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INTRODUCTION

Gastrointestinal function involves a complex interrelationship
between the extrinsic autonomic nervous system, the intrinsic neural
system, hormones produced both by the gut and other tissue sites in
the body, and finally by the contents of the lumen itself. These
luminal contents would include the components in the ingested diet,
enzymatic products, microbes, microbial byproducts, and certain
endogenous secretions. Most notable of these luminal factors are
sugars (84,113) and amino acids (1) which have been shown to promote
the uptake of water, sodium, and chloride. Short chain fatty acids
(SCFA, plural SCFAs) might also be expected to influence fluid and
electrolyte movement.

SCFAs are present throughout the gastrointestinal tract of most
species with the highest concentrations in the large intestine. A
number of researchers have studied the role of SCFAs in the gut and
have demonstrated an important potential role for these compounds in
gut physiology. However, most investigations have been done in the
hindgut or in the ruminant forestomach. No prior studies have been
conducted to examine SCFA influence on water and electrolyte absorp-
tion in the small intestine of a species, such as the pig, which has
a relatively high SCFA concentration in the small intestine.

The main objective of this project was to establish if SCFAs
(represented by acetate) and pH influence water and electrolyte absorp-

tion from the small intestine of the pig.
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LITERATURE REVIEW

General Background

SCFAs are defined as aliphatic monocarboxylic fatty acids with
chains of two to six carbons (75). They are weak electrolytes with
pKs ranging from 4.75 to 4.86 (89). As water soluble compounds, they
are believed to be absorbed via the portal system, unlike the long
chain fatty acids with sixteen or more carbons which enter the blood
via the lymphatic system. Medium chain fatty acids with seven to
fifteen carbons are absorbed by both routes. The exact mechanism for
absorption has not been defined.

SCFAs are found throughout the gut of most species. They are
derived from dietary ingesta, endogenous secretion, and as the end-
products of anaerobic fermentation of carbohydrates and other organic
substrates by the microflora in the gut lumen (96,97). The luminal
concentration of SCFAs varies between species but generally increases
in the most distal segments of the gastrointestinal tract and, in the
case of the ruminant, in the rumen. Herbivorous animals utilize SCFAs

as a major source of transferable energy (111).

Sources of SCFAs in the Gut
While the concentrations of SCFAs found in the gut may be derived
from ingesta, endogenous secretion, and microbial fermentation, the
first two sources contribute a very small portion of the total concentra-
tions. Dietary levels are very low since few natural foods contain

significant amounts of SCFAs. Endogenous secretion is also not
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significant since the amounts secreted are extremely small and vary
greatly with each species. For example, Schmitt et al. (105) have
observed the secretion of SCFA in the human jejunum in only three out
of fifteen control subjects. Acetic acid secretion occurred at the
rate of 0.011-0.037 mmoles/hr/cm of jejunum. Butyric acid also was
secreted but at a rate of 0.002-0.009 mmoles/hr/cm. However, SCFA
secretion in the human jejunum was not constant but flowed intermit-
tently for some unknown reason. Schmitt et al. (106) did not observe
any SCFA secretion in the human ileum.

Microbial fermentation of carbohydrates and other organic sub-
strates accounts for the majority of the SCFAs found in the gastro-
intestinal tract. This fermentation is common to many species of micro-
organisms which are present in the gut in high numbers. Normally, the
various species in the gut coexist in a stable ecosystem (81,103)
which is greatly influenced by conditions in the gut lumen, host diet,
and the general condition of the host animal. Availability of carbo-
hydrate substrate for fermentation is dependent on such factors as
the digestibility of the individual substrates by the host, transit
times, relative rates of absorption in the upper portion of the diges-
tive tract, and endogenous secretions. While most of the substrate is
dietary carbohydrate, endogenous sugars, as reported in germ-free
rats (82), or products of protein degradation may also serve as sub-

strates.
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Concentrations of SCFA in the Gut

SCFAs are found throughout the gastrointestinal tract of both
ruminant and monogastric species. The SCFA concentrations have been
shown to vary with age (60,81), diet (5,18), and time after ingestion
of food (53,31). McBee (86) and Bauchop (17) have reported concentra-
tions in the hindgut and foregut, respectively, for many species.
Data for all the species will not be presented in this literature
review. Only those species which will be subsequently mentioned in
the review of SCFA effects on water and electrolyte absorption will

be emphasized.

Concentrations in the pig

Friend et al. (60) have determined the organic acid concentrations
in the digestive tract of young pigs at 1, 3, 5, 7, and 9 weeks of age.
A concentration of 9.2 + 1.3 meq/dl in gastric fluid was reported at
one week of age but progressively declined to 3.1 + 1.0 meq/dl at 9
weeks. The small intestine had the lowest concentrations with values
progressively declining from 6.8 + 2.5 (S8D) to 3.8 + 0.03 meq/dl by week

At week 9 the concentration had increased to 4.9 + 1.0 meq/dl. Differ-

ences between concentrations in the upper and lower intestines increased

with age. Cecal and colonic concentrations at week 1 were 11.0 + 3.7

and 16.2 + 8.0 meq/dl, respectively, but these had increased to 21.4 +
2.8 and 20.4 + 2.2 meq/dl by week 9. Acetate was the predominant SCFA
present at all ages, representing, respectively, 5.4% 15.3%, 52.4%, and
45.8% of the organic acids in the stomach, small intestine, cecum, and

colon at week 1. The proportion of acetic acid in the stomach contents
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increased with age to 30% of the total acids present after 5 weeks. In
the small intestine the proportion of acetate increased to about 20% at
weeks 3 and 5 before declining to 8.4% at week 9. No other SCFAs,
except acetate, were measured at weeks 7 and 9. The combined proportion
of butyric and propionic acids in all segments at all ages was less than
the proportion of acetate.

Friend et al. (59) also determined the organic acid concentration in
the digesta of adult pigs. Concentrations of organic acids in the
digesta of the stomach, small intestine, cecum, proximal colon, and dis-
tal colon were, respectively, 15.8, 7.5, 22.2, 22.7, and 16.7 meq/dl of
liquid digesta. Butyric acid represented 2.47% of the total organic acids
in the stomach and 9.3% in the large intestine. Propionic acid repre-
sented 17.1% of the SCFA in the stomach, 4.3% in the small intestine, and
over 30% in the hindgut. Acetic acid was the predominant SCFA with 24.47
in the stomach, 10% in the small intestine, and 47-52% in the hindgut.

Clemons et al. (31) have also reported organic acid levels in the
alimentary tract of pigs weighing 176 + 3.3 kg (SE). Mean concentrations
of approximately 20 mmoles SCFA/liter were found in the stomach. Concen-
trations were generally less than 10 mmoles SCFA/liter in the proximal
small intestine but increased to between 10 and 40 mmoles/liter in the
distal small intestine. Volatile acid concentrations exceeded 170 mmoles/
liter throughout the remainder of the tract. Digesta passage through the
small intestine was rapid and no retention was apparent.

Argenzio and Southworth (5) also examined organic acid production
and absorption in the gastrointestinal tract of young pigs (9-15 kg).

