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INTRODUCTION

The gquestion of the mechanism of absorption of food materials
through the intestinal epiﬂmiinm has been considered by many investi-
gators. luch of the earlier work was dome to determine whether or not
the absorption phencmena could be explained entirely on the basis of
physiecal and chemical laws, Evidence that the epithelial cells perform
an active role im absorption began appearing in the early i' 8, and ‘
in recent years relatively 14ttle emphasis has been placed on the e-
yaluation of physical forces. Instead, the interest has turned to such
problems as measuring rate of absorption of a speecific ion in & so-
1&%@11 éentni.uing several other ions, determining the total anion and
eation exchange, end in measuring the movements of substances in the
two opposing directions between the intestinal lumen and the blood.

Much of the work on abgorptien, however, is inagdequate for the
following reasons: 1) Many of the studies involved acute experiments,
on either intact or isolated intestinal segments. This method of
investigation prevented periodic observations on the same animal, Jost
inv@atiga’mrs have ignored the advantages of using chronic preparations
under conditions which are more physiological than are those which are
encountersd in acute experiments. 2) Statistical analysis of results
has béen employed in only the most recent studies. In fact, in some of
the earlier reports only "typical® data were presented. In view of
these criticisms it is reasonable to doubt the validity of the results
of many investigatione on intestinal absorption, It seemed necessary,
then, to reinvestigate the absorption of simple solutions, using more
reliable methods and organising the study so that the results might
lend themselves to statistical analysis.



In the present study, thmfara; an sttempt was made to develop an
experimental approach which would meet the requirements of the eriti-
cisms mentioned, and to provide clear evidence concerning the roles
played by two varisbles: 1) Intra-intestinal hydrostatic pressure, and
2) Concentration of the solution. Speeifically, it is important to de-
termine whether or not intra-luminal pressure should be carefully com-
trolled in experiments on intestinal absorption. It is also important
to kmow which solutione can be placed in the gut for a period of time
without undergoing significant changes in concentration,

In this paper the term "absorpilon® is used to refer to the net
change in the amount of & substance during the time it is present in
the lumen of the intestine. This use is in accordance with the usual
interpretation, although a2 more specifie meaning occasionally is used,
such as the transfer of a substance against an osmotic gradiemt. The

genersl definition is more useful for the purposes of this study.



REVIEN OF THE LITERATURE

In 1869 Voit and Rauer{l) presented the results of experimsnts on
the absorption of protein solutions, serum, and salts. This work was
cited by Goldschmidt(2) who explained that the conclusion of these
authors that filtration, caused by intra-intestinal pressure, rather
than osmosis is the force causing intestinal absorption was based in
part upon "the erroneous premise that the passage of the solution
through the intestinal wall should, if osmosis is an active factor,
simlate the diffusion of the same sclution through (i:m—living) mem-
branes."

Intra-luminal hydrostatic pressure was studied by amother early
worker, Leubuscher(3) in 1885. He found that absorption was augmented
as the pressure was increased up to 80 ma. to 100 mm. Hg., end above
that pressure there was a decrease in absorption. He postulated that
the decrease was due to the interference with intestinml blood flow
caused by high intra-lumingl pressure.

Tn 1892 Bdicins(L) studied the effect of intra-intestinal pressure
on the rate of absorption of 0,64 NaCl solution. Caits were anesthetized
with morphine and atropine, and in each animsl a section of intestine,
8 em. to 38 om, long, was clamped off and the lumen washed with salins.
The segment of gut was then comnected to an open bureitte system with
which ke eould maintain a constant hydrostatic pressure. During the
experiments the gut and test sclutions were kept warm, but the temper-
ature of the animal was not recorded. At the end of the absorption
period, the loop was excised, its wxaﬁnta removed and messured, and
the volums of solution absorbed was determined. The amount of
secretion by the epithelium was considered to be negligible,
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and therefore Edicdns thought that his measurements represented actual
fluid movement in the gui~to-blood direction, The effect of atropine
on intestinal secretion evidently was unknown at the time of Ediin's
worlk,

Using absorption pericds of 60 minutes, Edkins measured the rate
of absorption. of 0.6% NaCl solution from the large intestine and ex-
pressed the results in terms of a Coefficient of absorption, which
equalled the volume absorbed in oe¢. per om., length of gut per hour,
The average of three coefficients at 10 em. of solution pressure was
2.07, as compared with 1.09 at 5 cm, pressure in one test; and 1.29 at
15 em., pressure in another test. Om the basis of these five tests on
the large intestine, Edking decided that a pressure of 10 em. of water
pressure was optimal, No explanation was given for a higher coef-
ficient of absorption at 10 em. of pressure than at 15 em.

Edkins then turned his éttenti&n to the comparison of the rates of
absorption of the 0,6f NaCl sclutions at different levels of the small
intestine, keeping the hydrostatic pressure constant at 10 em. Four
experiments, in which the ileum was used, resulted in an average coef-
fieient of ‘1.31, as compared with 0,73 which was obtained in three
tests on the ducdenum., The observation that the test solutions were
congentrated in the gut led Edkins to conelude that water was absorbed
more rapidly than salt. | »

It should be emphasized here that Edldns considered only the pres-
sure variable in the first series of tests and the varisble of the
level of intestine in the second series. He did not take into con-
sideration other variables such as day-to-day veriation in each animal,
and animal-to-animal variation.
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About the seme time Reid (5) attempted to provide evidence for the
existence of an active process in the mechanism for intestinal ab-
gorption. His method of investipation involved the use of an excised
portien of rabbit intestine, strippred of its serosa, and placed between
two glass cylinders, which were sealed with "badruche." His obser-
vations on sbsorption usually were started 15 minutes after the death
of the animal. On the basis of his results, Reid concluded that there
wags a transfer of saline from the inner to the outer gide. He found
that this transfer lasted for about one hour and that its direction
eould be reversed by adding pileocarpine to the test solution.

In a subsequent report (&) Reid employed isclated loops in acute
studies ori dogs. Using as & test solution some of the animal's owm
serum, he found that absorption from the gut took place even when the
hydrostatic pressure of the intestinsl capillaries was above that in
the gut lumen. f’ia elaimed that thie result could not be explained
gimply on the basis of diffusion and osmosis. He does not provide
certain details sush as the length of the loops, the volume of test
solutions, the number of tests, and the pressure in the gut.

