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Synergistic Action of Cyclic Adenosine Monophosphate- and Calcium-mediated
Chloride Secretion in a Colonic Epithelial Cell Line

Christine A. Cartwright, James A. McRoberts, Kenneth G. Mandel, and Kiertisin Dharmsathaphorn
Department of Medicine, University of California, San Diego, California 92103

Abstract

Vasoactive intestinal polypeptide (VIP) and the calcium iono-
phore A23187 caused dose-dependent changes in the potential
difference and the short circuit current (I,;) across confluent Tg,
cell monolayers mounted in modified Ussing chambers. Both
VIP and A23187 stimulated net chloride secretion without al-
tering sodium transport. Net chloride secretion accounted for
the increase in I,.. When A23187 was tested in combination
with VIP, net chloride secretion was significantly greater than
predicted from the calculated sum of their individual responses
indicating a synergistic effect. VIP increased cellular cyclic AMP
(cAMP) production in a dose-dependent manner, whereas
A23187 had no effect on cellular cAMP. We then determined
whether VIP and A23187 activated different transport pathways.
Earlier studies suggest that VIP activates a basolaterally local-
ized, barium-sensitive potassium channel as well as an apically
localized chloride conductance pathway. In this study, stimulation
of basolateral membrane potassium efflux by A23187 was doc-
umented by preloading the monolayers with %Rb*. Stimulation
of potassium efflux by A23187 was additive to the VIP-stimulated
potassium efflux. By itself, 0.3 uM A23187 did not alter trans-
epithelial chloride permeability, and its stimulation of basolateral
membrane potassium efflux caused only a relatively small amount
of chloride secretion. However, in the presence of an increased
transepithelial chloride permeability induced by VIP, the effec-
tiveness of A23187 on chloride secretion was greatly augmented.
Our studies suggest that cCAMP and calcium each activate ba-
solateral potassium channels, but cAMP also activates an api-
cally localized chloride channel. Synergism results from coop-
erative interaction of potassium channels and the chloride chan-
nel.

Introduction

Cyclic nucleotides and calcium are well recognized as intracel-
lular messengers. Evidence is accumulating for interaction be-
tween these messengers, resulting in potentiation of cellular re-
sponse. In many systems, these interactions may serve as a
mechanism to prepare the cell for a biological response and to
facilitate the amplification of a hormonal signal, allowing the
amplification to be accomplished by the release of a small
amount of peptide hormones or neurotransmitters. The syner-
gistic phenomena between cyclic AMP (cAMP)- and calcium-
mediated electrolyte secretion have not been reported in isolated
intestine. In other gastrointestinal organ systems, e.g., the pan-
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creatic exocrine or endocrine cells and gastric parietal cells, the
synergistic action between cAMP- and calcium-mediated re-
sponses has been established. A secretagogue which mobilizes
cellular calcium (carbachol, cholecystokinin, bombesin, or the
calcium ionophore A23187) potentiates the action of a secre-
tagogue that acts through, or mimics the action of cCAMP (va-
soactive intestinal polypeptide [VIP],' secretin, or 8-Br-AMP)
on amylase secretion from dispersed pancreatic acini of rat and
guinea pig (1, 2). Dibutyryl cCAMP in combination with carbachol
or A23187 amplifies enzyme secretion from rat pancreas (3, 4).
Insulin release by pancreatic islets also exhibits a synergistic re-
sponse to agents which increase intracellular cCAMP and calcium
(5). Histamine (cAMP mediated) and carbarchol potentiate gas-
tric acid secretion in isolated canine parietal cells (6).

