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Development of Intestinal Host Defense: An
Increased Sensitivity in the Adenylate Cyclase
Response to Cholera Toxin in Suckling Rats
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ABSTRACT. To determine if developmental variations
existed in the second messenger system that mediates
cholera toxin (CT) action, the adenylate cyclase (AC)
response was studied in 2-wk-old suckling and 6-wk-old
weaned rats. AC was assayed in the proximal small intes-
tine 4 h after intraduodenal administration of various doses
of CT. Dose-effect analysis showed a 9-fold increase in the
sensitivity of the CT-activated cyclase response in suckling
rats when measured by the EDsg, expressed as ug CT/g
body wt (0.03 for 2 wk, 0.27 for 6 wk). When the CT dose
was expressed as ug/animal, suckling rats were 50 times
more sensitive than 6-wk-old rats. In addition, the CT-
induced fluid secretion was closely correlated with the
elevated cyclase activities (correlation coefficient: 0.83 for
2 wk, 0.93 for 6 wk). Furthermore, more fluid seemed to
be secreted/unit wt of gut in the sucklings, even when the
same level of enzyme activity was compared. A maximum
of 3- to 4-fold rise in AC activation occurred at 0.5 ug CT/
g body wt, but both the basal and the maximal stimulated
levels of AC were not developmentally different. This study
demonstrates an in vivo increase in AC responsiveness to
CT that may be in part responsible for the increased
incidence of toxigenic diarrhea in neonates. (Pediatr Res
25:225-227, 1989)

Abbreviations

AC, adenylate cyclase
CT, cholera toxin

There has been increasing evidence that the immature epithe-
lial cell and its mucosal surface interaction with bacteria and
their enterotoxins may in part account for the noted increased
susceptibility of neonates to diarrhea. For example, we have
recently shown an increased enterocyte sensitivity to CT-induced
fluid secretion in suckling rats (1). A similar increased sensitivity
to Escherichia coli heat-stable enterotoxin was reported by Cohen
et al. (2). Both cholera toxin and heat-stable enterotoxin are
major causes for infectious diarrhea in children, especially in the
developing world (3, 4).
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Cholera toxin is a protein made of 5 binding B subunits and
| active A subunit (5). It acts by accumulating cAMP in the cell
(6-9). After binding of the B subunit to the microvillus mem-
brane receptor, ganglioside GM 1, the active A, fragment enters
the cell after releasing the A, fragment on the A subunit (10),
and presumably travels to the basolateral membrane where in-
testinal AC is located (11, 12). A, catalyzes ADP-ribosylation on
the G; subunit of the AC complex (6-8). The covalent modifi-
cation of the G; unit causes the inhibition of the GTPase and
induces a persistent activation of the cyclase to produce cAMP
from ATP (6-8). However, not all the steps in this signal pathway
leading to the secretory response have been demonstrated in the
natural target tissue (i.e. the proximal small intestine). Nor is the
responsiveness of AC to toxin in the developing intestine ade-
quately characterized.

To understand better the role of AC in neonatal diarrheal
disease, we have used suckling rats as an experimental animal
model and CT as a toxin probe to study the development of the
intestinal host defense. Here we briefly describe an increased
enterocyte sensitivity in the CT-activated AC response in the
immature intestine of suckling rats. This observation may pro-
vide a developmental-dependent cellular mechanism to help
explain the increased susceptibility to toxigenic diarrhea during
infancy.

MATERIALS AND METHODS

Animals. Female Sprague-Dawley rats (CD strain) were pur-
chased from Charles River Breeding Laboratories (Wilmington,
MA) at 16-18 d of gestation or after weaning.

Toxin treatment. After an overnight fast, 2-wk-old suckling
and 6-wk-old growing rats were anesthetized with ether. Body wt
was measured to determine the vol of diluted toxin solution for
injection. The abdomen was opened longitudinally. After placing
a ligature at the distal duodenum to prevent both influx of the
stomach, bile, and pancreatic fluids into the small intestine and
the reflux of the CT solution into the stomach, various doses of
CT, in a vol of 0.01 ml/g body wt, were injected into the
doudenum just distal to the ligature. The dose solution was
prepared in PBS (136 mM NacCl, 2.6 mM KCl, 8 mM Na,HPO.,
and 1.5 mM KH,PO., pH 7.3) containing 0.1% BSA. The
abdomen was then closed. Animals were kept in a warm bath to
maintain body temperature.

