
Abstract Anion selectivity of the cystic fibrosis conduc-
tance transmembrane conductance regulator (CFTR) and
other channels and parallel pathways expressed endoge-
nously in apical membranes of polarized Calu-3 epithelial
monolayers was studied under control conditions and dur-
ing cAMP stimulation. Basolateral membranes were elim-
inated using alpha-toxin. The cAMP-stimulated, gradient-
driven currents had the sequence Br≥Cl≥NO3>SCN>
I≥F>formate>HCO3>acetate>propionate=butyrate=ATP=
PPi=PO4=SO4=0. Selectivity of parallel cAMP-indepen-
dent pathway(s) was Br>Cl=SCN=NO3>I>formate=F
>HCO3>acetate>propionate. SCN, I, F or formate blocked
cAMP-stimulated, but not control, Cl currents. Anions
>0.53 nm in diameter were impermeant, suggesting that
the apical CFTR channel has a limiting diameter of 0.53
nm. The selectivity, blocking patterns and pore size of
the cAMP-stimulated conductance pathway were very
similar to those in previous reports in which CFTR was
heterologously expressed in non-epithelial cells. Thus,
CFTR appears to be the major apical anion conductance
pathway in Calu-3 cells, and its conduction properties
are independent of the expression system. CFTR in
Calu-3 cells also conducts physiologically relevant an-
ions, but not ATP, PO4 or SO4. A pathway parallel
(probably a tight junction) showed a different selectivity
than CFTR.

Key words Anion permeation · CFTR · Cystic fibrosis ·
Pore size · Tight junction

Introduction

The cystic fibrosis transmembrane conductance regulator
(CFTR) Cl channel mediates cAMP-regulated Cl perme-
ability in the apical membrane of a variety of Cl-trans-
porting epithelia. CFTR is mutated in the genetic disease
cystic fibrosis (CF), resulting in defective Cl transport
across epithelia lining the airways, exocrine ducts and in-
testine [22]. CFTR functions primarily as a low-conduc-
tance Cl channel [1], although additional functions of the
CFTR protein are under debate, e.g., as an ATP channel
and also as a regulator of channels adjacent to the CFTR
in the apical membrane of epithelial cells [20, 25, 26].

The selectivity of CFTR to different anions has been
investigated extensively in patch-clamp measurements
of permeability (from bi-ionic measurements of reversal
potentials) or conductance (from slopes of I/V curves)
from transfected cells or frog oocytes. The steady-state
permeability for halides has largely been found to be
NO3(1.4)>Br(1.0–1.2)>Cl(1.0)>I(0.4–0.7)>F(0–0.3) [1, 2,
4, 5, 17, 18, 29, 33]. The low I permeability found in
steady-state measurements is probably caused by the
fact that, although I is quite permeant during initial
channel exposure to the ion, I can enter the CFTR and
block its own permeation as well as that of Cl [33].
There appear also to be differences in the permeability
properties of CFTR depending on whether the anion
permeates from the outside or the cytosolic side of the
channel [17]. Less work has been done on physiologi-
cally relevant anions, but recent data showed that the
permeability of CFTR expressed in Chinese hamster
ovary (CHO) cells [17] or in frog oocytes [19] to poly-
atomic anions was formate (0.18) >HCO3 (0.14) >ace-
tate (0.09) [17]. The permeability of CFTR expressed in
fibroblasts or MDCK cells to ATP has been reported to
be either similar to that of Cl [20, 25] or zero [23]. The
conductance of CFTR to various anions other than Cl
has not been routinely measured, but it is generally
agreed that the steady-state (as opposed to “initial”)
conductance sequence is Cl>I (e.g., [1, 18]), while Br
has been reported to be both less conductive and more
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conductive than Cl, e.g., Br/Cl=0.6 –0.65 [12, 18] or
Br/Cl=1.3 [1].

Measurements of CFTR’s permeability in polarized
epithelial cells in confluent monolayers have been limit-
ed to reversal potential measurements from T84 cells,
which gave NO3(1.4)>Br(1.2–1.3)>Cl(1.0)>I(0.6) [1, 2].
This sequence largely agrees with patch-clamp measure-
ments of CFTR’s permeability when expressed in frog
oocytes, and a variety of fibroblast cell lines [1, 17, 18,
33]. In contrast, patch-clamp studies of CFTR in single
pancreatic duct cells showed the permeability sequence
to be NO3(1.7–3.0)>Br=Cl=I(1.0) [7, 8]. Also, HCO3
was permeant through CFTR in pancreatic (HCO3/Cl
=0.11–0.25) [8], 3T3 (HCO3/Cl=0.25) [21], Calu 3(HCO3/
Cl=0.15) [14] and CHO (HCO3/Cl=0.14) [17] cells, but
not through CFTR in sweat duct cells [23]. CFTR has
been reported to conduct ATP at rates that can be mea-
sured electrophysiologically [25, 26], and also to control
the permeation of ATP through associated channels [20].
In contrast, no detectable ATP conductance was found in
freshly isolated sweat duct epithelial cells, single Calu-3
cells, or CHO cells recombinantly expressing CFTR and
CFTR reconstituted into planar lipid bilayers [9, 15, 23].
Some of these differences may have arisen from the fact
that studies of CFTR selectivity in T84 cells have been
done on permeabilized cells in intact monolayers (where
normal channel orientation will have been maintained),
while patch-clamp studies have been conducted on
CFTR expressed in nonepithelial cells or on single, iso-
lated epithelial cells (where distribution and attachments
within the cell will have been abnormal or disrupted).
Permeation of other physiologically relevant polyatomic
anions (e.g., acetate, pyrophosphate, phosphate, sulfate,
fatty acids) and potential interactions among Cl and such
permeant ions have not been reported for CFTR ex-
pressed in polarized monolayers.

