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We examined the effect of protein kinase C (PKC) activation on the cyclic GMP response to heat-stable
enterotoxin (STa) in a colonic carcinoma intestinal epithelial cell line, T84 cells. Our results demonstrate that
the active phorbol ester analog, phorbol dibutyrate, but not the inactive alpha-phorbol dibutyrate, acts
synergistically with STa to elevate cyclic GMP in intact T84 cells. The effect is observed in the absence or
presence of the phosphodiesterase inhibitor, isobutylmethylxanthine, which suggests that phorbol dibutyrate
modifies cyclic GMP synthesis rather than cyclic GMP degradation. In contrast to several systems in which
prolonged treatment with phorbol ester desensitizes PKC-mediated responses, the cyclic GMP response in T84
cells is not diminished by prolonged treatment of T84 cells with phorbol dibutyrate. Also, transient treatment
of T84 cells with phorbol dibutyrate enhances subsequent STa-stimulated cyclic GMP accumulation. These
observations suggest that PKC activation produces a long-lived signal in T84 cells which enhances cyclic GMP
accumulation in response to STa. Second messenger “‘cross talk’’ [T. Yoshimasa, D. R. Sibley, M. Bouvier,
R. J. Lefkowitz, and M. G. Caron, Nature (London) 327:67-70, 1987] may be important in the pathogenesis

of diarrheal disease.

Diarrheal diseases, most often caused by infectious patho-
gens or their toxins, constitute the greatest causes of mor-
tality and morbidity on a global scale (30, 31). At least four
distinct pathways appear to be involved in intestinal ion
secretion stimulated by bacterial toxins or neurohumoral
substances. The first two pathways are cyclic nucleotide
dependent. The first is activation of adenylate cyclase by
cholera toxin or the heat-labile enterotoxin of Escherichia
coli, and the other is activation of particulate guanylate
cyclase by the heat-stable enterotoxin (STa) of E. coli (25).
In addition, two pathways are cyclic nucleotide indepen-
dent. The first is secretion stimulated by a second heat-stable
enterotoxin of E. coli (STb), the mechanism of which is
unknown but which does not involve activation of adenylate
or guanylate cyclase (22, 33). The second is secretion
stimulated by poorly understood calcium-dependent mecha-
nisms. Neurohumoral agonists such as carbachol may stim-
ulate secretion by calcium-dependent mechanisms, which
include elevation of intracellular calcium concentrations or
activation of protein kinase C (PKC) (9, 11) or both. How-
ever, no infectious enteric pathogen has been shown to
definitively act through a calcium-dependent process. The
name PKC encompasses a ubiquitous family of phospho-
lipid- and calcium-dependent enzymes which are the intra-
cellular receptors for phorbol esters which activate these
enzymes (5, 27). Treatment of intestinal mucosa with phor-
bol esters, which directly activate PKC, results in secretion
in piglet and rat jejunum, rat and rabbit colon, and chicken
ileum (1, 6, 12, 15, 34). However, despite an increasing body
of knowledge about these mechanisms stimulating intestinal
secretion, little is known about the relationships between
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cyclic nucleotide and calcium-dependent pathways in the
intestinal epithelial cell.

In other systems, interactions between cyclic nucleotide
metabolism and calcium-dependent enzymes, particularly
PKC, have been extensively explored (20, 26). The best
characterized is the adenylate cyclase system where signals
stimulating cyclic AMP production may either antagonize or
act synergistically with a PKC-dependent agonist. In other
cases, PKC- and cyclic nucleotide-mediated cellular re-
sponses may function independently. In contrast, much less
information is available regarding the interactions of cyclic
GMP-dependent pathways and PKC activation. In a variety
of cell types (e.g., human lymphocytes, fibroblasts, and
myoblasts), phorbol esters alone increase cyclic GMP levels
(7). In contrast, PKC activators attenuate the response to
receptor agonists stimulating cyclic GMP production in, for
example, rat adrenocortical cells and mouse neuroblastoma
cells (21, 24). In vitro, soluble rat brain guanylate cyclase has
been demonstrated to be a substrate for purified rat brain
PKC (37).

