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B-Adrenergic Stimulation of Short-Circuit Currents in
Human Intestinal Epithelial Caco-2 Cells
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Abstract: To investigate the effects of epinephrine on ion transport of intestinal epithelia, short-circuit cur-
rents (Isc) in monolayers of Caco-2 cells grown on permeable membrane supports were measured in the
Ussing chamber. The application of epinephrine to the basolateral solution produced a transient increase of
Isc (maximal currents induced by 5 pM and more of epinephrine). The value of the peak current was 3.4 pA
/cn?, Isoproterenol (a B-agonist) increased Isc in a manner analogous to epinephrine application, but phen-
ylephrine (an a,-agonist) induced no lIg¢ change. Clonidine (an o,-agonist) transiently decreased Isc by about
0.8 pA/cm* at a high dose of 100 pM. The Igc increase induced by epinephrine or isoproterenol was mim-
icked by a membrane-permeable cyclic AMP analogue, dibutyryl cyclic AMP, or a calcium ionophore, A
23187. Verapamil, a calcium channel blocker, eliminated the epinephrine-induced ls¢c increase, and 5-nitro-2-
(3-phenylpropylamino) benzoic acid (NPPB), a chloride channel blocker, reduced the Igc increase. These ob-
servations suggest that in Caco-2 epithelia (i) epinephrine induces lIgc increase via B-adrenergic receptors,
and (ii) the epinephrine-induced lsc responses have at least two components, namely, verapamil-sensitive
Ca?* and NPPB-sensitive CI” transports.
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The activities of several kinds of nutrient trans-

INTRODUCTION

Caco-2 cells derived from a human colonic ade-
nocarcinoma™ have been widely used as a model
system to investigate the properties of the intesti-
nal epithelia. In spite of the origin, Caco-2 cells dif-
ferentiate into a polarized monolayer with the
characteristics of the small intestinal epithelial
cells rather than normal colonic cells after conflu-
ence under standard culture conditions”™C Namely,
Caco-2 cells after confluence are accompanied with
domes and tight junctions, possessing brush-
border microvilli in the apical membranes™™C

porters, such as the sodium-dependent phosphate
transporter™® the sodium-dependent glucose trans-
porter™C the proton-dependent dipeptide trans-
porter™ and the proton-dependent amino acid
transporter™© all of which are present in the api-
cal membranes in the small intestine, have been
found in confluent Caco-2 cells.

There have been few model cells for the small
intestine to apply short-circuit-current techniques
which detect ion flow through epithelia, because
the epithelia of small intestine are loose mem-
branes with very low transepithelial electrical re-
sistances. Since Caco-2 cells after confluence ob-
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tain a relatively high transepithelial electrical re-
sistance, the short-circuit-current techniques have
been applied to monolayers of Caco-2 cells to ex-
amine ion or ion-coupled nutrient transports’™MTE

There has been a report which shows that epi-
nephrine transiently increased short-circuit cur-
rents (Isc) in the monolayers of Caco-2 cells as well
as vasoactive intestinal peptide and dibutyryl cy-
clic AMPM The report has also shown that dibu-
tyryl cyclic AMP induces CIP flux from the baso-
lateral to the apical solution. But it was not shown
which type of adrenergic receptors was involved
in the phenomenon.

In this study, we examined the effects of adren-
ergic agonists on ion transports in the monolayer
of Caco-2 cells, using the short-circuit-current tech-
niques. This study suggests that epinephrine in-
duces lIsc by stimulating Ca?* influx through the
apical membranes by the elevation of cyclic AMP
mediated by B-adrenergic receptors, and CI° ef-
flux activated by intracellular Ca%* increase. Por-
tions of this study have been previously presented
in abstract form™C

MATERIALS AND METHODS

Cell culture

Caco-2 cells were obtained from American Type
Culture Collection (Rockville, MD, USA). For stock
cultures, the cells were grown on plastic dishes in
Dulbecco’s modified Eagle’s minimal essential me-
dium (DMEM) with high glucose concentration (25
mM), supplemented with 10% fetal bovine serum,
1% non-essential amino acids, 21 mM NaHCOs, 100
IU/ml penicillin, and 100 pg/ml streptomycin. The
cells were incubated in a humidified atmosphere
containing 5% COz at 37 0. The culture media
were changed every two days. For Ussing cham-
ber experiments, Caco-2 cells were seeded on
collagen-coated membrane filters (Transwell-COL,
24 cm in diameter, 04 um in pore size; Costar,
Cambridge, Mass, USA), and used after 23 to 28-
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day culture.

