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B

The principal anions transported by colonic epithelium are Cl-, HCOj3 and organic
anions (OA~), particularly acetate, butyrate and pyruvate, these last being formed
by microbial degradation of carbohydrate. In the normal absorptive rat colon, Cl-
is transported from lumen to plasma both by the transcellular and paracellular
pathways. The transcellular route appears to depend on amiloride-insensitive
coupling of Na*t-Cl- at the mucosal (apical) membrane, the Na+ electrochemical
gradient energizing Cl- uptake. Intraluminal [HCOj] rises as Cl- is absorbed, and a
mucosal CI=——-HCOj3 exchange carrier has been postulated. In some species (and in
distal colon of the rat when sodium-depleted), the putative Na+-Cl- carrier is
absent so that Cl- absorption then depends largely on the paracellular electro-
chemical gradient. Absorption of OA~- is independent of the transepithelial p.d., is
associated with HCOj secretion and is considerably reduced by acetazolamide.
In the absence of Cl-, OA~ supports Na* absorption but does not depend on it
continuing unchanged when the latter is blocked. Colonic epithelium can become
secretory and an example of this state is congenital chloridorrhoea in which an
elevated transepithelial p.d. is associated with excessive Cl- secretion. Here, it
appears that the Na+-Cl- and C1-HCOj carriers are lost and Cl- conductance of
the mucosal membrane substantially increased. The transepithelial uphill movements
of Cl~ or HCOj in the absorptive and secretory colon appear to depend on coupling
to other ionic flows, and there seems to be no need to postulate active transport of
these ions.
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INTRODUCTION

As the gut contents pass through the colon a considerable fall of Na* concentration and a
rise of K+ concentration in the faecal fluid occurs. The functions of the colonic epithelium that
produce these changes have attracted most attention. The original observations of Curran &
Schwartz (1960) showed that Na* was absorbed against the electrochemical gradient, an
active Na* transport system being postulated : they gave little attention to anions but concluded
that Cl- absorption was entirely passive, which since the blood side was positively charged
with respect to the lumen, depended largely on the transepithelial electrical p.d. Although,
since then, most studies of colon have been towards elucidating the cation transport mechanisms,

various observations have indicated that the anion transport mechanisms are of some com-
plexity and are influential on cation movements. Particularly important in regard to anion
transport is the fact that the colon is one of the natural fermentation chambers of an animal.
Indeed, in many, for example the carnivores, omnivores and some hervibores which have only
simple stomachs, the large intestine provides the only fermentation region. Although in many
species, the absorption of organic anions (OA~), principally acetate, butyrate and propionate,
produced by microbial fermentation contributes little to overall nutrition; in others, for
example the rabbit and the pony, the contribution is substantial (reviewed by Wrong et al. 1981).

In all species, however, the colon plays a major part in the conservation of inorganic ions
and water. The overall changes are well established. The transit of the gut contents from
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FiGure 1. (a) Anion composition of ileal effluent and faeces in man (Wrong ef al. 1981). (b) Change of
composition of isotonic NaCl solution during prolonged perfusion of human colon.

terminal ileum is associated with a decrease in Cl- concentration, a considerable increase in
OA~- and usually a small rise in HCOj3 concentration in the faecal water (figure 1). Studies on
cleansed intestine produce a somewhat different picture because microbial OA~ generation is
eliminated: Cl- concentration falls markedly with HCOj concentration rising reciprocally.
The mechanisms concerned in producing these changes will be reviewed in this brief survey
but it first needs to be emphasized that there are considerable species and other variations,
which are unfortunately often ignored when generalizations are made. These variations are
demonstrated in species differences, in differences between various segments of the large
intestine, and the effects of nutritional state, hormonal influences and age (Edmonds 1967;
Bentley & Smith 1975; Fromm & Hegel 1978). Pathological processes and various intraluminal
agents, for example bile salts, can also profoundly modify epithelial function. Studies iz vitro do
not, of course, eliminate the problem because the epithelium can be modified by its history.
There is therefore plenty of opportunity for discrepant results to arise between observers,
although such anomalies may simply reflect modulation of similar basic mechanisms by more
or less undefined influences. In the present account, I shall mainly be considering our observa-
tions on the distal segment of rat colon but shall add a few additional comments to indicate
some observed segmental, species and other variations.

