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Halide bility were

from reversal ial
through 10 pS and 20 pS anion channels in human airway

of single-ch: 1
helial cells, The were

CI™>17>Br 2 F~ for the 19 pS channel and C1™>i "2 Br 2 F~ for the 20 pS channel. However, the
permeahility dlﬂ'ennces were not lnrge, the greatest being 0. 66 for the ratio of fluoride to chloride permeability in

the 20 pS channel. Single-ch: were also

d with of

haiide but

varying ratios of chloride to fivuride ions. An anomalous mole fraction effect was observed for the 20 pS channel but

not for the 10 pS channe), suggesting that the former is a
sequences of these two channels with thnse of whole-cell currents

Iti-ion channel. Ce i

of the halide bility
other cpithelial cells does not support their

involvement in any of the kno«ii wnole-cell epitheliz! currents.

Introduction

The apical of airway epithelial cells
contain anion channels whose function is crucial for
controlling th= chloride and sodium fluxes throvgh the
epithelium. These ionic fluxes affect tne viscoelastic
properties of the mucus and hence the cffectiveness of
mucociliary clearance. Chloride permeability is re-
duced in cystic fibrosis, causing defective mucociliary
clearance [1-3].

Single-channel experimenis have identified at icast
four types of anion channels in human airway epithelia
[4]. The most widely studied are the outwardly rectify-
ing chanrcls. which have a conductance of =45 pS in

} ical chloride rati at zero mem-
brane potential {5-8). However, anion channels with
tinear conductances of = 20 pS = 10 pS have also
becn described in human and canine airway [5,8,9] with
the 20 pS chanuels possibly containing two groups [10),
and large anion channels of = 350 pS conduclance
have been observed in a variety of

hurean airway epithelium also contaius a significant
riumber of anion channels with conductances below 5
pS [11,12).

The relative contributions of these different chan-
nels to normal and pathological airway functions are
not yet known. One method for estimating their contri-
butions to whole-cell or tulal epithelial fluxes is to
discover their relative permeabilities to different an-

ions and then p the bility
found with each type of measurcment. The halide
bility of the ifying channel has

been estimated in human airway cells [7] and in the
T84 colonic cell line [13]. Halide permeability se-
quences have also been used as one method of distin-
guishing different chloride currents in ‘T84 cells [14].
The permeability of the 20 pS channel in the humar
airvay has been measured for scveral anions but not
for halides other than chloride [10). These measure-
ments were used to construct a model of permeation in
the 20 pS channel in which a single anion occupied a

humnn anrway 48], Rccc'xuy. fiuctuation analysis and
ingle-ch: have d that the
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weak binding site in the channel,

We have now measured the relative halide perme-
abilities of 10 pS and 20 pS anion channels in human
nasal airway epithelial cclls. In addition, we used solu-
tions containing mixtures of CI~ and F~ ions in order
to test the hypothesis that permeation through these
channels occurs by single ion binding.



Methods

Nasal epithelial tissues, obtained from turbinatc
surgery on 15 human subjecs, were treated with 0.2%
protease and 0.1% DWNase in calcium-iree medium
(DME-F12) at 4°C for 16 to 24 h. The enzymes were
neutralized by adding fetal bovine serum (FBS) to the
mixture (final concentration 10%) for 30 min, and then
the cells were detached from the epithelial strips by
gentle mechanical agitation. Free cells were filtered
through a Nitex nylon mcsh (60 pm), centmuged at
200 X g for 10 min, pelleted and then d in
10% FBS in DME-F12. Trypan blue exclusion was
used to test viahility, which was usually greater than
90%. The cells were washed once more and then
plated at low density on collagen coated dishes and
incubated in 5% CO, at 37°C. The culture medium
contained DME-F12 supplemented with insulin (2
png/ml), transferrin (7.5 pg/ml), hydrocortisone (12
ng/mb), cholera toxin (10 ng/ml), T, (2 ng/ml), epi-
dermal growth factor (13 ng/ml) endo'hehal cell
growth factor (7.5 ug/ml), and anti
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[17]. The half-amplitud= criterion was used as a thresh-
old to distinguish between open and closed states.
Evem durations were d for filter rise-time by a
{17). Distrit of open
and closed tm'es weie created and the probability of
the channel being in the open state was calculated.
Only openings longer than the filter dead-time were
used to compute the mean channel current amplitude.
The pipet solution used in all experiments contained
(mM): 145 choline chloride, 0.2 CaCl,, 0.1 MgCl,, 10
Hepes (pH 7.35). Choline is not measurably permeable
through either of the cation channels that have been
observed in human airway epithelial cells {18} The
initial bath solution for all experiments contained
(mM): 145 NaCl, 0.2 CaCl,, 0.1 MgCl,, 10 Hepes (pH
7.35). For halide exchange experiments the NaCl was
replaced with NaBr, Nal or NaF. Changes in the bath
solution were made by moving the pipet tip into a
small chamber separated from the main dish. A flow
system with very small dead space allowed rapid solu-
tion ex.;hanges