Solutions

The bath solution for Ussing chamber experi-
ments contained (in mM) 110 NaCl, 54 KCI, 1.8
CaClz, 0.8 MgSO4, 24 NaHCOs, and 5.6 glucose. To
maintain pH 7.4 during Ussing chamber experi-
ments the solution was bubbled with 95% O: O
5% COa.

Transepithelial electrical measurements
Transepithelial electrical parameters of mono-
layers of Caco-2 cells were measured with a short-
circuit-current amplifier (CEZ-9100, Nihon Kohden,
Tokyo, Japan). A cell-culture insert (Transwell-
COL) with the monolayer of Caco-2 cells was
mounted in an Ussing chamber designed by us to
hold the cell-culture insert. Transepithelial poten-
tial differences (PD) were measured with a pair of
calomel electrodes immersed in saturated KCI and
bridged to the Ussing chamber by a pair of poly-
ethylene tubules filled with 3% agar containing the
bath solution. A pair of Ag-AgCl electrodes were
used as current-passing electrodes. The experi-
ments were carried out under current-clamp con-
ditions, in which the potential difference (PD) be-
tween apical and basolateral solutions was continu-
ously recorded, except measuring short-circuit
under

currents every twenty seconds

(Isc)
voltage-clamp conditions (about 1 s duration). Cur-
rent pulses (10 pA, 1 s duration) were applied at
30-s intervals and transepithelial resistances were
calculated by Ohm'’s law. Changes in Isc and PD
were shown as difference currents and voltages,
respectively, between the values in response
phases and their respective baseline values. Dur-
ing the experiments, the temperature of the solu-
tion was kept at 37 O by circulating the water at
the same temperature through the water jacket
around the chamber, and the pHs of both apical
and basolateral solutions (60 ml in each compart-
ment) were continuously monitored with micro

probes of F100 ISFET pH meter (Beckman, Fuller-
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ton, CA, USA). In Ussing chamber experiments,
the pHs were not changed by the application of
chemicals.

Chemicals

All chemicals used were purchased from Wako
Pure Chemical Industries Ltd. (Osaka, Japan), ex-
cepting dibutyryl cAMP (DBCAMP) and 5-nitro-2-
(3-phenylpropylamino) benzoic acid (NPPB) ob-
tained from Sigma (St Louis, Mo, USA) and Re-
search Biochemicals International (Natick, MA,
USA), respectively. Verapamil and NPPB were
prepared as 1000-fold stock solutions in dimethyl
sulfoxide (DMSO). The final concentration of
DMSO (0.1 %) had little effects on cellular function
or viability. The other reagents were prepared on
the day of use.

Statistical analysis

All data are expressed as mean+ SEM, and n in-
dicates the number of experiments. Statistical
analysis was performed using Student’s t-test. A
value of p0 0.05 was considered to be statistically
significant.

RESULTS

After 23 days or more in culture, Caco-2 cells
grown on the permeable collagen-coated mem-
brane filter appeared as a columnar epithelial
monolayer with their basolateral membranes
firmly attached to collagen-coated surface, and
their apical membranes facing the medium. In
Ussing chamber experiments reported here, these
monolayers maintained transepithelial potential re-
sistance of 687+ 105 Qcm’, and the values of basal
Isc and PD were 75+ 12 pA/cm® and 5.1+ 1.1 mV
(n=10), respectively.

