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Abstract 
A number of procedures or interventions which activate electrogenic ion transport in mammalian 

intestine are reviewed. Using in vitro models it is possible to demonstrate direct or indirect pathways 
to stimulate chloride secretion. Such activation, in vivo, would change the gut from a state of net 
water absorption to one of fluid secretion. The movement of water is driven by electrical and osmotic 
gradients set up as a consequence of opening regulated ion channels in epithelial cells. Secretagogues 
may govern epithelial intraceUniar second messenger pathways to regulate ion channel activity 
directly or by activation of membrane bound receptors on the surface of epithelial cells. In health 
or disease secretagogues may be derived from cells within the attendant lamina propria of the 
intestinal mucosa. Pharmacological techniques may he employed to determine which mediators 
contribute to indirect stimulation of electrogenic ion transport by activation of neurons or of 
immunocytes (mast cells or phagocytes). Dissection and reconstruction of models of intestinal 
hypersensitivity reactions show that neuro-immune networks which regulate intestinal ion 
transport appear to be complex, functionally integrated systems. Analysis of such interactions may 

identify cellular or humoral targets with which to examine novel diagnostic, preventative or 
therapeutic strategies with regard to intestinal diseases. 

Virtually all external and internal surfaces of the human 
body are lined by a layer of cells - the epithelium. Epithelial 
monolayers are heterogeneous, comprising about 60% of 
the 200 characterised cell types. An epithelium is typically 
a continuous sheet of polarised cells associated with one 
another by specialised junctional domains. This layer forms 
a physical border between different biological environ- 
ments. Indeed, through selective processes of absorption 
and secretion, the epithelium actively contributes to 
homeos ta t ic  mechan i sms  which mainta in  inter-  
compartmental differences. The main function of the large 
intestine is conservation of water and ions. In addition, 
since the intestine is exposed to an enormous number of 
antigens including food, multicellular parasites, resident 
bacteria and viruses it acts as a containing barrier to limit 
otherwise excessive or inappropriate exposure of vital organs 
to potentially harmful stimuli. Distal intestine can be rap- 
idly and drastically converted from a water absorbing to a 
net secreting tissue. This is in itself a remarkable feature 
with, to take the example of cholera, consequences ranging 
from host protection (removal of the pathogen by a flushing 
mechanism) to host fatality. 

Diarrhoeal disorders may reflect one or more of a number 
of changes in epithelial function which alter the gut from 
an absorptive to a secretory organ (~. Fluid secretion results 
from a coordinated reduction in absorptive processes and 
generation of a net secretion of electrolytes which results 
in an osmotic gradient for water movement into the lumen. 
In the intestine absorptive and secretory functions are 
spatially separated. Absorption occurs across the villous 
and surface epithelial ceils whereas crypts are the site of 
secretory epithelial cells ~2~. The osmotic pressures which 
underlie net fluid secretion in the gut result from the active 
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secretion of two principal anions, chloride and bicarbonate, 
and of potassium ~ Perhaps the most important of these 
processes and certainly that which has been most studied, 
is the electrogenic chloride movement through regulated 
chloride channels sited in the apical membrane of epithelial 
cells in colon and small intestine. These chloride channels 
which are chronically active in secretory diarrhoea were the 
first epithelial ion channel for which the primary structure 
was determined through the discovery of the CFTR gene~3L 

Extensive studies on regulation of chloride secretion 
have been made possible through identification of CFTR 
and also by studies of ion transport in human epithelial cell 
lines such as T84 which retain the phenotype of secretory 
cells of colonic origin. Cellular mechanisms for active 
chloride secretion with particular regard to intracellular 
second messenger systems have been reviewed elsewhere t4,~l. 
Both calcium and cyclic AMP stimulate chloride secretion 
in isolated colonic secretory cells and in native epithelia. 
There appears to be funct ional  synergism between 
secretagogues which increase intracellular free calcium 
and those which stimulate adenylate cyelase in T84 cells ~6). 
A third intracellular second messenger system, cyclic GMP, 
is another mediator of intestinal chloride secretion which 
may be produced in response to heat stable E. coli 
enterotoxin ~ or to the endogenous intestinal peptide 
guanylin tg). 

