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Abstract C127 cell lines transfected with wtCFTR,
vvF508CFTR or vector were employed to determine HCO3

3
fluxes in the presence or absence of functional CFTR, using the
pH-sensitive dye BCECF. Both cytosolic alkalinization and
acidification were due to activity of anion exchanger and were
similar in the three cell lines, indicating that expression of CFTR
did not influence anion exchanger activity. In C127wt cells only,
cAMP elevating agents significantly stimulated HCO3

3 fluxes,
insensitive to the inhibitor of anion exchanger 4,4P-diisothiocya-
nate dihydrostilbene-2,2P-disulfonic acid, suggesting that acti-
vated CFTR directly mediates both HCO3

3 influx and efflux and
therefore can contribute to intracellular and extracellular pH
regulation.
z 1998 Federation of European Biochemical Societies.
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1. Introduction

Cystic ¢brosis (CF) is a severe genetic disease caused by
mutations in a single gene encoding the cystic ¢brosis trans-
membrane conductance regulator (CFTR) [1]. CFTR is an
epithelial Cl3 channel regulated by cAMP-dependent protein
kinase A [2,3]. The most common mutation of CFTR is dele-
tion of phenylalanine 508 (vF508). Proteins with this muta-
tion remain incompletely processed in the endoplasmic retic-
ulum and are not delivered at the plasma membrane [4]. It is
not yet clear how a defect in Cl3 conductance could account
for the numerous abnormalities of the CF phenotype. Recent
studies suggest that CFTR acts also as a regulator of other
proteins, such as Na� [5] and K� channels [6] and outwardly
rectifying Cl3 channel [7,8].

Another abnormality consists in decreased HCO3
3 as well as

Cl3 secretion in pancreatic ductal cells [9] and airway epithelia
from CF patients [10,11]. By means of electrophysiological
studies, the HCO3

3 /Cl3 permeability ratio of the CFTR was
calculated to be 1:4 [12]. It is well known that the main
mechanism for HCO3

3 transport across the plasma membrane
is the anion exchanger [13]. The anion exchanger gene family

includes the erythroid band 3 (AE1), its homologue expressed
in epithelial cells (AE2) and that mainly expressed in brain
neurons and heart (AE3) [14]. The anion exchangers share the
electroneutrality of transport, the ion substrate speci¢city and
the sensitivity to the disulfonic stilbene class of inhibitors [13].
Both HCO3

3 and Cl3 can be transported and the direction of
transport is determined by gradients of the two anions [15].
Under physiological conditions, the inward-directed Cl3 gra-
dient is larger than the inward-directed HCO3

3 gradient, and
the anion exchanger exchanges intracellular HCO3

3 for extra-
cellular Cl3. When the intracellular pH (pHi) is increased, the
inward-directed HCO3

3 gradient is reduced or reversed, and
this further favors e¥ux of HCO3

3 .
It seems therefore that both Cl3/HCO3

3 exchanger and
CFTR can mediate HCO3

3 transport. However, no data are
available on the relative contribution of the two transport
mechanisms on overall HCO3

3 £uxes and consequent pHi reg-
ulation in normal and CF cells. Elgavish and Meezan [16]
reported in a pancreatic ductal cell line derived from a CF
patient that sulfate uptake, presumably via the anion exchang-
er, was 10-fold lower than that observed after transfection
with wild type (wt) CFTR. Owing to this, expression of
CFTR would be necessary to attain high capacity anion ex-
change, suggesting that CFTR might have a direct or an in-
direct e¡ect on anion exchanger activity [16]. The aim of the
present study was to investigate whether HCO3

3 in£ux and
e¥ux were di¡erent in the absence or presence of functional
CFTR. C127 mammary epithelial cell lines stably transfected
with wtCFTR (C127wt), vF508CFTR (C127vF508) or vector
(C127i) [17] have been employed. We report that HCO3

3 £uxes
were mainly due to the anion exchanger activity, although a
signi¢cant contribution by activated CFTR could be revealed
in C127wt cells, when the activity of the anion exchanger was
reduced.

2. Materials and methods

2.1. Materials
BCECF-AM (Molecular Probes, Eugene, OR) was dissolved in di-

methylsulfoxide, H2DIDS (Molecular Probes, Eugene, OR) in water,
forskolin and IBMX (Sigma, St. Louis, MO) in ethanol.

