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The disease, cystic fibrosis, is caused by the malfunction of the cystic fibrosis transmembrane conductance
regulator. Expression of functional CFTR may normally regulate extracellular pH via control of bicarbonate
efflux. Reports also suggest that the CFTR may be a Cl-/HCO3- exchanger. If true, this could be very important for

;[Fl;ri hvsiometr treatment of CF given the airway host defense system is quite sensitive to pH, and acidic pH been found to
Efﬂuxp v v increase mucus viscosity. We compared evidentiary support of four possible models of CFTR’s role in the

transport of bicarbonate: 1) CFTR as a Cl-channel that permits bicarbonate conductance, 2) CFTR as an anion Cl-/
HCO3- exchanger (AE), 3.) CFTR as both a Cl-channel and an AE, and 4.) CFIR as a Cl-channel that allows for
transport of bicarbonate and regulates an independent AE. The effect of stimulators and inhibitors of CFTR and
AEs were evaluated via iodide efflux and studies of extracellular pH. This data, as well as that published by
others, suggest that while CFTR may support and regulate bicarbonate flux it is unlikely it directly performs Cl-/

HCO3- anion exchange.

1. Introduction

The cystic fibrosis transmembrane conductance regulator (CFTR) is a
protein found within the phospholipid bilayer of epithelial cells along
the apical surface [1]. This protein regulates salt transport and epithelial
fluid secretion [1]. CFTR is an ABC transporter, meaning it requires ATP
in order to regulate gating and conductance of anions, such as chloride
(C17) and bicarbonate (HCO3") [2-5]. Cystic fibrosis (CF) is caused by a
genetic mutation within the DNA sequence which codes for the CFTR
gene [6]. The most common mutation of the CFTR gene is AF508, which
results in the protein becoming degraded before reaching the apical
membrane [1,7]. The protein is targeted by ubiquitin-proteasome
pathway which sends it to the proteasome for degradation [1]. The
disease pathology is mainly due to a lack of CI” conductance, however, it
is difficult to attribute all symptoms of CF solely to changes in Cl~
conductance [8,9].

The aim of this study was to examine bicarbonate conductance
through CFTR as well as investigate the “Muallem hypothesis” which
proposed that CFTR is an anion exchanger (AE) [10]. Since mucins
become viscous in lower pH this might be important given the classic
manifestation of cystic fibrosis is thickened mucus that plugs the vas

deferens (fertility), the pancreas (digestion), and the lungs (infections).
The specific goals of this research were to examine the Cl~ channel
conductance of CFTR expressed in stable cell lines, as well as examine
the conditions necessary for CFTR-dependent HCO3 conductance to take
place. The direct characterization of Cl~ conductance in these cell lines
was accomplished through complete sample replacement iodide efflux
experiments [11,12]. Examining the conditions necessary for CFTR
dependent HCO3- conductance was achieved by tracking extracellular
pH (pHo) through the use of a microphysiometer [13-15], a
semiconductor-based instrument which detects the rate at which a cell
acidifies its environment. Cells were perfused with physiological buffers
containing various CFTR and AE activators and inhibitors and resulting
changes in ion flux and pHo were dynamically monitored.

In testing the “Muallem hypothesis” we made the assumption that
the channel and exchanger properties of CFTR were two separate en-
tities and focused on three predictions proposed by the Muallem group
[10]; 1) bicarbonate transport should be Cl-dependent and stimulated
by forskolin; 2) glibenclamide (a known CFTR inhibitor) should stop
efflux of chloride through the CFTR channel but should not prevent the
action of CFTR as an exchanger; and 3) DIDS (an anion exchanger
blocker) should effect and block bicarbonate movement through CFTR’s
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anion exchanger in cells expressing CFTR.
2. Materials and methods

2.1. Cell culture

The cells used in this study were C127 mouse mammary epithelial
control cells, cells stably expressing wild-type CFTR, and those
expressing AF508-CFTR. These cells were obtained from Genzyme
Corporation (Dr. Seng Cheng). These are stable cell lines that were either
transfected with the BPV vector alone (bovine papilloma-based vector
with neomycin resistant genes) or transfected with BPV vector con-
taining either cDNA for wild-type CFTR (2WT2 cells) or AF508 CFTR
(508-8 cells). C127 cell lines were grown in Dulbecco’s Modified Eagles
Medium (DMEM) containing 10% fetal bovine serum (FBS), 2 mM
glutamine, 100 units/ml penicillin, and 10 pg/ml streptomycin.