In the present study, we explored the effect of PKC
activation on the STa-stimulated cyclic GMP levels in an
intestinal epithelial cell line, T84 cells. The T84 human
colonic carcinoma cell line maintains electrogenic chloride
transport in vitro and is responsive to agents which elevate
cyclic nucleotides such as cholera toxin, STa, and pros-
taglandins of the E series (10, 19). In addition, a recent study
demonstrated that phorbol esters inhibited the cyclic AMP
response of this cell line to prostaglandin E, (32). Our results
demonstrate that phorbol esters, direct activators of PKC
but not guanylate cyclase, act synergistically with STa to
enhance the cyclic GMP levels in T84 cells. These observa-
tions suggest that PKC activation may enhance guanylate
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cyclase activation by STa, which may be important in the
pathogenesis of diarrheal diseases.

MATERIALS AND METHODS

Cell culture. T84 cells were obtained from the American
Type Culture Collection (Rockville, Md.) and were grown at
37°C in humidified 5% CO, in media consisting of a 1:1
mixture of Dulbecco modified Eagle medium and Ham’s
F12. The medium was supplemented with 13.5 mM HEPES
(N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic acid) buff-
er (pH 7.4), 12.8 mM NaHCO;, 90 U of penicillin per ml, 90
wg of streptomycin per ml, and 5% newborn calf serum. Cells
were grown in monolayers in polystyrene flasks and were
subcultured when confluent with 0.25% trypsin and 0.9 mM
EDTA. For experiments, cells were plated into 24-well plates
at a density of approximately 5 X 10° cells per well. A
confluent 75-cm? flask provided cells sufficient to inoculate
two 24-well plates. The cells were allowed to grow for 7 or
more days at which time the wells were confluent. The T84
cells were at passage number 49 upon receipt from the
American Type Culture Collection and were maintained for
an additional 25 passages.

Cyclic GMP accumulation in intact cells. T84 cells grown
in multiwell plates were used in experiments by removing
the standard medium and replacing it with 1 ml of medium
containing the phosphodiesterase inhibitor, 3-isobutyl-1-
methyl-xanthine (1 mM; IBMX) and lacking calf serum unless
otherwise noted in the results. STa was added to some wells
at a final concentration of 1 pg/ml (0.5 nM), and the plates
were incubated at 37°C in a CO, incubator for the specified
time intervals. The dose of 1 pg/ml was determined to be a
maximal dose in experiments not shown. Stock solutions of
phorbol esters (1072 M) in absolute ethanol were stored at
—20°C and diluted to achieve the specified experimental
concentrations in 0.01% ethanol. Only phorbol esters having
a beta-hydroxyl group at position 4 in the parent phorbol
molecule bind to and directly activate PKC. The alpha
analogs are inactive and do not bind to PKC. In our studies,
phorbol-12,13-dibutyrate (PDB) was used as the active (beta)
analog and alpha-phorbol-12,13-dibutyrate (alpha-PDB) was
used as the inactive analog of the phorbol esters. Treatment of
intact T84 cells with PDB, but not alpha-PDB, increases
membrane-associated phorbol ester receptor (C. S. Weikel,
J. A. Lavoie, and J. J. Sando, Abstr. United States-Japan
Cooperative Med. Sci. Program, 1987, p. 116-117), and
specific PKC activity stimulated by PDB is measurable in T84
cell homogenates (Les Reinlib, Johns Hopkins University
School of Medicine, personal communication). These data are
consistent with PKC activation by PDB as in other cell types
(26, 27). Incubations were terminated by aspirating the media
from cells and adding of 0.25 to 0.5 ml of 0.1 N HCI for 30 min
at room temperature. Previous reports have indicated that
practically all of the cyclic nucleotide produced remains
intracellular in T84 cells (19, 35). The cell extracts were frozen
at —20°C until assayed. Several wells from each plate were
used to measure cell protein instead of cyclic GMP. After
removing the media from these wells, the cellular protein was
solubilized by either 0.2 N NaOH or 100% formic acid and
was measured by the Bradford method (2). Cyclic GMP
determinations were done in at least triplicate in each exper-
iment.

