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Abstract
The intestinal epithelium engages in bidirectional transport of fluid and electrolytes to subserve
the physiological processes of nutrient digestion and absorption, as well as the elimination of
wastes, without excessive losses of bodily fluids that would lead to dehydration. The overall
processes of intestinal ion transport, which in turn drive the secretion or absorption of water, are
accordingly carefully regulated. We and others have identified the epidermal growth factor
receptor (EGFr) as a critical regulator of mammalian intestinal ion transport. In this article, we
focus on our studies that have uncovered the intricate signaling mechanisms downstream of EGFr
that regulate both chloride secretion and sodium absorption by colonocytes. Emphasis will be
placed on the EGFr-associated regulatory pathways that dictate the precise outcome to receptor
activation in response to signals that may seem, on their face, to be quite similar if not identical.
The concepts to be discussed underlie the ability of the intestinal epithelium to utilize a limited set
of signaling effectors to produce a variety of outcomes suitable for varying physiological and
pathophysiological demands. Our findings therefore are relevant not only to basic biological
principles, but also may ultimately point to new therapeutic targets in intestinal diseases where ion
transport is abnormal.
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Introduction
The intestinal epithelium constantly engages in the transport of water, electrolytes and other
solutes to fulfill its physiological functions (Montrose, Keely, & Barrett 2003). Large
quantities of gastrointestinal secretions are mixed with nutrients to permit digestion and
absorption of substances needed by the body. Conversely, water and electrolytes that are
utilized during these processes must later be reclaimed to avoid whole body dehydration and
electrolyte derangements. The movement of fluid both into and out of the intestinal lumen is
passive, and driven by the active secretion and absorption of electrolytes, as well as
absorption of the end products of digestion and other luminal substances, such as bile acids.
In the period between meals, moreover, water and electrolytes are transported across the
intestinal epithelium to maintain fluidity appropriate for ongoing motility patterns and to
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flush the lumen free of toxins, microbes and any residues of digestion. During this period
when nutrients are not present to drive the uptake of fluid, absorptive mechanisms center
primarily around the electroneutral, coupled absorption of sodium and chloride, or, in the
colon, by the electrogenic absorption of sodium. Fluid secretion, on the other hand, is driven
primarily by the active electrogenic secretion of chloride ions, with a more modest
contribution from bicarbonate. Chloride secretion occurs throughout the length of the
gastrointestinal tract and during both the post-prandial period as well as the inter-digestive
period.

The foregoing should hopefully make it clear that there is a need for close regulation of ion
transport by intestinal epithelial cells. Not only is intestinal transport critical for normal
physiological functioning of the gut, but there is substantial evidence that dysregulation of
intestinal ion transport can lead to diseases, such as diarrheal disorders with a variety of
underlying etiologies (Barrett & Keely 2006). Moreover, there is an increasing appreciation
that intestinal fluid and electrolyte transport functions not only to determine the fluidity of
the bulk luminal contents, but may provide for specific ionic conditions in
microenvironments close to the epithelium, as well as contributing globally to the barrier
function that permits the intestine to exclude substances and organisms that could be
harmful to the host (Bair & Huang 1992;Chu & Montrose 1996;Chu & Montrose 1997;Chu
& Montrose 1999;Genz, von Engelhardt, & Busche 1999;McEwan & Lucas 1990;Zamuner
et al. 2003). There are accordingly numerous reasons why our laboratory is among many
such groups who have sought a molecular-level understanding of the precise mechanisms
that regulate intestinal transport.

This article summarizes a presentation made at the Frontiers of Physiology symposium held
in Copenhagen, Denmark, in May 2008, to honor the occasion of Professor Ole Petersen's
65th birthday. In both this review and in the talk, we have sought to summarize our studies
that have identified the epidermal growth factor (EGF) receptor (EGFr) as a critical
regulator of mammalian intestinal ion transport. In particular, we focus here on the intricate
signaling mechanisms that regulate both chloride secretion and sodium absorption by
colonocytes, with emphasis placed on the factors that dictate the precise outcome to signals
that may seem, on their face, to be quite similar if not identical. These concepts therefore
underlie the ability of the intestinal epithelium to utilize a limited set of signaling effectors
to produce a variety of outcomes suitable for varying physiological and pathophysiological
demands. As such, moreover, we believe the subject matter of this review to be apt for the
symposium in which the findings were discussed, in that Professor Petersen has devoted the
majority of his career to dissecting the complex signals that mediate stimulus-secretion
coupling in another gastrointestinal secretory cell type, the pancreatic acinar cell.