Despite the lack of direct evidence of synergism between
cAMP- and calcium-mediated secretory mechanisms in the in-
testine, there is evidence that indirectly suggests the existence of
such a phenomenon. Many antisecretagogues, (e.g., somato-
statin, enkephalin), which may act through a calcium-mediated
mechanism, inhibit the secretory process almost totally whether
they are induced by a calcium-dependent process (e.g., serotonin)
or CAMP-mediated process (e.g., VIP). Presumably, due to the
presence of preexisting VIP, acetylcholine, etc., in whole or iso-
lated intestine, activation of the secretory process by a secreta-
gogue would readily result in a synergistic response. It is possible
that the preexisting peptides or neurotransmitters make it difficult
to detect a potentiative effect. The synergistic action of cCAMP
and calcium in the stomach and pancreas could be demonstrated
easier and more convincingly in isolated cell preparations than
in whole organs. Isolated cells devoid of preexisting peptide hor-
mones or neurotransmitters may allow the effect of each com-
pound to be assessed individually or in combination without
the confounding effect of other existing peptides or neurotrans-
mitters. We therefore, chose a cultured colonic epithelial cell
line, Tgq, as a model system to study the interaction of cAMP-
and calcium-mediated electrolyte secretion. The cell line, which
consists only of epithelial cells, has the advantage of isolated cell
preparations. More importantly, the fact that Tg, cells form con-
fluent monolayers with intact tight junctions allows measure-
ment of vectorial electrolyte transport similar to the use of iso-
lated intestine and thus allows comparison of the results. Such
a model system may facilitate the investigation of a relatively
complex function of intestinal epithelial cells. In this study, VIP
was used as a representative of CAMP-mediated secretagogues.
VIP binds epithelial cells, activates adenylate cyclase and cAMP
production, and stimulates net chloride secretion (7-14). Similar
responses to VIP were observed in the Tg, epithelial monolayers,
assuring the suitability of this model for the study of VIP action.
A23187 was used as an example of a calcium-mediated secre-

1. Abbreviations used in this paper: I, short circuit current; VIP, va-
soactive intestinal polypeptide.
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Table I. Effect of VIP and A23187 on Ion Flux across Tss Cell Monolayers

I

o¥

Addition

Period

Experimental group

-h

mS/cm?
0.36+0.06
0.36+0.06
0.42+0.11
0.55+0.09
0.36+0.06
0.66+0.09*
0.38+0.12
1.32+0.22*

0.02+0.00
0.02+0.00
0.02+0.00
0.19+0.05*
0.03+0.00
0.65+0.07*
0.02+0.01
1.64+0.17*

ueq/h-cm’

0.03+0.03
—0.04+0.04
—0.01+0.02
—0.20+0.06*
0.03+0.05
—0.60+0.14*
0.02+0.02
—1.38+0.20*
* P <0.05.

weq/h-cm?

0.35+0.04
0.34+0.04
0.30+0.06
0.31+0.06
0.35+0.09
0.89+0.11*
0.36+0.08
1.19+0.16*

neq/h-cn?

—0.31+0.03
—0.38+0.03
—0.31+0.05
—0.51+0.07*
—0.32+0.05
—1.49+0.17*
—0.34+0.08
—2.58+0.35*

peg/h-cnm’

0.04+0.03
—0.05+0.06
0.01+0.03
0.02+0.01
0.12+0.05
0.05+0.04
0.02+0.02
0.00+0.02

ueq/h - cm’

ueg/h-cm’

0.22+0.05
0.20+0.05
0.22+0.07
0.24+0.05
0.27+0.08
0.21+0.05
0.21+0.06
0.23+0.06

—0.18+0.02
—0.25+0.05
—0.21+0.05
—0.22+0.04
—0.15+0.03
—0.16+0.03
—0.19+0.08
-0.22+0.09

ueq/h-cm’

No addition
No addition
No addition
VIP + A23187

No addition
VIP

No addition
A23187

11
II
I

I

5)

(n=16)
(n=17)
(n=28)

(n

Abbreviations: JI*,,, serosal-to-mucosal Na* flux; JY2.,, mucosal-to-serosal Na* flux; J3&, net Na* flux; J2..,, serosal-to-mucosal Cl~ flux; J§—,, mucosal-to-serosal Cl flux; J&,, net CI™ flux; I,
short circuit current; G, conductance. n = number of tissues paired. Period I: 20-min flux period just before addition of VIP (10 nM) and/or A23187 (0.3 uM). Period II: 30-min flux period

beginning 20 min after addition of VIP and/or A23187. No additions were made to controls during either period. Results are expressed as mean+SE.