TRANSCELLULAR AND PARACELLULAR PATHWAYS

As with other epithelia, the movement of ions across colonic epithelium can proceed by two
principal routes: by a transcellular pathway with the ions crossing the plasma membranes and
cell substance, and by a paracellular or shunt route with the ions bypassing the cells and
moving, it is believed, through the intercellular spaces and tight junctions. We have previously
described a method (Edmonds & Smith 1979) which from observations of the blood and
secretory curves of changing activity of radioisotopic tracers after the administration of an
intravenous bolus, allows estimation of the paracellular component of the plasma to lumen
(Ji,). We have applied this method to examine cation and anion movements across rat colonic
epithelium. In regard to the anions, the results show that normally the Cl- flow into the lumen
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F1GuRrE 2. (a) Transcellular and paracellular pathways for Cl-. The flux values for normal rat were estimated as
described in the text. The interrupted lines indicate a passive flux; m refers to mucosal or lumen side;
s refers to serosal or blood side. (b) Electrical gradients (mean values) obtained by microelectrode measure-
ments in rat distal colon (Edmonds & Nielsen 1968).

completely, or nearly so, is accounted for by Cl— movement through the paracellular path,
with the mean transit time of the ions being 20 +9 (s.d.) s. This value was similar to that ob-
tained, for example, with I~ and Na+, while full data analysis gave spectra of transit times
distributed as unimodal functions about the mean. These observations were consistent with a
simple diffusion path length of about 100-150 xm, in good agreement with the sort of distance
that the ions have to traverse in passing from the subepithelial capillaries into the luminal
perfusion fluid. Absorption of anion can also be measured in these experiments by observing
the net change in luminal solution composition. Thus lumen plasma flux (J},) can be deter-
mined. The flux Ji; has two components, one passive and paracellular, Ji, , and the other

i
transcellular, Ji g : A ()
The component Ji , is estimated from the observed values of Ji  the transepithelial p.d.,
¥ms, the activities of the solutions of the lumen and blood, a,, and g, respectively, using the flux
ratio equation (Ussing 1952)

Jr-}ls,p = Jsim(am/as) €xXp (ZiF')bms/R T)’

where F, R, T and Z; have their usual significance. There in this is estimation the assumption
that the ion movement is unaffected by ion—ion or by ion-solvent interactions. For colonic
paracellular C1- movement these assumptions are justified on the basis of various other studies.
From these measurements and calculations carried out for Cl-, the scheme shown in figure 2 for
normal rat distal colon emerges. The mean values for distal colon of four rats when lumen Cl-
concentration was 100 mm were: J$b |, = 72, J& ) = 133 and J§L . = 70 nmol min—1 cm?2.

TRANSCELLULAR AND PARACELLULAR Cl- MOVEMENTS

As noted already, the plasma-lumen flux is entirely paracellular and so, in this set of experi-
ments, was most of the opposite flux, JS. . However, about one-third of the flux was transcellular.
The electrochemical gradients have been previously determined for the epithelial cells of rat
colon (Edmonds & Nielsen 1968). Similar values have been obtained for rabbit distal colon
(Schultz et al. 1977). The flow of Cl1- from the lumen into the epithelial cells across the mucosal
(apical) membrane is therefore much against the electrochemical gradient (figure 24). This Cl-
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movement therefore cannot be simply passive and we must seek other processes to provide
energy for the uptake of Cl- by the cells. One such process, discussed in more detail later, is by
exchange with HCOj produced by the cells, but in addition Na+ movement from the lumen
into the cells appears to provide a major driving force for the Cl- uptake.

Several independent lines of evidence support this notion. First, there is the finding with rat
colonic mucosa in vitro that short-circuit current was usually considerably less than the net Na+
flow, whereas removal of Cl- from the lumen solution markedly decreased the latter although
leaving the short-circuit current little changed (Binder & Rawlins 1973). Second, experiments
involving infusion of NaCl solutions into the colon by way of implanted cannulae showed that
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Ficure 3. Effect of substituting various anions within lumen on Na+ absorption and HCOj secretion. Na+ and
anion concentration was 100 mM throughout, amiloride was used at a concentration of 103 . Is—,isethionate;
Ac—, acetate (means + s.e.m.).

absorption increased severalfold without significant change in transepithelial p.d. (Edmonds &
Thompson 1980). Third, replacement of the C1~in the lumen solution by SOy or by isethionate
substantially reduced transcellular Na+ absorption although the transepithelial p.d. waslittle
affected (figure 3). Finally, Na*+ and Cl- absorption by normal rat colon was little if atall
affected by amiloride (Wills ez al. 1980; Edmonds 1981) a finding quite unlike that in epithelia
in which Na* enters the cells apparently by a simple diffusional step. As will be discussed later,
in the rat and in other species, colonic Na+ and Cl- absorption may become partly or com-
pletely amiloride-sensitive under some circumstances.

