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INTRODUCTION

A mgor functionof theintestind epitheliumisto control the
amount of fluid entering into and being absorbed from the
lumenf!. Inhedlthy conditions, net fluidmovement follows
an absorptive vector, dthough significant secret ion aso
takesplacetosubsarvedigedtivefunction. Thus thesecretion
of flui d, driven by the active secretion of eectrolytes, is
important for maintaining thefluidity of intestina contents
during variousstagesof digestionandthereby dlowingfor
diffusonof enzymesand nutrients Inthesatting of diseese,
dysregulation of intestinal transport mechanismsmay ater
the balance between ab sorptive and secretory processes
such that secretion predominates, leading to th eclinical
consequence of diarrhea. However, under conditions of
both health and disease, fluid secretionisdrivenlargely by
the active secretion of chlorideions. Thus, there are both
basic and clinical reasons for wishing to gain a full
understanding of the basisand regul ation of thistransport
process. Thegod of my article, therefore, will betoreview
our understanding of intestinad chlor ide secretion and the
waysinwhichitisregulated. Recentindgghtsinthisarea
enhancingour ability tointerveneindiseaseswherechloride
secretion is over-expressed, such as infectious and
inflammetory diarrhedl illnesseswill dsobediscussed. This
artidlewill dso cover theimplicationsof intestina secretory
mechanismsfor agenetic diseasewherechloridesecretion
is under-expressed, namely cystic fibrosis, where
significant intestinal dysfunction, including
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obstruction and malabsorption, may aso ensue.

MECHANISMS OF INTESTINAL CHLORIDE SECRETION
The secretory mechanism

The details of theion transport pathways making up the
intestinal chloride secretory mechanism have been quite
well worked out at this point™>3. The mechanism is
predominantly expressed, at least as a ssessed
functionaly, in epithelia cellslining the crypts of both
the small in testine and colon, although there may bea
small degree of secretion derived fromvillusor surface
epithelia cellsin addition?. Chlorideistaken up from
the bloodstream across the basolateral membrane of
epithelial cells via a sodium/potassium/2 chloride
cotransporter that has been cloned and designated as
NKCC1E., This cotransporter is driven secondarily by
thelow intracellular sodium concentration established
by the active sodium/potassium AT Pase, also locaized
to the basolateral membrane. This allows chloride to
accumulatein thecell cytosol aboveitse ectrochemical
equilibrium. When apical chloridechannelsare opened,
thischlorideisthenfreetoflow out of thecell downthis
electrochemical gradient, resulting overall in net
transepithelial transfer of theanion. Chlorideexit occurs
predominantly through achannel referredtoasCF TR,
which isthe product of the genethat is defectivein the
setting of cystic fibrosig¥. Morerecently, in addition, it
hasbeen recognized that thegpicad membraneof intestina
epithelial cells may also contain calcium-activa ted
chloridechanne sof the CL CA family, and perhapsother
channelsfor theseand/or other aniong>®. Thetransport
mechanismisalso critically depe ndent on the presence
of basolateral potass um channelswhich servetorecycle
co-transported potassium back across the basol ateral
membrane, and thus prevent cell depolarization!”®.

Positive regulation of chloride secretion

Chloridesecretionisstimulatedintheintestineby abroad
array of substances derived from local and moredi stant
endocrine cells, enteric nerves, neighbouring cell types
suchasimmunecd lsand subepithdlia myofibroblasts, and
exogenousfactorssuch asbacterid enterotoxing?. These
regulatory pathways provide for minute-to-minute
physiological increasesintheextent of secretion (suchas
inresponseto inge stion of amesl) but aso contributeto
themarked upregul ation of secretion that can occur inthe
setting of a diseasely. Despite many hormones, neur
otransmitters and other mediators that have been
identified and characterizedto dateasstimuli of chloride
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secretion, however, appear to exert their effectst hrough
twomansignding pathwaysY. Thefirs of theseismediated
by changesinintracellular cyclic nudeotides, andresultsin
large magnitude, sustained secretory responses. At an
intracellular leve, the primary locusfor regul ation appears
to bethe cyclic-nucleotide medi ated phosphorylation and
open ing of the CFTR chloride channd, particularly via
cAMP and the cAM P-dependent protein kinase, PK A,
Itisincreasingly recognized that at least 0 netype of PKA
is“scaffolded” in the proximity of CFTR viavarious
interactingproteins, whichlikely contributestotheefficiency
of signal transduction in response to cAMP-mohilizing
agonistg**2, Chloride secretion can also be evoked by
agonigsthat increaseintracd lular levelsof cGMP, thebest
physologica exampleof thispathway beingthestimulation
by the peptide agonist guanylin, which bindsto an apica
receptor dso shared by the heat-stableto xin of E.coli*¥.
cGM P-dependent secretion involvesacGM P-depend ent
protein kinaseand/or cross-activation of PKA, andisvery
gmilar tothat induced by increasesin cAMPintermsof its
magnitude, kineticsand dependenceon CFTR activation.
Cydlicnud ectide-dependent secretion, ingenerd, may dso
involve regulatory events at additiond levelswithin the
transport machinery.For example, there is evidence to
suggest that sustained secretion requires the insertion of
additiona NK CC1moleculesintothebasolaterd membrane
(or at least an dteration in their rate of endocytoss), and
cAMP-activated potassium channels have also been
postul ated on functiond groundg?84,