The epidermal growth factor receptor and chloride secretion
The epidermal growth factor receptor (EGFr) is a type I receptor tyrosine kinase that is
abundantly expressed in the basolateral membranes of intestinal epithelial cells (among
many other sites)(Uribe & Barrett 1997). It is well-known for its roles in regulating cell
growth, differentiation and migration, in part by triggering changes in gene expression that
specify altered cell function (Sibilia et al. 2007). In addition to these “classical” functions, it
has likewise been appreciated that EGFr also exerts acute effects on a variety of cell types
that are independent of changes in gene transcription and/or translation (Uribe & Barrett
1997).

In this vein, some years ago we showed that the EGFr is involved in the acute regulation of
intestinal epithelial chloride secretion, as studied in human colonic epithelial cell lines, such
as T84 (Uribe et al. 1996). Not only did EGF, which binds to and activates EGFr (also
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known as ErbB1), exert a direct inhibitory effect on calcium-dependent chloride secretion,
but the receptor seemed also to participate in mediating the net expression of overall
secretory processes activated by a variety of chloride secretagogues that act via G-protein
coupled receptors (GPCR) (Bertelsen, Barrett, & Keely 2004;Keely, Uribe, & Barrett 1998).
In the latter cases, EGFr was “transactivated” via signals that linked GPCR occupancy to
EGFr phosphorylation, thereby leading to the recruitment of additional downstream
signaling pathways (Keely & Barrett 1999;Keely, Calandrella, & Barrett 2000;Keely, Uribe,
& Barrett 1998;McCole et al. 2002). Thus, as shown in Figure 1, the prototypic calcium-
dependent chloride secretagogue, carbachol, binds to an M3 muscarinic GPCR to recruit
calcium-dependent signals that initially activate chloride secretion. However, subsequently
there is a cascade of signals that activate EGFr, both via the soluble tyrosine kinases Pyk2
and Src, and also secondary to the release from epithelial cells of the EGFr ligand,
transforming growth factor-α (TGF-α). The effect of these subsequent signaling events,
which involve the formation of EGFr homodimers, is to limit, or shut off, secretion. This
outcome apparently occurs via the ability of EGFr to recruit the extracellular signal-
regulated kinase (Erk) isoforms of mitogen-activated protein kinases, as well as possibly
other signals, to inhibit an apical calcium-activated chloride channel. On the other hand,
EGF itself can also act to inhibit chloride secretion, without, however, serving as an agonist
of this process. Interestingly, the signaling pathways and target(s) that underlie the effect of
EGF on secretion are apparently distinct from those used by carbachol, despite a functional
outcome that is superficially similar. Thus, binding of EGF to its receptor recruits, in turn,
the related EGFr family member, ErbB2 (Keely & Barrett 1999). The homodimers thereby
formed appear to signal via a phosphatidylinositol 3-kinase (PI3K)/Akt dependent pathway,
rather than Erk, to recruit downstream effectors including protein kinase C-ε (PKC-ε) that
inhibit chloride secretion by reducing the activity of a basolateral potassium channel (Chow,
Uribe, & Barrett 2000).

Determinants of divergent EGFr signaling in vitro
The foregoing studies left us with an intriguing dilemma. We showed that both
transactivation of EGFr, as well as its activation by its cognate ligand (EGF) were able to
inhibit chloride secretion, but by making use of different downstream signals and targets to
produce this response. Even more intriguingly, at least part of the transactivation response in
fact involved activation of EGFr by another ligand for the receptor, TGF-α (McCole, Keely,
Coffey & Barrett, 2002). Thus, we were led to hypothesize that EGF and TGF-α either had
qualitatively different effects upon binding to the same receptor (which had not been
reported hitherto), and/or that the signaling milieu that pertains in cells stimulated with
carbachol can modify the consequences of TGF-α binding to EGFr.