The use of single cell type, simple monolayer cultures 
of epithelial cells for biological studies is attractive and 
useful. However, such an approach is, in isolation, inad- 
equate for analysis and understanding of normal tissue 
function which in vivo reflects all possible interactions of 
structural components. Integrated physiology is, in the 
gastrointestinal tract as elsewhere, a reflection of dynami- 
cally interactive cellular communication networks. In ad- 
dition to a normally intact epithelium, the mammalian gut 
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Figure i - The Ussing chamber apparatus for measurement of 
electrogenic ion transport. Transepithelial potential difference 
(V) between the apical and basolateral compartments is clamped 
to zero by the application of short circuit current (lsc) which is 
continuously recorded. Thus regulation of ion transport may be 
studied by administering drugs, hormones or antigens to either 
compartment (from reference 25 with permission from Elsevier 
Trends Journals). 

consists of  an abundance of various types of  excitable cells 
arranged in an architecturally complex manner ~mt'n). The 
objective of  this essay is to examine how non-epithelial 
cellular elements of intestinal mucosa  may govern epithelial 
function, 

Methods of  Study. Intestinal secretion of electrolytes, 
and its consequences, may be studied in a number of ways, 
each approach being relevant to one or more specific ques- 
tion. Extremes range from gross clinical measurement using 
calibrated containers to the almost pure demonstration of 
regulated ion channels on epithelial cell membranes. We 
have used an approach which is appropriate and convenient 
to investigate net ion transport across intact epithelial 
sheets. Target  tissues include cultured monolayers of tu- 
mour derived colonic cells which retain their epithelial 
phenotype or, to study the influence of  elements of the 
lamina propria, sheets of intact mucosa. 

Epithelial ion transport is readily studied in vitro by 
adaptations of  the original method of  Ussing. Epithelial 
~heets, stripped of underlying smooth muscle but with 
attendant lamina propria, are mounted between two half 
chambers and bathed with oxygenated physiological solu- 
tions, maintained at 37~ The transepithelial electrical 
potential difference is maintained at zero by the continuous 
application of  short circuit current (Isc). The apparatus is 
depicted in Figure 1. Thus, in the absence of electrical, 
chemical, osmotic or hydrostatic gradients, net movements 
of ions or macromolecules can only result from active 
transport. The magnitude of  lsc required to maintain the 
voltage clamp is therefore a measure of  net electrogenic ion 
transport. Charge-carrying ion(s) can be identified by 
pharmacological,  ion substitution or radio-isotope flux 
methods. Stimulation or inhibition of  ion transport proc- 
esses is studied in response to neurotransmitters, hormones, 
inflammatory mediators, cell derived messengers or drugs 
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added to either the apical or basolateral side bathing solu- 
tions. 

Agents which influence ion tranport processes may act 
directly on epithelial ceils via cell-surface receptors (e.g. 
neurotransmitters such as acetylcholine) or cytoplasmic 
targets (e.g. activators ofadenylate cyclase such as forskolin). 
Alternatively, epithelial function may be regulated indi- 
rectly via a primary action on structures within the lamina 
propria. Cells of  the immune system and enteric neurons 
are strategically located to influence epithelial cells. Pro- 
cedures which influence lamina propria cells may therefore 
indirectly alter epithelial function. Using the isolated mucosa 
it is possible to mode l  some of  the intercellular 
communication pathways which regulate normal function 
in vivo. 