2.2. Cell culture
C127i cells (a cell line of mouse mammary epithelial origin) express-

ing CFTR or CFTRvF508 were generated by calcium phosphate-
mediated transfection with a bovine papilloma virus-based vector con-
taining CFTR cDNA under control of the mouse metallothionein
MT1 promoter and neomycin resistance gene under control of anoth-
er copy of the MT1 promoter [17]. Cells were grown in Dulbecco's
modi¢ed Eagle's medium (DMEM) containing 10% fetal bovine se-
rum (FCS) (DMEM-FCS medium) and supplemented with 200 Wg/ml
geneticin (Gibco) and non-essential amino acids (Sigma). Since
C127wt and C127vF508 were stably transfected and cloned, variation
of CFTR expression is unlikely, as reported in [18]. The presence of
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functional CFTR was regularly assayed by determining the cAMP-
dependent stimulation of Cl3 channels with the Cl3 indicator dye 6-
methoxy-N-(3-sulfopropyl)quinolinium (SPQ) [19]. The homogeneity
of C127wt cell population was assayed with experiments of digital
imaging in single SPQ-loaded cells: all cells (n = 16) responded to
cAMP elevation (not shown).

2.3. Fluorescence recording
HCO3

3 £uxes were evaluated by following changes of pHi in cells
loaded with 2P,7P-bis(2-carboxyethyl)-5(6)-carboxy£uorescein tetraace-
toxymethyl ester (BCECF-AM). Trypsinized cells (4U106 cells/ml)
were incubated for 30 min with DMEM-FCS medium (pH 7.4) con-
taining 4 WM BCECF-AM at 37³C, in an incubator with a humidi¢ed
atmosphere of 5% CO2 in 95% air. Cells were then washed twice with
a dye-free DMEM-FCS medium, resuspended in DMEM-FCS me-
dium and maintained in ice and in the dark until use. BCECF leakage
from the cells was negligible. BCECF £uorescence was measured in
the cuvette compartment (20³C) of a Perkin-Elmer LS50B Lumines-
cence Spectrometer, with excitation and emission wavelengths of 505
nm and 530 nm, respectively. Aliquots of BCECF-loaded cells (3U105

cells) were centrifuged for 10 s at 7000 rpm with an Eppendorf cen-
trifuge, resuspended in solutions containing 25 mM NaHCO3, as de-
tailed below, and transferred to a cuvette plugged with a snugly ¢tted
te£on holder. The holder had inlet and outlet ports to permit contin-
uous gassing of cellular suspension with a 95% O2-5% CO2 mixture.
All saline solutions containing NaHCO3 were gassed before use.
HCO3

3 in£ux was evaluated by determining intracellular alkalinization
after removal of extracellular Cl3, by incubating the cells with Cl3-
free HCO3

3 -bu¡ered Na-gluconate solution, as described in [15,20].
HCO3

3 e¥ux was determined by intracellular acidi¢cation. Cells
were ¢rst alkalinized by incubation with HCO3

3 -bu¡ered Na-gluco-
nate solution for 6 min, then centrifuged and resuspended in
HCO3

3 -bu¡ered NaCl solution. Calibration curves of pHi against £u-
orescence were generated as described in [21,22] by lysing cells with
0.1% Triton X-100 at the end of each trace and titrating the suspen-
sion by the addition of small amounts of HCl or tris(hydroxymethyl)-
aminomethane, while measuring the pH with a semimicrocombination
pH electrode (Radiometer, Denmark). BCECF £uorescence was linear
with pH over the range between pH 6.5 and 7.9; the coe¤cient of
linear regression ranged between 0.85 and 0.99 in all the experiments.
From the traces (n = 8^14) of each experiment, the average change of
£uorescence caused by 0.1 pH unit variation was determined. The
value was 41 þ 2 (n = 15), with a coe¤cient of variation of 5%. This
calibration procedure was used in alternation with the classical one
with nigericin in high K� medium, because it allowed calibration of
the £uorescence signal at the end of each trace. The rate of change in
pHi (vpHi/min) was measured by linear regression of traces within the
time intervals de¢ned in the legends of the tables. The extent of pHi

increase or decrease was determined as the di¡erence between the
initial value and that measured at steady state.

2.4. Solutions
HCO3

3 -bu¡ered NaCl solution contained 115 mM NaCl, 3 mM
KCl, 2 mM KH2PO4, 1 mM MgSO4, 10 mM glucose, 1 mM CaCl2
and 25 mM NaHCO3 (pH 7.4). In Cl3-free HCO3

3 -bu¡ered Na-gluco-
nate solution, NaCl and CaCl2 were replaced with equal concentra-
tions of Na-gluconate and Ca-gluconate.

2.5. Statistical evaluation
All values are expressed as mean þ S.D., with the number of ex-

periments in parentheses, P is the level of signi¢cance in Student's
t-test.