In other systems, the various signaling outcomes that can ensue following activation of
EGFr are believed to occur, at least in part, because the various tyrosine residues that can be
phosphorylated in the cytoplasmic tail of EGFr are able to recruit distinct sets of
downstream adaptor and effector proteins. We therefore utilized antibodies specific for the
phosphorylated forms of six individual EGFr tyrosine residues to determine the pattern of
phosphorylation that could be produced when T84 cells were stimulated with EGF itself,
carbachol, or exogenously-added TGF-α (Hynes et al. 2001). These residues included those
that are substrates for autophosphorylation (tyrosines 992, 1068, 1086, 1148, and 1173) as
well as those that are modified by soluble tyrosine kinases, such as Src (tyrosine 845). T84
cells were treated with the stimulus of interest for various time periods, lysed,
immunoprecipitated with antibodies to EGFr, then Western-blotted to reveal the extent to
which individual tyrosine residues were phosphorylated.
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The results obtained were as follows. While EGF and TGF-α exhibited quantitative
differences in the extent to which they evoked phosphorylation of the various residues
studied, their overall pattern of receptor phosphorylation was qualitatively similar, with all
of the residues studied showing statistically significant increases in their level of
phosphorylation in response to both growth factors (McCole et al. 2007). Carbachol, on the
other hand, increased phosphorylation of tyrosines 845, 1086, 1148 and 1173, but had no
consistent effect on the phosphorylation of either tyrosine 992 or 1068 (McCole, Truong,
Bunz, & Barrett 2007). This was particularly intriguing in that carbachol is known to
activate EGFr by triggering the cleavage of TGF-α from a membrane-bound precursor form
(McCole, Keely, Coffey, & Barrett 2002). Thus, we were left to conclude that carbachol
initiates other signaling events in T84 cells, and presumably in native colonocytes, that are
capable of redirecting the outcomes of cell exposure to TGF-α (Figure 2).

The fact that fewer EGFr tyrosine residues were phosphorylated in cells exposed to
carbachol vs. EGF or TGF-α led us to hypothesize that carbachol might stimulate one or
more phosphatases that are active against EGFr. Indeed, broad spectrum tyrosine
phosphatase inhibitors “uncovered” an ability of carbachol to phosphorylate both Tyr 992
and 1068 (McCole, Truong, Bunz, & Barrett 2007). Protein tyrosine phosphatase 1B
(PTP1B) is one enzyme that has been shown to perform residue-specific cleavage of
phosphate groups from the EGFr in other systems (Tonks 2003). In keeping with this,
specific knock down of PTP1B in T84 cells using an siRNA reagent revealed an ability of
carbachol to phosphorylate Tyr 992 and 1068. More importantly, either pharmacological
inhibition or molecular knockdown of PTP1B redirected carbachol-initiated signaling in
these colonic epithelial cells (McCole, Truong, Bunz, & Barrett 2007). While carbachol had
no significant effect on PI3K-mediated signaling under control conditions, the loss of
PTP1B activity was associated with a significant stimulation of the PI3K pathway as
assessed by Akt phosphorylation. EGF, on the other hand, was able to stimulate PI3K
whether or not PTP1B activity was intact.

Thus, we conclude that the pathways and consequences of EGFr-dependent signaling in
colonic epithelial cells, and likely in other cell types, are closely regulated but may diverge
depending on the signaling milieu that pertains at the time of cell activation. Specifically,
transactivation of the receptor in response to the G-protein coupled ligand, carbachol, results
in recruitment of PTP1B and perhaps other phosphatases that remove specific phosphate
residues from EGFr, thereby normally precluding PI3-K/Akt dependent signaling (Figure 2).
However, if PTP1B is inhibited by pharmacological or molecular means, then PI3-K/Akt
signaling is restored.