Given the relative lack of data on CFTR’s selectivity
in native epithelial cells (and none in airway cells at
37°C) and the apparent variability in permeability and
conductance properties of CFTR depending on the cell
type in which it was expressed, it seemed important to
measure the selectivity of CFTR expressed in its physio-
logical state, i.e., in the apical membrane of an airway
epithelium at 37°C. Since single-channel recordings
might underestimate permeability ratios when the test
ion inhibits gating or has very low permeability, we mea-
sured cAMP-stimulated gradient-driven currents for each
test anion in the absence of Cl on the opposite side. The
purposes of this study were to:
1. Compare the conductance sequence for a variety of

anions that have been studied previously for CFTR
expressed recombinantly in single cells. These data
could then be used to compare the pore size of the
CFTR expressed in a polarized fashion in the airway
epithelial cell in the intact monolayer to those report-
ed in heterologous expression systems and studied at
room temperature.

2. Determine interactions of other anions on Cl perme-
ation through CFTR.

3. Determine anion selective pathways in parallel to
CFTR.

We used human Calu-3 cells which have been shown to
have characteristics of serous glands (the major site of Cl
secretion in the airways) and to express large amounts of
CFTR in the apical cell membrane [11, 27], whereas a
Ca-activated Cl conductance is absent in the apical mem-
brane [27]. In a recent study we used Calu 3 monolayers
in which the basolateral membrane had been permeabili-
zed with Staphylococcus aureus α-toxin to show that
apical membrane Cl currents in Calu 3 cells are activated
by basolateral addition of cAMP and ATP, and further
stimulated by genistein and bromotetramisole, and
blocked by glibenclamide and diphenylamine-2-carbox-
ylate (DPC) but not 4,4′-diisothiocyanatostilbene-2,2′-di-
sulfonic acid (DIDS) and 4,4′-dinitrostilbene-2,2′-disul-
fonic acid (DNDS) [14], all of which are hallmarks of
CFTR activity. This approach allowed us in the present
work to determine the anion selectivity of the apical
cAMP-stimulated Cl conductance, and eliminated possi-
ble contributions made by other Cl conductances that
may be found in either the apical or the basolateral mem-
brane of undifferentiated, isolated cells. For example, the
ORCC Cl channel with a selectivity of I>Cl is a domi-
nant current-carrying channel in isolated colonic T84
cells [10] and is also present in single Calu-3 cells [11].
However, when T84 cells are grown as confluent mono-
layers, CFTR is the dominant current-carrying channel in
the apical membrane with a steady-state conductance
and permeability selectivity Cl>I [1, 2].

Materials and methods

Cell culture

Calu-3 cells, a human airway cell line of pulmonary adenocarcino-
ma origin, were kindly provided by Dr. J.H. Widdicombe (Chil-
dren’s Hospital Oakland, Calif., USA). Calu-3 cells form a polar-
ized monolayer and endogenously express CFTR in the apical cell
membrane [27]. Standard cell-culture techniques were used as de-
scribed [14]. Cells were seeded directly onto permeable filters
(0.45 µm pore size, 12 mm diameter; Falcon, Becton Dickinson,
Franklin Lakes, N.J., USA). After plating, the transepithelial resis-
tances were monitored using an epithelial voltohm-meter (EVOM;
World Precision Instruments). Cells grown as monolayers were
used between 5–14 days and transepithelial resistances (RT) of in-
tact monolayers ranged from 0.8–2.0 kΩ.cm2.

Electrical measurements

Short-circuit current measurements were done exactly as de-
scribed elsewhere [14]. Briefly, Calu-3 monolayers grown on fil-
ters were carefully cut from the plastic insert, mounted in a modi-
fied Ussing chamber, short-circuited, and the resulting short-cir-
cuit current was recorded. Voltage pulses of 2 mV (every 20 s)
were used to determine RT and transepithelial conductance (GT)
using Ohm’s law. Negative currents were defined as anion move-
ment from mucosa to serosa. Voltage was referenced to the mu-
cosal side. The relative conductance sequence for a series of an-
ions was determined from the cAMP-stimulated portion of cur-
rents generated by equivalent transepithelial ionic gradients. Both
chamber compartments were separately and continuously perfused
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at 37°C. Constant perfusion was used to reduce build-up of the
test ion in the serosal solution and/or cytosol which would dimin-
ish the applied gradient.

Permeabilization of the basolateral membrane

The basolateral membrane of Calu-3 monolayers was permeabilized
by using the pore-forming agent Staphylococcus aureus alpha-toxin
(Calbiochem, La Jolla, Calif., USA). α-Toxin forms transmembrane
pores (1.14 nm in diameter) and induces the transport of macromol-
ecules up to 2 kDa in size [30]. Permeabilization of the basolateral
membrane allowed us to investigate the apical membrane in isola-
tion. Before measurements, the serosal side of the monolayers was
incubated with 250 U/ml α-toxin for 30 min at 37°C. In a previous
study of α-toxin permeabilized Calu-3 cells, we identified CFTR as
the current carrier under these conditions without any contribution
of basolateral membrane transporters [14]. Furthermore, involve-
ment of a Ca-activated Cl conductance during our measurements
was not possible since there is no significant Ca-activated Cl con-
ductance in the apical membrane of Calu-3 cells [27].

Solutions

The serosal reference solution contained (in mM): 135 Na-gluco-
nate, 0.1 CaCl2, 2.4 K2HPO4, 0.6 KH2PO4, 20 HEPES, 10 glucose,
and 5 MgATP. To determine the relative conduction of anions, the
main anion (X) was replaced by an equimolar amount of the re-
spective Na salt on the mucosal side. The mucosal standard solu-
tion contained (in mM): 135 NaX, 1.2 MgSO4, 1.2 CaSO4, 2.4
K2HPO4, 0.6 KH2PO4, 20 HEPES and 10 glucose. The following
anions were used: Cl, Br, I, F, HCO3, NO3, SCN, formate, acetate,
propionate, butyrate, SO4, PO4, pyrophosphate (PPi), and ATP. So-
lutions were prepared so that there were no gradients other than
for the test ion. SO4 solution was prepared from 135 mM NaH-
SO4. Phosphate solution contained 135 mM NaH2PO4. PPi solu-
tion contained 33.75 mM Na4P2O7 and 101.25 mM mannitol. ATP
solution contained 67.5 mM Na2ATP and 67.5 mM TrisATP (Sig-
ma, St. Louis, Mo., USA). At pH 7.4 these polyvalent anions carry
average charges of –1.6 (PO4), –2.96 (PPi), –3.88 (ATP), respec-
tively. In order to account for the differences in the charge and
concentration of polyvalent anions in solutions used, the resulting
gradient-driven currents can be corrected by the factor: (standard
concentration)/(employed concentration × average valence). How-
ever, since none of the polyvalent anions in this report caused any
detectable currents, no corrections of measured currents were per-
formed. cAMP (100 µM, Na salt, Sigma) was added to the serosal
solution to stimulate CFTR activity. All solutions were adjusted to
pH 7.4 with N-methyl-d-glucamine.