VIP + A23187

Control
A23187
VIP

tagogue. The compound, which is known to stimulate net chlo-
ride secretion in intact intestinal epithelium, also causes chloride
secretion in Tg4 cell monolayers (15-17). In this report, utilizing
the Tg, cell line, we first demonstrated that A23187 potentiates
VIP-induced chloride secretion, and then investigated the basis
for the synergistic response.

Methods

Growth and maintenance of T, cells, transepithelial electrolyte transport
studies, ®Rb* efflux studies, and measurement of cAMP follow proce-
dures similar to those described in the preceding article (18).

I351.VIP binding studies. Binding of '»I-VIP to dispersed Tg, cells
was determined at room temperature using a procedure described pre-
viously (7). At appropriate time intervals after adding 1071 M '%I-VIP
to the incubating media containing dispersed Tg, cells, triplicate 100-ul
samples were layered over 300 ul of ice-cold wash solution and centrifuged
at 10,000 g for 30 s in a Beckman Microfuge (Beckman Instruments,
Inc., Palo Alto, CA). The cells were resuspended in 300 ul of wash solution
and centrifuged at 10,000 g for another 30 s, the wash procedure requiring
2-3 min. Binding of '?’I-VIP was expressed as a percentage of that present
in the incubation medium.

Materials. All radionuclides were obtained from New England Nu-
clear, Boston, MA. VIP was generously supplied by Dr. Jean Rivier, The
Salk Institute, La Jolla, CA. A23187 was purchased from Behring Di-
agnostics, La Jolla, CA; carbachol from ICN Pharmaceuticals, Plainview,
NY, and prostaglandin E, from the Upjohn Co., Kalamazoo, MI.

Statistical analysis. Student’s ¢ test and analysis of variance were
used to determine the difference (19).

Results

Sodium and chloride transport

The results of unidirectional and net sodium and chloride
movement are summarized in Table I and Fig. 1. T, monolayers,
when mounted in modified Ussing chambers, maintained stable
conductance and a constant rate of transcellular sodium and
chloride flux throughout the study period of ~2 h. Unidirec-
tional flux of sodium and chloride, short circuit current (/,),
and transepithelial conductance measured in control tissues
during period I (control period) were identical to values measured
in period II (experimental period).

Effect of VIP. Addition of 10 nM VIP to the serosal bath
caused an increase in /. and net chloride secretion (Fig. 1 A),
while mucosal addition had no effect (data not shown). Net
chloride flux correlated well with, and totally accounted for, the
increase in I (r = 0.90; P < 0.001). After 10 nM VIP addition,
both serosal-to-mucosal chloride (J..,) and mucosal-to-serosal
chloride movement (JS_,) increased significantly, suggesting an
increase in chloride permeability. The increase in J&., was con-
sistently greater than the increase in J§—,, resulting in net CI~
secretion. In contrast to the effect on chloride secretion, 10 nM
VIP has no significant effect on unidirectional or net sodium
transport. Conductance increased with the addition of VIP.
Similar I, responses were observed with the addition of 10 nM
cholera toxin or 100 uM dibutyryl cAMP (data not shown).

Effect of A23187. The effect of A23187 on I,. was dose de-
pendent; a maximal response was observed with 2 uM A23187
(Fig. 2). 0.3 uM A23187, a threshold concentration, induced a
small net chloride secretion which completely accounted for the
increase in I (Fig. 1 B). The effect of 0.3 uM A23187 on trans-
epithelial electrolyte fluxes resembles that with VIP with some
differences. After A23187 addition, JS., increased but J& ., re-
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Figure 1. Time course of the effect of VIP (4),
A23187 (B), and VIP plus A23187 (C) on net ion
transport and I, across Tg, cell monolayers (grown
on collagen-coated Nuclepore filters as described in
Methods). Open bars represent net Cl~ transport and
solid bars, net Na* transport over a 10-min flux pe-
riod. Circles and lines represent I,.. In C, the
hatched bars, open circles, and dashed line represent
the predicted additive response from results shown
in 4 and B. Results are expressed as mean+SE in
microequivalents per hour per square centimeter;
values above the line represent net secretion and
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mained unaltered, resulting in net chloride secretion which was
relatively small. No change in J2_, or JNo, was observed. A
similar effect was observed with A23187 at higher concentrations
of 1 or 2 uM. At these concentrations which give maximal re-
sponse, net chloride secretion remained relatively small as com-
pared to the response of VIP (14). It should be noted that the
conductance of the monolayers also increased with the addition
of A23187. This increase was more dramatic with monolayers
grown on collagen gel for 3 d, which had a high conductance to
start with, and probably accounted for the high I, response ob-
served in Fig. 2.

