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ump Activity in Calu-3 Human Airway Cells
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Recently it has been established that the cystic fibrosis
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We studied the role of CFTR in the Na1-K1-pump
ctivity of Calu-3 human airway cells. To estimate
he Na1-K1-pump activity on the basolateral mem-
rane, the ouabain-sensitive component of the short-
ircuit current (Isc) was measured after permeabiliza-
ion of the apical membrane with nystatin, a Na1

onophore. The Na1-K1-pump activity was diminished
y a selective CFTR blocker (glybenclamide) or non-
pecific Cl2 channel inhibitors (NPPB and DPC) but
ot by outwardly rectifying Cl- channel blockers

DNDS, DIDS). Augmentation of anion conductance by
-bromo-cyclic AMP (8Br-cAMP, 1 mM) potentiated the
a1-K1-pump activity that was reduced by blocking
FTR or by the replacement of Cl2 with gluconate, a

ess membrane-permeant anion. The Na1-K1-pump ac-
ivity was unaffected by the replacement of Cl2 with
O3

2 that has equal permeability through the CFTR.
hese results suggest that the anion movement

hrough the CFTR may contribute to the Na1-K1-pump
ctivity in Calu-3 cells by regulating the rate of Na1

ntry. © 2000 Academic Press

Regulation of the liquid on the airway surface is
mportant in the formation of low viscosity mucus,
hereby maintaining a conductive and aseptic environ-
ent in the lung. The amount of the intraluminal fluid

s determined by the balance of secretion and absorp-
ion regulated by an active ion transport system whose
nergy is mainly produced by the Na1-K1-ATPase
ump (Na1-K1-pump) (1): the Na1 gradient produced
y the Na1-K1-pump is the driving force for several
a1-coupled ion transporters, such as the Na1-K1-
Cl2-cotransporters (2), which are responsible for
ransepithelial Cl2 transport (3). In addition, the Na1-

1-pump itself is the extrusion step across the baso-
ateral membrane for the transepithelial Na1 trans-
ort in various kinds of polarized epithelial cells (4–6).
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ransmembrane conductance regulator (CFTR) func-
ions not only as an anion channel but also as a regu-
ator of the Na1 channel that is the entry step for the
ransepithelial Na1 transport (7). However, the effects
f CFTR on the Na1-K1-pump have not been investi-
ated. Thus we examined the role of CFTR in the
a1-K1-pump capacity in a Calu-3 human airway cell

ine that appeared to have a phenotype very similar to
hat of lung serous cells (8, 9). In the present study, we
pplied a non-invasive and non-destructive technique
sing a modified Ussing chamber to observe the inter-
ction between the Na1-K1-pump and CFTR (10–12).
e here demonstrate that anion conductance through
FTR contributes to the activity of the Na1-K1-pump.

ATERIALS AND METHODS

Cell culture. Calu-3 cells were purchased frozen (280°C) from
merican Type Culture Collection (Rockville, MD) and grown in a
:1 mixture of Dulbecco’s Modified Eagle’s Medium and Ham’s F-12
GIBCO, Grand Island, NY) containing 10% fetal bovine serum
GIBCO), 100 mg/ml streptomycin, and 100 U/ml penicillin (GIBCO).
he cells were incubated in culture flasks (T75) at 37°C in a humid-

fied incubator with 5% CO2 in air. When 80–90% confluent, cells
ere detached with a solution of phosphate-buffered saline (PBS),
.04% EDTA, and 0.25% trypsin. For short-circuit current (Isc) mea-
urement, cells from the flasks were subcultured at 106 cells/cm2 on
napwell inserts (0.4 mm pore size, 12 mm diameter, polyester;
ostar, Cambridge, MA) which had been coated overnight with 0.5
g/ml human placental collagen type VI (Sigma Chemical Co., St.
ouis, MO). One day after seeding the cells on the inserts, the
edium bathing the apical side was removed to establish an air

nterface (13). The cells formed a confluent monolayer in 6 days and
ere used for experiments in 7–13 days.

