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We previously detected specific binding activity of Esche-
richia coli heat-stable enterotoxin (ST), the guanylin exogenous
ligand, in rat colonic basolateral membranes. Because guanylin
circulates in the bloodstream, we tested the hypothesis that it
modulates intestinal ion transport by acting on the serosal side of
intestinal cells. The effects of the mucosal and serosal addition of
ST and guanylin on ion transport were investigated in the rat
proximal colon and in Caco-2 cells in Ussing chambers, by
monitoring short-circuit current (Isc). cGMP concentration was
measured in Caco-2 cells by RIA. Mucosal ST addition induced
an increase in Isc in rat proximal colon consistent with anion
secretion. Serosal addition induced the same effects but to a
lesser extent. The electrical effects observed in Caco-2 cells
paralleled those observed in rat proximal colon. A pattern similar
to the electrical response was observed with cGMP concentra-
tion. Guanylin addition to either side of Caco-2 cells induced the
same effects as ST, although to a lesser extent. In all conditions,

the electrical effect disappeared in the absence of chloride. ST
directly interacts with basolateral receptors in the large intestine
inducing chloride secretion through an increase of cGMP. How-
ever, the serosal effects are less pronounced compared with those
observed with mucosal addition. Guanylin shows the same pat-
tern, suggesting that it plays a role in the regulation of ion
transport in the colon, but the relative importance of serosally
mediated secretion remains to be determined. (Pediatr Res 58:
159–163, 2005)

Abbreviations
BBM, brush border membrane
BLM, basolateral membranes
CFTR, cystic fibrosis transmembrane regulator
GC-C, guanylyl cyclase C
Isc, short-circuit current
ST, heat-stable enterotoxin

ST elaborated by Escherichia coli and other bacteria are
structurally related peptides that activate the transmembrane
protein GC-C, located on the intestinal BBM of small and large
intestinal enterocytes (1–3). ST binding to GC-C results in the
generation of cGMP (4,5), which activates type-II cGMP-
dependent protein kinase, leading to the phosphorylation of the
CFTR and eventually results in chloride and bicarbonate se-
cretion (6–8). The clinical manifestation of ST effects is
diarrhea. This is of the secretory type and is particularly severe
in younger infants (9).

Because the endogenous ligands of GC-C receptor, guany-
lin, and uroguanylin (10,11) activate the same pathway and
cause an increase in Isc in intestinal epithelial cells, it has been
suggested that they play a role in regulating intestinal fluid
secretion. In most mammalian species, both peptides are pro-
duced predominantly in the intestine, although uroguanylin is
also expressed in the kidney (12–14). Proguanylin and
prouroguanylin are secreted into the intestinal lumen but they
are also detected in the bloodstream as 11-kD prohormones and
are each cleaved to the active 15 amino acid carboxy termini
that bind GC-C (15–17). Circulating uroguanylin induces na-
triuresis, kaliuresis, and diuresis in isolated perfused rat kid-
ney. It has been suggested that uroguanylin represents a gut-
to-kidney signaling hormone that, upon ingestion of high-salt
meals, causes natriuresis in anticipation of increased intestinal
salt absorption (18,19). However, guanylin and uroguanylin
may have other physiologic roles (20,21), including the acti-
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vation of a cGMP signal transduction pathway that may take
part in the regulation of the turnover of epithelial cells by
continuous replenishment of the epithelial cells (22,23).
ST is more potent than either guanylin or uroguanylin in

stimulating intestinal secretion as judged by the effects on Isc
of intestinal epithelium mounted in Ussing chambers. Because
of these properties, ST is commonly used to study the GC-C–
dependent secretory system in the rat and human intestine
(24–28). Receptors for ST are located in the BBM. The
addition of ST to the mucosal side of human colonic T84 cell
stimulated active chloride secretion and the production of
cGMP (26). Furthermore, ST showed similar binding kinetics
in human intestinal and in colon-derived Caco-2 cells. Recep-
tors for ST have been detected in the rat colon (28).
We have previously shown that ST binds specifically to

highly purified BLM from rat colon (29). Because the endog-
enous ligands for GC-C, guanylin, and uroguanylin circulate in
the blood, we hypothesized that guanylin or ST might be active
when applied to the serosal surface of the colon.
To test this, we performed experiments with addition of ST

to either side of rat colon mounted in Ussing chambers. We
also used cell monolayers from human colon carcinoma cell
line Caco-2. The experiments were repeated using guanylin to
test our original hypothesis.

