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Abstract

Escherichia coli heat stable enterotoxin (ST.) caused Cl- se-
cretion across T84 cell monolayers in a dose-dependent manner
only when applied to the apical membrane surface and not
when applied to the basolateral surface. Measurement of
cAMP, cGMP, and free cytosolic Ca2l in response to STa
suggested that cGMPalone mediated the Cl- secretory re-
sponse. Studies utilizing blockers of the Na+,K+-ATPase
pump, a Na+,K+,ClI cotransport system, a K+ channel, and a
Cl- channel suggest that all of them participate in the Cl-
secretory process induced by ST.. The results suggest that the
Cl- secretory response induced by STa is mediated by cGMP
after the enterotoxin binds to its receptor on the apical mem-
brane. The enterotoxin, by increasing cGMP, opens a K+
channel on the basolateral membrane as well as a Cl- channel
on the apical membrane. The activation of these ion exit mech-
anisms, together with activations of the Na+,K+,Cl- cotrans-
porter and the Na+,K+-ATPase pump drives Cl- exit through
the Cl- channel on the apical membrane.

Introduction

Escherichia coli heat stable enterotoxin (STa)' causes intestinal
secretion of fluid and electrolytes and an increase in cellular
cGMPlevels (1, 2). Studies by other investigators suggest that
cGMPis the secondary messenger mediating the secretory re-
sponse induced by the enterotoxin (3-6). The mechanism of
action beyond the step of cGMPformation, including the
transport pathways involved in the secretory process, has not
been fully elucidated. Evidence in the literature suggests that
cGMPinhibits a "neutral" Na+,Cl- absorptive process, and
stimulates an "electrogenic" Cl- secretory mechanism (4-6).
Our laboratory has utilized a cultured human colonic epithe-
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1. Abbreviations used in this paper: F0, fluorescence in absence of
calcium; F,, fluorescence in saturating calcium; ISC short circuit cur-
rent; ST., E. coli heat stable enterotoxin; VIP, vasoactive intestinal
polypeptide.

lial cell line, T84, as a model system to study colonic secretion
(7-18). The cell line, derived from a lung metastasis of a
human colonic carcinoma, resembles crypt cells morphologi-
cally (7, 8) and secretes C1- in response to a variety of secreta-
gogues whose actions are mediated via cAMP- or Ca2"-related
mechanisms (7, 9-14, 17, 18). The T84 cell line is a secretory
cell line without absorptive function and thus may allow better
elucidation of the secretory mechanism. Previous studies indi-
cate that C1- secretion across T84 cell monolayers results from
a coordinated interaction of four transport pathways: (a) The
Na+,K+-ATPase pump which provides the driving force, (b) a
Na',K+,Cl- cotransport system that serves as the C1- uptake
pathway (9, 11, 13), (c) A K+ channel that serves to recycle the
K+ (10, 11, 13, 15), and (d) A C1- channel that serves as the
Cl- exit step (11, 16). The first three pathways are located
basolaterally while the Cl- exit channel is located apically.
Regulation by secretagogues is at the K+ and/or Cl- channels
(10-13, 15, 16). These channels are regulated directly and in-
dependently of the Na+,K+,Cl- cotransporter or the Na+,K+-
ATPase pump. cAMP(vasoactive intestinal polypeptide, VIP,
or PGEI) opens both the apically localized Cl- channel as well
as a basolaterally localized K+ channel. On the other hand,
Ca2` (carbachol) opens another type of K+ channel on the
basolateral membrane and we could not detect opening the
apical Cl- channel with the technique we used. The interaction
between these two different mediators (cAMP and Ca2+) re-
sults in a synergistic action that promotes increased C1- secre-
tion (12, 13). Because STa, which increases cGMP, may acti-
vate C1- secretion by a mechanism different from that acti-
vated by cAMP or Ca2+, we decided to investigate the
mechanism of action of STa and compare the results with
cAMP- or Ca2+-mediated secretory responses.

Methods

Growth and maintenance of T84 cells, preparation of the collagen-
coated (Nuclepore, Pleasanton, CA) filters, transepithelial electrolyte
transport studies, 86Rb+ effilux from monolayers mounted in Ussing
chambers and extraction and measurement of cAMP followed the
procedures previously described (9-11, 15, 16). Extraction and mea-
surement of cGMPused similar procedures as those described for
cAMP except that cGMPstandard and cGMPantisera from New
England Nuclear (Boston, MA) were used instead of the cAMPstan-
dard and cAMP antisera. The antisera were specific for cAMP or
cGMPand there was no cross-reactivity (see Results).

Short-circuit current and transepithelial chloride transport studies.
Although the detailed methodology has been described repeatedly else-
where, it appears appropriate to define the short-circuit current (I,, ) for
readers. Our experiments were carried out across T84 monolayers
mounted between two fluid-filled reservoirs (Ussing chambers) that
allowed active transport mechanisms to occur unimpeded while elimi-
nating passive forces that might confound the observation. I,. is the
electrical current needed to nullify the electrical potential differences
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(P.D.) resulted from active transport of ions; the I,,, maintained the
P.D. at zero. In our experimental system, P.D. across T84 cell mono-
layers have been shown to result from the transepithelial secretion of
chloride ions since they are the only ions transported transcellularly by
T84 cells. Cl- ions carry negative charges with them. Hence, the
amount of Cl- secreted can be easily quantitated by recording the
electrical current (I4) needed to nullify the electrical charges carried by
Cl- ions from one reservoir to another. For practical purposes readers
can equate I4, with Cl- secretion in this series of studies. Results in
Table I support our conclusion in this regard.

Radionuclide efflux and uptake studies. Bumetanide-sensitive and
insensitive 86Rb+ efflux, bumetanide-sensitive 86Rb+ uptake and 'Cl-
uptake were studied to determine the effect of STa on specific ion
transport pathways. Radionuclide uptake or efflux was assayed using
replicate confluent monolayer cultures of T84 cells attached to 35 mm
culture dishes.

Bumetanide-sensitive and insensitive 86Rb+ efflux was assayed in
the presence of 0.5 mMouabain as described previously ( 15) to deter-
mine whether the K+ channels and/or the Na+,K+,ClP cotransporter
were activated. Confluent monolayer cultures of T84 cells were loaded
to steady state with 86Rb+ by incubation for 4 h in buffer containing
138 mMNaCl, 10 mMHepes-Tris, pH 7.4, 10 mMglucose, 2 mM
RbC1, 1 mMMgCl2, and 0.25 ACi/ml 86Rb+. The monolayers were
washed and incubated with buffer containing 140 mMcholine chlo-
ride, 10 mMHepes-Tris, pH 7.4, 1 mMMgCl2, and 0.5 mMouabain
for 1 h. Effluxes were initiated by aspirating this buffer and adding
buffer containing 140 mMNaCl, 10 mMHepes-Tris (pH 7.4), 1 mM
MgCl2, and 0.5 mMouabain with or without 0.1 mMbumetanide and
with or without STa or VIP. Effluxes were stopped after 15 and 30 min
by washing rapidly four times with ice-cold 100 mMMgC12 10 mM
Hepes-Tris, pH 7.4.