Data analysis

In the presence of a gradient for test anions (X, mucosal; gluco-
nate, serosal) the difference between the baseline current (Ictrl) and
the cAMP-stimulated current (IcAMP) was used as a measure of
conductive current flow (∆I=IcAMP–Ictrl) induced by the anion gra-
dient across the CFTR-mediated conductance pathway. In our ex-
periments the concentration of test ions was 135 mM in the apical
solution, while the basolateral concentration was 0 mM (0.2 mM
for Cl). This experimental procedure resulted in the measurement
of the conductance for most ion species at an anion concentration
gradient of 135:0 mM clamped to 0 mV. During exposure of the
apical side to the different test ions, some ions permeated and ac-
cumulated in the unstirred layer formed by the cells and solution
closely adjacent to the surface. This accumulation of the test ion
reduced the gradient to some value less than 135:0 mM (0.2 for Cl).
We corrected for this effect using the following procedure. Since
transepithelial voltage (V) was clamped to 0 mV during these ex-
periments, the apparent equilibrium potential (Eion) calculated as
Eion=∆IcAMP/∆GcAMP should have been equal to the value of the
chemical driving force for the test ion across the epithelium. As
summarized in Table 1, Eion for all the ions were between –13.4 mV
(Eacetate) and –24.9 mV (EHCO3). Using the Nernst equation, Eion
values were converted to the ratio of concentrations on the apical
versus the cell-basolateral surface during the exposure to the test
ion in the apical solution. For example, ECl=–22.3 mV =–60×log
([Cl]apical/[Cl]basal]) resulted in an apparent concentration ratio of
[Cl]apical/[Cl]basal=2.4. Similar calculations were performed for all
the other ions which showed that the gradient varied between 2.86
(HCO3) and 1.67 (acetate). The implication of these calculations
was that the ionic gradients were all similar, but were not exactly
equal. When comparing currents from all the test ions to those of
Cl, ∆IcAMP,X will have been overestimated when the test ion gradi-
ent was larger than that for Cl (2.4), while for ions with smaller
gradients ∆IcAMP,X will have been underestimated. We corrected
for this effect as follows: ∆IcAMP,Xcorrected=∆IcAMP,X×2.4/([X]apical/
[X]basal). As shown in Table 1, these corrections affected the calcu-
lated current ratios for NO3, F, formate and acetate, whereas the
permeation sequence was only affected for NO3 [uncorrected: NO3
(1.09)>Cl; corrected: Cl>NO3 (0.97)]. We show corrected selectivi-
ty ratios in Figs. 5C and 7.

In addition, IcAMP might have also been affected by the cyto-
solic presence of gluconate and HEPES buffer in our solution,
which have been shown to block CFTR [16, 33]. However, all test
anions were probably affected to a similar extent by these factors.
Under unstimulated conditions (in the absence of cAMP), parallel
currents (Ipara) were calculated for each anion from Ictrl,X–Ictrl,gluconate.

Data are given as means ±SE; n refers to the number of mono-
layers examined. Statistical analysis was performed by paired or
unpaired Student’s t-tests. Probabilities of P<0.05 were considered

Table 1 Effect of apparent equilibrium potentials on the current ra-
tio sequence of permeable anions. Values are means ±SE. (n Num-
ber of experiments.) The apparent equilibrium potential (∆Eion) was
calculated according to Ohm’s law (∆I/∆G) from the cAMP-stimu-
lated portion of apical currents (∆I) and corresponding conductance
changes (∆G) for each permeable anion. ca/cb is the apparent con-

centration ratio resulting from the applied gradient (135:0 mM), see
Materials and methods. The factor was calculated from the apparent
concentration ratio relative to Cl from paired experiments. ratiocorr
is the corrected ratio obtained from corrected cAMP-stimulated cur-
rents relative to Cl (corr∆IcAMP,X/corr∆IcAMP,Cl)

Mucosal Eion (mV) ca/cb Factor Ratiocorr n
anion

Bromide –20.5±1.5 2.11±0.13 1.04±0.03 1.04±0.04 (6)
Chloride –22.3±1.1 2.42±0.12 1.0 1.0 (31)
Nitrate –24.5±1.6 2.58±0.16 0.90±0.03 0.97±0.07 (5)
Thiocyanate –22.0±0.8 2.33±0.07 0.99±0.11 0.63±0.05 (3)
Iodide –18.7±2.7 2.10±0.21 1.04±0.06 0.59±0.03 (5)
Fluoride –15.0±2.1 1.80±0.14 1.20±0.08 0.52±0.08 (5)
Formate –15.0±2.8 1.81±0.19 1.89±0.19 0.38±0.11 (4)
HCO3 –24.9±2.7 2.86±0.41 0.99±0.17 0.24±0.05 (16)
Acetate –13.4±2.6 1.67±0.20 1.57±0.12 0.12±0.03 (6)
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significant. The dimensions of the test anions were estimated us-
ing a computer program (Molecular Modeling Pro, WindowChem
Software, Fairfield, Calif., USA). Polyatomic anions were mod-
eled as rectangular prisms, and the largest width rectangular to the
maximal length of the molecule was used as the effective diameter
of the anion.