Concentrations of 20-40 mmoles SCFA/liter were found in the contents of
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the stomach. Less than 10 mmoles SCFA/liter were measured in the proximal
small intestine, but the concentration increased to 20-30 mmoles/liter in
the distal small intestine. Concentrations ranged from 150-250 mmoles
SCFA/liter in the contents of the large intestine. Acetate represented
about 55% of the total organic acid in the stomach and large intestine,
but approximately 88% in the distal small intestine. Propionate concen-
trations changed inversely with acetate. Butyrate represented about 10%

of the total organic acids throughout the tract.

Concentrations in other species

Elsden et al. (49) have reported volatile acid concentrations in the
digesta of other species. The rat stomach and small intestine have con-
centrations less than 0.5 grams/100 grams DM (expressed as acetic acid).
Cecal concentrations were 4.6 grams/100 grams DM but then declined to
about 2.0 grams/100 grams DM in the rectum. Volatile acid concentrations
in the rabbit anterior tract were similar to those reported in the rat
anterior tract but were only 2 grams/100 grams DM in the decum and 1.5
grams/100 grams DM in the rectum. The stomachs of 8-10 week old pigs
contained about 1.5 grams/100 grams DM. Concentrations increased from
approximately 0.2 grams/100 grams DM in the anterior small intestine to
0.5 grams/100 grams DM in the posterior portion. Cecal concentrations
reached 4.0 grams/100 grams DM. Levels in the colon ranged from about
2.0-2.6 grams/100 grams DM. Rumen concentrations ranged from 5 grams/100
grams DM for the cow to 7.6 grams/100 grams DM in the sheep. Less than
1.0 gram/100 grams DM were found in the contents of the ruminant small

intestine. 1In general, the large gut and rumen were the major sites of
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high volatile fatty acid levels. Species, such as the rat and rabbit,
with a smaller colon relative to the cecum have the largest quantity of
SCFAs in the cecum. The highest amounts of SCFAs are found in the colon
in species, such as the pig, where the size of the colon is large rela-
tive to the cecum.

Organic acid concentrations in the equine gastrointestinal tract
have been reported by Argenzio et al. (7). Concentrations of SCFA in
stomach contents varied with the phase of the digestive cycle. Concen-
trations generally decreased from 20-40 mmoles SCFA/liter in the contents
of the cranial stomach to 10-30 mmoles SCFA/liter in the caudal stomach.
A relatively constant concentration of less than 5 mmoles SCFA/liter was
measured in the small intestine. Concentrations in the cecum ranged
from 60-120 mmoles SCFA/liter. The highest concentrations were in the
contents of the ventral colon where levels ranged from 60-150 mmoles
SCFA/liter. Levels in the digesta declined throughout the remainder of
the tract to between 30 and 90 mmoles SCFA/liter.

A luminal concentration of 7.7 (2-11.3) mmoles SCFA/liter, of which
80% was acetate, has been reported for the fasted human upper jejunum by
Dawson et al. (43). Although the authors suggested that this concentra-
tion may have been due to endogenous secretion, this would seem unlikely,
as Mahadevan and Zieve (83) have reported human plasma concentrations of
acetate and butyrate at approximately 0.27 and 0.003 mmoles/liter, respec-
tively. Fewer numbers of microbes are present in the small intestine
than in the large intestine (36). However, sufficient numbers of SCFA-pro-

ducing anaerobes are probably present to account for the measured con-

centration.
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Often when conditions within the gut are modified or the substrates
presented to a particular segment are changed, the microflora within the
gut lumen proliferate. A clinical condition known as the stagnant loop
syndrome (SLS) may be induced by changes in either gastric secretion or
altered small intestinal motility. The SLS is characterized by microbial
proliferation or a change in the predominant microflora which is associ-
ated with an increase in SCFA production (47).

Chernov et al. (29) have reported concentrations of SCFAs in the
human jejunum from patients with the SLS and normal subjects. Acetate,
propionate, and butyrate concentrations in the normal jejunum were
0.0-0.5 mM, 0.0-0.05 mM, and 0-15 pM, respectively. Acetate levels
in the SLS increased to 0.4-2.3 mM, propionate ranged from 0.04-0.4 mM,
and butyrate was reported at 0-150 pM. Acetate represented 85-95% of
the SCFA present when the bacterial proliferation occurred. Antibiotics
decreased the concentration of acetate and propionate in the SLS to
normal levels.

Bustos-Fernandez et al. (25) measured organic anion concentrations
in the feces of 20 healthy human subjects. The organic acid anions
were the most abundant ions in fecal water at a concentration of 174.2
+ 8.4 meq/liter. Fecal output of organic anions averaged 13.1 + 1.2
meq/24 hours. Fecal weight was correlated with daily organic anion
output. When similar measurements were made in 29 patients with malab-
sorption hyperacidorrhea, fecal organic acid output increased two to
five times normal. The high levels of organic anions, as the major
contributors of osmotic pressure in fecal water, may produce an osmotic

diarrhea. The excess production of SCFA associated with this fecal
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acidorrhea is due to malabsorption of carbohydrates in the upper tract

and subsequent overload of the colon with excessive substrate.

Nutritional Importance of SCFA

Bergman et al. (18), from studies on the sheep stomach, has estimated
that 70-80% of the energy requirement is derived from volatile fatty
acids. Most of the acetate in the rumen is transported to the blood
while butyrate is largely metabolized by the epithelium (3) to form
ketone bodies (68,93,94).

Henning and Hird (66) have found that ketogenesis of SCFA in the
mucosa can occur at equal rates from the ileum to the rectum in rabbits,
but in normal animals little activity occurs in the ileum and distal
colon where SCFA concentrations are low.

The metabolites of butyrate or other SCFAs may function as a constant
energy source for the mucosa as suggested by Argenzio et al. (5,8) and
Henning and Hird (66). This potential as an energy source for the mucosa
is important because the SCFAs might supply the energy for the metabolic
dependent uptake of other materials from the lumen, especially in por-
tions of the intestinal tract where glucose and other sugars are in low
concentrations (50,53,90,101,115). In contrast, minimal metabolism of
SCFA by evented rat jejunal sacs has been reported (13). However, more
SCFA was metabolized in the absence of glucose. The mucosa of the large
intestine in the horse also does not appear to utilize acetate as an
energy source for active sodium transport (9). The amount of epithelial
metabolism of the SCFAs probably varies depending on the species and

specific segment of the gut.
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SCFA Absorption

Factors affecting SCFA absorption

While the exact mechanism for SCFA absorption has not been defined,
a number of determinants of weak electrolyte influx into the intestinal
cell have been studied. Schanker et al. (104), from studies of drug
absorption in the rat small intestine, concluded that the degree of
ionization of an organic electrolyte in solution is a major factor in
determining the rate of absorption across lipoidal membranes. Cell
permeability to the nonionized form of the electrolyte also must be
considered.

It is known that preferential movement of certain anions occurs in
various segments of the intestinal tract (67,130). This is partially
due to changes in the length, number, and radius of the pores in the
respective segments (57). The so called "tight junctions" of the intes-
tine are important in that they may influence the movement of strong
electrolytes which may be linked with weak electrolyte transport.

