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INTRODUCTION
A major function of the intestinal epithelium is to control the
amount of fluid entering into and being absorbed from the
lumen[1]. In healthy conditio ns, net fluid movement follows
an absorptive vector, although significant secret ion also
takes place to subserve digestive function. Thus, the secretion
of flui d, driven by the active secretion of electrolytes, is
important for maintaining the fluidity of intestinal contents
during various stages of digestion and there by allowing for
diffusion of enzymes and nutrients. In the setting of disease,
dysregulation of intestinal transport mechanisms may alter
the balance between ab sorptive and secretory processes
such that secretion predominates, leading to th e clinical
consequence of diarrhea. However, under conditions of
both health and disease, fluid secretion is driven largely by
the active secretion of chloride ions. Thus, there are both
basic and clinical reasons for wishing to gain a full
understanding of the basis and regulation of this transport
process. The goal o f my article, therefore, will be to review
our understanding of intestinal chlor ide secretion and the
ways in which it is regulated. Recent insights in this are a
enhancing our ability to intervene in diseases where chloride
secretion is over-expressed, such as infectious and
inflammatory diarrheal illnesses will also be discussed. This
article will also cover the implications of intestinal secretory
mechanisms for a genetic disease where chloride secretion
is under-expressed, namely cystic fibrosis, where
significant intestinal dysfunction, including

obstruction and malabsorption, may also ensue.

MECHANISMS OF INTESTINAL CHLORIDE SECRETION
The secretory mechanism
The details of the ion transport pathways making up the
intestinal chloride secretory mechanism have been quite
well worked out at this point[1,2]. The mechanism is
predominantly expressed, at least as a ssessed
functionally, in epithelial cells lining the crypts of both
the small in testine and colon, although there may be a
small degree of secretion derived fro m villus or surface
epithelial cells in addition[2]. Chloride is taken 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
NKCC1[3]. This cotransporter is driven secondarily by
the low intrace llular sodium concentration established
by the active sodium/potassium ATPase, also localized
to the basolateral membrane. This allows chloride to
accumulate in  the cell cytosol above its electrochemical
equilibrium. When apical chloride channels are opened,
this chloride is then free to flow out of the cell down this
electrochemical gradient, resulting overall in net
transepithelial transfer of the anion. Chloride exit occurs
predominantly through a channel referred to as CF TR,
which is the product of the gene that is defective in the
setting of cystic fibrosis[4]. More recently, in addition, it
has been recognized that the apical membrane of intestinal
epithelial cells may also contain calcium-activa ted
chloride channels of the CLCA family, and perhaps other
channels for these a nd/or other anions[5,6]. The transport
mechanism is also critically depe ndent on the presence
of basolateral potassium channels which serve to recycle
co-transported potassium back across the basolateral
membrane, and thus prevent cell depolarization[7,8].

Positive regulation of chloride secretion
Chloride secretion is stimulate d in the intestine by a broad
array of substances derived from local and more di stant
endocrine cells, enteric nerves, neighbouring cell types
such as immune cells and subepithelial myofibroblasts, and
exogenous factors such as bacterial enterotoxins[2]. These
regulatory pathways provide for minute-to-minute
physiological increases in the extent of secretion (such as
in response to inge stion of a meal) but also contribute to
the marked upregulation of secretion that can occur in the
setting of a disease[1]. Despite many hormones, neur
otransmitters and other mediators that have been
identified and charac terized to  date as stimuli of chloride

Professor and Vice-Chair for Research, Department of Medicine, University
of California, San Diego, School of Medicine, San Diego, CA 92103, USA
Professor Kim E. Barrett received her Ph.D. degree from University
College London, England, in 1982, and postdoctoral training from the
National Institutes of Health, USA. She is currently Professor and Vice-
Chair for Research in the Department of Medicine, University of
California, San Diego, School of Medicine, and directs an NIH-funded
research program that focuses on the mechanisms and regul  ation of
intestinal electrolyte transport. She has published over 140 original
papers, book chapters and review articles, and is the current Editor-in-
Chief of American Journal of Physiology-Cell Physiology.
Correspondence to:  Kim E. Barrett, Ph.D. UCSD Medical Center,
8414 200 West Arbor Drive San Diego, CA 92103-8414 USA
Tel. 619-5433726. Fax. 619-5436969
Email. kbarrett@ucsd.edu
Received 2000-05-25    Accepted 2000-06-15