Direct Regulation of  Epithelial Ion Transport. Chloride 
secretion is activated by a number of  secretory agonists 
(Figure 2) which bind basolateral membrane receptors and 
induce changes in intracellular second messengers.  Stimuli 
inc lude  a wide  va r i e t y  o f  low m o l e c u l a r  w e i g h t  
neurotransmitters as well as neuropeptides, inflammatory 
mediators and bacterial derived substances which are 
potent secretagogues (Table 1). In some respects this rep- 
resents a rich seam for pharmacological investigation, 
complicated and made even more interesting by the large 
number of pro-secretory mediators which may function 
independently or interact synergistically. The potential for 
such interplay is not unique and is, in fact, quite typical of 
inflammatory or hypersensitivity effector systems in which 
redundancy of a single mediator appears to be common and 
amplification of  a response through multiple mediators is 
a feature. This situation may reflect the complexity of 
normal physiological control of  intestinal function as well 
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Figure 2 - Representative concentration response curves ob- 
tained from experiments on voltage clamped rat colon. 
Secretagogues such as aeetylcholine (open circles - basolateral, 
closed circles - apical), bradykinin (open squares) and 5- 
hydroxytryptamine (closed squares) stimulate an inward current 
which is due predominantly to chloride secretion, Characteris- 
tically, receptor-mediated actions are more effective when the 
challenge is made basolaterally reflecting either asymmetric 
distribution of receptors on epithelial cells or an indirect action 
on cellular elements of the lamina propria. 
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TABLE 1 
Substances for which receptors or recognition sites are 

coupled to processes which stimulate chloride secretion in 
intestinal epithelial cells. 

Acetylcholine Histamine 

5 hydroxytryptamine Adenosine 

Bradykinin Vasoactive intestinal peptide 

Substance P Calcitonin gene related peptidcs 

Cyclooxygenase products Lipoxygenase products 

Platelet activating factor Interleukin 1 

E. coli heat stable enterotoxin Guanylin 

as the selective pressures of evolution to respond to poten- 
tially life-threatening challenge. Pharmacological action of 
exogenously applied materials is only one of the criteria for 
assessment of a substance as a putative neurotransmitter 
and is not sufficient grounds for implicating putative 
mediators as physiologically or pathologically significant. 
It is important, for example, to consider cellular sources of 
candidate mediators and stimuli which activate the release 
or synthesis of such substances. 

Neuronal Regulation of Epithelial Ion Transport. The 
nervous system exerts a major influence on the control of 
all aspects of gastrointestinal function. The intestine is 
richly innervated by sensory neurons which communicate 
information to and from the central nervous system or local 
neuronal networks. Once processed, sensory information 
leads to nerve-mediated reflexes involving effector mecha- 
nisms which coordinate motility, absorption and secretion. 
An extraordinary feature of the gut is the presence of an 
enteric nervous sytem which has a structural and functional 
organisation similar to that of the CNSII31.This is an exten- 
sive arrangement; the enteric nervous system contains more 
neurons than does the spinal cord It41. Efferent pathways of 
the enteric nervous system include sympathetic (largely 
inhibitory) influence on secretory processes in the gut and, 
in addition, prosecretory neurons. In the previous section, 
stimulation of chloride secretion by substances which are 
established neurotransmitters was described. Now, evi- 
dence to support the hypothesis that activation of intrinsic 
neurons will influence secretory epithelial cells will be 
examined. 

The Ussing chamber permits study of isolated mucosa 
in the absence of extrinsic nerves or blood-borne humoral 
factors. A feature of the preparations is retention of the 
submucosal ganglia, the neuronal network contained within 
the lamina propria underlying the epithelial layer. Electri- 
cal field stimulation (EFS) of voltage clamped intestinal 
mucosa evokes nerve mediated changes in electrogenic ion 
transport. The ionic basis of nerve-induced changes in 
electrogenic ion tranport varies with the species and region 
of the intestine under investigation ~151 and includes stimu- 
lation of chloride secretion in colon n637) which, in vivo, 
would result in net fluid movement. 