The stoichiometry of the apparently linked Na+-Cl~ absorption has not been adequately
worked out, but some indication can be obtained from our results. To do this, the data obtained
for C1~ were related to comparable data coming from experiments in which 22Na was given in
the intravenous bolus to estimate the paracellular Na+ component. Studies with the use of
saline of Na* concentration 100 mm gave mean flux values of

JaRL =90, JNet =35 JNa* — 131 nmol min—! cm?.
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The crude figures therefore suggest a ratio of about 2:1 for the mucosal membrane Na+-CI~
coupling. There is also, however, the Cl-—HCOj; exchange to be taken into account; if this is
1:1 exchange (see below), 4:1 is the more likely figure for the Na+-Cl- linkage. Even from
this fairly crude estimate, it would appear that the putative mucosal membrane carrier is
charged so that the transmembrane electrical gradient, which depends on the epithelial Na*
pump (Schultz 1972), contributes the major force for Cl~ as well as Na* absorption. The
coupling between the pump and the mucosal entry step is then preserved and Cl- entry to the
cells, although ‘uphill’ is essentially dependent on Na+ movement and Na* pump activity.

A form of coupling between Na+ and Cl- entry to the epithelial cells, as outlined, offers the
simplest solution. It is phenomenological, nothing is known about the molecular basis, and
moreover it is not a unique explanation. Other possibilities such as some form of complex
linkage involving Na+—H+, Cl-—-HCOj exchanges across the mucosal membrane cannot be
excluded (Argenzio & Whipp 1981).

AMILORIDE SENSITIVITY INDUCED BY DIETARY Na*+ DEFICIENCY
OR ALDOSTERONE

The scheme above has been described for rat colon, but Schultz et al. (1977) found that
rabbit distal colon (studied in vitro) was normally completely sensitive to amiloride; other
segments of the rabbit’s rather complex colon were not examined. In piglets and in the hen
colon and coprodeum, change from amiloride-insensitive and apparently Nat-anion-coupled
absorption to an amiloride-sensitive system has been described, in the former associated with
increase in age, in the latter with sodium-deficient diet (Cremaschi et al. 1979; Thomas et al.
1979). In the rat, too, amiloride sensitivity can be induced by NaCl deficiency or by aldosterone
administration: only partial sensitivity can be produced in the proximal part but a complete
change occurs distally (Will ef al. 1981; Edmonds 1981). While the absorption of Cl- is un-
affected by amiloride in the normal rat, once rats have been treated for several days with
aldosterone or are on a restricted sodium intake, amiloride markedly interferes with Cl-
absorption (figure 4). It therefore appears that in the aldosterone-treated rats, C1~ absorption
by the distal colon has become dependent on the electrical gradient and on Cl—-HCOj3;
exchange alone, the Na*t—Cl~ coupling being lost.

CouprLinGg oF CI-HCO3; MOVEMENT

Perfusion studies in a variety of species have long since shown that lumen solutions develop
concentrations of HCOj3 considerably in excess of those expected from the transepithelial
electrochemical gradient (D’Agostino et al. 1953; Wrong 1971): this could result from net
movement of either H+ from the lumen or OH- or HCOj in the opposite direction. The
results from rat colon led Parsons (1956) to suggest the presence of a CI-—-HCOj exchange
mechanism. Subsequent studies have supported this view (Phillips & Schmalz 1970; Binder &
Rawlins 1973). The appearance of HCOJj is relatively specific, the substitution of other anions
for chloride in general appearing to eliminate the effect (figure 3), while the amount of apparent
HCOj5 secretion reaches maximal values at relatively low intraluminal Cl- concentration
(figure 5). Moreover, Schultz et al. (1977) employing in vitro methods with rabbit distal colon,
in which tissue Na* transport can be completely blocked and the transepithelial p.d. abolished
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Ficure 4. In a sodium-depleted rat amiloride (10~4 m) in the lumen nearly abolished the transepithelial p.d.,
inhibited Na+ absorption and considerably reduced Cl- absorption. Means obtained from three measure-
ments. The solution in the lumen was 100 mm NaCl with mannitol to render it isotonic.