Solutions. The normal solutions used in this study contained
mM): 140 NaCl, 5 KCl, 1 MgCl2, 2 CaCl2, 10 glucose, and 10 HEPES
pH 7.4 at 37°C). For experiments of anion replacement, Cl2 was
eplaced by gluconate or NO3

2, and called “gluconate solution” or
NO3 solution” respectively. HCO3

2-containing solutions without Cl2

called “HCO3 solution”) consisted of (mM): 115 Na-gluconate, 25
aHCO3, 5 K-gluconate, 1 Mg-gluconate, 2 Ca-gluconate, 10 glucose,
nd 10 HEPES. When preparing this solution, the pH was adjusted
o 7.4 at 37°C before adding NaHCO3.



b
s
s
B
8
A
i
w

T
i
m
b
s
c
f
I
0
c
(
s
w

ouabain (1 mM)-sensitive component of Isc to evaluate Na1-K1 pump
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Drugs. Ouabain, bumetanide, 5-nitro-2-(3-phenylpropylamino)-
enzoate (NPPB), diphenylamine-2-carboxylate (DPC), 4,49-dinitro-
tilbene-2,29-disulfonic acid (DNDS), and 4,49-diisothiocyanato-
tilbene-2,29-disulfonic acid (DIDS) were obtained from Research
iochemicals International (Natick, MA). Nystatin, phlorizin, and
-bromo cyclic AMP (8Br-cAMP) were obtained from Sigma Chemical.
ll chemicals in the present study except 8-bromo cAMP were dissolved

n dimethylsulfoxide (DMSO). 8-bromo cAMP was dissolved in distilled
ater. Nystatin solution was prepared just before every experiment.

Measurements of short-circuit current (Isc) and anion conductance.
he filter inserts with confluent monolayers were mounted in mod-

fied Ussing chambers (EasyMount Chamber; Physiologic Instru-
ent, San Diego, CA) with one of the solutions mentioned above. The

ath solutions were bubbled with 95% O2, 5% CO2 (in the HCO3

olution) or air (in the other solutions) at 37°C. The monolayers were
ontinuously open-circuited to measure transepithelial potential dif-
erences (PD) by a voltage clamp amplifier (VCC MC2; Physiologic
nstruments, San Diego, CA). Every 20 s we applied a 2 mA pulse for
.5 s to the monolayer under open-circuit conditions so that we could
alculate transepithelial conductance (Gt) from the change in the PD
DPD) using Ohm’s law (Gt 5 2 mA/DPD). When the Isc was mea-
ured, the PD was clamped to 0 mV by the amplifier. In accordance
ith previously reported procedures (10–12), we measured the

FIG. 1. Effects of Cl2 channel blockers on the ouabain-sensitive
sc. Nystatin (50 mM) applied to the apical solution elicted a rapid
ncrease in Isc (A) that reached the maximum level in 20–30 min
ollowed by a sustained component even when the solvent (dimeth-
lsulfoxide, 0.1%) was applied. Ouabain (Oua, 1 mM) applied in the
asolateral solution abolished the Isc. 100 mM NPPB (B) or 300 mM
lybenclamide (GLY) (C) applied to the apical and basolateral solu-
ion produced a rapid decrease in the nystatin-induced Isc with the
esult that significantly reduced ouabain-sensitive Isc remained. In
ontrast, 500 mM DNDS (D) applied to the apical and basolateral
olutions did not affect the nystatin-induced and ouabain-sensitive
sc. Data are means 6 S.E.M. (n 5 4–5).
231
ctivity under two conditions: in the presence or absence of 50 mM
ystatin applied to the apical side, because the Na1-K1 pump activ-

ty is dependent on the Na1 availability in the cytosolic space.
ystatin has been reported to create aqueous pores of about 4 Å

adius in the lipid bilayer (14, 15). This pore size selectively enables
onovalent cations, water, and small nonelectrolytes to permeate

