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"A physician, jealous of the title in its
scientific sense, must go into his
laboratory; and there, by experiments on
animals, he will seek to account for what
he has observed in his patients, whether
about the action of drugs or about the
‘origin of morbid lesions in organs or
tissues. There, in a word, he will

achieve true medical science."

Claude Bernard
An introduction to the study

of experimental medicine, 1865,



QUTLINE OF THESIS

This thesis presents several related studies of
the intestinal absorption and secretion of water, sodium
and potassium in the dog and in man. The aim of the
experimental work has been to characterise and explain
the alterations in the handling of fluids and electrolvtes
by the bowel when it is obstructed.

The obstructed bowel will be shown to be incapable
of absorbing water and electrolytes, and, by secreting
these substances in large quantity, to contribute greatly
to the fluid accumulating in its lumen., Several reasons
for such disturbances are advanced.

Of the several local and systemic consequences of
obstruction, which may affect the absorption and secretion
of water and electrolytes, two have been selected for
further study, namely, the effect of mesenteric venous
congestion and the action of the adrenal mineral-corticoid,
aldosteronae., The latter has been studied not only to
evaluate its contribution to the disturbances observed in
obstruection, but also to assess its wole in the normal
physiology of the intestinal absorption of fluid and
alectrolytes.

The experimental section of the thesis bepins with a
description of the methods which have been used to measure
the simultaneous movement of water and electrolytes into

and out of the intestinal lumen.



ARRANGEMENT O THE THESIS

This thesis is presented in two volumes.

The first volume contains the main text of the
thesis including a review of the literature. The
experimental studies are presented in four parts. Each
experimental section contains a discussion of the
results, which have been presented in the section, and
ends with a summary of the main conclusions which have
been drawn. The last part of the thesis (Part VI) is
a brief account of the general conclusions, integrating
the different parts of the thesis. The first volume
ends with a list of the literature which has been cited
in the text.

The second volume is divided into two parts.

In the first part are the tables and illustrations set
out in the order encountered in the text, The second
part of this volume contains all the appendices,
detailing the specifications of the chemical and
radioactive substances used, and the detailed records

of individual experiments, etc.
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STATISTICS

The experimental data have been analysed using
conventional statistical methods (Moroney, 1956)., The
levels of significance for values of t and T were
determined from Fisher and Yates (1963).

The following abbreviations have been employed:-

n = number of items in a sample.
mean = avrithmetic mean, unless otherwise
stated.
s = standard deviation.
S5eL.M. = gtandard error of mean.
S.E.M =  gtandard error of mean difference.
difference
v = coefficient of variation.
d = difference between duplicates.
d. of T = degrees of freedom.
62 = variance estimate.
r =z  Snedecor's F ratio
= greater estimate of variance of
population
lesser estimate of variance of
population
t z Difference of means

Standard error of difference

H]

probability

=  ecorrelation coefficient

= TFisher's z transformation
= 1.15 log, L +r

t I _--u--—m

L
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INTRODUCTTION

Water and electrolytes are continually being

exchanged between man and his external environment.

Since life can continue only if the fluid composition

of the body is maintained within narrow limits, this
exchange must be equal. Fluids which are lost from the
body must, in the long run, be replaced. Whatever the
environmental source of water and electrolytes mav be,

they have only one portal of entry - the intestinal mucosa,

The dietary intake of fluids and electrolytes, the
amount and composition of which are variable, represents
only a small proportion of the total daily load of water and
salt presented to the bowel for absorption. Into the upper
reaches of the intestinal tract are poured 7 - 9 litres of
fluid of relatively constant composition from the liver,
pancreas and gastro-intestinal glands (Carter et al., 1959).
Since less than 100 ml of fluid are lost in the faeces
daily, absorption is almost complete.

The absorption of the dietary and glandular fluid,
however, is incorporated in a much larger exchange of fluid
between the body and the lumen of the intestine. Water and
electrolytes are simultancously transferred across the
intestinal wucosa in both directions at such a rate that a
volume of fluid, equal to the plasma volume, enters and
leaves the lumen of the bowel every 90 minuten (Visscher

et al., 1944b)., The process of absorption, by which the



body obtains water and electrolytes from the intestinal
lumen, is the resultant of two opposing fast-flowing
streams of fluid, adjusted so that more fluid leaves the
lumen and enters the body than proceeds in the opposite
direction.

The intestinal contribution to the maintenance of
fluid and electrolyte balance is therefore considerable.
However, as far as water and electrolytes are concerned,
the gut absorbs what is presented to it, irrespective of
the homeostatic requirements. Any control of fluid intake
is exercised remotely at higher centres of nervous activity
in response to the sensations of appetite and thirst. The
rate of water absorption appears to be limited by the
ability of the body to bear a water load rather than by the
capacity of the bowel to transfer water molecules into the
blood stream. On the other hand, the absorption of
electrolytes may not be so indiscriminate and evidence will
be presented subsequently that a degree of control may be
imposed by the intestine in response to the bedy's needs.
Nevertheless, the gut does not possess the precise
homeostatic mechanisms of the kidney.,

The clinical importance of the absorption of fluids
and electrolytes springs from the ease with which the
orderly sequence of secretion and reabsorption within the

intestinal tract can be upset, leading to serious and



perhaps fatal losses of fluid from the body. Not
surprisingly, the commonest causes of disorders of fluid
balance are found in the gastro-intestinal tract

(Black, 1957),

The surgeon most frequently encounters severe losses
of salt and water in intestinal obstruction. The dilated
coils of fluid-filled bowel stand as mute evidence of the
disturbances in the normal pattern of secretion and
absorption in the intestinal tract. The intestinal contents,
unable to pass the obstruction, accumulate above it, and
their volume is progressively augmented by the continued
addition of biliary, pancreatic and gastro-intestinal juices,
In addition, it has often been assumed that the obstructed
bowel becomes incapable of absorbing fluids, and indeed may
aggravate the situation by beginning to secrete into its own
lumen. The altered capacity of the bowel to absorb and
secrete, when it is obstructed, has received little
gsystematic study in the past, and certainly no investigations,
based on the recent concepts of water and electrolyte
absorption, have been reported.

Such an investigation forms the central theme of this
thesis., As a preliminary to such a study, it was necessary
to investigate and develop the existing ways of measuring

the rates of movement of water and electrolytes into and



out of the intestinal lumen and, in particular, to validate
several of the assumptions implicit in the methods.

The various observed alterations in the intestinal
handling of fluids by the obstructed bowel required explan-
ation., Obstruction of the intestinal lumen produces a
number of effects, both locally upon the bowel and generally
upon the body, which individually can alter the absorption
and secretion of fluids by the bowel, The influence of some
of them can be deduced from the literature. However, tvo
effects of obstruction were selected for further study.

A feature common to almost all types of intestinal
obstruction is congestion of the mesenteric veins as a
result of which the wall of the obstructed bowel becomes
heavy with fluid and blood. Such congestion may easily
contribute to the fluid accumulating within the lumen. Yet
the role of increased venous pressure in influencing water
and electrolyte transport has not been adequately studied
in the past, despite good evidence from in vitro preparations
that the hydrostatic pressure upon both sides of the
intestinal mucosa may be of importance.

Obstruction of the intestine, together with the
losses of fluid and the surgery often entailed, could
Presumably act as a powerful stimulus to adrenal-cortical
activity. The hormones, produced in response, may very well

influence the handling of water and electrolytes by the



bowel, in the same way that they affect electrolyte
transport in other tissues. The evidence for such an
assumption is good, but most of the previous work has been
concerned with the concentration of electrolytes in the
intestinal lumen. There have been few studies in which the
rates,at which these substances are exchanged across the
intestinal mucosa,have been measured following the administ-
ration of adrenal steroids, and no study has been undertaken
employing the powerful, naturally-occurring mineral-corticoid,
aldostevrone. For its possible influence in intestinal
obstruction, and because of its undoubted role in electrolyte
metabolism, the action of aldosterone upon the intestinal
transport of water and electrolytes was therefore invest-
igated,

In the preliminary approaches to this work a number
of deficiencies in the existing reviews became apparent.
Much discussion had vrightly been directed to the mechanisms
of water and electrolyte transport; less consideration was
usually given to the various factors affecting the absorption
and secretion of these substances, and to the advantages
and disadvantages of the methods of study. As a result in
the review of the literature, with which this thesis begins,

these aspects have been treated more fully.



PART I
A REVIEW OF THE LITERATURE ON THE ABSORPTION AND
SECRETION OF WATER AND ELECTROLYTES IN THE
INTESTINE.,



Chapter 1 THE PHYSIOLOGTCAL ASPECTS OF THE INTESTINAL
ABSORPTION OF WATER AND ELECTROLYTES

HISTORY,

The absorntion of fluid and electrolytes by the
intestine has attracted the attention of physioloeists
for over a century, Progress, however, has been slow
(Bucher, Anderson and Robinson, 1950), due to funda-
mental differences in the interpretation of experimental
observations and to the difficulty in designing experi-
ments in which the many inter-related factors affectine
absorption are controlled. Even yet a complete
description of the means by which water and electrolytes
are absorbed cannot be given.

The beginning of the centurv saw a protracted
controversy over the forces which move fluids across
the intestinal mucosa, Some believed that the transport
of water and electrolytes could be explained entirely by
the physical forces of diffusion and osmosis. Others
argued that the participation of a "vital force" was
necessary - ‘that work had to be done by the intestinal
cells themselves. That such a debate was so protracted
seems strange, for at the time several experiments
clearly demonstrated that physical foreces alone could

not account for the absorption of Fluids from the



intestinal lumen,

A Scottish Professor of Physiology, Waymouth Reid,
of Dundee, was perhaps the first to point out the "vital®
nature of intestinal absorption. He demonstrated that,
when both sides of the isolated intestine of the rabbit
were bathed with identical solutions, fluid moved from
the mucosal to the serosal side of the bowel (Reid,
1892),

These observations were confirmed in vitro by
Cohnheim (1898, 1902), and, in vivo, by Heidenhain
(1894),

Those who refuted the "vital force" theory of
absorption were neither united nor consistent in their
opposition. Thus, Goldschmidt and Dayton (191%a, b, c,
d and e) described the movement of salt from the lumen
of the colon to the blood against a concentration differ-
encey vet Goldschmidt (1921) later denied the existence
of forces other than those of simple diffusion.

Hamburger (1908) claimed that he obtained results in a
dead animal similar to those of Reid, Cohnheim and
Heidenhain. This was not the case, for he described only
the movement of water and not of electrolytes; in fact

his observations could not be confirmed by Goldschmidt
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and Dayton (1919%9a). Finally Hgber, vho at first
believed that physical factors alone were concerned
with absorption (thero 1898), later accepted the view
that a special driving forece was required (Hgberg 1926).

Nevertheless, it was strongly argued that the
active participation of intestinal cells was unnecessary
for the absorption of simple saline solution. The
influence of non-electrolytes, of diffusible and non-
diffusible anions, and of proteins, was invoked as a reason
for disregarding a "vital force®. However, the eritiecal
experiment was the demonstration that sodium chloride and
water were absorbed from autogenous serum instilled into
the gut (Voit and Bauer, 18693 Visscher, Roepke and
Lifson, 1945)., Simple diffusion and osmosis, therefore,
are not the only forces bringing about the absorption of
water and electrolytes from the intestine.

The metabolic energy, required to absorb a saline
solution, obviously need not be expended in moving all
the constituents of the solution. Only one component
may be transported actively, the rest following in
accordance with simple physical laws, Thus the
intestinal mucosa may actively transport both sodium

chloride and water, or only one of them. Indeed, in the



case of sodium chloride, either the cation or the anion,
or both, may be actively absorbed. To decide which
substances are actively transported, the mechanisms
available for absorption need to be considered briefly.

ACTIVE AND PASSTIVE TRANSPORT,

The transport of materials across the intestinal
mucosa, as through any biological membrane, may be
regarded as active or passive, Transport is called
passive if the process can be accounted for by physical
forceg; active transport involves the expenditure of
energy from metabolic sources. These definitions are
too simple and do not remove the ambiguities which
surround the use of these terms and which have been
partly responsible for the protraction of the mechanist -
vitalist controversy.

An exhaustive description of the characteristics
of active and passive transport is beyond the scope of
this thesis, and is not strictly required since the
experimental work described does not seek to modify
present concepts of the transport mechanisms in the
bowel. The discussion of active and passive transport
will be limited to what is relevant to intestinal
absorption. The general problems of transport across

biological membranes have been discussed by others.
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(Rosenberg, 1948, 19543 Ussing, 1949a, 1952, 1854,
1957, and 19603 Xoefoed-Johnsen and Ussing, 1960).

Passive Transport,

The simplest type of passive transport is

free diffusion in which the substance moves across the

membrane from a region of high concentration into one
of low concentration, and is brought about by the
thermal energy of the particles. Such movement is
governed by the quantitative laws, formulated by Fick
(1855), which unfortunately cannot be applied directly
to the intestinal transport of electrolytes.
There are three main reasons for this:
(a) The mucosa across which transfer takes
place 1s not a simple uniform membrane but in
fact presents three barriers to diffusion - the
membranes on the luminal and serosal aspects of
the cell and the basement membrane, Each are
constructed differently and so have different
permeability characteristics.
(b) Electrolytes are acted upon by forces
other than simple diffusion. As charged particles,
they will be influenced by electrical forces, tend-

ing to be attracted into fields of opposite charge



and repelled from those of similar charge.
Obviously, if an ion is carried through a
membrane because of differences in electrical
potential across the membrane, such transport
must be regarded as passive. Using the analogy
of the Fick equation, Ussing (1949b) was able
to express mathematically the movement of ions
under the influence of electrical and chemical
forces. Many assumptions had to be made
(Koefoed-Johnsen and Ussing, 1960): the
membrane was regarded as uniform, and the
effect of solvent drag was ignored.

(¢) When water is moving through a membrane,

a force is exerted upon the diffusing particles
so that those moving in the direction of flow are
speeded up whereas those moving against the
stream are slowed down. To such interference
has been applied the term 'solvent drag!
(Koefoed-Johnsen and Ussing, 19535 Ussing and
Andersen, 1956). The influence of solvent drag
on ion transport becomes considerable in any
system where hydrostatic and osmotic gradients

occur, The existence of solvent drag has been
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desecribed in the intestine (Fisher, 1955;

Cooperstein and Brockman, 1959).

The description of the passive transport of
electrolytes is therefore complicated by the fact
that several forces act upon them simultaneously -
diffusion force, electrical force and solvent drag.

The several assumptions which have been introduced to
gimplify the mathematical treatment may introduce

errors of considerable magnitude even for a single
membrane {(Ussing, 1960). Their application to a complex
epithelial surface such as the intestinal mucosa is
probably not justified.

Much useful information, however, can be obtained,
avoiding many of the assumptions, if the ratio between
the rates of unidirectional movement of the substance
across the membrane is considered, rather than the
absolute rates themselves (Ussing,lgugg). This ratio,

the flux ratio, depends upon the electro-chemical

differences across the membrane. Thus,

Eiﬂ - iﬂ . ezFE/R’I‘
Mout ay

(L)




where M. is the influx, i.e. amount of ion moving
into the cell in unit time; Moyt 18 the efflux,

i.e, amount of ion moving out of the cell; a, and

a; are the electro~chemical activities of the ion
outside and inside the cell; 3z, the number of charges;
F, the Faraday number; R, the gas constant; T, the
absolute temperature; E, the potential difference
across the membrane,

This equation (Equation 1) is valid for an ion
moving passively under the influence of electrical and
chemical forces but does not take solvent drag into
account, However, when a transfer system is being
examined for active or passive behaviour, solvent drag
can be safely ignored (Ussing, 1960).