Results

Conductance of halides across cAMP-stimulated 
and unstimulated Calu-3 cells

Monolayers were exposed to α-toxin on the basolateral
side as described in Materials and methods to remove the
basolateral membrane as a functional barrier and yield a
single membrane preparation. Initially all permeabilized
monolayers were bathed in symmetrical gluconate Ring-
ers. Currents were close to zero and unchanged by addi-
tion of cAMP (Table 2, P>0.05). Figure 1A,B shows cur-
rents generated by gradients of Br, Cl, I and F in the pres-
ence (IcAMP) and absence (Ictrl) of cAMP, respectively. In
the continued presence of cAMP, exchanging mucosal
gluconate for Br induced an average IcAMP of –181.7±13.2
µA/cm2 (n=7); further exchange with Cl decreased IcAMP
to –161.8±6.1 µA/cm2 (n=42). Exchanging Cl for I typi-
cally induced a transient response of IcAMP that stabilized
at –113.7±6.2 µA/cm2 (n=5). Replacement of I by F fur-
ther decreased IcAMP to –81.2±5.6 µA/cm2 (n=5).

Both F and I elicited transient changes of IcAMP that
were different during initial versus steady-state condi-
tions, indicating that these ions interact in a complicated
fashion with the channel, perhaps due to multi-ion pore
behavior [32, 33]. When solutions were exchanged in
our experiments, there was a brief period when the two
ion species mixed, which, in a multi-ion pore, can lead to
a current block. In addition, I has been reported to per-
meate and block CFTR from the cytosolic side [33]. The
observed transients of transepithelial current responses
may have been caused by similar types of effects.

We also tested the effects of anion substitution in un-
stimulated monolayers, i.e., effects on paracellular and
transcellular anion conductive pathways parallel to
CFTR. Ictrl were small compared to IcAMP. Gradient-driv-
en control currents displayed the same halide sequence
(Fig. 1B) as across cAMP-stimulated monolayers; how-
ever, we will show below that SCN and propionate are
conducted through these parallel conductances with a
different selectivity compared with CFTR. In addition,
we have previously shown that Ictrl is not blocked by the
CFTR blocker DPC [14], indicating that Ictrl is not signif-
icantly mediated by CFTR, but reflects conductive path-
ways that lie parallel to CFTR (most likely paracellu-
lar/tight junctions).

Table 2 Effect of mucosal an-
ions on apical currents of α-tox-
in permeabilized Calu-3 mono-
layers. Values are means ±SE;
(n Number of experiments.) Un-
stimulated (Ictrl) and cAMP-stim-
ulated (IcAMP) currents across
the apical membrane and corre-
sponding transepithelial resis-
tances (RT) of α-toxin-permea-
bilized Calu-3 monolayers were
measured by applying a mucos-
al-to-serosal anion gradient be-
fore and after serosal addition of
100 µM cAMP. On the mucosal
side 135 mM Na-gluconate was
equimolarily replaced by the
tested anion. The serosal side
contained Na-gluconate Ringer
+ 5 mM MgATP and 0.1 mM
CaCl2 in all experiments

Mucosal Before cAMP cAMP-stimulated
anion

Ictrl (µA/cm2) RT (Ω · cm2) n IcAMP (µA/cm2) RT (Ω · cm2) n

Gluconate –2.5±0.4 569.4±48.4 (66) –3.2±0.9 672.4±134.5 (13)
Cl –50.8±3.4 261.0±17.1 (50) –161.8±6.1* 103.1±9.5* (42)
Bromide –64.6±4.5 213.0±17.6 (7) –181.7±13.2* 96.4±4.1* (7)
Iodide –45.3±4.6 235.0±35.1 (6) –113.7±6.2* 132.3±10.8* (5)
Fluoride –28.8±3.2 268.2±49.1 (6) –81.2±5.6* 132.5±11.4* (5)
Nitrate –44.0±14.4 233.0±49.0 (5) –168.2±18.7* 113.6±18.4* (9)
Thiocyanate –53.9±2.3 143.0±7.0 (3) –128.0±13.2 97.3±7.9* (3)
HCO3 –10.1±1.4 632.0±91.1 (20) –31.7±3.5* 413.0±38.1* (20)
ATP 1.2±1.0 495.8±66.8 (5) 0.3±2.6 461.2±60.5 (5)
Phosphate 2.1±1.3 622.5±57.5 (2) 3.0±2.3 537.5±27.5 (2)
PPi 3.3±2.0 431.7±70.0 (4) 4.3±3.8 397.0±55.6 (4)
Sulfate –5.7±1.4 460.0±115.0 (3) –6.3±1.7 477.7±33.8 (3)
Formate –25.1±3.1 307.8±41.7 (5) –68.2±18.1* 170.2±39.7* (5)
Acetate –7.3±1.7 436.0±31.0 (6) –12.8±1.7* 390.5±41.7 (7)
Propionate –6.1±1.6 212.5±82.9 (3) –6.1±1.6 212.5±82.9 (3)
Butyrate –3.6±1.6 358.2±46.6 (6) –4.4±2.0 297.7±42.7 (6)

* Significantly different from before cAMP (P<0.05, unpaired t-test)

Fig. 1A, B Halide selectivity. Effects of Br, Cl, I and F on apical
currents in basolaterally α-toxin-permeabilized Calu-3 monolayers.
Currents were measured in the presence of a mucosal-to-serosal gra-
dient for Br, Cl, I or F (135 mM); the serosal side faced 135 mM
Na-gluconate Ringer. A When gluconate was the principle anion on
the mucosal side, serosal addition of 100 µM cAMP had no effect.
Exchange of mucosal gluconate for Br resulted in a rapid current in-
crease across the apical membrane. Subsequent exchange of Br with
Cl, I and F elicited step-wise reductions in current. B Unstimulated
tissues showed similar current selectivity for halides, but currents
were smaller. Differences between basal and cAMP-stimulated cur-
rents (IcAMP)were used to calculate selectivity ratios for IcAMP
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When IcAMP was corrected for Ictrl, the cAMP-stimulat-
ed portion of IcAMP (∆I) was on average –113.8±14.9
µA/cm2 (n=6) for Br, –104.2±8.9 µA/cm2 (n=42) for Cl,
–68.4±11.4 µA/cm2 (n=5) for I, and –49.5±8.3 µA/cm2

(n=5) for F. The relationship between the ∆I of the test an-
ion and that of Cl was obtained from paired data and yield-
ed an average selectivity ratio (∆IX/∆ICl) of cAMP-stimu-
lated, apical currents of 1.02±0.3 (n=6) for Br, >1.0 for Cl,
>0.57±0.02 (n=5) for I and >0.43±0.06 (n=5) for F. In par-
allel, the cAMP-stimulated transepithelial conductance
change (∆G) was 6.0±0.6 mS/cm2 for Br, 4.9±0.5 mS/cm2

for Cl, 3.7±0.4 mS/cm2 for I and 3.4±0.5 mS/cm2 for F.