Tissue preparation and fluid measurement. Animals were
killed after 4 h preincubation in vivo with CT. The small intes-
tinal segment was quickly removed from the site of duodenal
ligature to the ileocecal valve, with special care not to lose the
accumulated intestinal fluid, and was then weighed. The CT-
induced net fluid accumulation in the entire small intestine was
estimated by subtracting the mean gut wt of control animals
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from the gut wt (including the accumulated fluid) of the toxin-
injected animals and expressed as per g of gut wt. The small
intestine was then divided into a proximal and distal half. After
rinsing with ice-cold saline (0.9% NaCl), the proximal segment
was either placed on ice and the mucosa scraped for enzyme
assay immediately or stored at —70°C until analysis.

AC assay. A 6.7% mucosal homogenate was made in 0.1 M
Tris-HCl (pH 7.4) containing 10 mM MgCl, and | mM EDTA
at 4°C. The AC assay was performed at 37°C for 10 min by
adding 80 ul of mucosal homogenate to 120 ul of reaction
mixture containing 30 mM Tris-HCI (pH 7.4), 4 mM MgCl,, 2
mM ATP, 0.1 mM EDTA, 10 mM theophylline, and an ATP-
regenerating system that consisted of 10 mM creatine and 0.2
mg/ml of creatine phosphokinase. The reaction was terminated
by immersing the tubes in boiling water for 3 min. After removal
of the precipitate by centrifugation, the supernatant was used to
determine cCAMP formed, using a CAMP assay kit from Amer-
sham Corporation (Arlington Heights, IL). Protein was deter-
mined by the method of Lowry ef al. (13) using BSA as the
standard. The enzyme activity was expressed as pmol of cAMP
formed/min/mg protein.

Statistics. Data were analyzed using a dose-effect analysis
program (14), ¢ test, or ANOVA.

RESULTS

Comparison of 2-wk- and 6-wk-old rats revealed an approxi-
mately 5-fold increase in both body wt (30.1 % 4.3 versus 166.0
+ 22.6 g) and the small intestinal wt (1.2 £ 0.5 versus 5.9 £ 1.0
g) after weaning. A 2-fold difference in the intestinal length (45.0
+ 1.6 versus 92.4 + 7.6 cm) presumably was accompanied by an
increased cross-section of the gut (15). Both body wt and intes-
tinal wt were used to calculate the toxin dose and the toxin-
induced secretory response in this study to quantitate the dose-
effect relationship.

Table 1 compared the activity of AC with and without toxin
stimulation in 2- and 6-wk-old rats. Both fresh and frozen
samples exhibited an approximately 3- to 4-fold rise in the toxin-
induced cyclase activity. However, the frozen samples lost a great
amount (about 80%) of enzyme activity. Subsequently, all the
enzyme data reported in this study were assayed using fresh gut
samples immediately after animals were killed. We also found
that the maximal CT-activated cyclase response was about 0.5
ug of toxin/g body wt for both age groups. Death occurred in
the fasted suckling rats when the injected toxin dose was in-
creased by 3-fold, but not in the fasted postweaned rats. Table 1
also shows that there were no age differences in the basal and the
maximal stimulated levels of AC activities between these 2
groups. Similar results were noted in the subsequent dose-re-
sponse study (Fig. 1).

As shown in Figure 1, the response of AC to CT stimulation
occurred in a dose-dependent manner. An age difference was

Table 1. Basal and maximal levels of adenylate cyclase
activities stimulated by CT in proximal small intestine of pre-
(2 wk old) and postweaned (6 wk old) rats*

; AC activity
Mucosal homogenate TO)&Z;;O% {(pmol cAMP/min/mg protein)
body wt) 2 wk 6 wk
Frozen gut 0 0.82+0.13(8) 097 =£0.12 (8)
(=70°C, 1-34d) 0.5 344 +£0.45(8) 3.52+0.42(8)
Fresh gut 0 571 +£0.20(4) 5.72 +0.47 (6)

0.5 1567+088(2) 1442+ 1.17(2)

* The small intestine was exposed to CT in vivo for 4 h. Values
are means = SD for the number of samples (one gut/sample)
indicated in parentheses. ANOVA indicates that there are signif-
icant differences (p < 0.001) in the level of enzyme activity due
to toxin treatment, but not age effect.
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Fig. 1. Dose-response curves for CT-induced AC activation in the
proximal small intestine of 2-wk- and 6-wk-old rats. AC was assayed in
mucosal homogenates prepared from fresh guts (one gut/sample) after 4
h in vivo preincubation with toxin. Each point represents a mean = SD
for the number of samples as indicated in parentheses. The significant
level ( p value) for each toxin dose is as indicated.