2.2. lodide efflux

[-125 efflux (substituted for Cl-—) was measured using complete
sample replacement with 30-sec intervals. Efflux buffer was (in mM): 10
HEPES; pH 7.4, 5.4 KCl, 1.8 CaC12, 1.0 NaH2P04, 0.8 MgS0O4, and 1
mg/ml glucose (either with 150.0 of NaCl or Nal). Protocol and efflux
rate constants were generate as described by Venglarik et al., 1990 [12].

2.3. Measurement of extracellular pH

C127 cells were prepared per manufacturer’s recommendations
before transfer into sensor chambers. Cells were passaged into six 12-
mm diameter disposable 3.0 pm porous polycarbonate capsules in
standard DMEM supplemented with 10% FBS and 5% P/S as described
previously [13,16]. The cells and sensor chambers were first equili-
brated with the running medium (in mM) 148 NacCl, 5.0 KCl, 1.0 CaCl2,
and 2.0 HEPES, 1.8 mg/ml glucose; pH 7.4 for about 10 min. A spacer,
which defines the internal size of the cell area used for recording, was
then placed on the capsule cell surface. A capsule insert, which traps the
cells between microporous membranes and a spacer, was then placed on
top. The cell capsules were transferred to the equilibrated sensor
chambers with a silicon chip (pH detector) on the bottom and placed on
to the recording instrument. A two mm diameter circular region in the
center of cell capsule was used for pH recordings by a light emitting
diode (LED) located underneath the sensor chamber. To enhance the
detection of subtle pH changes, sensor chambers were perfused with a
nominally bicarbonate-free running media with a low buffering capac-
ity. The media was also degassed/debubbled and warmed to 37 °C,
before perfusing cells, and pHo was continually monitored. Reservoirs of
cell media were connected to the flow chamber by tubing, and the flow
rate was set to 100 pl/min. Each cycle lasted 2 min and consisted of a
perfusion phase and an interruption phase. During the perfusion phase
the medium was continuously passed through the chamber for an in-
terval of 80 s. During the interruption phase, the pumps were halted for
40 s, during which the rate of acidification within the chamber was
calculated, recorded and plotted by the software (termed rate data). The
flow was then resumed, and the next cycle begun, with rates of acidi-
fication returning again to baseline.

2.4. Statistical analysis

Except where noted, all data are reported as mean + standard error
(SEM). Statistical significance was assessed by performing two-tailed
student’s t-tests. When using microphysiometer data, the notation “n
= x(y)” was used, where “x” stands for traditional trial number and
denotes the number of cell capsules used. The “y” stands for the number
of multiple replications performed on a single cell capsule for the
duration of a single experiment. For example, n = 2(4) would indicate
two different cell capsules, each tested twice for the same condition.
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Multiple curves of normalized acidification rate obtained through the
multiple replications would then be averaged to represent a response
from a cell capsule under a certain condition. For all microphysiometer
data, each capsule was represented as the mean of all trials, however,
only the number of capsules tested was used as a trial number in sta-
tistical tests. In iodide efflux studies, data was obtained from 35 mm cell
culture dishes and each dish of cells was used as a single trial number.
The data were again represented as an average curve of all trials for a
single experimental condition.