Permeation of polyatomic anions: NO3, SCN and HCO3

Imposing the mucosal-to-serosal NO3 gradient increased
Ictrl to –44.0±14.4 µA/cm2, and cAMP further stimulated
currents to –141.0±20.0 µA/cm2 (n=27) (Fig. 2A). In nine
paired experiments replacing NO3 by Cl had no signifi-
cant effect on ∆I (–96.8±18.0 µA/cm2 versus –94.4±21.8
µA/cm2 for NO3 and Cl, respectively) and ∆G (NO3:
4.0±0.8 mS/cm2, Cl: 4.1±0.9 mS/cm2), indicating that NO3
and Cl are equally conducted through CFTR. As shown

in Fig. 2B, NO3 and Cl elicited similar currents across the
unstimulated monolayers.

When cells were exposed to an SCN gradient, the av-
erage Ictrl was –53.9±2.3 µA/cm2, and IcAMP was stimu-
lated to –128.0±13.2 µA/cm2 (n=3), yielding a ∆ISCN of
–74.1±14.8 µA/cm2 (see Fig. 2C, D). The corresponding
∆G was 3.4±0.7 mS/cm2. Exchanging SCN for Cl caused
an initial rapid spike in IcAMP followed by a fast recovery
to a level significantly increased when compared to that
measured in the presence of SCN. In contrast, Ictrl was
similar in the presence of SCN or Cl (Fig. 2D, Table 2).

In a previous study we showed that CFTR mediates
HCO3 currents across the apical membrane of Calu-3
cells (see Table 1 and Figs. 5–8 from [14]). For compari-
son, additional data obtained with HCO3 were combined
in this study (Table 2). In 20 paired experiments ∆I was
–21.3±2.9 µA/cm2 for HCO3 and –126.7±12.1 µA/cm2

for Cl. The corresponding ∆G was 1.1±0.1 mS/cm2. Tak-
ing data from paired experiments yielded a current ra-
tio sequence (∆IX/∆ICl) of 1.09±0.10 (n=5) for NO3,
>0.64±0.02 (n=3) for SCN, and >0.21±0.04 (n=20) for
HCO3.

Fig. 2A–D Effects of the polyatomic anions NO3 and SCN. A Re-
placement of gluconate with NO3 induced currents across the api-
cal membrane that were stimulated by serosal addition of cAMP
(100 µM). Exchange of NO3 for Cl slightly increased currents.
B Control, gradient-driven currents were not different for NO3 or
Cl. C SCN currents were stimulated by serosal cAMP. Exchange
of SCN for Cl resulted in a rapid, transient decrease of current fol-
lowed by a sustained elevated current. D In the absence of cAMP,
SCN currents were slightly smaller than Cl currents

Fig. 3A–D Lack of effect of cAMP when ATP, phosphate (PO4)
and pyrophosphate (PPi) are the principal mucosal anions. A No
currents were measured under control or cAMP-stimulated condi-
tions when ATP was the principle anion on the mucosal side. Ex-
change of apical ATP for Cl restored current. B Unstimulated con-
trol shows reversible increase of control current after Cl replace-
ment; current was unaltered when gluconate was replaced by ATP.
C Lack of stimulation of apical currents by cAMP when PO4 or
PPi were the main mucosal anions. D Unstimulated control. Base-
line currents were not affected by PO4 or PPi
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Lack of permeation of the polyvalent anions 
ATP, PO4, PPi, and sulfate

Since there is controversy over CFTR-mediated perme-
ation of ATP [20, 24, 25, 26], we tested the cAMP-de-
pendent stimulation of apical current in the presence of
an ATP gradient in Calu-3 monolayers. In addition, we
tested PO4 and PPi, which, as parts of the ATP molecule,
might show size-governed conductances. Ictrl in the pres-
ence of an ATP gradient (135:5 mM) was close to zero
(1.2±1.0 µA/cm2, n=5), and no measurable current was
stimulated by cAMP (∆I=0.12±0.17 µA/cm2, n=5, Fig.
3A, B). Figure 3C and D illustrate that PO4 (135:0 mM)
and PPi (33.75:0 mM) also had no effect on Ictrl and
IcAMP (see Table 2). The respective ∆I values (0.10±1.08
µA/cm2, n=2 and 0.90±2.08 µA/cm2, n=4) were not dif-
ferent from zero. These results demonstrate that ATP,
PO4 and PPi are not conducted from the mucosal to the
serosal side by an electrogenic mechanism through
CFTR. SO4 (∆I=0.60±0.32 µA/cm2, n=3) was similarly
not conducted (Table 2). Therefore, none of these multi-
valent anions generated measurable currents across
CFTR in apical membranes of Calu 3 cells.