The effects of EFS upon electrogenic chloride secretion 
in rat colon are mimicked by the application of exogenous 
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Figure 3 - Short circuit current responses (peak change in Isc) 
of isolated rat colon to exogenous acetylcholine (ACh, I!~M), 
electrical field stimulation or forskolin (3gM) are shown (open 
columns). Prc-treatment with tetrodotoxin (0.1 gM, hatched col- 
umns) significantly attenuated the neuronal component of re- 
sponses to acetylcholine and field stimulation but did not alter 
responses to the directly acting secretagogue forskolin. 

neurotransmitters including cholinomimetics (Figure 3). 
Tetrodotoxin, a naturally occurring agent which blocks 
sodium channels on neurons, abolishes ion transport re- 
sponses to EFS and blocks the neuronal component of 
cholinergic stimulation of colonic chloride secretion. Di- 
rectly acting secretagogues such as forskolin or receptor- 
mediated chloride secretion stimulated by prostaglandins 
are unaffected by tetrodotoxin. 

Immunological Regulation of  Epithelial Ion Transport. 
Gut-associated lymphoid tissue is a significant structural 
component, making up about 25% of the mucosal mass. 
Localised immune function at the level of the gut includes 
antigen processing, immunological sensitisation and de- 
ployment of systemic and local effector mechanisms. Cellular 
elements of the immune system (lymphocytes, macrophages, 
neutrnphils, eosinophils and mast cells) within the lamina 
propria are strategically located to influence epithelial cell 
function in health and disease. 

The first substantial evidence of immunological regula- 
tion of intestinal ion transport arose from investigations 
made on tissues obtained from anaphylactically sensitised 
guinea pigs It8,19). Mast cell-dependent activation of smooth 
muscle contraction, a feature of Type I hypersensitivity in 
vitro was described almost a century ago (2~ It was, in 
retrospect, almost obvious that a parallel mast cell-depend- 
ent regulation of epithelial function would exist/~'~ Acti- 
vation of mast cells stimulates release and/or synthesis of 
mediators, for example histamine or arachidonic acid 
metabolites, which act as secretagogues ~ The sensitised 
guinea pig provided a useful model with which to study 
mediator involvement and altered sensitivity to lumenal 
antigen in models of disease states 1~31. 

Allergic reactions to dietary proteins, with consequent 
secretory diarrhoea, may be a significant clinical prob- 
lem 124). However, it is unlikely that hypersensitivity re- 
sponses in the mammalian gut have evolved against dietary 
antigen. There is an abundant literature that local allergic 
reactions are a teature of host intection with multicellular 
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Figure 4 - Typical traces illustrating individual ion transport 
responses to antigen challenge of voltage clamped colonic epi- 
thelium obtained from rats previously sensitised to Fasciola 
hepatica (liver fluke) by active infection. Responses to antigen 
are mimicked by anti-rat IgE which activates mast cells by cross- 
linkage of cell surface IgE. The inset shows data which indicate 
sensitivity of each of these responses to tetrodotoxin (TrX, 
O.I~tM) which does not inhibit mast cell activation ~261. 

parasites which spend some or all of their life cycle in the 
mammalian gastrointestinal tract. Immunoglobulin E (IgE) 
mast cell hyperplasia and eosinophilia are features common 
to helminth infection and to states of immediate 
hypersensitivity. Effector elements of the gastrointestinal 
immune system may influence host-parasite combinations 
as part of a protective mechanism to promote expulsion of 
the parasite and to prevent subsequent infection. In many 
examples of intestinal parasitism, prior infection confers 
acquired resistance to subsequent challenge and such pro- 
tection may, at least in part, be a consequence of local 
gastrointestinal anaphylactic reactions ~z~. We therefore 
decided to examine immediate hypersensitivity reactions 
in tissues obtained from rats which had been previously 
infected by (and theretbre sensitised to) enteric parasites. 
A characteristic ion transport response to antigen challenge 
is rapid onset, transient inward SCC which can be ac- 
counted for, at least in part by secretion of chloride ions. 
Antigen challenge is without effect on tissues obtained 
from naive (control) animals. The ion transport response 
is mimicked by application of antibodies raised agai nst host 
IgE (Figure 4). This type of response appears to be quite 
a common feature of host sensitisation to parasites which 
enter via the gut ~25>. The chloride secretion would, in vivo, 
lead net fluid movement into the lumen and may be the 
effector mechanism underlying protection against reinfection 
by encouraging expulsion of infective parasite. 