Epinephrine-induced electrical responses
The application of epinephrine to the basolateral
solution induced transient Isc and PD increases in
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Caco-2 epithelia (Fig. 1A, B), while apical epineph-
rine addition had no effects on the electrical prop-
erties. Both Isc and PD reached a peak about 2
min after the addition of epinephrine. Thereafter,
they slowly decreased and reached a plateau
around 10 min. Transepithelial resistances (Rt)
were altered almost inversely to Isc and PD
changes (Fig. 1C). The lsc and PD responses at
the peak increased dose-dependently. Epinephrine
at 0.1 uM induced detectable responses in both Igc
(Fig. 2A) and PD (Fig. 2B). Epinephrine at the con-
centration of 5 uM induced nearly maximal reac-
tions (0 Ige, 3.3 + 05 pA/cm® OPD, 1.2 + 0.2 mV).
Therefore 10 uM epinephrine was used in all fol-
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Fig. 1. Effects of epinephrine on: A, short-
circuit currents (O Isc); B, transepithelial
potential differences (0O PD); and C,
transepithelial resistances (Rt) of mono-
layers of Caco-2 cells. Epinephrine (10
UM) was added to the basolateral solu-
tions at time 0 (n=3).
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Fig. 2. Dose-dependent effects of epinephrine
on A, Isc and B, PD. Epinephrine (0.1-10
pHM) was administered to basolateral so-
lutions, and Isc and PD were measured
at the peak time (about 2 min after the
addition of epinephrine, n=3-4).

lowing experiments. Since time courses and dose-
response properties of Isc and PD changes in-
duced by epinephrine were almost same not only
in the above experiments but in the following ex-
periments, only Isc responses are shown in the fol-

lowing experiments.

B-adrenergic stimulation involved in the epineph-
rine effects

We examined which type of epinephrine recep-
tors is involved in the Isc increase induced by epi-
nephrine (Fig. 3A). An a,-agonist, phenylephrine
(10-100 pM), induced no lIsc change, while an o,
agonist, clonidine, transiently decreased Isc by
about 0.8 pA/cm’ in a high dose of 100 uM. A B-
agonist, isoproterenol (10 uM), increased Isc in a
manner analogous to epinephrine application (Fig.
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Fig. 3. Effects of adrenergic agonists and in-
tracellular cAMP modulators on Igc. A:
Epinephrine (10 pM, n=3), phenylephrine
(100 puM, n=2), clonidine (100 pM, n=2),
isoproterenol (10 pM, n=3) or dibutyryl
cyclic AMP (DBcAMP, 200 puM, n=3) was
added to the basolateral solution. The
value of each column represents the
relative value of Isc response referred to
the Isc value with epinephrine (10 pM)
as 100%. B: A representative case of
changes of 0 Is¢ induced by isoprotere-
nol. Isoproterenol (10 uM) was added to
the basolateral solutions at time 0.

3A, B). The action of epinephrine was completely
blocked by propranolol pretreatment (a (-antagonist)
(Fig. 4).

We next used reagents which elevate intracellu-
lar cyclic AMP, because cyclic AMP is known as
the second messenger of the [B-adrenergic recep-
tor. Basolateral administration of dibutyryl cyclic
AMP (100 pM) which is one of the membrane per-
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Fig. 4. Effect of propranolol on epinephrine-induced Isc. Propranolol (a (-
adrenoceptor antagonist, 10 uM) was added to the basolateral solutions at
time 10 min, and 10 pM and 100 pM epinephrine were added to the baso-
lateral solutions at time 15 and 30 min, respectively. Epinephrine did not
increase Isc after the pretreatment with propranolol. DBCAMP (100 pM)
added at time 38 min induced Igc response even in the presence of pro-

pranolol.

meable analogues of cyclic AMP stimulated the
Isc response to the similar extent to the epineph-
rine effects (Fig. 3A). Dibutyryl cyclic AMP could
induce the Isc response even when the basolateral
membrane was pretreated with propranolol which
completely eliminated the effects of epinephrine
on Isc (Fig. 4). Basolateral application of forskolin
(10 uM), an adenylyl cyclase activator, also induced
similar responses of Igc to the administration of
epinephrine (data not shown).