50 pg/mi, streptomycin 100 pg/ml, and penicillin-G
60 pg/ml). Experiments were performed on single
| cells. The was kept at 36 + 1°C
during all experiments by means of a thermostatically
iled stage. E: were £c d with
cells between 1 and 4 days after plating.
Single-channel were ded from excised
patches of apical k in the insid t condi
ration using a List EPC-7 amplifier [15). Pipets wel‘e
fabricated from thick walled microfilament borosilicate
glass using a horizontal pulier (Sutter I P-87)

[V bilities were calculated from
reversal potentials, ¥,

V—RTI G jo+(Pa/PliA" o .
' O R+ (P /Pala’

{19] where subscripts ‘0’ and ‘i’ denote the outside and
inside solutions, ly, P, is the p bility of
an anion, A~, and R, T, and F are the gas cons:ant,
temperature, and Faraday constant, respectively. Re-
versal potentials were determined from current-voitage

in three steps, coated wlth Sylgard (Dow Commg) and
fire polished with a fi Pipet were
16-25 M2 when filled with 145 mM choline chloride
solution and gave seal resistances of abom 30 GR2. In
order to minimize junction potentials, a NaCl-agar-
filled bridge was used to connect the reference elec-
trode to the bathing solution. Pipet offset poientials
were measured anu cerrected before forming a seal.
Changes in ji ial at the reft elec-
trode due to changing hallde solutions in the bath were

Iculated irom the F quation [16] and sub-
tracted from the measured membrane potential to ob-
tain the poientia! across the patch. All potentials are
reported relative to zero in the evlracellular solution
and positive currents are d:

hips plotted for the different anions.
Results

From a total of 236 successful patches formed on
human nasal airway cells, 43 anion channels were ob-
served with conductances in the range 8.3-12.5 pS, and
27 in the range 15.2-26.0 pS, all with linear current-
voltage relationships. A value of 12 pS was used previ-
ously to separatc these two groups of channels [8] and
the upper value of 12.5 pS used here for the 10 pS
channels gave a clear separation between the two
groups. The halide permeation properties of the two
groups were also weli separated by this divisicn. These
lwo groups will be referred to as 10 pS anc 20 pS

Channel current signals from the amplifier were fed
into a digital VCR recorder adaptor (Madical

i In addition, more than 20 other
patches d anion bl Is with tin-
ear d which were probably between 8 and

PCM-1) and stored on video tape. A digital computer
sampled the data at 10 kHz with a 12-bit analog-to-dig-
ital convertor. Filtering was carried out after sampling
by & Gaussian digital filter.

‘The procedures used fo: data analysis were based
largely on those described by Colquhoun and Sigworth

30 pS, but were not accurately characterized because
the seal failed. Patches containing rectifying channels
in the range 45-60 pS and large channels (= 350 pS)
were observed but not processed fusther. Seven other
patches contained more than one anion channet and
were not analyzed. Most patches also contained very
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small channels (=5 pS) which will be described in a
separate publication. The results described here were
obtained from thirteen 10 pS channels and eighteen 20
pS channels which were stable throughout the com-
plete set of solution changes required for each experi-
ment.