Effect of both VIP and A23187. When a threshold concen-
tration of A23187 (0.3 uM) was tested in combination with a
concentration of VIP that gave a maximal response (10 nM),
the resulting net chloride secretion was not only higher than that
could be maximally induced by VIP but was significantly greater
than predicted from the calculated sum of their individual re-
sponses (Fig. 1 C). Unindirectional ion fluxes, summarized in
Table I, showed the increase in J&., exceeds JS_, after the ad-
dition of both VIP and A23187, resulting in riet chloride secre-
tion. The increase in JS.;, induced by both VIP and A23187
was significantly greater than that induced by VIP alone, whereas
JG_, increased to the same level. Again, no change in J32,, or
JNa . was observed after addition of both VIP and A23187. It
should be noted that the change in I, could be accounted for
by net chloride secretion. The conductance of the monolayers

5 Ol Figure 2. Graded dose effect
- of A23187 on I, across Tg,
E 40 cell monolayers (grown on
(3] . .
2 collagen gels as described in
230 Methods). Each monolayer
g had a surface area of 1.98
d20 cm?. A23187 was added 25

min after mounting. Values

10 represent the change in I,

in microamperes per square

0 7 3 3 centimeter 25 min after
-LOG [A231871 (M) A2.3187 addition. Each
point represents the
mean=SE of six to eight monolayers. Only one concentration of
A23187 was added to each monolayer.
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those below the line, net absorption. Results of uni-
directional flux conductances and the number of tis-
sue pairs (n) are summarized in Table L.

80 100

increased with the addition of both VIP and A23187. When 0.3
uM A23187 was tested in combination with varying concentra-
tions of VIP, the increase in I was significantly greater than
predicted from the calculated sum of their individual responses
throughout a wide range of VIP concentrations (from 0.1 nM
to 0.1 uM) (Fig. 3).

Effect of other cAMP- and calcium-mediated secretagogues.
To test whether the potentiation phenomenon is limited to VIP
and A23187, we studied the changes in I induced by VIP or
prostaglandin E, and carbachol. The action of prostaglandin E,
in intestinal mucosal is known to be cCAMP dependent (20, 21);
while that of carbachol, calcium dependent (22). The response
to prostaglandin E; and carbachol of T, cells appears to be
qualitatively similar to those reported in isolated intestine (12).
In this study, we also observed synergism between carbachol
and VIP or prostaglandin E, actions. The peak I response of
10 nM VIP, 10 uM prostaglandin E,, and 0.1 mM carbachol
alone were 44+11, 44+6, and 34+6 uA per monolayer, respec-
tively. The combination of 0.1 mM carbachol and 10 nM VIP

70t
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Figure 3. Graded dose effect of VIP and VIP plus A23187 (3 X 107
M) on I, across Tsg4 cell monolayers (grown on collagen gels). The sur-
face area of each monolayer was 1.98 cm?. VIP, alone or in combina-
tion with A23187, was added 25 min after mounting. Values represent
the mean=SE of the changes in I, in microamperes per square centi-
meter 25 min after additions from six to eight monolayers. Only one
concentration of VIP and A23187 was added to each monolayer.