he membrane (14). Treatment with nystatin increases apical Na1

onductance with the result that Na1 extrusion by the Na1-K1 pump
cross the basolateral membrane becomes the rate-limiting step of
ransepithelial Na1 transport (16): therefore, the treatment with
ystatin enables us to measure the capacity of Na1 extrusion by the
a1-K1 pump. In the absence of nystatin, ouabain-sensitive Isc may

ndicate the partial Na1-K1 pump activity stimulated by the limited
a1 entry, but is thought to reflect the physiological state of the
a1-K1 pump activity. In Calu-3 cells, Na1 entry across the apical
embrane is mediated through the Na1-glucose transporter instead

f Na1 channels. We estimated the Na1 entry current by phlorizin
200 mM)-sensitive Isc. To assess the apical and basolateral conduc-
ance (Ga and Gb) of Cl2, the NPPB-sensitive component of Ga or Gb

as measured after permeabilizing the basolateral or apical mem-
rane respectively with 100 or 50 mM nystatin.

Statistics. Data are expressed as means 6 S.E.M. with the num-
er of preparations used (n). Statistical difference was determined
y Student’s t test or one-way ANOVA. Values of P , 0.05 were
onsidered to be significant.

ESULTS

Inhibitory effects of Cl2 channel blockers on the Na1-
1-pump activity. Isc increased after adding nystatin

50 mM) to the apical solution in the Calu-3 human
irway cell line (Fig. 1). The Isc reached the nearly
aximum level about 20 to 30 min after adding nysta-

in and maintained it for at least 50 min even when the

FIG. 2. Effects of several Cl2 channel blockers on the ouabain-
ensitive Isc in the presence of 8-bromo-cyclic AMP (cAMP(1)) and
ts absence (cAMP(2)). In the presence of 1 mM 8-bromo-cyclic AMP
pplied to the basolateral membrane, the ouabain-sensitive Isc 50
in after the application of nystatin was significantly potentiated

n 5 5), but the action was abolished by the application of NPPB
100 mM), DPC (1 mM), or glybenclamide (GLY, 300 mM) applied to
he apical and basolateral solutions (n 5 4). In these experiments,
-bromo cyclic AMP, NPPB, DPC or GLY was applied 20 min after
dding nystatin (50 mM), and another 30 min later, the ouabain-
ensitive Isc was measured. Data are means 6 S.E.M. (n 5 4–5,
P , 0.05).
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olvent (0.1% DMSO) was applied to both the apical
nd basolateral solutions (Fig. 1A). The application of 1
M ouabain to the basolateral solution totally abol-

shed the nystatin-generated Isc, as previously had
een shown (10). In the absence of any Cl2 channel
locker, the ouabain-sensitive component of the
ystatin-generated Isc (called the “pump-current”) ob-
ained in the present study was 15.8 6 0.9 mA/cm2 (n 5
). When we applied 100 mM NPPB, a nonselective Cl2

hannel blocker, to both the apical and basolateral
olutions, however, nystatin-induced Isc showed a
apid decrease from 19.1 6 1.9 to 8.5 6 1.9 mA/cm2 in
0 min with the result that significantly few ouabain-
ensitive Isc remained (7.7 6 0.8 mA/cm2, n 5 4, Fig.
B). Similar results were obtained when 300 mM gly-
enclamide (a CFTR blocker) or 1 mM DPC (another
onselective Cl2 channel blocker) was applied: the re-
aining ouabain-sensitive Isc was 9.4 6 0.6 mA/cm2

n 5 6) or 9.1 6 0.9 mA/cm2 (n 5 6), respectively (Figs.
C and 2). In contrast, DNDS (500 mM) and DIDS (500
M), ORCC blockers, applied to both sides did not
ffect the pump current (16.3 6 1.1 mA/cm2, Fig. 1D;
5.8 6 1.0 mA/cm2, n 5 4).