Ficure 5. Apparent secretion rate of HCOj; observed in the distal colon of six normal rats during perfusion with
solutions of varying Cl— concentration. The solutions also contained Na+* as cation and mannitol to render
them isotonic. (data from Edmonds 1967).

by amiloride, found that the C1-~HCOj substitution was electrically silent, suggesting 1:1
exchange. Consistent with this, considerable changes of p.d. produced by amiloride in sodium-
depleted animals did not affect HCOJ secretion (figure 4). There is therefore a body of evidence
consistent with the notion, developed in some detail in small intestinal studies by Turnberg et al.
(1970), that a C1—-HCO73 exchange occurs probably through a common carrier in the mucosal
membrane of the epithelial cells. The exchange could be driven by the electrochemical gradient
for HCOj3 across the luminal membrane. Carbonic anhydrase is located in colonic epithelial
cells (Carter 1972) and may well be involved in production of HCOyj ions from precursor CO,
produced by metabolic activity of the cells. The carbonic anhydrase inhibitor acetazolamide
considerably reduces the apparent secretion of HCOj, but because Na+ and Cl- movements
are also influenced the interpretation of this observation remains uncertain (Parsons 1956;

Phillips & Schmalz 1970).

ABSORPTION OF ORGANIC ANIONS

The importance of OA~ in colonic anion transport mechanisms has tended to be ignored in
biophysical studies, but large amounts of OA ~ are generated naturally in the colon by bacterial
activity, especially from plant fibre of dietary origin (Elsden et al. 1946). As a consequence in
many species examined, OA~ concentrations in the large bowel often exceed 100 mm, corres-
ponding to 75 9, or more of the total anion present (reviewed in Wrong et al. 1981). It is now
well established that OA~ is rapidly absorbed by colonic epithelium (Ruppin ef al. 1980;
Argenzio et al. 1977; McNeil et al. 1978). In the rat distal colon, studies with acetate as the OA~
showed that absorption was proportional to the concentration in the lumen, did not depend on
the presence of Na* within the lumen (despite the fact that Na* absorption itself is well
supported by OA~; see figure 3) nor did it appear to depend on the transepithelial p.d. (figure
6). The absorption of OA~ was independent of Cl- concentration within the lumen but was
associated with the appearance of HCOj (figure 3). Umesaki et al. (1979) interpreted the latter
finding as indicating stimulation of HCOj secretion by OA~ within the lumen. The alternative
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Ficure 6. Effect of acetazolamide in a normal and of amiloride in a sodium-depleted rat on organic anion
(OA-) absorption. The test solution contained 50 mm Na acetate (including [*C]acetate) rendered isotonic
with mannitol. Note that 10-% M amiloride almost eliminated the transepithelial p.d. and Na+ absorption in
the sodium-depleted rat without affecting OA~ absorption.

explanation is that it simply results from the diffusion of undissociated acid from the lumen,
thus: RCOO-+CO,+H,0-RCOOH + HCOj;.

Consistent with this notion is the observed reduction of intraluminal p, in perfusion experi-
ments (Ruppin et al. 1980), as well as other observations suggesting the significance of un-
dissociated acid absorption. Thus absorption has been shown to be increased when pH is
decreased, and in order of lipid solubility of the undissociated acid, i.e. butyrate > propionate
> acetate (Leng 1978). Moreover, acetazolamide administration (10 mg intravenously)
substantially reduced OA~ absorption (figure 6), an observation consistent with the possibility
that production and secretion of H+ by the epithelium may play a part in undissociated acid
formation and absorption. In this respect, it may be relevant that in guinea-pig at least (Carter
1972) much larger quantities of carbonic anhydrase are present in the proximal colon, which
is the region that absorbs the bulk of OA~ (as well as Na+ and water), than in the distal part.
At present, however, the precise relation between these various observations remains largely
speculative and considerably more evidence is needed to define the mechanism of OA~ absorp-

tion in the colon.