Jackson and Morgan (76) have investigated the relationship of
weak electrolyte transport and acid-base metabolism in the rat small
intestine. They were able to confirm findings in earlier studies (27,
70,77) that the mechanism for transport of weak electrolytes was related
to differences in acid-base metabolism of the tissue. For example, a
serosally directed alkalinization takes place in the jejunum while
luminal alkalinization occurs in the ileum.

Weak electrolytes may be absorbed by simple diffusion in either

the ionized or unionized forms. At the pH of the intestines under
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physiological conditions and considering the low pK of the SCFAs, most
of the SCFAs exist in the lumen in the ionized form. The SCFAs are
members of a group of monovalent anions, described by Clarkson et
al. (30), which are preferentially absorbed in the unionized form.
This group has a large ionic radius relative to the pore size in the
intestinal epithelium. These unionized forms diffuse through the
lipoidal membranes. Other smaller anions move through the aqueous
pores or channels.

Smyth and Taylor (116) conducted a series of experiments utilizing
inverted sacs of rat jejunum in which they demonstrated that SCFAs could
be transferred against a concentration gradient. When acetate, propionate,
or butyrate were added to the solutions bathing the mucosal and serosal
surfaces at an initial concentration of 20 pmoles SCFA/ml, the mucosal
concentration after 60 minutes had decreased about 2 pmoles/ml. The
serosal fluid had gained 6-18 pmoles/ml. Their results were best ex-
plained by an active transport mechanism for SCFAs. This transport was
inhibited by anaerobic conditions, addition of metabolic inhibitors, and
the absence of glucose from the mucosal bathing fluid.

The apparent active transport was confirmed later (15,16). Jackson
(74) showed that the basolateral wall of the cell represents the rate
limiting diffusion barrier. Entry of the SCFA into the cell was pro-
portional to the concentration in the mucosal fluid suggesting passive
diffusion across the mucosal membrane. Only the proximal small intestine
exhibits this active uptake.

Ash and Dobson (10), from studies on rumen absorption, suggested

that the higher concentration of acetate in the serosal fluid, described
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by Smyth et al., could be the result of both absorbed acetate from the
lumen and acetate derived from intracellular hydrolysis of glycerides.
The process by which acetate moves across the serosal membrane would
have the potential to transport more acetate to the serosa than was
absorbed from the lumen.

Barry and Smyth (13), in one of a series of experiments, demonstrated
that 161 pmoles of acetate and 2.5 ml of water/hr were transferred from
the mucosal fluid by everted sacs of rat jejunum. The initial concen-
tration of acetate was 20.3 mM. Uptake of acetate was proportionately
greater than fluid uptake. From the total 161 pmoles absorbed, 89
pmoles were taken up by the tissue and 46.2 pmoles were transferred to
the serosal fluid. Acetate transfer, when measured from initial con-
centrations ranging from 5-80 mM, increased with increasing concentra-
tions up to 60 mM. The transfer rate decreased progressively at
concentrations in excess of 60 mM. Acetate and water transfer were both
inhibited at the higher concentrations. An average rate of disappearance
from the intestinal lumen of 440 pmoles of acetate/20 minutes for the
whole rat jejunum and ileum was observed in a series of in vivo experi-
ments.

All of the above factors must be considered when attempting to
explain the mechanism of SCFA absorption. A number of models have been
proposed to explain SCFA absorption. It is likely that several differ-
ent mechanisms may exist and are specific for each species and each

specific segment of the gut.
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Models for SCFA absorption

Hogben et al. (71) have proposed a model to explain the absorption
of weak organic acids in the rat jejunum at rates which exceed those
based on theoretical calculations. The model is based on the unstirred
layer which is formed by the trapping of fluid between the microvilli
and glycocalyx. The model consists of three compartments: mucosal
fluid bulk phase, the unstirred layer of fluid at the cell surface,
and the cellular compartment (Figure 1). The undissociated form of
the weak acid is preferentially absorbed by the cell membrane. There-
fore, influx is determined by the ratio of ionized to unionized forms
at the cell surface. A decrease in surface pH will enhance absorption.
A low pH can be maintained by hydrogen secretion. Three sources have

been proposed for the hydrogen ion. First, intracellular CO, may diffuse

2
from the epithelial cell into the luminal fluid where it is converted
to HC03“ and H+. The H+ associates with the organic acid anion and the
undissociated molecule is absorbed. Second, there could be an active
secretion of hydrogen into the lumen with the resulting undissociated
form of the acid absorbed. Finally, a Na-H ionic exchange (20) could
provide the necessary hydrogen to complete the absorption process.
Transport across the mucosal and serosal membranes is by simple passive
diffusion.

Jackson et al. (78) have examined the determinants of weak electro-
lyte influx into the rat intestinal epithelia cell. They concluded that
the unstirred layer is not the rate limiting factor for the compounds

considered in their study. A pH equal to that of the mucosal fluid bulk

phase determined weak electrolyte uptake into the epithelial cell,
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mﬁzggzl Unstirred Epithelial
fluid ' layer cell
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Figure 1. The unstirred layer model proposed by Hogben et al. (71)

Jackson et al. have proposed an alternate three compartment model
in which the subepithelial extracellular space is the intermediate com-
partment. The pH gradient across the compartment determines weak elec-
trolyte absorption. Theitr model is suppérted by studies on concurrently
tranéported weak electfolytes {77) and the observed differences in acid-
base metabolism and weak electrolyte transporxt in the various segments
(76) . | |

Stevens (119)—haé proposed a model for the rumen epithelia that
is based on an epithelial cellular compartment bathed by the luminal
solution on one side and the blood on the Seposal side (Figure 2). ‘It
is assumed that the cell membrane on the luminal surface is permealile |

only to the ionized form of the organic acid. The membrane at the

serosal surface is permeable only to the unionized form. The dl‘iVil-Ilg‘
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fofcetfor SCFA absorption is a hydrogen gradient from the cellular com-
partment to the blood. N
Argenzio et al. (9) have proposed two models, which are similar
to the model of Stevens, to explain acetate absorption in the equine
large intestine. Their first model requires continuous production of

+ , = +
H from CO, hydration.in the lumen (Figure 3). The H and acetate anion

2
associate and the undissociated form'theu crosses the selective barrier
into the cell, Concomitant luminal alkalinization and intracellular
acidification takes place. Acetate mbves down an electrochemical gradi-
ent into the blood either in the dissociated or undissociated form.

The second model :entails an intracellular hydration of'CO2 via

3

is then exchanged for the luminal acetate anion in a manner similar

the action of carbonid-auhydrase (Figure 4). The intracellular HCco,

to the HCO,-Cl exchange reported by Turnberg et al. (128) in the human

3
ileum. Argenzio et al. have postulated that the interaction between

+ ‘ . ‘
Na and acetate tramnsport observed in their studieés on the equine colon
is explained by a Na-H exﬁhange mechanism. Acidification of the cell

contents by Hac entry‘wouid inhibit the absorption of Na+ across the

serosal membrane into the blood via a Na-H exchange.