The physiological significance of this complex signaling cascade and opportunities for
differential signaling has yet to be established. However, we can speculate that the ability of
carbachol to recruit PTP1B, and thereby reduce potential mitogenic signaling that might
otherwise be produced when EGFr is transactivated in response to this ligand, might be
important in preventing inappropriate stimulation of cell proliferation in the gastrointestinal
tract during daily exposure to acetylcholine and other neurohumoral agonists that are
released in response to a meal. On the other hand, PTP1B is over-expressed in the setting of
inflammation, implying that EGFr signaling in response to receptor ligands or
transactivating stimuli may be altered in diseases such as inflammatory bowel diseases
(IBD) (Zabolotny et al. 2008). This may be linked to findings in our in vivo studies of the
role of EGFr in regulating intestinal ion transport, which will be addressed below.
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Regulation of overall colonic ion transport in vivo
In more recent work, we have sought to extend our observations in cell lines to the setting of
intact intestinal tissues, which are likely more relevant to clinical conditions in humans. In
particular, we have explored the regulation of intestinal ion transport in vivo, with a view to
understanding not only the normal physiological regulation of such processes, but also how
derangements of normal transport may underlie diarrheal symptoms in conditions such as
ulcerative colitis and Crohn's disease.

As alluded to in the introduction, fluid balance in the normal colon reflects the competing
influences of two transport vectors (Montrose, Keely, & Barrett 2003). Fluid absorption,
which is performed predominantly by surface epithelial cells, is driven primarily by active
electrogenic absorption of sodium ions via the ENaC sodium channel that is expressed
particularly in the distal colon, as well as coupled uptake of NaCl and absorption of short
chain fatty acids that are produced by bacterial fermentation of undigested carbohydrates
(Montrose, Keely, & Barrett 2003). Opposing this fluid absorption, fluid secretion occurs
predominantly across crypt epithelial cells, and is driven by the active secretion of chloride
ions via the mechanism discussed above. While fluid balance in health tilts markedly in
favor of absorption, particularly as one moves more distally in the colon, there is evidence
that crypt secretion continues to be expressed, perhaps as the result of local reflexes, to
match the fluidity of luminal contents to the need for their movement along the length of the
intestine, and perhaps more importantly, to contribute to crypt sterility and protection of the
stem cell niche (Humphries & Wright 2008;Muller, Autenrieth, & Peschel 2005;Sidhu &
Cooke 1995). In this latter case, fluid secreted from the crypts can be promptly recycled
across the surface epithelium to avoid dehydration (Figure 3). Indeed, the emerging
evidence that some cases of chronic constipation can effectively be alleviated by treatment
with a drug capable of inducing modest levels of intestinal chloride secretion further
underscores the importance of an ongoing balance between secretion and absorption even in
the most terminal segments of the gastrointestinal tract (JOHANSON & Ueno 2007).

The foregoing discussion implies that over-expression of chloride secretion may be involved
in cases of secretory diarrhea. This is certainly likely to be the case in some infectious
disease states, as well as the rare cases of severe diarrhea that are associated with
neuroendocrine tumors, such as VIPomas (Barrett & Keely 2006). However, in the
particular instance of diarrheal symptoms in IBD, there is little evidence to suggest that
chloride secretion is over-expressed, and in fact some evidence to the contrary (Greig &
Sandle 2000;Sandle et al. 1990). On the other hand, electrogenic sodium absorption has
been described as defective in patients with inflammatory bowel disease, although the
precise mechanisms are still the subject of investigation (Greig & Sandle 2000;Greig et al.
2004). This has led us and others to propose a model for inflammatory diarrhea where the
distal colon fails to appropriately salvage fluid coming from upstream, leaving it to be lost to
the stool (Figure 4). At the same time, diminished chloride secretion from the crypts disrupts
the normal flushing function of this site, rendering the crypt lumen vulnerable to the
potential accumulation of toxic bacterial products as well, perhaps, to bacterial overgrowth.
In turn, this may compromise crypt epithelial barrier function and further exacerbate fluid
loss.