The value of this equation lies in its ability
to distinguish between active and passive transport and
to demonstrate the type of passive transport. Thus the
flux ratio ﬁ‘ /M can be obtained experimentally by

in out
determining the individual fluxes with isotope tracers.
The flux ratio can also be calculated if the ratio of
the electrochemical activities, a and a , is determined
0 i
from the internal and external concentrations of the ion

and the measured electrical potential. Where the two
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estimates of flux ratio agree, the ion in question

is considered to have moved by free diffusion.

o

If the observed flux ratio M /M is less
in out
than the calculated ratio, then exchange diffusion

is said to have occurred (Ussing, 1947), in which
considerable exchange takes place across the membrane
but little net transfer occurs (Levi and Ussing, 19u49),
Such exchange diffusion resembles active transport in
that it seems to be carrier-mediated, bhut differs in
that work does not need to be performed, This type of
passive transport has been described in the stomach
(Hogtben, 1955) and the large intestine (Cooperstein
and Hogben, 1859) of the frog.

the calculated ratio the transport is considered to be
active. The only exception to this is the unusual type
of passive transport described by Hodokin and Keynes
(1955) in the squid axon and termed "Ysingle file
diffusion",

Active Transport.

\ Probably the only safe way of deciding that
transport is active is to exclude the possibility
that the transfer process is passive in nature

(Ussing, 1960). Active transport has been defined as



movement against a chemical gradient for uncharged
substances and an electrochemical gradient For
charged substances (Rosenberg, 1948 and 19543
Ussing, 1957).

To decide whether an electrolyte has been

actively transported, its concentration on either
gide of the membrane, and electrical potential across
the membrane, must be known. The use of the

isotopically~determined flux ratios, M /U has

=™

in out
already been described. To establish active transport

of water it would be necessary to demonstrate movement
into a region of similar or greater activity of water,
i.e. net movement without or against an osmotic
gradient - or the maintenance of a difference in
osmotic pressure across a menbrane freely permeable

to water,

Active transport is, by definition, dependent
on continuing metabolic processes and so will possess
certain characteristics (Robinson, 19603 Wilson,
1962). Active transport can be inhibited by metabolic
poisons. Competitive inhibition between chemically-
related substances may be seeni in addition the

transport system often exhibits a degree of
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structural specificity. The facts that the rate of
trangport is not a linear function of concentration
and that the process can be "saturated', suggest

that a carrier is required to assist in the transport
of the substance through the membrane. The possession
of such features by a transfer system does not
necessarily imply that The transport is active,
because certain types of passive transport have these
properties.

Active transport, therefore, means that the
substance is moved uphill against the electrochemical
gradient and that the requived energy is derived from
metabolic sources., The actual vehicle used and the way
in which the energy is transferred to the moving
substance are quite unknown. The several theoretical
systems, that have been described, are reviewed by
Ussing (1957 and 1960). These will be briefly ocutlined
and their relevance to intestinal transport considered.

(a) Simple membrane carrier transport
(Osterhout, 1940),

The substance to be transported reacts with
a component of the cell membrane to form a
complex which then diffuses across the membrane.

On the inner surface of the membrane, the carrier
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releases the substance, chemically unchanged.
Despite the attractions of this theory, no
specific ion-binding substrates have been
demonstrated in cell membranes.

(b) Pinocytosis (Lewis, 1931),

Minute droplets of the fluid surrounding
the cell are taken up or ingested by the cell,
transported across the cytoplasm and given up
by the cell at its other side. This is an
unlikely method for electrolyte and water
transport for it obviously implies the
movement of equivalent amounts of sodium,
chloride and waters; this does not occur
(Koefoed~Johnsen, Ussing and Zerahn, 1952),

(c) Fluid-circuit hypothesis (Ingraham,
Peters and Visscher, 1938).

The basis of this theory, which was
proposed to explain salt absorption in the gut,
is that electrolytes and water are carried
through pores in the cell membrane, and that
subsequently water is returned to the intestinal
lumen through narrower pores. This Theory will

be considered in detail later.
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(d) Electron-linked transport.

In this theory, the energy for ion transport
is considered to be derived from the electron-
transferring reactions of respiration. Such a
system has been used to explain acid secretion
(Conway, 1953). It seems likely, however, that
the energy for ion transport is derived from
energy-rich phosphate bonds rather than

respiratory electron transfer (Zerahn, 1958).

The popular theory of active transport is that
of carrier-mediated transfer across the cell membranes.
No such hypothetical mechanisms have been isolated nor
have they ever been described in the terms of chemical
substances. However, the high degree of specificity,
the expenditure of energy, the type of saturation
kineties and competitive inhibition make the likelihood
of their participation very great.

INTESTINAL TRANSPORT OF ELECTROLYTES,

Although many electrolytes - all more or less
dissociated into their constituent ions - are found in
the body, only a few of them play an important part in

controlling the volume and distribution of water and
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maintaining the tonicity of body fluids. These chief
electrolytes are the cations, sodium and potassium,
and the anions, chloride and bicarbonate. Their
intestinal transport will now be described.

The absorption of other electrolytes, e.g.
calcium, phospha‘tég iodine, magnesium and iron, will
not be discussed since their function is highly
specific, since their contribution to the ionic
composition of the body is slight, and since their
intestinal absorption is relatively slow and individual.
Cations.

(1)  Sodium

Sodium, it is generally agreed, is actively
transported across the intestinal mucosa. This
conclusion, however, has been reached only after
considerable dispute, and required the design of several
ingenious experiments satisfactorily to control the
various changes which occur in salt solutions during the
process of absorption.

The evidence, so far nresented in this review,
has suggested that the absorption of fluid and electro-
1vtes required the active participation of the intestinal

cells., To prove that sodium chloride, rather than water,



was actively transported, absorpiion against concentration
differences would have to be demonstrated. Such evidence
was difficult to obtain for the sut does not easily allow
anisotonic fluid to dwell in its lumen and will quickly
attempt to render it isotonic by adding or subtractine
water (Goldsehmidt and Dayton, 1919b; MecDougall and
Verzar, 1935), OSuch a trend to isotonicity gquickly
abolishes any differences in concentration between both
sides of the intestinal mucosa. The use of osmotically-
active but poorly-absorbed substances provided an answer
to the problem., When a solution containing a low
concentration of sodium c¢hloride was brought to iso-
tonicity with mannitol (Katzenellenbogen, 1906),
magnesium chloride or sodium sulphate (Cobet, 1913) and
then instilled into the gut, there was no immediate flow
of water to adjust osmotic velations. Absovrption of
sodium chloride against a concentration difference was
demonstrated,

With the acceptance of the active transport of
salt, the next step was clearly to deecide whether sodium
ions, or chloride ions, or both, were actively absorbed.
Obviously the situation could exist in which one ion only

was beineg actively transported and the other was being
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moved to maintain electrochemical neutrality. For
this decision, the electrical potential differences
across the membrance must be measured,

Electrical potentials,

The measurement of the electrical parameters of
absorpiion experiments was simplified by Ussing and
Zerahn (1951), who, in isolated preparations, passed a
current equal to the physiological one but opposite in
direction to "short circult" the membrane.

With such a technique Ussing and Andersen (1956)
showed that the positive charge, which developed on the
serosal surface of the larce intestine of the toad, was
caused almost entirely by the net movement of sodium
cations towards the serosa. Indeed all the current came
from sodium transport, sugeestine that sodium ions were
the only ones being actively transferred, Similar results
were obtained by these authors with the caecum of the
guinea-pig.

In the isolated colon of the bull-~frog sodium
moved toward the serosal side against the electrical
gradient (Chalfin, Cooperstein and Hogben, 1958;
Cooperstein and Hogben, 1959)., The passive nature of
chloride transport was obvious - indeed exchange

diffusion was demonstirated. However, the current



required to "short-circuit" the memhrane was ereater
than the amount of sodiuwm movine: +the active transport
of another cation in the same direction or of an anion
in the opnoaite direction secemed to be takine nlace.

With the measurement of electrical potentials
in vivao, the active trananort of sodium and the passive
movenent of chloride have been demonstrated in the colon
of the rat (Curran and Schwartz, 1960) and of dog
(Cooperstein and Brockman, 1959),

In the small intestine, on the other hand,
potential differences are extremely small. One reason
may be that both sodium and chloride are activelv
absorbed so that their transport notentials neutralize
one another (Curran and Solomon, 19573 Curran, 1960),
Any decision concerning the nature of the transport of
ions in the small intestine is made difficult by such

low electrical resistance of the tissues,

Bi-directional movement of sodium.

When salt-free solutions are introduced into the
bowel, sodium can be detected in the intra-luminal
solution within a short time (Hgber9 18993 Cobet, 1913;
Rabinoviteh, 1927: Burns and Visscher, 1935), Sodium
had entered the intestinal lumen from the body.

Therefore a two-way traffic of sodium ions into and out
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of the lumen was feasible during the absorption of
salt solutions from the mut,

- v

Such bi-directional flux of sodium was fip

o3
+

convincingly demonstrated by Visscher et al.(194u4L)
using radio-isotopic techniques which were then in
their infancy., The net movement of sodium across

the intestinal mucosa is therefore the difference
betwaen the amounts simultaneously moved into and out
of the lumen of the bowel, If the rates of movement in
opposite directions were equal, no net movement would
occur desplte a large turnover of sodium. The rates of
such bi-directional exchange vary in different parts of

the intestine.

(ii) Potassium

Potassium, like sodium, moves in both directions
across the intestinal mucosa (Katzenellenbogen, 1906
Hgber, 1926)., No definite opinions c¢an be given whether
potassium transport is mainly active or passive.

Large amounts of potassium are secreted into the
bowel lumen with the digestive juices but yet only
about 9 mEq per dav are lost in the faeces, (Dempsey
et al., 1958), The amount of vpotassium absorbed must

be considerable but little is known about the site or



mechanism involved.

Potassium has been shown to be more rapidly
absorbed than sodium from equimolar isotonic soclutions
in the intestine of the dog (Ingraham and Visscher,
1936a). However, since the extra-cellular concentration

of potassium is much less than that of sodium, a

steeper concentration gradient existed for potassium.
Indeed, if this concentration gradient were steep enough,
active transport processes would not be required. Under
normal circumstances in wan with an average concentration
of potassium in the gut of 16 mBEq per litre (Spencer, 1960)
and with an extra-cellular concentration of 5 mEq per litre,
an adequate gradient exists.
Potassium may be secreted passively into the
colonic Jumen to neutralize the potential difference
induced by the active movement of sodium in the opposite
direction. Or a coupled sodium-potassium pump may
exist - actively transferring sodium from lumen to blood,
and potassium in the opposite direction (Ussing, 1960).
While little is known of the mechanism of
potassium absorption there is no doubt that the ion plays

an important part in alimentary physiology. Gastro-



intestinal secretions contain large quantities of
potassium whose concentrations in the lumen of the
stomach, duodenum, and colon are greater than that
in the plasma. Most of this potassium is absorbed.
If such re-absorption is prevented by disease

potassium depletion will qﬁickly develop.

Anions

The movements of sodium and potassium ave
closely linked to those of the anions, the principal
two of which are chloride and bicarbonate.

(i) Chlorids

Farly workers suggested that chloride was
actively absorbed. When isotonic mixtures of sodium
chloride and sodium sulphate were introduced into the
colon (Goldschmidt and Dayton, 1919d) or ileum
(Ingraham and Visscher, 1936a) of the dog, the chloride
concentration diminished rapidly. The term "chloride
impoverishment® of the luminal solution was apnlied to
this phenomenon which was thought to demonstrate active
transport since it could not be observed in the presence

of metabolic poisons such as fluorides and cvanides



(Ingraham and Visscher, 1936Db).

When an isotonic solution of sodium chloride is
presented to the gut, a concentration gradient for
chloride will exist even although there will be none
for sodium, since the extra-cellular concentration of
chloride is much less than that of sodium, Chloride
ions have been shown to move against a concentration
gradient (Curran and Solomon, 19573 McHardy and
Parsons, 1957), but, since this movement was down the
electrical gradient, the transport of chloride ions
seems to be passive, particularly in the large intestine
(Cooperstein and Hogben, 19593 Curran and Schwartz,
1960). The active transport of both chloride anions
and sodium cations in the small intestine is probably
the reason that electrical potential differences cannot
be easily detected at that site (Curran and Solomon,

1957).

(ii) Bicarbonate

While chloride is being absorbed from the colon,
the anionic concentration remaing constant because of
the entry of bicarbonate ions into the lumen (d'Agostino,
Leadbetter and Schwartz, 1953). Indeed a reciprocal

relationship between bicarbonate and chloride movement
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has been demonstrated not only in the dog (Bucher

et _al,, 1950) but also in the rat (Parsons, 1956) and
in man (Bucher, Flynn and Robinson, 1944), Bicarbonate
may be exchanged for chloride.

Solutions introduced into the jejunum become
slightly acid (de Beer, Johnston and Wilson, 19353
Ingraham and Visscher, 1938): in the ileum, on the
other hand, there is a tendency to alkalinity, pH 7.5.
The level at which the reaction of the gut content
changes from acid to alkali varies with the species
(Wilson and Kazyak, 1957). The ability of the jejunum
to render its contents slightly acid and of the ileum
its contents slightly alkaline has been observed in the
dog (Ingraham and Visscher, 1936a; Robinson, Luckey
and Mills, 19433 Bucher et al., 1950) and in man
(McGee and Hastings, 19423 Bucher et al., 19hku4),

With everted sacs of ileum, Wilson and Kazyak
(1957) showed that the pH and concentration of bicarbon-~
ate fell on the serosal side of the mucosa with a
corresponding gain on the mucosal side. They suggested
that the ileum secreted an isotonic solution of sodium
or potassium bicarbonate., Since the carbon dioxide

tension (PCO?) of the serosal solution rose they proposed
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that hydrogen ion was being added in exchange for

another cation. Parsons (1956) suggested that hydrogen
ions may be exchanged for sodium during sodium absorpt-
ion. Wilson (1862) has studied in detail the pH changes

across the gult wall,

INTESTINAL TRANSPORT OF WATER,

The prompt diuresis which follows a high fluid
intake must be brought about by a rapid rate of water
absorption in the first place. In some species the
rate of water absorption may be fast enough to cause
intravascular haemolysis (Lee, 1954), TFollowing its
intra-gastric instillation, deuterium oxide appears in
the portal blood within 2 - 4 minutes (Benson et al.,
1956), The movement of water across the intestinal
mucosa, like that of sodium and potassium, is bi-
directional (Visscher et al., 1944a),

The facility with which water and electrolytes
can enter and leave the lumen of the intestine ensures
that markedly anisotonic fluids are quickly rendered
isotonic. When introduced into the gastro-intestinal
tract, tap water, which is damaging to the mucosa of
the intestine (Dennis, 19403 Blickenstaff, 1954b),

becomes isotonic in the stomach and duodenum due to
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the entry of electrolytes and rapid removal of water
(Burns and Visscher, 19353 Follansbee, 19453
McHardy and Parsons, 1357)., Water will enter hypertonic
solutions (Goldschmidt and Dayton, 1919¢). Under normal
conditions most of the intestinal mucosa is therefore
presented with isotonic fluid for absorption.

