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Halide permeation through 1C pS and 20 pS anion channels 
in human airway epithelial cells 
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Halide permeability sequences were obtained from reversal potential measurements of single-channel currents 
through 10 pS and 20 pS anion channels in human airway epithelial cells. The sequences obtained were 
C I - >  ! - >  Br->__ F -  for the 10 pS channel and C I - >  i-__> B r - >  F -  for the 20 pS channel. However, the 
permeability differences were not large, the greatest being 0.66 for !he ratio of flunride to ehloride permeability in 
the 20 pS channel. Single-channel currents were also measured with ~ lu t ions  of constant halide concentration but 
varying ratios of chloride tu fiuuride ions. An anomalous mole fraction effect was observed for the 20 pS channel but 
not for the l0  p$ channel, suggesting that the former is a multi-ion channel. Comparison of the halide permeability 
sequences of these two channels with ! h ' ~  of whole.cell currents i~i other epithelial cells does not support their  
involvement in any of the km,,~,b whole-cell epithelia! currents. 

Introduction 

The apical membranes of airway epithelial cells 
contair~ anion channels who~e function is crucial for 
controlling the chloride and sodium fluxes thrc~ugh the 
ep-::flelium. These ionic fluxes affect the vi~oelastic 
properties of the mucu~ and hence the effectiveness ot 
mucociliary clearance. Chloride permeability is re- 
duced in cystic fibrosis, causing defective mucociliary 
clearance [I-3]. 

Single-channel experiments ha~e identified at least 
four types of anion channels in human airway epithelia 
[4]. The most widely studied are the outwardly rectify- 
ing channels, which have a conductance of --- 45 pS in 
physiological chloride concentrations at zero mem- 
brane potential [5-8]. However, anion channels with 
linear conductances of -- 20 pS and ~ 10 pS have also 
beer. de,':cribed in human and canine airway [5,8,9] with 
the 20 pS channels i~)ssibly containing two groups [10], 
and large anion channels of ~ 350 pS conductance 
have been observed in a variety of epithelia, including 
human airway [4,8]. Recently, fluctuation analysis and 
single-channel experiments have s,lggested that the 

Correspondence: A.S. French. L~epartmcnt ol Physiuiagv. University 
of Alberta. Edmonton. Alberta T6G 2H7. Canada. 

hur~an airway epithelium also ¢ontail:s a significant 
lmmber 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 t,~lal epithelial fluxes is to 
discover their relative permeabilities to different an- 
ions and then compare the permeability sequences 
found with each type of measurement. The halide 
permeability sequence of the rectifying 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 human 
air,ray has been measured for several anions but not 
for halides other than chloride [10]. These nleasure- 
ments were used to construct a model of pcxmeatiou in 
the 20 pS channel in which a single anion occupied a 
relatively weak binding site iti the channel. 

We have now measured the relative halide perme- 
abilities of !0 pS and 20 pS anion channels in human 
nasal airway epithelial cells. 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 turbinat¢ 
surgery on 15 human subjects, were treated with 0.2% 
protease and 0.1% DNase in calcium-tree medium 
(DME-FI2) 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 mesh (60 p.m), centrifuged at 
200 Xg for 10 min, pelleted and then res,,spended in 
10% FBS in DME-F12. Trypan blue exclusion was 
used to test viability, which was usually greater than 
90%. The ceils were washed once more and then 
plated at low density on collagen coated dishes and 
incubated in 5% CO 2 at 3"P'C. The culture medium 
contained DME-FI2 supplemented with insulin (2 
p.g/ml), transferrin (7.5 Izg/ml), hydrocortisone (18 
ng/ml), cholera toxin (10 ng/ml), I" 3 (2 ng/ml), epi- 
dermal growth factor (13 ng/ml), end,3theliag cell 
growth factor (7.5 ~g/ml).. and antibiotics (gentamycin 
50 p.g/ml, streptomycin 100 p.g/ml, and penicillin-G 
60 p.g/ml). Experiments were performed on single 
cultured cells. The temperature was kept at 36:1: I°C 
during all experiments by means of a thurmostatieally 
controlled stage. Experiments were performed with 
cells between 1 and 4 days after plating. 

