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Infectious diarrhoea is a major cause of morbidity and mortality causing 1.5 million deaths worldwide in 20051. Thus the pathobiology of diarrhoea is of considerable interest. However, despite considerable research over the last 50 years, significant gaps remain in our knowledge of pathogenic diarrhoea mechanisms of specific micro-organisms. 
Diarrhoea can be regarded simply as an excess of water in faeces. The healthy adult intestine must absorb approximately 7L/24 hours to produce a normal stool. Failure of absorption or alternatively secretion of water into the intestine or a combination of the two will cause diarrhoea. 
Vibrio cholerae or enterotoxogenic E coli (ETEC) secrete toxins which cause the accumulation of the second messengers cyclic AMP or, in the case of ETEC, cyclic GMP in intestinal epithelial cells. These second messengers cause secretion of water into the intestinal lumen through a couple of mechanisms. Secretion occurs predominately in the intestinal crypts. They can directly open an anion channel on the apical membrane of epithelial cells called CFTR (Cystic Fibrosis Transmembrane conductance Regulator) allowing the efflux of chloride ions resulting in osmotic gradients that pull water into the intestinal lumen; a process called electrogenic chloride secretion2. They also activate a neural reflex within the intestinal wall releasing the neurotransmitter VIP (Vasoactive Intestinal Polypeptide) near epithelial cells again causing accumulation of cAMP in epithelial cells and electrogenic chloride secretion3, 4. On villi, Cholera toxin and E coli  STa toxin inhibit the process NaCl absorption called electroneutral NaCl absorption which is mediated by the coupled action of Na/H and anion exchangers. The mechanism of inhibition of these exchangers is not fully understood but involves at least 9 regulatory proteins4.
The attaching and effacing (A/E) pathogens enterohemorrhagic E coli (EHEC), enteropathogenic E coli (EPEC) and mouse A/E pathogen Citrobacter rodentium do not cause secretion as described above but rather trigger changes in the structure of epithelial cells and tight junctions between epithelial cells which increases the permeability of intestinal epithelium to water. In these circumstances hydrostatic pressure in blood vessels and lymphatics will drive fluid, protein and cells into the intestinal lumen 5, 6. Induction of inflammation by A/E pathogens with the release of TNF will further exacerbate this exudation through an increase in vascular permeability7. 
Work over the last decade has shown that A/E pathogens cause a profound remodelling of the actin cytoskeleton of intestinal epithelial cells causing the formation of a characteristic pedestal on their apical membrane. This is achieved by the bacteria injecting a number of effector proteins through a syringe-like structure called a Type III secretory system which flatten the microvilli of the apical membrane and raise the pedestal upon which individual bacteria reside8, 9. The function of the pedestal may be to inhibit phagocytosis of bacteria but also has the consequence of reducing the surface area available for absorption. The injected bacterial proteins EspF, EspG and Map disrupt the tight junctions by causing a redistribution of TJ proteins including claudin 3, thereby increasing the permeability of the epithelial barrier allowing the hydrostatic pressure within the intestinal wall to cause the exudation to fluid and proteins9. 
A further potential mechanism for diarrhoea induced by A/E pathogens involves Aquaporins which are water channels which allow the rapid movement of water across cell membrane down a concentration gradient. C. Rodentium has been shown to cause a redistribution of Aquaporin 2 and 3 from the lateral membrane of the enterocyte to the cytoplasm. The significance of this is unclear but may indicate a reduction of water absorption10.
In this issue Guttman and colleagues now add an exciting new mechanism involving gap junction hemichannels to the pathogenesis of diarrhoea by A/E organisms11. Gap junctions are one four types of junctions between mammalian epithelial cells together with desmosomes, adherens junctions and tight junctions. Unlike tight junctions, adherens and desmosomes, gap junctions are channels that allow passage of ions and small molecules up to 1000kDa between the two cells. A gap junction is composed of two hemichannels, each hemichannel lying across a cell wall and joining to a hemichannel on the adjacent cell to form a hollow cylinder. Six transmembrane proteins called connexins are required to make one hemichannel12. Gap junctions allow synchronisation of actions amongst neighbouring cells, for example transmission of the action potential in the heart.