From this fluid, water and solute are absorbed
at approximately equal rates (Peters and Visscher, 1939;
Wilson, 1956a; Curran and Solomon, 19573 Smyth and
Taylor, 1957). In this way the bowel content remains
isotonic or nearly so (Visscher and Roepke, 19453
Visscher et al., 1845),

Active or passive transport

The type of transport system employed in the
absorption of water has not been completely elucidated.
One widely-held view is that water transport is passive
and secondary to the transfer of scolute. Solute is
absorbed, and water follows in response to the osmotic
gradient set up (Curran and Solomon, 1957; Curran, 1960;
Curran and Schwartz, 1960).

This concept of passive transport for water
absorption is strengthened by several observations on

the effect of hydrostatic pressure. Water absorption
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wvas found, within limits, to be enhanced by applving
pressure to the intra-luminal solution (Blickenstaff
et al,, 1952) and water transfer from the mucosal to
serosal side of isolated intestine can be brought to
a halt by the application of even quite a low pressure
on the serosal surface (Wilson, 1956b).

The passive nature of water transport has been

challenged by several groups on four main counts:-

(a) Absorption of water from a hypertonic
solution, against the osmotic gradient, has

been observed both in vivo (Goldsehmidt and
Dayton, 1919b; Tidball and Tidball, 1956;
McHardy and Parsons, 1957) and in_vitro

(Fisher, 19553 Parsons and Wingate, 1961).

Any theory of water transport has to explain
these observations.

(b) Some studies in vitro have not confirmed

the marked influence of hydrostatic pressure

upon water transport (Smyth and Taylor, 1954
Fisher, 1955)., Such lack of agreement with

other work may spring from the basic unsuitability
of in vitro preparations for the investigation of

water transport, since water has to traverse the
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entire thickness of the intestinal wall rather
than only mucosa in the intact state.

(¢) The transport of water appeared to require
the expenditure of energy, for the presence of
glucose in the bathing solutions seemed to be
essential for the absorption of water by the
isolated bowel (Smyth and Taylor, 1954 and 1957;
Fisher, 19553 Lifson and Parsons, 19573

Parsons and Wingate, 1961)., Such apparent
glucose~dependent transport was easily arrested
by mucosal poisons (Smyth and Taylor, 1955)., On
the other hand, the isolated hamster intestine
does not seem to require glucose for water
absorption (Wilson, 1956a), and, of course, the
absence of glucose from the luminal solution in
the intact animal will not affect absorption
(McHardy and Parsons, 1957) since the mucosal cells
are nourished by the blood. The relationship
between water movement and the expenditure of
energy, however, may not be direct. Passive
water movement secondary to the active transfer
of solute could be an equally acceptable explanat-

ion,
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The relationship between the absorption
of water and sugars has been comprehensively
reviewed by Crane (1960),

(d) Since water movement did not comply with
the classical theory of osmosis, the transport
of water was considered to be active (Visscher
et al.,, 194u4a), However, when water flows
through a porous membrane, simple osmosis does
not take place and the disparity observed by
Visscher and his colleagues can be explained

on the laws of laminar flow which apply to this
circumstance (Koefoed-Johnsen and Ussing, 1953,

Ussing and Andersen, 1956),

To clarify the relationship between solute and
water transport, Curran and Solomon (1957) used a
solution, with a low concentration of salt, made
isotonic with poorly-absorbed mannitol. Under these
conditions, the absorption of both salt and water was
diminished., These findings have been confirmed (McHardy
and Parsons, 1957). Indeed when no salt was absorbed,
no water was absorbed, Since the activities of water on

both sides of the membrane were identical, these findings



suggested that water transport was not an independent
process but passive and controlled by the movement of
solute.

This concept would explain the apparent paradox
of absorption of water from a hypertonic sodium chloride
gsolution. From a sodium chloride solution, sodium, and
hence, water, would be rapidly absorbed. From a hyper-
tonic sodium sulphate solution, on the other hand,
sodium and water were poorly absorbed (Goldschmidt and
Dayton, 1919d; Burns and Visscher, 1935). Water will
be absorbed from isotonic saline solution and from
plasma so long as active solute transport is taking
place.

To explain the various apparently~conflicting
observations described above a model of water transport
has been proposed by Curran (1960)., The observation
that a solution will emerge on the serosal surface of
the isolated gut even if there is no solution bathing
that surface (Smyth and Taylor, 1957) suggested to him
that the driving force for water transport may be not
only an osmotic gradient but also a hydrostatic pressure
developing within the tissue itself. Across the

mucosal surface, which is thin and porous, solute is
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actively transported, with water following by osmosis.
The increased hydrostatic pressure within the tissue
will extrude water through a membrane which is thicker
and has larger pores. Such a membrane may be the
submucosal and muscular layers. The transport of

large volumes of water across the membrane would hinder
diffusion in the opposite direction.

However, it can not be too readily concluded
that the absorption of water is entirely passive, The
concept of the active transport of water, suggested by
several in vitro experiments (Fisher, 198553 Smyth and
Taylor, 19573 Parsons and Wingate, 1961), has had
further support from Vaughan (1960) and Uliman et al.,
(1960) who showed, in the dog and the cat respectively,
that water can leave the intestinal lumen against an
activity gradient. There may therefore be several
mechanisms available for water transport.

Fluid-circuit theory

Although not now generally held, the fluid

circuit theory will be considered further since its

advocates propounded the theory from their observations
on intestinal absorption (Ingraham et al., 1938

Ingraham and Visscher, 1938), The theory postulated



that water was actively absorbed and that solute was
dragged along in its wake. This movement was thought
to take place through a membrane which possessed a
mosaic-like structure in which thicker pores allowed
the passage of water and solute into the cell and

thin pores, relatively impermeable to solute, allowed
water to leak out of the eell back into the intestinal
lumen, This theory was first advanced to explain the
fall in chloride concentration in a solution containing
a mixture of sodium chloride and sodium sulphate;
however more acceptable explanations for this phenomenon
are available, (Curran and Solomon, 1957)., Despite the
many objections the fluid cirecuit theory still has its

supporters (Vaughan, 1960; Grim, 1962).



Chapter 2 THE ANATOMICAL ASPECTS OF THE INTLSTINAL
ABSORPTION OF WATER AND FLECTROLYTES.

The description of the mechanisms of absorption
hinted at the complex surface across which water and
electrolytes are transported. It is necessarv now to
describe more fullv the morphology of the intestinal
nucosa, with particular reference to fluid and
electrolvte absorption.

I - THE SITES OF ABSORPTION OF WATER AND LLECTROLYTES.

Strict comparison of the absorptive abilitv of
different segments of gut requires that the rates of
transport are related to the mucosal surface area.
Although the intestinal epithelium is arranged as a
tube, the mucosal surface area cannot be calculated
from the length and radius of this tube because the
mucous membrane has undergone several modifications to
increase its area. Because of the valvulae conniventes,
the villi and the microvilli, the surface area of the
bowel is about 600 times greater than the area of a
simple tube of similar gross dimensions (Wilson, 1962).
The various attempts to estimate surface area from
mucosal outlines neglect the microvilli (Warren, 1939
Wood, 194u4; TFisher and Parsons, 19503 Grim, 1962).

Although the number of microvilli per columnar cell



and per unit area of intestine have been calculated
(Granger and Baker, 1950; 7Zetteravist, 1956), micro-
villi vary in size and shape with the site of cell

in which they are contained (Dalton, 19513 Palay and
Karlin, 1959), There is therefore no valid method for
calculating the +total surface area available for
absorption. Any attempt to compare the absorptive

£~

abilities of various sepments of bowel on such a basis
will have a low level of accuracy,
(a) Stomacgh.

The stomach is not an important site of
absorption (Karel, 1948). Although exchange between
gastric content and blood ocecurs (Scholer and Code,
1954), only small quantities of sodium (Reitemeier, Code
and Orvis, 1957b) and of water (Lee, Code and Scholer,
19558) are in fact absorbed. Sodium leaves the cavity
of the stomach at a slower rate than that of potassium
and water, particularly in the presence of acid, whose
hydrogen ions may compete with sodium for the absorptive
mechanisms (Code et al., 1963),

(b) Small intestine.

(i) Duodenum.
Despite large exchanges of water and sodium

across the duodenal nucosa, little net movement
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occurs (Visscher et al., 1944%a and by Code et al.,
19603 Grim, 1962). The duodenum has been

regarded as the equilibrator of the intestinal
tract (Hindle and Code, 1962). Sodium enters ‘the
duodenum to raise the luminal concentration to
that of plasma. Water will enter the duodenum
when hypertonic solutions are introduced. Thus,
under physiological conditions, the mucosa of the
rest of the intestinal tract encounters only
isotonic fluid,

(ii) Jejunum and ileum.

The rest of the small bowel seems to be desianed
for absorption. Fven when an anisotonic solution
is introduced directly into the ileal lumen no
great attempt is made to render these solutions
isotoniec - absorption is quickly and effectively
begun (Hindle and Code, 1962). Many of the
differences among the published rates of transport
in the ileum and jejunum can be attributed to the
gross inaccuracies in measuring surface area of
the mucosa, Thus, Visscher et al., (1944a and Db)
and Code et al., (1960) described that, in the dog,

T P30T T s g

the rates of exchange of water and electrolytes in
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the jejunum were higher than those in the ileum;
vhereas the opposite situation was observed by

Grim (1962). However, all three groups of workers
agreed that greater net absorption was found in

the ileum because more sodium and water left the
lumen than entered at any given time. In the rat,
(Parsons, 1956), and in the hamster (Wilson, 1986a),
twice as much sodium was absorbed by the jejunum

as by the ileum.

(¢) Large intestine.

Attempts to compare the absorptive ability of
the colon with that of the small bowel have led to
confusion because of the afore-mentioned inaccuracies
in measuring the surface areas. Thus the vrates of
sodium and water transport in the large bowel have
been said to be greater (Grim, 1962) and smaller
(Visscher et al., 1944%a and b) than those in the small
intestine. There is general agreement, however, that
the mechanisms for the absorption of sodium are nore
efficient in the colon (Visscher et al., 1944b) and
that hardly any sodium "leaks" back into the colonic
lumen. Nevertheless more sodium is probably absorbed

in the small intestine since it presents a larger total
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surface area.

When isotonic solutions containing potassium at
a concentration identical to that of plasma are
instilled into the small bowel, there is practically
no absorption of potassium - indeed slight secretion
of potassium may occur (Berger, Kanzaki and Steele,
1959b; Code et al., 1960). Under similar circumstances,
potassium is secreted into the colon in greater quantity
for more potassium ions enter the lumen of the colon
than that of the small bowel,

In summary, then, while comparison of the rates
of transport between ileum and jejunum cannot easily be
made, the distal jejunum and ileum absorb more fluid
and electrolytes than the proximal duodenum whose
function is to secrete fluid into the hypertonic solut-
ions which enter from the stomach. In the colon, into
which potassium is secreted, sodium absorption is
efficient, but the small bowel, having a greater total

area, absorbs more sodium and water than the colen.

II - THE INTESTIHAL MUCOUS MEMBRANE,

The morpholopgy of the surface epithelium which
is composed chiefly of columnar cells, whose function

is probably absorption, and of goblet cells, which
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secrete mucus, has been well reviewed by Laster and
Ingelfinger (1961), The functions of the argentaffin
cells and of the Paneth cells are obscure but probably
not related directly to intestinal absorption.

The mucous membrane presents complex barriers
to absorption. The first obstruction to be negotiated
is the surface of the cell facing the lumen. Using a
variety of drugs Hogben and his group (Hogben et al.,
1957 and 19593 Schanker et _al., 19583 Hogben, 1960)
have shown that the rate of absorption was directly
related to the lipoid-solubility of the drug. This
finding suggested to them that the luminal surface of
the intestinal cell was predominantly lipoid in
character. A much smaller portion of the cell surface
is thought to be composed of a trellis-work of water-
filled pores through which water and small ions can
pass. These pores (which have not been detected by
electron microscopy) seem to be impermeable to the
passage of particles of molecular weight greater than
100, The diameter of these pores has been deduced as
36A (Durbin, Curran and Solomon, 1958) an estimate
which has been rejected as too large (Hogben, 1960).

Although the nature of the barrier offered by

the nmucosal surface of the intestinal cell and the
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vehicle for traversing it (possibly a caprrier
mechanism), are entirely theoretical, the concepts
described above correspond to the classical views of
cell membranes (Collander, 1937; Hgber, 1945
Davson and Danielli, 19523 Ussing, 1954), |

Having penetrated the luminal membrane of the
cell, water and electrolytes have to traverse the
cell eytoplasm., Probably simple diffusion is the main
mechanism although the participation of cytoplasmic
organelles such as the mitochondria (Green, 1959) or
endoplasmic reticulum (Palade and Porter, 1954) is
possible. From the observation of Grim, Lee and
Visscher (19558), that the intestinal mucosa was slower
than the muscle coat and venous blood in reaching
equilibrium during the absorption of deuterium oxide,
Barger (1960) suggested that water may pass through or
around the intestinal cell in channels and undergo little
mixing with the cytoplasm.

When water and electrolytes reach the basal
surface of the cell, there is another membrane to be
penetrated. No mechanism for crossing this barrier has
heen sugpested. The infolded double membranes, which
are particularly noticeable in the kidney (Pease, 1955)

and are said to be associated with water transport



(Pease, 1958)?have not been described in the intestine.

III ~ ROUTES OF INTITIAL DISTRIBUTION QOF ABSORBED WATER
AND ELECTROLYTLS

Extruded from the basal surfaces of the
intestinal cells, water and electrolytes concentrate
locally in the extra-~cellular spaces. The main route
for water and electrolytes from the intestinal tract
is the blood stream; 99 per cent of absorbed water
and electrolytes appear in the portal circulation
(Benson et _al., 1956). Although local equilibrium
of water and electrolytes may be established between
the extra-cellular fluid and the lymphatic circulation
(Lee, 1961), negligible quantities of these substances
are transported from the put in the large lymphatic
vessels. The increased sodium and water content of
lymph, observed during the absorption of saline, is
derived from the arterial circulation (Grim et al.,
1955) which is augmented after a meal (Herrick et al.,
1a3u),

The further distribution of absorbed water and
electrolyvtes is beyond the scope of this review and
has been fully discussed elsewhere (Edelman, 1962;

Ginsberg, 1962).
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IV —~ GASTRO-INTESTINAL COMPARTMENT

A proportion of the fluid of the body can always
be found within the lumen of the gastro-intestinal
tract. In rabbits, and other herbivorae, as much as
12 per cent of the total body water may be sequestrated
in the intestines (Gotch, Nadell and Edelman, 1857);
in carnivores and omnivores, the proportion is less
(Cizelk, 1954). Autopsy studies indicate that, in man,
1.5 per cent of the total body water and body sodium
lie within the gastro-intestinal tract (Gotch et al.,
1957). This is probablyv a gross underestimate of the
situation as it exists in life.