3. Results

The values of pHi determined in the three C127 cell lines
incubated in HCO3

3 -bu¡ered NaCl solution, gassed with 95%
O2-5% CO2 mixture, were not signi¢cantly di¡erent
(7.03 þ 0.04, n = 8, in C127wt, 7.02 þ 0.03, n = 5, in
C127vF508 and 7.05 þ 0.06, n = 7, in C127i cells).
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Fig. 1. Cytoplasmic alkalinization of C127 cells after extracellular
Cl3 removal. BCECF loaded cells were incubated in Cl3-free
HCO3

3 bu¡ered medium containing Na-gluconate (traces a), plus
0.2 mM H2DIDS (traces b), plus 10 WM forskolin and 0.1 mM
IBMX (traces c), plus 0.2 mM H2DIDS, 10 WM forskolin and
0.1 mM IBMX (traces d). Upper panel: C127wt cells; middle panel:
vF508CFTR cells; lower panel: C127i cells. Traces are representa-
tive of 3^8 experiments.

Table 1
Average rate of intracellular alkalinization (vpH/min) in C127 cell lines

Addition C127wt C127vF508 C127i

None 0.020 þ 0.004 (n = 8) 0.018 þ 0.003 (n = 4) 0.020 þ 0.003 (n = 4)
Forsk+IBMX 0.035 þ 0.004 (n = 4) 0.023 þ 0.003 (n = 3) 0.015 þ 0.004 (n = 3)
H2DIDS 0.006 þ 0.001 (n = 3)*3 0.004 þ 0.002 (n = 4)* 0.005 þ 0.002 (n = 4)*
Forsk+IBMX+H2DIDS 0.028 þ 0.003 (n = 4)3 0.005 þ 0.002 (n = 5) 0.003 þ 0.001 (n = 4)

BCECF-loaded cells were incubated in Cl3-free, HCO3
3 -bu¡ered Na-gluconate solution. Where indicated, 10 WM forskolin, 0.1 mM IBMX, 0.2 mM

H2DIDS was added. The basal rate of intracellular alkalinization, determined by linear regression of traces from 2 to 4 min, was not signi¢cantly
di¡erent in the three cell lines. In each column, *signi¢cantly di¡erent from control (none): P6 0.02; between values marked by 3P6 0.0005,
according to Student's t-test.
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Fig. 1, upper panel, trace a, shows the pHi elevation in
C127wt cells incubated in a Cl3-free HCO3

3 -bu¡ered medium
containing gluconate. pHi increased gradually with time and
reached a steady-state value within 6 min (0.19 þ 0.06, vpHi

unit, n = 8). In the presence of 0.2 mM H2DIDS, a speci¢c
inhibitor of the anion exchanger, only a small increase in pHi

was observed (0.03 þ 0.01 vpHi, n = 3, shown in trace b). This
¢nding indicates that intracellular alkalinization is mainly due
to the activity of the anion exchanger, which mediates in£ux
of extracellular HCO3

3 in exchange for internal Cl3. Addition
of 10 WM forskolin plus 0.1 mM IBMX, known to cause an
elevation of cAMP concentration, did not signi¢cantly a¡ect
the extent of pHi elevation in comparison with control
(0.21 þ 0.02 vpHi, n = 4, trace c). However, addition of
cAMP elevating agents in the presence of H2DIDS caused a
signi¢cant increase of pHi, after a lag time of approximately
2 min (0.10 þ 0.01 vpHi, n = 4, trace d, signi¢cantly di¡erent
from H2DIDS alone, P6 0.01). Experiments in C127wt cells
loaded with the Cl3-sensitive dye SPQ showed that stimula-
tion of Cl3 e¥ux by cAMP elevating agents was apparent
after a lag time of approximately 2 min (result not shown).
The data illustrated in Fig. 1, upper panel, suggest that under
conditions leading to inhibition of the anion exchanger, a
signi¢cant HCO3

3 in£ux is mediated by activated CFTR.
The middle and lower panels of Fig. 1 report the results of

similar experiments performed in C127vF508 and C127i cells,
showing that in both lines the extent of alkalinization was
similar (0.12 þ 0.04, n = 4, and 0.13 þ 0.06, n = 4, vpHi, respec-
tively, not signi¢cantly di¡erent from C127wt cells). The ex-
tent of pHi increase was strongly inhibited by H2DIDS
(0.04 þ 0.02, n = 4, in C127vF508 cells, and 0.03 þ 0.02, n = 4,
vpHi, in C127i cells, shown in traces b) and was not a¡ected
by addition of cAMP elevating agents, either in the absence or
in the presence of H2DIDS (traces c and d, respectively). It
seems therefore that cells lacking CFTR or expressing mu-
tated CFTR do not increase pHi in the presence of cAMP
elevating agents, even when the activity of the anion exchang-
er was blocked.