Reid also compared *normal” loops with loops in which the epi-
thelisl lining hed been either damaged or removed and found that elimi-
nating the epithelium greatly reduced abserptien of serum. He con=
gludad that the epithelial cell i= an agent in the absorption of
solutions by the gut,

In 1689k Heidenhain (7) found that serum having an cesmotic tension
equal to or higher than that of the bleood was absorbed from intestinal
loops. He used the acute method of investigation on dogs which had

been faeted for LO hours, and which were anesthetized with morphine,



chloroform and ether. He lsolated & portion of the small intestine

80 em. to 120 em, long which consisted of jejunum and ileum, and rinsed
it with warm salt solution. Some loops were used several times, and in
such cases the results of the consecutive tests were similarg however,
there was considerable variation from dog to dog.

Heidenhain also studied the sbsorption of ¥aCl solutions of
varians‘mmwatwatmu ranging from 0.3% to 1.5%, and found that the
ratio of salt sbsorption to wabter absorption inoreases as the camqn-
tration of the NaCl solution inereases: 8/w absorption at 0.3% equaled
0.75 to 0.79, while at 1.5% it was 2.6 to 2.75.

Wallace and Cushny (8) in 1898 compered the rates of absorption of
several sodiuvm salts, They used dogs which had been fasted for 36 to
L8 imur:, and which were anesthetized with a subcutaneous injection of
morphine, followed by the administration of ether or chloroform. Twe
" or more segments of small intestine, 30 em. in 1eng£h, were isolated
and cannulated. These loops were not rinsed, but were emptied by
fgantle” stripping. As a control solution they used ®about one per
cent sodium chloride,® which had a freeszing point depression of 0.59°
to 0,6L° C. Other salts tested were arranged in concentration in order
to approximate thie osmotic pressure. In each test 25 cc, of the test
solution was placed in the loop, and allowed to remain for a period of
30 minutes.

The average volume of the NaCl solutions absorbed, in 25 tests on
3 dogs, was 20.5 ce. In one test, 19.5 ce. of HaPr solution was ab~ -
sorbed. An average of 16.25 ce. of Nal solution was absorbed in k
tests on 3 dogs. Five ce. of WaF solution was absorbed in one test.
The authorsz also observed that NaF inhibited the subseguent absorption



of WaCl solution,

Goldschmidt (2) referred to thie work and stated that the authors
found that "readily dissociated salis, whose ions possess & great
speed, are not alwaye absorbed faster than lese dissoeiated salts with
weaker ionlc speed.”

Omi (%), in 1909, presented the results of a number of ﬁtndies on
the absorption of salt, sugar, and peptone solutions. His method ine
volved the use of four different chroniec preparations. One of the |
Jjejunal loope used by Omi was eimilar to the type used in the present
gtudy, in that it had & cirevlar part fashioned by anastomosing the
distal end to the side of the segment at a point about 5 em. from the
proximal end. Owi described one such preperation, and used it only for
his sugar and peptone studies.

For his studies on NaCl solutions, Omi used Thiry and Thiry-Vells
fistulas, and a P#vl.ev loop fashioned as a large .cirele. In each ex-
periment the loop was filled with 100 ec. of test solution, and after a
period of either 15 or 30 minutes it was emptied and the volume of so-
lution recovered was measured. The cghloride concentration was deter-
mined by the Mohr method, and the alkali of intestinal secretion was
- titrated with 0,1 N. HpS0).

Omi studied the absorption of HaCl solutione varying in concen=
tutién from 0.25% to 1.5%. However, the series of experiments was not
erganized to give data which could be easily interpreted. For example,
one dog was used for four teets on four different days and a different
goncentration of NaCl eolution was used in each test. The results of
these experiments are presented in a table, which shows volume and NaCl
absorption and alkali seerstion for 0.25%, 0.5%, 0.75%, and 1.0% so-



lutions. Then these results are presented in a graph, along with in-
formation gained from experiments on a different dog, using & 1.5% NaCl
solution. The curves show that the rate of volume absorption is high
for the 0.25% solution and low for the 1.0% solution, and that the rate
of NaCl absorption changes in the opposite direction wp to 1.0%, and
then decreases to gero at 1.5%.

This is & good example of the manner in which many early workers
presented their results, and it is therefore important to¢ inspect the
‘duta carefully in order %o know the relisbility of the results.

The esrly work in the field of intestinal absorption was reviewed
rather extensively by Goldschmidt (2) in 1921, He was interested in
the subject from the standpoint of elueidating the mechanism of ab-
mrp%ian, and discussed the results and conclusions in that light be-
cause Ythe controversy has from the start centered around physical or
physicochemical theories as a basic cause." His review includes a list
of 15 possible forces responsible for intestinal absorptions

#l, Absorption through orifices in the blood vessels, especially

the veins; in the intestinal wall (Hippoerates and Galen).

2. Imbibition, of the nature of water absorption by a sponge.

3, Passage through small openings into the ceniral lymph spaces

of the villi, aided by intestinal peristalsis, or by the con~

traction and expaneion of the villi,

h. Osmosis and diffusion.

5. A mechanism similar to that of secreting glands; an inverted

glandular process.

6., Ingestion by wandering lsucocytes or lymphooytes. 4

mechanical uptake of substances.



7. Physiological astdvity of the spitheliel cells of the
intestine, or this factor combined with osmesis and diffusion.

8. Physiological sctivity of ihe spithelisl cells combined with a
power Qé the capiliary wall to inhibit the passage of diffusible,
dissolved substances from the bleod into the gut., The first
factor is entirely free of osmotic influense#, while the latter
may be affected by this foree.

9. A purely physical proceés; involving intraeintestinal pressure;
molecular imbibition, capillsry imbibitien, and & power of the
blood to Buck® fluid out of the tissues.

10, A motor process of the epithelisl intestinel cells., Ml
tration by the force of intra-intestinel pressure.

11. Depsndent upon the 2olubility of the dissolved substances in
lipeids for their pessage into the cells, if‘inﬂcluhla in lipoids
the path is by the intercellular route.

12, Absorbed in asecordance with the power of dissolved substances
to lower surface tension. This property is alsc involved in the
inhibvition of the passage of blood constituents inte the gut.
Chemical and physical foreces may modify this process.