Bumetanide-sensitive 86Rb+ uptakes were determined in the pres-
ence of ouabain as described previously (9) to assess whether the
Na+,K+,Cl- cotransport pathway is directly activated by STa. The cells
were first incubated in KCl buffer for 1 h followed by incubation in
isotonic sucrose buffer (241 mMsucrose, 10 mMHepes-Tris, 1 mM
MgCl2) containing 0.5 mMouabain for 1.0 h. This double preincuba-
tion procedure eliminated Na+,K+ ATPase activity as well as removing
all extracellular ions while maintaining relatively high cellular K+
concentrations (9, 16). 86Rb+ uptakes were determined after prestimu-
lating the cells with STa in sucrose buffer by aspirating the preincuba-
tion buffer and replacing it with uptake buffer (135 mMNaCl, 10 mM
Hepes-Tris, pH 7.4, 5 mMKC1, 1 mMMgCl2) containing 2 MCi/ml
86Rb+ with or without 0.1 mMbumetanide. The initial rate of 86Rb+
uptake under these conditions is largely (> 95%) bumetanide sensitive
and Na+ and Cl- dependent (9). Both 86Rb+ and 3Cl- uptakes were
terminated using the MgSO4/sucrose wash procedure described pre-
viously (9, 11, 15, 16).

The initial rate of 3C1 uptake mediated by the Cl- channel was
estimated using a modification of the method originally reported to
test whether the Cl- channel is opened directly by STa (16). An exam-
ple of the method is shown in Fig. 1. Replicate, confluent monolayers
of Tg4 cells were preincubated in KCl buffer (140 mMKCI, 10 mM
Hepes-Tris, pH 7.4, 1 mMMgCI2). After 1 h intracellular K+ and Cl-
concentrations approached 140 and 100 mM, respectively (16). The
cells were stimulated with either STa or VIP by preincubating for the
stated times in KCI buffers containing given concentrations of these
effectors. 36C1- uptake was assayed by aspirating this preincubation
buffer and replacing it with K gluconate buffer (140 mMK gluconate,
10 mMHepes-Tris, pH 7.5, 1 mMMggluconate) containing 1 ,Ci/ml
36CI- (1.2 mMfinal 36CI-). Under these conditions a transient Cl-
diffusion potential is created that favors uptake of 36CL- through an
electrogenic (i.e., channel) mediated mechanism (19). When the cells
have been stimulated with effectors that open the apically localized C1-
channels, the time course of 36CI- uptake is biphasic reaching a peak
after 90 s and declining to control values within 6 min. Uptakes are
linear during the first 30 s. Triplicate values determined after 5, 15, and
30 s. in the absence of effectors were used to extrapolate zero time
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Figure 1. Stimulation by VIP of dilution potential-induced 36CI- up-
take. Replicate confluent monolayer cultures of Tg4 cells on 35 mm
culture plates were incubated for 1.5 to 2 h in KCl buffer (140 mM
KC1, 10 mMHepes-Tris, pH 7.5, 1 mMMgC12). The monolayers
were then incubated an additional 15 min in this KCl buffer in the
presence (o) or absence (o) of 10-7 MVIP. 36C1- uptakes were initi-
ated by aspirating the preincubation buffer and replacing it with K
gluconate buffer (140 mMK gluconate, 10 mMHepes-Tris, pH 7.5,
1 mMMggluconate) containing 1 UCi/ml 36C1- (1.64 mMfinal
36C1- in this experiment). Uptakes were terminated at the given
times by washing rapidly (within 5 s) four times with 2 ml ice-cold
MgSO4-sucrose buffer (137 mMsucrose, 100 mMMgSO4, 10 mM
Hepes-Tris, pH 7.5). (A) Points are the average of duplicate determi-
nations and bars the range. (B) Points are the mean of quadruplicate
determinations and bars are the standard deviation from the mean.

background levels by linear regression (< 20%of the control 30-s time
values). Uptakes determined after prestimulation by effectors were
terminated after 15 and 30 s in duplicate. After subtraction of zero
time values, and correction for the time increment, these values were
averaged. This method insured that initial rates of uptake were mea-
sured. Linear regression of the data always gave values of r > 0.92.

Measurement offree cytosolic Ca 2+. The method for free cytosolic
calcium ([Ca2+]i) measurement follows that described by Tsien et al.
(20, 21) with some modifications. T84 monolayers were plated and
grown as described previously. Monolayers were rinsed free of culture
media and then incubated for 15 min at room temperature in cal-
cium-free Ringer's solution, buffered with 30 mMHepes containing
1.0 tM Fura-2/AM. 5 vol of identical Ringer's buffer containing cal-
cium and Fura-2/AM (1.2 mMand 1.0 ,M, respectively) were then
added, and the incubation continued for an additional 75 min at 37°C.
After the loading incubation, the entire ring assembly was incubated
for 15 min at 37°C in the buffer used for fluorescence measurements.
This buffer contained: NaCl 137.0 mM, KCI 5.4 mM, CaCl2 1.0 mM,
KH2PO40.4 mM,MgCl2 0.5 mM,MgSO40.4 mM,NaHCO34.2 mM,
Na2HPO40.3 mM,Hepes 10.0 mM,and glucose 0.6 mM,with the pH
adjusted to 7.4 with NaOH. The final incubation step served to remove
any dye remaining outside the cell or in contact with the cell mem-
brane.

Fluorescence measurements were carried out in a fluorescence
spectrophotometer (model 650-1OS; Perkin-Elmer, Norwalk, CT). Ex-
citation monochromator settings were 340 and 380 nm with a slit
width of 5 nm. Emitted light was collected through a 495-515-nm
interference filter with an emission slit of 10 nm. Monolayers were
mounted for measurement as follows: the Nuclepore filter holding the
monolayer was peeled off the Lexan ring and attached to a polystyrene
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support, which was then placed in a standard 10-mm cuvette. The
polystyrene support, with the attached monolayer, was exposed to the
same buffer in the cuvette on both the apical and basolateral sides.
Orientation of the monolayer within the cuvette itself was 450 to the
excitation beam and angled 10-20° from the vertical plane to mini-
mize the interference from reflected excitation light. Excitation mono-
chromator settings were changed manually every 10 s with the wave-
length drive control.

Free cytosolic calcium levels were calculated from the equation
[Ca2+], = Kd(Fo/F,)[(R - Ro)/(R, - R)], where Kd is 224 nm, F0 is the
fluorescence at 380 nm in the absence of calcium, F, is the fluorescence
at 380 nm in saturating calcium, and the experimental ratio, R, is
obtained by dividing the fluorescence at 340 nm by that at 380 nm
after subtracting the respective autofluorescence levels. Ro is the ratio
of the signal at 340 nm to the signal at 380 nm in the absence of
calcium and R, is the ratio at saturating calcium. Autofluorescence for
individual monolayers was measured at the end of each experiment
after the addition of 1 mMMnCl2 and ionomycin (10 ug/ml) to the
buffer to allow the Mn2+ to enter the cells and quench the dye signal.