Radioimmunoassay of cyclic GMP. Cyclic GMP was mea-
sured by two methods. In the first method, cyclic GMP was
measured by acetylating each sample and standard with 45
pl of a 3.5:1 mixture of triethylamine:acetic anhydride per ml

EFFECT OF PHORBOL ESTERS AND STa TOXIN ON T84 CELLS 1403

of sample, followed by automated radioimmunoassay (3).
Monosuccinyl cyclic GMP tyrosine methyl ester was radio-
iodinated and purified as previously described (29). In the
second method, cyclic GMP was measured with the 3H-
cyclic GMP radioimmunoassay kit available from Amersham
Corp. (Arlington Heights, Ill.). For this method, samples in
0.1 N HCI were dried with nitrogen and suspended in 0.05 M
Tris (pH 7.54 mM EDTA buffer prior to each assay.

Materials. Purified STa (obtained from Donald C. Robert-
son, University of Kansas) was prepared as described by
Dreyfus et al. (13). IBMX was obtained from Sigma Chem-
ical Co. (St. Louis, Mo.). The phorbol esters (PDB and
alpha-PDB) were obtained from either Sigma Chemical Co.
or LC Services Corporation (Woburn, Mass.).

Data analysis. The data presented are expressed as means
+ standard errors of the means. The Student’s ¢ test was
used to test statistical significance.

RESULTS

In initial experiments, we examined the time course of the
effects of STa, PDB, alpha-PDB, STa-PDB, and STa-alpha-
PDB on cyclic GMP accumulation by T84 cells. For these
experiments (n = 2), cells were incubated with 1 mM IBMX
for 30 min prior to the addition of STa or the phorbol esters.
STa (1 wg/ml) with or without PDB (10~¢ M) or alpha-PDB
(10~¢ M) was added simultaneously at time zero to a
minimum of four wells per condition in each experiment. To
control for any possible effect of the diluent, ethanol (final
concentration 0.01%) was added to the wells treated with
STa alone. Basal cyclic GMP levels in the presence of IBMX
were 2.7 * 0.6 pmol of cyclic GMP per mg of protein (n = 32
wells in eight experiments). Treatment of the cells with PDB
or alpha-PDB alone for intervals of 5 min to 18 h did not
elevate cyclic GMP levels (see legend to Fig. 1; data not
shown). However, PDB, but not alpha-PDB, was observed
to enhance significantly the cyclic GMP accumulation stim-
ulated by STa in T84 cells by 60 min after agonist addition
(Fig. 1). At 60 and 120 min, a 1.6-fold increase and a 2.4-fold
increase (P < 0.005 for both time points) in cyclic GMP
levels over STa alone were measured. By 240 min after
agonist addition, the intracellular level of cyclic GMP elic-
ited by STa-PDB had declined but was still more than
twofold higher than that in cells treated with STa alone or
STa-alpha-PDB (P < 0.01). The cyclic GMP response to
STa-alpha-PDB did not differ from the response to STa
alone. These results demonstrate that PKC activators do not
alter basal cyclic GMP levels but do act synergistically with
STa to stimulate cyclic GMP production in T84 cells.

In additional experiments (n = 3), we examined whether
the synergistic effect of PDB on the STa response would
occur in the absence of the phosphodiesterase inhibitor,
IBMX. At 60 min following treatment of the cells with PDB
(107 M) and STa (1 pg/ml) simultaneously, the cyclic GMP
accumulation was increased 1.5- to 4.1-fold over that accu-
mulated in cells treated with STa-alpha-PDB (P < 0.04; data
not shown), indicating that IBMX was not required.