Given the central role of electrogenic sodium absorption in distal colonic fluid homeostasis,
it seems important here to digress slightly into what is known about the regulation of this
transport mechanism. In fact, there have been surprisingly few studies of the signaling
mechanisms that regulate this transport mechanism specifically in the colon, perhaps as a
result of the paucity of suitable cell line models in which such signaling can conveniently be
examined. On the other hand, electrogenic sodium absorption has been dissected
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considerably using epithelial cells of renal origin (Butterworth et al. 2005;Itani, Stokes, &
Thomas 2005;Kamynina & Staub 2002;Mies et al. 2007;Rossier et al. 2002;Staub et al.
2000). Assuming that the process of sodium absorption is similar in both organs, some
overall insights can be gleaned (Figure 5). First, as in the process of active chloride
secretion, electrogenic sodium absorption can be stimulated by agonists that elevate
intracellular levels of cAMP (Snyder et al. 2004). cAMP-associated signaling appears to
regulate ENaC activity both by direct effects on the channel subunits themselves, and by
modifying the activity of an associated ubiquitin ligase, Nedd4-2. Nedd4-2 is ordinarily
responsible for ubiquitinating ENaC and inducing its internalization and degradation,
including in response (appropriately) to an increase in cytoplasmic sodium concentrations.
Thus the apical availability of ENaC is matched to the ability of the epithelium to dispose of
excess sodium via the basolaterally-localized Na+,K+-ATPase, thereby also adjusting
transepithelial absorption of sodium to meet whole body requirements. In the presence of
elevated levels of cAMP, on the other hand, Nedd4-2 is inhibited secondary to protein
kinase A-mediated phosphorylation (Snyder, Olson, Kabra, Zhou, & Steines 2004). This has
the effect of increasing the residence time of ENaC in the apical membrane, and thereby
increasing the rate of sodium absorption (Na+,K+-ATPase activity is not normally rate-
limiting) (Kamynina & Staub 2002). Electrogenic sodium absorption can also be regulated
by agonists that elevate cytoplasmic calcium concentrations. However, in contrast to cAMP,
calcium inhibits ENaC function, perhaps via a direct interaction with the channel complex
(Berdiev et al. 2001;Poulsen et al. 2005). This also stands in distinction to the process of
chloride secretion, where both cAMP and calcium lead to increases in transport function. In
the context of the intact tissue, therefore, agonists that elevate cAMP should have a less
pronounced effect on distal colonic luminal fluid accumulation due to simultaneous
activation of both chloride secretion and sodium absorption, whereas those acting through
calcium (such as acetylcholine and purinergic agonists) should increase the amount of fluid
in the lumen by transiently activating secretion while inhibiting absorptive processes.

The EGFr and colonic ion transport in vivo
In light of our prior work showing a critical role for EGFr in regulating chloride secretion by
colonic epithelial cells in culture, we were interested in determining whether the receptor
and/or its ligands are important in modulating overall ion transport in vivo, using as a model
segments of distal colon harvested from mice. We first examined whether EGF altered ion
transport in normal tissues. As predicted from our work in cell lines, acute addition of EGF
inhibited not only carbachol, but also forskolin-induced increases in net ion transport across
these tissues. Based on these findings as well as ion substitution studies, we concluded that
EGF was able to attenuate both chloride secretion and sodium absorption across normal
colonic epithelial cells (McCole et al. 2005).

We next examined the effect of EGF on ion transport in distal colonic tissues derived from
animals in which chronic colitis had been induced by repeatedly subjecting the mice to
cycles of dextran sulfate sodium (DSS) in their drinking water. This is a widely used model
of colitis that mirrors at least some facets of inflammatory bowel disease (Elson et al. 1995).
Net ion transport responses to both forskolin and carbachol were markedly reduced in these
tissues, and consistent with prior work in both animal models of colitis and samples from
patients with inflammatory bowel disease, these diminished responses reflected an inhibition
of both chloride and sodium transport, as assessed by ion substitution studies (Asfaha et al.
1999;Greig & Sandle 2000;McCole, Rogler, Varki, & Barrett 2005;McKay & Singh
1997;Zamuner, Warrier, Buret, MacNaughton, & Wallace 2003). However, if EGF was used
in these experiments to pre-treat tissues, rather than the inhibition of ion transport that we
saw in normal tissues, EGF acutely enhanced net transport, and in the case of forskolin at
least, restored it to normal levels (McCole, Rogler, Varki, & Barrett 2005). This response
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was also observed in another murine model of colitis occurring in animals deficient in the
multidrug resistance protein 1a (mdr1a), implying that the effect of inflammation is not
restricted to the DSS model (McCole, Rogler, Varki, & Barrett 2005). Such an effect,
moreover, could represent a stimulation of chloride secretion, a stimulation of sodium
absorption, or both. In chloride-free medium, EGF was still able to enhance ion transport
responses evoked by forskolin. However, in the absence of sodium, the potentiating effect of
EGF was lost. Coupled with the observation that the ability of EGF to enhance ion transport
in inflamed tissues was abolished by the ENaC inhibitor, amiloride, we concluded that EGF
acts specifically to enhance electrogenic sodium absorption when applied to inflamed
tissues. Indeed, immunohistochemical analyses of colitic tissues revealed that the expression
of ENaC is markedly reduced in the surface epithelial cells of inflamed colons versus
healthy controls, suggesting that channel availability may be rate-limiting for absorption in
the former setting (Greig, Boot-Handford, Mani, & Sandle 2004;McCole, Rogler, Varki, &
Barrett 2005). However, our ion transport data would suggest that in spite of reduced ENaC
expression, sufficient epithelial ENaC subunits are maintained in these inflamed tissues to
facilitate restoration of forskolin-stimulated sodium absorption following acute treatment
with EGF. In keeping with this, the ability of EGF to enhance sodium absorption was
blocked when tissues were also treated with the PI 3-kinase inhibitor, wortmannin. PI 3-
kinase activity has been implicated in preserving ENaC at the apical membrane, at least in
renal cells, most likely by a combination of preventing internalization and degradation
secondary to Nedd4-2 activity, and/or stimulating the insertion of channels from subapical
compartments (Blazer-Yost, Esterman, & Vlahos 2003;Pearce 2003).