Materials. All radionuclides, cyclic AMP, and cyclic GMPantisera
were obtained from NewEngland Nuclear, Boston, MA. STa was pre-
pared and purified by one of the authors, Dr. Ralph Giannella, ac-
cording to the procedure previously described (22-24). Bumetanide
was a gift from Dr. P. W. Feit of Leo Pharmaceutical Products, Bal-
lerup, Denmark. Barium chloride dehydrate was purchased from J. T.
Baker Chemical Co., Phillipsburg, NJ. Ouabain was from Fluka
Chemical Corp., Hauppauge, NY. 5-Nitro-2-(2-phenylpropylamino)-
benzoic acid was a gift from Dr. R. F. Greger of Physiologisches Insti-
tut, Universitat Freiburg, Freiburg, FRG. Carbachol was from ICN
Biochemicals, Cleveland, OH. VIP was a gift from Dr. Jean Rivier of
the Salk Institute, La Jolla, CA. Fura-2/AM and Fura-2 pentapotas-
sium salt were purchased from Molecular Probes, Inc., Eugene, OR.
Ionomycin was purchased from Calbiochem Biochemicals, La
Jolla, CA.

Statistical analysis. Student's t tests were used as indicated (25).

Results

Stimulation of net CL secretion across T84 monolayers by ST,.
The addition of 2.5 X l0-7 M STa to the mucosal bathing
solution caused an immediate increase in the I, which
reached a peak 30 to 35 min after addition and remained near
maximal throughout the study period. Serosal addition of STa
had no effect (Fig. 2). The IS, response to STa was dose depen-
dent with the threshold stimulation occurring at 10-8 M, and
the maximal response at 5 X l0-' M(Fig. 3). Half maximal
stimulation occurred at 4 X 10-8 M. Since our supply of ST.
was limited, a concentration of 2.5 X l0-' M, which gave a
near maximal response, was selected for subsequent studies
unless otherwise indicated.

Unidirectional Na+ and Cl- flux results are summarized in
Table I. The time course of these data correspond to the time
course of I,, illustrated in Fig. 2. In the basal state, net flux of
Na+ and Cl- and IS, remains at or near zero for more than 100
min (9-14, and Table I, group I). Following the addition of 2.5
X 10' MST0, an increase in net chloride secretion was ob-
served and totally accounted for changes in IS, (Table I, group
II). No change in the unidirectional fluxes of Na+ was observed
after the addition of ST.. In contrast, both the serosal to mu-
cosal and mucosal to serosal Cl- fluxes increased, with the
former being consistently greater, thus resulting in net Cl-
secretion (Table I, group II).

Because of the increase in monolayers' conductance after
the addition of ST., questions arise as to whether ST. increases
paracellular permeability. Mannitol fluxes were, therefore,

15- Figure 2. Time course of I,, re-

sponse to E. coli heat stable
enterotoxin (STa) by Tg4

10- monolayers mounted in the
E X Ussing chamber. As shown in

STa Table I, I, reflects net Cl- se-
5- INHIBITORS cretion across T& monolayers.

STa was added to the mucosal
reservoir except for the serosal

, 0, , experiment (o) at 45 min after
0 20 bTIME (m) 8 10 mounting. Bumetanide or bar-

ium chloride, if added, were to
the serosal reservoir, while 5-nitro-2-(2-phenylpropylamino)-benzoic
acid was added to the mucosal reservoir. All inhibitor additions were
made at 25 min after mounting. The results shown are from the
same monolayers in Table I, except for 5-nitro-2-(2-phenylpropyla-
mino)-benzoic acid experiment for which n = 4 and for the serosal
addition of ST0 for which n = 3. All three monolayers in which ST0
was added serosally responded subsequently to mucosal addition
with similar results as the group shown here for ST0 alone. The con-
centration of ST0 in all groups was 0.25 uM. Addition of 0.1 mMbu-
metanide (a) or 3 mMbarium (-) or 0.1 mM5-nitro-2-(2-phenylpro-
pylamino)-benzoic acid (i) significantly reduced ST0-induced I4, re-
sponse as compared to that of ST0 alone (.). At 3 mM, precipitation
of barium was visible. Precipitation of barium occurs at concentra-
tions of 3 and 10 mM. Therefore, the concentrations were overesti-
mated at these concentrations. 5-Nitro-2-(2-phenylpropylamino)-
benzoic acid also inhibited the ST.-induced increase in cGMP.
Thus it is unclear whether its ability to inhibit the I. induced by ST0
was attributable to its effect on the Cl- channel or its effect on cGMP.

carried out as reported previously (8) over the same time frame
as for Na' and Cl- fluxes. There was no significant changes of
mannitol flux after the addition of ST0: J;a:s,,to0 and Js -mnto
were 0.002±0.001, 0.003±0.001 gmol/h * cm2, respectively, in
period I-II (prior to the addition of 2.5 X 10'- MST.) and
0.003±0.002, 0.003±0.003 1umol/h cm2 in period III (after
the addition of ST0, n = 3 pairs).

Another question that arose was whether the increase in
monolayer's conductance was reversible. WhenST0 antibodies
were used to reserve ST0's action in another study (26), mono-
layers conductance was also reversed to control level in 30 min
(ST0 antibodies reversed 97±3% of ST.-induced increase in I.,
and 93±7% of ST0-induced increase on conductance in that
study, n = 3). In another experiment the bathing media were
replaced with ST0-free media after ST0 had induced an increase
in IC and conductance. 30 min after washing 88±7% of ST0-
induced increase in I4, and 62±19% of ST.-induced increase in

15- a Figure 3. Graded dose effect of
STa on the changes in I,,. As

10- _/^ shown in Table I, I,, reflects
net Cl- secretion across T84

II monolayers. T84 monolayers
i' 5- / were mounted in the Ussing

chamber and STa was added to
0- , ,^ i 6 the mucosal reservoir at the

-LOGESTaJ (M) concentration indicated. Only
one addition was made to each

monolayer. The results are the mean±SE of the peak change in the
I4, within 35 min after addition of STa and were obtained from four
experiments at each concentration.
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Table L Unidirectional Na' and Cl- Flux in Response to E. coli Heat Stable Enterotoxin (STa)

Experimental Flux
Group condition period J0, J4m JN' P J.. JA2, I. G

jeq h-*cmm2c-2 eq- h-'.* cm-2 mS.cm 2

I (n = 4) No addition 1 0.32±0.03 0.27±0.04 0.05±0.03 0.40±0.03 0.43±0.03 -0.03±0.03 0.02±0.00 0.46±0.07
No addition II 0.29±0.05 0.27±0.04 0.02±0.02 0.33+0.02 0.36±0.05 -0.03±0.05 0.02±0.00 0.44+0.07
No addition III 0.27±0.04 0.31±0.04 -0.04±0.04 0.31+0.02 0.41±0.08 -0.10±0.03 0.02±0.00 0.48±0.06

II (n = 5) No addition I 0.28±0.07 0.30±0.05 -0.02±0.06 0.48±0.07 0.44±0.07 0.04±0.11 0.03±0.01 0.54±0.06
No addition II 0.40±0.05 0.30±0.04 0.10±0.03 0.46±0.05 0.43±0.05 0.03±0.06 0.04±0.01 0.56±0.08
ST. III 0.30±0.05 0.39±0.05 -0.09±0.06 0.84±0.05t 1.38±0. lot -0.53+0.07t 0.47±0.041 0.98±0.15t