1839



or 10 uM prostaglandin E, caused a peak I, increase of 13518
uA per monolayer and 103+13 uA per monolayer, respectively
(n = 5 in all groups). These results are greater than the additive
effect and are indicative of a synergistic action.

cAMP measurements and '*I-VIP receptor binding assays

Assays for cCAMP and VIP receptors were carried out to deter-
mine whether the synergism between VIP and A23187 was re-
lated to cellular cAMP production and to confirm that the action
of VIP was mediated by cAMP. Although every attempt was
made to keep the conditions of cCAMP assays and I,. measure-
ments identical, a different binding condition of '’I-VIP binding
was necessary to optimize specific binding. After 10 min of in-
cubation with 1078 M VIP at room temperature, cAMP had
increased maximally and remained constant during the subse-
quent 30 min of incubation whereas maximal I response and
125L_VIP binding were achieved after 20 min of incubation (data
not shown). The graded dose effect of VIP on competitive binding
of '%I-VIP, cAMP production, and on the increase in I were
determined after 25-min incubations when all of them were at
their maximal levels. The results are summarized in Fig. 4. VIP
caused a dose-dependent increase in CAMP in Tg, cells. A small
increase in CAMP could be detected with 1 nM VIP and maximal
stimulation occurred with 10 nM VIP. A23187 (0.3-2.5 uM)
did not affect cAMP production in Tg, cells and the presence of
A23187 did not affect the increase in cAMP by VIP (14). The
dose-dependent curves for VIP were identical in the presence
or absence of 0.3 uM A23187, indicating that cCAMP was not
the basis for synergism and suggesting that A23187 potentiated
the action of VIP at a step distal to the production of cellular
cAMP. 'PI-VIP binding correlated well with cAMP production
and the increase in I.. Increasing concentrations of VIP in-
hibited the binding of '*°I-VIP, and increased cAMP production
and I to a very similar magnitude. The half-maximal inhibition
of '»I-VIP binding occurred with 5 nM VIP and half-maximal
stimulation of both cCAMP and /. was observed with 4 nM VIP.
The results strongly suggest that the action of VIP is mediated
by CAMP.

Rubidium efflux experiments

We have previously demonstrated that both VIP and A23187
stimulated potassium (and rubidium) efflux across the basolateral
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Figure 4. Comparison of competitive binding curve of '’I-VIP, cellu-
lar cAMP production, and I,. response at varying concentrations of
VIP. Values represent mean+SE of three to eight measurements. The
scales were adjusted to 100% for comparison. Maximal binding of '*’I-
VIP was 6.5+0.2% with nonspecific binding being 3.9+0.1%. Maximal
cAMP level was 348+51 pmol/mg of protein with basal cCAMP level
being 3+1 pmol/mg of protein. Maximal /. response was 738 uA/
cm? with basal I, being zero.
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surface of the Ty, cells and that this potassium recycling mech-
anism may be intimately involved in the chloride secretory pro-
cess (14, 23, 24). In another study, VIP was found to increase
chloride uptake and efflux across the apical membrane whereas
a similar effect was not observed with A23187 (25). This part
of the study was designed to quantitate the magnitude of potas-
sium efflux across the basolateral membrane caused by VIP and/
or A23187 and determine whether the potassium efflux across
the basolateral membrane can explain the synergistic action of
VIP and A23187. Utilizing the Ussing chamber and monolayers
preloaded with Rb*, we were able to determine simultaneously
8Rb* efflux rates across both the apical and basolateral mem-
branes of Ty, monolayers while monitoring the change in I
that reflects changes in chloride secretion. ¥Rb* was used as a
tracer for potassium transport, in part because of the difficulty
in dealing with the short half-life of “*K*, and also because pro-
longed exposure to “?K* significantly decreased the transepithlial
resistance and the integrity of the monolayers. In another study
in which K * and ®Rb* uptake and efflux were compared, the
results were quite similar, indicating that ®Rb* is a suitable
tracer for potassium in the Tg, cell line (24). Results from these
efflux studies along with the mean /. and transcellular conduc-
tance for each of two time intervals in which additions of VIP
and/or A23187 were made, are tabulated in Table II. The basal
I and changes in I in response to VIP and A23187 were similar
to previous results that indicated that chloride secretory mech-
anisms remained intact after *Rb* preincubation. Under a short-
circuited condition, the basal rate of ®Rb* efflux into the mucosal
bath was more than an order of magnitude smaller than that
into the serosal bath. The addition of 10 nM VIP or 0.3 uM
A23187 (which were added to both sides) increased the rate of
8Rb* efflux into the serosal bath by approximately twofold,
while the rate of ¥Rb* efflux into the mucosal bath was not
affected. It should be noted that at the concentration of VIP
used (10 nM, which was the concentration that gives a maximal
response), there was a significant increase in I, (which reflected
net chloride secretion) as well as an increase in the conductance
of the monolayers (which probably reflected an increase in chlo-
ride conductance). In contrast, at the concentration of A23187
used, (0.3 uM, which was the threshold concentration for a re-
sponse), the increase in I, was minimal or barely detectable and
there was no increase in the conductance of the monolayers.
These findings indicate that there was only little stimulation of
chloride secretion by A23187 at the concentration used. How-
ever, potassium efflux across the basolateral membrane was
stimulated by 0.3 uM A23187 to approximately the same level
as that induced by 10 nM VIP. We have previously shown that
a higher concentration of A23187 caused a greater increase in
potassium efflux but the magnitude of chloride secretion was
relatively small as compared to those induced by VIP, suggesting
that the chloride transport pathway on the apical membrane
may be a rate-limiting step for the action of A23187 (14). Car-
bachol, which increases free cytosolic calcium, also had a very
similar action as compared to A23187 (26). The results of this
study showed that the increase in ¥Rb* was additive in the pres-
ence of both VIP and A23187, whereas the magnitude of chloride
secretion was more than additive.