1

" SCFA absorption in spepific species
SCFA absorption in the rumen is considered to take place by simple
diffusion (92) and.is‘related to ‘concentration gradients between'rumgn'
fluid and.blood. Barcroft et al. (11) havé shown that most of the SCFA
produced i;'the forestomach is gbsorbed iﬁ the forestomach. A significant

portion of the absorbed SCFA is metabolized by the ruminal epithelium
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LUMEN CELL BLOOD
H+ + Ac < == j.cr- ATC-
HAc HAC o > HAc
Y AW
H + HCO3 e HCO3 + H
T o
CO2 > CO2 + HZO-C'A_’ 2CO3 / CO2
L. "
Figure 2. Stevens' model for SCFA absorption across the
rumen epithelium
LUMEN CELL BLOOD
H,0 + C0,€ ~» C0,€ > Co,
+ H,O
a“
H2E03 HzCrO3
1 + - J +
e
HCO3 + H HCO3 /}1
= : + = -
Ac HAc &5 H + Ac —>» Ac
metabolized s=———f=pr
Figure 3. Model B proposed by Argenzio et al. (9) for acetate

absorption in the equine large intestine
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LUMEN CELL BLOOD

Co, <& —3 0, & )-co2

T+
HCO, H
Ac” P Ac - ‘_.L)HAC —_——

metabolized

Figure 4. Model A proposed by Argenzio et al. (9) for acetate absorp-
tion in the equine large intestine

(120). A decrease in the lumen pH from 7.4 to 6.4 will increase the
rate of absorption; although acetate, propionate, and butyrate are

all absorbed at relatively rapid rates at both a low and a neutral pH.
An increase in chain length also results in increased rates of absorp-
tion (12). Stevens (119) has published a comprehensive review of fatty
acid absorption by the rumen.

Jackson et al. (78) have calculated the rate of influx for several
SCFAs in the rat jejunum and ileum. The influx was directly proportional
to the concentration of the unionized SCFA. The rate of influx of one
SCFA was not altered in the presence of a tenfold increased concentra-
tion of another SCFA. The influx of acetate in the jejunum was observed

at 0 + 2 (SE) nmol 100 mg dry weight-l'min_l. Propionate and butyrate
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’ . -1
were absorbed at 6 + 1 and 12 + 1 nmol 100 mg dry weight ~'min .

Significant uptake for all three SCFAs was observed in the ileum.
The rates were acetate, 3 + 1; propionate, 9 + 1; and butyrate, 11 + 1
nmol 100 mg dry weight-l'min-l. It appeared that influx increased with
increasing chain length.

Remesy and Demigne (97) also determined SCFA absorption in the
gastrointestinal tract of the rat by measuring arterial-venous differ-
ences. High concentrations were measured in the portal vein. This
suggests that SCFAs may be nutritionally important to the rat. Pro-
duction and absorption were predominantly in the distal tract.
Absorption in the small intestine appeared negligible (ileal vein and
artery contained 0.13 and 0.15 mM, respectively), although the normal
concentration in the ileum was a relatively low 6.1 + 0.8 mM (SE). Any
SCFA which was absorbed in the small intestine was probably metabolized.
The cecum absorbed substantial SCFA despite a pH of approximately 7.5.
In fasted rats, in which the concentration of SCFA in the cecum would
be expected to decrease, the relative rates of absorption were more
dependent on the concentration gradient than the accompanying increase
in pH.

Sallee and Dietschy (100) obtained data on short and medium chain
fatty acid uptake and the apparent permeability coefficients (*P) using
rat everted small intestine. They concluded that their data supported
simple diffusion with the diffusion barrier being the unstirred water
layer. No evidence was obtained of saturation kinetics suggestive of

a carrier mediated system. Competition between various chain lengths
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did not affect the rates of tissue uptake. The apparent permeability
coefficients were calculated for pH 7.4 and 6.0. The following points
were made: (a) *P increased with increasing chain length except for
those SCFAs with less than six carbons; (b) when the pH was lowered
to pH 6.0, *P increased; (c) the effect of stirring the unstirred layer
had little effect on the SCFA absorption; (d) SCFAs with 2-5 carbons
have higher *P than theoretically predicted. Since the *P for SCFAs
of less than six carbons exceeds theoretical calculation, uptake via a
more polar diffusion pathway was suggested. Apparent permeability coef-
ficients for acetate at pH 7.4 and 6.0 were 22 + 1.4 (SE) and 112 + 13.4
nmoles/min/100 mg/mM.

Dawson et al. (43) measured the rate of absorption of SCFA in
human subjects from an isotonic perfusion solution containing seven
SCFAs at a total concentration between 110 and 145 mM at pH 7.0. Only
0.89 (range 0.2-1.1) pmoles SCFA/min/30 cm of jejunum were absorbed. He
also measured absorption by the colon of one patient. A total of 4
nmoles/10 minutes was absorbed by the colon. Little difference between
the rate of abscrption of the respective SCFAs was observed.

Schmitt et al. (105,106) have examined SCFA absorption in 30 cm
segments of human jejunum and ileum. Jejunal absorption was linear
for concentrations up to approximately 40-50 mM at pH 8.2-8.4. A
saturation phenomena was observed in excess of 40-50 mM of SCFA. Maxi-
mum rates of uptake for acetate, propionate, and butyrate at this
saturable concentration were 12.9 + 3.4 (SE), 14.0 + 1.0, and 12.6 + 1.9

mmoles/hour. In the ileum, all three SCFAs were also absorbed rapidly
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from solutions containing 5-100 mM of SCFA at pH 7.4-7.8. The following
values for the maximum velocity (Vm) and half-saturation constant (Ké)

were calculated: acetate, Vm = 0.538 mmole/h/cm, Km = 22.7 mM;

]

propionate, V_ 0.659 mmole/h/cm, Km = 26.8 mM; butyrate, Vm = 0.820

il

mmole/h/cm, Km 25.6 mM.
Absorption in the human ileum and jejunum, as reported by Schmitt
et al., was rate limited and was accompanied by alkalinization of the

intestinal contents. Schmitt et al. proposed two mechanisms to explain

and H,O0 in the lumen are con-

the luminal alkalinization. First, CO2 2

verted to form hvdrogen and bicarbonate. The hydrogen associates with
the SCFA anion and the unionized SCFA is absorbed leaving the residual
bicarbonate with an accompanying decrease in pCO2 and an increase in
pH. A second mechanism involves a carrier mediated exchange between
bicarbonate and SCFA anions. The exchange results in an increased pH
and pCO2 of the lumen.

McNeil et al. (87) measured SCFA absorption from the rectum of
46 human subjects utilizing a dialysis bag technique. Both acetate
and a mixture of acetate, propionate, and butyrate were absorbed from
100 mmole/liter solutions at pH 7.2 and 5.5. At pH 7.2, 32.8 mmoles/
liter/hr of acetate were absorbed while 41.8 mmoles/liter/hr of the
SCFA mixture were absorbed. There was no significant difference
between values obtained at pH 7.2 and those from similar experiments
at pH 5.5. However, the initial pH of 5.5 increased to pH 7.45 in
only 30 minutes. Such an increase would be expected to decrease the

ratio of unionized to ionized SCFA and inhibit nonionic uptake. Whether

absorption occurred in the ionic or nonionic form was not determined.
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Calculation of the net rate of movement through the dialysis mem-
brane at pH 7.2 showed acetate loss at the rate of 8.1 + 0.8 (SE) pmoles/
cm2/hr compared to 4.7 + 0.8 pmoles/cmzlhr for sodium. The rates for
the combined mixture of acetate, propionate, and butyrate were 5.2,
1.8, and 1.9 pmoles/cmzlhr, respectively. When the pH was decreased
to pH 5.5, acetate movement was 8.5 + 0.6 pmoles/cmz/hr. The rates
of absorption from the mixture were acetate, 4.3 + 0.7; propionate,
1.4 + 0.2; and butyrate 1.6 + 0.5 pmoles/cmzlhr.