13. b@t@fmin&d by the mechanieal affinity of the colloid of the
intestinal wall for the fluld and dissolved substances, and the
swelling or shrinking of the colloid caused thereby. Swelling
promotes the absorptive process,; while shrinking inhibits it.

14, WNegative osmosis. Cataphoretic electrical fluid current; de-
pendent upon unequal permeability of the intestinal wall for ioms,
or polarigation of the membrane,

15, Substances, absorbed by osmosis, are changed within the in-
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testinal wall to non-diffusible produets which can exert a further

ogmotic attraction upon the absorption of other constituents in

the intestine.®

This list of poseible mechanisms is guoted in ite entirety in order
to emphasize the completeness of the theoretical possibilities con—
gidered at the time of Goldsclmidt's review. Ome of the guestions
which he thought had not been answered satisfactorily is the one con-
cerning the poksibility thet intra-~intestinal hydrestatic pressure is &
faetor concerned in the sbsorption process,

In 1919 Goldschmidt and Dayton (10) had reported abserption experi-
ments on colonmic loops in doge. They observed that the colon acted
like a permeable membrane to NaCl sclution, and like & semipermeable
membrane to soluticne of godium and magnesivm sulfate. They also
showed that one solute may affect the absorption of another, Thus the
permeability of the intestinal wall might be altered without producing
physiclogical injury. They concluded that osmotie¢ pressure is a force
involved in the absorptive mechanism. The opinion was expressed by
Goldachmidt that there is no essential difference in the absorptive
mechanism at different lovels of the intestinel tract (2). This
opinion was the basis for hie freguent somparisons of his observations
on the colon with the results of other investigators working on other
parts of the intestinal iract.

Rabinoviteh (31) studied the absorption of water and ehloride as
influenced by e:omentmtim,' oemotic pressure, and atropine. In his
experiments on the small intestine, two dogs with Thiry-Vella loops
#about two feet long" were used in the unanesthetized state. The loops

were washed with the solution to be tested; and the 30-minute abe
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sorption periods were altermated with 30-minute rest periods, In order

to estimate the amount of intestinal seeretion ocourring during the
ghsorptien period, alkali determinations were made on both pure inteetinal
julce sollected befors the test and on the solutions recovered from the
loop at the end of each sbsorption period. The estimated volume secreted
could then be added to the volums of sclution apparently absorbed te

give a more aceurate measure of movement of fluid out of the intestine.

The soncentration of the Wall solutions varied from 0.1% %o 3.5%
NaCl, and the progedure followed by Rabinovitch was to test three of
the 18 different concentrations on each of mix days. The volume of test
solution introduced was 68 ce. to 75 ecc. Only the data on one dog were
presented, the statement being made that the other resulis were similar.
In these tests Rabinoviteh found that the greatest percentage absorption
of both chloride and water occurs from solutions ranging in concentration
from 0.L% to 0.6% in ong dog, and from 0.2% to 3.8;‘5 in the obther dog.

He also ohserved that the absolute amount ¢f salt absorbed ineressed with
ineressing eoncentration of the test selution wntil a comcembration of
0.6% to 0.8% was reached. In the range from 0.8% to 1.5% NeCl the amunt.
of salt absorbed remained almost the same. In one dog there was con~
siderably less sbsorption of salt at concentratioms of 1.8% and 3.5§.

More recently Wells(12) has investigated the absorption of water at
intra-intestinal pressures ranging from -2k om. to +16 om. of salt or
glucose solution. His experiments with negative pressure necessitated
the use of a eoil of slumimum wire inside the gut to prevent collapse.
Another device employed by Wells was a speelal clamp in which the gut wall,
opened along one side, could be stretched out flat and thus prevent changes

in absorption area. Aoute tests were conducted on dogs with isolated



Jejunal loops. The animals were kept warm by placing them in a metal
box heated with water at 35°C. Wells tried to eliminate peristalsis in
his experiments because such activity interfered with his volums measure-
ments in the burette comnected to the loop.

Under the conditions of his experiments, Wells showed that absorption

coeurs at gub-atmospheric pressures, and that the rate of asbsorption of
watex is proportional to increments in intra-intestinal pressure. At
16 om. pressure, approximately 8 cc. of salt solubion were absorbed in
10 mimtes. The volumes azspnranisly }abscrmd in gome of his experiments,
however, were so small as {0 be of guestionable significance.

Using the work of Wells as a starting point, Nassett and Parry(13)
studied the sbsorption of solutions snd the intestinal secretion at neg-
stive hydrostatiec pressure Imrai& ranging from -5 em. to ~25 em. of
golution. Scme of the results of Wells were coufirmed by Nassett and
Parry, in that they observed small volumes of salution “appmtiy abzorbed®
at negative intra-intestinal pressures. The experiments are poorly dow=
seribed, however, because such information as the type of test solution
and the length of absorption period was not given. The experimental
method used was similar te that used by Wells, although one modificetion
involved the rinsing of loops with distilled water.

In his review on absorption from the intestine, Versar{ll) mentioned
experiments conducted in eallabpratim with Frolicher in whiah ths obmerva-
tioms of Wells were sonfirmsd. Verzar concluded that "water absorption
is inereased as a linear function of positive pressure, i.e. real filﬁratim
is possible.”

Experiments on the absorption of water from orystalloid solutions are
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slso discussed by Versar, Anesthetized rats were used, and the concentra-
tion of HaCl solutions ranged from 0.425% to 1.22%, the volume always
being 3.0 ce. Versar found that water was absorbed more rapidly than salt
from isotonic and hypotonic solubions, and that practisally no walter was
absorbed from hypertonic sclubions, although sbout one-third of the NaCl
was abgorbed in 40 mimates. He coneluded, "From hypertonic solutions,
therefore, the salt diffuses out $ill an osmotic equilibrium with the
blood is reached.® Other experiments were conducted on 20 om. jejunal
loops in anesthetized cabte, using isotonic NaCl. It was found that the
absorption of sali was slower in cats than in rats, but the csmotic
pressure of the gut contents remained equal %o that of the Elmé. throaghe
out the absorption period.