The gastro-intestinal fluid is that part of
the extra-cellular space which has been divided into

several pcools separated from one another by cellular

structures. To such pools, the term transcellular

has been applied to indicate their association with
specific physiological functions, e.g. the cerebrospinal
fluid, the aqueous humor (Ldelman and Leibman, 1959),
The gastro-intestinal compartment is in a state
of dynamic equilibrium with the rest of the extra-
cellular Fluid on account of the rapid exchange of water

and electrolytes across the intestinal mucosa. An amount
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of sodium, equivalent to the total sodium in the
plasma, moves into and out of the gastro-intestinal
lumen every 90 minutes (Visscher et al., 194uib).
Heavy water, instilled into the gut, quickly reaches
equilibrium with the body fluids (McDougall et al.,
1934), and conversely, when injected intravenously,
is rapidly detected in the gut (Gotch et al,, 1957),
The important aspect of this compartment is
that although the fluid which it contains is in
equilibrium with the rest of the body fluids, the
cells of the intestinal mucosa can transfer water
and solute out of the compartment to replenish the
fluid and electrolyte content of the body. Also,
continuous withdrawal of fluids from this compartment
by vomitiﬁg, diarrhoea, etc., will lead to a shrinkage
of all body compartments and death ultimately from

gross fluid and electrolyvte depletion.



Chapter 3 TACTORS ATFECTING WATER AND ELECTROLYTE
ABSQORPTION,

Many inter-related factors influence the
absorption of water and eleectrolytes. They will

be discussed under the following headings:-

Local Factors,.

1. HMucosal.
2. TForces of absorption.

3. Local circulation.

General Factors.

1. Drugs.
2. Body composition.

3., Endocrine secretion.

LOCAL, FACTORS,

1. MUCOSA.

(a) Metabolic poisons.

The active transport of sodium chloride is
abolished by a number of metabolic poisons, e.g. sodium
arsenite, sodium fluoride, sodium cyanide, mercuric
chloride and hydrogen sulphide (Inpraham and Visscher,
1936b). The effects produced by these poisons are non-
specific: metabolic activity is abolished so that the

intestine absorbs material passively and becomes freely



permeable to plurivalent ions, e.g. sodium sulphate.

(b) Ionising irradiations

Excessive vhole-body irradiation has a marked
effect upon the gastro-intestinal tract (Conrad, 19563
Quastler, 1956). Radiation sickness may in origin be
either central (Wang, Renzi and Chinn, 1958) or local
(Baker and Hunter, 1958), In addition, structural
changes in the intestinal mucosa follow irradiation
particularly in those areas with the highest rate of
regeneration (Lesher, 1957).

Studies of the effect of irradiation upon
intestinal absorption in the intaect individual are
complicated by the associated delay in gastric
emptying (Goodman, Lewis and Schuck, 1952) and altered
intestinal motility (Conrad, 1951). After irradiation,
sodium absorption was found to be reduced and, indeed,
secretion frequently occurred (Curran, Webster and
Housepian, 1960). This observation may explain the
apparently preferential loss of sodium, compared to
that of potassium, in post-irradiational diarrhoea
(Jackson, Rhodes and Entenman, 1958). The longen
period of survival in some species after irradiation
has been ascribed to a larger colon providing greater

opportunity for reabsorption of fluids and electrolytes
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(Conrad, 1956),

Local irradiation of the colonic mucosa
reduces the rate of transport of sodium and chloride
from the lumen to blood (Irvine et al., 1960).

.

{c) Avitaminosis

Alterations in epithelial surfaces are common
in vitamin deficiencies., It is not surprising,
therefore, that the intestinal absorption of water and
electrolyvtes is alffected by niacin deficiency, and that
the rates return toward normal with correction of the
deficiency (Nelson, Code and Brown, 19862),

(d) Hydrogen jon concentration,

Within physiological limits, the intestinal
absorption of fluids and electrolytes is not affected
by change in the hydrogen ion concentration of the
solution within the lumen of the bowel, Thus
Budolfsen (1952) did not observe any alteration in the
absorption of sodium or of chloride in the small or
large intestine at a pH of 6.0, 7.0, or of 8.3,
However, in the jejunum of rats, net sodium transfer
was slowed by inereasing the hydrogen ion concentration
(McHardy and Parsons, 1957): +the absorption of saline
solution at pH &5 was found to be one-sixth of that

obtained at pH 7. In dogs acidification of the



duodenal and ileal contents slowed the transfer of
sodium, potassium and water from lumen to blood
(Code et al., 1860); the increased flow of
electrolytes, in the opposite direction, observed
by these workers,may be related to the increased
secretion of mucus caused by acid irritation of the

intestine.

2, FORCES OF ABSORPTION,

(a) Hydrostatic pressure.

The influence of hydrostatic pressure on water
absorption has already been mentioned. Increase in
the pressure of the fluid in the intestinal lumen was
shown to enhance water absorption (Blickenstaff et al.,
1952). At higher intra-luminal pressures, absorption
is inhibited (Wells, 19313 Dobyns and Dragstedt,
1932-33), and secretion stimulated (Burget et _al.,
19303 Herrin and Meek, 1933),

(b) Motility.

The motility of the gut has always been assumed
to influence the rate of intestinal absorption by
producing a local, transient increase in intra~luminal
pressure, by distributing the bowel content over a

wider area, or by facilitating diffusion of solute within
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the luminal fluid (Hogben, 1960). No definitive
proof of these assumptions is available.

Attempts to provide this proof have made use
of drugs. Conflicting results have been obtained
using atropine (Rabinovitech, 198273 Blickenstaff
and Lewis, 19523 Tidball and Tidball, 1958) and
its analogues, methaneline bromide, "Banthine"
(Higgins, Code and Orvis, 1956) and propaneline
bromide, "Probanthine", (Groisser and Farrar,
1960). Sodium transport was observed to be
increased after atropine but reduced following
methaneline and propaneline. The difficulty in
using drugs to study the effect of motility upon
absorption was well demonstrated by Groisser and
Farrar (1962) who observed that the absorption of
sodiunm was reduced following propaneline despite
increased motility of the gut and wider dispersion of
the solution over the mucosa. Indeed the use of drugs
to alter intestinal motility is particularly open to
criticism since they may direectly affect the
permeability of cells (Kirschner, 1955).

Since sympathectomy and vagotomy do not produce
predictable effects upon intestinal movements, section

of the extrinsic nerves cannot be used in a controlled



study of the effect of motility on absorption. Examin-
ing the clinical effects of vagotomy in man, rather than
claiming any particular change in motility, Cox (1962)
found a slight reduction in the absorption of iodine,

labelled with ot

I; this returned to normal within a
week.
(e) Glucose.

Some degree of coupling apparvently exists
between sodium and glucose absorption (Ussing, 1960).
Thus phlorhizin inhibits the absorption of both
glucose and sodium by the small intestine, the inhibit-
ion of glucose transport being greater.

Budolfsen (1952) observed that potassium added
to saline solutions reduced the rate of absorption of
sodium, but not of chloride, from the small intestine.
The addition of potassium chloride to glucose solutions
reduced the rate of glucose absorption in the bowel.
These inhibitory actions of potassium, neilther of
which has been observed in the large intestine, have
been ascribed either to a direct action of potassium
on the mucosa or to a specific effect of potassium on
sodium transport upon which glucose absorption is

dependent (Ussing, 1960).



3. LOCAI, CIRCULATION,

Absorption is probably not affected by the
normal variations in blood flow (Schanker et al.,
1957). There is little doubi, on the other hand,
that gross alterations in the intestinal circulation
may affect the absorption of water and electrolytes.

(a) Mesenteric vein congestion.,

By applying a clamp across the mesentery of
the dog, Wells (1940) compressed mainly the venous
and lymphatic return from the intestine. Tnitially
the rate of absoprption of isotonic saline was
reduced; with greater compression, absorption ceased;
and then, ultimately, secretion occurred. The effect
of such mesenteric compression would obviously be
composite - and arterial inflow would also be
partially ocecluded. Venous occlusion by itself
reduces the mesenteric blood flow (Turner, Neely and
Barnett, 1959) and produces engorgement of the
intestine (Johnson and Hamson, 1963).

Using an in vitro preparation, Lee (1961)
inhibited the absorption of water by occlusion of the
venous and lymphatic drainage of the intestine.

(b) Arterial blood pressure and oligaemic shock.

Variations in the arterial blood pressure, by



carotid sinus stimulation, did not alter the rate of
saline absorption within the range, 71 - 137 mm lg.
Pressures above this range were accompanied by increased
abgorption (Stickney, Northup and van Lieve, 1847),

The effect of oligaemic shock upon the
intestinal absorption of fluids and electrolytes is
of great interest to the clinician. Experiments in
dogs have shown little change in absorption with
aystemic arterial pressures as low as 50 mm Hg; only
in advanced shock was the intestinal absorption of
saline diminished (Goldberg and Fine, 1945; Cordier
and Touze, 1948), It is difficult to produce an
explanation for these observations since opposing
views are held as to whether oligaemic shock causes
splanchnic venous congestion (Selkurt, Alexander and
Paterson, 1947), or vasoconstriction (Freidman, Frank
and Fine, 19513 Reynell et al., 1955) with reduction
in portal blood flow (Blalock and Levy, 1937) and
increase in portal blood pressure (Wiggers, Opdyke and
Johnson, 1846),

The accumulation of fluid within ‘the lumen of
the bowel of dogs in irreversible shock has been

prevented by atropine (Poreciuncula and Crowell, 1963),



The significance of this finding is not clear and the

work requires confirmation. However, it must be
oligaemic shock -~ mucosal congestion, blood-stained
extravasations inte the lumen - are specific to the

species and are not seen in man.

GENERAL FACTORS

1. DRUGS

(a) Anaesthesia

It is necessary to know the effect of anaesthesia
upon absorption since many acute experiments are done
under anaesthesia. If an unaesthethetised dog becomes
gpreatly excited or distressed, intestinal absorption is
impaired and the intestinal mucosa becomes pale (Dennis
ancd Visscher, 1940). When such an excited animal is
anaesthetised, absorption returns to normal.

Barbiturates do not affect the rates of absorption

to any great extent (Code et al., 1960).

(b) Anticholingeric drugs

The effect of atropine and its analogues have
already been described,

(¢) Mercurials

Inorganic mercurials affect absorption since they



are metabolic poisons (see above), The organic
mercurial diureties reduce the rate of absorption

of gsodium from the jejunum of dopgs (Blickenstaff,
195ua) and of man (Groisser and Favrar, 1960)., This
reduction is apparently brought about by an increased
rate of entry of sodium ions into the bowel (Berger,

1860).

2. BODY COMPOSITION

The extent to which the intestinal absorption
of water and electrolytes may be modified by changes
in body composition seems to be minimal. However,
the lack of sufficient observation in this field is
an invitation to further study.

(a) Plasma concentration of electrolvtes

Although the part which physical forces play
in ‘the absorption of water and electrolytes is not
defined, a change in the composition of the extra-
cellular fluid, and consequent change in the chemical
gradient, might be expected to alter the rates of
absorption. Thus reduction of the plasma osmolality
by intravenous infusions of hypotonic solutions was
shown to produce an increase in the rate of sodium

movement into the body (Lind, Code and Orvis, 1959).



Conversely, increase in the plasma osmolality by
hypertonic overloading was accompanied by an increase

in the osmolality of the jejunal and ileal contents

(de Beer et al., 1935), although the colon, where

sodium transport is active, did not show this change.
However such alterations in electrolyte transport,
following changes in plasma concentration, should not

be ascribed entirely to physical factors. The
electrolyte content of the active secretion of exocrine
glands can be altered by a change in the plasma concent-
ration of sodium and potassium (Gilman and Cowgill, 1933).

(b) Fluid and electrolyte balance

The faecal loss of sodium is small in man. The
amount of salt eaten does not alter the faecal excretion
of sodium since the dietary intake represents only a
small part of the electrolyte load which the gut has to
absorb. Therefore, although the concentration of sodium
in the small bowel can be increased by a high salt diet,
this excess is absorbed by the colon (Dole et al., 19503
Henneman and Dempsey, 1956),

The bowel seems able to respond, at least
partially, to the needs of the body. In salt depletion,

the rate of sodium absorption is inecreased and the



godium content of the bowel vreduced (Field et al.,
1954 and 19553 Gallacgher, Harrison and Skyring,
1962). Such conservation of sodium is achieved by

a reductiocn in the rate at whiech sodium ions enter the
intestinal lumen (Clarke and Shields, 1963). Inasmuch
as sodium depletion is a powerful stimulus to aldoster-
one secretion (Mills, 19682), the possibility exists
that the adrenal cortex is responsible for the
increased capacity of the intestine to absorb sodium,
especially since potassium secretion is increased at
the same time. The adrenal-cortical control of
electrolyte transport in the gut will be discussed
subsequently.

On the other hand, the intestine is apparently
unable to prevent overloading of the body with salt.
The rate of sodium absorption from an isolated segment
of intestine is not reduced when the dietary intake of
sodium is wralsed and a positive sodium balance

established (Berger et al., 195%a).

3. ENDOCRINE SECRETION,

(a) Adrenal cortex

The adrenal cortex has long been known to play an
important role in electrolyte metabolism (for reviews,

see Kruhdffer, Thaysen and Thorn, 1960; Edelman, 1961;
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Beck and MeGarry, 19623 Currie, Symington and Grant,
19623 Ross, 1962). While much attention has been
paid to the effect of the adrenal steroids upon the
body distribution and renal excretion of electrolyes,
much less work has been done to clarify the action of
these hormones on the intestinal absorption of
electrolytes.

The effects of the removal or destruction of
the adrenal cortex have been studied in several species.
After adrenalectomy in rats (Clark, 1939) and in dogs
(Dennis and Wood, 1940) the absorption of sodium and
chloride is impaired but can be restored, at least in
the rat, by the administration of deoxycorticosterone
(Stein and Wertheimer, 1941). The increased loss of
sodium in the faeces of patients with Addison's
disease can be reduced also by deoxycorticosterone
(Emerson, Kahn and Jenkins, 1953),

Much of the work defining the influence of the
adrenal cortex on intestinal absorptlion has been done
by measuring the faecal excretion of electrolytes.

An inverse relationship has been demonstrated between
+he faecal loss of sodium and the urinary excretion of

aldosterone (Duncan, Liddle and Bartter, 1956). Sodium



is excreted only in small quantity in the faeces of

ocedematous tients (Berger and Steele, 1952), in

ey
]

whom there is often a secondary aldosteronism
(Luetscher and Johnston, 19543 Dyrenfurth et al.,
1957).

The transport of potassium in the colon is
influenced by the adrenal cortex. Aldosterone causes
an increased loss of potassium in the faeces of man
(August, Nelson and Thorn, 1958)., 1In the dog +the
administration of 9-« ~fluorohyvdrocortisone was
followed by a decrease in the concentration of sodium
and an inecrease in that of potassium in the faeces
(Poutsiaka, Thomas and Linegar, 1957). 1In the dog,
made ascitic by constriction of the thoracic inferior
vena cava, the increased urinary excretion of aldoster-
one was associated with an increased faecal loss of
potassium (Davis et al., 1959).