PO Box 2345, Beijing 100023, China                                                                                                                                                            World J Gastroentero, 2000; 6(4):470-474
Fax: +86-10-85381893                                                                                                                                                                                                                               World Journal of Gastroenterology
E-mail: wjg@wjgnet.com     www.wjgnet.com                                                                                                                                         Copyright 2000 by the WJG Press  ISSN 1007-9327



secretion, however, appear to exert their effects t hrough
two main signaling pathways[1]. The first of these is mediated
by changes in intracellular cyclic nucleotides, and results in
large magnitude, sustained secretory responses. At an
intracellular level, the primary locus for regulation appears
to be the cyclic-nucleotide mediated phosphorylation and
open ing of the CFTR chloride channel, particularly via
cAMP and the cAMP-dependent protein kinase, PKA[9,10].
It is increasingly recognized that at least o ne type of PKA
is “scaffolded” in the proximity of CFTR via various
interactin g proteins, which likely contributes to the efficiency
of signal transduction in response to cAMP-mobilizing
agonists[11,12]. Chloride secretion can a lso be evoked by
agonists that increase intracellular levels of cGMP, the best
physiological example of this pathway being the stimulation
by the peptide agonis t guanylin, which binds to an apical
receptor also shared by the heat-stable to xin of E.coli[13].
cGMP-dependent secretion involves a cGMP-depend ent
protein kinase and/or cross-activation of PKA, and is very
similar to that induced by increases in cAMP in terms of its
magnitude, kinetics and dependence on CFTR activation.
Cyclic nucleotide-dependent secretion, in general, may also
involve regulatory events at additional levels within the
transport machinery.For example, there is evidence to
suggest that sustained secretion requires the insertion of
additional NKCC1 molecules into the basolateral membrane
(or at least an alteration in their rate of endocytosis), and
cAMP-activated potassium channels have also been
postulated on functional grounds[3,8,14].
          Chloride secretion can also be evoked by agonists
that are capable of causing an increase in cytosolic
calcium concentrations. In contrast to the cyclic-nucleo
tide dependent chloride secretory responses discussed
above, calcium-dependent responses are distinctive in
that they are smaller and also considerably more tr
ansient[2]. However, calcium-dependent secretion may
nevertheless play a physiological role, particularly in
the setting where only a brief, self-lim ited secretory
response is called for. Moreover, synergism occurs
between the se cretory effects of cAMP- and calcium-
dependent agents, allowing the host, to call on markedly
upregulated rates of secretory function at times of
threat (such as invasion by pathogenic microorganisms).
Finally, calcium-dependent secretor y responses may
assume far greater significance in the setting of cystic
fibrosi s, where the cAMP- dependent chloride channel,
CFTR, is lost or dysfunctional[15]. At an intracellular
level, at least part of the chloride secretory e ffect
occurring in response to an increase in cytosolic calcium
is secondary to the opening of basolateral, calcium-
sensitive potassium channels. This, in turn , increases
the driving force for chloride to exit across the apical
membrane th rough the small proportion of CFTR
channels that are hypothetically open even in  resting
cells[16]. However, evidence is also accumulating to
suggest th at elevations in calcium, acting in concert with
the calmodulin-dependent prote in kinase CaMKII, open

additional apical chloride channels of the CLCA family
[17-20]. This view lends additional credence by the
observation that calci um-dependent agonists can cause
chloride secretion in at least some epithelial cells even in
the absence of any measurable CFTR function[17,21].