Activation of CFTR and its effect on the Na1-K1-
ump activity. To activate CFTR, 8-bromo-cyclic
MP (8Br-cAMP, 1 mM) was applied to the basolateral

FIG. 3. Effects of anions substituted for Cl2 on the ouabain (Oua
bsence (cAMP(2)). In the presence of alternative anions (NO3

2, HCO
nd 50 min later the ouabain-sensitive Isc was measured. Applicatio
he ouabain-sensitive Isc (B, C, D), which was suppressed by NPPB
eagent application was the same as that in Fig. 2. Data are means
232
olution, resulting in potentiation of the pump current
20.5 6 1.0 mA/cm2, n 5 5). In the presence of NPPB
100 mM), DPC (1 mM) or glybenclamide (300 mM),
owever, 8Br-cAMP failed to potentiate the pump cur-
ent (8.2 6 0.4, 9.7 6 0.6, and 10.2 6 0.7 mA/cm2, n 5
, Fig. 2). These results were not significantly different
rom the suppressed pump current produced by these
l2 channel blockers in the absence of 8Br-cAMP

7.7 6 0.8, 9.4 6 0.6, and 9.1 6 0.9 mA/cm2, n 5 4).

Effects of replacement of Cl2 on the Na1-K1-pump
ctivity. To investigate the role of Cl2 in the Na1-K1-
ump activity, we replaced Cl2 with NO3

2, which ap-
eared to have equal permeability through the CFTR
n Calu-3 (17). The pump current was unaffected by
his replacement both in the absence of 8Br-cAMP
16.1 6 0.4 mA/cm2, n 5 4) and in its presence (21.5 6
.9 mA/cm2, n 5 4, Figs. 3A and 3B). On the other
and, the replacement of all Cl2 with gluconate, a less
embrane-permeant anion, greatly diminished the

ump current (1.4 6 0.4 mA/cm2, n 5 5, Fig. 3D), which
as partially regained in the HCO3 solution (8.1 6 0.6
A/cm2, n 5 6, Fig. 3C). Even in the gluconate and
CO3 solution, 8Br-cAMP (1 mM) on the basolateral

ide augmented the pump current (18.4 6 1.3 in HCO3,
nd 4.9 6 0.3 mA/cm2 in gluconate solution, n 5 4).
imilar to the data in Fig. 2, however, treatment with

nsitive Isc in the presence of 8-bromo-cyclic AMP (cAMP(1)) and its
r gluconate) (A), nystatin (50 mM) was applied to the apical solution,
f 8-bromo-cyclic AMP (1 mM) to the basolateral solution potentiated
0 mM) applied to the apical and basolateral solution. The timing of
S.E.M. (n 5 4–6, *P , 0.05).
)-se
3
2, o
n o
(10
6
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PPB (100 mM) abolished the 8Br-cAMP-induced po-
entiation of the pump current (8.3 6 0.5 in NO3, 6.1 6
.9 in HCO3, and 1.9 6 0.5 mA/cm2 in gluconate solu-
ion, n 5 4), resulting in no significant difference from
he suppressed pump current produced by NPPB in the
bsence of 8Br-cAMP (7.4 6 0.8, 5.5 6 0.3, and 1.2 6
.2 mA/cm2, n 5 4).

Measurement of Cl2 conductance of the apical and
asolateral membrane. To estimate anion conduc-
ance of the apical or basolateral membrane, NPPB
100 mM)-sensitive conductance was measured after
ermeabilizing either side of the membrane with nys-
atin (Fig. 4). Application of nystatin at 100 mM to the
asolateral membrane and at 50 mM to the apical
embrane enabled us to measure Ga and Gb respec-

ively (2, 12). Basal Ga and Gb had NPPB-sensitive
omponents (485.8 6 36.1 and 206.9 6 18.2 mS/cm2,
5 5–6) which were elevated in the presence of 1 mM

Br-cAMP (2090.1 6 167.0 and 1124.7 6 80.6 mS/cm2,
5 5–6). Neither DIDS- nor DNDS-sensitive conduc-

ance was detected in the presence and absence of
Br-cAMP.