The action of the mineral corticoids is not
confined to the larpe bowel. Sodium restriction,
which stimulates aldosterone secretion, is accompanied
by a fall in the concentration of sodium and a rise in

that of potassium in the ileum of dogs (Field et al.,

1955) and in the ileostomy dejecta of man (Gallagher

et al.,, 1962). In patients who had undergone total



colectomy for ulcerative colitis, administration of
steroids was usually followed by an inerease in the
potassium concentration (Smiddy et al., 1960) and a
reduction in the sodium/potassium ratio (Goulston,
Harrison and Skyring, 1963) of the ileostomy dis.
charge. Brooke (1958) did not observe an increased
loss of potassium from the ileostomy with the
administration of cortisone; his patients may have
been depleted of potassium,

The glucocorticoids, adrenocorticotrophic
hormone (ACTH) and cortisone have little effect on
sodium absorption in man (Danowski and Greenman, 1953)
and in dags (Barnett, Turner and Hardy, 1958). There
is no evidence that water transport is greatly influenced
by adrenccortical hormones.

These alterations in the absorption and secretion
of sodium and potassium are brought about by changes in
the rates at which these electrolytes are transported
into and out of the intestinal lumen. The changes in
unidirectional movements have received, until lately,
scant attention. Berger, Kanzaki and Steele (1960)
found that, following the administration of deoxycorti-
costerone, the rate of sodium absorption from the colon

of dogs was increased because of an increase in the rate



at which sodium iong left the colonic lumen. Potassium
secretion into the colon was enhanced by an increase in
the rates of transport in both directions, movement
into the colon being affected to a greater extent. In
the small gut, the movements of sodium and potassium
were not affected.

(b) Hypophvsis

(i) Adenohypophysis

In normal dogs, and in those rendered
ascitic by congtriction of the thoracic inferior
vena cava, hypophysectomy is followed by increased
loss of sodium and potassium in the faeces (Davis
et al., 1959). Any effect, which the adeno-
hypophysis may have on the intestinal absorption
of electrolytes, is probably mediated by the
adrenal cortex.

(i1) Neuvohypophysis

The stimulating effect of the various
neurohypophysial hormones on the transport of
water and sodium across different membranes has
been reviewed by Diamond (1862). The intestinal
transpori of sodium and water has been observed,
in vitro, to be increased by the neurohypophysial

hormones (Ussing, 1960)., The absorption of
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isotonic saline solution in vivo was enhanced

by pitressin (Blickenstaff, 1954c).

The influence of the endocrine system on the
absorption of sodium and potassium has been considered
in some detail. The conclusion must not be reached
that the hormonal control over electrolyte transport
in the bowel 1is as complete and precise as that in the
kidney. The action of the mineral corticoids on the
intestinal mucosa, as on the sweat and salivary glands,
may only be part of the general action of these steroids
on c¢ell membranes.

Emerson and his colleagues (1953) have suggested
that, under normal conditions, adrenal corticosteroids
are not necessary for the absorption of electrolytes,
which is probably an obligatory autonomous function of
the intestine. However, in conditions of stress, where
the need to conserve electrolyte is great, there may be

an additional facultative absorption under hormonal control.

INTESTINAL MUCOSA AND RENAL TUBULAR EPITHELTIUM,

The action of the adrenal mineral-corticoids on
the gut, in conserving sodium and enhancing potassium
loss, is reminiscent of their effect upon the kidney

(Ross et _al., 1959). In addition, the intestinal actions



of the rercurial diuretics and the neurohypophysial

1

L

horrnones arce qualitatively sirmiler to their influence
ori renal function. Howvever, the effect of these sub-
stances on The kidney is much more powerful than on
the intestine,.

The possibility of a close relationship
between renal and intestinal function has been
strengthened by the recent demonstration, in the gut,
of disorders of metabolism first detected in the
kidney. In particular, in disorders of amino-acid
metabolism, such as cystinuria and Havtnup disease)
the defect in amino-acid transpert in the renal tubules
has been identified in the intestine (Asatoor et al.,
1962, 1963).,

In gastro~intestinal physiology, there is a need
for a quantitative approach to intestinal absorption
employing the concept of clearance, which has been
exploited with such success in renal physiology (Hogben,
1962). This has been attempted, but not to any advantage

(Spencer, 1956),
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Chapter U T PUMICHS TOR WG STUDY O TATUSTINAL
ABSORPTION OI' WATER AND ELECTROLYTES,

The information that can be obtained, and the
conclusions drawn, from anv experiment on intestinal
absorption will depend largely upon the method of
study selected. In this chapter the usefulness of the
various techniques for studying the absorption of water
and electrolytes will be discussed, with particular
reference to those requiring isolation of a loop of
bowel, as this type of preparation has been used in the
present studies. Detailed descriptions of the other
methods available will be avoided since there are many
excellent reviews to which reference can be made
(Goldschmidt, 1921; Magee, 19303 Verzar and McDougall,
19363 Korelitz and Janowitz, 19573 Berger, 1960;
Quastel, 1961; Wilson, 19623 Smyth, 1963).

TECHNIQUES IN VITRO,

In these techniques, the intestine is removed
from the animal and receives its oxvgen and other
nutrients from the solution in which it is suspended.
The early methods, in which the bowel was opened up and,
as a membrane, used to separate two solutions, were
limited by inadequate oxygenation of the mucosa

(Vilson, 1962). The last two decades have seen a



"methodological revolution" (Janowitz, 1961), with
the development of well-oxygenated in_vitro prepar-
ations (Fisher and Parsons, 1948: Darlington and
Quastel, 195383 Wiseman, 19533 Wilson, 1956Dh;

Smyth and Taylor, 1957), culminating in the "everted-
sac™ technique (Wilson and Wiseman, 1954: Wiseman,
1861). These methods, which are ideally suited for
demonstrating active Transport and the specificity of
absorption, have been used most successfully in the
investigation of amino-acid and sugar absorption.

In vitro preparations have been employed for
the study of the intestinal transport of water and
electrolytes (Smyth and Taylor, 1954, 1955 and 1957;
Fisher, 19553 Ussing and Anderson, 1956: Wilson,
1956a and b; Lifson and Parsons, 19573 Cooperstein
and Hogben, 1959:; Curran, 19603 Gilman and Koelle,
1960; Parsons and Wingate, 1961). The useful
information which has been obtained by such methods
has already Dbeen described in the earlier chapters of
this review. A disadvantape of these preparations is
that they tend to become abnormally permeable to water
soluble solutes (Chalfin et al., 1958) and, because of

the early loss of adenosine triphosphate, may lose
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_their capacity for active transport (Parsons, 1959),

Nevertheless the differences between in_vitro
and in_vivo preparations may not be so great as
formerly supposed (Smyth, 1963).

Vessel cannulation.

Several excellent preparations both in vivo
and in vitro have been devised in which the artery
supplying, and the vein draining, a segment of gut
are cannulated, and the arterio-venous difference of
a test substance determined (Garry, Holmes and Wishart,
19575 Collings, Swann and Stegall, 1958; Varro et al.,
1964). Such techniques, however, have been used in-
frequently for the study of:water and electrolyte

absorption (Lee, 1961),

TECHNIQUES IN VIVO,

In these preparations the intestine receives
oxygen and nutrients through its blood vessels, The
following methods will be described:

(A) INTACT INDIVIDUAL.,

(1) Balance studies,
(2) Concentration within body.

(3) Intestinal intubation.
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(B) ISOLATION OF INTESTINAL SEGMENT.

(1) 'Acute' preparation,

(2) ‘'Chronic' preparation.

It will be appreciated that such a classification
is arbitrary and the procedures overlap the different

categories.

(A) INTACT INDIVIDUAL,

(1) Balance study.,

In this type of study, the absorption of a sub-
stance is taken as the difference between the dietary
intake and excretion in the faeces. Occasionally the
substance under test is given parenterally and is
subsequently estimated in the faeces. Frequently,
unabsorbed indicators are administered along with the
test meal, and, by comparing the concentration of the
indicator with that of the test substance, estimates
can be made of the amount absorbed.

Certain disadvantages are inherent in these
techniques, particularly when used to study water and
electrolyte absorption:-

(a) Bidirectional movement across the intestinal

mucosa cannot be measured.

(b) The indicator is assumed to be inert and

unabsorbed, and to move along the bowel at the
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same rate as the test substance.

() If faecal excretion of the substance is

measured, several difficulties may arise:-~
(1) +the substance may be metabolised by
intestinal bacteria and parasites,
(ii) the substance may be synthetized by
intestinal bacteria,

(iii) the substance may be involved in an

enterohepatic circulation
(iv) the substance may be added to the
bowel content by desquamation of intestinal

cells.

(2) Concentration within bodv,

The principle of this method is that the test
substance is fed by mouth and its concentration within
the body subsequently measured, either in the blood or
in an oprgan, which has an affinity for the substance.
Occasionally, the urinary excretion of an orally-
administered substance is used as an index of absorption.

Such techniques cannot be employed for the study
of water and electrolyte transport for the following
reasons: -

(a) the movement of water and electrolyte



into and out of the intestinal lumen cannot

be measured,

(b) there is no organ which preferentially
takes up most of the absorbed water and
electrolyte,

(¢) as an index of absorption the blood level
is unreliable, because it will depend not only
on the rate of absorption but also on the rates
of distribution, metabolism and excretion.

Such criticism has in part been answered by
the use of a double~isotope technique (Scholer
et ale, 1955), One isotope, c.g. quaa is
injected intravenously and its disappearance
from the blood measured; at the same time,

another isotope of the same element, e.g. 22

Na,

is instilled into the gut and the rate of its
appearance in the blood determined. By inte-
grating the curves of appearance and disappear-
ance, an estimate of the rate of transfer of
sodium from the gut into the body can be obtained.
Such a technique does not allow measurement of
net absorption nor of the movement of sodium in

the opposite direction ~ out of the body into

the lumen of the bowel. A second defect of this



sophisticated technique is that, since the
activities of the isotopes are determined in
the peripheral arteries, no account is taken

of the hepatic uptake of the absorbed water
and electrolyte. Recent work suggests,
however, that the effect of the liver may be
ignored in the calculation of the rates of
water and electrolyte transfer (Code, Moll

and Orvis, 1963).

(d) +the absorptive capacity of different parts

of the intestinal tract cannot be compared.

(3) Intestinal intubation.

The balance technique may be elaborated by
passing a tube orally into various parts of the
intestine. In this way solutions can be instilled
(Reitemeier, Code and Orvis, 1957a) or intestinal con-
tent withdrawn (Abbott and Miller, 1936 Borgstrgm
et _al., 1957), and estimates of the absorptive ability
of different parts of the intestine can be made.
However, calculation of the bidirectional transport
cannot readily be accomplished because the test solution
will tend either to be contaminated by biliavy,

pancreatic and gastric secretion or to be carried



further down the intestinal tract so that it cannot
be withdrawn for accurate analysis.

To this end, attempts have been nade temporarily
to "isolate" a segrent of bowel by inflating balloons
carried on the shaft of a multi-lumen tube, inserted
inte the intestinal lumen ovally, rectally, or through
a fistula. Personal observations have shown that
inflation of the balloon to prevent leakage of solution
or entry of alimentary secretions usually evokes
abdominal discomfort and colic,

To overcome this difficulty, perfusion techniques
have been devised., With a multi-lumen tube lying in
the lumen of the intestine, test solution is instilled
into the small bowel through one hole in the tube and
vithdravn through another hole, more caudally placed
(Fordtran gt _al., 1961). A criticism of this
technique is that, while a constant length of gut may
be tested, there is no guarantee that the same segment
of gut is studied throughout the test, for intestine
may move up and down over the length of the tube. To
study absorption in the colon, solutions can be perfused
through the large bowel from a tube which has been
swallowed and whose tip lies at the caecum, to another

tube, inserted through the anus, and whose tip lies in
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the rectum (Levitan el al., 1962)., This latter method
has been used to study the colonic absorption of water
and electrolytes in several patients (Part V of the
thesis). These new techniques, which offer great
promise for the future, allow only a limited number

of studies in individual patients because the oral

(or nasal) tube cannot be tolerated for a long period.

(B) ISOLATION OF INTESTINAL SEGMENT.

The isolation of a length of bowel from the rest
of the intestinal tract is necessary if the absorptive
capacities of different parts of the gut are to be
compared, or if movement of material into and out of
the intestine is to be measured accurately. Obviously
such techniques can be carried out in man only under
exceptional circumstances.

(1) ‘'Acute'! preparations.

In acute experiments, ligatures are tied round
the bowel to occlude the lumen and the intestine is
studied in situ with the animal anaesthetized. Solut-
ions may be ingtilled into, and, after a time withdrawn
from, the isolated bowel (Code et al., 1960; Ullman
et al., 1960); alternatively solutions can be contin-
uously perfused through the bowel (Clarke and Smyth,

19503 Sheff and Smyth, 19553 Curran and Solomon, 1957



Jacobs and Luper, 1957; McHardy and Parsons, 1957).
Although such methods have the advantage that the
blood supply to the bowel is intact, and that per-
meability characteristics of the mucosa are preserved,
mixing of +the Intestinal content is suppressed in the
anaesthetized animal so that intra~luminal diffusion
becomes the limiting factor of absorption. Although
anaesthetic agents do not greatly affeet intestinal
absorption, particularly if barbiturates are used,
there remains the possibility that the surgery to
prepare the intestinal segment may alter the rates

of transport. Experimental work, to be described
later (Part II1), suggests that this eriticism may be
valid.

(2) !'Chronic! preparations.

Many types of preparation have been described
in which a segment of bowel is permanently isolated
from the rest of the intestine, and continuity of the
gastro~intestinal tract re-established by anastomosis.
The isolated lengths of bowel, whose blood supply has
been preserved, may have one end closed, and the other
end opening on to the skin surface - Thiry fistula

(Thiry, 1864) - or both ends may open to the exterior -

Thiry-Vella fistula (Vella, 1888).
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Types of chronic preparation.

With the permanently-isolated intestine, two
methods of study can be used:-
(a) continuous perfusion of a solution through the
lumen (Pearson, 19583 Vaughan, 1960),
(b) instillation of a solution into the isolated
intestine and subsequent withdrawal. In some methods
(Berger et al., 195%a; Code et _al., 1960), the fluid
was retained within the bowel for an hour with frequent
sampling to measure changes in volume and in electrolyte
concentration. It would seem more desirable to keep
the solution in the bowel for a shovter time, e.g.
10 -~ 15 minutes, for the following reasons:-

(i) under normal conditions, fluid probably
does not vemain in contact with the same
arca of mucosa for much longer than
10 minutes,

(ii) chanpes in volume can be more accurately
measured,

(1iii) alterations in the specific activity of
isotopes will not be great. This point

will be discussed more fully later (Part II,
Chapter 2).



Advantaues

such chronic preparations possess certain
advantages over the acute preparations:-

(a) Repeated experiments can be performed in
the same animal over the same area of intestinal
HUCOSd .

(b) In the well-trained, placid animal, ‘the
effects of emotion, of anaesthesia and of recent
surgery are avoided,.

(¢) In such preparations, the influence of
changes in metabolism upon intestinal absorption can

be studied.