Surmarizing his observations, Verszar statas s *The optimal conditions
for water absorption is 2 hypotonic solution of a substance which quickly
diffuses into the rmcosa,®

The results of Omifg ﬁ@fk were mentioned by Versar, and the graph
deseribed previously was ineluded also in his menograph, but no statements
were made concerning the nethods which Omi used, or the nmumber of exper-
iments which the eurves represent.

The acute experiments conducted by Voit and Bamer(l), Leubuscher(3),
Edking(4), Re1d(5), Heidenhain(7), wallace and Gushny(8), wells(12),
Hasseltt and Pm(m) and Verzar(lh) ave subject to several erlticlisms.

In genersl, acute experimemts involve anesthesia, trauma, and changes in
body bemperature, each of which is probably capable of altering absorption
sotivities. In most cases only a few tests were conducted on each animal,
go that it was nsecessary to make comparisons between animals. This type

of compardson minimizes the rsliability of observed differences. TFew
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reports provide adequate informatiom concerning such details as length

of loop, volume of the test solution, and the mmber of tests performed,
which make it difficuli to compare resulis of different investigators.

The experiments of 0mi{9), Goldschmidt and Dayton(10), and Rabinoviteh(11l),
inwelving chronie preparation, are subject to less objectlons. However,
here again some comparisons of resulte were mads between animals, and also
between different days in the same anipal. 411l of the work can be oritiw-
oized because of the lack of statistical analysis. The reports reviewed
thus far do not represzent the complete list of papers published on the
gsubjeet of Nall absorption. Those reports which were omitted could not
have comtriduted any additiomal informatiom of value, and would have
gerved only to emphasize the eriticisms just discussed.

Bucher, Anderson, and Robinson({15) recently reported a comprehensive
gtudy of chemical changes in sodium chloride and sodium sulfate scolutions
ccourring in three different types of preparations of both upper and lower
small intestine in the dog. The data on NaCl absorption from the upper
intestine are euphasized here because of the similarity to the work done
in this laberatory. Ths three methods used by Ducher and co-workers were:
1) the Miller-Abbott technique in anesthetized dogs, 2) the obatructuve
clamp nethod in acute preparations, and 3) the Thiry fistula in unanes-
thetived dogs. The authers offer six general criticisms which apply to
nogt of the work done on intestinal absorption. Briefly, they point out
that the practice of rinsing the intestinal lumen with water injures the
epithelium thereby altering sbsorption; variation in rﬁulta from con~
secubive tests has not been taken into asecount; total ion changes have
not been measured, and the data have rarely been analysed statistically.
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The HaCl solution tested was about 143 mBg/l., and 25 cc. to LO ce.
volumes were placed in the leoops for a ?@rit;& of 10 minutes, In tests
on anesthetized animals, the loops were warmed with a heating pad.
Chemical determinations were made on total base, NHj, Cl~, C02, and pH.

In deécx"ibing tha‘ results the authors state that ¥sodium chloride
(143 uBq/1.) was readily absorbed from the uoper and lower segments, bub
especially in the latter, where in 10 minutes 18% of the test solution
(an average of 5.4 cc.) was absorbed.” The valus "13%" ia the mean of
18 tests in which the resulis from the three different typés of exper-
iments were cowmbined. When the results from the 18 tests on the upper
intestinal segmemts are also combined, they show that 7% of the test
solution was absorbed in 10 mimutes., The authors, however; neglect to
mention the fact that in this series of tests, the chronie Thiry loops
give results which do not compare faverably with those of the other two
preparations. In faet, in no test wes there any water or ¢hloride abe
sorption, and the averages of six tesls show a gain of 1.8 ¢e. in volums,
and an 0.3L mig ineresse in ghloride. The practice of averaging the
results of experiments on differvent animals and making quantitative
comparisons is questionable becanss of the surface area varisble from

animal to animal.
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METHOD

The type of locp used in this study was first described by oOmi(9) »
and hersafter it will be referred to as the "Omi fistula®. Apparently
this type of fistula has not been used for ‘bm study of absorpiion
exgept by Omi, and his work has been quoted only infrequently. Sinee
the description of the loop given hy Omi was not extensive, a detailed
sccount of the surgical preparstion is given here.l

Surgical Preparation, The operation was performed on three doge

under intravenous nembutal anesthesia. The abdomen was entered through

a right upper tramsrectus incision, and s segment of jejunum approximately
60 em. long was isdlated, beginning about 15 em. distal to the ligament
of Trelts. The continuity of the jejunum was re-established by end-ito-
end anastomosis, md the rent in the jejunal mesentery was closed with
interrupted silk. The isolated jejunal segment was then fashioned in the
shape of the mmber "6" by an end~to-gide anastomogis of i:im distal stoma
to the jejunal well about 25 em. from the proximsl stoma, Fig. 1. The
eireular part thus formed measured about 35 cm. The proximal stoma was
brought out through a stab wound to the left of the midline and above the
1sf% coslal margin. In one animal the stoma was made to pass obliquely
for a short distance between the costal mergin and the skin, with ths |
intention of grsatim-;: some sphincter action. Peristalsis is toward the
eireular part, and in this portion & contimmous eireulation of the test
soluﬁion is possible. To determine if the opening at the snastomosis was

lrhe fistulas used in this study were prepared by Dr. M. E. Steinberg
before he was aware that such a loop had been used previcusly.



Figure 1

The Oml fistula showm with catheters and bureties
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patent, and a long catheter was inserted intc cach loop while under flumoro-
scopic examination. In dog "R® the catheter went around the gircular part
of the loop and returnsd to the stoma. In dogs "B" and "§" the tip of the
catheter followed the ¢ireular portion of the loop for several revolutions
instead of coming back outb.

Testing Procedurg. The dogs ware fasted for 20 hours or more before

each test, though water intalke was permitied ad 1ib. In series I-A the
animals were anesthetized with an intravenous injection of Nembutal
sSodium (Abbott), 30 mgm. per kg. Additional doses of 120 mgm. were ad-
ministersd during the test whenever necessary. The animals were kept
warm with gither an electric heater or a hot water botils, and rsctal
temperatures were recorded. In series I-B the same dogs were used in the
unanesthetized state, and were trained 4o lie quietly on a table without
being restrained except for a blindfold. In many cases the dogs slept
during the testa.