3. Results
3.1. CFTR activation increased iodide efflux

Application of 10 pM forskolin, a cAMP elevating agent, was used to
stimulate CFTR and thus elicit a significant increase in iodide efflux in
"wild type" cells, expressing wild-type CFTR, when compared to
"mutant" cells, expressing AF508-CFTR and vector-transfected controls
(Fig. 1). Comparing iodide efflux rate, change in concentration over
time, of wild type cells before stimulation (at 2.5 min) and at the second
time point during forskolin treatment (at 3.5 min), 10 pM forskolin
caused about a 3.5-fold increase in efflux rate and yielded an increase in
rate constant of 0.42. The increase in iodide efflux observed in forskolin-
stimulated cells expressing wild-type CFTR was significantly higher than
that from cell lines expressing mutant CFTR or null controls. By contrast,
forskolin only caused a small gradual increase in iodide efflux from
AF508-CFTR mutant cells (0.07 increase in rate constant) and no change
in control cells (Fig. 1A). The iodide efflux rate of mutant cells stimu-
lated with 10 pM forskolin was comparable but distinct from the base-
line level of found in a vector-transfected null control cell line (Fig. 1B).
CFTR activation successfully increased iodide efflux thus establishing
the stability of the experimental system and its controls, and enabling
the next step, inhibitors added to test the impact of restricted movement
of specific ions.

3.2. Anion exchanger (AE) inhibition did not reduce iodide efflux

Concurrent treatment of wild-type cells with 500 uM DIDS (AE in-
hibitor) and 10 pM forskolin elicited a significant increase in iodide
efflux similar to that seen in the controls with forskolin alone (Fig. 2A).
The efflux rate increased about 5-fold compared to the pretreatment
(between 2.5 and 3.5 min). This yielded a change in rate constant of 0.46
(Fig. 2A). The average increase in efflux rate of wild type cells with both
DIDS and forskolin was slightly higher than the mean increase from wild
type cells treated solely with forskolin (Fig. 2A). Cells expressing AF508-
CFTR did not change their iodide movement (Fig. 2B). The efflux from
AF508-CFTR cells compared under two conditions (DIDS + forskolin,
forskolin alone) revealed no inhibition. Given anion exchange inhibitors
did not reduce efflux in either cell line, expressing wild-type or mutant
CFTR, this undermines the possibility that CFTR directly performs Cl-/
HCO3- exchange.

3.3. CFTR inhibition reduced iodide efflux rates

Application of 400 pM glibenclamide and 100 pM DPC (CFTR
channel inhibitors) alongside 10 pM forskolin, decreased iodide efflux in
wild type cells indicating, at least partial CFTR inhibition (Fig. 3A).
Glibenclamide and DPC suppressed the increase in iodide efflux elicited
by forskolin to only about 1.5-fold in wild type cells, causing a total
change in rate of 0.12 (Fig. 3A). Yet when the difference versus a 3.5-
fold increase caused by forskolin alone was not found to be statisti-
cally significant (p = 0.06). The same treatment in AF508-CFTR mutant
cells did not cause any significant change in the overall rate of efflux in
either cells treated with forskolin alone, or treated with forskolin and
both glibenclamide and DPC (Fig. 3B). Both conditions did, however,
cause a gradual steady increase in efflux rate for the duration of the



M.K. Massey et al.

Biochemistry and Biophysics Reports 25 (2021) 100863

# o BPV 10uM forskolin
0.7
* —0— 2WT2 10uM forskolin
[ —a— 508-8 10uM forskolin
0.6
0.54
[
—
©
(-3
5 0.4
=
=
w
)
©
5 0.3
o
0.2
0.14
10uM forskolin
0 T T T T T T T T
1.5 2 2.5 3 3.5 4 4.5 5 5.5
Time (min)
0.34
—o— BPV no stimulation T
[
® —o— BPV 10uM forskolin
(4
0.2+
>
=
=
w
[}
] 0.1
°
°
10uM forskolin
0 T T T T T T T T
1.5 2 2.5 3 3.5 4 45 5 5.5
Time (min)