III (n = 4) No addition I 0.26±0.04 0.20±0.05 0.06±0.04 0.32±0.04 0.34±0.04 -0.02±0.05 0.02±0.00 0.47±0.07
Bumetanide II 0.30±0.03 0.38±0.04 -0.08±0.04 0.36±0.05 0.45±0.03 -0.09±0.06 0.03±0.01 0.55±0.05
Bumetanide plus ST, III 0.31±0.05 0.36±0.01 -0.05±0.06 0.41±0.07* 0.59±0.04* -0. 18+0.03* 0.12±0.0lt * 0.80±0.05t

IV (n = 5) No addition I 0.29±0.06 0.29±0.06 0.00±0.04 0.40±0.03 0.34±0.07 0.06±0.06 0.03±0.00 0.48±0.08
BaCd2 II 0.38±0.05 0.29±0.07 0.08±0.03 0.45±0.05 0.39±0.06 0.06±0.02 0.02±0.00 0.49±0.07
BaC12 plus ST, III 0.28±0.05 0.22±0.06 0.06±0.05 0.79+0.06t 0.85±0.05t * -006+0.05* O.lO±O.Olt * 0.69±0.07

Results are expressed as mean±SE. The number of paired monolayers for each experimental group, (n), is indicated in parentheses. Period I is the average of two
consecutive 5-min flux periods starting 15 min after mounting and addition of isotope to the Ussing chambers, and ending just before addition of inhibitors ( 15-25
min). Period II is the average of two consecutive 5-min flux periods starting 10 min after the addition, if made, of bumetanide or BaCI2 (35-45 min). Period III is
the average of two consecutive flux periods, one 5-min period and one 10-min period, starting 25 min after addition of ST. (70-85 min). The concentration of ST.
was 0.25 ,M; bumetanide, 0.1 mM; and BaC2, 3 mM. tp < 0.05 with Student's unpaired t test as compared to the same period in group I (control). * P < 0.05
by Student's unpaired t test as compared to the same period in group II (ST. alone).

conductance were reversed (n = 7). Repeat washing tended to
increase monolayer's conductance and might cause a lesser
degree of reversal in conductance.

Inhibition of STa-stimulated Ct secretion by specific inhib-
itors of membrane transport. Wehave previously shown that a
loop diuretic, bumetanide, inhibits the basolaterally localized
Na',K+,Cl- cotransport system in the T84 cell line (9). This
transport pathway serves as the Cl- uptake pathway and its
inhibition by bumetanide results in a reversal or inhibition of
Cl- secretion mediated by cAMPor Ca2+ (9, 11, 13). There-
fore, bumetanide was used to test the involvement of this
cotransport pathway in the Cl- secretory process activated
by STa.

Serosal addition of 10-4 Mbumetanide inhibited the ac-
tion of ST8 while mucosal addition has little or no effect. As
was the case for VIP- and PGEI-induced Cl- secretion, bumet-
anide incompletely inhibited the action of STa. At 10-4 M
bumetanide, added 20 min before addition of STa, - 20% of
the peak I,, induced by STa persisted (Fig. 2). In the presence of
bumetanide, the time course of the response to STa showed
that the late effect of ST,, rather than the initial effect, was
inhibited. Thus the time course of the response was shorter in
duration, reaching a peak within 10 min. Unidirectional Na+
and Cl- fluxes in the presence of bumetanide are summarized
in Table I, group III. 10-4 Mbumetanide significantly reduced
the STa-induced increases in serosal to mucosal as well as mu-
cosal to serosal Cl- flux resulting in reduced net Cl- secretion
with a corresponding decrease in ISC. Bumetanide, by itself,
had no effect on the basal Na' or Cl- fluxes (group III, period
II). Bumetanide also reversed the action of STa when added
after STa had elicited a response (data not shown).

Barium, a K+ channel blocker, has been found to inhibit
Cl- secretion in a number of epithelia (10, 27, 28). In T84 cells,
barium inhibits a K+ recycling mechanism on the basolateral
membrane. A K+ exit mechanism is intimately involved in the
Cl- secretory process mediated by cAMPor Ca2" and appears
to serve as a site regulated by a number of secretagogues (10,

11, 13, 15). Therefore, barium was used to test whether Cl-
secretion induced by ST. required the same K+ recycling
mechanism. Wefound that BaCl2 added serosally inhibited the
increase in IC induced by STa, while mucosal addition had
little or no effect. At a concentration of 3 mM, 80% of the
effect of ST8 was inhibited (Fig. 2). The results of unidirec-
tional and net Na+ and Cl- fluxes, summarized in Table I,
group IV, confirm that barium inhibited net Cl- secretion.
Similar to bumetanide, barium by itself had no effect on basal
I, or on unidirectional Na+ and Cl- fluxes (see group IV,
period II). In contrast to bumetanide, barium had little effect
on the increase in mucosal to serosal Cl- movements induced
by ST.. Unidirectional Cl- fluxes in both directions were in-
creased by STa regardless of the presence of barium, while net
Cl- flux was reduced to near zero. The inhibitory effect of
barium on the action of ST8 was reversible. Barium also re-
versed the action of ST8 when added after ST8 had elicited a
response (data not shown). Other putative K+ channel
blockers including apamin (10-6 M), tetraethylammonium
chloride (10-2 M), and 4-aminopyridine (10-2 M) did not ex-
hibit an inhibitory effect. Quinidine (3 X 10-4 M) caused a rise
in IC before exerting an inhibitory action. The results are simi-
lar to those observed with secretagogues such as VIP or PGEI,
which increase cellular cAMPlevels.

Ouabain, a Na+,K+-ATPase inhibitor, also inhibited and
reversed ST8-induced ISC when added to the serosal reservoir at
a concentration of 10-4 M. Whenouabain was added after ST8
had elicited a response, - 80% inhibition was observed 20-25
min after the addition of ouabain and 85 to 90% inhibition at
45 min. Similar results were obtained with ouabain pretreat-
ment (data not shown).

5-Nitro-2-(2-phenylpropylamino)-benzoic acid, an anthra-
cene derivative, is a recently developed potent blocker of the
Cl- channel. This Cl- channel blocker, which was tested ini-
tially in the thick ascending limb of the loop of Henle (29), is
much less effective in the T84 cells requiring 1 0' Mto cause
significant inhibition of Cl- secretion. 5-Nitro-2-(2-phenyl-
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propylamino)-benzoic acid did inhibit ST.-induced ISC when
added to the mucosal reservoir at a relatively high concentra-
tion of IO-' M(Fig. 2). This putative Cl- channel blocker also
reversed the I,, induced by ST8 when added after ST. had
elicited a response (data not shown). Unfortunately, at the
concentration of the agent used in this study, 10-4 M, the
compound partially inhibited the rise in cellular cAMP in-
duced by VIP and the rise in cellular cGMPinduced by STa
(unpublished observations) and caused the results to be incon-
clusive. Any conclusion related to 5-nitro-2-(2-phenylamino)-
benzoic acid's effect in blocking C1- secretion must remain
inconclusive as long as it is unknown as to what extent the
inhibition is due to an effect on the Cl- channels or due to an
effect on cGMP.

