bilateral
bronchopneumonia.

M-5. Patient F. D., SFH 133435, male, aged 64 years.
Patient died 38 days after admission.

Postmortem examination revealed: pulmonary squa-
mous cell carcinoma of left lower lobe with metastases to
mediastinal and abdominal lymph nodes, pericardium and
adrenals, acute bilateral bronchopneumonia, and general-
ized arteriosclerosis involving the aorta, coronary and
renal arteries.

F-6. Patient N. R., SFH 134788, female, aged 56 years.
Patient expired in coma 5 days after admission.

Postmortem examination revealed: cerebral athero-
sclerosis with encephalomalacia of right cerebral hemi-
sphere, coronary atherosclerosis, left ventricular hyper-
trophy, nephrosclerosis, pulmonary emphysema and
bronchopneumonia, moderate bronchiectasis, mild mitral
stenosis, mild passive congestion of the liver, moderate
fibrosis of the thyroid gland and chronic cholecystitis
with cholelithiasis.

F-7. Patient G. W., SFH N-132431, female, aged 68
years. Patient expired two months after admission, soon
after the onset of severe chest pain.

Postmortem examination revealed: healing myocardial
infarction of the posterior left ventricle, chronic passive
congestion of the lungs, liver and spleen, nephrosclerosis
and chronic cholecystitis with cholelithiasis.

M-8. Patient G. H., SFH 135018, male, aged 69 years.
Patient expired 11 days after admission.

Postmortem examination revealed: severe coronary
atherosclerosis with an area of healed myocardial in-
farction, bilateral bronchopneumonia, demyelinization and
gliosis of the basal ganglia, arteriosclerosis involving the
aorta, renal and cerebral vessels, and chronic cholecys-
titis with cholelithiasis.

F-9. Patient A. F., SFH 135355, female, aged 67 years.
Patient expired 43 days after admission.

Postmortem examination revealed: generalized arterio-
sclerosis with cerebral thrombosis and infarction, con-
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genital atrophy of the right kidney, and marked bilateral
pulmonary congestion.

M-10. Patient L. Y., SFH N-136139, male, aged 59
years. Patient expired five hours after admission.

Postmortem examination revealed : dissecting aneurysm
of ascending aorta with hemopericardium, generalized
arteriosclerosis and focal pulmonary fibrosis.

M-11. Patient 1. P,, SFH N-135687, male, aged 72
years. On the thirty-fourth hospital day patient devel-
oped severe pulmonary edema, became hypotensive and
died a few hours later.

Postmortem examination revealed: coronary athero-
sclerosis with recent and old areas of myocardial in-
farction and a ventricular aneurysm, bilateral moderate
nephrosclerosis, chronic passive congestion of the lungs,
liver and spleen, and severe bilateral bronchopneumonia.

M-12. Patient A. D.,, SFH N-136536, male, aged 50
years. Patient expired on the sixth postoperative day
following craniotomy for a pituitary tumor.

Postmortem examination revealed: cerebral infarction
of left posterior hemisphere, a chromophobe adenoma of
the pituitary and bilateral bronchopneumonia.

M-13. Patient A. T., SFH 17353, male, aged 76 years.
Patient died suddenly 4 days after admission for post-
traumatic quadriplegia.

Postmortem examination revealed: demyelinization of
cervical spinal cord, generalized arteriosclerosis, and
severe bilateral bronchopneumonia.
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