noted in the dose-response curve, with a shift of the curve in the
2-wk-old group to the left of the 6-wk group. The EDso was
calculated from these dose-response curves to be 0.03 ug CT/g
body wt for 2-wk-old and 0.27 ug CT/g body wt for 6-wk-old
rats, suggesting a 9-fold increase in the sensitivity to CT in the
suckling rats. When EDs, was expressed as ug CT/animal, there
was a 50-fold increase in the sensitivity to CT in the suckling
rats (0.89 for 2-wk-old and 44.11 for 6-wk-old rats).

The relationship of fluid secretion to AC activity induced by
CT is shown in Figure 2. The secretory response correlated well
with the stimulated level of AC activity in both age groups. In
addition, the slopes of the two linear regression lines were differ-
ent. The 2-wk-old group had a steeper slope than the 6-wk-old
group had when the fluid accumulation was expressed per unit
of gut wt.

DISCUSSION

The in vivo activation of AC after intraduodenal administra-
tion of CT in an intact rat represents a net result of the coupling
of receptor binding to the cellular effector system. The activated
AC then causes elevation of cAMP which transmits the toxin
signal for the inhibition of NaCl uptake and the stimulation of
CI™ secretion, resulting in net fluid secretion (16).

An increased sensitivity of the AC response was noted by a
quantitative dose-effect analysis. The cyclase response in an
individual 2-wk-old sucking rat was 50 times more sensitive than
that of the 6-wk-old animal when exposed to the same quantity
of CT. By contrast, when the small intestine was exposed to an
equal amount of toxin on the basis of body mass, the cyclase
response was nine times more sensitive in the 2-wk-old than in
the 6-wk-old rat.

Developmental changes in the responsiveness of AC to CT did
not seem to be due to variations in the catalytic unit of the AC
complex as the basal and maximal stimulated activities were not
different between the pre- and postweaned rats. Nor was it related
to the binding of CT to the mucosal membrane receptor, GM1,
because we have previously shown that the increased host sensi-
tivity in the secretory response of suckling rats was independent
of the receptor occupancy (1).

Increased sensitivity to toxin in the suckling rat might be
associated with variations in the efficiency of toxin entry and/or
translocation to the target site, or variations in amounts and
functions of the regulatory GTP-binding proteins during intes-
tinal development. Recently, Dominquez ef al. (17) have re-
ported that the brush border membrane of the rabbit intestine
contains regulatory subunits of AC; they suggested an alternative
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Fig. 2. The relationship between CT-induced AC and fluid secretion
in the small intestine of 2-wk- and 6-wk-old rats. Each point represents
the data obtained from an individual rat. The calculated linear regression
equations are: Y = 0.10 X — 0.60 (r = 0.83) for 2 wk; and Y = 0.03 X
— 0.07 (r = 0.93) for 6 wk. Here Y is fluid accumulation: X is AC
activity.

mechanism for signal transduction of toxin action, without A,
subunit translocation to the basolateral membrane. Thus far,
ADP-ribosylation of G proteins by activated CT has not been
demonstrated in the rat intestine iz vitro. Further studies of the
nature of toxin transport and G protein activities as well as their
developmental regulation in the rat intestine are needed to
explain the increased sensitivity of the cyclase response noted in
this study.

Our data also indicate that there was an age-related difference
in post-AC steps for the toxin-induced secretory response. It
appeared that the increase of a given unit of the activated cyclase
activity tended to cause a greater amount of fluid secretion/unit
wt of gut in the sucklings than in the older animals (see Fig. 2).
There are some indications that CT may act by cAMP-inde-
pendent mediators such as calcium (18) and other neural factors
(19). It remains to be determined whether the additional increase
in fluid secretion by the immature gut is due to variations in the
cAMP-dependent ion flux or to other CT-dose-dependent,
cAMP-independent events within the enterocyte.

In conclusion, this study provides in vivo evidence that devel-
opmental changes in a second messenger system occurred in the
pathophysiologic pathway of CT. The increased sensitivity in AC
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responsiveness may be in part responsible for the high incidence
of toxigenic diarrhea in neonates.
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