Evidence for STa-induced K+ efflux on the basolateral
membrane, and its similarity to a cAMP-induced effect. To
verify the existence of a K+ efflux pathway and to test if bar-
ium inhibited this process, monolayers were preloaded with
86Rb+ (as a tracer for K+) and mounted in the Ussing chamber.
This method allows the measurement of 86Rb+ efflux across
both the apical and basolateral surfaces while Cl- secretion, as
reflected by the I, is simultaneously monitored (10, 11, 13).
The apparent first order rate constants, along with the mean IS
and conductance of the monolayers for each time interval in
which additions were made, are shown in Table II. In the basal
state, the rate of 86Rb+ efflux into the mucosal bath was

10 to 20-fold less than that into the serosal bath. The addi-
tion of ST8 increased the rate of 86Rb+ efflux into the serosal
bath by approximately two-fold, while the amount of 86Rb+
efflux into the mucosal bath remained small. The increase in
basolateral membrane 86Rb+ effilux rate was totally inhibited
by the prior addition of 3 mMbarium to the serosal bathing
medium. 3 mMbarium had no effect on 86Rb+ efflux in the

basal state. Net Cl- secretion induced by ST., as indicated by
the IS was also inhibited by barium. The graded dose effect
for the inhibition of STa-induced I,, by barium is shown in Fig.
4. This effect is identical to that seen with barium inhibition of
VIP- or PGE1-induced I,, (10, 11), but differs from the inhibi-
tory action of barium on A23187- or carbachol-induced I,.
The I,, response of A23 187 is more resistant to barium inhibi-
tion, while the I,, response of carbachol is totally unaffected to
barium (10, 13). It should be noted that at concentrations of 3
mMor above, barium precipitated in the solution and there-
fore the effective concentration was lower than indicated.

We then quantitated the magnitude of 86Rb+ efflux in-
duced by a combination of STa and carbachol as well as by ST8
and VIP (Table III). An additive effect between ST8 and either
VIP or carbachol would confirm that the compounds act via
different pathways while the lack of an additive effect would
suggest that they act via the same pathway. 86Rb+ efflux in-
duced by the combination of ST8 and carbachol was additive,
while 86Rb+ efflux induced by the combination of ST. and VIP
was not different from 86Rb+ efflux induced by ST. or VIP
alone (Table III). These findings suggest the presence of two
different types of K+ efflux pathways, one activated by ST. or
VIP, and the other activated by carbachol. The former is sen-
sitive to barium as described above and previously (10), while
the latter is less so (13). In addition, the increase in I,, induced
by the combination of STa and carbachol was greater than the
predicted additive response (potentiated), while the increase in
I induced by ST8 and VIP was less than additive and approx-
imated that induced by VIP alone (Table III). At a concentra-
tion of VIP (10-8 M) that gave a maximal response, 10-6 M
ST. caused no further increase in ISC. Likewise, 10-8 MVIP
added to 10-6 MST8-pretreated monolayers brought the peak
I4, from 15.0±1.0 gA/cm2 to 26.5±2.5 tzA/cm2, an I,, level

Table I. 86Rb+ Efflux in Response to E. coli Heat Stable Enterotoxin: Inhibition by Ba2"

'Rb+ Efflux rate constant
Experimental

Group condition Period Serosal Mucosal iG

h h peq h-'.cm-2 mS. cm2

I (n = 4) No addition 1 0.57±0.01 0.08±0.03 0.02±0.01 1.0±0.2
No addition 2 0.59±0.04 0.10±0.05 0.02±0.01 0.8±0.1
No addition 3 0.54±0.10 0.03±0.01 0.02±0.01 0.7±0.1

II (n = 10) No addition 1 0.58±0.06 0.03±0.01 0.03±0.01 1.0±0.1
No addition 2 0.67±0.06 0.04±0.01 0.03±0.01 0.8±0.1
STa 3 1.22±0.26* $ 0.10±0.02* * 0.47±0.01* 0.9±0.1§

III (n = 4) No addition 1 0.57±0.10 0.07±0.01 0.04±0.01 1.1±0.1
BaCQ2 2 0.54±0.10 0.04±0.01* 0.07±0.04 0.9±0.1
ST. and BaCQ2 3 0.44±0.12 0.07±0.02 0.11±0.02* 1.0±0.1§

Rubidium effiluxes across the basolateral (serosal) and apical (mucosal) membranes were measured in the Ussing chamber using monolayers
preloaded with 86Rb+. Samples were obtained from the bathing media every 5 or 10 min with appropriate replacement. Results are expressed as
mean±SE of the number of experiments, (n), in each group. ST., if added, was at 45 min after mounting and BaCl2 was at 25 min. The con-
centration of ST. and BaCh2 were 0.25 uMand 3 mM, respectively. The efflux period 1 represents the average of two consecutive 5-min inter-
vals before the addition of BaC12, if added (15-25 min after mounting). Period 2 represents the average of two consecutive 5-min intervals
starting 10 min after the addition of BaCl2, if added (35-45 min after mounting). Period 3 represents the average of two consecutive periods,
one 5-min and one 10-min period, 25 min after the addition of ST. (70-85 min after mounting). Corresponding short circuit (IQ) which reflects
net Cl- secretion and conductance (G) are shown. The monolayers were calculated to contain about 742 nMof K+ using 86Rb+ as a tracer at
the beginning of the experiment. * P < 0.05 by Student's paired t test as compared to period I of the same group. * P < 0.05 by Student's un-

paired t test as compared to the same period in group I. I P < 0.05 for AGbetween period 3 vs. period 2 as compared to AGin group I.
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Figure 4. Graded dose ef-
10- fect of barium for inhibi-

C. \rtion of STastimulated I,.E I\ IA. reflects net Cl- secretion

^ 5- across Ts monolayers.
o Varying concentrations of

barium were added sero-
Do1sally 15 min after mount-

0 H"
O-4 5i 3 2 ing. 0.25 AMST. was

-LOG [BARIUM] (M) added to the mucosal reser-
voir at 35 min after mount-

ing following the barium pretreatment. The results are expressed as
the peak change in the I,, observed within 35 min after STa addition
and represent the mean±SE of four experiments in each group. Only
one concentration of barium was tested in each monolayer. Precipi-
tation of barium was observed at concentrations of 3 and 10 mM.
Therefore, the concentration of barium chloride in the solution is
overestimated at these concentrations.

similar to that induced by 10-8 M VIP alone (28.0±1.0
MA/cm2). The above findings regarding the action of STa and
carbachol were similar to those reported previously for PGEI
and carbachol (11) or VIP and A23187 (12).

A complimentary study was carried out with 86Rb+-pre-
loaded monolayers grown on culture dishes as described pre-
viously (15). In these studies, 86Rb+ efflux was quantitated in
the presence of ouabain with or without bumetanide. The
study allowed us to determine if the increase in 86Rb+ efflux is

dependent on the Na',K+,Cl- cotransport mechanism and the
Na',K+-ATPase pump. The findings are summarized in Fig. 5.
Similar increases in 86Rb+ efflux were observed with 2.5 X IO-'
MSTa in the presence of ouabain alone or in the presence of
ouabain and bumetanide. The other words, the bumetanide
sensitive effluxes, which represent effluxes of 86Rb+ via the
Na',K+,Cl- cotransport carrier, were not affected by ST5.
Therefore, the increase in 86Rb+ efflux induced by STa must
have occurred via another transport pathway, most likely that
K+ channel. Taken together, our results suggest that STa acti-
vates a K+ transport pathway which is sensitive to cAMP, but
not the one which is sensitive to Ca2+. The results also suggest
that the opening of the K+ transport pathway is an effect of
STa independent of the Na+,K+,Cl- cotransport pathway and
the Na+,K+-ATPase pump.