MATERIALS AND METHODS

Animals. Sprague-Dawley rats weighing 200–250 g were used. Animals
were fed Purina rat chow and fasted 6 h before experiments but were allowed
free access to water.

Cell growth and culture. The human intestinal epithelial cell line Caco-2
has been established from a moderately well-differentiated colon carcinoma.
Caco-2 cells were grown in Dulbecco’s modified Eagle minimum essential
medium with high glucose concentration (4.5 g/L) at 37°C in 5% CO2

atmosphere as previously described (30). The medium was supplemented with
10% FCS, 1% nonessential amino acids, penicillin (50 milliunits/mL), and
streptomycin (50 �g/mL). The medium was changed daily.

Cells were grown on uncoated, nontransparent polycarbonate Transwell
filters (0.4 �m pore size, 24.5 mm diameter; 2 � 106 cells were plated per
filter). Cells were between the 50th and 70th passages and were used for
intestinal transport studies 15 d after seeding when they formed a single layer
of confluent cells connected by tight junctions and produce transepithelial
electrical resistance (TEER) typical of polarized epithelial cells.

Intestinal ion transport studies in animals. Rats were killed by cervical
dislocation and a 5-cm segment of proximal colon, 1–2 cm distal to the
cecal-colonic junction, was rapidly removed and rinsed with ice-cold Ringer
solution with the following composition: 53 mM NaCl, 5 mM KCl, 30.5 mM
Na2SO4, 25 mM mannitol, 1.69 mM Na2HPO4, 0.3 mM NaH2PO4, 1.25 mM
CaCl2, 1.1 mM MgCl2, and 25 mM NaHCO3. Four paired fragments of
unstripped colonic mucosa were mounted in Ussing chambers. In each exper-
iment, one fragment served as control of baseline electrical parameters.

The solution was maintained at 37°C with water-jacketed reservoirs con-
nected to a thermostated circulating pump and constantly gassed with 95%
O2/5% CO2. Transepithelial potential difference (PD), Isc, and tissue ionic
conductance (G) were measured as previously described (30). Isc is expressed
as �A/cm2, G as mS/cm2, and PD as mV. Electrical parameters were recorded
before and at various times after the addition of ST to the mucosal or the
serosal side.

All animal experimentation described was approved by the Institutional
Animal Care and Use Committee.

Intestinal ion transport studies in Caco-2 cells. Each filter was mounted as
a flat sheet between the mucosal and serosal compartment of Ussing chambers.
Each compartment contained 10 mL of Ringer’s solution with the following
composition: 114 mM NaCl, 5 mM KCl, 1.65 mM Na2HPO4, 0.3 mM
NaH2PO4, 1.25 mM CaCl2, 1.1 mM MgCl2, 25.0 mM NaHCO3, and 10.0 mM
glucose.

ST or guanylin were added to either the mucosal or serosal side of the filter.
To see whether the electrical effect was consistent with anion secretion

rather than cation absorption, experiments were performed, both in cells and

rats, in Cl�-free Ringer’s solution in which SO4
� replaced Cl� ions at

equimolar concentration.
Cell and rat colonic fragment viability was assessed at the end of each

experiment in paired controls by measuring the electrical response to serosal
addition of 5 mmol of theophylline. An Isc increase of at least 3-fold compared
with the preaddition value was considered proof of cell viability.

Determination of cGMP concentrations. After completing the Ussing
chamber studies, the filter was rapidly removed from each chamber, transferred
to ice-cold 5% trichloroacetic acid (TCA) and homogenized. The homogenate
was centrifuged at 2000 g for 3 min at 4°C, and the supernatant was collected
and evaporated to dryness under vacuum (Speed VAC 110, Savant Instru-
ments, Farmingdale, NY). The dried sample was redissolved in 0.5 M acetate
buffer, pH 5.8 with 0.01% sodium azide, and cGMP concentration was
measured using a RIA commercial kit (cGMP 125I assay system; Amersham
Pharmacia Biotech UK, Ltd., Little Chalfont, Buckinghamshire, UK), accord-
ing to the manufacturer’s instructions. Results were calculated as picomoles of
cGMP per square centimeter and expressed as fold increase over basal level.