ANION SECRETION BY THE COLON

Anion secretion by colonic epithelium ordinarily appears to be confined to HCOs3. But
under various special circumstances, secretion of C1~ has been observed (table 1). In particular
in rat colon, Cl- secretion has been provoked by exposure of the mucosal side of the epithelium
to certain hydroxy fatty acids (Racusen & Binder 1979), to cyclic 3,5-AMP (cAMP) and to some
Ca2+ ionophores (Frizzell, Welsh & Smith 1981). In addition, ricinoleate was found to increase
the epithelial cAMP content. Both cAMP and Ca®* may therefore be involved in a common
pathway by which the secretion is mediated. Some of the agents employed in promoting
secretion undoubtedly damage the epithelium and possibly produce secretion in this way
(Chadwick et al. 1976; Nell et al. 1976). However, anion secretion frequently does not appear to
involve damage as indicated at least morphologically or in effects on other characteristic
functions such as Na+ pump activity and hormonal responses. A primary increase in Cl-
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TABLE 1. STIMULATION OF COLONIC SECRETION

(1) neurogenic factors, e.g. acetylcholine (Browning et al. 1978)
(2) gastrointestinal hormones, e.g. vasoactive intestinal peptide (VIP)
(3) secretogogues, e.g. cAMP, Ca?+ ionophores
(4) congenital abnormality, e.g. chloridorrhoea
(5) acquired pathology, e.g. colitis
(In addition to anions, water and cations are usually also secreted.)

Ficure 7. Postulated Cl- secretion mechanism that depends on enhanced Cl- conductance of the mucosal
membrane. On account of various experimental observations, Frizzell et al (1981) also proposed the existence
of Na*~Cl- coupled entry on the basolateral side operant in the secretory state.

conductance of the mucosal membrane has therefore been suggested (Naftalin & Simmons
1979; Frizzell et al. 1981). C1- movement into the lumen from the cells then passively follows
the electrochemical gradient across the mucosal membrane. The transepithelial p.d. will be
increased and as a consequence there is increased Na+ movement into the lumen through the
paracellular pathway. Thus although an apparent uphill movement of C1- across the epithelium
is observed, there is not necessarily any active anion secretion because the energy for the Cl-
movement derives from the electrochemical gradients, which depend on the basolateral Na+
pump. Itis usually assumed that one set of epithelial cells are involved in absorptive and, under
some conditions, secretory activity. We have, however, no unequivocal evidence on this point
~ and possibly secretion of C1- results from the activity of a different set of cells which, usually in
abeyance, can be provoked by various stimuli (Browning et al. 1978).

One particularly interesting but rare congenital abnormality (congenital chloridorrhoea)
mimics these experiments. In this condition relatively high concentrations of Cl- develop in
faecal fluid, exceeding even the total of Na+ and K+ concentrations (Evanson & Stanbury
1965). We carried out a series of studies on one individual with this condition, a young man who
had severe diarrhoea since birth. He passed fluid stools which showed the characteristic ionic
composition: a number of collections made over several weeks gave mean values for [C1~] of
110 mM and of (Na+ 4 K+) of 95 mm in the faecal water. Studies of epithelial function in
which absorption and secretion were examined by using various solutions placed in contact
with the epithelium showed significant abnormalities (table 2). We found that the transepithe-
lial p.d. of his colon was considerably greater than we had observed in normal individuals and
there was moreover an apparent active Cl— secretion by the colon, the net Cl- movement into
the lumen occurring against the transepithelial electrical gradient. The amount of HCOj3
produced was very small. The observations strongly suggest that in congenital chloridorrhoea
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TaBLE 2. TrANSEPITHELIAL P.D., Na+, K+, Cl- anD HCOj3 NET FLUXES OF DISTAL COLON IN
AN INDIVIDUAL (M.C.) WITH CONGENITAL CHLORIDORRHOEA (MEAN + S.E.M.)

p.d. net flux (nmol min~! cm~—%)

mV Na+ K+ Cl- HCO;
M.C.t 45 67 —164 —84 —13
normal (5) 28 338  —51 372 -85

+3 +24 +5 + 29 +7

t Calculated from data of the study of Pearson et al. (1974). Results of M.C. are means of two measurements
with the use of a lumen solution having concentrations of Na*, 75; K+, 25; Cl-, 100 nM (mannitol added for
isotonicity). The negative sign indicates net movement towards the lumen.

there is an abnormality of the mucosal membrane of the epithelial cells such that Cl~ conduc-
tance is much enhanced while the putative CI-——HCOj exchange carrier is lost. More detailed
study of the epithelia in such patients is needed and may be considerably revealing as to the
molecular mechanisms involved.