In vivo and in vitro studies were conducted by Argenzio et al.
(7) on the horse colon. The results showed significant acetate absorp-
tion in the hindgut. Acetate absorption in the ventral colon from two
liters of a control solution containing 100 mM of acetate at pH 6.1 was
at 103 + 6 (SE) mmoles/30 min. Acetate moved down an electrochemical
gradient, however, it was also suggested that the high rates could also
involve some process other than simple diffusion. The luminal bicarbonate
increased as the unionized SCFA was absorbed.

Argenzio et al. (8) have reported acetate absorption from the
colons of two goats at rates ranging from approximately 3-75 mmoles/hr
from a test solution which included 60 mM of acetate at pH 6.0.

SCFA absorption by the gastrointestinal tract of young pigs weighing
12.5 + 3.1 (SD) kg has been studied by Argenzio and Southworth (5).
Transport across mucosal strips of various gut segments initially bathed
on the mucosal side with an equimolar mixture of acetate, propionate,
and butyrate totaling 90 mM in a Ringer's solution at pH 7.4 was measured.

Absorption in the stomach was greatest in the cardiac portion with 2.8 +
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0.7 (SE) pmol'es/cm2 net absorption. Maximum absorption occurred in the
cecum at 10.7 + 1.6 pmoles/cm2 but then decreased to 7.7 + 0.6 pm,_oles/cm2
in the lower colon.

In vivo SCFA absérption was determined for various segments of the
tract of pigs fed a control diet. The results were as follows: crénial
stomach, 0.05-0.2 mmoles SCFA/kg bod&-weight (BW); caudal stomach.and
proximal small intestine, 0,05 mmoles SCFA/kg BW; distal small intestine,
0.01-0.02 mmoles SCfA/kg-BW; cecum, 0.6-1.1 mmoles SCFA/kg BW; terminal
colon, 1.0-2.0 mmoles SCFA/kg BW; and rectum, 1.2-2.4 mmoles SCFA/kg BW.

Crumphét:al. (37) have reported acetate absorption in the pig colon
at the rate of 156 + 4.7 meq/hr at pH 6.4 and at. the rate of 105 + 5.5
meq/hr at pH 7.4. Acéompanying acetate absorption was the appearance
of HCOBH in the lumen. The absorption of acetate in the.undissociated -
form was suggested.

Argenzio and Whipp (6) have reported acetate absorption from tempo-
farily isolated colonic‘segments of conscious pigs, initially weighing_
46 + 8 (S8D) kg. The rates in tﬁe ﬁroximal and distal colon were respec-
tiveiy‘1;9 + 0.1 ($D)'and 1.4 + 0.1 meq/min, Acetate appeared to be

absorbed in the undissociated state and was driven by CO

5 hydration and

a.Na-H exchange. "
Effects of SCFAS on Parameters Which May Influence Water
* and ‘Electrolyte Absorption
SCFAs have been shown to affect several parameters which could
have an influence on intestinal absorption. Injection of SCFA into

the sheep rumen produces a rapid and gpecific stimulus for the release
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of insulin (133). 1Insulin has been shown to enhance the absorption
of sodium and water (28). However, the reported lack of a sustained
increase in insulin levels probably means that any in vivo effect on
absorption would be minimal.

A rapid and transient increase in the transmural electrical poten-
tial difference in the rat small intestine produced by infusing SCFA
into the lumen has been reported by Wall et al. (132). Alterations
in the transmural electrical potential difference would be expected
to influence water and electrolyte movement. However, both the transi-
ent nature of the reported response and the refractory state of the
intestine to additional SCFA make this effect also questionable under
physiological conditions.

The effects of SCFA on motility have been examined in several
species. A 10 mM concentration of undissociated SCFA has been shown
to markedly inhibit sheep cecal motility (122) and rabbit duodenal
motility (121). Motility could be enhanced by 0.1 mM concentrations
of undissociated SCFA. Rumen (123) and abomasal (21) motility is
also greatly reduced by intraluminal infusion of SCFA. There is no evi-
dence that changes in motility caused by SCFAs affect absorptive func-
tion. However, when motility is decreased by the drug probanthine, a
decrease in the rate of sodium absorption by the human jejunum has been

observed (62).
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Effects of SCFA on Water and Electrolyte Absorption

Summary of fluid and electrolyte absorption

Excellent reviews of water and electrolyte absorption and secretion
have been written by Binder (19), Edmonds (48), Fordtran and Dietschy (54),
Fordtran et al. (58), Schultz and Curran (107,108), Schultz and Frizzell
(109), Sladen (112), Turnmberg (126), and many others. Therefore, a
detailed review of electrolyte and water absorption will not be under-
taken. Only the general features of absorption will be cited.

Absorption can be defined as the net result of two unidirectional
fluxes, from lumen to blood and from blood to lumen. The process is
complex and many of the specific mechanisms are unresolved. Electro-
lyte absorption occurs by either passive diffusion, solvent drag, or
via a carrier mediated transport system. Water absorption is considered
to occur secondary to solute transfer (38,40).

Absorption may occur either through the cell membrane (transcellular)
or through the tight junctions between adjacent cells (paracellular).
Movement across the cell membrane may be through water-filled pores
(aqueous route) in the cell membrane or through the membrane structure
itself (lipoidal route). Water moves primarily through the tight junc-
tions. 'The degree of tightness of these junctions in the intestine
increases in the aboral direction.

Passive diffusion through the pores or channels (7-15 X) in the
mucosal membrane is in response to electrochemical, osmotic, or hydro-
static pressure gradients (38,40,56,61,79). This diffusion may involve

movement of single ions (single-file ionic diffusion) (69) or of
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undissociated ion pairs (nonionic diffusion) (71).

Solvent drag involves solute transfer secondary to water movement
in which the solute is swept through the pores (32,38). The movement
of water is in response to osmotic or hydrostatic pressure gradients.

Carrier mediated systems are not completely defined but seem to
involve specific binding of the transported substance by a component
of the cell membrane. The systems exhibit saturation kinetics and
may be competitively inhibited. Curran and Schultz (41) have described
three types of carrier transport systems. Active transport involves
electrolyte movement against an electrochemical gradient, requires
metabolic energy, and can be inhibited by metabolic inhibitors and
low temperature. Facilitated transport involves a transport system,
as in active transport, except no energy is expended and concentration
against an electrochemical gradient does not occur. Finally, there is
an exchange diffusion that functions with similar properties as facili-
tated transfer. The difference invelves an exchange of ions in opposite
directions by the carrier that results in a unidirectional flux of
specific ions but not net absorption of solute.