In our next experiments, we determined the effect of
varying doses of PDB on the cyclic GMP response to STa.
Cellular cyclic GMP was extracted at 60 min after simulta-
neous treatment of the cells with STa and PDB. PDB (10~
M) combined with STa (1 pg/ml) led to a maximal increase in
cyclic GMP production (Fig. 2). The response to 3 X 107°M
PDB was less but was still significant (P < 0.001). The lesser
response may be secondary to an increase in the final ethanol
concentration in the assay (0.03%), as reflected by the
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FIG. 1. Time course of STa and phorbol ester effect on T84 cells.
A representative experiment in which T84 cells grown in 24 well
plates were treated with STa (1 pg/ml) alone or treated simulta-
neously with STa (1 pg/ml) and either PDB (10~¢ M) or alpha-PDB
(107 M) beginning at time zero (n = four wells per data point). At
the designated time intervals, cyclic GMP (cGMP) was extracted
from the cells and measured as described in Materials and Methods.
The STa condition (STa-ET) also contained the ethanol (ET) diluent
(0.01% final concentration). The STa-PDB curve is significantly
different from either STa-ET or STa-alpha-PDB at 60, 120, and 240
min (P < 0.01). Cyclic GMP levels (picomoles of cyclic GMP per
milligram of protein) after treatment for 15, 60, 120, or 240 min with
alpha-PDB or PDB at 107 M alone were as follows: at 15 min, 3.62
+ 1.2 for alpha-PDB and 3.04 + 1.0 for PDB; at 60 min, 4.6 + 1.0 for
alpha-PDB and 3.9 + 1.0 for PDB; at 120 min, 6.7 * 1.5 for
alpha-PDB and 4.8 = 1.1 for PDB; and at 240 min, 0.58 * 0.46 for
alpha-PDB and 1.13 = 0.63 for PDB.

decreased cyclic GMP response to STa with 0.03% ethanol
(see legend to Fig. 2). PDB exhibited a narrow dose-
response range with 10”7 M being the lowest dose of PDB at
which a significant effect on the STa response was observed
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FIG. 2. Dose response of PDB on STa response in T84 cells.
Cells grown in 24-well plates were incubated with STa (1 pg/ml) and
either PDB in doses between 1071° M and 3 x 10~° M or alpha-PDB
at10"M and 3 X 107 M (n = four wells per data point). The cyclic
GMP (cGMP) response to treatment of the cells with STa with
0.01% ethanol and STa with 0.03% ethanol was 198.8 + 10.9 pmol of
cGMEP per mg of protein and 158.8 = 6.5 pmol of cGMP per mg of
protein, respectively (n = three wells each). These values are not
statistically different from the STa-alpha-PDB conditions graphed.
However, the response to STa-PDB was significantly greater than
STa-alpha-PDB at 3 X 1076 to 3 X 107 M (P < 0.005) and at 10~
M (P < 0.05).
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TABLE 1. Effect of 18-h incubation with phorbol esters on the
response to STa

Mean pmol of cyclic GMP per mg  Fold

Treatment conditions of protein = SEM® .increas.e
in cyclic
STa-alpha-PDB STa-PDB GMP?

Phorbol ester 1 h/STa 1 h¢
Phorbol ester 18 h/STa 1 h¢

323.5 = 40.5
365.7 = 32.1

510.7 = 29.6 1.6
561.7 = 27.8 1.5

“ SEM, Standard error of the mean.

b Fold increase in cyclic GMP, the ratio of the cyclic GMP produced in
STa-PDB divided by STa-alpha-PDB.

¢ Simultaneous treatment with phorbol esters (107% M) and STa (1 wg/ml)
for 1 h before cyclic GMP extraction.

4 P < 0.03 versus STa-alpha-PDB condition.

¢ Treatment (18 h) with phorbol esters (10~° M) followed by 1-h treatment
with STa (1 pg/ml) in the continued presence of phorbol esters.

/P = 0.01 versus STa-alpha-PDB condition.

(P = 0.04). On the basis of these experiments, we elected to
use PDB and alpha-PDB at 107® M for our subsequent
studies.

