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Abstract. The rat primary cultured-airway monolayer
had been an excellent model for deciphering the ion
channel after nystatin permeabilization of its basolateral
or apical membrane (Hwang et al., 1996). After apical
membrane permeabilization of rat primary cultured-
airway monolayer, 4,48-diisothiocyanatostilbene-2,28-
disulfonic acid (DIDS)-sensitive outwardly rectifying
depolarization-induced Cl− (BORDIC) currents were ob-
served across the basolateral membrane in symmetrical
NMG-Cl solution in this study. No significant Cl− cur-
rent induced by the application of voltage clamping was
observed across the apical membrane in symmetrical
NMG-Cl solution after basolateral membrane permea-
bilization. The halide permeability sequence for BOR-
DIC current was Br− 6 I− > Cl−. BORDIC current was
not affected by basolaterally applied bumetanide (0.5
mM). Basolateral DIDS (0.2 mM) but not apical DIDS
inhibited CFTR mediated short-circuit current (Isc) in an
intact monolayer of rat airway epithelia, a T84 human
colonal epithelial cell line, and a Calu-3 human airway
epithelial cell line. This is the first report showing that
depolarization induced Cl− current is present on the ba-
solateral membrane of airway epithelia.
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Introduction

Cystic fibrosis (CF) is a genetic disease characterized by
a reduction of Cl− conductance in many epithelia (Rior-
dan et al., 1989; Anderson et al., 1991). Kinetically dis-
tinct macroscopic Cl− currents, recorded either with con-
ventional voltage clamp or whole-cell patch clamp tech-

niques, have been identified in polarized cells including
airway epithelia.

Outwardly rectifying depolarization induced Cl−

channel (ORDIC) as well as the cystic fibrosis trans-
membrane conductance regulator (CFTR) which is di-
rectly coded by the CF gene have been associated with
low Cl− conduction of CF (Tabcharani & Hanrahan,
1991; Egan et al., 1992; Anderson, 1992). Outwardly
rectifying chloride channels (ORCC) which are distin-
guished from ORDIC also have been reported to be
important for CFTR function (Schwiebert et al., 1995).
Ca2+-activated chloride channel (CaCC) and volume-
regulated chloride channel (VRCC), both of which are
not directly involved in CFTR function have been re-
ported to be important for maintaining of physiological
function in a variety epithelia (Valverde et al., 1995).
However, the genes of the ORDIC, ORCC, CaCC, and
VRCC channels have not yet been identified, and infor-
mation on membrane localization of those have been
lacking while the genetic identification and the apical
membrane localization of CFTR has been well docu-
mented.

In this study, we cultured rat airway epithelial cells
on permeable supports and used nystatin to permeabilize
the apical or basolateral membrane. We have shown pre-
viously that inwardly rectifying K+ current (IRK) and
slowly activated outwardly rectified K+ currents (Isk) un-
der a transepithelial voltage clamp is present on the ba-
solateral membrane of rat airway epithelia (Hwang et al.,
1996), a finding which was confirmed for murine airway
epithelia (MacVinsh et al., 1998). Using rat airway epi-
thelia we show here an outwardly rectifying depolariza-
tion induced chloride (BORDIC) current is present on
the basolateral membrane of rat airway epithelial mono-
layers bathed symmetrical bicarbonate-free, K-free and
NMG-Cl Ringer’s solutions. However, BORDIC cur-
rents were not present in the apical membrane, while
CFTR currents and CaCC currents were recorded across
the apical but not the basolateral membranes.Correspondence to:T.-H. Hwang
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Materials and Methods