+

+ - -
Special carrier mechanisms for Na , H , HCO, , and Cl have been

3
postulated. Active transport has been reported for Na+ (34,39,40),

ut (128), and €1~ (40,80). A double exchange carrier system, which

involves an exchange of Na+ for H+ and C1~ for HCO3-, has been described

+
by Turnberg et al. (128) for the human ileum. Omnly a Na -H+ exchange

3 exchange has

been reported in the colon (23,45). Crane (35) and Adibi (1) have

apparently exists in the jejunum (128) while a Cl1 -HCO

described facilitated transfer involving absorption of glucose or amino
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acids and Na+ in the small intestine.

The small intestine in most species is the primary site of water
and nutrient absorptién. The colon functions as a final means to main-
tain a positive balance of water and scdium (24). Accordingly, the
small intesfine has cérriers for glucose and other nonelectrolyteé,
while the colon has né such carriers. Passive transport decreases in
importance in the aboral direction; whereas, active transfer increases
in importance in the éistal tract.

Segmental differences in rates and mechanisms and types of mate-
rials absorbed in the various segments of the gastrointestinal tract
aré well-known (67;130). The jejunum and ileum appear to have marked
functional differenceg. Characteristics of the jejunum include low
luminal bicarbonate, ﬁigh chloride, and relatively poor absorption of
an isotonic sodium chloride solution. The ileum has a low luminal
chloride and high bicarbonate concentration. The jejunum shows greater
permeability than the ileum to osmotically induced water transfer
because of a larger pére radius (54), There is a net absorption of
sodium in the ileum (40,131), although similar results for both ileum

and jejunum have been ireported (118).

'Fluid and Elecﬁrolyte Movement in the Pig Small Intestiﬁe
.Haﬁilton and Roe k64) have studied the ionic concentrations and net
changes inlthe volume ?ﬁd electrolytes during digestion along the entire
intestinal tract of four-week-0ld piés. Polyethylene glycol, added to

the animal's diet, was used as a dilution marker. Contents of the lumen

at various segments of the intestinal tract were then measured.

i
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The duodenum and proximal jejunum demonstrated large variation in
the osmolality of the lumen contents. This was attributed to equilibra-
tion of the lumen contents by secretion of water and electrolytes. More
constant osmolality was observed throughout the remainder of the traéﬁ.
However, the-osmolaliﬁy in the contents of the small intestinalhsegménts
was much higher than oObserved previously in the human and pig (55,65).

Sodium concentration decréased from 99 meq/liter in the duodenum
'éontents to 83, 81, 86, and 78 meq/liter in successive segments of the
jejunum. Levels increased to a mean concentration of 95 meq/liter inuthe
ileum. Potassiim also decreased from 38 meq/liter in the duodenum to
14 meg/liter in the ileum. Water absorption by the jejunum, ileum, and
the more distal tract paralleled and was attributed to Na+ absorption,
Although €1~ was secreted in the duodenum, Cl1~ was absorbed in the
remainder of the tract. Chloride absorption by the jejunum and more
distal segments bcqur?ed at a faster rate than water. This was

attributed to a Cl-HCO, exchange.

3
Only 30% of the total fluid entering the proximal jejunum was

absorbed by the jejun;m, ileum, and cecum. The observations of Hamiltbn
and Roe in the pig are in contrast to the observafions in man (55)

and the bovine (73,88). In those species most of the fluid and electro-
lyte% are abgorbed prior to entering the cecum. Therefore, the pig
large intestine must absorb a greater load of fluid and electrolytes.
Hamilton and Roe demonstrated that, when the absorption of fluid and
electrolytes by the §ma11\intestine_is'impaired, the result may be an

overloading of the fluid delivered to the large intestine.
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Influence of SCFAs ggifluid and electrqute movement

SCFAs have been ABserved to influence the absorptive process by
affecting both the unidirectional fluxes from lumen to blood and blood
to lumen. The influences of SCFAs which have been reported are dis-
cussed in the following section of this review. It should be noted
that most of the studies were-conducted with quite varied techniques,
species, concentrations, and gut conditions.

Foxrdtran (53) has proposed a number of mechanisms for the produc-
tion of diarthea. These mechanisms included the presence of excess
osmotiPally active pr;pooély absorbed material in the lumen (osmotic
diar¥rhea); intestinal secretion; deletion or inhibition.of a normal
active ion absorptive mechanism; abnormal mucosal permeability; or
altefed intestinal motility. Clinical.diérrheas involve one or more
of these mechanisms. 'The role of SCFAs in the production of diarrhea
especially via the fifSt‘mechanism has been established, although the
other mechanisms often can be implicated as the primary mechanism
involved. ' |

Impaired carbohyﬁrate absorption by the upper gastrointestinal
tract and the resulti;g production of SCFAs has been implicated in the
nonspecific diarrhea ig infants reported by Torres-Pinedo et al. (125).
Bacterial fe;mentatioﬁ of the carbohydrate results in an increase in
the osmotically active SCFAs and a reduction in the lumen pH. The
incrgased osmolarity promotes water retention and the decreased luminal

pH inhibits. electrolyte absorption.

Donaldson (47) has reviewed the clinical condition known as blind-

loop or stagnant loop syndrome (SLS) in which a bacterial overgrowth
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of the small intestine is produced. This overgrowth is produced when
either gastrointestin;l secretions or motility are decreased and condi-
tions in the lumen favor bacterial proliferation. Dramatic effects on
metabolism are associdted with the overgrowth. Chernov et al. {(29)
‘have reported a marked increase in the lumen concentration of SCFAs
and suggesged that the SCFAs may be responsible for the watery diarrhea

associated with this condition.

Dawson et al. (43) have observed diarrhea in 4 of 7 human jejunal
perfusions using an isotonic solution containing seven SCFAs at a total
concentration of 100 or 145 mM. They attributed the diarrhea, observed
in the studies, to thé.high concentration of SCFAs which acted as a
bulk purge (osmotic d%arrhea).

. Schmitt et al. (105) have observed an increase in water absorption
- by the human jejunum when acetate concentrations there increased up to
50 mM. However, the net absorption was only significant with a solu;ion
containing 10 mM acetate at ﬁH 8.2-8.4. Butyrate in excess of 4 mM also
increased‘absorption. Concurrent. sodium absorption ﬁas attributed to
solveiit drag; Results of a similar study in the human ileum (106)
showed that SCFA absorption does not alter sodium, potassium, chloride,
or water movement. L;minal pH and bicarbonate both increased.

A positive correlation between fecal weight and daily organic
acid ﬁrodqction in the human colon has been reported by Bustos-Fernandez
et al. (25). These organic acids, at concentrations of about 175 mM or
more (98,100} in ﬁéalﬁhy individuals; are a major contributor to the

osmotic pressure of fecal water. More than 50% of the organic acid ‘
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was acetate, propionate, and butyrate. In 20 patients with malabsorp-
tion hyperacidorrhea, fecal organic acid output was increased 2-5
times. Osmotic diarrhea may be the end result of excessive organic
acid production. The possible role of SCFAs in influencing fecal water
excretion or diarrhea was confirmed by Bustos-Fernandez et al. (26) in

later studies on the rat colon.