Fig. 4A–E Conduction of short-chain fatty acids. A Stimulation
of apical currents in the presence of Cl, but not gluconate. Fur-
ther exchange of formate with Cl decreased currents biphasical-
ly, and formate currents leveled off at a new, stable, stimulated
level. B Unstimulated control. Exchanging formate for gluconate
increased currents that were less than those observed under stim-
ulated conditions. C Effect of acetate on currents in unstimulated
cells and further stimulation by cAMP. D Effect of propionate re-
placement on unstimulated current and lack of stimulation by
cAMP, indicating that propionate is not conducted through
CFTR. E Butyrate replacement has no significant effect on cur-
rents of unstimulated cells. Butyrate permeability was not stimu-
lated by cAMP

Fig. 5 A Summary of average currents through CFTR (∆IcAMP)
for all tested anions. ∆IcAMP was affected by chloride, fluoride,
bromide, iodide, nitrate, thiocyanate, bicarbonate, formate and ac-
etate. B Summary of average paracellular currents (Ipara) for all
anions. C Selectivity ratio sequences (IX/ICl) of CFTR-mediated
currents in the presence of cAMP (filled bars; corrected ratios, see
Table 1) and parallel conductances in the absence of cAMP (open
bars) for permeable anions. Ipara was affected to a different extent
by SCN. Ipara was affected by propionate, whereas ∆IcAMP was not
affected by this anion
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The cut-off size for cAMP-stimulated anion permeation

In order to estimate CFTR’s pore size, we estimated the
effective unhydrated diameters for all anions. We as-
sumed that these anions permeate lengthwise and are re-
stricted by their width, so the largest width rectangular to

Permeation of short-chain fatty acids: 
formate, acetate, propionate and butyrate

Short-chain fatty acids (SCFA) are transported across
the large intestine [35], which expresses high levels of
CFTR. We tested the conductance of SCFA across
CFTR for their physiological importance and for their
increasing molecular size while carrying a single nega-
tive charge, which appeared to be favored by CFTR. Af-
ter stimulation with cAMP, formate-gradient driven cur-
rent was IcAMP=–68.2±18.1 µA/cm2 (Fig. 4A), and Ictrl
was –25.1±3.1 µA/cm2 (Fig. 4B), yielding a ∆I of
–28.6±13.0 µA/cm2 (n=5). The corresponding ∆GT was
1.8±0.7 mS/cm2. Acetate gradients generated an IcAMP
of –13.7±1.7 µA/cm2 and an Ictrl of –8.0±1.8, yielding a
∆I of –5.7±1.1 µA/cm2 (n=6) (Fig. 4C), and the corre-
sponding ∆GT was 0.4±0.2 mS/cm2. A propionate gradi-
ent elicited a detectable Ictrl but no IcAMP (∆I=0.0 µA/cm2,
n=3) (Fig. 4D). Butyrate gradients had a minor effect on
Ictrl and no effect on IcAMP (∆I=0.89±0.82 µA/cm2, n=5,
see Fig. 4E). The selectivity ratios sequence for the SCFA
(relative to Cl from paired experiments) across CFTR
was formate (0.23±0.12, n=4) >acetate (0.08±0.02, n=6)
>propionate (0.0, n=3) =butyrate (0.0, n=5).

cAMP-stimulated and paracellular current 
selectivity sequence

Figure 5A illustrates the cAMP-stimulated current
changes (∆I) for each anion. Current changes smaller
than 2 µA/cm2 (corresponding to 2% of IcAMP yielded by
Cl) were difficult to discriminate from baseline drift.
Therefore, the anions ATP, PO4, PPi, SO4, propionate
and butyrate were not (or less than 2%) conducted by
CFTR. Figure 5B illustrates average paracellular cur-
rents (Ipara as calculated from average Ictrl,X–/Ictrl, gluconate)
for each anion. Figure 5C compares the selectivity se-
quences of cAMP-stimulated and paracellular current ra-
tios compared to Cl. The selectivity sequence for the
cAMP-stimulated portion (∆IX/∆ICl) as calculated from
correction factors listed in Table 1 was Br (1.04±0.04)
≥Cl(1.0)≥NO3(0.97±0.07)>SCN(0.63±0.05)≥I0.59±0.03)
≥F(0.52±0.08)>formate (0.38±0.11)>HCO3(0.24±0.05)
>acetate (0.12±0.03). The selectivity sequence for anion
currents in parallel to CFTR (Ipara) (sequenced by ratio
Ipara,X/Ipara,Cl) was Br (1.10±0.05, n=7)>Cl(1.0)≥SCN
(0.95±0.12, n=3)≥NO3(0.94±0.02, n=5)>I(0.73±0.07, n=6)
>formate (0.48±0.05, n=4)≥F (0.44±0.05, n=6)>HCO3
(0.27±0.03, n=8)>acetate (0.16±0.06, n=5)≥propionate
(0.13±0.02, n=2). Relatively smaller current ratios
through CFTR compared to Ipara (0.64 versus 0.95) were
obtained in the presence of SCN, while the large poly-
atomic anion propionate, which is not conducted through
CFTR, generated small, but significant Ipara (0.0 versus
0.13). Ipara is probably due to anion conductive path-
ways, including the paracellular path, that lie parallel to
CFTR.

Fig. 6A–E Space-filling models of unhydrated test anions. A Ha-
lides. Diameters were (in nm): F=0.29, Cl=0.35, Br=0.39, I=0.42.
Polyatomic anions are shown with medium and longest length.
B SCN, NO3 and HCO3. Estimated medium length (in nm):
SCN=0.42, NO3=0.47 and HCO3=0.52. Estimated long length (in
nm): SCN=0.62, NO3=0.52, and HCO3=0.61. C Short-chain fatty
acids. Estimated medium length (in nm) were very similar: for-
mate=0.50, acetate=0.53, propionate=0.56, butyrate=0.55, where-
as the longest lengths (in nm) were 0.59, 0.64, 0.74, and 0.82, re-
spectively. D PO4, PPi and ATP. Medium length (in nm):
PO4=0.56, PPi=0.56 and ATP=0.97. Longest lengths (in nm) were
0.59, 0.80, and 1.48, respectively. E SO4 and Gluc. Estimated me-
dium lengths (in nm): SO4=0.53, gluconate=0.83. Estimated long-
est lengths (in nm) were 0.59 and 1.04, respectively
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the longest dimension of polyatomic anions was used as
the effective diameter. Figure 6 shows space-filling mod-
els of all tested anions (unhydrated) to illustrate their siz-
es and shapes. Corrected current ratios from Table 1 were
then plotted versus the effective diameter (Fig. 7). The
sizes of the ions calculated here are very similar to those
recently calculated by Lindsell et al. [17] using a different
molecular modeling program. This plot yields a sharp de-
cline of conductivity for ions larger than NO3 (0.47 nm),
and an exclusion of anions larger than acetate (0.53 nm).
Although the conductance of ions does not necessarily
correlate with size [37], the observed relationship be-
tween current and ionic size suggests a limiting smallest
pore diameter of ≅ 0.53 nm that restricts current flow of
larger ions. This correlates well with the apparent pore
size of CFTR expressed exogenously in fibroblasts [17].