The apparatus for regulabing hydrostatic pressure, illustrated in
Fig. 1, consisted of & goft rubber catheter, fashioned from a size 12 ¥r,
duodenal tube, with a retention balloon about 30 cm. from the end of the
tube. The other end was comnected to 2 buretie. Before and after each
day's testing, the retention balloon was inspected for leaks. After slowly
introducing the catheter into the loop, the retention balloon was filled
with water to a pressure of 25 to 35 cm. by means of a second burette.
The locp was then rinsed three or more times with warmed saline, and the
volumes introduced and reccvered were recordsd. The volume recovered on
the last wash usually differed by one sc. or less from the original volume
of wagh solution. The loop-catheter system thus arranged permitted s
constant distance to be maintained between the level af the stoma and the

level of the soluticn in the bureite. Small excursions of the ureite
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level ocourred contimually, and this provided the observer with evidsnce
that the catheter was not plugpged. If leaksge around the retention
balloon was seen, the test was repeated.

Bach absorption period lasted for 30 mimutes, after which the loop-
catheter system was emptled by lowering the buretie to about 20 em.
below the level of the fistula. The amount of solution which was absorbed
was determined by subtracting the volume recovered from the volume intro-
duced intc the burette, read to the nearest 0.5 cc. A new solution was
then introduced for the next test, and the time between successive tests
was about five mimutes. In most cases the actual tests were precsded
by a *preliminary® absorption period lasting 30 minutes to allow the loop
to adjust to the experimental conditions.

An outline of the experimental plan of this study is as follows:

SERIES I. "The absorption of 0.9% NaCl solutions with intra-luminal
pressure as the varigble studled.®

A+ Dogs under ansgthesia.
B. Degs unanesthetlzed.

SERIES II. "The sbsorption of NaCl solutions with concentration as
the variable studied.®

Series I-i. Two methods were employed in this series of sxperiments.
The first 90 tests were performed on dog "B® only, according to the
schedule ocutlined in Table 1. Six different pressure levels were studled,
ranging from 5 em. to 30 em. of saline, and fifteen individual tests were
econducted at each pressure level. An average of five tests were performed
at the same pressure level on each of three days, and as a result of day-
to~day variations found, the method was changed. Table 2 shows the
oxperimental plan using the revised method on all three dogs. Zach of
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the five different pressure levels tested, ranging from 10 om. to 30 cn.
of saline, were studied in consecutive absorption periods on sach day.
This procedure standardiszes day-to-day veriation. The use of 5 em. of
prossure was discontimued in this method because it was often dlffieult
to get amy test solution to run into the loop at that pressure level.

Series I-B. The method nsed in this series of experiments was
esgentlally the same as in Serdes I-A, except that the dogs were used
in the unanesthetized state after having been trained to lie quistly on
a table. The plan for these experiments is shown in Table 3.

Serdes II., Five different sodium chloride solutions, varying in
concentration from 85.1 mEq*/l/ to 216.6 mEq./l., were studied according
to the plan shown in Table L. The intra-luminal pressure was kept con=
stant at the 15 om. level, and the dogs were used in the unanesthetized
state. The loop was rinsed one or more times with each new solution
befors the absorption period was started.

An allocate was saved from each test solution used, and also from
each golution emptied from the loop at the end of the absorption peried.
Chloride determinations were made on all samples by titrating with a
standard silver nitrate sclution according to the method of Fajm(‘ 6).
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RESULTS

The results of the expuriments in SERIES I-A are shown in Tables 5
and T, and are expressed graphically in Fig. 2. Volume measurements
only are presented for the first group of experiments on Dog #B", Table 5,
because hhlorida determinations were not performed on each individual
test, Statistiesl analysis of variance for these data, sccording to the
method of Dixon(17), is shown in Table 6. Comparison of the mean rates
of volume abscrption for the different pressure levels shows that these
means are significantly different; Table 6, (a). When the means for the
10 em. and 15 cm. pressure levels only are compared, it is seen ﬁhat the
difference is not significant, Table 6, (b}.- Ingpection of the data in
Table 5 suggests that the resulis will vary from day to day, even though
the pressure level is kept constant. The analysis of the msans for the
three different days on ihieh 10 em. of saline pressure was used shows
that the differences between these means are significant, Table 6, (c).
Variation in the resulis of consecutive tests on the same day was high
on some days and minimal on others. In order to determine whether or
not consecutive tests showed significant differences, the data in Tgble 5
were re-arranged to give means for the five absorption periods, using only
the results of experiments at the 10 om. and 15 om. pressure levels.
Comparison of the means of six tests ai each of five different absorption
pericds shows that they are not significantly different, Table 6, (d).
The results of these flrst 90 experiments, and statistical analysis of
the data were used as a basis for modifying the testing procedure in

gubsegquent tests.
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The resulis of 11 tests in which the revised method was used on
three dogs are presented in Table 7. The rate of salt absorption was
measured as chloride, and expressed in the results as Nall. This
prmizieé may not always be justified; however, Bucher showed that the
Fa ions and (1 ions were absorbed at approximately the same rate in the
upper small intestine(15), The results are also shown in ¥ig. 2, where
~ the means for volume and Nagl absorption are plotted against intrs-
luminel pressure, and the data for each dog are kept separate. Although
the curves for the three dogs are not identlical, it is clear that under
the conditions of these experiments, changes in intrs~intestinal hydro-
static pressure are sccompanied by differences in the rate of absorption
of 0.9% NaCl. Analysis of variance of these date show, however, that
the only means which are significantly different are those for volume
absorption in Dog l*'R“, Table 8.

The results of the 12 tests in Series I-B are presented in Table 9,
and in Figs. 3 and L, Inspection of the curves in ¥ig. 3 shows that,
again, the three dogs do mot produce identical results. However, the
shama of the curves for these experiments are more similar than are
those in Fig. 2. For example, all three curves in Fig. 3 show a general
trend for absorption to increase with increments in pressure ranging from
10 em. Yo 20 em. for Doge "B* and »8%, and from 10 cm. %o 30 em. for Dog
"%, Above 20 em. of pressure, the rale of absorption decreases in Dogs
"R* and "S"., Although it is not evident in the graph, individual tests in
Dog "R* show the same pattern, except that the maximunm rate of absorption
was found at & higher pressure: ‘35 em. or 4D em. of saline. The differ-
ences between the means at different pressure levels were anslysed stat
istically, and the information is presenmted in Table 10. It is seen that



Flgure 2

The relation between intra-luminal pregsure and the rate of
absorption of 0.9% Mafl solution in anesthetized dogs.
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Figare 3

The relation betwsen intra-luminal pregsure and the rate of
absorption of 0.9¥ ¥aCl solution in unanesthetized dogs .
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Figure L

Individoal tests showlng the relation betwesn intra-luminal
preasure and the rate of absorption of 0.9% NaCl solation in Dog “S»
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all the means show significant differences except those for Dog "p+.