McNeil et al. (87) demonstrated sodium, chloride, and water absorp-
tion concurrent with the absorptiog of acetate or an acetate-propionate-
butyrate mixture from dialysis bags in the human rectum. Acetate was
absorbed from the solution in the bag with an initial pH of 7.4 at the
rate of 8.1 + 0.8 pmoﬁe/cmzlhr. The other electrolytes were absorbed
at the following rates: sodium, 4.7 + 0.8 (SE) pmole/cmzlhr; potassium,
0.2 F O.Q-pmole/cmthf; chloride, 1.9 + 0.4 pmole/émzlhr. WaFer was
absorbed at the rate of 23.8 + 4.4 mg/cmzlhr. Bicarbonate was secreted
at the rate of 4.5 * 0.7 pmole/cmz/hr into the bag. This represented a
fivefold increase in the concentration of bicarbonmate. Similar results
for electrolyte and wéter movement were observed when a é¢ombined mix-~
ture of SCFAs was absorbed from the dialyéis bag. When the pH was
decreased 50:5.5, bicarbonate was agéin secreted at a rate of 4.6 +
0.6'pm01e/cm2/hr for éhe ;cet;te solufion and at 3.5 + 0.7 pmole/ém2/hr
for the mixed solution. This secretion of bicarbonate exceeded absorp-
tion of chloride from:the bag.“ChloridelwaS'absorbed at 3.5 + 0.5 pmole/
cmzlhr and 3.6 + 1.2 pmoie/cmzlhr‘for the acetate and mixed solutions.

Colonic bacteria, via SCFA production, appear to function to coﬁw
serve undigested and unabsorbed carbohydrate from the upper gut. The

mutrition significance of SCFAs has previously been discussed. Bond
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and Levitt (22) have supggested that colonic absorption of the SCFAs
may be a mechanism for formation of the normal stool in addition to
providing energy to the host. When the bacteria are unable to convert
carbohydrate to SCFAs or where the colon cannot absorb SCFA, a diarrhea
may result from osmotic overload.

Argenzio et al. (8) observed a significant increase in water and
sodium absorption in the goat colon in response to the presence of
acetate. Water absorption in two goats increased from mean rates of
120 and 340 ml/hr to 250 and 540 ml/hr. Sodium uptake increased from
mean rates of about 15 and 50 mmoles/hr to 35 and 80 mmoles/hr.
Decreasing the luminal pH also influenced sodium and electrolyte absorp-
tion in the presence of acetate. The results could be explained by
the models of either Hogben et al. or Stevens, as previously described.
A role for SCFAs in sodium and water conservation in the goat colon
was supported by the data.

Although SCFAs are absorbed rapidly in both the goat and horse
colon, the effects of SCFAs on fluid and electrolyte absorption in the
horse were shown by Argenzio et al. (9) to be different. Acetate, at
a concentration of 100 mM in a Ringer solution which was bathing the
luminal surface of isolated mucosal sections at pH 6.4, caused a decrease
in net sodium transport in the cecum and abolished uptake in the small
colon. Net sodium absorption in the cecum ranged from 1.2 + 0.1 (SE)
ueq/hr/cm2 with the normal Ringer solution at pH 6.4 to 0.4 + 0.4
peq/hr/cm2 from the Ringer solution with acetate. In the small colon,
1.2 40.3 peq/hr/cm2 of sodium were absorbed without acetate present,

2
but 0.3 + 0.2 peq/hr/cm” of sodium was secreted when acetate was added
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to the solution. Removal of glucose from the solution bathing the
luminal surface of the tissue resulted in a more pronounced inhibition
of net sodium transport by acetate. Complete removal of glucose, but

not acetate, from the luminal and serosal bathing fluids resulted in

a net sodium secretion of 1.5 + 0.3 peq/hr/cmz.

Results of separate in vivo experiments by Argenzio et al. in
the isolated horse ventral colon showed sodium absorption from two
liters of a control solution containing 100 mM of acetate at pH 6.1 at
the rate of 24 + 8 (SE) mmoles/30 min. Water was absorbed at a rate of
60 + 30 m1/30 min. In the absence of acetate, the concentration of
bicarbonate in the lumen was significantly decreased.

Argenzio and Whipp (6) have reported a fourfold increase in sodium
absorption when acetate was added to a solution perfused through tem-
porarily isolated colons of conscious pigs. While sodium absorption
was less than acetate absorption, the difference was accounted for by
bicarbonate secretion. Sodium appeared to be exchanged for hydrogen
and did not depend on the presence of chloride for absorption.

A similar study in the pig colon by Crump et al. (37) also demon-
strated at an increase in net solute transport from 118 + 5.5 (SE)
mOsmol/hr to 175 + 6.8 (SE) mOsmol/hr when acetate was added to a
perfusion solution at pH 6.5. Water absorption doubled from 0.257
+ 0.01 (SE) liters/hr to 0.402 + 0.03 (SE) liters/hr with acetate
added. Bicarbonate was secreted into the lumen at 96 + 7.2 meq (SE)/hr

compared to acetate absorption at 156 + 4.7 (SE) meq/hr.
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PART I. INFLUENCE OF ACETATE AND pH ON WATER AND ELECTROLYTE
MOVEMENT IN CHRONIC PREPARATIONS OF PORCINE ILEUM
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INTRODUCTION

SCFA influence on water and electrolyte movement in the pig ileum
has not been investigated. The lumen of the pig ileum normally contains
20-40 meq SCFA/liter of digesta of which 90% is acetate (5,31). Acetate
was, therefore, selected as the representative SCFA for all studies.

A series of perfusion experiments utilizing chronic preparations
of ileum were conducted to determine if acetate at a concentration
approximating that reported in the pig ileum could affect water and
electrolyte absorption in the conscious pig. From the literature
reviewed, it was obvious that pH may be important in acetate absorption.
Therefore, an acetate and an acetate-free solution were tested at pH
6.5, which approximates the pH of the ileum (5), and at pH 7.4, which
approximates plasma pH.

The objectives of these experiments were (a) to determine the
relative rate of acetate absorption in the ileum at a high pH (7.4)
and a low pH (6.5), and (b) to determine the net absorption of sodium
and water in response to the presence of acetate at a high and low pH

in the lumen of the pig ileum.
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MATERIALS AND METHODS

Animals
Four National Animal Disease Center (NADC) pigs, initially weighing
15-45 kg, were utilized for a series of single-pass perfusion experi-
ments in which cannulae were surgically implanted in the ileum. All
pigs received the same commercial diet and water. Food, but not water,

was withheld overnight prior to a perfusion experiment.

Surgeryl’2

Anesthesia was induced and maintained with halothane via an anes-
thesia cone. A left ventral incision, 8-9 cm in length, was made parallel
and immediately posterior to the last rib. The muscles were parted in the
direction of the fibers and the peritoneum was incised. After locating
the cecum, a purse-string suture was placed in the serosa of the ileum at
a location 20 cm anterior to the ileocecal junction. The ileum was then
incised and a small outlet catheter was inserted into the lumen and
secured with the purse-string suture.