Fig. 1 shows typical single-channel recordings of 10
pS and 20 pS channels with each of the different halide
solutions in the bath. Additionally, recordings in sym-
metrical chloride solutions are shown with membrane
potentials of +50 mV and —50 mV to illustrate the
linear conductance. In the case of the 10 pS channel
there were no distinct changes in current amplitude on
shifting to different halide solutions, while the 20 pS
channe! was clearly less permeant to flucride iois.

Fig. 2 shows current-voltage relationships for a 10
S chaunel with cach of the differen: halide solutions
in the bath. At positive membrane potentials the cur-
rent wouid be caused by chloride ion movement from
the pipet in each case, while at strongly negative mem-
brane potentials the effects of different halide perme-
abilities were seen. In this, and other current-voltage
plots, the data from ical chloride
were fitted by a linear regression line, but the solid
lines through the remaining data were drawn by eyc.

Current-voltage relationships of this type were drawn
for individual 10 pS channels and the reversal poten-
tials were used to calculate *he relative permeabilities
trom Eqn. 1. The relative permcabuitics were: Ci~ 1.0
(n=43), 1" 097 +0.05 (n=4), Br~ 0.86 +0.09 (n=
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Fig. 2. Current-voltage relationships for a 10 pS channel with differ-

ent halides in the bathing solutivn. Halide concentrations were: 145

mM C1- (ciscles), 145 mM Br~ (squares), 145 mM [~ (riangles),

and 145 mM F~ (diamonds). The pipet solution contained 145 mM
a-.

3), F~ 0.80 + 0.14 (n = 6). Single-tailed Student’s t-tests
applied to these data indicated that each pair of meaa
values in the sequence were significantly different (P <
0.05) except for the difference Br=>F~.

Fig. 3 shows current-voltage relationshins for a 20
pS channel with different halide solutions in the bath.
In this case the resulting permeability ratios were: CI~
16 (n=27, 1" 0794012 (n=6), Br~ 0.76 £ 0.13
(n=4), F~ 0.66 + 0.05 (n=5). For this sequence, t-

—-C w—'—w——u—c
=€ ey — ©
—C [o}

Fig. 1. Original recordings of 10 pS (A) and 20 pS (B) anion channels from excised inside-out npatches of human ns sl epithetial cells in different
halide solutions. Mcmbrane potentials and ionic species (145 mM) are indicated at the left. The pipet solution a\ways contained 145 mM Cl-.
TH were afl filtered at 500 Hz, and the closed condition is indicated by the letter *C' in each case.
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Fig. 3. Current-vol:age relationships for a 20 pS channel with differ-

ent halides in the bathing solution. Halide concentrations were: 145

mM CI- <circles), 145 mM Br~ (squares), 145 mM I~ (triangles),

and 145 mM F~ (diamonds). The pipet solution contained 145 mM
.

a mj

163

tests indicated that only the difference Cl-> 1~ was
significant. The difference 1-> F~ was also significant,
but 17> Br~ and Br™> F~ were not.

Permeation through the 20 pS anion channel has
previously been modelled by single ion binding in the
channel [10]. In order to test the single ion model for
both the 10 pS and 20 pS channels, we looked for
anomalous mole fraction behavior in solutions contain-
ing varying proportions of chloride and fluoride jons in
a total of 145 mM halide. These two ions were used
because they had the largest permeability differences
in both cases. Fig. 4 shows typical recordings from a 20
pS anion channel with fivc different mixtures of chlo-
ride and fluoride in the bathing solution.