Efforts to increase our understanding include further 
reductionism. Epithelial cells (typically cell lines derived 
from colonic tumours) grow in culture as monolayers which 
retain epithelial polarity and capacity for vectorial ion 
transport. When grown on permeable supports, monolayers 
of a single phenotype which expresses functions of native 
epithelia can be used in Ussing chamber experiments. 
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Model structures can be re-constructed by the co-culture 
of epithelial cells and immunocytes to model immunologi- 
cal control of chloride secretion t261. 

Neuro-immune interactions. Although it is clear that 
activation of mast cells may directly influence epithelial 
cells by diffusion of mediator(s), there is an increasing 
amount of compelling evidence of bidirectional communi- 
cation between cells of the immune and the neuroendocrine 
system 1271. We have shown that type I hypersensitivity 
(anaphylactic) reactions to dietary or parasite antigens in 
intestinal tissue from sensitised animals provoke electrogenic 
chloride secretion and that intrinsic nerves may contribute 
to amplification of such responses. In a number of experi- 
mental models, the SCC response to antigen is attenuated 
by tetrodotoxin which acts by blocking the excitability of 
nerves within the preparation ~ (Figure 4). These results 
suggest that intrinsic neurons, located in close proximity 
to mast cells in the lamina propria of the gut, may act to 
amplify local intestinal anaphylactic reactions. This raises 
a question as to whether recruitment of immune cells (mast 
cell hyperplasia or eosinophilia) which is a feature of 
allergic sensitisation is matched by neuronal plasticity in 
associated cells of the enteric nervous system. 

Analysis of secretory responses during intestinal 
anaphylaxis clearly indicate that there is a complex series 
of interactions. Mechanisms include i) additive or even 
synergistic effects of cell-derived mediators on epithelial 
cells, ii) augmentation of responses by release of secondary 
messengers from cells in the lamina propria and iii) ampli- 
fication of secretory responses through activation of enteric 
neurons (20). 

Conclusions. Studies on regulation of ion transport have 
unveiled mechanisms by which mammaiian colon, which 
is normally water absorbing, can be turned into an actively 
secreting tissue. The consequences of this change may be 
purely pathological as in gastrointestinal food 
hypersensitivity, systemic mastocytosis and inflammatory 
bowel diseases. By understanding the triggers and mecha- 
nisms of such inappropriate fluid secretion it may become 
possible to develop novel therapeutic approaches, In con- 
trast, net fluid secretion may be of benefit to a mammalian 
host during parasite infection. Chloride secretion is a con- 
sequence of specific antigen challenge in infected intestinal 
tissues. We propose this to represent a local effector mecha- 
nism by which the host may rid itself of a parasite which 
spends all or part of its life cycle in the gut. This has exciting 
implications for vaccine development dealing with deploy- 
ment of a local effector mechanism which in vivo will have 
directly protective effects against, for example, nematodes 
of public health or agricultural importance (25,3~ 

Thus, in summary, the neuro-immune networks which 
regulate intestinal ion transport represent complex, func- 
tionally integrated systems. For future studies this 
represents an enormous challenge for understanding. The 
models described here may offer tools for research into 
fundamental aspects of cell biology. In addition, these 
studies using isolated, intact mucosal tissue may identify 
cellular or humoral targets with which to examine novel 
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diagnostic,  preventat ive or  therapeutic strategies with re- 
gard to intestinal disease.  
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