CONCLUSION

Organic anions, C1- and HCOj are the principal anions transported across colonic epithe-
lium. Several mechanisms are involved and these show variations due to segment, species, diet
and other factors. The epithelium is electrically polarized but the transepithelial electro-
chemical gradients cannot adequately explain the anion movements observed. Describing the
movements in terms of the paracellular and cellular pathways allows us to evolve hypotheses
about the way the ions traverse the epithelium and about the electrochemical forces involved.
These can be tested under various conditions, and when the epithelium is in its ‘absorptive’ or
‘secretory’ state. In the ‘absorptive’ state it is suggested that the transcellular route requires at
least some linkage of Na+-Cl- and of CI-—~HCOj7 at the mucosal (apical) membrane. Exactly
how OA- crosses the membrane remains uncertain but may depend on the formation of un-
dissociated acid. In the ‘secretory’ state, increased Cl- conductance of the mucosal membrane
seems of particular importance although epithelial damage producing a very ‘leaky’ epithelium
may sometimes also be important. There is, however, no evidence that special anion pump
have to be postulated: appropriate carriers together with the extant electrochemical gradients
produced by operation of the Na+ pump appear sufficient to account for the observed move-
ments.

REFERENCES

Argenzio, R. A., Southworth, M., Lowe, J. E. & Stevens, C. E. 1977 Interrelationship of Na, HCOj; and volatile
fatty acid transport by equine large intestine. Am. J. Physiol. 233, E469-E478.

Argenzio, R. A. & Whipp, S. C. 1981 Effect of Escherichia coli heat-stable enterotoxin, cholera toxin and theophyl-
line on ion transport in porcine colon. J. Physiol., Lond. 320, 469-4817.

Bentley, P. J. & Smith, M. W. 1975 Transport of electrolytes across the helicoidal colon of the newborn pig.
J. Physiol., Lond. 249, 103-117.

Binder, H. J. & Rawlins, C. L. 1973 Electrolyte transport across isolated large intestinal mucosa. Am. J. Physiol.
225, 1232-1239.

Browning, J. G., Hardcastle, J., Hardcastle, P. T. & Redfern, J. S. 1978 Localization of the effect of acetyl-
choline in the regulation of intestinal ion transport. J. Physiol., Lond. 281, 15-21.

Carter, M. J. 1972 Carbonic anhydrase: isoenzymes, properties, distribution and functional significance.
Biol. Rel. 47, 465-513.

Chadwick, V. S., Gaginella, T. S., Debongnie, J. C., Carlson, G. L., Phillips, S. F. & Hofmann, A. F. 1976
Mucosal epitheliolysis: a mechanism for the increased colonic permeability induced by dihydroxy bile acids.
Gut 17, 816.

[ 217 ]


http://rstb.royalsocietypublishing.org/

B

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rstb.royalsocietypublishing.org

584 GC. J. EDMONDS

Cremaschi, D., Ferguson, D. R., Henin, J. P. S., Meyer, G. & Smith, M. W. 1979 Postnatal development of
amiloride sensitive sodium transport in pig distal colon. J. Physiol., Lond. 292, 481-494.

Curran, P. F. & Schwartz, G. F. 1960 Sodium chloride and water transport by rat colon. J. gen. Physiol. 43,
555-571.

D’Agostino, A., Leadbetter, W. F. & Schwartz, W. B. 1953 Alterations in the ionic composition of isotonic saline
solution instilled into the colon. J. clin. Invest. 33, 444—448.

Edmonds, C. J. 1967 Transport of sodium and secretion of potassium and bicarbonate by the colon of normal
and sodium-depleted rats. J. Physiol., Lond. 193, 589-602.

Edmonds, C.J. 1981 Amiloride sensitivity of the transepithelial electrical potential and of sodium and potassium
transport in rat distal colon in vive. J. Physiol., Lond. 313, 547-559.

,Edmonds, C. J. & Nielsen, O. E. 1968 Transmembrane electrical potential differences and ionic composition

’ of mucosal cells of rat colon. Acta physiol. scand. 72, 338—349.

Edmonds, C. J. & Smith, T. 1979 Epithelial transport pathways of rat colon determined in vivo by impulse
response analysis. J. Physiol., Lond. 296, 471-485.

Edmonds, C. J. & Thompson, B. D. 1980 Absorption by the colon during prolonged infusions in conscious,
unrestrained rats. J. Physiol., Lond. 302, 399-409.