Disadvantages

Several unfavourable criticisms have been
levelled against such preparations:-

(a) Some workers have claimed that absorption
rates will change with time so that only experiments
performed in successive days can be compared (Masee,
1930). However, Berger et al., (19%5%a) did not
observe anv alteration in the rates of water and
electrolyte transport nor any histological change in
the intestinal mucosa over a 7-year period,

(b) Another defect of such preparations is

that the instilled solution may leak out of the



isolated bowel. Various techniques to overcome this
have been suggested (Johnston, 1932; Clarke and
Smyth, 19503 Gregory, 19503 Berger, 1960). The most
acceptable method, which has been adopted for the
experimental work described in this thesis, has been
the sealing of the open ends of a Thiry-Vella fistula
with modified Foley catheters (Code et al., 1960),

(¢) One difficulty in using a technique in
which fluid is instilled into and then withdrawn from
the bowel, is that it is impossible completely to
aspirate all the fluid lying in the lumen., The volumes
of the residual solutions can be calculated with
accuracy if volume indicators are used. Such substances
should ideally be inert, neither absorbed, nor adsorbed
on to the mucosa, and should not be osmotically active;
nor should they interfere with the function of ‘the
intestinal mucosa. Obviously they must be capable of
easy and accurate estimation in low concentration.

Various substances have been described (see
Smyth, 1961); none, however, is ideal. Bromosulphalein
(Hendrix, 1957) and phenol red (Reynell and Spray, 19563
Cooperstein and Brockman, 1959) are both absorbed to a
certain extent., Although haemoglobin has been used

(Curran and Solomon, 1857) slight bleeding into the



bowel will invalidate the results. Succinysulpha-
thiazole (Pearson, 1958) has the theoretical objection
that, being a chemotherapeutic agent, it may alter
absorption by affecting the metabolism of the mucosal
cells, or, if used frequently, alter mucosal surface
area by influencing bacterial growth (Gordon and
Bruckner-Kardoss, 1961), The estimation of methyl-
cellulose (Berger et al., 19593) becomes inaccurate
in the presence of contaminants. The most useful
volume indicator would seem to be polyethylene glycol
(molecular weight, 4000) which has been widely used
(Borgstrgm et al., 18957). Another useful technique
is that used by Code et _al., (1960) who, after
withdrawal of the test solution which contained
radio-active isotopes, washed the segment with non-
radicactive solution. The residual volume could then
be calculated from the radio-activity acquired by the
rinsing solution. Provided that there is little delay
between the withdrawal of the test solution and
rinsing of the bowel no great error will acecrue., This
last method of estimating residual volume is used in
the experiments described later.

(d) The electrical potential differences across

the mucosa cannot be easily measuread,
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TERMINOLQGY

Since water and electrolytes are exchanged
simultaneously in both directions across the intestinal
mucosa, a precise nomenclature is needed unambiguously
to describe both movements, and, at the same tine,
denote the net or resultant movement.

For unidirectional movement, various terms have
been employed. For transport of materials out of the
lumen of the bowel into the blood, the following terms
have been suggestedi~ "gut~to-blood" (Visscher et al.,
194ub), “out-flux" (Berger, 1960), "secretovry-to-
nutrient" (Hogben, 1955), "flux-rate (lumen to blood)"
(Davenport, 1961)., Appropriate converse terms have
been used for movement in the opposite direction.
Objections to such terminology are clumsiness (which
deters the frequent use of the term), ambiguity (for
"out-flux" could equally well apply to movement out
of the body into the bowel), and potential inaccuracy
(because "flux" implies flow and it may very well be
that water does not follow the same route as ions
across the intestinal mucosa).

A useful nomenclature has been suggested by

Code (1960). The term "insorption" denotes movement

from gut to blood, and "exsorption'", movement in the




onposite direction., The advantase of thig terminolog
is that the bodv is regarded as the point of reference,

and movement of substances is either Into the body

Under most circumstances the rates of insorption
and exsorption are not equal. When movement into the
body (insorption) is more rapid than movement out of
the body (exsorption), obvicusly material will be

gained by the body: absorption will have occurred,

Conversely, when the rate of exsorption exceeds that
of insorption there will be a net loss of material
From the body. Code has suggested the term "entero=
sorption” to describe *this net movement, but there
seems no particular advantage to be rained in using
this word and it has been supgested that the term
"secretion be retained for net movement into the
gastro~intestinal lumen (Hogben, 1962). Since

absorption is given a specific meaning in this nomen.-

clature, the word "sorption" has been coined, as a
generic term, to describe the whole process of
intestinal transport.

This nomenclature, which is illustrated in

H

Fipure 1, has been adopted in this thesis.



Chapter 5 THE ABSORPTION AND SECRETION OF WATER AND
ELECTROLYTES IN INTESTINAL OBSTRUCTION,

INTRODUCTION.,

Few problems in surgical physiology have
commanded greater attention than those associated with
intestinal obstruction. Although the principles of
operative treatment were established in the 19th century,
the mortality from this condition was hardly affected
(Ashhurst, 1886). Death was attributed to the absorption
of toxins from the obstructed bowel (Wangensteen, 19u47),
The work of Hartwell and Houget (1912), who prolonged
the lives of dogs, with high intestinal obstruction, by
infusing saline solutions subcutaneously, stimulated
research into the fluid and electrolyte losses in
obstruction and led to the classical studies of Gamble
and his associates (Gamble, 1951). The "toxie factor®
in intestinal obstruection was shown to be largely
depletion of water and salt.

Fiuid and electrolytes are lost because the
orderly sequence of secretion and re-absorption in the
gastro-intestinal tract is disrupted. First, the
pancreatic, biliary and gastro-intestinal seecretions,
whose volumes are probably increased in obstruction

(Wangensteen, 1947), cannot pass beyond the occlusion
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and as a result accumulate in the bowel above.
Secondly, the loss of these secretions may be
aggravated by the inability of the obstructed bowel

to absorb water and salt at the usual rate; indeed
there is some evidence that the bowel above the
obstruction may secrete water and electrolytes and so
augment the volume of fluid collecting within its own
lumen. It is with this latter aspect that this thesis
is concerned,

Only the literature relating to absorption and
secretion by the obstructed bowel will be reviewed,
The other aspects of intestinal obstruction are con-
sidered in the monographs of Wangensteen (1947),
Cantor and Reynolds (1957) and Welch (1958).
Strangulation obstruction, in which the eirculation of
the gut is impeded, has not been considered since the
many factors which act simultaneously - obstruction,
reduced blood flow, ischaemia, gangrene, production of

toxins - cannot be separated easily.

THE ALTERATIONS IN INTESTINAL ABSORPTION AND SECRETION
IN OBSTRUCTION,

The passage of material through the bowel wall
is, without doubt, altered in obstruction, Vital dyes,

e.g. trypan blue, are more rapidly absorbed by the



lymphatics, (Sperling and Wangensteen, 1935¢),

probably because the flow of lymph is increased when
the mesenteric veins are congested. When the viability

of the gut becomes compromised, transperitoneal

absorption may occur (Sperling and Wangensteen, 1935b).

In contrast, absorption by the blood stream

seems t0 be retarded in obstruction. The absorption
rates of strychnine (Braun and Boruttau, 1908), of
caleium (Clairmont and Ranzi, 1904), and of tap water
(Sperling, 1938) from the obstructed bowel of dogs have
been found to be reduced. In addition, the secretion
of fluid by the intestine may be stimulated, for, in
the late stages of obstruction, fluid was found to be
extravasated into the intestinal lumen (Enderlen and
Hotz, 1911).

Such experiments, however, reveal only the gross
changes in the ability of the obstructed bowel to
absorb substances to which it is not usually exposed.
The effect of obstruection upon the intestinal handling
of fluids with which it has normally to deal has not been
investigateds; nor have there been any fully-documented
reports of the alterations, if any, in the fluid shifts
into and out of the obstructed gut. Thus the changes in

net movement, i.e. diminished absorption and increased



secretion, which are suggested from the literature

revi.ewed above,could be brought about by an increase

in the rate at which fluid enters the gut or a

reduction in the rate at which it 1eave%’or both.
Davenport (1961) stated that, in intestinal obstruct-
ion, movement of fluid out of the intestinal lumen was
reduced but movement in the opposite direction,
unaltered. However, no experimental details were
given in his report nor was the duration and method of
production of the obstruction described.

More recently, Derblom, Johansson and Nylander
(1963a) claimed that absorption was impaired in rats
with intestinal obstruction. They measured absorption
by the disappearance of radio-active iodide from the
lumen of isolated bowel and its appearance in the tail
vein. Increase in the weight of the obstructed segment
was said to measure the volume of fluid accumulating
in the lumen of the obstructed bowel. These observat.
ions, at the most, can convey only a qualitative
impression of the disturbances in the fluid and
electrolyte exchanges in intestinal obstruction.
Precise information on electrolyte absorption cannot be

obtained using radio-active iodide, for the intestinal
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transport of iodine differs from that of other
electrolytes: it is secreted into the lumen of
certain parts of the bowel (Davenport, 1843; Honour,
Myant and Rowlands, 19523 Pastan, 19573 Acland and
Tllman, 1959). Also, the appearance of an isotope in
a peripheral vein or its disappearance from the lumen
of the bowel provides only a rough measurement of
movement in one direction, i.e. from gut to blood;
neilither movement in +the opposite direction nor net
movement can be calculated. Nor can secretion be
deduced from the increase in weight of a segment of
bowel because fluid and blood collects within the
interstitial spaces of the intestinal wall as well as
within the lumen (Sperling and Wangensteen, 1935a).
Obstruction of the intestine brings about a
number of changes, each of which mav affect the
intestinal handling of water and electrolytes. Locally,
the pressure within the lumen of the obstructed bowel
is increased and the gut distends; intestinal motility
and circulation are altered. Generally, there may be
considerable losgses of fluid and electrolyte from the
body. A discussion of the individual effect of these
various pathological changes on absorption and secretion

will be more appropriate and meaningful after the



alterations in the intestinal transport of water and

electrolytes have been characterised (Part III).



Chapter 6 CONCLUSTIONS FROM THE LITERATURLE ON THE
ABSORPTION AND SECRETION OF WATER AND
ELECTROLYTES., WITH PARTICULAR
REFERENCE TO INTESTINAL OBSTRUCTION.

PHYSIOLOGY

The dietary intake of fluid and electrolytes,
usually in excess of what is required to replace the
obligatory losses from the skin, lungs and kidney,
represents only a small proportion of the water and
salt load presented to the gut for absorption.
Considerably greater quantities of these substances
are discharged into the lumen of the bowel by the
alimentary glands and the intestinal mucosa itself
and require to be re-absorbed.

Participating in the absorption of this fluid
are several transport mechanisms whose individual
contribution is ill-defined. Active transport implies
that energy from metabolic sources is used to drive
the substance uphill against an electro-chemical
pradient. In the gut the clearest example of active
transport is the absorption of sodium by the colon.
Where the movement of a substance can be accounted for
by physical forces, passive transport is said to occur.
The movement of chloride ions in the colon seems to be

b assive transvport.
Iy



However, great difficulty is experienced in
characterizing the types of transport system employed,
because (1) several different forces, viz., chemical
and electrical forces and solvent drag, can all act on
electrolytes, (2) the intestinal mucosa has a complex
structure, (3) the route taken through the epithelium,
and the vehicle used, (perhaps a carrier), are entirely
hypothetical, (4) concentration gradients are difficult
to maintain and, in the small intestine, an electrical
gradient is absent.

The first change which occurs to fluid entering
the gastro-intestinal tract is that water enters or
leaves to render it jsosmotic with plasma. Little is
absorbed in the stomach in which sodium transport is
inhibited by acid. In the duodenum, despite a high
rate of exchange of water and electrolytes across the
mucosa, little net movement takes place other than what
is required to bring the activities of these substances
in the luminal solution close to those in plasma. In
the jejunum and ileum, most of the fluid is absorbed:
both sodium and chloride ions are actively absorbed,
although passive movement of these ions also occurs;

the absorption of water is probably secondary to the
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movement of solute. In the large bowel where abscrption
is completed, sodium is actively transported and the
other ions move, mainly passively, to maintain electro-
chemical neutrality.

The absorbed water and electrolytes accumulate
locally in the intestinal extracellular spaces and are
then carried off almost exclusively in the portal blood.

As a result of the shift of water and ions into
and out of the bowel, there will always be, at any time,
a part of the total body fluid within the intestinal
lumen. Although this gastro-intestinal fluid is in a
state of dynamic equilibrium with the rest of the body
fluids, certain parts of the intestine, viz., colon,
seem particularly adapted for the efficient transfer
of water and electrolytes out of the bowel into the
body with little "leakage" of these substances back
into the lumen,

The efficient, and almost total, absorption of
the large fluid load presented to the intestine can be
influenced by several factors. Absorption is inhibited
by metabolic poisons, ionising radiations, vitamin
deficiency, and severe oligaemic shock, These are all
powerful factors, damaging to tissues; their effect is

probably quite non-specific.



Few phvsiological factors seem to control the
absorption of sodium and water. Gross alteration in
the plasma concentration of electrolytes, outside the
ranges normally found in health, will influence the
intestinal transport of water and electrolytes.
Depletion of sodium enhances the absorption of sodium
and increases ‘the secretion of potassium. It is likely
that this response is mediated through the adrenal
cortex whose secretion of mineral corticoids can modify
the movenent of electrolytes across the intestinal mucosa.

METHODOLOGY

0Of the various techniques used to study the
intestinal absorption of water and electrolytes,
in vitro preparations are suitable when the character-
istics of the transport process are being investigated -
active or passivg transport, competitive inhibition,
specificity, etc. Their use is limited by their
abnormal permeability to water and, of course, they
cannot be employed to relate alterations in intestinal
absorption with changes in body metabolism.

The study of intestinal absorption in the intact
individual is hampered by the inability of the available
methods - balance studies, etc,, ~ to provide accurate

measurement of the unidirectional movements of water



and electrolvtes; nor can the rates of Ttransnort in
different parts of the gastro-intestinal tract be
calculated. Attempts to obtain this information by
intestinal intubation are usually frustrated by the
contamination of the test substance with other
seeretions or by the low rate of its recovery from the
Jumen,

The most suitable methods avallable at present
involve the isolation of a segment of intestine. When
such experiments are performed in the anaesthetized
animal, frequent mixing of the intestinal contents are
necessary. With permanently isolated segments,
anaesthesia is not required and the intestinal response
to various general faectors, e.g. hormones, etc., can be
investigated. The methods will be most accurate when
solutions are left in the lumen for a short time only -
10 - 15 minutes - provided that the residual volume of
solution can be calculated. There 1is no evidence that
these segments undergo any functional or morphological
deterioration over a period of time if they are washed
frequently with isotonic solutions.

INTESTINAL OBSTRUCTION

The assumption that the obstructed bowel cannot

handle water and electrolytes in a normal manner is not



supported by extensive, irrefutable proof of an
experimental nature. The value of observations on
the altered absorption of iodine, calcium and tap
water is limited. Apart from the brief, undecumented
report of Davenport (1961), no work has been done to
characterise the alterations in the absorption and
secretion of water and electrolytes in the presence

of obstruction.



STATEMENT OF THE PROBLEM

To develop and validate methods for measuring
the simultaneous exchange of water, sodium and

potassium across the intestinal mucosa.

To characterise the effects of obstruction upon

the intestinal transport of water and electrolytes.

To describe the various changes, locally in the
intestine and generally in the body, which are
found in obstruction, and to discuss their

influence on the intestinal handling of fluids

and electrolytes.