CELL CULTURE

T84 cell line and Calu-3 cell line [American Type Culture Collection
(ATCC), Rockville, MD] were grown as previously (Hwang et al.,
1994). The isolation and culture of rat tracheal epithelia was as de-
scribed previously (Hwang et al., 1996; Hwang, Schwiebert & Gug-
gino, 1996). Briefly, freshly excised tracheas were incubated at 4°C
for 18–24 hours in a CaMg-free, serum-free modified Eagle’s mini-
mum essential medium (MEM) containing 0.1% protease XIV (Sigma),
and 50,000 U/ml penicillin and 50,000mg/ml streptomycin (Gibco-
BRL solution of both antibiotics). The epithelial cells were removed
from the airways by scraping the epithelial surface with a sterile cell
scraper, and cells were recovered by centrifugation. The cells were
then washed 3× with fresh MEM medium. After the final wash, the
cells were resuspended in LHC-8 medium (Biofluids), and final cell
suspension (about 106 cells) was added to each permeable filter support
(12 mm SNAPWELL, Costar, Cambridge, MA). The cells were incu-
bated in an atmosphere of 5% CO2-95% air at 37°C in the LHC-8
medium containing 5% fetal bovine serum (Gibco-BRL), 50,000 U/ml
penicillin and 50,000mg/ml streptomycin. Cells were cultured for
6–10 days before insertion into a modified, circulating Ussing chamber
system constructed to accept SNAPWELL filters (World Precision In-
strument, Sarasota, FL).

MEASUREMENT OFISC

Transepithelial electrophysiologic measurements were performed in a
modified Ussing chamber constructed to accept a SNAPWELL filter.
Isc was measured with a DVC-1000 voltage/current clamp (World Pre-
cision Instrument) with a voltage clamp mode. The bath solution in
intact monolayers of T84 cells, Calu-3 cells, or rat airway epithelial
cells was a nominally bicarbonate-free Ringer’s solution that was com-

posed of (in mM): 140 NaCl; 2.3 K2HPO4; 0.4 KH2PO4; 1.2 CaCl2; 1.2
MgCl2; 10 HEPES; and 10 glucose (pH 7.4).

MEASUREMENT OFBASOLATERAL OR APICAL

Cl− CURRENT

Chloride current flowing through the basolateral or apical membrane
was measured in a symmetrical bicarbonate-free, K+-free, and N-
methyl-D-glucamine (NMG) Cl− solution which bathed the apical and
basolateral chambers. This solution was made by substituting
Na2HPO4 and NaH2PO4 for K2HPO4 and KH2PO4, respectively, and
NMG-Cl− for NaCl as a small amount of K+ records inwardly rectify-
ing K+ current which masks the outward rectification of Cl− current.
Basolateral chloride current recordings were made in the presence of
BAPTA-AM (50 mM), ouabain (0.1 mM), and nifedipine (100mM) in
the basolateral bath to exclude the Ca2+-mediated current and cation
current. Chloride free solution was made by substituting Na-gluconate
and Na-phosphates for NaCl and K-phosphates respectively. NaCl,
NaI or NaBr Ringer’s solution instead of NMG-Cl was used for the
measurement of anion selectivity as no detectable Na+ current was
recorded across the basolateral membrane. Nystatin (180mg/ml) was
added to the apical or basolateral bath to permeabilize the respective
membrane. To prepare a voltage-current curve of channels, currents
were elicited by 1 sec test potential from −80 to +80 mV in 20 mV
increments in the symmetrical solution.

Results

Figure 1A shows representative BORDIC current traces
at different clamped voltages applied after nystatin per-
meabilization of the apical membrane. Immediately af-
ter nystatin permeabilization of the apical membrane, the
basolateral membrane was clamped to 0 mV, voltages
between −80 and +80 mV (holding voltage4 0 mV)

Fig. 1. Outwardly rectifying depolarization induced Cl− current across the basolateral membrane (BORDIC) in rat airway epithelial monolayer after
permeabilization of apical membrane. (A) Representative current traces at different clamped voltage applied after nystatin (180mg/ml) permeabi-
lization of the apical membrane. Currents were elicited by 1 sec clamping pulses from a holding voltage of 0 mV; pulses were from −80 to +80
mV. Symmetrical bicarbonate-free, K+-free and NMG-Cl Ringer’s solution (a, b) or bicarbonate-free, K+-free and Cl−-free Na-gluconate Ringer’s
solution (c) was used for Cl− current recording. To observe DIDS effect, 1 mM DIDS were added into basolateral bath (b). (B) CorrespondingI–V
plots of BORDIC current (n 4 12 each).
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were applied to the basolateral membrane and the result-
ing currents were recorded. A bicarbonate-free, K+-free
and N-methyl-D-glucamine (NMG) Cl− bilateral sym-
metrical solution was used to record Cl− current. Perme-
abilization and current recordings were done in the pres-
ence of BAPTA-AM (50mM), ouabain (0.1 mM), and
nifedipine (0.1 mM) to exclude the Ca2+-mediated cur-
rent and cationic current. Figure 1B shows correspond-
ing I–V plots of the currents shown in Fig. 1A. The
BORDIC current was strongly inhibited by basolateral
4,48-diisothiocyanatostilbene-2,28-disulfonic acid
(DIDS, 1 mM), and completely diminished in the sym-
metrical Cl−-free gluconate solution. Basolateral bu-
metanide (0.5 mM) did not affect BORDIC current at all
(data not shown). Halide selectivity for the BORDIC
current was measured in symmetrical NaCl, NaI, or
NaBr Ringer’s solution, which solution was substituted
for NMG-Cl. As no detectable Na+ current was ob-
served across the basolateral membrane (data not
shown), the halide selectivity experiment was done in the
Na+ containing halide instead of NMG-halide Ringer’s
solution.