These observations reveal that the epinephrine-
induced electrical responses in Caco-2 epithelia are
induced by the elevation of intracellular cyclic
AMP via B-adrenergic receptors.

Inhibition of isoproterenol-induced Isc by vera-
pamil and NPPB

Since lgc increase induced by isoproterenol (B-
agonist) application represents a net flow of cation
from the apical to basolateral solutions, or a net
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flow of anion from the basolateral to apical solu-
tions, we examined effects of several ion channel
blockers on isoproterenol-induced lsc responses
(Fig. 5).

An epithelial sodium channel blocker, amiloride
(100 uM) was added to the apical solution before
isoproterenol application, but amiloride showed lit-
tle effect on the epinephrine-induced Isc re-
sponses. Since there have been reports showing
that the elevation of intracellular cyclic AMP acti-
vates L-type calcium currents in cardiac myo-
cytes’™E we next examined effects of verapamil,
known as an L-type calcium channel blocker. The
addition of verapamil (1 mM) to the apical solution
before isoproterenol application almost completely
inhibited lsc responses to isoproterenol. Further,
the application of a calcium ionophore, A23187 (1
UM), to the apical solution largely increased Isc in
the similar manner to isoproterenol. The results
suggest that isoproterenol activates calcium chan-
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Fig. 5. Effects of ion-channel blockers on
isoproterenol-induced Isc, and A23187-
induced Isc response. Amiloride (100
UM, n=2), verapamil (1 mM, n=2) or 5-
nitro-2- (3-phenylpropylamino) benzoic
acid (NPPB, 100 uM, n=5) was added to
the apical solutions about 15 min before
isoproterenol (10 pM ) administration to
the basolateral solutions. Verapamil and
NPPB significantly reduced isoproterenol-
induced lIsc responses.

00 p<0.05 vs. isoproterenol.

The application of calcium ionophore, A
23187 (1 uM), to the apical solution
stimulated Isc at the similar extent to
the control (10 uM isoproterenol, n=2).

nels in the apical membranes through intracellular
cyclic AMP elevation.

The application of NPPB (100 uM), a potent chlo-
ride channel blocker, to the apical solution before
isoproterenol administration, significantly de-
creased the Isc response (Fig. 5). The magnitude
of Isc change with NPPB pretreatment was about
70 % of the response in isoproterenol experiments.
These results suggest that the activation of NPPB-
sensitive, Ca?*-activated CI” channels in the apical
membranes are involved in the isoproterenol-
induced Isc responses.

Taken together, the above results suggest that
isoproterenol-induced Isc response has two compo-
nents through the apical membranes; (1) calcium
influx activated by cyclic AMP elevation and (2)

O

chloride efflux activated by intracellular calcium
increase.

DISCUSSION

It was previously shown that epinephrine tran-
siently increased short-circuit currents (Isc) in the
monolayers of Caco-2 cells as well as vasoactive in-
testinal peptide and dibutyryl cyclic AMPE The
present study clarified that epinephrine induces
Isc responses via [(-adrenergic receptors. Isopro-
terenol (B-agonist) induced a similar response to
epinephrine which was eliminated by propranolol
(B-antagonist), but phenylephrine (a,;-agonist) has
no effects and clonidine (a,-agonist) stimulated an
inverse Isc change only at high concentration. In
other kinds of epithelial cells, there have been sev-
eral reports which shows epinephrine induces ion
transports via a- or B-adrenergic receptors. In rab-
bit tracheal epithelia, a-adrenergic stimulation acti-
vates Na*-K*-2CI” cotransport, resulting CI7 se-
cretion™® In fetal sheep alveolar epithelia, epineph-
rine stimulates amiloride-sensitive Na* absorption
and bumetanide-sensitive CI” secretion, mediated
by B-adrenergic receptors™™ In mouse endometrial
epithelium, CI? secretion is activated by (-
adrenergic stimulation’® In rabbit proximal colon,
a,-agonist clonidine increases net Na* and CI° ab-
sorption, but a-agonist phenylephrine and f-
agonist isoproterenol did not induce ion trans-
portsP™ In guinea-pig distal colon, epinephrine
stimulates bumetanide-sensitive, K* secretory cur-
rents™C