In order to ses how well the means represent the resulis of indi~
vidual tests, the four experiusents on Dog PS* are graphed in Figs L,
showing only the data for volume absorption. Twe of the four tests agree
with the mean in regard to the pressure at which the maximum rate of
sbsorption ccocurs. The best agreement among individual tests is at 30 em.
of pressure, and also at this pressure level all tests show the lowest
rate of absorption. |

The resulis of the 9 tests in Series II are presented in Table 11
and in Pigs. 5 and 6. Table 11 includes not only the data for volume
and salt absorptiom, but also the caleulated soncentration of the solution
which was apparently absorbed. The only test aolution which did not change
in concentration was the 15h mBq./l. solutionm. In Fig. 5, volume and salt
absorption are plotted against concentration, and the curves show patterns
which are very similar. In all three doge the rate of volume absorption
of the dilubte solution was highest » and as the concentration of the test
solutions was increased, the absorption rates decressed. In the case of
KaCl absorption, the patterns shown by the three dogs are not so con-
sistent. The curves for dogs YR" and "S" show a slight tendency for salt
abgorption to decrease as the test solutions increase in concentration.
Analysis of variance for these data is presentsd in Teble 12, which shows
that the means for volume ashsorption are significantly different , while
those for NeCl absorption are not.

The data for volums abgorption in individual tests on Dog "R® are
shown graphiecally in Fig. 6. This shows clearly that the shapes of the
curves for the three individual tests are almost identical, and that they
follow closely the pattern dssoribed by the mean.



Pigure 5

The relation between concentration and the
rate of absorption of Nafl solution
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Figare 6

Individual tests showing the relations bebween concentration and the
rate of absorption of NaCl solution in Dog npw»
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DISCUSSTION

The sbsorption measured in this study ls net absorption, and can
be defined ap the net change in the volume of water and iv the amount
of Wall wiich ccenrs in 2 test sclution when 1% is placed in & segment
of intestine.

The resulis of the experimsnts in which pressure was studied agree
generally with those of Leubuscher(3), who showed that absorption
inerceses with increments in Intra-intestinal pressure until an optimal
pressure is reached, beyond which absorption ie less. The pressure level
et which this change took place was much higher in leubuscher's work
(80 mm. to 100 mm. Hg.) than in the present study (15 om. to 30 om. of
saline). The explanation glven by Leubuscher that high pressure inter—
fered with blood flow through the intestine is sound in principle, but
interference with blood flow should ocour at pressure levels lower than
00 mm. Hg. Dragstedt, Lang, and Millet showed that venous blood flow
from the jejumum and ileum ceased when the intestine was distended with
€5 mm. to 65 mm. Hp, pressure{18). Another possible explanation for less
net sbsorption at intre~luminal pressures higher than 15 en. to 30 em.
saline is that pressure itselfl stimlates secreticnm by the intestinal
glands. This property of the intestine is demenstrated in obstructed
segments which become distended with secretion at high pmamm(w )

The condition of intestinal obptraction may be spproximsted in the use
of blind loops for the study of abaer;:\tion,, where peristaltic activity
forces the test solution towards the blind end of the loop. In faet this
should be considered as a possible explanation for the increase in volums
in Thiry loops reported by Bucher et al(15), 1n the present study a few
individual tests showed negative absorption at ao_cn. %o 4O em. of paline



pressure.

The results of experiments on Dog "S* ip the anesthetized state
are different from the other results in that the variation of absorption
rates with different pressure levels was very slight. A reasonable ex~
planation for these results is that the forces which have a tendency to
increase asbeorption at higher pressures, such as filiration and increased
abgorption area, were balanced by forces which operate in the opposite
- direction, such as secretion and interference with blocd flow. This
situation did not exist in experiments on Dog "8% in the unanesthetized
state.

There is no doubt that changes in the concentration of ¥aCl solutions
alter the rate of volume gbsorption. The results of this study confirm
those of Heidenhain(7), omi(9), Rabinoviten(11l), and versar(1L) in that
dilute solubions were found to be absorbed more rapidly than coneentrated
solutions. There 1s less agreement, however, on the influence of con~
uent-z’gtian on the absorption of NaCl. Omits results indicate that the
rate of absorption of NaCl and the concentration of the test sclution
vary in the same direction within the range of 0.25% to 0.9% NaCl. His
resulis were criticised earlier in this paper. Rabinovitch found that
within the range of 0.6% to 1.5% NaCl there was no grest variation in the
amount of salt absorbed. The resulis of the present study show that within
the range of 85 mBig./1l. to 217 mBq./1. {approximately 0.5% to 1.3%) the
rate of Nafl sbsorption tends to decrease with increases in concemtration
of the test solution although the differences were not significant.

Rabinovitch also observed that solutions ef 0.6% HaCl or lower gain
in ehloride concentration while present in the intestinal lumen, and that

solutions of 0.7§ UeCl or higher become more dilute. In the present
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study 1% was found that the 15h mBq./l. NaCl (0.9%) solution underwent
negliglble changes in concentration while in the gut, and that all other
teat mlumgns tended to approach that wmtmtim during the absorp-
tion test.

There are s muber of variables which ths investigator must take
into consideration when studying intestinal sbsorpbtion. Variation in the
results of experiments conducted on different animals is important.
Differences between animals ean be atiributed mainly to differences in
the size of the lntestinal segment used for the study. Usually the
investigator attempts to keep the size constant from one loop to another
by measuring the length, but anyone whe has measured bowel realizes that
it is comstantly undergoing changes in sise, in both eircular and long-
itudinal directions, Differences in the diameter of the loops is another
gsource of animal-to-animal variation.