Because, in other systems, the response to active phorbol
esters may vary with the dose and time of incubation with
cells (e.g., as those described in 7, 23), we examined the
effect of incubating the cells for either 30 or 60 min with PDB
or alpha-PDB prior to the addition of STa. In these experi-
ments, incubation of the cells with phorbol esters did not
alter the time course of the subsequent responses to STa-
PDB or STa-alpha-PDB (data not shown). In addition,
because prolonged treatment of cells with active phorbol
esters has been shown to downregulate PKC in other cell
types, we examined the effect of incubating the cells for 18 h
with PDB or alpha-PDB prior to the addition of STa to the
cells. Surprisingly, cells treated for 18 h with PDB (10~¢ M)
responded to STa (1 pg/ml for 60 min) with a significant
increase in cyclic GMP production when compared with
cells treated with alpha-PDB (10~° M) for 18 h and then
stimulated with STa (n = 3; Table 1). In addition, as shown
in a representative experiment in Table 1, the response to
STa after treatment with PDB or alpha-PDB for 18 h did not
differ from the cyclic GMP response to treatment of the cells
with STa and either PDB or alpha-PDB simultaneously for
only 60 min. Comparison of the fold increases in cyclic GMP
produced in this experiment are essentially identical to the
60-min time point shown in Fig. 1. Unlike the data shown in
Fig. 1, time course experiments suggested that treatment of
the cells with PDB for 18 h enhanced the cyclic GMP
response to treatment with STa for as little as 15 min (two of
three experiments; data not shown). Similarly, treatment
with PDB for 18 h significantly enhanced the cyclic GMP
response to 30 min of treatment with STa in the presence or
absence of IBMX (n = 2; P < 0.01; data not shown). Thus,
prolonged treatment with PDB did not prevent a synergistic
cyclic GMP response to STa. This result could be explained
either by incomplete or differential downregulation of
PKC(s) by 18 h of phorbol ester treatment in these cells or
could indicate that there is persistent phosphorylation of the
substrate(s) key to the response despite downregulation of
the PKC enzyme. Experiments are in progress to determine
the isoenzyme(s) of PKC present in T84 cells and to examine
the time course of the effect of phorbol ester treatment on
PKC enzymatic activity in T84 cells. Preliminary data (27)
suggest that the isoenzymes of PKC may be differentially
downregulated.

We also sought to explore the reversibility of the syner-
gistic effect of PDB on cyclic GMP production in response to
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TABLE 2. Effect of time of incubation with PDB on the cyclic
GMP response to treatment with STa for S or 60 min®

Mean pmol of

Conditions STa treatment cyclic GMP per
(min) time (min) mg of protein *
SEM
Nothing (no wash) 60 170.2 = 11.7
alpha-PDB (5) 60 142.8 = 6.9
PDB (5) 60 219.5 + 17.2°
PDB (30) 60 210.5 + 18.5¢°
PDB (60) 60 280.5 * 39.4¢
Nothing (no wash) 5 17.8 = 0.8
alpha-PDB (5) 5 19.2 + 1.3
PDB (5) 5 25.1 = 1.5¢
PDB (30) 5 27.0 = 1.6¢
PDB (60) 5 24.7 = 1.14

< Each condition indicates a 5-min to 60-min treatment with phorbol ester
(107¢ M), followed by three washes and subsequent incubation for 5 or 60 min
with STa (1 pg/ml). The data for the 60-min STa treatment are representative
of three or four experiments. The data for the 5-min STa treatment are from
a single experiment with four replicates for each value shown. SEM, Standard
error of the mean.

% P < 0.006 versus 5-min alpha-PDB (60-min STa treatment).

€ P = 0.02 versus 5-min alpha-PDB (60-min STa treatment).