Ouabain- and phlorizin-sensitive Isc in the absence of
ystatin. Finally, we comfirmed that CFTR was im-
licated in the Na1-K1 pump activity even under phys-

FIG. 4. Estimation of anion conductance of the apical and baso-
ateral membrane in the presence of 8-bromo-cyclic AMP (cAMP(1))
nd its absence (cAMP(2)). NPPB (100 mM)-sensitive conductance
anion conductance) was measured after permeabilizing either side
f the membrane with 50 (to the apical) or 100 mM nystatin (to the
asolateral) solution. The NPPB-sensitive components of the apical
nd basolateral conductance (Ga and Gb) were elevated by the appli-
ation of 8-bromo cyclic AMP (1 mM) to the basolateral solution.
ata are means 6 S.E.M. (n 5 5–6).
233
easured without permeabilization of the cell mem-
rane by nystatin (Fig. 5A). Under these conditions,
he ouabain-sensitive Isc is considered to include the
omponent of transepithelial Cl2 current, because
a1-K1 ATPase produces the driving force for the Na1-
1-2Cl2 cotransporter that contributes to the transep-

thelial Cl2 transport. Accordingly, we measured the
uabain-sensitive Isc in the presence of bumetanide
50 mM), a blocker of the Na1-K1-2Cl2 cotransporter.
nder the physiological conditions, 8Br-cAMP (1 mM)
pplied to the basolateral solution failed to potentiate
he ouabain-sensitive Isc (from 2.2 6 0.2 to 2.6 6 0.2
A/cm2, n 5 5). Further, NPPB (100 mM) had no effect
n the ouabain-sensitive Isc both in the presence of
Br-cAMP (2.3 6 0.1 mA/cm2, n 5 5) and its absence
2.3 6 0.2 mA/cm2, n 5 5). Under the normal condi-
ions, NPPB and 8br-cAMP also did not affect the

FIG. 5. Effects of NPPB, a Cl2 channel blocker on the ouabain-
nd phlorizin-sensitive Isc in the presence of 8-bromo-cyclic AMP
cAMP(1)) and its absence (cAMP(2)) under physiological conditions
no nystatin permeabilization). Application of 8-bromo-cyclic AMP (1
M) in the basolateral solution failed to potentiate the (A) ouabain-

nd (B) phlorizin-sensitive Isc, and application of NPPB (100 mM)
oth in the apical and basolateral solutions had no effect on the Isc.
n these experiments, 8-bromo-cyclic AMP and NPPB were applied
0 min before adding ouabain (1 mM) or phlorizin (200 mM). Every
xperiment was pretreated with 50 mM bumetanide. Data are
eans 6 S.E.M. (n 5 5–7, *P , 0.05).
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cross the apical membrane in Calu-3 cells (Fig. 5B).

ISCUSSION

It has been believed that Na1-K1 pump activity is
aintained by Na1, ATP, Mg21 from inside, and by K1

rom outside the basolateral membrane (18). However,
e here provide new evidence that CFTR is also one of

he regulators to the Na1-K1-pump activity in Calu-3
uman lung cells. Calu-3 has been reported to possess
t least two distinct Cl2 channels: CFTR and ORCCs.
FTR is almost exclusively detected in cell-attached
nd whole-cell patch clamp studies from confluent
ells, and ORCCs are only found in the non-confluent
ells or after the tight junctions are disrupted (19).
NDS and DIDS (100–500 mM) have been shown to
lock ORCCs without any effect on CFTR (20, 21). In
he present study using a monolayer of confluent cells,
hree kinds of Cl2 channel blockers sensitive to CFTR
NPPB, DPC, and glybenclamide) reduced the Na1-K1-
ump activity, but ORCC blockers (DNDS, DIDS) did
ot, suggesting that CFTR contributed exclusively to
l2 conductance to maintain the Na1-K1-pump activ-

ty in polarized Calu-3 cells. The permeabilized cells of
ither side of the membrane also revealed that both
pical and basolateral membranes seem to have cAMP-
timulated conductance that is insensitive to DNDS
nd DIDS, although both CFTR and ORCCs are be-
ieved to be activated by cAMP (22). These results
uggest that ORCCs are unlikely to be present even on
he basolateral membrane in the confluent Calu-3
ells.