To investigate the extent to which consestion of
the mesenteric veins and adrenal-cortical activity
can affect the absorption of water and electrolytes

in the intestine.
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PART IT

THE MEASUREMENT OF THE INTESTINAL TRANSPORT

OF WATER, SODIUM AND POTASSTUM




Chapter 1

THE METHODS OF MEASURING THE TNTESTINAL

TRANSPORT OF WATER, SODIUM AND POTASSTUM.

In the review of the litevature were described

the various methods by which water and electrolyte

absorption may be studied. Particular attention was

pald to those techniques involving the isolation of a

segment of bowel, for such a manceuvre is required if

the simulitaneous movement of these substances into and

out of the intestinal lumen is to be measured,

Two types of experimental preparation have

been used? -

(a)

(b

An 'acute preparation' in which segments

of intestine were tied off from one

another in the anaesthetized animal,

A ‘'chronic preparation' in which a

measured segment of intestine was removed
from the intestinal tract without disturbing
its blood supply, and its ends allowed to
open on to the skin surface. Absorption
studies were performed in the unanaesthetized

animal.

PRINCEPLE OF THE METHOD

The rates at which sodium, potassium and water

enter and leave the intestinal lumen are obtained by
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presenting to the bowel a physiolorical solution
containing these three substances and their isotopes.

A chanpge in the volume of the solution indicates the

net movenent of water - a decrease indicating absorption,
and an increase, secretion of water. Similarly, a
decrease (or increase) in the total quantity of
electrolyte (labelled and unlabelled) indicates
absorption (or secretion) of the electrolyte. The
disappearance rates of ‘the isotopic tracers give a
measure of the rates at which sodium, potassium and

water leave the intestinal lumen (insorption).

The rates of exsorption can then be obtained

from the equation
rate of absorption (secretion)
= pate of insorption - rate of ewsorption (2)

A positive value for the right-hand side of the
equation indicates that absorption has occurred; a
negative value, secretion,

In this thesis, if a vate of net movement is
preceded by a plus sign, then the rate is one of
absorption; if the rate is preceded by a minus sien,

-

then secretion is indicated.
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MATTRIALG .

Healthy mongrels, weighing 9 -« 20 kg, were
gquarantined for three weeks dﬁring whieh time they
were immunised against distemper and given trichlor-
ethyvlene as a vermnicide. All animals were fed a
standard kennel diet but, for the 24 hours preceding
an experiment, were allowed water only.

ACUTE PREPARATION,

The technique was essentially similar to that
of Code et al., (1L960). Anaesthesia was induced by
the intravenous injection of sodium pentobarbitone,
25 mg per kg body-weight and, maintained at a light
level by supplementary injectlons of the same agent.
An endotracheal tube was insevrted and respirations
were spontaneous,

The anaesthetised dog was laid on an electric
blanket. With aseptic precautions, the abdomen was
opened in the midline and, through a small incision
on ‘the antimesenteric side of the ileum, 30 em from
the ileo-caecal junction, a specially-constructed
tube (Fig. 2) was inserted into the lumen and

threaded in a caudal direction, carefully to avoid
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mucosal damage. The intestine was tied by tape to
the bobbins of the absorption tube and a rubber
catheter was inserted through the same intestinal
incision but threaded cranially to drain off any
accumulating secretion. The incision in the bowel
was closed round the emerpging tubes by continuous
inverting sutures of catgut. The isolated segment,
whose serosal area was approximatelv 100 cmz.J was
replaced within the abdominal cavity and the abdomen
closed in layers round the tubes, The completed
preparation is shown diagrammatically in Filgure 3,
The temperature of the dop was maintained throughout
the experiment between 37°¢ and 39°C by covering the
animal with sheets, External heating was rarely
required for the ambient temperature was usually
23°c - 28°¢C,

CHRONIC PREPARATION.

Females were preferred because they tend to be
more plaecid and because the urinary bladder is more
easily catheterised. In each animal, a Thirvy-Vella
fistula of colon or of ileum was fashioned by separating
a length of intestine and opening its ends on to the skin
of the anterior abdominal wall as a Brookes-type

ileostomy (Fig. 4). Continuity of the intestinal tract
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was re-established by end-to-end anastomosis (Dennis,
1939,

The ileal fistulas, approximately 22 cm long,
ware prepared from bowel 10 om cranial to the ileo-
caecal Junction, Colonie fistulas consisted of the
cranial 16 om of large bowel, These lengths of bowel
provided a serosal surface area of 100 cmz, At least
three weeks were allowed to elapse before bepinning absorp-
tion experiments, all of which were performed within six
months of the construction of the fistula., All fistulas
were rinsed at least 3 times each wesk with isotonic
saline solution,

Solutions were instilled or withdrawn through a
Foley catheter (French gaupge, no. 18), modified by
placing a balloon 16 or 22 cm from the tip (Code el _al.,
1960). The portion of catheter between the tip and the
balloon had several perforations. A second Foley
catheter was inserted into the other end of the fistula
and the balloons on each catheter inflated. By withdraw-
ing the catheters, the balloons were pressed against the
inside of the stoma to obtain a water tight seal,

TEST SOLUTION.

The test solution was freshly-prepared Tyrode's

solution (Code and MeIntire, 1956), containing the
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radiocactive isotopes of sodium (7 'Na) and of potassium
”' 2 4 L 2 - . = . N " ." hd

( "“K) and the stable isotope of water, deuterium oxide

\—/\/ \/—\/"‘“\‘_, \_/ N
(D2O)o (The composition of the test solution is
detailed in Appendix 13 the radiocactive isotopes are
gpecified in Appendix 2). The reaction of the test
solution, measured by a glass electrode pH meter, wasg
brought to a pH 7 with 0.1 N hydrochloric acid, The
test solution was kept in a stoppered flask and main-
. Q -

tained at a temperature of 37 °C in a water bath. In a
- . ' c s . . e, 22 _

few experiments, indicated in the text, Na was

2

L "t‘
substituted for Na.

GLASS WARE.

Before use, all glass-ware was washed twice in
tap water, steeped overnight in dilute hydrochloric
acid, and then washed twice in triple-~distilled water.
All solutions containing D,0 were kept in firmly-

stoppered flasks, or, where possible, in sealed ampoules.

EXPERIMENTAL PROCEDURE,

An experiment was begun by rinsing the lumen of
the intestinal segment with Tyrode's solution at 3700,
until the returning fluid was clear. The segment was
emptied and left for 30 minutes. Twenty-five millilitres

of test solulion were nipetted into a syrinese and
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injected into the isolated serment. To encourage intra-
Cluminal mixing, the solution was rapidly withdrawn and
re-instilled 3 and 6 minutes after the beginning of the
test. Throughout a test, the syringe was held in a
clamp just above the isolated segment, and fluid was
allowed Tto rise and fall in the catheter. At 10 minutes,
as much as possible of the fluld within the intestine
was aspirated. The volume of this aspirate was noted,
The segment was immediately washed with 100 nl Tyrode's
solution and the volume of the rinse noted. The bowel
was allowed to drain freely for at least 30 minutes
before the next test. Tests in which solution leaked
from the isolated segment were abandoned.

At the end of an acute experiment the animal was
killed. The intestine was opened longitudinally. If

infestation with Echinococcus granulosus was discovered,

the data from that dog were discarded, since the damage,
which these parasites inflict, alters the rates of
absorption (unpublished observations). The opened
segment was then pinned on cork under uniform tension

and its serosal surface measured. Similarly, the surface
area of a Thivry-Vella fistula was measured at the end of

a series ol experiments. In both cases the calculated
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rates of absorption ete., were expressed in terms of
? . .
100 ocm” serosal surface area. The intestinal segments

were then fixed for histological examination.

ESTIMATIONS,

Sodium and potassium.

The chemical concentrations of sodium and
potassium in the test solution were obtained, in
duplicate, using a flame photometer with appropriate
filters (Evans Electroselenium, Limited). A calibration
curve was drawn on each occasion from three standards
for each electrolyte.

Radiocactive sodium and potassium,.

Aliquots of the test solution, before and after
instillation, and of the rinse, were counted simultan-
eously in beta and gamma counters, Beta counting was
performed in a Geiger~Muller liquid tube, Type M 6,
with wall, 1 mm thiek (20th Century Electronics, Ltd.).
The <tube was contained in a lead castle and connected
to an automatic scaler (Panax Equipment, Ltd., Type
AC-300~6). At each counting session, the mid point of
the plateau of the voltage characteristic curve was
established, usually around 1100 volts, and all
subsequent counts made at this working voltage. All

counts were corrected for 'dead-time' (Appendix 3).



From these corrected counts was subtracted the back-
ground count, obtained before each sample count by
counting the empty Geiger tube for 100 seconds.,

Camma counting was performed in a shielded
well~type scintillation counter (Isotope Development,
Ltde (ToDsLa), no. 663) with a thallium-activated
sodiun~iodide crystal (I.D.L., no. ?2003A) and attached
to an automatie gscaler (I.D.L., no, 1700). TFrom each
count was subtracted the mean background count,
determined from three counts, each of 1000 seconds, made
before, during and after a counting session,

In both instruments, all counts were more than
10,000 except for the rinse when at least 4000 counts
were obtained. The aspirate from each test was counted
in duplicate. The test solution itself, and two counting
standards, one containing QuNa (2 pe per litre Tyrode's
golution), the other "2y (4 pe per litre Tyrode's
solution), were counted on three occasions during the
course of a counting session,

Deuterium oxide.

In most of the experiments, the concentration of
deuterium oxide in the test solution was estimated by
infra-red spectrophotometrv, using a modification of the

method described by Berglund-Larsen (1956). The measure-
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ments were carried out in a Perkin-Elmer infra-red
spectrometer, model 237. The home-made cells were
constructed by cementing two quartz crystalline slides
(Vieckers Instruments Ltd., M8588) on either side of
lead spacers, 0.08 mm thick, using the black wax
cement "picene" to form a thin even seal. The exact
thickness of a cell was determined by weighing it
empty and then full of water. Suitable metal holders
for the cells were also constructed so that the cell
was always held in exactly the same position in the
beam.,

A calibration curve was prepared by plotting
optical density at a wave~length of 2490 cm-l against
four standard samples of deuterium oxide over the
range 0.5 « 2 per cent with an upper limit of 6 per cent.
Ordinary distilled water was used as a reference standard,

The cells were filled rapidly when the tip was
broken from an ampoule containing the sample and the
open end held against the cell end., Care was taken to
exclude minute air bubbles in the cells which, after
each recording, were emptied from the opposite end and
dried by sucking air through the cell., The absorption
of ordinary distilled water in the same cell was checked

between analyses. All measurements were made rapidly to
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minimise the exchange of water while the sample was in
the cell,

In a few experiments, indicated in the text, the
concentration of deuterium oxide in the test solution
was estimated by mass spectrometry (Code et al., 195h).
Water was distilled from the samples, vaporised and
passed over hot zinec to reduce it to hydrogen and
deuterium whose ratios were then determined in the mass
spectrometer,

In both cases the concentration of deuterium

oxide was expressed as atoms per cent excess.

A diagram summarising the method is drawn in

Figure 5.

CALCULATIONS.

In Appendix 4 are given the formulae for the
caleculation of the rates of movement of water, sodium
and potassium,

The several steps in the calculations are as
follows: -

1. The individual counts due to radiosodium and

radiopotassium in the isotope mixtures were derived by
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simultaneous differential counting (Veall and Vetter,
1958). The detailed formulae are given by Equations
(4) and (5) in Chapter 2 of this Part of the thesis,
Allowance was then made for the decay of both short-
lived isotopes during the course of the experiment
from standard decay tables.

2. The volume of the residual fluid remaining in the
lumen, after most of the test solution had been with-
drawn, was obtained by washing the intestinal segment
immediately with the non-radiocactive rinse. The
acquired radio-activity of a sample of this rinse was

then counted. To obtain the residual volume, the total

activity of the rinse was divided by the counts per
millilitre of the test solution aspirated at 10 minutes.

3. The actual volume of test solution unabsorbed at the

end of 10 minutes was obtained by adding the residual
volume to the volume of aspirated test solution.

Finally, the net movement of water was calculated by

subtracting the volume of test solution unabsorbed

from the volume of test solution instilled. A positive
value indicated absoprption; a negative value, secretion
(Equation 1, Appendix u),

4, The net movements of sodium and potassium were

obtained by subtracting the total amount of each



- 108 -

electrolyte left in the lumen after 10 minutes from
the total quantity of each electrolyte introduced
(Equation 2, Appendix 4).

5. The rates of insorption of sodium, potassium and

water were calculated from the formulae of Visscher
et al., (194ba and b) (Equations § and 7, Appendix 4),

6. The rates of exsorption were calculated by

substitution in the equation
rate of net movement = rate of insorption - rate
of exsorption.
2

7. All rates were then expressed as per 100 cm

surface area.

In Appendix 5 is set out the protocol of a
single 10-minute absorption test with the caleculation

of the rates of movement of water, sodium and potassium,

TERMINOLOGY .

The nomenclature to describe directions of
movement has been discussed in Part I, Chapter 4, and

is shown diagrammatically in Figure 1.
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Chapter 2 THE ASSUMPTTONS AND THE ERRORS OF THE
METHOD.,

The assumptions of the methods will now be
considered, and where possible, validated., Also in
this section will be described the errors of the
various components of the method so that some
estimate of the cumulative error may be obtained.,

(1) The intestine was assumed to be incapable
of discriminating between the labelled and unlabelled
electrolyte and water.

(2) The rates of insorption of water, sodium and
potassium were calculated from the rates of disappearance
of their tracer nuclides from the luminal solution
(BEquations 5 and 7, Appendix 4). A necessary assumption
of the calculations was that the tracer, once having left
the intestinal lumen, would not later re-enter the bowel
in any significant quantity.

(a) It was necessary to prove that tracers were not
adsorbed on to the mucosa, or on to the sides of absorp-
tion tubes to become detached later. Direct counting
of all containevrs and tubes, and of excised bowel at
the end of an experiment, did not reveal any significant
permanent attachment of radiocactive material, probably

because of the large quantity of carrier sodium and
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potassium present.

(b) It was also assumed that tracers, which had
been absorbed, would be so diluted in the extra-~
cellular fluid, that only negligible quantities of
tracer would re-enter the lumen subsequently. For
example, from 25 ml test solution instilled,
approximately 20 ml water would be insorbeds; this
volume of water would become diluted in the blood and
in the extra-cellular space which have, in a dog of
medium size, volumes of 1.3 and 9 litres respectively
(Moore et al., 1962). These compartments are very
large compared to the quantity of fluid within the
bowel lumen. |

The actual error produced by the re-entry of
insorbed tracer into the bowel was measured by the
following experiments., FEight absorption tests were

22Na as the

performed at 30-minute intervals using
radiocactive label, Its long half-life (2.6 years)
would exaggerate any error caused by re-entry. Then

25 ml of non-radiocactive Tyrode's solution were
instilled into the intestinal lumen and withdrawn after
10 minutes. Six experiments were performed in this

manner. The mean radio-activity detected in the

Tyrode's solution which was initially non-radioactive



was 15 counts per second (¢ p 8) and represented only
0.8 per cent of the mean activity of the radioactive
test solutions after 10 minutes in the bowel (Table 1),
despite significant increase in the radio~activity of
the arterial blood (Table 2). The error due to
re-entry was shown to be of little significance, and
in most of the experimental work reported in this thesis,
even less, because usually fewer than eight tests were
performed, over a longer period of time, emploving
short-~lived radiocactive isotopes in less concentration.
In this way accumulation of radicactivity in the dog
was minimized.