Figure 2A showsI–V plot of anion currents which
were recorded by the application of voltages between
−80 and +80 mV (holding voltage4 0 mV) in the sym-
metrical Na+ containing halide solutions after permeabi-
lization of apical membrane. The representative currents
induced by +80 mV clamped voltage were shown in Fig.
2B. Figure 2A andB indicates that halide selectivity for
BORDIC current is Br− 4 I− > Cl−. The BORDIC cur-
rent was recorded reproducibly in most of the rat airway
epithelial monolayers we tested (n > 105), and specifi-
cally across the basolateral membrane. To address the
membrane specificity of BORDIC current, we asked
whether depolarization activated Cl− current across the
apical membrane is present or not after permeabilization
of the basolateral membrane. Figure 3 shows that no
detectable current was recorded by the application +80
mV clamped voltage across the apical membrane in the
symmetrical bicarbonate-free, K+ free and NMG-Cl so-
lution that was used for BORDIC current recording.
However the application +80 mV clamped voltage from
0 mV holding voltage after stimulation of 8-Br-cAMP
(0.1 mM for 10 min) or ionomycin (1mM for 10 min)
induced Cl− current across the apical membrane.

As BORDIC current was strongly inhibited by the
basolateral DIDS, the effect of basolateral or apical
DIDS on the cAMP-mediated Cl− secretion in an intact
monolayer was observed. Bicarbonate free normal Ring-
er’s solution was used for this experiment. Figure 4A
shows that the short circuit current (Isc), increased by
8-Br-cAMP (1 mM), was significantly inhibited by ba-
solateral but not apical DIDS (0.2 mM) in intact mono-
layer of rat airway epithelia. The same results were ob-

served in an intact monolayer of T84 colonic cell lines
and Calu-3 human airway cell lines (Fig. 4B).

Discussion

In this study, high resistance rat airway epithelial mono-
layers were used after apical or basolateral membrane
permeabilization with nystatin to functionally isolate the
basolateral or apical membrane. The macroscopic cur-
rents recorded on the permeabilized rat airway epithelial
monolayer under a transepithelial voltage have shown
similar biophysical characteristics shown by whole cell
or single channel recording in previous experiments
(Hwang et al., 1996). Even though a rectified current in
symmetrical solution can be recorded on the monolayer
of Calu-3 human airway or T84 human colonic epithelial
cell lines, it is not easy to quantify the data statistically
because transcellular resistance after nystatin treatment

Fig. 2. I–V plots of halide permeability for outwardly rectifying depo-
larization induced Cl− current across the basolateral membrane (BOR-
DIC) recorded in the symmetrical bicarbonate, K+ free and NaCl, NaI
or NaBr Ringer’s solution after permeabilization of apical membrane
(A). Representative currents trace at +80 mV clamping pulses from a
holding voltage of 0 mV applied after nystatin (180mg/ml) permeabi-
lization of the apical membrane. (B).
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is not high enough. Therefore rat airway epithelial
monolayer was used for this study unless otherwise in-
dicated.

This study provides evidence that cultured mono-
layer of rat airway epithelial cells express a basolateral
outwardly rectifying chloride conductance (BORDIC).
The conductance is DIDS sensitive and not affected by
basolaterally applied bumetanide. Cyclic-AMP depen-
dent current activation in the intact monolayer is inhib-
ited by basolateral application of DIDS implying indi-
rectly that the BORDIC conductance contributes to the
cAMP-mediated Cl− secretion.