Single-channel currents were recorded from excised 
patches of apical membranes in the inside-out configu- 
ration using a List EPC-7 amplifier [15]. Pipets were 
fabricated from thick walled microfilament borosilicate 
glass using a horizontal puller (SuRer Instruments 1)-87) 
in three steps, coated with Sylgard (Dow Coming), and 
fire polished with a microforga. Pipet resistances were 
16-25 M.O when filled with 145 mM choline chloride 
solution and gave ~ai resistances of about 30 Gf/. In 
order to minimize junction potentials, a NaCI-agar- 
filled bridge was used to connec t the reference elec- 
trode to the bathing solution. Pipet offset potentials 
were measured and ce.,'rec~e4 before forming a seal. 
Changes in junction potential at th~ reference elec- 
trnde due to changing halide solutions in the bath were 
calculated from the Henderson equation [16] and sub- 
tracted from the measured membrane potential to ob- 
tain the potentia! across the patch. ?dl potentials are 
reported relative to zero in the extracellular solution 
and positive currents are outwards throughout. 

Channel current signals from the amplifier were fed 
into a digital ¥CR recorder adaptor (M~-dical Systems, 
PCM-I) and stored on video tape. A digital computer 
sampled the clara at 10 kHz with a 12-bit analog-to-dig- 
ital convertor. Filtering was carried out after sampling 
by ~ Gaussian diglta! filter. 

"l'be procedures used fo:~ data analysis were based 
largely on those described by C.olquhonn and Sigworth 
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[17]. The half-amplitude criterion was used as a thresh- 
old to distinguish between open and closed states. 
Eve~.t durations were corrected for filter rise-time by a 
poly;~omial approximation [17]. Distributions of open 
and closed times were 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 cho|ine chloride, 0.2 CaCI 2, 0.1 MgCI2, 10 
Hepes (pH 7.35). Choline is not measurably permeable 
through either of the cation channels that have been 
obse~rved in human airway epithelial cells [18]. The 
initial bath solution for all experiments contained 
(raM): 145 NaCI, 0.2 CaCIz, 0.1 MgCI 2, 10 Hepes (pH 
7.35). For halide exchange experiments the NaCI 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 sraall dead space allowed rapid solu- 
tion exchanges. 

Relative t~.-: permeabilities were calculated from 
reversal potentials, V,: 

aT IC|- ~+ (P^/PcO[A- 

[19] where subscripts 'o' and T denote the outside und 
inside solu*.ions, respectively, PA is ",he permeability of 
an anion, A-, and R, T, and F are the gas conegant, 
temperature, and Faraday constant, respectively. Re- 
• ~ersal potentials were determined from current-voltage 
relationships plotted for the different anions. 

Results 

From a total of 236 successful patches fo,,-med on 
human nasal airway cells, 43 anion channels were ob- 
served with conductances in the range 8.3-12.5 IXS, and 
27 in the range 15.2-26.0 pS, all with linear current- 
voltage relationships. A value of 12 pS was used prev/- 
ooJsly to separate 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 prope.qic5 of the two 
groups were also well oeparated by this divlsicn. These 
two groups will be referred to as 10 pS and 20 pS 
channels thrm~ghout. In addition, more than 20 other 
patches cop.rained anion permeable channels with lin- 
ear conductances which were probably between 8 and 
30 pS, but w~re not accurately characterized because 
the seal failed. Patches containing rectifying channels 
in the range 45-60 pS and large channels ( ~ 350 p$) 
were observed but not processed further. Seven other 
hatches contained more than one anion channel and 
were; not o~.al)zed. Most patches also contained very 
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small channels (-5 pSi 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. l 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  + 3 0  mV and - 5 0  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 
channel was clearly less permeant  to fluoride ion,~. 

Fig. 2 shows current-voltage relationships for a 10 
pS channel with each of  the differem halide solutions 
in the bath. At  positive membrane potentials the cur- 
rent would 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 symmetrical chloride experiments 
were fitted by a linear regression line, but the solid 
lines through the remaining data were drawn by eye. 

Current-voltage relationships of  this type were drawn 
for individual I0 pS channels and the reversal poten- 
tials were used to calculate "he relative permeabilities 
t rom Eqn. 1. The relative petmcahmtics  were: CI-  1.0 
(n = 43), l -  0.97 + 0.05 (n = 4), Br -  0.86 ± 0.09 (n = 

2 pA 

S 
100 aV 

-2 pA 
Fig. 2. Current-voltage relationships for a i0 pS channel with differ- 
ent halides in the bathing solution. Halide concentrations were: 145 
mM CI- (circles), 145 raM, IJr- (squares), 145 mM I -  (triangles), 
and 145 mM F-  (diamonds). The pipet solution contained 145 mM 

CI-. 

3), F -  0.80 ± 0.14 (n = 6). Single-taUed Student 's  t-tests 
applied to these data  indicated that each pair  of m e a l  
values in the sequence wen: significantly different ( P  < 
0.05) except for the difference B r - >  F - .  