Table 1 reports that the rates of pHi elevation in the three
cell lines, incubated in Cl3-free HCO3

3 -bu¡ered medium con-
taining gluconate, were similar. Only in C127wt cells did
cAMP-elevating agents cause a signi¢cant increase of the
rate of alkalinization both in the absence and in the presence
of H2DIDS.

Fig. 2 shows acidi¢cation of C127 cells after an alkaline
load. When C127wt cells, incubated ¢rst in a Cl3-free
HCO3

3 -bu¡ered medium containing gluconate, were trans-
ferred to a HCO3

3 -bu¡ered medium containing Cl3, pHi

slowly decreased, reaching a steady state within approximately

8^10 min (Fig. 2, upper panel, trace a). At steady state, the
extent of acidi¢cation was 0.098 þ 0.041 vpH unit (n = 6). In
the presence of H2DIDS, no pHi recovery was determined
(trace b). Addition of forskolin plus IBMX signi¢cantly
stimulated the extent of pHi acidi¢cation both in the absence
and in the presence of H2DIDS (0.16 þ 0.03, n = 6, and
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Fig. 2. Cytoplasmic acidi¢cation in C127 cells after an alkaline
load. BCECF-loaded cells were incubated for 6 min in HCO3

3 -bu¡-
ered Na-gluconate medium, then centrifuged and resuspended in
HCO3

3 -bu¡ered NaCl medium (traces a), plus 0.2 mM H2DIDS
(traces b), plus 10 WM forskolin and 0.1 mM IBMX (traces c), plus
0.2 mM H2DIDS, 10 WM forskolin and 0.1 mM IBMX (traces d).
Upper panel: C127wt cells ; middle panel: vF508CFTR cells; lower
panel: C127i cells. Traces are representative of 3^7 experiments.

Table 2
Average rate of pHi decrease (vpH/min) after an alkaline load

Addition C127wt C127vF508 C127i

None 0.008 þ 0.002 (n = 6) 0.009 þ 0.001 (n = 3) 0.009 þ 0.002 (n = 5)
Forsk+IBMX 0.017 þ 0.003 (n = 8)* 0.010 þ 0.003 (n = 3) 0.008 þ 0.002 (n = 5)
H2DIDS 0.002 þ 0.001 (n = 5)*3 0.002 þ 0.002 (n = 4)* 0.003 þ 0.001 (n = 5)*
Forsk+IBMX+H2DIDS 0.014 þ 0.002 (n = 6)3 0.004 þ 0.002 (n = 4) 0.004 þ 0.002 (n = 4)

BCECF-loaded cells were incubated for 6 min in Cl3-free, HCO3
3 -bu¡ered Na-gluconate solution, centrifuged and resuspended in HCO3

3 -bu¡ered
NaCl solution. Where indicated, 10 WM forskolin, 0.1 mM IBMX, 0.2 mM H2DIDS was added. The basal rate of acidi¢cation, determined by
linear regression of traces from 2 to 6 min, was not signi¢cantly di¡erent in the three cell lines. In each column, *signi¢cantly di¡erent from control
(none): P6 0.01; between values marked with 3P6 0.001, according to Student's t-test.
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0.15 þ 0.03, n = 6, vpH unit, signi¢cantly di¡erent from con-
trol, P6 0.03) (traces c and d of Fig. 2, upper panel). Table 2
reports that cAMP elevating agents also signi¢cantly in-
creased the rates of pHi acidi¢cation both in the absence
and in the presence of H2DIDS in C127wt cells.

The other two panels of Fig. 2 show the behavior of
C127vF508 and C127i cells. As shown in traces a, the extent
of pHi acidi¢cation was similar in the two cell lines
(0.072 þ 0.014, n = 3, vpH unit in C127vF508 cells and
0.065 þ 0.020, n = 4, vpH unit in C127i cells) and not signi¢-
cantly di¡erent from that obtained in C127wt cells. In the
presence of H2DIDS, pHi acidi¢cation was negligible (traces
b). Addition of forskolin plus IBMX signi¢cantly increased
neither the extent nor the rate of pHi recovery both in the
absence (traces c) and in the presence of H2DIDS (not
shown). The values of these rates are shown in Table 2. It
is noteworthy that the initial value of traces shown in Fig. 2
was always slightly lower (approximately 0.05 pH unit) than
that obtained at the end of the alkalinization treatment,
shown in Fig. 1. Furthermore, in no cell lines did pHi return
to the initial pHi value, but a steady state was reached at
approximately 0.05 pH unit higher than the initial value.
The reason for this behavior is not known, but could be
related to either the di¡erent anion composition of the two
solutions or the slightly di¡erent treatment of cells in the two
experiments.