To further confirm the role of CFTR in the Na1-K1-
ump activity, we replaced Cl2 with other anions of
ifferent permeabilities, since CFTR has been reported
o conduct various kinds of anions like NO3

2 and HCO3
2

s well as Cl2 in Calu-3 (17). The permeation ratio of
l2:NO3

2:HCO3
2 has been demonstrated to be 1.0:0.8–

.0:0.15–0.20 (17, 23). We also used gluconate as a less
ermeant anion through CFTR (12). Under the cAMP-
nstimulated condition, the replacement of Cl2 with
O3

2 did not affect the pump current, but substituting
luconate markedly diminished the current. In the
CO3 solutions, the pump current was smaller than

hat in the NO3 solutions and larger than that in glu-
onate solutions. These results suggest that anion per-
eability through CFTR would, at least, be the rate-

imiter of the Na1-K1-pump activity.
Several reports have shown that cAMP modulated

he Na1-K1-ATPase a-subunit (catalytic subunit) by
ts phosphorylation and/or its increased numbers on
he basolateral membrane in distal lung cells (24, 25).
owever, we here demonstrated that cAMP would, at

east in part, augment the Na1-K1-pump activity
hrough an increase in anion conductance through
FTR in the Calu-3 human airway cell line, since the
234
Br-cAMP was abolished by blocking CFTR in the so-
utions containing CFTR-permeant anions in the pres-
nce of nystatin.
Movement of monovalent cations (Na1, K1) and Cl2

cross the membrane to couple with each other main-
ains intracellular electrical neutrality and regulates
ell volume (26, 27, 28). In the present study, the rate
f Na1 entry may be limited by the rate at which Cl2

an enter the cells in the presence of nystatin that
llows only monovalent cations to pass. Namely, when
he anion conductance through CFTR increases, the
ate of Na1 entry is thought to be up-regulated, allow-
ng the Na1-K1 pump to extrude Na1 at a high rate.
or the same reason, when the anion conductance is
educed by the CFTR inhibitors and less permeant
nions, the Na1 entry rate is thought to fall, resulting
n a decrease in Na1 extrusion by the Na1-K1 pump.
n the other hand, the Cl2 entry seems unlikely to be

he rate-limiter of Na1 entry under physiological con-
itions in Calu-3 cells because both blockade and acti-
ation of CFTR had no effect on the ouabain- and
hlorizin-sensitive Isc in the absence of nystatin. In
everal epithelia possessing Na1 permeant channels,
owever, it has been shown that an increase in Na1

ransport induced by hyposomlality or forskolin was
nhibited by Cl2 channel blockers without nystatin per-

eabilization (12, 27). Therefore, it may suggests that
l2 movement through CFTR is crucial for the poten-

iation of the Na1 absorption.
It is generally known that apical CFTR greatly con-

ributes to Cl2 secretion in the mucosal and submuco-
al gland cells of the lung. The basolateral membrane
n various kinds of epithelial cells is also reported to
ave anion conductance (12, 29). Permeabilizing either
ide of the membrane in the present study suggested
hat the basolateral membrane may also have anion
athways predominantly through CFTR in the Calu-3
ell line, consequently being involved in the Na1-K1

ump activity.

CKNOWLEDGMENTS

The present project was supported by Research Grant Funds
11770305) from the Japan Society for the Promotion of Science to
. Ito.

EFERENCES

1. Gruwel, M. L. H., Alves, C., and Scrader, J. (1995) Am. J.
Physiol. 268, H351–H358.

2. Devor, D. C., Singh, A. K., Lambert, L. C., Deluca, A., Frizzell,
R. A., and Bridges, R. J. (1999) J. Gen. Physiol. 113, 743–760.

3. Niisato, N., Ito, Y., and Marunaka, Y. (1999) Biochem. Biophys.
Res. Commun. 254, 368–371.

4. Marunaka, Y. (1996) Jpn. J. Physiol. 46, 357–361.
5. Lagerspetz, K. Y. H., and Skyttä, M. (1979) Acta. Physiol. Scand.
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