The catheter, which was made from SilasticR (Dow Corning Corp.,
Midland, MI 48640) tubing, was 4 inches long, 1/4 inch i.d., and 7/16
inch o.d. A nylong mesh skirt was attached immediately above a flange
located at the tip of the catheter. This flange was made by gluing a
circular piece of SilasticR (Dow Corning Corp., Midland, MI 48460) sheet-

ing, approximately 1 inch in diameter and with a hole punched in the

1

2Surgery performed by Dr. S. C. Whipp, N.A.D.C., Ames, Iowa.

Portions of the description of the surgical technique, as presented
in this section, were provided by Dr. S. C. Whipp.
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middle through which the catheter was inserted, to the catheter tip. The
flange was inserted into the lumen of the intestine to prevent expulsion
of the catheter while, at the same time, the nylon mesh was incorporated
in the adhesion. The catheter was exteriorized via a stab wound in the
ventral posterior abdominal wall.

A second purse-string suture was placed at a point on the antimesen-
teric border 60 cm anterior to the small catheter and one-half of a bypass
catheter was inserted and secured. This catheter was made of molded
SilasticR (Dow Corning Corp., Midland, MI 48640) with a 5/8 inch i.d. and
7/8 inch o.d. 1t also had a flange for insertion into the intestinal
lumen and a nylon mesh to secure the catheter to the serosa. The flange
was molded in such a manner that the catheter was directed caudad. A 7/8
inch diameter hole was made in the skin anterior to the initial skin inci-
sion. The muscles were then separated and the catheter was pulled through
the opening. Before closure of the abdominal incision, 5 cc of CleocinR
(Upjohn Co., 7000 Portage Rd., Kalamazoo, MI 49001) (150 mg/ml) was
instilled into the peritoneal cavity.

The peritoneum and three muscle layers were individually closed
with Chromic O gut suture. VetafilR (Bengen and Co., Hanover, West
Germany) (0.40 mm) was used to close the skin. All animals were pro-
phylactically treated with CombioticR (Pfizer Inc., 235 East 42nd St.,
New York, NY 10017) for 5 days. A minimum of 10 days for recovery
was allowed prior to any perfusion studies.

The gain in weight of the individual pigs, which was measured
periodically during the duration of the experiments, is listed in

Appendix A. All four pigs demonstrated a similar progressive weight
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gain of 0.40 + 0.02 (SE) kg/day. A summary of the postmortem data can
be found in Appendix B. No unusual conditions were noted which would

appear to invalidate the experimental data.

Description of the Perfusion System

The perfusion system used in Part I consisted of a delivery system
and collection system. The arrangement of the apparatus is shown sche-
matically in Figure 5. Solutions were prepared and placed in 2 liter
aspirator bottles with the outlets closed. A stopper was then placed
in each bottle opening. Each stopper had been bored with two holes
and a Y-tube had been inserted into one. The end of the Y-tube in the
bottle was connected to a gas dispersion rod. One of the other ends
of the Y-tube was connected to a 3 liter air bladder (gas reservoir)
with a stopcock located between the tube and bladder. A second straight
tube was inserted into the other hole which was bored and used as an
outlet for gases (release tube) during gassing of the solution.

The procedure for preparing the solution for perfusion was as follows.

The solution was gassed with a steady flow of CO, and N2 gas through the

2
dispersion rod and out the release tube until the desired pH was obtained.
Samples for pH were taken from the bottle outlet. After 10-15 minutes of
equilibration at the correct pH, the air bladder was evaculated and then
refilled with the gas mixture. All outlets from the bottle were then
closed except for the connection between the bladder and bottle. The
outlet from the bottle was then connected to the delivery line and opened.

As the volume in the sealed bottle decreased, gas from the bladder was

drawn into the bottle and the pH maintained.



Figure 5. Schematic diagram of the perfusion system
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Fluid from the bottle was moved through the delivery line by a
peristaltic pump (Harvard Apparatus Co., Inc., 150 Dover Road, Millis,
MA 02054) which delivered fluid to the test segment at 7.0 ml/minute.
The delivery line was connected to a threeway stopcock (sampling port)
which, in turn, was connected to a Foley catheter placed in the ileal
segment. The delivery line between the pump and the Foley catheter
was wrapped with a heat tape and insulation and was adjusted to deliver
the solutions to the intestinal lumen at 39 C. Addition of the threeway
stopcock permitted sampling of the solution just before entrance into
the gut segment. The Foley catheter was inserted into the inlet cannula
so that when the balloon was inflated, the intestinal lumen was sealed
just posterior to the lumen of the cannula but the flow of liquid from
the anterior portion was not impeded. From the delivery system, the
fluid passed through the test segment and out the outlet cannula.

During collection, a thick-walled large balloon (approximate
unstretched volume = 250 ml) was connected to the cannula. This balloon
had been modified by insertion of the barrel of a 1 ec tuberculin
syringe into the end of the balloon and then sealed by a strapping band.
Each balloon was daily checked for structural patency by excessive
inflation. The end was sealed and the balloon then squeezed and checked
for leaks while submerged in water. In addition, an initial and sub-
sequent checks of each balloon were made by filling the balloon with a
gassed solution and checking the pH and pCO2 over a one-hour period.

The pCO2 rarely shifted more than 5-8 mm Hg after one hour. A fluctua-

tion in excess of 10 mm Hg could be attributed either to error in
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sampling or structural flaw.

Experimental Technique

On the day of an experiment, the pig was weighed and placed in a
metabolism cage. The cannulae were then opened and a cuffed Foley
catheter was pushed distally in the large (anterior) cannula and advanced
into the intestinal lumen. The balloon was inflated to seal the lumen
but not the cannula. This was done to prevent passage of ingesta into
the isolated segment as well as reflux from the experimental segment.
Upper gut fluid could still pass out of the cannula around the Foley
catheter. The effectiveness of the balloon was periodically checked by
instilling phenol red into the intestinal lumen anterior to the balloon
to see if any signs of dye appeared in the distal cannula effluent.

The Foley catheter was then connected to the perfusion system described
previously.

During each experiment, the pig was perfused with both a control
solution and an acetate solution at the same pH. The first solution
selected for use on a given day was used to flush the test segment until
the effluent was clear. Solutions were perfused at a rate of 7.0 ml/
minute via a peristaltic pump. Prior experiments had shown that this
rate produced essentially no differences in water and electrolyte flux
and a more constant efflux of the perfusate from the segment than slower
rates.

Collection of anaerobic samples was begun after the segment had
equilibrated at least for 60 minutes after the segment was clear of

digesta. An initial sample of the solution entering the test segment
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was collected in a syringe via a threeway stopcock attached to the Foley
catheter. At the same time, a heavy rubber balloon was evacuated and
connected to the outlet catheter and the effluent collected over a fif-
teen minute period. The balloon collection system was previously
described. At the end of the collection, the balloon was removed and a
sample of the contents taken from the balloon outlet with a syringe.
Four or more consecutive collections were made.

The second solution was then perfused and an initial bolus of phenol
red was injected into the Foley via the stopcock to indicate clearance
of the first solution. After a 60-minute equilibration period, four
or more consecutive samples were again collected.

At the conclusion of an experiment, the Foley catheter was removed,
the catheters were stoppered, and the animal was returned to the animal
room and fed. The interval between experiments on the same animal ranged
from alternate days to as much as two weeks.

A sequence was originally devised to vary the order for administer-
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