Fig. 3 shows current-voltage relation~hip.~ for a 20 
pS channel with different halide solutions in the bath. 
]~ this case the resulting permeability ratios were: CI-  
1.0 ( n = 2 7 ) ,  1- 0 . 7 9 ± 0 . 1 2  ( n = 6 ) ,  Br -  0 . 7 6 + 0 . 1 3  
(n =4) ,  F -  0 . 66±0 .05  (n =5) .  For  this sequence, t- 

A B 

C ci- - 5 o m v ~  -- c ..... L ~  -- 

B r -  - s o , ~ v -  ~.= = ~ ' ~ " - " V ' ~ , ~ . , .  - "  c . _ . r _ l . ~ .  " 'U" - -  c 

I - -50mV~'~wcw~C~e/v¢~ -- C ~ _ C 

F- - S O m v ~ - - C  ~ _ _ C  

4 p A  

2OOmS 
Fig. I. Original recordings of 10 p$ (A) and 20 pS (B) anion channels from excised inside-on! palche;: of human m e;xl epithelial cells in different 
halide solutions. Membrane potentials and ionic species (145 raM) are indicated at the left, The pipet solution a~ays contained 145 mM Cl-. 

• "~..~. d~.t: ~- '~e~'e all littered at 500 Hz, and the closed condition is indicated by the letter "C' in each case. 
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tests indicated that only the difference C I - >  I -  was 
significant. The difference 1 - >  F -  was also signifgant,  
but ! - >  Br -  and B r - >  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 

] t anomalous mole fraction behavior in solutions c,mtain- 
1 O0 mV ing varying proportions of  chloride and fluoride ions in 

a total of 145 mM halide. These two ions ~'ere used 
because they had the largest permeability differences 
in both cases. Fig. 4 shows typical recordings from a 20 
pS anion channel with f~'e different mixtures 'of ehlo- 

-2 pA 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 C I - / F -  
mixtures. Data  are plotted for both 10 pS and 20 pS 
channels, and  the ~olid !ines show :.he predicted linear 
relationships if movements of the two ions through the 

C 
- 

FiB. 3. Culrrent-vol:~ge 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). 14:~ mM I- (triangles), 
and 145 mM F- (diamonds). The pipet solution contained 145 mM 

CI-. 

° -%j'----r---------% m C  

d C 

e ~  

4 pA 

C 

200 ms 
Fig. 4. Recordings obtained from a 20 pS anion channel with varying CI- and F- concen:rations in the helhinl solution. The mixtures were: 145 
mM el-  (a), 109 mM CI-/36 mM F- (b), 72.5 mM CI-/72.5 mM F- (c), 36 mM C1-/109 mM F- (d), 145 mM F- (e). The Pipet sokttion 
contained 145 mM CI- solution and the membrane peleotial was -50 inV. The data were all filtered at 500 Hz, anti the closed condition is 

indicated in each case. 
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0.5 i i i 4 
o J.12e 

Percentage f l uo r i de  

Fig. 5. The effect of varying the relative concentration of F -  to CI-  
on current flowing through IO pS (diam:mds) and 20 pS (squarcs~ 
anion channels. Means at,d standard deviatio~;s are shown. For the 
10 pS channels Five exp:P.'ments were used. For the 20 pS channels 
the numbers of ex~riments were: 8 (0% F- ). 4 (25% F- ). 6 (50% 
F- ). 5 (75% F- ) and 7 (10~J% F- ). The membrane potential was 
-St) mV for all experiments. The solid line~ join Ihe mean values for 

0 and 100% F-. 

channels were completely independent of each other. 
For the 10 pS channels, there was no evidence of ~ny 
de~dation from a ,qncar mixture of the two ion currents, 
but for the 20 p5 chanr~els there was a clear deviation 
from linearity. 

"r I +  ,-TT +'-+T+ 

z i I I 
- 0 iao 

I l enbrane  po ten t i a l  ( nv )  

Fig. 6+ The probability of I0 pS anion channels being open as a 
function of membrane potential. Mean+standard deviations are 
shown for six different channels in symmetric 145 mM chloride 
solutions. The solid horizontal line shows the mean value qf 0.47 for 

a0 of the recoidings. 

The open probability of the 20 pS anion channel was 
described previously and was not dependent  on mem- 
brane potential [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 obtained for the 20 pS channel,  but again there 
was no detectable dependence on m~mbrane potential. 

Discussion 

Including both the completely and incompletely 
characterized anion channels gave a total density of 
38% channels per  patch for linear anion channels 
below 26 pS. Tills can be compared to 26.2% reported 
previously for similar sized electrodes on human airway 
epithelial cells [8]. However, the earlier study reported 
that  20 pS channels made up = 80% of the linear 
chan,~=i~, while the present work found that 10 pS 
channels were more common, accounting for = 60% of 
the total. The differences between the two reoorts can 

• probably be accounted for by assuming that tile earlier 
study missed a significant number of 10 pS channels,  as 
originally suggested [8]. 