4. Discussion

It is well known that both Cl3/HCO3
3 exchanger and CFTR

can mediated HCO3
3 transport. In this study, ion gradients

have been manipulated to evaluate the relative contribution
of the two transport mechanisms to both HCO3

3 in£ux and
e¥ux in normal and CF cells. Removal of extracellular Cl3

resulted in cytoplasmic alkalinization due to in£ux of extra-
cellular HCO3

3 , which was mediated mainly by the anion ex-
changer, since it was almost abolished in the presence of
H2DIDS, and was similar in the three C127 cell lines. When
alkalinized C127 cells were incubated in HCO3

3 -bu¡ered NaCl
medium, a signi¢cant acidi¢cation, due to HCO3

3 e¥ux, was
observed. The Cl3/HCO3

3 exchanger also mediated this acid-
i¢cation, which was similar in the three cell lines, because
H2DIDS nearly completely prevented this pHi recovery. These
results clearly indicate that the activity of the anion exchang-
er, assessed by both HCO3

3 in£ux and e¥ux, was not signi¢-
cantly di¡erent in the absence or presence of functional
CFTR. It seems therefore that no functional relationship oc-
curs between the two anion transport mechanisms. These ¢nd-
ings are in disagreement with data previously reported [16],
where the activity of the anion exchanger was measured by
following sulfate £uxes. It is possible that the anion exchanger
exhibits di¡erent a¤nity and e¤cacy of transport for HCO3

3

and sulfate, however, it has to be noticed that in vivo the
physiological substrate of anion exchanger is HCO3

3 .
Addition of cAMP elevating agents to C127wt cells in-

creased the rate of alkalinization but not the extent of pHi

elevation; conversely, in the presence of H2DIDS, a signi¢-
cant increase of both parameters was observed. It is notewor-
thy that H2DIDS was shown to have no e¡ect on anion trans-
port through CFTR [18,23]. In the other two cell lines, cAMP
elevation failed to stimulate HCO3

3 entry. These results clearly
indicate that activated CFTR allowed the in£ux of HCO3

3 ,

which was very evident when the anion exchanger was
blocked, and less relevant in the presence of functional anion
exchanger.

Furthermore, we show that cAMP increasing agents in-
duced a signi¢cant stimulation of both the extent and rate
of pHi recovery after alkaline load in C127wt cells but not
in C127vF508 and C127i cells. It has been previously reported
that an increase in cAMP level can modulate the anion ex-
changer activity, although con£icting results have been re-
ported [24^26]. In C127 cell lines not expressing a functional
CFTR, forskolin plus IBMX signi¢cantly stimulated neither
HCO3

3 in£ux nor e¥ux (shown in Figs. 1 and 2), and, fur-
thermore, the cAMP-activated pHi recovery in C127wt cells
was not reduced by H2DIDS, clearly indicating a direct role
for CFTR in mediating HCO3

3 e¥ux. Since H2DIDS alone
nearly completely inhibited acidi¢cation (shown in Fig. 2,
upper panel), it is apparent that in the presence of forskolin
plus IBMX, HCO3

3 £uxes are forced to £ow through CFTR,
in a H2DIDS-insensitive mechanism.

All together, the results presented in this study indicate that
a signi¢cant stimulation of HCO3

3 £uxes occurs through
CFTR under conditions leading to elevation of cAMP. The
loss of HCO3

3 would tend, on one hand, to lower intracellular
pH, and on the other, to increase extracellular pH in normal
cells. Recently, CFTR-mediated acidi¢cation has been re-
ported to accompany apoptosis, resulting in endonuclease ac-
tivation and cleavage of DNA. In contrast, C127vF508 cells,
which failed to acidify, did not show nuclear condensation or
the typical DNA fragmentation [27]. Accordingly, the failure
of cells expressing mutated CFTR to undergo apoptosis has
been suggested to contribute to the pathogenesis of CF [27].

The alkalinization of extracellular £uid might also be im-
portant to pulmonary defense mechanisms [10]. In this re-
spect, it has been reported that common CF pathogens,
such as Pseudomonas aeruginosa and Staphylococcus aureus,
were killed when added to the apical surface of normal airway
epithelia, whereas they multiply on CF epithelia [28]. It is
possible to speculate that di¡erent £uid pH might be involved
in pathogen proliferation, which is one of the clinical hall-
marks of CF.
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