Negative regulation of chloride secretion
Work from our laboratory has al so indicated that certain
intracellular signaling pathways may lead to the inhib
ition of ongoing chloride secretion, and/or may result in
its termination[2]. Such negative signals appear to be
particularly pertinent in the case of c alcium-stimulated
chloride secretion, with the transience of this secretory
res ponse implying that endogenous factors may serve
to limit its extent. We have id entified two main pathways
whereby calcium-dependent chloride secretion is inhi
bited. The first of these, interestingly, is activated by
substances that alsos erve to initiate calcium-dependent
chloride secretion. An example is the muscar inic agonist
carbachol, which evokes a transient chloride secretory
response tha t renders intestinal epithelial cells refractory
to re-stimulation by another calcium-dependent
secretagogue[22]. Both the stimulatory and inhibitory
effects of carbachol are dependent on cytosolic calcium
[23]. The inhib itory pathway involves the generation of a
novel inositol phosphate mediator, in ositol 3,4,5,6
tetrakisphosphate [Ins (3,4,5,6) P4], which reduces the
open  pr obability of calcium-activated chloride channels
[22,24]. The upstream pathways leading to generation of
this messenger involve tyrosine-kinase depend ent events,
and the transactivation of the receptor for epidermal
growth factor (EGF) and recruitment of the MAP kinase
signaling cascade[25]. Inhibitors of both the EGF receptor
and MAP kinase pathway potentiate and prolong secret
ory responses to carbachol[25].
          A second inhibitory mechanism also centers around
the EGF receptor, but the mess engers and targets
involved in the inhibiti on of chloride secretion are
differen t[26-28]. Thus, when the EGF receptor is
activated by its cognate liga nds, it heterodimerizes with
another member of the ErbB receptor family, ErbB2,
and thereby recruits alternative signaling events than
those resulting from EGF receptor transactivation in
response to carbachol[29]. This signaling d iversification,
in turn, appears to activate phosphatidylinositol 3-kinase,
an ovel isoform of protein kinase C (PKC-), and ultimately
leads to th e inhibition  of a basolateral potassium channel,
thereby inhibiting the overall process of chloride secretion
by preventing potassium recycling[27,28,30]. It is of interest
to note that EGF, and related growth factors, inhibit
chloride secreti on without themselves serving as
agonists in the process. Since such growth factors and
their receptors are known to be upregulated in the 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
An excess of chloride secretion into the intestine, a bove
that which can be compensated for by the reserve
capacity of intestinal abso rptive mechanisms, manifests
clinically as diarrhea[1]. The classical example of this
response is seen in cholera, where up to 20 liters of stool
fluid  can be lost per day[1]. Cholera, in common with a
number of other intes tinal pathogens, elaborates
enterotoxin that interact with epithelial cell signal
transduction machinery to elicit profound and sustained
chloride secretion due to an irreversible increase in
intracellular cyclic nucleotide concentrations.  Cholera
toxin is internalized and induces a massive increase in
intracellular cAMP, whereas the heat stable enterotoxin
of E.coli bind to an apical recepto r that contains an
integral guanylyl cyclase activity, and thereby stimulates
ch loride secretion secondary to an increase in
intracellular cGMP. The direct effects of enterotoxins
on secretory epithelial cells are also amplified by a number
of additional actions. For example, cholera toxin also
activates enteric nerve endings, enterochromaffin cells
and mast cells, all of which are capable of rele asing
neurotransmitters and other agonists that themselves can
stimulate chloride secretion either directly or indirectly[2].
        Secretory diarrheal illness is also seen in the
setting of infections with patho gens that are not known
to elaborate enterotoxins activities. For example, Sal
monella Dublin, an invasive bacterium, appears to activate
a program of gene e xpression within the epithelial cell
that predisposes to excessive fluid secreti on. Thus, there
is upregulation of cyclooxygenase-2 and nitric oxide
synthase e xpression, and in cell culture models, both of
these enzymes appear to contribute to an enhanced
capacity of the epithelial cell to secrete chloride in response
to a range of stimuli[31]. Similarly, over-expression of
cyclooxygenase-2 leads to an increased production of
prostaglandins, particularly those of the E series that are
known to be potent chloride secretagogues[31]. Sa lmonella
invasion also evokes the synthesis of a wide range of
chemokines and other cytokines by intestinal epithelial cells,
and the resulting inflammatory influx that is targeted to
infected cells almost certainly further amplifies secr etory
responses in the intact tissue setting[32]. Furthermore, some
work ers have shown that Salmonella infection is associated
with the de novo expression of receptors for the neuropeptide
galanin, a known secretory agonist[33,34]. Antibodies that
interrupt galanin signaling can significantly dampen intestinal
fluid secretion in a murine model of salmonellosis[33]. Thus,
the host defense response of diarrhea can be generated
even by pathogenic microorganisms that do not
elaborate any known enterotoxins. Indeed, upregulati
on of the secretory capacity of intestinal epithelial cells
can even occur in the setting of infection with a non-
invasive parasite also associated with diarrh eal 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 proteins involved in th e chloride
secretory mechanism such as CFTR and NKCC1
(Resta-Lenert et al, submitted). However, paradoxically,
Giardia co-incubation appears to signif icantly reduce
the ability of certain agonists to mobilize intracellular
calcium. These data, in addition to being potentially
significant for our understanding of infectious diarrhea,
are also of interest because they underscore the concept
that calcium-dependent secretagogues may exert
negative as well as positive effects on secretion.
        Diarrhea is also a common sequella of non-
infectious, inflammatory conditions o f the intestine, such
as ulcerative colitis and Crohn\s disease[1]. A substantial
body of evidence now suggests that cells of the immune
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 an d tissue injury is also often accompanied
by upregulation of the expression of g rowth factors,
such as EGF, and their receptors, which may serve
ultimately to c ounteract excessive secretion associated
with inflammatory conditions of the gut[35]. Such
mechanisms may underlie the efficacy of growth factors
such as EGF and insulin-like growth factor that has been
demonstrated in diarrheal conditions in various models
of inflammation[35].