The halide permeability sequences obtained here 
can be summarized as: C l - >  I - >  Br-~_ F -  for the 10 
pS channel and C I - >  I - >  B r - ~  F -  for the 20 pS 
channel.  In both cases the differences in permeability 
were not strong, even between chloride and fluoride. 
These orders of  permeabili~' do not exactly follow the 
Stokes radii of  the ions [20] or their  dehydration ener-  
gies [,9]. Instead, the sequences resemble a mid-range 
Eisenmann sequence for anions [21], indicating that  
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 ,~, for the pore 
diameter  and 3.0 kT for the energy barr ier  inside the 
channel [10], which are in good agreement  with these 
findings. Fluoride has also been found to be the least 
permeat, le halide ion through a range of  other  anion 
channels, including epithelial tissues [22]. 

The at~omalous mole fraction effect (AMFE) has 
been used before as a test of ion channel permeation 
mechanisms for several different channels and usi~lg 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 between a permeant  ion 
and the channel while a different ion is traversing the 
channel,  the channel may behave differently when ex- 
posed to mixtures of two different 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 channel were only ~ 80% of the 
linear 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 2+ and 
Ba 2+ [23]. In each case the apparent conductance was 
reduced below the linear prediction with an asymmet- 
ric mixture of ions. Therefore, the 20 pS anion channel 
probably contains a multi-ion pore. The situation is not 
so c~ar  for the 10 pS channel. Although no AMFE 
was scan, it is possible for the effect to be obscured by 
high driving forces of concentration or membrane po- 
tential [23]. This would be difficult to test with single- 
channel measurements of the 10 pS channel because of 
the small currents that would need to be measured. 

The anion permeability sequence for the rectifying 
anion channel of epithelia has been examined in sev- 
eral studies. Reported sequences are: I - >  B r - >  C I - >  
F -  [22], I - > C I - = B r - > F -  [25], C I - ~ B r - = I -  [7] 
for airway epithelia, and I - >  B r - >  C I - >  F -  [13] for 
T84 cells. While not completely consistent, these find- 
ings suggest that there are significant permeation dif- 
fcretices between the rectifying anion channel and the 
two linear anion el~annels examined here. 

Halide permeation sequences have been used in 
attempts to distinguish the contributions of ic~entifled 
single channels to whole-cell currents in T84 cells. 
Calcium-dependent currents and volume-sensitive 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 he caused by 20 pS or 
smaller conductance linear anion channels [14]. 

The permeability sequences for the volume-sensi- 
tive, calcium-activated, and cAMP-activated currents 
have been reported to be: ! - >  B r - >  CI-,  ! - >  B r - >  
CI-,  and B r - >  C I ' >  I - .  respectively [14,26]. Although 
20 pS or smaller" anion channels were suggesxed 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 channels are responsi- 
ble. becau,-e anion channels of < 5 pS conductance 
have recently been fount? in airwa',,, epithelia by both 
single-channel and fluct,.,ation analysis experiments 
[11,12]. 

In comparing different exp~'rimental permeability 
sequences, it must be no',ed that a range of temp,eJa- 
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 Eisenmann se- 
o.uences for anions [21] probably included a simdar 
raltge of temperatures, while the models used to ex- 
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plato those anion sequences were constructed at 2 5 ~ .  
The effects of temperature on permeability se:luences 
have not buen tho;oughQ inve~'igated. Cur~'~nt mo6els 
of multiple ion permeation do not suggest stying ef- 
fects of temperature on relative ion permeability [19], 
but the possibility of temperature effects cannot be 
excluded. 

A linear, voltage-insensitive, whole-cell anion cur- 
r~:nt was produced by expression of the cystic fibrosis 
transmembrane cond~lctancc regulator (CFTR) in air- 
way epithelial cells [27]. in insect cells, CFTR pro- 
duced single anion channels with a mean conductance 
of 8.4 pS [28], wh:ch is within the range of conduc- 
t.:nces found here for the 10 pS channel. However, 
expression of normal CFTR in several different cell 
lines produced whole-cell currents with the permeabil- 
ity sequence: B r - >  C I - >  I - >  F- ,  and the relative per- 
meability ratios were much larger than observed here 
[29]. Thus. the possible contributions of these voltage- 
insensitive 10 pS and 20 pS channels to currents in 
normal and cystic fibrosis airway epithelial cells remain 
uncertain. Resolution of these questions will require 
more information about halide selectivity in whole-cell 
currents of airway cells. 
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