Variation from day to day in a given animal should also be con-
sidered. One poseible reason for such variation is that the animal may
not always be hydrated to the same extent, even though he is permitied
to drink water ad 1ib. When intra~luminal pressure is studied, the loop
may not dlways be in exactly the sams position from day to day, whiech
would produce differences in the mean hydrostetic pressure within the
lumen. Another possible cause for day-to-day variation is fluctuations
in hormone balance, especially those hormomes of the posterior pituitary
and the adrenal cortex in studies on water and sali absorption.

The possibility must be considered that variastiom from ome test to
ancther on the same day in a given animal may be a source of unreliasble
results. Analyeis of resulis obtained in tests on Dog ¥BY ghowed that
this type of variation was not significant. However, if such a variable



exists its influence can be minimized by randomising the seqguence of
experimental procedures employed. This precauation was taken in the
presant study.

On the basis of the results of this study and & eritical review
of the work of other investigators, a list of requirements for a
reliable experimental method can be formulateds

1) The animals should be used in the unenesthetiszed state. The
use of chrounie loop preparations permits this condition.

2) The loops should allow for the contimual cireulation of test
solutions. The Omi loop is & suitable example.

3) Hydrostatic pressure of the solution in the intestinal lumen
should bs controlled.

L) Concentration of the test solubion should be controllsd. 4
suitable concentration for Ha€l solution is 154 mBg./l. when variables
other than coneentration are studled.

S) Comparison of the results should be made only on successive

tests in the same animal on the same day.
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SUMMARY

Intestinal absorption hes been studied by many investigatorss
however, mch ¢f the early work involved acute sxperimenis on elther
intact or iaaléﬁad segments. These methods nessssitated traumatic
preoceduras and prevenbed periodiec studiss of the same animal. Also
statistical analysis of resulis has been employed in only a few recent
studles. Therefore s it seemed desirabls to re~investigate the absorption
- of a:‘mpla; solutions, using wore physlologic methods and plaming the
experiments so that the resulis might lend themselves to aha‘histi&nl
analysis. The present studles are concerned with effecis of hydrostatic
pregsure in the intestinal lumen and effects of concemtration of the
solution on the rate of absorption of sodium chloride and water. The
term *abgorption® is used Lo refer to the ;mét change in the amount of
& substance during the time that it is preseut in ths intestinas.

Chronic fistulas, fashioned in the shape of the number "6", were
prepared from uoper jejunum in three dogs. The circular pari of the
fistula was constructed by making an end-to-side anastomosis at the
@boral end of the segment, and the oral end was made to open through the
abdominal wall. In each dog patency of the fistuls was demonstrated by
radiologlic metheds. The test solution was imserted inte the fistula by
means of a catheter attached to 3z burette which was placed so that the
level of the solution could be maintained a given distance sbove the
level of the loop.

I. In the first series of experiments the rate of absorption of approx-
imately 0.9% HaCl solutionm (154 mBq./l.) was studied at six different
pressure levels ranging from U om. to 30 em. of solution. In some of



the experiments of this serles the dogs were anssthetiszed and in others
they were trained to lie quietly without anesthesia. In the earlier
studies the rate of absorption of NaCl solution at a given pressure
level was determined repestedly in the same animal on the sams day and
on different days. Considerable day~to-day variation in absorption
was observed; therefore in subsequent studies gll of the dirfémnt
pressure levels were studied on the same day.

II. In the second series of experiments intra-luminal pressure was
held at & constant level, and the rates of absorption of five different
WaCl solutions, ranging in soncentration from 85 mBEg./l. to 217 mEq./l.,
were studled. In this series the animals were unanesthetisged and each
of the different concentrations was tested on each day.

It was found that: 1) gt the different levels of hydrostatic
pressure studisd there wers statistically significant differences in
the rate of gbzorpbtion of Nafl and water from HaQl solution. Thera was
an optimal pressure level at which sbsorption was most rapid., 2) A
greater volume of golution was absorbed the more dliute the test solutionm;
therefore concentration was an important factor in the abserpticm of
water. In the presence of a constant hydrostatic pressure, there were no
aigniﬁcmt differences in the rate of NaCl absorption from the five
solutions of different concentrations. The results concerning the effect
of hydrostatic pressure on absorption agree generally with those of other
investigators. The observed relation between concentration of test solue
tion and the rate of volume sbsorption is also in agreement with the
results of others. Home investipators have reported considerable differ—
ences in the rate of abasorption of NaQl from solutions of different con-
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centrations, whereas in this study ne ai@ii'icsl.n’s differences were
observed, Further stadies employing more dilute solutions would be
nsceagayy to determine the level at which the conoentration of Wall
becomes a limiting factor in its rate of absorption.

Seversl important varisbles which need to be considered in gtudies
on intesbinal zbgorption are discussed. It is concluded thalt an experi-
menbal approach as follm should be used in order to cmtmithe
prineipal variabless 1) The animale should be in the unanesthetized
state and under near-basal conditions. £) The loops should allow for
circulation of the test solutions. 3) Hydrostatic pressure and con-
centration should be controlled within rather narrow limits. L) Com~
parison and analysis of the results should be made on successive tests
in the same animal on the same day.
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TABLE 1.

Date
7~24~50
7-26-50
7-28-50
7=31~50
8-2-50
Buly~50
8-7-50
8-9-50
8-11-50
8-1h-50
8-16-50
8~18-50
8-23-50
8-25-50
8~28-50
8-30-50
9=1~50
9-6~50

EXPERIMENTAL PLAN FOR SERIES I-A

(01d Method on Dog "BY)

lo. of Tests

w

WOV WLV W W W Vi W | Vi am  owme O

Pressure Used
10 em,
10
10
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TABLE 2. EXPERIMENTAL PLAN FOR SERIES I-A

(Revised Methody All Dogs Used)

Dog Date Sequenoe of Pressures Tested
1 z 3 I -3 [

11-30-50 15 em. | 30 om. | 20 om. | 35 om. | 10 om. | 25 om.