Fig. 1. Effect of CFTR activator (10pM forskolin) on iodide efflux rate of cell lines stably expressing wild type, mutant AF508-CFTR versus null control. (A.) Effect of
10 pM forskolin treatment on iodide efflux rate of control cells transfected with vector alone (BPV), and cells stably expressing wild type CFTR (2WT2) or AF508-
mutant CFTR (508-8). When compared to mutant and control cells, 10 pM forskolin (cAMP elevating agent) exposure elicited a rapid and significant increase in
iodide efflux in wild type cells. Each point represents an average of 20 experiments for wild type and mutant cell lines and 6 experiments for the control cell line (*p
< 0.01 compared to 508-8; #p < 0.01 compared to BPV; error bars as SEM). (B.) Effect of 10 pM forskolin treatment versus non-treatment in rate of iodide efflux
response of control cell line (vector transfected BPV cells). Each point represents an average of 6 trials (error bars as SEM).

experiment (1.7-fold increase with forskolin alone and 2-fold increase
with inhibitors and forskolin) (Fig. 3B). No significant difference be-
tween the two treatments was observed.

If CFTR inhibition occurred, wild type cells treated with CFTR in-
hibitors (400 uM glibenclamide and 100 pM DPC) and the stimulator (10
pM forskolin) were expected to behave similarly to AF508-CFTR mutant
cells treated with a stimulator. A significant difference was, however,
observed between the two treatments. Wild type cells exhibited a rate of
efflux increased by about 1.5-fold, causing a change in rate of efflux by
0.12, while mutant cells showed a change in rate of only 0.07, thus again
indicating only partial inhibition of CFTR. In this case, the application of
ion channel blockers reduced CFTR-dependent iodide efflux in both cell
lines, which is supportive of the role where CFTR serves as an anion
channel.

3.4. CFTR activation reduces extracellular acidification (causes
alkalinization)

It has previously been shown that activation of CFTR, by cAMP
elevating agent forskolin, can lead to decreased extracellular acidifica-
tion (or increased extracellular alkalinization) of CFTR-expressing cells,
and the opposite in CFTR-deficient control cells [10]. During this study,
acidification rates were similarly compared between cells stably
expressing wild-type CFTR, mutant AF508-CFTR and controls. After a
10-min exposure to 10 pM forskolin, a reduced extracellular pH acidi-
fication response was observed in cells expressing wild-type CFTR when
compared to mutant and control cells (Fig. 4A). Immediately after
stimulus acidification rates initially increased in all cell lines: mutant
(90%), control cells (35%), and wild-type cells (35%). Four minutes
after exposure to forskolin, the initial acidification rate for mutant cells
reduced to a 50% (drifting between 45 and 65%) above pretreatment
level. On the other hand, cells expressing wild-type CFTR displayed a
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Fig. 2. Effect of AE inhibitor (500 pM DIDS) on iodide efflux rate of cell lines stably expressing wild type and mutant AF508-CFTR. A. Effect of 500 pM DIDS and 10
uM forskolin treatment of wild type cells resulted in an almost identical iodide efflux rate as that elicited by treatment with 10 pM forskolin alone. Each point
represents an average of 20 experiments for 10 pM forskolin treatment and 6 experiments for studies with 500 uM DIDS and 10 uM forskolin (error bars as SEM). B.
Effect of 500 mM DIDS and 10 pM forskolin on mutant cells did not show a similar increase in iodide efflux. Each point represents an average of 20 experiments for 10
pM forskolin treatment and 6 experiments for studies with 500 pM DIDS and 10 mM forskolin (*p < 0.05; #p < 0.01; error bars as SEM).
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Fig. 3. Effect of CFTR inhibitors (400 pM glibenclamide, 100 pM DPC) on iodide efflux rate of cell lines stably expressing wild type and mutant AF508-CFTR.A.