Chloride secretion can a so be evoked by agonists
that are capable of causing an increase in cytosolic
calcium concentrations. In contrast tothecyclic-nucleo
tide dependent chloride secretory responses discussed
above, cal cium-dependent responsesaredistinctivein
that they are smaller and also considerably more tr
ansient!d. However, cal cium-dependent secretion may
nevertheless play aphysiological role, particularly in
the setting where only abrief, self-lim ited secretory
response is called for. Moreover, synergism occurs
between the se cretory effects of CAMP- and calcium-
dependent agents, allowingthehogt, to call on markedly
upregulated rates of secretory function at times of
threat (such asinvas on by pathogenic microorganisms).
Finally, calcium-dependent secretor y responses may
assumefar greater significancein the setting of cystic
fibros s, wherethecAM P- dependent chloridechannd,
CFTR, islost or dysfunctional™. At an intracellular
level, at least part of the chloride secretory e ffect
occurringinresponsetoanincreasein cytosolic calcium
is secondary to the opening of basolateral, calcium-
sensitive potassium channels. This, inturn, increases
thedriving force for chloride to exit across the apical
membrane th rough the small proportion of CFTR
channelsthat are hypothetically open evenin resting
cells*®, However, evidence is also accumulating to
suggest that elevationsin calcium, acting in concert with
thecal modulin-dependent proteinkinase CaMKI 1, open

additiona apica chloridechanndsof the CLCA family
[17-20], This view lends additional credence by the
observation that calci um-dependent agonistscan cause
chloridesecretionin at least someepithelia cellsevenin
the absence of any measurable CFTR function("21,

Negative regulation of chloride secretion

Work from our laboratory hasd soindicated that certain
intracellular signaling pathways may lead to the inhib
ition of ongoing chloride secretion, and/or may resultin
its termination'?. Such negative signals appear to be
particularly pertinent inthe case of ¢ alcium-stimulated
chloride secretion, with the transience of this secretory
res ponse implying that endogenous factors may serve
tolimititsextent. Wehaveid entified two main pathways
whereby cal cium-dependent chloride secretion isinhi
bited. Thefirst of these, interestingly, is activated by
substancesthat alsoservetoinitiate cal cium-dependent
chloridesecretion. Anexampleisthemuscar inicagonist
carbachol, which evokes atransient chloride secretory
responsethat rendersintestind epithelia cdllsrefractory
to re-stimulation by another calcium-dependent
secretagoguel®?, Both the stimulatory and inhibitory
effectsof carbachol are dependent on cytosolic calcium
(31, Theinhibitory pathway involvesthe generation of a
novel inositol phosphate mediator, in ositol 3,4,5,6
tetrakisphosphate [Ins (3,4,5,6) P4], which reducesthe
open pr obability of calcium-activated chloridechannels
(2224 The upstream pathways leading to generation of
thismessenger involvetyrosine-kinasedependent events,
and the transactivation of the receptor for epidermal
growth factor (EGF) and recruitment of theMAPkinase
signaing cascade®!. I nhibitorsof both the EGF receptor
and M AP kinase pathway potentiate and prolong secret
ory responses to carbachol .,

