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Summary. The patch-clamp technique was used to characterizc 
ion channels in the apical membranes of cultured human nasal 
epithelial cells, dissociated from fetal nasal mucosa and from 
adult nasa] polyps. Outward-rectifying chloride channels were 
found in 4.3(2~ of the cell-anached patches fiom fetal cells (1z = 
258) and in 3.1(~ of the patches flom adult cells [n = 320). 
After excision the number of patches containing active chloride 
channels increased [hreeR)ld to 13c~ of the patches from the ['eta] 
cells and 10~7( fl'om adult cells. The single-channel conductance 
at 0 mV in symmetrical [50 mm NaCl solutions was 24.3 +- 0.9 
pS (n 28) and 26.0 _+ 1.2 pS (n = 30), respectively, in adult 
and fetal cells and showed outward rectification in the potential 
range from - 80 to + 80 mV. In fetal cells as well as in adult cells 
the channels were anion selective, and were almost impermeable 
for larger anions and monovalent cations, In celt-free patches the 
channels were Ca 2" independent. In most of the channels the 
open probability was voltage independent and high (+0.861; in 
20% of lhe channels, however, the open probability increased 
with depolarization. In conclusion, fetal nasal epithelial cells con- 
tain chloride channels in their apical membranes with single- 
channel properties and regulatory mechanisms similar ~,o those 
found in cells from adults. 
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Introduction 

Ion t r a n s p o r t  by a i r w a y  epi the l ia l  ce l ls ,  and more  
spec i f ica l ly  ch lo r ide  sec re t ion ,  is impor t an t  in the  
regu la t ion  o f  the quan t i t y  and the c o m p o s i t i o n  o f  the 
r e s p i r a t o r y  t rac t  fluid and thus  in e f fec t ive  mucoc i l i -  
a ry  c l e a r ance .  O u t w a r d - r e c t i f y i n g  ch lo r ide  channe l s  
in the apical  m e m b r a n e s  o f  human  (Fr izze l l ,  Rech-  
k e m m e r  & S h o e m a k e r ,  1986b; We l sh ,  1986a; G r u e n -  
ert  et al . ,  1988) and can ine  ( S h o e m a k e r  et a l . ,  1986; 
We l sh ,  1986b) t r achea l  and  human  nasal  ep i the l ia l  
cel ls  (Li et a l . ,  1988) have  been  shown  to be r e spons i -  
ble for  the  ch lo r ide  efflux at the  apica l  m e m b r a n e  

(Fr izze l l  el al . ,  1986a; We l sh ,  1986a). Mos t  o f  the  
channe l  p r o p e r t i e s  seem to be c o m m o n ,  but  the  re- 
sul ts  on Ca 2~ i n d e p e n d e n c e  are  not u n a n i m o u s  and 
the s ing le -channe l  c o n d u c t a n c e  is e i the r  a r o u n d  25 
pS (Welsh ,  1986a,b; G r u e n e r t  et a l . ,  1988; Li et al , ,  
1988) or  45 pS (Fr izze l l  et al . ,  1986a,b; S h o e m a k e r  
et al . ,  1986). This ,  h o w e v e r ,  may  be due  to d i f fe ren t  
cu l tu re  and e x p e r i m e n t a l  cond i t i ons .  T h e r e f o r e ,  
these  channe l s  can be r ega rded  as the  s ame  type  o f  
ch lo r ide  channe l ,  r e s p o n s i b l e  for  the  apica l  ch lo r ide  
pe rme a b i l i t y .  

Ch lo r ide  channe l  ac t iv i ty  is r egu la t ed  and s t imu-  
la ted by in t r ace l lu l a r  c A M P  (AI Ba z z a z ,  1981; Smi th  
et al . ,  1982). At  least  one  e l e me n t  o f  this  r e gu l a to ry  
p a t h w a y  is c o n s i d e r e d  to be de fec t i ve  in cys t i c  fi- 
b ros i s  s ince  ac t iva t ion  o f  the ch lo r ide  channe l  is 
impa i red  in bo th  ce l l - a t t a ched  pa t c he s  (Fr izze l l  et 
a l . ,  1986b; Wel sh  & Liedtke~ 1986) and ins ide -ou t  
pa t c he s  ( S c h o u m a c h e r  et a l . ,  1987b; Li et a l . ,  1988). 
N e v e r t h e l e s s  the d e v e l o p m e n t  o f  the r e s p i r a t o r y  
t ract  in u te ro  a p p e a r s  not  to be a f fec ted  in cys t i c  
f ibrosis ,  s ince  r e s p i r a t o r y  p r o b l e m s  ar i se  main ly  
af te r  bir th .  