Discussion

The Ts, cells retain many receptor-mediated processes and re-
spond to a variety of secretagogues, including VIP and A23187,
by secreting chloride similar to isolated intestine (12). In this



Table II. *Rb* Efflux from *Rb* Preloaded Ts; Monolayers Mounted in the Ussing Chamber

%Rb* efflux rate constant

Experimental group Period Addition Mucosal Serosal I G
! h! wuA/em? mS/en?’
VIP (n = 4) 1 No addition 0.051+0.009 0.427+0.043 10 0.67+0.14
11 VIP 0.051+0.005 1.155+0.161* 2243* 0.83+0.09
A 0.00+0.006 0.728+0.122* 21+2* 0.16+0.08*
A23187 (n = 4) 1 No addition 0.039+0.004 0.460+0.033 1+0 0.55+0.07
11 A23187 0.045+0.009 0.964+0.146* 3+1* 0.48+0.07
A 0.0060.012 0.504+0.139* 2+1* —0.07+0.01
VIP + A23187 1 No addition 0.040+0.007 0.465+0.034 1+0 0.55+0.07
(n=4) 11 VIP + A23187 0.076+0.010 1.729+0.158* 42+4* 1.14+0.19*
A 0.036+0.004 1.264+0.131* 41+4* 0.59+0.15*

The results depicted were analyzed during two time intervals: period I between 0 and 25 min and period II between 35 and 55 min. Within each
time frame, the points were fit to straight line by the method of least squares. The slope of the line, representing the apparent rate constant for
%Rb* efflux, is shown in the Table for both apical (mucosal) and basolateral (serosal) effluxes together with the changes in I, and conductances.
The results are expressed as mean=SE of four experiments. The concentration of VIP was 10~ M, and A23187, 0.3 uM. * P < 0.05.

study we have demonstrated that the chloride secretory process
induced by VIP and that induced by a calcium ionophore,
A23187, potentiated each other. The effect of VIP appeared
to be mediated by cAMP as supported by the VIP receptor bind-
ing assay and CAMP measurement. Comparison of the effect of
VIP on '#1-VIP binding, cAMP production, and /. showed that
VIP binding correlated with cAMP production, and both the
VIP binding and cAMP production also correlated well with the
change in /.. These findings suggest that VIP binding stimulates
cAMP production and this in turn caused an increase in I
(which, in this Tg4 epithelial model, reflected chloride secretion).
In contrast, A23187 did not increase cellular cAMP production.
The action of this calcium ionophore required the presence of
extracellular calcium (data not shown). Presumably, chloride
secretion was induced by A23187 via a calcium-dependent
mechanism.