The relative values of single-channel currents at -50
mV are shown in Fig. 5 for the five different CI~/F~
mixtures. Data are plotted for both 10 pS and 20 pS
channels, and the soiid lines show the predicted linear
rclationships if movements of the two ions through the

C

| A

200 ms

0

* Fig. 4. Recordings obtained from a 20 pS anion channel with varying C)~ and F~ concentrations in the bathing solution. The mixtures were: 145
mM CI~ (a), 109 mM Q17 /36 mM F~ (b), 72.5 mM Ci~/72.5 mM F~ (c), 36 mM C1~ /105 mM F~ (&), 145 mM F~ (¢). The pipet solution
contained 145 mM CI™ solution and the membrane poiential was —50 mV. The data were all filtered at 500 Hz, and the closed condition is

indicated in each case.
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The opcn probabllny of the 20 pS anion channel was
d ly and was not on mem-
brane polemual [10]. Fig. 6 shows comparable data for
the 10 pS channel. The mean open probability of
0.47 +0.18 was considerably higher than the value of
0.27 oblamed for the 20 pS channel, but again there
was no d on m.

Discussion

both the pletely and i

characterized anion channels gave a total density of
38% channels per patch for linear anion channels
below 26 pS. This can be compared to 26.2% reported
prcvmusly for similar sized electrodes on human airway

] e
Percentage fluoride
Fig. 5. The effect of varying the relative concentration of F~ to €1~
on current flowing through 10 pS (diamnds) and 20 pS (squares)
anion channels. Means and standard deviations are shown. For the
13 pS channels Five experiments were used. For the 20 pS channels
the numbers of experiments were: 8 (0% F~), 4 (25% F~), 6 (50%
F~}5, 5(75% F~) and 7 (1085 F~), The membrane poiential was
Sty 1aV for all experiments. The solid lines join the mean values fer
Oand 100% F~

were r of each other.
For the 10 pS channels, there was no evidence of any
deviation from a lincar mixture of the two ion curreats,
but for the 20 pS chanrels there was a clear deviation
from linearity.

-120 o 120
Wembrane potential (mV)
Fig. 6. The probability of 10 pS anion channels being open as a
function of membrane potential. Mcan +standard deviations are
shown for six different channels in symmetric 145 mM chloride
solutions. The solid horizontal fine shows the mean value of 0,47 for
all of the recoidings.

helial celis [8]. Hi , the earlier study reported
that 20 pS channels madc up =80% of the linear
channcis, while the present work found that 10 pS
t s were more ing for = 60% of
the tclal The differences between the two revorts can
be d for by ing that tie earlier

' ill!d)’ missed a significant number of 10 pS channels, as

wuriginally suggested [8].

The halide permeability sequences obtained here
can be summarized as: CI™>1">Br 2 F~ for the 10
pS chanaci and CI™>1"2Br 2 F~ for the 20 pS
channel. In both cases the differences in permeability
were not strong, even between chloride and fluoride.
These orders of permeability do not exactly follow the
Stokes radii of the ions [20] or their dehydration ener-
gies [19]. Instead, the a mid
Eisenmann sequence for anions [21], indicating lhat
permeation through both pores is controlled by a com-
bination of dehydration and weak interaction with an
internal binding site. Previous measurements on the 20
pS channel suggested values of 5 A for the pore
diameter and 3.0 kT for the encrgy barrier inside the
channel [10], which are in good agrcement with these
findings. Fluoride has also been fonnd to be the least
permeable halide fon through a 1ange of other anion
channels, inciuding epithelial tissues [22).

The anomalous mole fraction effect (AMFE) has
been used before as a test of ion channel permeation
mechanisms for several different channels and using a
variety of measurement techniques [19,23). If more
than one ion can occupy a channel pore at one time, or
if there are other interactions betwe<n a permeant ion
and the channel while a diffeient ion is traversing the
channel, the channel may behave differently when ex-
posed to mixtures of two dificrent ions than would be
predicted from a linear combination of the behaviors
found when the two ions are permeating separately.