4 P < 0.03 versus S-min alpha-PDB (5-min STa treatment).

STa. For these experiments, cells were treated with PDB
(10~ M) for S, 30, or 60 min, washed three times with cell
media, and then incubated with STa (1 p.g/ml) for 60 min. To
control for the effect of cell washing, cells were also treated
for 5 min with alpha-PDB (10~ M), washed, and incubated
with STa for 60 min. In experiments in our laboratory
examining tritiated phorbol ester binding capacity of T84
cells, three washes have been adequate to remove greater
than 90% of the PDB from these cells (C. S. Weikel et al.,
Abstr. United States-Japan Cooperative Med. Sci. Program,
1987). As shown in Table 2 (60-min STa treatment), only a
S-min treatment with PDB was necessary to elicit the syn-
ergistic effect of PDB on cyclic GMP accumulation stimu-
lated by STa (three of four experiments). This synergistic
effect was maintained after both a 30-min (n = 3) and a
60-min incubation (two of three experiments) with PDB. In
an additional experiment (Table 2; 5-min STa treatment), the
cyclic GMP response to a shorter exposure to STa was also
significantly enhanced by PDB in each condition. These
experiments suggest that phosphorylation of the substrate(s)
mediating the response occurs quickly (by 5 min), consistent
with a PKC-mediated event, and persists for at least 60 min
in the absence of the continual presence of PDB.

To examine further the synergistic response to STa-PDB,
we asked whether initial treatment of the T84 cells with STa
would alter the response to PDB. In these experiments (n =
2), T84 cells were treated with STa (1 pug/ml) for 60 min and
then were treated with PDB or alpha-PDB (10~¢ M) for
intervals of up to 120 min. As shown in a representative
experiment in Fig. 3, it is striking that the magnitude of the
cyclic GMP effect and the lag time to obtain a significant
effect on cyclic GMP are identical to those of cells treated
simultaneously with phorbol esters and STa (Fig. 1). The
increase in cyclic GMP accumulation in response to STa-
PDB treatment is significant at both 60 and 120 min (P <
0.007 for both time points versus cells treated with STa—
alpha-PDB). These results indicate that the order of agonist
addition is not critical to the synergistic cyclic GMP re-
sponse measured.
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FIG. 3. Effect of PDB on STa-stimulated cyclic GMP (cGMP)
response. For this experiment, T84 cells grown in 24-well plates
were stimulated with STa (1 pg/ml; 0.01% ethanol [ET]) for 60 min
prior to the addition of either PDB (10~® M) or alpha-PDB (10~¢ M)
(n = five wells per data point). At the designated time intervals,
cyclic GMP was extracted and measured as described in Materials
and Methods. The cyclic GMP produced was significantly greater at
60 and 120 min in the STa-PDB condition compared with either STa
alone or STa-alpha-PDB (P = 0.007).

DISCUSSION

The influence of the enteric nervous or immune systems or
infection with more than one enteric pathogen on the bio-
chemical response to the heat-stable enterotoxin of E. coli,
STa, is unknown. Our results demonstrate that treatment of
T84 cells with STa, which activates only particulate guanyl-
ate cyclase (17), and an active phorbol ester analog, PDB,
used as a probe to activate PKC, elicits a synergistic cyclic
GMP response to this toxin. Phorbol esters alone do not alter
cyclic GMP levels in T84 cells. The potential importance of
this observation is further supported by our finding that
CaCO, cells, a human colonic carcinoma cell line which
secretes chloride (16), also have a synergistic cyclic GMP
response to STa and PDB (C. S. Weikel, unpublished
observations). We hypothesize that this ‘‘cross talk’’ be-
tween secretory pathways may affect the clinical outcome of
the infection. In other systems, cross talk between second
messenger systems is felt to be important in the regulation
of, for example, hormonal secretion (4, 8, 36).