Guttman and colleagues show that connexin 43 (Cx43) levels are increased in mouse colon infected with C. rodentium and that during infection Cx43 is located on the apical and lateral membrane of the epithelial cells whereas in mice without infection Cx43 is restricted to the lateral membrane. The Cx43 proteins form unpaired Cx43 hemichannels which allow passage of Lucifer yellow, a molecule that goes through hemichannels but not across cell membranes from the intestinal lumen into the epithelial cells. Control experiments with ΔescF C. rodentium demonstrated that the entry of Lucifer Yellow in the cells could not be explained by disruption of tight junctions. Remarkably, the investigators could demonstrate that Cx43 contribute to the diarrhoea caused by C. rodentium by showing that mice with a heterozygous deficiency for Cx43 infected with C. rodentium have less 15% less water in diarrhoea in the distal colon than wildtype infected controls. (Unfortunately the investigators were not able to use Cx43 null mice as they are not viable after birth.)
Although it has previously been demonstrated that connexins may contribute to the invasion of Shigella by allowing escape of ATP, this is the first demonstration of connexins playing a role diarrhoea13. Important questions remain including do connexins participate in the pathogenesis of other gastrointestinal infections? What is the physiological mechanism of diarrhoea mediated by CX43 – do they enable Cl- secretion in a manner similar to CFTR? Can pharmacological inhibitors of connexon hemichannels be used to treat EPEC and EHEC infection in humans14? These questions show that Guttman and his colleagues have opened an entirely new and exciting field in gastrointestinal biology.









References
1	Buzby JC, Roberts T. The economics of enteric infections: human foodborne disease costs. Gastroenterology 2009;136:1851-62.
2	Field M. Intestinal ion transport and the pathophysiology of diarrhea. J Clin Invest 2003;111:931-43.
3	Lundgren O. Enteric nerves and diarrhoea. Pharmacol Toxicol 2002;90:109-20.
4	Donowitz M, Li X. Regulatory binding partners and complexes of NHE3. Physiol Rev 2007;87:825-72.
5	Yablonski ME, Lifson N. Mechanism of production of intestinal secretion by elevated venous pressure. J Clin Invest 1976;57:904-15.
6	Lucas ML. Enterocyte chloride and water secretion into the small intestine after enterotoxin challenge: unifying hypothesis or intellectual dead end? J Physiol Biochem 2008;64:69-88.
7	Horvath CJ, Ferro TJ, Jesmok G, Malik AB. Recombinant tumor necrosis factor increases pulmonary vascular permeability independent of neutrophils. Proc Natl Acad Sci U S A 1988;85:9219-23.
8	Guttman JA, Samji FN, Li Y, Vogl AW, Finlay BB. Evidence that tight junctions are disrupted due to intimate bacterial contact and not inflammation during attaching and effacing pathogen infection in vivo. Infect Immun 2006;74:6075-84.
9	Guttman JA, Finlay BB. Tight junctions as targets of infectious agents. Biochim Biophys Acta 2009;1788:832-41.
10	Guttman JA, Samji FN, Li Y, Deng W, Lin A, Finlay BB. Aquaporins contribute to diarrhoea caused by attaching and effacing bacterial pathogens. Cell Microbiol 2007;9:131-41.
11	Guttman J, E lA, Li Y, J. B, Naus CC, Vogl AW, et al. Gap unction hemichannels contribute to the genereation of diarrhea during infectious enteric disease. Gut 2009;XX:YYY-YYYY.
12	Yeager M, Harris AL. Gap junction channel structure in the early 21st century: facts and fantasies. Curr Opin Cell Biol 2007;19:521-8.
13	Tran Van Nhieu G, Clair C, Bruzzone R, Mesnil M, Sansonetti P, Combettes L. Connexin-dependent inter-cellular communication increases invasion and dissemination of Shigella in epithelial cells. Nat Cell Biol 2003;5:720-6.
14	Goodenough DA, Paul DL. Beyond the gap: functions of unpaired connexon channels. Nat Rev Mol Cell Biol 2003;4:285-94.