Uptake studies. Uptake studies were carried out for two
purposes. First, 36C1- uptakes were performed to test whether
the Cl- channel is opened by the STa and if so, how the mag-
nitude of this effect compared with that produced by VIP.
Second, 86Rb+ uptakes were assayed, in the presence of oua-
bain with or without bumetanide, to reassess whether the
Na+,K+,Cl- cotransporter pathway is directly activated
by STa.

For the first purpose, initial rates of 36C1- uptakes were
determined under conditions that favor the uptake of 36C1-
through Cl- channel mediated processes. Dose-dependent ac-
tivation of the apical-localized Cl- channel by VIP can readily
be detected using this method. Similarly, application of ST.

Table III. 86Rb+ Efflux in Response to E. coli Heat Stable Enterotoxin: Additive Effect of Carbachol

56Rb+ Efflux rate constant

Group Experimental condition Period Serosal Mucosal I, G

h .eq h-'1cmn2 mS.Cm2

I No addition 1 0.65±0.10 0.03±0.01 0.04±0.02 0.66±0.06
STa 2 1.21±0.29* 0.09±0.03 0.37±0.02* 0.75±0.06

Av 0.66±0.19 0.06±0.02 0.33±0.02 0.09±0.03
II No addition 1 0.55±0.09 0.03±0.01 0.03±0.01 0.93±0.31

Carbachol 2 0.95±0.10* 0.06±0.02 0.13±0.02* 0.83±0.26
A 0.40±0.03 0.03±0.02 0.10±0.01 -0.10±0.05

III No addition 1 0.66±0.07 0.05±0.01 0.05±0.02 0.78±0.21
Carbachol and STa 2 1.66±0.26* 0.09±0.01 1.00±0.08* 1.08±0.66*

A 1.00±0.20 0.04±0.02 0.95±0.07 0.30±0.07
IV No addition 1 0.68±0.11 0.05±0.02 0.04±0.02 0.66±0.07

VIP 2 1.09±0.13* 0.11 ±0.02* 0.62±0.06* 0.86±0.06*
A 0.41±0.13 0.06±0.02 0.58±0.05 0.20±0.11

V No addition 1 0.67±0.10 0.05±0.01 0.03±0.01 0.69±0.06
VIP and STa 2 1.29±0.25* 0.11±0.03 0.75±0.03* 0.97±0.06*

A 0.62±0.21 0.06±0.02 0.72±0.03 0.28±0.06

Rubidium effluxes across the basolateral (serosal) and apical (mucosal) membranes were measured in the Ussing chamber using monolayers
preloaded with 86RbW. Samples were obtained every 5 or 10 min from the bathing media with appropriate replacement. Results are expressed as
mean±SE of 4 experiments in each group. STa, carbachol, and VIP, if added, were at 45 min after mounting. The concentrations of STa, carba-
chol, and VIP were 0.25 MM, 0.1 mMand 0.1 AM, respectively. Previous studies indicate that maximal Ic responses were induced by the com-
pounds at these concentrations except for STa which gave a near maximal response (Fig. 2, references 9, 12, 13). The efflux period 1 represents
the average of two consecutive 5-min intervals before the addition of any drug (35-45 min after mounting). For comparison, period 2 in all
groups represents the average of three consecutive 5-min intervals followed by two 10-min intervals starting 5 min after the addition of drug(s)
(50-85 min after mounting). Corresponding short circuit (IQ) and conductance (G) are shown. The monolayers were calculated to contain
about 750 nMof 86Rb+ at the beginning of the experiment. * P < 0.05 by Student's paired t test as compared to period 1 of the same group.
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CONTROL

Figure 5. Stimulation of bu-
metanide-insensitive 86Rb+ ef-
flux by ST.. Efflux of 86Rb+

T from preloaded, ouabain-
treated Tg4 cell monolayers at-
tached to 35-mm culture
dishes was determined in the
presence or absence of 0.25

- MSTa and/or 0.1 mMbu-
metanide as described in

STa Methods. Effluxes were
stopped after 15- and 30-min
intervals. Under these condi-

tions, ssRb+ efflux appears to follow first order kinetics. The appar-
ent first order rate constants observed in the presence or absence of
STa and in the presence (clear portion) or absence (striped plus clear
portion) of bumetanide. The results represent the mean±SDof three
determinations. Under these conditions, 0.25 MMSTa had no effect
on bumetanide sensitive 8tRb efflux, but increased the rate of bumet-
anide-insensitive 86Rb efflux almost twofold. This increase was simi-
lar to, but slightly less than that observed with 10 nMVIP under
identical conditions (data not shown).

activated the Cl- channel in a dose-dependent manner. The
dose-response curve was nearly identical to that observed for
ST.'s effect on I5C (data not shown). However, even at saturat-
ing doses (1 ,M), ST, required at least 30 min to achieve 90%
maximal stimulation of the Cl- channel (Fig. 6). This contrasts
with the action of VIP which gives 90% maximal stimula-
tion within 5 min. Thus, the action of STa is slower than that
observed with VIP, agreeing with the rather sluggish response
to STa in the Ussing chamber. Furthermore, even at supra-
maximal doses of STa (1 MM) and optimal stimulation times
(30-60 min), the extent of Cl- channel activation by STa was
only 73±4% that observed with saturating doses of VIP. These
data are similar to the peak I,, values produced by STa and VIP
in the Ussing chamber.

To address the second purpose, 86Rb+ uptakes were carried
out in the presence or absence of prior stimulation by 1 uM
STa under conditions designed to optimize 86Rb+ uptake
through the Na+,K+,Cl- cotransporter and minimize extrane-

3 -.-- _10-7M VIP

I /

f

-,CqOTRPL -a

115 30 45 60
PRESTIMULATION TIME (min)

Figure 6. Time course of STa acti-
vation of C1- channel-mediated
36C1- uptake. Confluent mono-
layer cultures of Tp cells attached
to 35 mmculture dishes were as-
sayed for 36C1- uptake as de-
scribed in Methods. Cells were
treated with either 10-6 MSTa (-)
or l0-8 MVIP (o), for the times
shown, in the KCI preincubation
buffer and immediately assayed
for 'Cl- uptake in K gluconate
buffer containing 1 MCi/ml 36CI-.
The values shown were normal-
ized to control levels of uptake (o)
and represent the mean±SDof
triplicate determinations made

after 15 and 30 s of uptake. Control levels of 3CI- uptake were

4.46±0.52 nmol/min - mgprotein, after taking into account the
amount of extracellular ClU remaining on the plates (275 nmol
Cl-/mg protein).

ous effects on ion gradients produced by opening of the K+ and
C1- channel (Table IV). After a 30-min stimulation, there was
no detectable effect on the initial rate of bumetanide-sensitive
86Rb+ uptake. Even though these conditions are suboptimal
for uptake via the K+ channels (15) there was a small but
significant increase in the bumetanide-insensitive 86Rb+ up-
take which can probably be attributed to 86Rb+ uptake through
the K+ channels. After a 60-min stimulation with ST., there
was a small 16% decrease in bumetanide-sensitive 86Rb+ up-
take. This decrease can probably be attributed to a loss in cell
volume due to the efflux of cellular K+ and Cl- through the K+
and Cl- channels (15, 16). This data agrees with the effect of
STa on 86Rb+ efflux from ouabain-treated preloaded cells (Fig.
5). Together, these data strongly suggest that STa does not
directly affect the activity of the Na+,K+,Cl- cotransporter in
T& cells. The data do not address a probably indirect activa-
tion of the cotransporter through changes in intracellular ion
concentrations.