A second inhibitory mechanism a so centersaround
the EGF receptor, but the mess engers and targets
involved in the inhibiti on of chloride secretion are
differen t62¢, Thus, when the EGF receptor is
activated by itscognateligands, it heterodimerizeswith
another member of the ErbB receptor family, ErbB2,
and thereby recruits alternative signaling events than
those resulting from EGF receptor transactivation in
responseto carbachol®!, Thissignaling diversification,
inturn, appearstoactivatephosphatidylinositol 3-kinase,
anovd isoformof proteinkinase C (PKC-), and ultimately
leadstotheinhibition of abasolateral potassum channd,
thereby inhibitingtheoverdl processof chloridesecretion
by preventing potassium recycling® 3, |tisof interest
to note that EGF, and related growth factors, inhibit
chloride secreti on without themselves serving as
agonistsin the process. Since such growth factorsand
their receptorsareknownto beupregulatedinthe setting
of mucosal in jury, their ability to inhibit chloride
secretory responses may represent an ada ptive
response that would limit diarrhea under these
conditions.
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ALTERATIONS IN CHLORIDE SECRETION IN THE SETTING
OF DISEASE
Secretory diarrhea
Anexcessof chloride secretioninto theintestine, above
that which can be compensated for by the reserve
capacity of intestinal abso rptive mechanisms, manifests
clinicaly asdiarrhead®. The classical example of this
responseisseenin cholera, whereupto 20 litersof stool
fluid can belost per day!. Cholera, in commonwith a
number of other intes tinal pathogens, elaborates
enterotoxin that interact with epithelial cell signal
transduction machinery to dicit profound and sustained
chloride secretion due to an irreversible increase in
intracellular cyclic nucleotide concentrations. Cholera
toxinisinternalized and induces amassiveincreasein
intracellular cAMP, whereasthe heat stable enterotoxin
of E.coli bind to an apical recepto r that contains an
integral guanylyl cyclaseactivity, and thereby stimulates
ch loride secretion secondary to an increase in
intracellular cGMP. Thedirect effects of enterotoxins
onsecretory epithelid cdllsared soamplified by anumber
of additional actions. For example, choleratoxin also
activates enteric nerve endings, enterochromaffin cells
and mast cells, al of which are capable of rele asing
neurotransmittersand other agoniststhat themselvescan
stimulate chloride secretion either directly or indirectly!?.
Secretory diarrheal illnessis also seen in the
setting of infectionswith patho gensthat are not known
to elaborate enterotoxins activities. For example, Sal
monellaDublin, aninvasivebacterium, gopearstoactivate
aprogram of gene e xpression within the epithelia cell
that predigposesto excessivefluid secreti on. Thus, there
is upregulation of cyclooxygenase-2 and nitric oxide
synthase e xpression, andin cell culturemodels, both of
these enzymes appear to contribute to an enhanced
capacity of theepithdid cdll tosecretechlorideinresponse
to arange of stimuli®®, Similarly, over-expression of
cyclooxygenase-2 |eads to an increased production of
prostaglandins, particularly those of the E seriesthat are
knownto bepotent chloride secretagogues™. Salmondlla
invasion also evokes the synthesis of awide range of
chemokinesandather cytokinesbyintesting epithelia cells,
and the resulting inflammatory influx that istargeted to
infected cellsamost certainly further amplifiessecr etory
responsesintheintact tissuesetting™. Furthermore, some
work ershaveshownthat Salmondlainfectionisassociated
withthedenovo expression of receptorsfor theneuropeptide
gdanin, aknown secretory agonistt***1, Antibodies that
interrupt galaninggnaing cansgnificantly dampenintestind
fluid secretioninamurinemode of sdmondlosis™. Thus,
thehost defense response of diarrheacan be generated
even by pathogenic microorganisms that do not
elaborate any known enterotoxins. Indeed, upregulati
on of thesecretory capacity of intestinal epithelial cells
can even occur in the setting of infection with anon-
invasiveparasitealsoassociatedwithdiarrhedl illness,
Giardia lamblia. These parasites adhere to, but
do not penetrate, the intestinal epithelium. Co-
culture of intestinal epithelial cells with G. lamblia

trophozoites results in enhanced chloride secretory
responses, and a pparent upregulation of expression of
membrane transport proteinsinvolved in th e chloride
secretory mechanism such as CFTR and NKCC1
(RestarLenert etal, submitted). However, paradoxicaly,
Giardia co-incubation appearsto signif icantly reduce
the ability of certain agoniststo mobilize intracellular
calcium. These data, in addition to being potentially
significant for our understanding of infectiousdiarrhea,
area so of interest because they underscore the concept
that calcium-dependent secretagogues may exert
negative aswell as positive effects on secretion.

Diarrheais also a common sequella of non-
infectious, inflammatory conditionsof theintestine, such
asulcerativecolitisand Crohn\sdisease™. A substantial
body of evidence now suggeststhat cellsof theimmune
system that p resumably are activated in the course of
such conditions can release a wide range of products
capable of evoking chloride secretion. Conversely,
inflammation andtissueinjury isal so often accompanied
by upregulation of the expression of g rowth factors,
such as EGF, and their receptors, which may serve
ultimately to ¢ ounteract excessive secretion associated
with inflammatory conditions of the gut®!. Such
mechanismsmay underlietheefficacy of growthfactors
such asEGF andinsulin-likegrowth factor that hasbeen
demonstrated in diarrheal conditionsin various models
of inflammeation’,