It is suggested in the present work that the ele-
vation of intracellular cyclic AMP concentration
activates Ca?*-permeable channels in the apical
membranes, resulting in Ca?* influx through the
apical membranes which is one component of
epinephrine-induced Isc increase. This considera-
tion is supported by the results that a calcium
channel blocker, verapamil, almost completely in-
hibited the epinephrine-induced Isc increase.

— M —



B-agonist-induced Ig¢ in Caco-2 cells

There have been reports which show that Ca?*
channel activation is induced by the elevation of
intracellular cyclic AMP. B-adrenergic agonist acti-
vates Ca®* currents through phosphorylation-
dependent mechanisms in frog ventricle myo-
cytes’™ Vasoactive intestinal peptide, and secretin
also activate L-type Ca?* currents via the increase
of intracellular cyclic AMPTD In Caco-2 cells,
though an L-type calcium channel blocker, vera-
pamil, almost completely inhibited isoproterenol-
induced Igc responses, it still remains to be investi-
gated whether the same type of calcium channels
are present in the apical membranes, or
verapamil-sensitive, another type of calcium-
permeable cation channels are involved in the re-
action.

As shown in the present study, in Caco-2 cells
isoproterenol-induced lsc increase has a compo-
nent of NPPB-sensitive CI” transport, due to the
activation of CIY channels in the apical mem-
branes. NPPB reduced the A23187-induced Isc re-
sponse by about 30% (data not shown), suggesting
that the NPPB-blockable CI” channels are acti-
vated by the increase of intracellular Ca?* concen-
tration. There have been reports which reveal
similar mechanisms in epithelial CI” transport’™C
In the human colonic carcinoma cells, Ty, which
has been widely used as a model cell for investi-
gating the properties of colonic epithelia, carbachol
stimulates Is¢ and CIY flux through increasing in-
tracellular Ca?*P" We also applied carbachol to the
monolayers of Caco-2 cells, but carbachol did not
stimulate Ig¢ responses (data not shown), suggest-
ing that Caco-2 cells differentiate diverse from
colonic cells. Also in renal epithelial A6 cells, a por-
tion of CI” transport activated by a phosphodi-
esterase inhibitor, 3-isobutyl-1-methylxanthine (IBMX)
depends on intracellular Ca?* increase™™

The present study suggests that epinephrine ac-
tivates Ca?*-sensitive CI”7 channels in the apical
membrane of Caco-2 cells. Caco-2 cells differentiate
after confluence under standard culture conditions
into a polarized monolayer with the properties of

small intestinal epithelial cells’™ and express
CFTR (cystic fibrosis transemembrane conduc-
tance regulator) CI” channels which are activated
by the increase of intracellular Ca?* ™" In human
small intestine, CFTR expression is high in the
mucosal epithelium™® Taken together these facts,
epinephrine may activate CFTR CI” channels in
the mucosal epithelium of small intestine through
the elevation of intracellular Ca?*.

The result that verapamil almost completely
blocked the isoproterenol-induced Isc increase sug-
gests that isoproterenol-induced, NPPB-sensitive
CIP transport was activated by the elevation of in-
tracellular Ca?* concentration. However, it has
been reported, using patch-clamp, single-channel
recording techniques, that verapamil directly
blocks outwardly rectifying CI? channels in a hu-
man colonic cell line, HT29D4" and in pig small
intestinal enterocytes™ In Caco-2 cells, from the
facts that a calcium ionophore, A23187, stimulated
similar lIsc responses to isoproterenol and that
NPPB reduced A23187-induced lsc increase, Ca%*-
sensitive CIP transport should be involved in the
isoproterenol-induced Isc. Whether verapamil-
sensitive CIP channels are present in the apical
membranes of Caco-2 cells remains to be clarified
by patch-clamping.
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