In summary, electrogenic transport of both chloride and sodium is reduced in mouse models
of colitis (Figure 6). Preliminary observations, as well as the work of others, suggest that
these findings can also be extrapolated to the setting of human patients with IBD (Greig &
Sandle 2000;Greig, Boot-Handford, Mani, & Sandle 2004). The loss of sodium absorption,
in particular, secondary to the inability to salvage fluid in the distal colon, may account for
the diarrheal symptoms that are such a disabling feature of these disease states. Further,
while EGF inhibits ion transport processes in normal tissues, its effect in the inflamed colon
appears to be to restore active sodium absorption (Figure 6). Our findings imply that
manipulation of the responsible signaling events might eventually prove useful in treating
colitis-associated diarrheal disease. In support of this hypothesis, there is evidence that
administration of EGF in enema form, given in conjunction with the orally-administered
anti-inflammatory agent, mesalamine, has efficacy as an adjunct therapy in reducing
diarrhea, and other parameters of disease, in UC patients (Sinha et al. 2003). However, we
have yet to establish whether EGFr-mediated signaling also contributes to sodium transport
responses in the intact colon that are mediated by G-protein coupled receptor ligands, such
as acetylcholine, in the way that we have mapped out for chloride secretion using cell lines.
Likewise, the basis for such seemingly opposite effects of EGF in inflamed vs. normal colon
is the subject of ongoing investigation. It is of interest that parallel studies in renal cell lines
have revealed both stimulatory and inhibitory effects of EGF on electrogenic sodium
absorption mediated by ENaC (Blazer-Yost et al. 1999;Matsumoto et al. 1993;Tong &
Stockand 2005). The discordant results appear to depend on the ability of the growth factor
to activate ERK vs. PI 3-kinase. We are currently testing the hypothesis that inflammation
alters the balance of signaling via these downstream pathways. Preliminary studies suggest
that PI 3-kinase dependent signaling is favored, at the relative expense of ERK activation,
when colonic epithelial cells are exposed to inflammatory cytokines (Figure 7).

Conclusions and future perspectives
Based on the foregoing, we have concluded that EGFr, as well as its ligands, play pivotal
roles in regulating the ion transport functions of intestinal epithelial cells. Such involvement
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comprises not only the signaling events that ensue when EGFr, as well as related ErbB
receptor family members, are activated directly by their bona fide ligands, but also when the
receptor is transactivated in response to signals that are initiated by ligands for G-protein
coupled receptors, such as acetylcholine, a key neurohumoral regulator of epithelial function
in the intact intestine(Hogenauer et al. 1999). However, the signaling pathways involved,
their ultimate targets in terms of cellular transport machinery, and the associated functional
outcomes may all depend on the precise cellular context in which EGFr activation is elicited.
For example, even in reductionist models, colonic epithelial cells can distinguish between
direct and indirect EGFr activation, in part by recruiting intracellular effectors that dictate
the precise pattern of tyrosine residues that become stably phosphorylated in the cytoplasmic
tail of the receptor, and thereby dictating the repertoire of downstream signaling pathways
that the receptor can recruit and activate (McCole, Truong, Bunz, & Barrett 2007). In turn,
this signaling diversification leads to variable functional outcomes. Further, in the setting of
intact colon, we have developed evidence that the tissue milieu, at least with respect to the
presence or absence of inflammation, may also modulate the precise responses to EGFr
ligation (McCole, Rogler, Varki, & Barrett 2005).