The effect of STa on secondary messengers. To further ex-
plore the mechanism of action of STa, we measured the effect
of the enterotoxin on cellular cAMP, cGMP, and free cytosolic
Ca2+ ([Ca2+]j) in the presence and absence of VIP or carbachol.
The results are summarized in Table V. STa and carbachol had
no effect on cellular cAMP, while VIP increased cAMP. This
increase in cAMPby VIP was not altered by ST.. In contrast,
ST. increased cellular cGMPwhile VIP and carbachol had no
effect. The increase in cGMPby STa was not altered by either
VIP or carbachol. The time course and graded dose effect of
cGMPproduction and the increase in I8C in response to ST. are
shown in Fig. 7. The changes in IC correlated well with the
changes in cGMP, while cAMPlevels did not change, indicat-
ing that cGMPdid not cross-react in the cAMPassay, or vice
versa. In addition, neither VIP nor ST. increased [Ca2+]j, nor
did they augment carbachol-induced changes in [Ca2+]1i. These
results suggest that the action of STa is mediated by cGMP
alone. The results also suggest that the ability of STa or VIP to

Table IV. Effect of STa on Bumetanide-sensitive 86Rb+ Uptake

86Rb+ Uptake

Length of exposure Without With 0.1 mM Bumetanide-sensitive
to ST, bumetanide bumetanide (derived)

min nmol/3 min per mgprotein

0 79.5±2.5 1.3±0.1 78.2±2.5
30 82.9±1.9 1.8±0.1 81.1±1.9
60 67.0±2.0 1.6±0.0 65.4±2.0

The effect of STa on bumetanide-sensitive 86Rb+ uptake. Confluent
monolayer cultures of Tg4 cells were preincubated as described in
Methods with 1.0 ,uM ST. included in the final preincubation buffer
for the duration indicated. The total preincubation time in sucrose
buffer was 1.0 h in each case. The initial rate of ssRb+ uptake was de-
termined in triplicate using 3-min uptake periods in the presence or
absence of 0.1 mMbumetanide. The bumetanide-sensitive portion
of 56Rb+ uptake decreased significantly only after 60 min exposure to
ST.. Replicate plates were assayed for cGMPcontent which in-
creased from 0.7 pmol/mg protein to over 300 pmol/mg protein
after 30 min exposure to ST5.
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Table V. Measurement of Secondary Messengers
in STa-Treated T84 Monolayers

Experiment cGMPLevel cAMPLevel A[Ca2+J,

pmol. mgprotein' pmol* mgprotein' nM

Control <1.8 4.2±1.0 <5.0
0.25 MMST. 314.8±50.9* 2.9±1.2 <5.0
0.1 AMVIP <1.8 458.9±42.5* <5.0
0.1 mMcarbachol <1.8 3.5±0.6 45.6±5.5*
0.25 MMST.

+ 0.1 MMVIP 378.4±65.0* 493.2±47.8* <5.0
0.25 AMST.

+ 0.1 mMcarbachol 343.5±63.6* 3.1±0.4 51.7±7.5*

Various secretagogues were added alone or in combination at the concentra-
tions indicated. For the cyclic nucleotide measurements, T24 cells were preincu
bated for 15 min with the indicated agents as described in Methods before the
measurement; no addition was made to the control group. The results are ex-
pressed as means±SE of five to six experiments in each group. For free cyto-
solic Ca2" ([Ca2+]J) measurements the monolayers were loaded with Fura-2/
AMfor 90 min and fluorescence was then measured continuously in the pres-
ence of the various secretagogues as described in Methods. Results are
expressed as means±SE of the difference between the peak free cytosolic Ca2+
value in response to the secretagogue(s) and the baseline value. Baseline values
for free cytosolic Ca2+ were 62.0±5.1 nM. All experiments were carried out
with monolayers on permeable support. Monolayers grown on culture dish
also exhibit similar responses to 0.1 MMVIP [427.5±74.4 pmol * mg protein-'
(n = 6)] and 0.25 MMST. [288±66.8 pmol * mgprotein' (n = 3)].
* P < 0.05 by Student's unpaired t test as compared to control.
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Figure 7. Time course (A) and graded dose effect (B) of E. coli heat
stable enterotoxin (ST.) on the changes in cyclic nucleotide concen-
tration (cGMP or cAMP). The changes in Ic reflective of net Cl- se-
cretion (-) shown for comparison as percent maximal response are
the same as in Figs. 1 and 2. The concentration of ST2 in the time
study was 2.5 X i0' M. Cyclic nucleotide measurements were car-
ried out on T84 monolayers prepared in the same manner as for the
Using chamber experiments. The results are expressed as means±SE
of at least three experiments for each concentration of ST2. The
maximal responses for the Ic and cGMPin the time study were
13.4±0.9 MA/cm2 and 228.7±6.0 pmol/mg protein, respectively. The
maximal responses for the IC and cGMPin the dose, response study
were 14.3 MA/cm2 and 213.6±1.4 pmol/mg of protein, respectively.
Only one concentration of ST2 was tested in each monolayer. The
same extract from each monolayer was used to determine both
cGMP(o) and cAMP(n) concentrations. cAMPconcentrations are
expressed relative to the maximal cGMPconcentration in each ex-
periment. For the dose response studies, the monolayers were ex-
tracted for cGMPand cAMP35 min after ST2 addition when the 1,,,
response was at its peak.

potentiate carbachol's action on I,, cannot be explained by
changes in either [Ca2+]1, cAMPor cGMPalone.

Discussion
In this report, we first demonstrated that T84 monolayers re-
spond to STa in a manner similar to that occurring in isolated
intestine (1, 5). Having done so, this cell line was used as a
model system to study the Cl- secretory mechanism mediated
by this enterotoxin and cGMP.