The effect of this biochemical synergy on intestinal phys-
iology remains to be examined. The secretory response to
STa, both in vivo and in T84 cells in vitro, has been well
established (14, 18, 19). In contrast, the effect of PKC
activation on intestinal physiology is a relatively new area
for study. In intact animals (rats and piglets) and in certain
epithelial preparations in vitro (e.g., chicken ileum and rat
and rabbit colon, but not rabbit ileum), treatment of the
mucosa with PDB has led to net secretion of sodium and
chloride (1, 6, 12, 15, 34). To determine the physiologic
importance of the synergism measured in our experiments,
we have examined the effect of the acetylcholine analog,
carbachol, on chloride secretion stimulated by STa. Prelim-
inary data suggest that carbachol may be acting, in part,
through PKC in T84 cells (9). Our preliminary results indi-
cate that treatment of T84 cells with STa and carbachol
induces a synergistic chloride secretory response dependent
on the order and timing of agonist addition. Notably, addi-
tion of STa to the cells followed by carbachol results in a
greater synergistic response than that elicited by simulta-
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neous treatment with STa and carbachol (S. A. Levine, J. K.
Crane, M. Donowitz, G. W. G. Sharp, and C. S. Weikel,
Abstr. Am. Gastroenterol. Assoc., 1990). These preliminary
results suggest the biochemical synergy noted in the exper-
iments in this report may be physiologically relevant.

The enhancing effect of PDB on the cyclic GMP response
to STa occurred in a narrow dose range. Although in many
systems, phorbol esters exert significant effects at nanomo-
lar concentrations, in all studies to date with intestinal
epithelium higher concentrations (10~ to 107 M) of phorbol
esters have been required to exert measurable physiologic
effects (1, 6, 12, 15, 34). One explanation has been that
intestinal cells may exhibit enhanced nonspecific binding
compared with other cell types. Such nonspecific binding
might deplete phorbol esters from the solution, making them
unavailable to bind to PKC. Another possibility is that the
intestinal epithelial cell contains an isotype of PKC that is
relatively insensitive to phorbol ester, a diacylglycerol ana-
log. Three major PKC isoenzymes are recognized which
exhibit different sensitivities to calcium and phospholipid but
which are stimulated equally by phorbol esters (27). How-
ever, several additional types of PKC have been identified
by molecular cloning and sequence analysis (28). The cal-
cium, phospholipid, and phorbol ester requirements of these
enzymes have yet to be examined in detail. Identification of
the type or types of PKC present in different regions and cell
types of the intestinal epithelium and the subsequent purifi-
cation of these enzymes may provide some insight into these
issues.

The mechanism of the synergy observed between PKC
activators and STa is an important area for future study.
Several possible mechanisms can be entertained, including
direct phosphorylation of particulate guanylate cyclase or an
alteration in the STa receptor by PKC activation. Data in our
laboratory suggest that PDB treatment both induces a stable
increase in guanylate cyclase activity in T84 cell membranes
and increases the number of binding sites for 1>’I-STa (J. K.
Crane, R. L. Guerrant, J. Linden, and C. S. Weikel,
submitted for publication). Indirect mechanisms by which
phorbol may act include altering the coupling of the ST
receptor with particulate guanylate cyclase (e.g., by phos-
phorylation of regulatory proteins) or even by stimulating
gene activation and new protein synthesis. Lastly, although
phorbol ester has been reported to inhibit phosphodiesterase
activity (and thus raise cyclic nucleotide levels) in human
lymphocytes (7), an effect on phosphodiesterases is an
unlikely explanation for our results because the enhanced
cyclic GMP response to STa and phorbol esters could be
measured both in the presence or absence of 1 mM IBMX, a
dose reported to inhibit maximally phosphodiesterase activ-
ity in T84 cells (32).

In summary, we have shown that treatment of T84 cells
with STa, a direct activator of particulate guanylate cyclase,
and active analogs of the phorbol esters, direct activators of
PKC, results in a synergistic stimulation of cyclic GMP
production. Although many questions remain to be an-
swered including the mechanism(s) of this biochemical re-
sponse and the relevance to intestinal physiology, it is a
novel observation suggesting the possibility that ‘‘cross
talk’ occurs between PKC and the cyclic GMP-dependent
second messenger systems in the intestinal epithelium. We
hypothesize that such interactions between intracellular
signaling mechanisms known to alter intestinal water and
electrolyte transport may be important in understanding the
pathogenesis of diarrheal illnesses resulting from mixed
intestinal infections or in understanding the influence of the
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enteric nervous or immune systems on toxin-mediated en-
teric disease.
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