Bumetanide-sensitive basolateral Na-K-2Cl cotrans-
port have been known for an entry pathway for Cl− se-
creted by the CFTR in a variety of epithelia (Welsh &
Smith, 1993). However a recent report showed that
cAMP increased bumetanide-insensitive Cl− secretion in
jejunum, colon, and airway epithelia isolated from mice
lacking the basolateral Na-K-2Cl cotransport, which sug-
gests an alternative Cl− entry pathway is present on the
basolateral membrane (Flagella et al., 1999). The physi-
ologic function of BORDIC current in airway epithelia is
not currently proposed. However, we speculate that
BORDIC current can be responsible for an alternative
pathway for basolateral Cl− entry based on its activation
by depolarization voltage, outward rectification, basolat-
eral DIDS sensitivity on cAMP mediated Cl− secretion in
intact monolayer, and bumetanide insensitivity. As bi-
carbonate free Ringer’s solution was used for this ex-
periment, the possibility of DIDS effect on bicarbonate
transport can be excluded. However, it has been re-
ported that DIDS has no effect on cAMP-mediatedIsc in
primary human tracheal cells (Shen et al., 1995), T84

intestinal crypt cell lines (Brayden et al., 1993), or intact
sweat ducts (Morris et al., 1992). The differential results
of DIDS on cAMP-mediatedIsc in intact rat airway, T84
cells and Calu-3 epithelial monolayer in this study might
be due to the basolateral application of DIDS while the
effect of apical DIDS has been observed in previous
experiments.

The biophysical characteristics and functional sig-
nificance of outwardly rectifying depolarization induced
Cl− channel (ORDIC) in CFTR expressing epithelial
cells have been well reported (Tabcharani & Hanrahan,
1991; Egan et al., 1992). Early studies of ORDIC indi-
cated that it can be activated by cAMP agonists in cell-
attached membrane patches or by the catalytic subunit of
PKA or PKC in excised, inside-outpatches from airway

Fig. 3. Comparison of the depolarization induced Cl− current in the
symmetrical bicarbonate-free, K+-free and NMG-Cl Ringer’s solution
across the basolateral or apical membrane. The clamped voltage of +80
mV pulses from 0 mV holding potential were applied after permeabi-
lization of apical or basolateral membrane in the absence and presence
of 8-Br-cAMP (0.1 mM) or ionomycin (1mM) (n 4 5).

Fig. 4. Effects of basolateral (BL side) or apical (A side) DIDS on
cAMP-mediated short circuit current (Isc) in the intact monolayer of rat
airway epithelia, T84 human colonic cell lines and Calu-3 human air-
way cell lines (n > 8). (A) Representative recordings of DIDS effect
during CFTR activation in intact rat airway epithelial monolayer. DIDS
(0.2 mM) was added into basolateral or apical bath in the presence of
8-Br-cAMP (0.1 mM) or ionomycin (1mM). Bicarbonate-free normal
Ringer’s solution were used. (B) A summary of basolateral or apical
DIDS effect on cAMP mediatedIsc. ** P < 0.01 compared with values
for control current.
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or intestinal epithelia (Frizzell, Rechkemmer & Shoe-
maker, 1986). Moreover, such regulation was reported
to be defective in CF patients, which in turn focused a
great deal of attention on the channel. The ORDIC chan-
nels were suggested to occur on the basolateral mem-
brane, based on the observation that high percentage re-
cording of ORDIC channel activity in nonconfluent cells
compared with in confluent cells (Pisam & Ripoche,
1976). After tight junctions are broken, cell polarity is
lost and the two membranes mix in nonconfluent cells.
However other groups explained that the upregulated ac-
tivity of ORDIC channels by disruption of monolayer
integrity, rather than membrane localization, might be
involved in high percentage recording of ORDIC chan-
nel activity in nonconfluent cells (Xia, Haws & Wine,
1997). This indicates that no direct evidence regarding
the membrane localization of the ORDIC channels has
been observed. The apical membrane localization of
CFTR and CACC channels recorded in this experiment
agree with most prior accounts. Therefore, there is a
possibility that the BORDIC current can be ORDIC cur-
rent. The physiological functions of BORDIC current
regarding those of ORDIC and CFTR currents should be
illuminated for further study.
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Research Foundation made in the program year of 1997 (F0301).
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script.
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