In the present experiments, mixtures of F~ and CI~
produced currents through the i0 pS channel which
would be expected from a linear combination of the
two ions acting independently. However, currents




through the 20 pS channetl were only = 80% of the
lincar prediction with 25% F~. This kind of AMFE has
been seen before in inwardly rectifying potassium
channels with mixtures of K* and T!* [24] and in
L-type calcium channels with mixtures of Ca’* and
Ba®* {23). In each case the apparent conductance was
reduced below the linear diction with an
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plan those anion sequences were constructed at 25°C.
The effects of temperature on perieability se quences
have not been thoroughiy investigated. Current mocels
of multiple ion permeation do not suggest stiong ef-
fects of temperature on relative ion permeability {19},
but the possibility of temperature effects cannot be

ric mlx(ure of ions. Therefore, the 20 pS anion channel
ins a multi-ion pore. The sil is not
so cizar for the 10 pS channel. Although no AMFE
was scen, it is possible for the effect to be cbscured by
high driving forces of concentration or membrane po-
tential [23]. This would be difficult to test with single-
channel measurements cf the 10 pS channel because of
the small currents that would need to be mecasured.
The anion p bility for the ifyi

A linear, voltage-insensitive, whole-cell anion cur-
rent was produced by expression of the cystic fibrosis
fator (CFTR) in air-
way epithelial cells [27). In insect cells, CFTR pro-
duced single anion ch Is with a mean
of 8.4 pS [28], which is within the range of conduc-
tances found here for the 10 pS channel. However,
expression of normal CFTR in several different cell

anion ch 1 of ith has been in sev-
eral studies. Reported sequences are: "> Br™> Cl™>
F~[22}, I"'>Cl"=Br>F~ [25), CI"=Br"=1" [T}
for airway epithelia, and 17> Br~>Cl=> F~ {13] for
T84 cells. While not completely consistent, these find-
lngs suggest that there are ygmﬁcnm ion dif-

lines p whole-cell currents with the permeabil-
ity sequence: Br~> Ct~> 17> F~, and the relative per-
meability ratios were much larger than observed here
{29). Thus, thc possible contributions of these voltage-
insensitive 10 pS and 20 S channels to currents in
normal zmd cystic fibrosis airway epithelial cells remain

the ifying anion channel and the
two linear anion channels examined here.
Halide permeatlon sequences have been used in

to h the of identified
smgle channels to whole-cell currents in T84 cells,
d: and vol itive cur-

rents in these cells were both associated with rectifying
channels {14,26], although these currents can be distin-
guished on other grounds [14}. A cAMP-dependent
anion current could not be explained by the rectifying
channel and was suggested to be caused by 20 pS or
smalicr conductance linear anion channels [14].

of these ] will require
more i about halide in whole-cell
currents of airway cells.

Acknowledgements

We thank Marek Duszyk for advice and encourage-
ment throughout this work, Paul Labrecque for assis-
tance in cell p ion, and the D of Oto-
laryngology of the Uni of Alberta ital for
providing human tissues. This work was supported by
the Medical Research Council of Canada and the

The p: bility for the vol
tive, calcium-activated, and cAMP-activated currents
have been reported to be: 1">Br~>Cl-, 1> Br~>
Cli-, and Br=> CI> 17, respectively {14,26]. Aittough
20 pS or smalle: anion channels were suggesied to
cause the cAMP-dependent current of T84 cells [14;,
none of these sequences match those reported here for
the 10 pS and 20 pS channels, making it unlikely that
either is responsible for the current. An alternative
explanation is that even smaller chanaels are responsi-
ble. because anion channels of <5 pS conductance
havc recently been founc in airway epithelia by both

gle-ch ] and fluctvation analysis experiments
[11,12]

In comparing different experimental permeability
sequences, it must be noted that a range of tempsra-
tures of about 22°C-37°C have been used in different
measurements. The present data were obtained at 37°C,
as were some other recent measurements [7,14]. The
wide range of data used to construct Eisenmanrn se-
auences for anions [21] probably included a similar
ranige of temperatures, while the models used to ex-

Canadian Cystic Fibrosis Foundation.