Block of CFTR-mediated Cl currents 
by external I, F, SCN, and formate

We measured transient changes in cAMP-stimulated cur-
rents during exposure to solutions containing I, F, SCN,
and formate (Figs. 1A, 2C and 4A), suggesting that these
anions exerted transient inhibitory interactions on anion
permeation. Since SCN (10 mM) has been shown to in-
hibit Cl transport in dog tracheal epithelium [36] and low
concentrations (up to 10 mM) of I and SCN both perme-
ate and block CFTR expressed in CHO cells [16, 32], it
seems likely that similar effects occur for I, F, SCN, and
formate during the interaction of these ions with CFTR
in Calu-3 cells. We addressed this possibility by testing
the effect of mucosal addition of 10 mM SCN on cAMP-

stimulated Cl currents (Fig. 8A). Addition of 10 mM
SCN, 10 mM I, 10 mM F or 10 mM formate to the apical
solution effectively inhibited cAMP-stimulated Cl cur-
rents on average by 12.5±0.9% (n=4) for SCN, 18.7±3.7%
(n=4) for I, 42.9%±6.0% (n=4) for F, and 11.6% and
26.6% (n=2) for formate. No effects were seen in un-
stimulated monolayers (shown for SCN in Fig. 8C), indi-
cating that unstimulated currents permeate through a
pathway that is different from the cAMP-stimulated
pathway (probably CFTR).

Discussion

Since the activity of CFTR might have depended on its
protein and lipid environment and because many selec-
tivity studies using patch-clamp techniques were per-
formed at room temperature [7, 8, 17, 32] or 30–35°C
[1], we investigated its conductivity selectivity in the
apical membrane of an airway epithelial cell at 37°C.
Our study allowed determination of the conductance
properties of the apical plasma membrane (in the pres-
ence of cAMP) and also of parallel pathways (in the ab-
sence of cAMP). As discussed below, a comparison of
our data for CFTR expressed in the apical membrane of
Calu 3 tracheal cells to previous measurements of
CFTR expressed endogenously in T84 cells and recom-
binantly in both frog oocytes and fibroblasts shows
that:

1. CFTR has very similar anion conductance selectivity
and apparent pore size no matter where it is expressed.

2. ATP, ADP and Pi are not conductive because they are
too large to fit through CFTR’s pore (0.53 nm diame-
ter).

3. A variety of physiologically relevant anions (in addition
to I and SCN) may affect CFTR’s conductance to Cl.

Fig. 7 Plot of relative current ratios (corrected ratios, obtained
from Table 1) versus the diameter of unhydrated anions. Polyatom-
ic anions were modeled as rectangular prisms using a computer
program that approximates ionic diameters in a three-dimensional
configuration yielding estimates for the short, medium and longest
coordinates of the molecules, as shown in Fig. 6. The diameters of
molecules plotted here are equal to the medium lengths. Anions up
to a diameter of 0.42 nm (the diameter of I) were well conducted.
There were small, but detectable conductances for HCO3 and ace-
tate. No conductance changes were measured with anions >0.53
nm (SO4, propionate, butyrate, PO4, PPi, and ATP). This plot also
illustrates that for ions with diameters <0.50 nm conductance does
not correlate with size. Data are shown as means ±SE

Fig. 8A–C Effect of SCN on CFTR-mediated Cl permeation.
A Apical Cl currents are stimulated by cAMP. Further addition
of 10 mM SCN to the mucosal Cl-containing solution reversibly
blocks Cl currents. B Similar effects are measured in the pres-
ence of 10 mM I, F and formate. On average, apical Cl currents
were blocked by 12.5%, 18.7%, 42.9% and 19.1% in the pres-
ence of 10 mM SCN, 10 mM I, 10 mM F and 10 mM formate,
respectively. C Unstimulated parallel Cl currents were not affect-
ed by the addition of 10 mM SCN



We also found that the conductance in parallel to CFTR
(probably tight junctions) exhibits a distinct conductance
selectivity to anions that may be physiologically relevant
in some circumstances.

CFTR expressed in the apical membrane of polarized
Calu-3 airway cells has the following steady-state con-
ductance selectivity for halides: Br (1.04)≥Cl(1.0)>I
(0.59)≥F (0.52). The steady-state conductance of CFTR
to the halides has been debated. The conductance selec-
tivity of CFTR expressed in frog oocytes is Cl (1.0) >Br
(0.6–0.65)>I (0.2–0.45) [12, 18]. In contrast, the conduc-
tance selectivity of apical CFTR in T84 cells is Cl (1.0)
>Br(0.9)>I (0.5) [1], which was similar to the selectivity
determined by patch-clamp measurements of CFTR con-
ductance expressed in 3T3 [1] or HeLa [1] cells [Br
(1.0–1.3)≥Cl (1.0)>I (0.3–0.4)]. The main differences
among these are that the Br/Cl selectivity is lower for
CFTR in frog oocytes (Br/Cl=0.6–0.65; [12, 18]) than in
Calu 3 (Br/Cl=1.04), T84 (Br/Cl=0.9; [1]), HeLa
(Br/Cl=1.0; [1]) and 3T3 (Br/Cl=1.3; [1]) cells. The sim-
ilar conductances of Br and Cl combined with subtle
methodological differences may have led to the inver-
sions of this pair in the different laboratories. We con-
clude that native human CFTR in the apical membrane
of Calu 3 cells has a similar steady-state conductance se-
lectivity to halides (Br≥Cl>I>F) as CFTR expressed in
both polarized colonic cells and nonpolar fibroblasts.