Cystic fibrosis

The disease states discussed above are characterized
by excessive chloride secretion. However, inadequate
chloride secretion, as occurs in the setting of cystic
fibrogis, can beequaly or perhapseven moredisadvanta
geous for the patient. Cystic fibrosisis characterized
functionally by the abse nce of a cCAMP-regulated
chloride secretory pathway™!. Thisisdueto aseriesof
more than 800 known mutations a though about 70% of
cases are relat ed to a single mutation, of the CFTR
gene, AF508, that resultsin achannd proteinthat failsto
trafficnormally tothegpica plasmamembraneof secretory
epithdid cdls Muchof themorbidity andmortdity incystic
fibrosisrelatesto pulmonary manifestations®!. However,
with advancesin diagnosis a nd treatment, the median
surviva agefor patientswith cysticfibrosshasincr eased
dramaticaly over thelast several years. Thismeansthat
disease manifest ationsin organs other than thelungsare
becoming more recognized, and may carry asubstantial
burdenintermsof morbidity.

There are a number of gastrointestinal
manifestationsof cydticfibross, aswd | ascomplications
related to dysfunction of thebiliary and pancreatic systems.
A large proportion of newbornswith the disease are born
with aform of intest ina obstruction known asmeconium
ileus, assumedtoresult fromingpissatedint esting secretions
that are poorly hydrated and thusdifficult to clear fromthe
lumen. In some cases, prompt surgical intervention is
necessary, and evidence suggeststhat children presenting
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withthiscomplicationwill goontohavepoorer nutritional
statusand growth, evenif trested successfully, thancystic
fibr o spatientswithout thismanifestation" 8, Similarly,
intestinal obstruction associated with cysticfibrossmay
asobeseeninolder children and dsointheincreasing
number of adultsliving with thisdisease®. Theroleof
CFTR in promoting biliary and pancreatic ductular
secretion also meansthat the mgjority of patients suffer
from pancreatic insufficiency, up to half experience
biliary disorders, and approximately 5% may display
Frank liver disease®. In addition, it hasrecently been
postul ated that unsuspected cystic fibrosis(of genotypes
other than those associ ated with pancreaticinsuf ficiency,
such as AF508) may be the cause of at |east some
casesof idiopathic pancrestitis*?. In each of these cases
of gastrointestinal complicat ionsof cysticfibrosis, the
pathol ogy suggeststhat any aternate chloride secr etory
mechanism that are present in intestinal, pancreatic or
biliary epithelia cellsareinsufficient to compensatefor
the loss of cAMP-regulated chloride secretion. Inthis
respect, the knowledgethat intestinal epithelial cells, at
least, expressintringc negative signaling pathwaysthat
limit theextent of calcium-dependent chloride secretion
may offer both an explanation for thissituati on, aswell
asaposs bletherapeutictarget if such negativesignaling
events can be countermanded.

The prevalence of cystic fibrosisin, especialy,
Caucasian populations, where estimates suggest that
morethan 3% of the popul ation are heterozygouscarriers
of the disease, rai ses questions about the evolutionary
pressuresthat havedriventheretention of mutant CFTR
dlelesinthegenepool. Hypothetically, suchi ndividuals
might havethereby gained a heterozygote advantagein
resistance to enterotoxin-mediated diarrheal illnesses,
such as cholera, athough thismay beincons stent with
therelative prevalence of cystic fibrosisin Caucasian
compared with other ethnic groups. Moreover, sudiesin
mouse models of cystic fibrosi salso fail to suggest that
heterozygotes show any diminished intestina secretory
responses to choleratoxin**2, However, more recent
studies sugg est that tissues obtai ned from micewith one
mutant CFTR dleledo display anin creased res stanceto
invasion by bacteria such as Salmonella, athough the
mechanism of thiseffectisunknown*3, Thisdoesprovide
an atractive hypothesisfor cystic fibrosis prevalence,
especially given that typhoid fever was common in
Western Europe until relatively recent times.

CONCLUSION

Advancesin our understanding of themolecular basis of
intestinal chloride secr etion, aswell asitsregulation, may
offer significant insightsinto disease states where this
transport mechanismiseither over or under-expressedin
theintestine, such assecretory diarrheaand cysticfibross.
Ultimately, it ishoped that suchinsightswill spawn new
therapiesfor these conditions. Secretorydiarrhed illness,
inparticular, ill congtitutesamajor burden of morbidity

and mortality, particularly among childrenindevel oping
countries. Moreover, in creased international travel, and
the emergence of more highly pathogenic strains of
certain bacteria, such as E.coli, will also increase the
prevalence of diarrhea. Thus, improved therapies are
urgently needed, in concert with the public health
measures that will reduce exposure to the infectious
agentsthat cause such disease.
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