ELISA assay for ST. The presence of ST in the fluid bathing the mucosal
surface of epithelium after ST serosal addition was tested by an ELISA test
with MAb raised against pure 18-amino acid E. coli ST as described elsewhere
(31).

Chemicals. All chemicals, including ST and guanylin, were of reagent
grade and were obtained from Sigma-Aldrich Italy (Milan, Italy); culture
media were from Invitrogen (Milan, Italy). Transwell filters were from Costar
(Costar Italia, Milan, Italy).

Statistics. Each experiment was run in duplicate and repeated at least four
times. Results are expressed as means � SD. Two-tailed, unpaired t test was
applied to evaluate statistical significance. A value of p � 0.05 was considered
statistically significant.

RESULTS

Electrical effects of ST in rat colon. The addition of ST
(10�6 M) to the mucosal side of rat colon induced a prompt
increase of Isc that reached a maximum 2 min after addition
and then slowly decreased toward baseline (Fig. 1). Isc in-
crease was entirely related to a modification of PD inasmuch as
no variations of G were observed.
The addition of ST to the serosal side also induced a rise of

Isc that was very similar to that observed with mucosal addi-
tion but with a reduced Isc peak (Fig. 1). Both the mucosal and

Figure 1. Time course of the effect of the addition of ST to the mucosal (})
or serosal (�) compartments on Isc of rat colon mounted in an Ussing
chamber. The addition of ST (10�6M) to each side of colonic specimens
induced a rapid increase in Isc. The simultaneous addition of ST to the mucosal
and serosal (�) compartments of rat proximal colon in a concentration capable
of inducing a maximal response induced no further increase in Isc. No increase
in Isc was observed, in the absence of Cl�, upon either the mucosal (�) or
serosal (data not shown) addition of ST. Mean and SD of the peak effect of ST
in at least four experiments is shown in the inset (*p � 0.05 vs controls).
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serosal effects were dose dependent, and on both sides the
maximal effect was observed with ST concentration of 10�6 M
(data not shown). After determining the dose-response, ST was
simultaneously added to both the mucosal and serosal com-
partments in the concentration capable of eliciting the maximal
effect, and it did not correspond to the sum of those observed
with ST addition to either side. A further Isc increase compared
with the mucosal effect was consistently observed (Fig. 1).
However, this increase did not reach the level of statistical
significance.
All electrical modifications were inhibited in chloride-free

buffer (Fig. 1).
Electrical effects of ST in Caco-2 cells. The addition of ST

(10�6 M) to the mucosal side of Caco-2 cells induced an
electrical response that was similar to that observed in rat
proximal colon (Fig. 2). Half maximal effect was observed at a
concentration of 5 � 10�7 (Fig. 3A). The Isc response was
maximal at a ST concentration of 10�6 M. Higher concentra-
tions of ST did not result in any further increase in Isc,
indicating a saturation pattern of the effect (Fig. 3A).

The concentration of ST stimulating a maximal response in
Isc was the same for both mucosal and serosal addition (Fig.
3A). The addition of ST to the serosal side induced a rise in Isc
that was very similar to that observed with mucosal addition
with regard to the time course. However, the potency of
maximal electrical effect was approximately 25% compared
with that observed in response to mucosal addition (Fig. 2).
Also in this model, the simultaneous addition of ST to both the
mucosal and serosal compartments induced an Isc peak re-
sponse that was not significantly increased compared with that
observed with mucosal addition. All electrical modifications
were inhibited in chloride-free buffer (Fig. 2) .
Electrical effects of Guanylin in Caco-2 cells. The same

experiments performed with ST were repeated using guanylin.
The addition of guanylin (10�6 M) to the mucosal side of

Caco-2 cells induced an increase of Isc (data not shown)
closely resembling that observed with ST. However, the po-
tency of guanylin was approximately 50% of that observed
with ST at equimolar concentrations.
Guanylin addition to the serosal side also induced a rise in