O u t w a r d - r e c t i f y i n g  ch lo r ide  channe l s  were  a lso  
found  in a n u m b e r  o f  s e c r e t o r y  epi the l ia l  ce l l s ,  in- 
c lud ing  human  co lon ic  c a r c i n o m a  cel ls  T84 (Fr izze l l  
et a l . ,  1986a; H a l m ,  S c h o u m a c h e r  & Fr i zze l l ,  1987) 
and HT29 (Hays l e t t  et a l . ,  1987; Dre inhofe r ,  GOgel- 
ein & G re ge r ,  1988), rat co lon ic  cel ls  (Re inha rd t  et 
a l . ,  1987), swea t  g land s e c r e t o r y  cel ls  ( K r o u s e  el a l . ,  
1987: S c h o u m a c h e r ,  S h o e m a k e r  & Fr izze l l ,  1987a; 
We l sh ,  M c C a n n  & D e a r b o r n ,  1987) and rabbi t  renal  
cor t ica l  th ick  a s c e n d i n g  l imb o f  H e n l e ' s  loop (G6gel -  

ein,  1988). More  r e c e n t l y  s imi la r  channe l s  were  de-  
s c r ibed  in human  T- and B - l y m p h o c y t e s  (Chen,  
S c h u l m a n  & G a r d n e r ,  1989) and cu l tu r ed  f ib rob las t s  
(Bear ,  1988). 
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For the present study we used nasal polyps 
rather than tracheal tissue to investigate and charac- 
terize chloride channels, because this tissue is more 
readily available during polypectomy without addi- 
tional harm or discomfort to the patient and since 
only a partial description of chloride channels in 
nasal epithelial cells has been published (Li el al., 
1988). The resemblance and similarities between na- 
sal and tracheal epithelium are of  course striking 
and evident: pseudostratified, cilialed and mucus 
producing, but as there are differences in function 
and morphology, a study of nasal epithelial cells is 
justified. 

The development of the respiratory tract is a 
complex process. The various cell types differenti- 
ate at different times, e.g., ciliated cells appear be- 
fore goblet cells (Poulsen & Tos, 1975)2 In contrast 
with the many studies on morphology and its devel- 
opment, little is known about the electrophysiologi- 
cal properties of fetal respiratory tract epithelium 
and their development, neither in vivo, nor in vitro. 
For these reasons, we also studied fetal nasal epithe- 
lial cells at 16 weeks gestation when ciliary differen- 
tiation is complete, but when the first goblet cells 
only just appear. 

In another report (Jorissen el al., 1990b) we de- 
scribed nonselective cation channels in the apical 
membranes of cultured fetal nasal epithelial cells, 
with identical properties as in adult cells. Here, we 
report on outward-rectifying chloride channels in 
cultured fetal nasal epithelial cells and show the simi- 
larity of properties such as current-voltage relation, 
single-channel conductance, ion selectivity, open 
probability, channel distribution, influence of Ca e~ 
and finally channel activity in cell-attached patches, 
to those found in adult cells. 

Materials and Methods 

C E L L  ISOLATION AND C E L l ,  C U L T U R E  

Human nasal epithelial cells were obtained from I I adults,  treated 
surgically for polyposis nasi, and from 4 aborted fetuses,  16 to 19 
weeks geslational age. The t issue fragments  were digested with 
0.1% Pronase (Sigma) in DME (Dulbecco 's  Modified 'Eagle's) 
(Gibco) containing penicillin (50 I U/ml) and s t reptomycin (50/*g/ 
ml) during 16 Io 24 hi" at 4~ After three washes" in culture 
medium, the dissociated epithelial cells were plated on rat tail 
collagen gels (0. I ml/cm-') in 2-cm 2 wells (Costar) ill a density of  
-+2,000 cells/era:. The culture medium consisted of H a m ' s  FI2- 
DME I/l {Gibco) supplemented with penicillin (50 IU/ml).  strep- 
tomycin (5{) /.cg/ml), choleratoxin (10 ng/ml) (Sigma) and ItY~ 

NU-se rum (Flow laboratories). The medium (I ml) wits changed 
afler I day and furlher three l imes a week. The cells were cultured 
at 37~ up Io 28 dltys belt)re use. For the patch-clamp experi- 
ments ,  the collagen gel with the epithelial cells wits placed in a 
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{).7-ml bath at room temperature  and conlJnuotlsly perfuscd wilh 
standard bath solution. 