A similar conclusion can now be extended to CFTR’s
selectivity for polyatomic anions. Apical CFTR conduc-
tance in Calu-3 cells showed the sequence Cl (1.0)≥NO3
(0.97)>formate (0.38)>HCO3(0.24)>acetate (0.12), which
is similar to the conductance sequence for CFTR ex-
pressed in frog oocytes [18]: Cl (1.0)>NO3 (0.8)>formate
(0.5). We note, however, that the SCN/Cl conductance
selectivity is lower for CFTR in frog oocytes (SCN/Cl
=0.14; [12, 18]) than in Calu 3 (SCN/Cl=0.6) or CHO
(SCN/Cl=1.2; [17]) cells. The apparent discrepancies
with SCN may have resulted from the unique properties
of this high-permeability, low-conductance ion. Man-
soura et al. [18] have found, for CFTR expressed in frog
oocytes, that the SCN permeability is larger than that for
Cl (PSCN/PCl=3.4), while SCN conductance was smaller
than that for Cl (GSCN/GCl=0.14). Similar effects were ob-
served [18] with NO3 (PNO3/PCl=1.4 and GNO3/GCl=0.8).
These differences between permeability and conductance
selectivities appear to be due to the fact that these ions
have a high affinity for sites within the pore (and there-
fore high permeability), but the high affinity leads to
tight binding (and therefore to low conductance) (see
[17, 18, 34]).

Our data indicate that ionic size does not play a major
role in determining the steady-state conductance of
CFTR to ions that are smaller than CFTR’s cut-off size.
This probably results from the fact that the energies of
interaction of ions with water (hydration) and with sites
within the pore are both important for permeant ions (see
[6, 37]; also [33, 34]). Ionic size becomes important
when the channel and the ion are approximately the

same dimension: there is a steep dependence for CFTR’s
conductance (∆IX/∆ICl) on ionic size for anions larger
than NO3 (0.47 nm), leading to zero conductance for
ions larger than acetate (0.53 nm) (Fig. 7). These data
suggest that the pore size of apical CFTR in Calu 3 cells
restricts ions whose diameters are greater than 0.47 nm,
and excludes all anions larger than 0.53 nm. This is illus-
trated by the singly charged SCFA, whose effective di-
ameters ranged from 0.49 nm to 0.56 nm. Formate (0.49
nm) and acetate (0.53 nm) were conducted while propi-
onate (0.56 nm) and butyrate (0.55 nm) were not.

Therefore, it seems that the polyvalents PO4, PPi and
ATP cannot permeate because of their large size. It is
unlikely that differences in the charge of these anions
accounts for this result because PO4, 53% of which oc-
curs in its monovalent form at a pH of 7.4, was not con-
ducted. Thus, consistent with previous measurements
made by Reddy et al. [24], neither CFTR (see [25, 26])
nor associated conductances in the apical membrane
[20] of Calu 3 cells conduct ATP. SO4 may not have
been conducted because it is both large (0.53 nm) and
bivalent; therefore, it may have been bound strongly
within the channel. CFTR’s effective pore diameter of
≅ 0.53 nm in Calu 3 cells is nearly the same as its esti-
mated value in CHO cells (0.53–0.55 nm) [9, 17, 31].
Other Cl channels seem to have similar pore sizes, e.g.,
the outwardly rectifying Cl channel (0.55 nm) [10], the
glycine receptor (0.52 nm) and γ-aminobutyric acid re-
ceptor (0.56 nm) [3].

The small, but significant conductances to the small,
physiologically relevant anions HCO3, formate and ace-
tate (Table 2 and Fig. 4; also see [7, 8, 13, 14, 17, 19, 21,
35]) could result in secretion or absorption across epithe-
lial cells depending on the total transmembrane electro-
chemical gradients for these ions. Whether CFTR con-
tributes physiologically to the transport of these ions
across cells of the bile and pancreatic ducts and the small
and large intestine will need to be investigated using in-
tact epithelial sheets or similar preparations (e.g., [13]).
Some CF mutations are associated with altered single-
channel properties [18, 28] and altered halide selectivity,
e.g., Br>Cl=I [29] or Br>I>Cl>F [1]. Whether CF-asso-
ciated mutations in the pore region(s) of CFTR [29] af-
fect the selectivity of physiologically relevant anions that
are conducted through CFTR (i.e., HCO3) remains to be
determined.

The tight binding of SCN within the pore probably
enables this highly permeant ion to block CFTR at con-
centrations up to 10 mM [12, 16, 18, 32]. SCN has also
been shown recently to block the steady-state conduc-
tance of CFTR [33]. Data from the present study extend
these findings by showing that, in addition to SCN and I,
both F and formate also inhibit the Cl conductance
through CFTR in the apical membrane of Calu 3 cells.
Similarly, preliminary work (B. Illek and T.E. Machen)
has shown that 10 mM HCO3 inhibits Cl conductance
through CFTR. Therefore, Cl permeation across CFTR is
probably affected by the presence of physiologically rel-
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evant anions such as formate, acetate and HCO3. The ef-
fects of HCO3 on Cl permeation are the subject of an on-
going investigation.

Our measurements also yielded information about the
anion conductivity through pathways lying parallel
CFTR. As seen from the summary data in Fig. 5, the
magnitude of baseline currents for halides (i.e., Ictrl, due
to conductance through parallel pathways) was smaller
by an average factor of 2 compared to that exhibited by
CFTR (i.e., ∆I). The parallel permeability pathway ex-
hibited a different sequence for SCN (SCN=Cl) and ex-
hibited a significant conductance for the relatively large
anion propionate. These results and previous experi-
ments showing that the CFTR blocker DPC has no effect
on Ictrl [14] indicate that Ictrl is not due to permeation of
CFTR, but is more likely attributable to permeation of
anions through parallel pathways (e.g., tight junctions).
The paracellular pathway appears to have selective con-
ductance properties that are similar to, but distinct from,
CFTR. The tight junctions could therefore play a role in
the transepithelial transport of specific anions under
proper physiological conditions.
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