Many questions remain to be answered in our exploration of the regulation of intestinal
epithelial ion transport mechanisms, a set of key processes that contribute both to
gastrointestinal health and disease. For example, we are still far from a complete
understanding of the mechanisms and regulation of electrogenic sodium absorption in the
distal colon, in contrast to the situation in the kidney. It is possible, but not confirmed, that
the broad details of regulation may be conserved between these two tissues whose ion
transport functions need to be coordinated to sustain whole body electrolyte homeostasis,
particularly at times of excessive perturbation (for example, large shifts in sodium intake).
But even if sodium absorption follows identical paradigms in the colon and kidney at the
epithelial cell level, and in all species, it is likely that marked differences in the extracellular
environment between these tissue sites will profoundly influence overall transport function.
For example, the colon, but not the kidney, is continuously in a state of at least low-level or
so-called “physiological” inflammation, although this can clearly be enhanced in specific
disease states. Similarly, the functions of colonic epithelial cells are almost certainly
modulated by the fact that they engage constantly in a presumed mutually beneficial
crosstalk with a vastly complex intestinal microbiota consisting of hundreds of different
species of microorganisms. Third, the function of various segments of the gastrointestinal
tract are controlled in a highly coordinated fashion secondary to the influence of the enteric
nervous system, which can function in a way that can be largely autonomous of either
central nervous system or hormonal input. We also need to learn more about the precise
role(s) of EGFr, its ligands, and its activation in regulating chloride secretion in vivo. An
important role is implied by reductionist work, but we are not yet at a point where this
information can confidently be used to intervene more effectively in disease states where
epithelial ion transport is abnormal, and in a way that does not carry the risk of an increased
risk of inappropriate cell proliferation and/or malignancy.

New experimental models will most likely be needed to address these questions. For
example, our lack of knowledge with respect to the regulation of colonic electrogenic
sodium absorption almost certainly reflects, at least in part, the lack of a suitable human
intestinal epithelial cell line in which this transport process is robustly and reliably
expressed. Our understanding of intestinal chloride secretion was increased exponentially
when it became possible to explore this process in a controlled and reductionist fashion.
There is hope that a similar situation will soon pertain for sodium absorption given recently
described cell lines that express functionally competent levels of ENaC (Zeissig et al. 2006).
However, as alluded to above, it will also be critical to examine regulatory mechanisms in
the context of native intestinal tissues. Methods to follow signaling events in a cell-specific
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fashion, and perhaps even to link these to markers of cell transport function, ideally in real
time, remain holy grails of research in this area. New optical/confocal methods coupled with
genetically-engineered reporters of specific intracellular signals should ultimately assist in
this direction.