(3) In the derivation of the mathematical formulae
for calculating rates of movement (Appendix 4),
certain assumptions were made:

(a) The specific activities of the electrolytes
in the test solution decrease during their stay in the
intestinal lumen. This reduction is brought about by
the entry of unlabelled material into the lumen
(exsorption) because it is assumed (i) that labelled
and unlabelled material will move out of the lumen in
the proportion that they bear to one another in the
lumen (see 1 above), and (ii) negligible quantity of

igotope will re~enter the lumen (see 2 above).
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In the calculation of the rates of insorption
(Equation 6, Appendix 4) the arithmetic mean of the
specific activity at the beginning and at the end of
the test period has been used to estimate the mean
specific activity. Although many workers have
employed the arithmetic mean (Visscher et al., 194hib;
Cooperstein and Brockman, 19593 Code et al., 1960;
Grim, 1962), its use has been rightly criticized by
Berger and Steele (1958). However, these last authors
pointed out that the difference between the mean
specific activity, as calculated by them, and that
obtained from the arithmetic mean can be neglected
if the change in specific activity during the
experiment is less than 40 per cent. This was achieved
in the present experiments by restricting the test
period to 10 minutes.

(b) Visscher's formula (Equation 3, Appendix 4) does
not allow for the fact that frequently the movement of
sodium and water into and out of the bowel may be
exponential (Code et al., 1960). However, the form of
the exponential curve is such that the rates of movement
are, for practical purposes, linear with time until

about 50 per cent of the isotope has been absorbed.
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During a 1l0-minute test period, usually less than

20 per cent of isotope has been absorbed. The rates
calculated from the Visscher formula and from an
exponential curve should therefore be similar. This
similarity has been confirmed experimentally (Code
et al., 1960). However, it was felt to be more
accurate to express all rates as per 10 minutes
rather than as per minute,

(¢) The Visscher formulae have the virtue that
only a single compartment is considered in the
calculation ~ the intestinal lumen. Water and
electrolytes, which leave this compartment, are
considered to enter the body, which forms, in fact,
the second conmpartment., A third compartment, the
intestinal mucosa, intervenes between the other two.
However, as far as water and sodium are concerned,
this third compartment does not affect appreciably
the kinetics of the transport system, either by
retaining or altering these materials, because (i)
this third compariment comes into rapid equilibrium
with the second: Benson et _al., (1956) have shown
that 99 per cent of absorbed water and sodium appear
within a short time in the portal blood; (ii) direct

counting of the mucosa (Curran and Solomon, 1957) and
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estimations of D,0 in the mucosa (Visscher et al.,
194k4a) have shown retention of less than § per cent
of the absorbed sodium and water.

Visscher and his co-workers (1944a and b)
have demonstrated the avpplicability of their formulae
for water and sodium to a number of experimental
situations. It may very well be that absorbed radio-
active potassium will be retained for a time within
the intestinal cell. However, direct counting of the
excised mucosa has not revealed this. It is probably
safe to say that the rates of movement of water,
sodium and potassium out of and into the intestinal
lumen, as calculated from the Visscher formulae, truly
represent movement into and out of the body proper.

(4) An important measurement is that of the

residual volume of test solution which could not be
aspirated from the intestinal lumen at the end of the
test period, for, from this calculated volume, is
obtained the volume of unabsorbed fluid on which all
subsequent calculations are based. The calculation
of the residual volume was made from the radicactivity
acquired by a rinsing solution at the end of the test
period. Since two radiocactive-isotopes have been

employed, two estimates of the residual volume can be
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obtained. In most cases these estimates were similar
(Fig. 6), so that in subsequent calculations their
mean was used.,

The assumption in estimating residual volume in
this way is that no isotope was insorbed during the
interval of 25-30 seconds between the end of a test
and the instillation of the rinse. Since less than
2 per cent of the isoltope was absorbed each minute,
on most occasions the error of estimating the residual
volumes was less than 1 per cent.

Nevertheless, it was decided to compare the
isotopic method of estimating residual volume with a
method based on a different prineciple - the recovery
of an unabsorbed reference substance introduced with
the test solution (Part I, Chapter 4). On 12 occasions,
1 per cent w/v polyethylene glycol (PEG) of molecular
weight 4,000 (Light and Co.} was added to the test
solution and the residual volume calculated from the
equation;

peg

= Amount of PLG instilled - Amount of PEG aspirated (3)
Concentration of PEG in aspirate.

The concentration of PEG was estimated by the

turbidimetric method of Hyden (1955). The residual
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volume was also calculated from the mean of the

had closely

e
U}

ie de v, . \
otopic data (RV, .0 RV hep ot

similar values (Fig. 7) bhut Rvpeg tended to be slightly

o

anad RV,
is

[

higher than RVi This diserepancy can be attributed

sot®
to two factors (a) Rvpeg tended to over-estimate the
true residual voluwe since only 95 per cent of the PEG
added to intestinal content could subsequently bhe

recovered by Hyden's method; (bH) RV, o under-estimated

ot
the residual volume because of the slight insorption of
isotope batween test and rinse.

Since the two entirely different methods of
estimating residual volume gave closely similar results,
the calculation of residual volume by the isotopic
method seemed justified,

(5) The accuracy of the method is also devendent
o V.4 Fod . * ke 2 K. N > 2”‘ Uf?-r
upon satisfactory discrimination of Ma and K in a
mixed sample. The technique of discrimination (Veall
and Vetter, 1958) is based on the difference between
the irradiations emitted by the isotopes. While both
t e Fadaa T - 't 24 . .
emit fairly high beta radiation, Ma emits much more
‘ B U . l'!'2r * e -
pamma radiation than K (Appendix 2). If a mixed
sample is counted in a scintillation counter most of
. . N .- . 2h
cthe observed counts will be due to Na, particularly

when the discriminator is adjusted in favour of the



hWisher anergy samma-rays of this isoltope. Lf the
same sanple is counted in a thick-walled beta counter
N b2 .
the high energy beta-rays of K are only slipghtly
affected but ithe transmission of the bheta particles
From Na is substantially reduced.
Therefore if a mixed sample has a count rate

of R_ in the scintillation (gamma) counter, and of R

8 7
in the Geiger (bela) counter, then the number of counts

in the sample due to M2y (éy) is given by

Rg - ng
A ” T N )

k -

1

1 - pq
and the number of counts in the sample due to QuNa

(A ) is given by

R o pR

[ o4

A = e e e e e s s e e (5)

na

1 - g
),

13

vhere p count rate of X standard in gamma counter ---(6)

count rate of K standard in beta counter

1

LS L: - .
and q count rate of Na standard in beta counter —-=(7)

24 .
count rate of Na standard 1n gamma counter

The vatios p and g should be as small as vossible,
the ideal case being p = a = 0. Since over all the

experiments, the mean value for the ratio p was 0.78,
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and,for q, was 0.23, discrimination was acceptable
although the gamma counter was rather sensitive to
. ~ k2
emissions Iroa K.
For practical purposes, however, discrimination
was satisfactory as shown by the following experiment.
) . .. 24
A sample from a solution containing Na was counted
in a gamma counter, and a sample from a solution con-
.. w2, . . .
taining K, 1n a beta counter. The two solutions
were mixed, and samples from the mixture counted
simultaneously in both counters. The activities due
24 L2 . . . -
to Na and K were calculated, using the formulae
above, and compared to thelr known activities (Table 3),.
The calculated activities did not differ significantly
from the known activities, with a mean recovery of
21 - 42
97 per cent for Na and of 101 per cent for K.
This method of discrimination will be valid
only if simultaneous counting is performed since exact
correction for decay cannot be applied to the mixtures
owing to the differences of the half-lives of the two
isotopes.
The total error of the radiocactivity measurements
is composed of (a) the errors due to counting and (b) the
. - e eax 24
error in deriving the separate activities of Na and

nzK in a mixture.
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(a) The error of a single radicactive count
is easily obtained since the distribution of observed
counts of a sample about a Ttrue'! value is described
by a Peisson curve (Veall and Vetter, 1958). The
standard error (S.E.) of a single determination of n
counts is therefore the square root of n and the
coefficient of variation in counting is given by
100//n. Therefore to obtain a coefficient of variation
of 1 per cent in counts each sample was counted for at
least 10,000 ecounts. All counts were at least 50 times
background so that the statistical fluetuation in
backeground did not contribute to the error of counting
the samples.

(b) The error in deriving the activities of

2 42

1 ] .
}Na and K in a mixture can be calculated in the

. . 24 W2

following way. A mixture of Na and K was counted
in beta and gamma counters. The coefficient of
variation of these counts was considered to be 1 per
cent., The separate activities in the mixture due to
24 b2 . . .

Na and K were derived in the manner described
above. The error produced in deriving the counts was
caloculated according to the formulae of Robinson, Arons

and Solomon (1955). The results (Table &) show that

(3 - » 2 !‘.L + -
the error in deriving the Ma activity was 3 per cent
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seintillation counter te count garma vavs enitted from
: . . . b2 . . .

7 The error in deriving K activity in a mixture

was 1 per cent, no greater than the crror produced by

the counting alone.

(6) The errors in estimating sodium and potassium
by flame photometry were found to be 1.3 per cent for
sodium and 2.5 per cent for potassium (Appendix 8),
These errors are within acceptable limits (Henry, 1964),

(7) The error in estimating deuterium oxide by
infra-red spectrophotometry was calculated to be
0.86 per cent (Appendix 7). The error in carrying out
the determination by mass spectrometry is 0.004 per cent

(Code et al., 1954),

The contribution of the following errors to the
total error of the method is probably negligible:- the
measurement of the volumes of the test solutiony errors
in dilution of standards for flame photometry and for
radicactive counting. |

Since there are still several unknown errors it

is difficult to estimate the total error in the measure-
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ment of the rates of transport of water, sodium and

yotassiumg  also the affect of an error of one

1

1

deternination upon an error of another determination
is unknown. The various separate errors are detailed
in Table 5,

It is probably safe to say that the total error
of the method is not less than 10 per cent. Such
crrors must contribute, to a certaln extent, to the
variation in transport rates which are observed and

will be described later.

CONCLUSION .

The two methods selected for studying the
intestinal absorption of sodium, potassium and water,
namely an acute preparation with the intestine in situ,
and a permanent Thiry-vVella fistula, are well suited
to tthe problem and have no major disadvantages. The
asaumptions,on which the procedure and calculations
of results are based,are valid. The total error of

the methed is probably not greater than 10 per cent.



Chapter 3 RATES OF MOVEMENT OF WATER, SODIUM AND
POTASSIUM INTO AND QUT OF THE INTESTINAL LUMEN

1. ACUTE PREPARATION.,

The rates of transport were measured in 17
anaesthetized dogs in each of whom two tests of
absorption were performed, on a segment of ileum
isolated in continuity. In 12 dogs the movements of
sodium and water were measured; in 5 dogs, the
movement of potassium.

All of these dogs were part of the investigation
into the effect of increase in mesenteric venous
pressure upon water and electrolyte absorption (Part IV).
The data reported in this section are drawn from the
two initial tests performed to establish the baseline
rate before the mesenteric vein was compressed,

Rates of transport of sodium., potassium and water,
(Table 6).

In all experiments both sodium and water were
abgorbed and potassium secreted. During the ten minutes
that the test solution lav in the ileal lumen the bowel
absorbed 680 pEq sodium and 4.6 ml water, and secreted
14 pEq potassium. Sodium moved at a rate of 1151 uEq
per 10 minutes out of the lumen and, at a rate of

471 pEq per 10 minutes, into the lumen. At the same time
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16.9 ml water were insorbed into the body while

12.3 ml moved in the opposite direction. The rate of
potassium exsorption (38 nEq per 10 minutes) was
greater than the rate of insorption (24 pEq per 10
minutes) .

Variability in rates of movement. (Table 6),

The variability of the rates of movement of
each substance into and out of the bowel was expressed
as a coefficient variation of the mean rates. The
variability was greatest for sodium, being 24 per cent
and 33 per cent for insorpticn and exsorpition
respactively, compared to 21 per cent and 1Y per cent
for potassium and 18 per cent and 26 per cent for water.

Relationship between sodium and water movement.

The rates of water movement were plotted
against those of sodium movement determined at the same
time (Figs. 8 - 10)., Water and sodium movement were
closely correlated, particularly net movement
(r = 0,98, Fig. 8), and extrapolation of the regression
line for sodium to the y-axis shows that when there was
no sodium absorption there would be little water
absorption, By calculating the amount of sodium which
would theoretically move with each litre of water, it

was found that, during insorption, 68.2 - 2.9 mEq sodium
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left the intestinal lumen with each litre of

water, and for each litre of water exsorbed,

38.5 Ia1.e mEq sodium entered the intestinal lumen,
The net vesullt was that for each litre of water
absorbed, 145,9 : L,2 mEq sodium were also absorbed
from the test solution whose initial concentration
was 142 & 0.4 mEq per litre.

Luminal concentration of sodium and potassium.
(Table 7).

During the absorption of sodium and water in
the ileum, the concentration of sodium in the test
solution, initially 142 mEq per litre, fell by 2 mEq,
a significant decrease (P<0.,01). Over the same
period of time, but in other dogs, the concentration
of potassium in the test solution rose from 4,0 mEq

per litre to 4.8 mEq per litre (P < 0,001).

2. CHRONIC PREPARATION.

The rates of movement of sodium, potassium and
water were determined in five dogs, each with a single
Thiry~-Vella fistula. Two dogs had a fistula of ileum,
and three dogs, of colon.

All of these dogs were part of the study to
investigate the effect of aldosterone upon water and

electrolyte absorption (Part V). The data reported in



this secltion are drawn from 107 ten-minute tests
performed under control conditions when no
aldosterone had been given.

In each deg no fewer than Ttwo, and as many as
eight, tests were performed in a single day so that
the hour-to-~hour and the day-to~day variability in
rates of movement could be calculated.

Rates of movement of sodlium, potassium and water.

(a) Het movement.

All three substances were secreted into the
Thiry-Vella fistula of ileum:- sodium, at a mean rate
of 307 pEq per 10 minutes; potassium, at 21.5 pEq per
10 minutes; and water, at 1.8 ml per 10 minutes
(Table 8). In the colon, on the other hand, only
potassium was secreted, at a rate of 14.9 pEq per
10 minutes; both sodium and water were absorbed at
rates of 109 pEq and 0.9 ml per 10 minutes
respectively (Table 9).

(b) Unidirectional movement.

(i) Tleum (Table 8): the mean rates of insorption

of sodium, potassiun and water were all less than those
of exsorption. These mean rates for sodium and water,
however, conceal the fact that, on occasions, the rate

of insorption exceeded that of exsorption so that these
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substances were absorbed., This phenomenon was not
confined to any particular experiment nor to any
particular dog, but occurred seemingly in a random
fashion. At no time, however, was potassium insorbed
at a greater rate than it was exsorbed so that., in
the ileum, potassium was always being secreted.

The rates of insorption in one dog (no. 3u)
were, in gener