References

1 Boucher, R.C., Cotton, C.U., Gatzy, J.T., Knowles, M.R. and
Yankaskas, J.R. (1988) J. Physiol. (Lond.) 405, 77-103.
2 McFherson, M.A. and Dormer, R.L. (1991) Moi. Aspects Med.
12, 1-81.
2 Welsh, M.J. (1987) Physiol. Rev. 67, 1143-1184.
4 Vaughan, P.C. and French, A.S. (1989) Prog. Biophys. Mol. Biol.
54, 59~79.
5 Frizzell, R.A., Rechkemmer. G. and Shocmaker. R.L. (1986)
Science 233, 558-560.
b Welsh, M.J. (1986) Science 232, 1648-1650.
7 Kunzelmann, K., Paverstidt, H. and Greger, R. (1989) Pflugers
Arch. 414, 291-303.
8 Duszyk, M., French, A.S. and Man, S.F.P. (1489) Can. J. Physiol.
Pharmacol. 67, 1362-1365.
9 Shoemaker, R.L., Frizzell, R.A., Dwyer, T.M. and Farley, J.M.
(1528 Biochim, Biophys. Acta 858, 235-242
10 Duszyk, M., French, A.S. and Man, S.F.P. (1990) Biophys. J. 57,
223-230.
11 Duszyk, M., French, A.S. and Man S.F.P. (1991) Biophys. J. 59,
645a.
12 Grygorezyk, R. (1991) Biophys. J. 59, 646a.



166

13 Halm, I.R., Rechkemmer, G.R., Schoumacher, R.A. and Frizzell,
R.A. (1988) Am. §. Physiol. 254, C505-C511.

14 Cliff, WH and Frizzell, R.A. (1990) Proc. Natl. Acad. Sci. USA
87, 4956-4960.

15 Hamill, O.P., Marty, A.. Neher, E., Sakmann, B. and Sigworth,
F.J. (1981) Pfligers Arch. 391, 85-100.

16 Mclnnes, D.A. (1939) The Principles of Electrochemistry, Rhein-
hold Publishing Corp.. Washington, DC.

17 Colquhoun, D. and Sigworth. F.1. (1983) Single-channel rec yed-
ing (Sakmann, B. and Neher, E.. eds.), pp. 191-263, Plenum
Press, New York.

18 Duszyk. M., French, A.S. and Man, S.F.P. (1991} Biomed. Res.
12, 17-23,

19 Hille, B. (1984) lon Channcls of Excitable Membranes, Sinaucr
Associates. Sunderland, MA.

20 Robinson, R.A. and Stokes, R.H. (1959) Elcctrolyte Solutions,

Buttzrworths, London.

21 Wright, E.M. and Diarond. J.M. (1977) Physiol. Rev. 57, 109-156,

22 Frizzell, R.A. (1987) Trends Neurosci, 10, 190-195.

23 Friel, D.D. and Tsien, R.W. (1989} Proc. Nat. Acad. Sci. USA 86,
5207-5211.

24 Hagiwara, S.. Miyazaki, S., Krasne, S. and Ciani. S. (1977 J. Gen.
Physicl. 70, 269-281.

25 Welsh, M.J,, Li, M., McCann, 1.D., Clancy, J.P. and Anderson,
M.P. (1989) Ann. N.Y. Acad. Sci. 574, 44-51.

26 Worrell, R.T., Butt, A.G, Cliff, W.d. and Frizzell. R.A. {1989)

27 Rich, D.P., Anderson, M.P., Gregory. RJ., Cheng, S.H., Paul, S.,
Jefferson, D.M., McCann, J.D., Klinger. K.W., Smith, A.E. and
Welsh, M.J. (1990) Nature 347, 358-363.

28 Kartner, N., Hanrahan, J.W., Sensen, T.J., Naismith, A.L., Sun,
S.. Ackerley, C.A., Reyes, EF., Tsui, L.-C., Rommens, JM.,
Bear, C.E. and Riordun, J.R. (1991) Cell 64, 681-691.

29 Anderson, M.P., Gregory, RJ., Thompson, S., Souza, D.W., Paul,
S.. Mulligan, R.C., Smith, A.E. and Welsh, M.J. (1991) Science
253, 202-205.