The long-term goal of our research is to improve our ability to intervene in diseases where
intestinal ion transport is abnormal. Significant pathologies can be linked to situations where
ion transport responses are both under- and over-expressed. Classical examples include
cystic fibrosis and cholera, respectively, and represent experiments of nature in which the
basic underlying cellular and molecular defects have been largely defined. However, the
gastrointestinal symptoms and overall outcomes of even these diseases are greatly
influenced by cell-cell interactions within the complexity of the intact intestine, the enteric
nervous system, modifying genetic and environmental influences, and extraintestinal factors
(Barrett & Keely 2006). Moving beyond these relatively straightforward conditions, an
understanding of the pathogenesis of diarrheal symptoms in patients affected by IBD, or
following colonization with a range of enteric pathogens, is incomplete at best.
Nevertheless, diarrheal diseases remain a scourge of humanity and can range from minor
inconveniences, to disabling and painful manifestations of several disease states, to
conditions that can prove fatal in vulnerable populations residing in developing countries. In
light of imperfect current therapies for such conditions, worldwide emergence of significant
antibiotic resistance among enteric pathogens, and the perpetual problem of supplying clean
sources of food and water to all of the world's population even during stable times, to say
nothing of times of natural and manmade disasters, it seems likely that the need for a fuller
understanding of the basic biology of intestinal transport mechanisms will not abate.
Ultimately, we believe that such an understanding should point, eventually, to safer, more
targeted, and more effective therapies for both acute and chronic diarrhea.
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Figure 1.
Pathways centering on the receptor for epidermal growth factor (EGFr) that regulate
chloride secretion in colonic epithelial cells. Pathways that are activated by binding of EGF
to EGFr are shown on the right-hand side and indicated by broken lines; those activated via
EGFr transactivation are shown on the left-hand side of the figure, with solid lines. Ligands
for receptors coupled to Gq, such as the m3 muscarinic receptor for the agonist, carbachol
(CCh), initially cause calcium mobilization that can stimulate chloride secretion. However,
they subsequently activate a negative signaling cascade via EGFr to limit further secretion.
EGF can also inhibit secretion via its receptor, but via distinct signals that inhibit basolateral
potassium channels. Please note that other components of the chloride secretory mechanism
(Na+,K+ ATPase, Na+/K+/2Cl− cotransporter) are not shown in the figure for simplicity.
MMP, matrix metalloproteinase; TFG-α, transforming growth factor α; ERK, extracellular
signal-regulated kinase; PI3K, phosphatidylinositol 3-kinase; PKC, protein kinase C. For
additional details, see text.
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Figure 2.
Different ligands that activate EGFr via either direct binding or transactivation elicit
differing patterns of tyrosine residue phosphorylation in the cytoplasmic tail of the receptor.
EGF and TGF-α both induce phosphorylation of six specific residues, albeit to different
extents (as indicated by size of the circled letter P). Carbachol activates both the release of
TGF-α as well as tyrosine phosphatases such as protein tyrosine phosphatase 1B (PTP1B)
that serve to dephosphorylate specific residues.
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Figure 3.
Model for colonic fluid and ion transport in health. Surface cells absorb sodium ions, NaCl
and short chain fatty acids (SCFA). Crypt cells secrete chloride ions. The active absorption
and secretion of these solutes drives fluid recycling from the crypt lumen followed by
reabsorption across the surface epithelium. Absorption exceeds secretion, particularly in the
distal colon, so little fluid is lost to the stool.
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Figure 4.
Model for colonic fluid and ion transport in the setting of colitis. Both surface and crypt
transport processes are compromised compared to the situation in healthy tissues (compare
with Figure 3). The lack of crypt chloride and fluid secretion results in crypt stagnation, the
accumulation of toxins, and reduced barrier function in this site. The lack of adequate
absorption across surface cells results in a failure to salvage luminal fluid, and the clinical
finding of diarrhea.
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Figure 5.
Mechanisms that regulate electrogenic absorption of sodium across epithelial cells. Sodium
ions are taken up via the apical epithelial sodium channel (ENaC) and exit the cell via the
basolateral Na+, K+ ATPase. The activity of ENaC can be reduced by agonists binding to
receptors that stimulate mobilization of intracellular calcium stores. Elevations in
intracellular sodium activate the ubiquitin ligase, Nedd4-2, which in turn triggers the
internalization and degradation of ENaC. Agonists binding to receptors that elevate
intracellular cAMP stimulate ENaC activity both directly, and by inhibiting Nedd4-2
activity. For additional details, see text.
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Figure 6.
Differential effects of EGF on colonic ion transport in normal and inflamed tissues.
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Figure 7.
Hypothesis as to how conflicting data in the literature showing both positive and negative
effects of EGF on electrogenic sodium absorption can be reconciled. We hypothesize that in
health (1), EGF predominantly activates ERK-dependent pathways that stimulate Nedd4-2
and thereby limit ENaC activity and sodium absorption. In the setting of inflammation (2),
on the other hand, EGF signaling via PI3K-dependent pathways is favored, leading to
sequential activation of phosphoinositide-dependent kinase 1 (PDK1), serum and
glucocorticoid responsive kinase 1 (SGK1) and the ultimate inhibition of Nedd4-2, thus
enhancing ENaC activity.
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