Isc, whose magnitude was approximately 30% of mucosal
effect. The concentration of guanylin stimulating the maximal
response in Isc was the same for both mucosal and serosal
addition and corresponded to 10�6 M (Fig. 3B). When guany-
lin at a concentration of 10�6 M was simultaneously added to
both the mucosal and serosal compartments, the magnitude of
the Isc response was greater than that observed with addition to
the mucosal side. However, the difference did not reach statis-
tical significance. Therefore, all the features of guanylin-
induced secretion were similar to that of ST, although the
potency of the secretory effect was reduced.
Effects of mucosal or serosal addition of ST or guanylin on

cGMP concentration. As shown in Figure 4, ST and guanylin
stimulated the production of cGMP in a dose-dependent man-
ner in Caco-2 cells. Maximal ST-stimulated cGMP production
was observed with an ST concentration of 10�6 M added to the
mucosal compartment, resulting in a 14-fold increase in cGMP
levels. Comparatively, the maximal cGMP increase upon ST
serosal addition was 9-fold (Fig. 4A). When guanylin was
added, the maximal increase of cGMP was reduced compared
with the effect obtained with E. coli ST (Fig. 4).

Figure 2. Time course of the effect of the addition of ST to the mucosal (})
or serosal (�) compartments on Isc of Caco-2 cells mounted in an Ussing
chamber. The addition of ST (10�6 M) (arrow) to each side of Caco-2 cells
induced an increase in Isc that was similar to that observed in the rat model.
The simultaneous addition of ST to the mucosal and serosal (�) compartments
induced no further increase in Isc. No increase in Isc was observed, in the
absence of Cl�, upon either the mucosal (�) or serosal (data not shown)
addition of ST. Mean and SD of the peak effect of ST in at least four
experiments is shown in the inset (*p � 0.05 vs controls).

Figure 3. (A) Effect of increasing concentrations of ST on Isc of Caco-2 cells.
The addition of ST to the mucosal (}) or serosal (�) side resulted in a
dose-dependent increase of Isc. There were four experiments per dose. *Sta-
tistically significant vs controls (p � 0.05). (B) Effect of increasing concen-
trations of guanylin on Isc of Caco-2 cells. The addition of ST to the mucosal
(}) or serosal (�) side resulted in a dose-dependent increase of Isc. There
were four experiments per dose. *Statistically significant vs controls (p �
0.05).

Figure 4. (A) Effect on cGMP concentration of the addition of ST to the
mucosal (}) or serosal (�) side of Caco-2 cells monolayers. ST induced an
increase of cGMP concentration in a dose-dependent manner. The maximal
increase was observed with 10�6 M of ST added to the mucosal or serosal
compartment. There were four experiments per dose. *Statistically significant
vs controls (p � 0.05). (B) The effects of guanylin showed the same pattern
observed with ST. The magnitude of toxin effect was higher than that of its
endogenous ligand. There were four experiments per dose. *Statistically
significant vs controls (p � 0.05).
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The simultaneous addition of ST or guanylin in a concen-
tration of 10�6 M to both sides of the Caco-2 cells induced a
slight further increase in cGMP, not statistically different from
that observed upon mucosal addition (Fig. 5).
Therefore, the mucosal or serosal addition of ST or guanylin

was associated with an increase of cGMP concentration that
showed a dose-response pattern that was similar to that ob-
served in Ussing chamber experiments.
ELISA Assay for ST. The fluid bathing the mucosal surface

of epithelium mounted in Ussing chambers was collected after
ST addition on the serosal side. It produced an ELISA negative
ST, indicating that there was no transepithelial flux of the toxin
(data not shown).

DISCUSSION

Our data show that ST is active when added to the serosal
side of rat colon or Caco-2 cells and that its effect is similar to
that induced by mucosal addition, although less potent. We
used the rat proximal colon to perform our initial experiments
because we had previously detected 125I-ST binding activity in
basolateral membranes purified from this intestinal segment
(29). The time and kinetic features of the electrical effects
observed in the present work were similar to those detected
with mucosal ST addition and consistent with anion secretion.
The complete loss of the effect in the absence of chloride
supports this interpretation.
ST effects and its mechanisms were further investigated in

Caco-2 cells, a well-established model to study intestinal se-
cretion. The electrical response was similar to that observed in
the animal model, suggesting that serosally applied ST works
by a similar pathway compared with that stimulated by apical
addition. We also investigated its mechanisms and compara-
tively examined the effects of mucosal and serosal ST addition.
The dose of ST capable of inducing the maximal increase in Isc
on each side was identical. However, when maximal concen-
trations of ST were simultaneously added to the apical and
basolateral compartments, the observed increase in Isc was not
different from that observed with ST mucosal addition alone.
This indicates that the pathway of ST is the same, independent
of the route of ST access to the enterocyte. This is strongly