Cystic fibrosis
The disease states discussed above are characterized
by e xcessive chloride secretion. However, inadequate
chloride secretion, as occurs in the setting of cystic
fibrosis, can be equally or perhaps even more disadvanta
geous for the patient. Cystic fibrosis is characterized
functionally by the abse nce of a cAMP-regulated
chloride secretory pathway[15]. This is due to  a series of
more than 800 known mutations although about 70% of
cases are relat ed to a single mutation, of the CFTR
gene, F508, that results in a channel protein that fails to
traffic normally to the apical plasma membrane of secretory
epithelial cells. Much of the morbidity and mortality in cystic
fibrosis relates to pulmonary manifestations[36]. However,
with advances in diagnosis a nd treatment, the median
survival age for patients with cystic fibrosis has incr eased
dramatically over the last several years. This means that
disease manifest ations in organs other than the lungs are
becoming more recognized, and may carry a substantial
burden in terms of morbidity.
      There are a number of gastrointestinal
manifestations of cystic fibrosis, as wel l as complications
related to dysfunction of the biliary and pancreatic systems.
A large proportion of newborns with the disease are born
with a form of intest inal obstruction known as meconium
ileus, assumed to result from inspissated int estinal secretions
that are poorly hydrated and thus difficult to clear from the
lumen. In some cases, prompt surgical intervention is
necessary, and evidence suggests that children presenting
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with this complication will go on to have poorer nutritional
status and growth, even if treated successfully, than cystic
fibr osis patients without this manifestation[37,38]. Similarly,
intestinal obstruction associated with cystic fibrosis may
also be seen in older children and also in the increasing
number of adults living with this disease[39].  The role of
CFTR in promoting biliary and pancreatic ductular
secretion also me ans that the majority of patients suffer
from pancreatic insufficiency, up to ha lf experience
biliary disorders, and approximately 5% may display
Frank liver disease[39]. In addition, it has recently been
postulated that unsuspected  cystic fibrosis (of genotypes
other than those associated with pancreatic insuf ficiency,
such as F508) may be the cause of at least some
cases of idiopathic  pancreatitis[40]. In each of these cases
of gastrointestinal complicat ions of cystic fibrosis, the
pathology suggests that any alternate chloride secr etory
mechanism that are present in intestinal, pancreatic or
biliary epithelial  cells are insufficient to compensate for
the loss of cAMP-regulated chloride secretion. In this
respect, the knowledge that intestinal epithelial cells, at
least, express intrinsic negative signaling pathways that
limit the extent of calc ium-dependent chloride secretion
may offer both an explanation for this situati on, as well
as a possible therapeutic target if such negative signaling
events can be countermanded.
        The prevalence of cystic fibrosis in, especially,
Caucasian populations, where estimates suggest that
more than 3% of the population are heterozygous carriers
o f the disease, raises questions about the evolutionary
pressures that have drive n the retention of mutant CFTR
alleles in the gene pool. Hypothetically, suchi ndividuals
might have thereby gained a heterozygote advantage in
resistance to enterotoxin-mediated diarrheal illnesses,
such as cholera, although this may be inconsistent with
the relative prevalence of cystic fibrosis in Caucasian
compared with other ethnic groups. Moreover, studies in
mouse models of cystic fibrosi salso fail to suggest that
heterozygotes show any diminished intestinal secretory
responses to cholera toxin[41,42]. However, more recent
studies sugg est that tissues obtained from mice with one
mutant CFTR allele do display an in creased resistance to
invasion by bacteria such as Salmonella, although the
mechanism of this effect is unknown[43]. This does provide
an attractive  hypothesis for cystic fibrosis prevalence,
especially given that typhoid fever was common in
Western Europe until relatively recent times.

CONCLUSION
Advances in our understanding of the molecular basis of
intestinal chloride secr etion, as well as its regulation, may
offer significant insights into disease states where this
transport mechanism is either over or under-expressed in
the intestine, such as secretory diarrhea and cystic fibrosis.
Ultimately, it is hoped that such insights will spawn new
therapies for these conditions. Secretoryd iarrheal illness,
in particular, still constitutes a major burden of morbidity

and mortality, particularly among children in developing
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
agents that cause such disease.
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