The mechanism by which VIP ((AMP) and A23187 (intra-
cellular calcium) regulates chloride transport and the basis for
their synergistic actions have been investigated in this study.
Intracellular cAMP and cytosolic calcium may interact with each
other or interact with other intracellular mediators that me-
diate or modulate their actions. On the other hand, the cAMP-
and calcium-dependent processes may occur independently.
They may stimulate different transport pathways that happen
to have cooperative interactions and are dependent on one an-
other in the chloride secretory process. Measurement of cAMP
showed that A23187 did not augment cAMP response to VIP,
suggesting that A23187 potentiates the action of VIP at a step
distal to the VIP binding and cAMP production. It is possible
that cAMP may mobilize intracellular stores of calcium (16, 27,
28). The role of intracellular calcium may be better elucidated
in the future with the availability of fluorescent probes (29, 30).
We have shown that VIP did not alter free cytosolic calcium
(31). Unfortunately, A23187 interfered with Quin-2 fluorescent
spectrofluorometry which prevented proper measurement of free
cytosolic calcium in its presence. The presence of a large calcium
gradient across the plasma membrane, under our experimental
conditions, made increased free cytosolic calcium an unlikely
mechanism by which VIP potentiated the action of A23187.
However, it is possible that A23187 may have effects on the cells

Synergism of Chloride Secretion Mediated by Calcium and Nucleotides

other than those directly associated with an increase in cytosolic
calcium. These effects may be via other secondary messengers
in the cell that were not measured in this study. After having
shown that A23187 did not augment cAMP production by VIP,
this study then sought to identify the different transport pathways
activated by VIP and A23187, and to determine whether inter-
action at the level of the transport pathways could explain the
synergistic action. The results suggest that this might be the case.

The mechanisms of chloride secretion stimulated by VIP
and A23187 appear to be different, yet they share some similarity.
VIP directly activates an apical membrane chloride transport
pathway (25), and also increases basolateral membrane potas-
sium efflux. Whether both pathways are regulated independently
by VIP, or whether the chloride transport pathway is the primary
process regulated by VIP with the increase in potassium recycling
being secondary, remains to be fully elucidated. Chloride secre-
tion induced by A23187, in contrast to VIP, appeared to be a
result of an activation of the basolateral potassium efflux pathway
alone. At lower concentrations of A23187, which barely produce
chloride secretion, stimulation of potassium efflux was clearly
evident. Direct measurement of chloride uptake and efflux, which
detected the activation of the apically localized chloride transport
pathway by VIP, could not detect the A23187 effect (25). We
postulated that the potassium efflux across the basolateral mem-
brane induced by A23187 hyperpolarized the cells and that this
increased the driving force for chloride exit across the apical
membrane. Chloride secretion occurs despite the lack of effect
of A23187 on the chloride channel because some chloride chan-
nels are open randomly at any given time.

Synergism between cAMP- and calcium-mediated chloride
secretion, at least in the case of VIP and A23187, appeared to
be a result of their stimulation of transport pathways whose ac-
tions happen to interact cooperatively. The studies discussed
above suggest that VIP and A23187 each stimulate basolateral
potassium efflux, but VIP also activates an apically localized
chloride conductance pathway. Utilizing *Rb" as a tracer for
potassium, we showed that potassium efflux induced by A23187
was additive to the potassium efflux that could be stimulated by
VIP. The additive responses of VIP and A23187 on potassium
efflux across the basolateral membrane may be explained by

1841



another study that showed that the potassium efflux pathway
stimulated by VIP was different from the pathway stimulated
by A23187. The former was more sensitive to inhibition by bar-
ium (24). The synergistic action on chloride secretion occurred
because the opening of the apically localized chloride transport
pathway (by VIP) allowed the potassium efflux induced by
A23187, which was a relatively ineffective driving force for chlo-
ride secretion by itself, to become an effective driving force. This
driving force induced by A23187 is relatively ineffective in the
absence of VIP, because the chloride exit pathway became rate
limiting. According to this study, synergism is therefore a result
of the cooperative interaction between the opening of the chloride
exit pathway on the apical membrane and the potassium exit
pathways on the basolateral membrane.
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