supported by a cGMP determination that showed a pattern
identical to electrical data. Together with our data on the
specific binding activity in BLM of rat proximal colon (29),
this suggests that the same secretory pathway involved in
mucosal ST response is activated by a basolateral stimulus.
However, the magnitude of both the electrical response and the
increase in cGMP upon serosal addition were reduced com-
pared with that induced by mucosal addition. This is consistent
with our finding that the specific binding in BBM of rat
proximal colon was higher than in BLM, suggesting a de-
creased receptor density in the latter (29). The similarity in the
dose-response effect to mucosal or serosal ST addition does not
fit with this interpretation. However, a broad range of ST
concentrations was used and it is possible that minor kinetic
differences, such as a different response with double ST con-
centrations, were not identified. Alternatively, because the
maximal ST concentration was the same on either side but the
effect was different, the possibility of a different receptor-
effector coupling in the BLM may explain the observed results.
Our finding of a response to serosal ST addition differs from

that reported by others (27,32–34). We have performed exper-
iments to look for ST in the fluid bathing the mucosal surface
of epithelium, after serosal ST addition. A transepithelial se-
rosa-to-mucosa ST flux might have explained the observed
results. We did not find any evidence of transepithelial flux of
ST. We cannot explain why our data differ from that published
by others other than the fact different cells and animal species
were used.
Guanylin induced the same effects of ST, although its po-

tency was reduced. A similar finding of a reduced secretion
induced by a mucosal guanylin addition compared with ST has
been reported previously (34). We observed the same differ-
ence in potency between the endogenous and exogenous GC-C
ligands with the serosal application. Overall, our data therefore
support the existence of a ST/guanylin-dependent activation
pathway via the serosal route. The two ST-like endogenous
ligands produced in the intestine, guanylin and uroguanylin,
are released into the blood and may exert their effects on the
serosal side of polarized enterocytes. Guanylin and uroguany-
lin are, in fact, secreted into the intestinal lumen as well as into
the bloodstream in response to sodium chloride administration
and may regulate ion and water transport in the intestine and
kidney by luminocrine and endocrine actions (12–14).
An active role of the enterocyte in ion transport has been

hypothesized (35). We have reported that the enterocyte re-
sponds to an enterotoxin-induced secretion through the activa-
tion of constitutive nitric oxide synthase functioning as a
breaking force of ion secretion. The data in this article add to
the concept that enterocytes play a major role in regulating ion
transport. Guanylin and uroguanylin may regulate intestinal
electrolyte homeostasis by acting on the serosal surface of the
colonic mucosa as well as on the apical membrane of small
intestinal enterocytes.
ST effector GC-C shows an age-related pattern and peak at

the newborn stage (36). It may therefore be hypothesized that
the ST/guanylin-receptor system could help prevent excessive
growth and proliferation of potentially pathogenic microorgan-

Figure 5. Effects on cGMP concentration of the addition of ST (left side) and
guanylin (right side) to the mucosal (�) and serosal (□) side and to both sides
(1) of Caco-2 cell monolayers. The simultaneous addition of ST or guanylin
at concentration of 10�6 M to both sides of the Caco-2 cells induced a further
increase in cGMP concentration that did not reach the level of statistical
significance compared with that observed upon mucosal addition. *Statistically
significant vs basal (p � 0.05).
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isms through their washing out at an age in which the suscep-
tibility to intestinal infection is highest.
Children with cystic fibrosis (CF) lack the CFTR anion

channel and in these patients the colon is unresponsive to ST
(37). The CF newborn infant has a high risk of intestinal
obstruction due to impaction of meconium. We have previ-
ously shown that ST receptors have an age-related pattern,
peaking in the first 3 d of life (38). This suggests that guanylin
may have the additional specific function of promoting chlo-
ride secretion to allow meconium output.
In conclusion, the results of this work show that 1) ST and

guanylin induce chloride secretion when added to the serosal
side of intestinal epithelium; 2) the effect has similar kinetic
features compared with mucosal addition, but is less potent; 3)
the effect is not additive to that observed with mucosal addi-
tion, although a further minor increase in either Isc and cGMP
is consistently observed; and 4) guanylin is less potent than ST
as a secretagogue. Overall, the results of this work raise the
hypothesis that the colon is a target organ for both the paracrine
and the endocrine effects of guanylin, acting on either side of
the epithelium to reduce absorption and induce net Cl�

secretion.
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