Application of 400 pM glibenclamide, 100 pM DPC, and 10 pM forskolin decreas:

ed iodide efflux in cell line expressing wild-type CFTR (2WT2 cells), indicating partial

CFTR inhibition. Each point represents an average of 20 experiments for 10 pM forskolin treatment and 6 experiments for studies with 400 uM glibenclamide, 100 pM
DPC and 10 pM forskolin (error bars as SEM). B. Treatment of cell line expressing AF508-CFTR (508-8 cells) with 400 pM glibenclamide, 100 pM DPC and 10 pM
forskolin did not cause any significant change in the overall rate of efflux whether treated with forskolin alone, or with inhibitor cocktail and forskolin. The dif-

ferences in efflux rate constants were not statistically significant (p = 0.24 at

t=3;p=0.02att=3.5p=0.13 at t = 4; p = 0.06 for at t = 4.5). Each point

represents an average of 20 experiments for 10 pM forskolin treatment and 6 experiments for studies with 400 pM glibenclamide, 100 pM DPC and 10 pM forskolin

(error bars as SEM).

distinctly reduced acidification rate profile from both the mutant and
control cells. In response to forskolin stimulation the wild-type cells only
exhibited a peak increase in acidification rate of 25% above that of the
pretreatment state. Even after forskolin washout, the acidification rates
of cell types remained distinct from one another for some time. Given
the application of reagents known to elevate ion conductance in CFTR
lead to a concomitant extracellular alkalinization, this is suggestive that
wild-type CFTR can conduct bicarbonate ions and impact pH without
requiring anion exchange.

3.5. Cl- free buffer reduces extracellular acidification rates

Our final studies monitored acidification rates of cells in Cl-free
media with stimulation by 10 pM forskolin. By introducing a Cl-free
environment on the extracellular side, thus creating a concentration
gradient for Cl-to exit the cells and HCO3- to enter, we could better
examine the possibility that CFTR is a Cl-/HCO3- exchanger. If CFTR
were an AE, HCO3- would only be able to enter the cell via CFTR upon
Cl-exit. Thus, one might predict if CFTR was an AE, in the Cl-free
environment, forskolin stimulation might lead to a greater increase in
extracellular acidification rate as compared to mutant and control cells.
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Fig. 4. Impact of forskolin (CFTR stimulator) and Cl-free conditions (AE inhibitor) on cells expressing wild type and AF508-CFTR on extracellular pH assayed via
Microphysiometry. A. Effect of 10 pM forskolin treatment on normalized acidification rates of control cells (BPV) and cell line stably expressing wild-type CFTR
(2WT?2 cells) or mutant AF508-CFTR (508-8 cells). A 10-min exposure to 10 uM forskolin resulted in a significantly lower increase in acidification rate in wild-type
cells when compared to mutant and control cells. Each point represents an average of n = 26(39) for wild type cells, n = 26(38) for mutant cells, and n = 13(20) for
control cells (*p < 0.01 comparing 2WT2 to 508-8 and BPV; #p < 0.01 comparing 508-8 to 2WT2 and BPV; “p < 0.01 comparing BPV to 508-8 and 2WT2; e p <
0.01 comparing 2WT2 to 508-8; error bars as SEM). B. In Cl-free media a 10 uM forskolin treatment decreased normalized acidification rates of cells expressing wild
type CFTR (2WT2) but had no impact on cells expressing mutant AF508-CFTR (508-8) or controls (BPV). Each point represents an average of n = 8 for wild type
cells, n = 10 for mutant cells, and n = 4(8) for control cells (*p < 0.01 comparing 2WT2 and 508-8 to BPV cells; error bars as SEM).
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Following the switch to Cl-free medium containing 10 pM forskolin, the
acidification rate of wild type cells decreased by about 1.4-fold while
there was no change in either mutant or control cells (Fig. 4B). This
decrease in acidification rates of wild type cells was rather short lived
(Fig. 4B). To compare, exposure to 10 pM forskolin in running media
containing Cl-, elicited an increase in acidification rate in wild type cells
of about 1.35-fold. Four minutes following the drug exposure acidifi-
cation rate in wild type cells was reduced to 1.25-fold above baseline.
The Cl-free conditions did not reverse, but rather increased alkaliniza-
tion of extracellular environment of cells expressing wild-type CFTR. If
CFTR had anion exchanger qualities, when comparing wild type cells to
mutant and control cells, we would not expect to see forskolin-
stimulated reduction in extracellular acidification rate (i.e. extracel-
lular alkalinization) in cells overexpressing functional wild-type CFTR.