Elsden, S. R., Hitchcock, M. W. S., Marshall, R. A. & Phillipson, A. T. 1946 Volatile acid in the digesta of
ruminants and other animals. J. exp. Biol. 22, 191-202.

Evanson, J. M. & Stanbury, W. 1965 Congenital chloridorrhoea or so-called congenital alkalosis with diarrhoea.
Gut 6, 29-38.

Frizzell, R. A., Welsh, M. J. & Smith, P. L. 1981 Electrophysiology of chloride-secreting epithelia. In Ion
transport by epithelia (ed. S. G. Schultz), pp. 137-149. New York: Raven Press.

Fromm, D. & Hegel, A. 1978 Segmental heterogeneity of epithelial tract in rabbit large intestine. Pfliigers Arch.
Eur. J. Physiol. 378,71-83.

Leng, E. 1978 Absorption of inorganic ions and volatile fatty acids in the rabbit caecum. Br. J. Nutr. 40, 509-519.

McNeil, N. 1., Cummings, J. H. & James, W. P. T. 1978 Short chain fatty acid absorption by the human large
intestine. Gut 19, 819-822.

Naftalin, R. J. & Simmons, N. L. 1979 The effects of theophylline and choleragen on sodium and chloride ion
movements within the isolated rabbit ileum. J. Physiol., Lond. 290, 331-350.

Nell, G., Forth, W., Rummel, W. & Wanitschke, R. 1976 Pathway of sodium moving from blood to intestinal
lumen under the influence of oxyphenisatin and deoxycholate. Naunyn-Schmiedebergs Arch. exp. Path. Pharmak.
293, 31-37.

Parsons, D. S. 1956 The absorption of bicarbonate-saline solutions by the small intestine and colon of the white
rat. Q. Jl exp. Physiol. 41, 410-420.

Phillips, S. F. & Schmalz, P. F. 1970 Bicarbonate secretion by the rat colon. Effect of intraluminal chloride and
acetazolamide. Proc. Soc. exp. Biol. Med. 135, 116-122.

Pearson, A. J. G., Sladen, G. E., Edmonds, C. J., Tavill, A. S., Wills, M. R. & MclIntyre, N. 1973 The patho-
physiology of congenital chloridorrhoea. Q. JI Med. 42, 453-466.

Racusen, L. C. & Binder, H. J. 1979 Ricinoleic acid stimulation of active anion secretion in colonic mucosa of
the rat. J. clin. Invest. 63, 743-749.

Ruppin, H., Bar-Meir, S., Soergel, K. H., Wood, C. & Schmitt, M. G. 1980 Absorption of short-chain fatty
acids by the colon. Gastroenterology 78, 1500-1507.

Schultz, S. G. 1972 Electrical potential differences and electromotive forces in epithelial tissues. J. gen. Physiol.
59, 794-806.

Schultz, S. G., Frizzell, R. A. & Nellans, H. N. 1977 Active sodium transport and the electrophysiology of rabbit
colon. J. Membrane Biol. 33, 351-384.

Thomas, D. H., Skadhauge, E. & Read, M. W. 1979 Acute effects of aldosterone on water and electrolyte
transport in the colon and coprodeum of the domestic fowl. J. Endocrinol. 83, 239-250.

Turnberg, L. A., Bieberdorf, F. A., Marawski, S. G. & Fordtran, J. S. 1970 Interrelationships of chloride,
bicarbonate, sodium and hydrogen transport in the human ileum. J. clin. Invest. 49, 557-567.

Umesaki, Y., Yajima, T., Yokokura, T. & Mutai, M. 1979 Effect of organic acid absorption on bicarbonate
transport. Pfliigers Arch. Eur. J. Physiol. 379, 43-48.

Ussing, H. H. 1952 Some aspects of the application of tracers in permeability studies. Adv. Enzymol. 13, 26-65.

Will, P. C., Lebowitz, J. L. & Hopfer, U. 1980 Induction of amiloride-sensitive sodium transport in the rat
colon by mineralocorticoids. Am. J. Physiol. 238, F261-F268.

Wrong, O. M. 1971 The role of the human colon in homeostasis. Scient. Basis Med., pp. 192-215.

Wrong, O. M., Edmonds, C. J. & Chadwick, V. S. 1981 The large intestine, pp. 113—-121. Lancaster, U.K.:
MTP Press.

[ 218 |


http://rstb.royalsocietypublishing.org/