In contrast to other secretagogues which cause Cl- secre-
tion only when applied to the basolateral surface of T84 cells,
STa was effective only when added to the apical surface. This
result suggests that receptors for STa are preferentially local-
ized to the apical membrane. This conclusion is supported by
receptor binding assays that demonstrate binding of the enter-
otoxin to apical membrane receptors leading to activation of
guanyl cyclase in a dose-dependent manner (30). In this study,
both the time course and graded dose effect for Cl- secretion
induced by STa paralleled the increase in the cellular cGMP
level. In addition, there was no change in cAMPor free cyto-
solic Ca2+ in the presence of ST2. These findings strongly sug-
gest that cGMPis the secondary messenger mediating the C1-
secretory effect of STa-

Next, we identified the transport pathways affected by STa.
Previous studies have defined two sites for hormonal regula-
tion of the CF- secretory process across T84 monolayers: (a)
The basolaterally localized K+ channel, which serves to recycle
K+, and (b) The apically localized Cl- channel, which serves as
the C1- exit pathway. STa activates a K+ transport pathway on
the basolateral membrane and also increases C1- exit across
Cl- channels on the apical membrane. Increased activity of the
Na',K+-ATPase and the Na+,K+,Cl- cotransporters, which we
believe are secondary, could be inferred by the ability of oua-
bain and bumetanide to inhibit or reverse the action of this
enterotoxin. This pattern of activation by STa resembles the
mechanism of action of cAMPbut is different from that me-
diated by Ca . Our discussion will focus on the two regulatory
sites, the K+ and Cl- channels.

Increased exit of Cl- through the apical Cl- channel was
reflected by the electrogenic nature of Cl- secretion as well as
the increase in bidirectional Cl- fluxes in the presence of STa.
Because the occluding junction structure of this model epithe-
lium has a very high resistance (8), we believe that the in-
creased bidirectional C1- fluxes across T84 monolayers largely
result from an increased transcellular movement of Cl-. In
other words, Cl- flux was a result of an increase in Cl- exit
through the C1- channel on the apical membrane as well as an
increase in Cl- uptake by the Na+,K+,Cl- cotransport carrier
across the basolateral membrane. Both pathways must be
functional to allow a selective increase in transcellular C1-
fluxes. Either inhibition of the Na+,K+,Cl- cotransporter by
bumetanide or blockage of the Cl- channel reversed the
cAMP- or cGMP-mediated mechanisms. It should be noted
that blockage of the basolaterally localized K+ channel by bar-
ium also effectively inhibited net Cl- secretion. Although bar-
ium inhibited net Cl- secretion it did not reverse the increase
in unidirectional Cl- fluxes induced by cyclic nucleotides as
was the case with inhibition of the Cl- channel or the
Na+,K+,Cl- cotransport pathway. This finding suggests that
the Cl- channel and the Na',K+,Cl- cotransport pathway are
regulated independently of the K+ channel.
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The STa-mediated effect on C1- transport, although closely
resembling the cAMP-mediated mechanism, differed in at
least two respects. The time interval required to observe maxi-
mal effects of STa on either net Cl- secretion or 36C1 uptake
through opening of the Cl- channels, was longer than that
observed with effectors acting through cAMP. Since there was
a correlation between the rise in IC and the increase in cGMP,
this result implies that the intracellular mechanisms by which
STa activates guanylate cyclase are slower than the mecha-
nisms coupling VIP or PGE, receptors to adenylate cyclase.
The maximal effect of STa (1O-6 M) on either net Cl- secretion
or 36C1- uptake through the Cl- channels was less than that
maximally produced by VIP (IO-8 M). This result implies that
cGMPmay be less effective than cAMPin activating the pro-
tein kinase(s) responsible for opening the Cl- channel. Alter-
nately, it could be argued that cGMPand cAMPopen differ-
ent sets of Cl- channels. The finding that the combined I,,
effect of cGMPand cAMP(STa plus VIP) approximated that
induced by cAMP (VIP) alone argues against the latter pro-
posal.

The opening of K+ efflux pathway on the basolateral
membrane by STa has been demonstrated in this study. This
process can be blocked by Ba2+, a K+ channel blocker, but is
not sensitive to inhibition by tetraethylammonium chloride,
4-aminopyridine, or apamin. Quinidine, which may release
Ca2l from an intracellular store, increased the I,, before exert-
ing an inhibitory action. The sensitivity pattern of this K+
effilux pathway, including the graded dose effect of barium
inhibition, resembles that of a cAMP-sensitive pathway re-
ported earlier for VIP and PGE, (1 1, 15) but differs from that
of a Ca2"-mediated mechanism reported for carbachol (13).
We have also shown that K+ efflux induced by STa is not
additive to that induced by VIP but is additive to that induced
by carbachol. Taken together these findings suggest that the
same K+ channel is activated by both cAMPand cGMP. The
critical involvement of this K+ efflux pathway in the Cl- se-
cretory process is demonstrated by the fact that blockage of
this pathway inhibited net Cl- secretion. The depolarization of
the cell, caused by the efflux of K+, may be a necessary feature
required to drive Cl- exit across the apical membrane (10).

Recently, inhibition or stimulation of the Na+,K+,Cl- co-
transport mechanism by atrial natriuretic factor (ANF) and
8-Br-cGMP but not cAMPhas been suggested by other inves-
tigators (31-33), thus leading us to investigate this pathway.
When Cl- secretion across the T84 monolayer increased, an
increased activity of this cotransport pathway can be assumed
as it is the Cl- uptake pathway. Wewere unable to demon-
strate that STa caused any direct changes in bumetanide-sensi-
tive 86Rb+ efflux or bumetanide-sensitive 36C1- uptake in the
presence of ouabain. Concurrently, we were able to demon-
strate an increase in bumetanide-insensitive 86Rb+ efflux and
bumetanide-insensitive 86Rb+ uptake as well as an increase in
cellular cGMPby STa. The results suggest that the Na+,K+,Cl-
cotransport mechanism is not directly activated by STa. The
presumed increase in its activity requires an active Na+,K+
ATPase pump and is probably secondary to the favorable gra-
dient created by K+ and Cl- exits, primary regulatory pro-
cesses activated by STa.

Our studies suggest that STa-induced Cl- secretion is me-
diated by cGMP. Its mechanism of action resembles that of
cAMP (VIP and PGE1) despite the different localization of
their receptor-cyclase activation. Table VI summarizes the re-

Table VI. Comparison of cAMP-, cGMPand Ca2" Mediate
Secretory Response in T84 Cells

Secretory mechanism Transport pathways regulated

cAMP-mediated Apical Cl- channel

(VIP, PGE1, high Basolateral (Ba2+ sensitive) K+ channel.
concentration of (both presumably cyclic-nucleotide
adenosine) dependent)

cGMP-mediated Apical Cl- channel

(STa) Basolateral K+ channel (Ba2+ sensitive)
(both presumably cyclic-nucleotide
dependent similar to cAMP-
mediated response)

Ca2+-mediated (carbachol, Basolateral K+ channel (Ba2+
histamine) insensitive) presumably Ca2+

dependent

All three mechanisms involve the Na+, K+, Cl- cotransport on the
basolateral membrane, which serve as the Cl- uptake mechanism
and the Na+, K+ ATPase pump. Utilizing 3Cl- uptake and efflux
studies, we were unable so far to demonstrate an opening of apical
Cl- channel by Ca2+-mediated response. It is assumed, therefore, that
Cl- was secreted via the C1- channels that are randomly open. Patch
clamp studies should clarify this point in the future.

sults of our investigation on regulatory mechanism of C1- se-
cretion in the Tg4 cell to date. The T84 model epithelium may
facilitate further investigation of ST.-related pathobiology.
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