4. Discussion

The aim of this study was to characterize the regulation of HCO3-
transport and extracellular pH by CFTR. Four models of CFTR function
were assessed throughout this study: 1) CFTR as a Cl-channel that per-
mits HCO3- conductance, 2) CFTR as an anion Cl-/HCO3- exchanger
(AE), 3.) CFTR as both a Cl-channel and an AE, and 4.) CFTR as a Cl-
channel that allows for transport of HCO3- and regulates an indepen-
dent AE. The Muallem hypothesis stated that three conditions were
required for CFTR to be considered an anion exchanger: bicarbonate
transport should be Cl-dependent and stimulated with forskolin, gli-
benclamide and DPC should stop efflux of chloride through the channel,
but should not prevent action of CFTR as an anion exchanger, and DIDS
should block bicarbonate movement through CFTR’s anion exchanger in
expression cells. However, none of these conditions were met during the
experiments.

Glibenclamide and DPC prevented forskolin-stimulated bicarbonate
efflux through CFTR (as observed by increased acidification rate
following the inhibitor treatment). DIDS treatment did not prevent bi-
carbonate efflux stimulated with forskolin; rather it was found to in-
crease it in all cell lines used. This was indicative of inhibition of AEs
found in all three cell lines, and not an AE specific to the wild-type CFTR
expressing line. Additionally, the decrease in acidification rate during
the simultaneous DIDS and forskolin treatment was greater than with
DIDS alone only in wild type cells. The results imply that upon activation
of CFTR, with forskolin, there is an additional base efflux, which com-
pensates for an increased metabolic rate.

The most important piece of evidence collected stemmed from the
studies with Cl-free media where treatment with forskolin in wild type
cells caused a large decrease in acidification compared to the media
containing Cl-. This aided in the conclusion that HCO3- transport
through CFTR was not Cl-dependent which opposes the proposed model
that it was mediated by an exchange mechanism.

Choi et al.’s [10] findings that suggested CFTR served as a Cl-/HCO3-
exchanger. This could be explained by a tight interaction between CFTR
and other Cl-/HCO03- exchangers, such as members of SLC26 transporter
family like DRA and A6.

CFTR has been shown to regulate these transporters and therefore
Cl-/HCO3- exchange through interactions with PDZ domains [17]. PDZ
mediated interactions of CFTR with other transporters, however are not
an isolated event with SLC26 family. CFTR shows multiple interactions
with PDZ proteins such as EBP50, Na+/H+ exchanger type 3 kinase A,
CAP70, and so on [18]. This is suggested to play a role in the regulation
of epithelial fluid and electrolyte transport that not only functions as a
Cl-channel but also affects other exchangers and channels [19,20]. CFTR
is thought to interact with other cell proteins, such as ENaC, through
their respective PDZ domains and scaffolding proteins [12]. There have
been suggestions that CFTR may affect Na + absorption through
epithelial Na + channels (ENaC), K+ secretion through luminal K+
channels, and HCO3- salvage through Na+/HCO3- exchange [19,20].

These studies support CFTR function as presented by model 4: CFTR

Biochemistry and Biophysics Reports 25 (2021) 100863

as a Cl-channel that allows for transport of HCO3- and regulates an in-
dependent AE.

Yet is pH important in CF? Yes, yet more data is needed in vivo.
Consider, that the airway host defense system is sensitive to acidic pH
[21], which could explain the persistent infections characteristic of CF
lungs. And the classic manifestation of cystic fibrosis is mucus that plugs
the vas deferens (fertility), the pancreas (digestion), and the lungs (in-
fections). It also has been shown that acidic pH which is present young
human airway cells [22] will increase the airway mucus viscosity in pig
models [23]. Ropes of mucus form in the human submucosal glands [24]
and impede the clearance of mucins out of the lung [25] perhaps due to a
loss of bicarbonate [26].
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