"ph | 12-26~50 15 15 20 10 25 30
3~3-51 15 15 10 20 30 25
2-1-51 15 15 25 10 20 30

"R® | 2-8-51 15 15 10 20 30 25
2-15-51 15 15 25 30 20 10

10-19-50 10 20 30 25 15 e
10~26-50 18 25 10 20 30 -
wgn | 11-2-50 15 30 20 10 25 -
11-9-50 10 20 25 b1 30 —
12-26-50 15 20 10 30 25 -
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TABLE 3. EXPERIMENTAL PLAN FOR SERIES I-B

Dog Date Sequence of Pressures Tested
'f; 1 2 3 b 5 6
1~11=51 . 4315 em. | 15 om. | 20 em. | 25 em, | 10 em.| 30 em,]
1-19~51 115 15 25 10 20 30
wpv | 1-25-51 |15 |15 25 |10 |2 |30
3n29~51 15 15 10 25 20 30
12-28.50 15 15 28 10 30 20
1-18-51 15 15 20 10 25 30
*R7 | 1-26-51 15 15 25 30 20 10
3=1-51 15 15 25 30 20 10
1-h=51 15 20 10 25 30 —
1-19-51 15 15 25 30 20 io
"Sh | 1e25-51 15 |18 |3 [ |2 |10
3=3-51 15 15 10 20 30 25




TABLE 4. EXPERIMENTAL PLAN FOR SERIES II
Dog | Date Sequence of Concentrations Tested
i 2 3 L 5 é
QeofLe qs iEQC;I#J m-r im.:‘ Ic I iﬁ@_o;roj
l=~26-51] 15L.0 15L.0 119.1 85.1 185.8 216.6
"gr | C.1-51 | 154.0 184.0 85,1 119.1 1685.8 216.6
g-12-51] 154.0 15L.0 216.6 185.8 119.1 85.1
h~-26-81| 15L.0 154.0 85.1 119.1 185.8 216.6
"RP | E-3-81 | 154.0 154.0 216.6 ~| 188.8 119.1 85.1
§=10-51| 15L.0 154.0 85.1 119.1 185,58 216.6
fg% | Sw3w51 | 154.0 1540 218.6 185.8 119.1 85.1
5-10-51| 15L.0 16hk.0 85.1 11g8.1 185.8 216.6
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TABLE 6. SERIES I~A: ANALYSIS OF VARIANCE
FOR DATA IN TABLE NO. 5

{a) Comparison of all means

Sum of Sguares dofs Variance F Ratio
Means 2998.9 5 599,79 F = 50,36 %
¥ithin 1000.8 8h 11.91 F.05 = 2,35
Groups

(b) Comparison of means for 10 cm. and 15 em. pregsures only.

Heoans

Within
Groupe

0.53
227.64

1
28

0.53
8.13

F e 0,07
W‘uﬂg - hoi?

(e¢) Comparison of means for 3 different daye at 10 cm, preseure

Heenss

Day No.l = 17.3 cej Day No. 2 = 22,9 coj Day Wo. 3 = 16.2 ¢

Means

Within
Groups

129.1
k3.3

2
12

6h.6
3.6

F=17.9 X
F¢05 »w 3.89

(d) Comparison of means for different test peoriods at 1lCom. and
Period Ho, 1 = 19.1 veg No, 2 =

15 om. pressures.

Meenss

18,8 coj Wo. 3 = 18,4 cep Wo. L = 18.7 eoj Ho. 5 = 18.h ce.

Yeoans

Within
Groups

1.84
226,33

b
25

Oelkié
9.05

F o= 0,05
F.05 = 2,76

X Significant
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TABLE 8., SERIES I-A: ARALYSIS OF VARIANCE FOR DATA IN TAKLE NO.7

{a) Comparison of means for volume absorption

Dog Gum of Squares def. Variance F Ratio

%Y | Heans 156.k9 k 39.12 F = 0.68
Within Groups 577.2k 10 5772 F.08 = 3,48

"Ry | Means 57.90 k4 1h.48 F=l,28%
Within Oroups 33.8k4 10 3.38 F.05 » 3,48

ngn Means 67.46 i 16.87 F o= 0,67
Within Grouwpes h99.10 2c 2h.95 F.05 = 2,87

{b) Comparison of means for HaCl absorption

apw Veans 3.40 L 0.85 F=0,7%
Within Oroups 11,37 10 L.l F.05 = 3.48

uR Means 0.67 L 0,168 Fe 2,95
Within Groups 0.57 10 0.057 F.08 = 3.k8

"g% | lieans 1.22 b 0,31 Fu0,8
Within CGroups 12.03 20 .60 ¥.08 = 2,87

#3ignificant
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TABLE 10, SERIES I-B:

ANALYSIS OF VARIANCE FOR DATA IN TABLE NO, 9

(a) Comparison of means for volume absorption

LT

Dog Sum of Squares d.f. Vaxiance P Ratio
Within Groups  hoh.69 15 32.98 F.05 = 3,06
wpr | Heans 99.0k h 2h.76 F e .90 X
Within Groupe 75.76 15 5.08 F.05 = 3,06
L HE Heans 127.0L k 21,76 Fe 383X
Within CGroups 131:01 15 8.7h P05 = 3.06

(b) Compsrison of means for NaCl absorption

#pa Means 0.85 b 2.2 P 0l
#ithin Groups ?o?l 1.5 9053 FcQS - 3.06‘
Ly leans 1.00 h 0,250 F=3.73%
Within Groups 1.00 is 0,067 F.05 = 3,06
g Yeans 2,98 h 0.745 | F = L.03 X
Within Croups 2,76 15 0.185 | P.08 = 3.06

X Significant
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TABLE 12,

SERIES 11

s  ANALYSIS OF VARIANCE FOR DATA IN TABLE NO.11

(a) Comparison of means for volume absorption

Dog Sum of Squares | d.f. Variance | F Ratio

upw HMeans 1}51-06 l& 112.9 F= j.08uX
Within Oroups 233.1 10 23.3 F.05 = 3.48

uR Meang 1638.8 L L9 7 F = 30,5 X
Within Groupe 134.2 10 13.h4 F.05 = 3,48

ngw Yeans 76102 h 19(303 Fu 17-1& *
Within Croups 109.2 10 10.9 F.05 = 3.L8
{(b) Comparison of means for NaCl absorption

ngn Means 0.9 l‘ 0.2 F = 0056
Within Groups 3.06 10 0.39 P05 = 3.48

®R¥ | Means 1,43 ] 0.36 | F= 1,57
Within Groups 2.28 10 D.23 F.05 = 3,48

ngw Means 0.37 N 0.09 Fe 0.6
Within Groups 1.55 10 0.16 F.05 = 3,46

X 8ignificant