SOI ,UI ' IONS 

All solutions were bult'ered with I0 mM HEPES and adjusted lo 
pH 7.4 with I M KOH.  The pipette solution contained (in raM): 
150 NaCI and 2 CaCI,. Standard bath solution contained (in raM): 
140 NaCI. 1 CaCI,, 2 MgCI 2 and 5 KCI. The s tandard bath solulion 
lin" inside-out patches contained (in raM): 15t) NaCI and I CaCI,. 
The solutions for determination of  the selectivity contained 2 mM 
CaCI~ and a variable component :  150 mm KCI, CsCI or CholineCI. 
Also 300 IYIM and 50 mm NaCI were used.  as well as replacemenl 
of 10l) mM CI By 100 nlM gluconale , 100 mM isethionale or 50 
mM sulphate . These  deviat ions of the con)position of the bath 
solution arc explicitly ment ioned in Results.  C a " q ' r e c  solutions 
contained tin ram): 150 NaCI and I EGTA. 

EXPt~RIMENTAI_ S l'~'l'U P 

Seals were made in confluent areas of  cells according to the 
technique described by Hamill el al. (1981). Patch eleclrodes of 
4 Io I(I MtL pulled from borosilicate glass,  were fire polished. 
Backlilling of the pipettes wits used after the lip wits filled by 
capillarity. A I M KCI ]c~, ag;.u- bridge, connect ing the Ag-AgCI 
vel'erence electrode to the bath solution, reduced contacl  poten- 
tials in asymmetr ical  chloride concentrat ions  to less Ihan I inV. 
Cells and pipettes were visualized with an invert microscope 
(IM35 Zeiss) and monitored on closed television circuit. After 
contact wilh the cell membrane  was made,  cell-attached patches 
were obtained by controlled suction. The seal resistance varied 
belween 3 to It)0 (}tL Currents  were recorded flom cell a t tached,  
inside-out and occasionally outside-out  patches.  Currents  were 
amplified by a List patch clamp EPCS, and were recorded and 
stored on FM-tape (Racal Store 41)S) at 19 cm/sec .  After l0 min 
of spontaneous  cel l -anached observat ion,  the ceil was st imulated 
with adrenalin ( I / ,g /ml)  lbr l0 min. If ion channels  opened during 
the cell-attached recording, currenls  were recorded at different 
potentials to identify the channel  and the palch wits excised.  
[nside-out patches were formed by abruptly lifting the pipette. 
Somet imes  excision led to vesicle formation.  These  were ruptured 
by brief exposure  It) air. 

D A T A  A C Q U I S I I I O N  AND A N A L Y S I S  

The analog currents were liltered al 500 Hz. sampled ill I kHz 
using a 12-bit AI)  converter and stored in records o12,04g points, 
Baseline current wits subtracted. Single-channel current ampli- 
tudes and open probabilities were determined from amplitude 
histograms.  Current-voltage curves  were drawn by eye and the 
slope conductances  were measured  at different potentials.  Rec- 
ords were displayed on a Hewlett  Packard X-Y ploner  (model 
7470A). The sign of the clamp voltage refers to lhe bath wilh 
respect lo the patch pipette for the cell-attached and inside-out 
patches and the opposite l\)r the oulside-out  patches.  Positive 
(outward) currents  implicate flow of positive charges from the 
cytoplasmic side to the extracellular side. Data  f rom ser ies  are 

g iven  as m e a n  -+ SEM. 



M. Jorissen et al.: Chloride Channels  in Nasal Epithelium 125 

C 

+ 2 0 m V  C "  

o C:O ~ ~ - - .  ~a.~ ~ 

C 
2 0 m V  O 

c 
40rnV 

0 

C 
- 6 0 m V  

0 

Fig. I. Single-channel currents  from an inside-out patch of cul- 
lured fetal  nasal epithelial cells in symmetr ical  condit inns ~ll dil L 
ferenl potenlials.  Pipette and bath sohntions contained 1511 mM 
NaCI, 10 mM HEPES and I and 2 mM CaCI,, respectively. The 
filter f requency was 5t)1) Hz. C indicates the baseline current and 
O the current  level when lhe chh)ride channel  is open. The single- 
channel  current ampli tudes are larger at the positive than at the 
corresponding negative potentials and most of  the time the current  
remains at the open level 

Results 

G E N E R A L  D E S C R I P T I O N  

OF S I N G L E - C H A N N E L  C U R R E N T S  

Figure I shows typical current recordings of an in- 
side-out patch from the apical membrane of a cul- 
tured fetal nasal epithelial cell in symmetrical 150 
mM NaCI solutions. At all potentials, except at 0 
mV, two discrete current levels were present with 
rapid transitions between the two levels. The proba- 
bility of finding the current at the closed level was 
far less than at the open level. The amplitude of the 
single-channel currents was larger at depolarizing, 
positive potentials than at the corresponding nega- 
tive potentials indicating outward rectification. The 
recordings of this and other patches were obtained 
immediately after excision of the patch in a bath 
solution containing 1 mm CaCI, or in a Ca2+-free 
bath solution. Similar activity was present in 32 out 
of 320 patches from adult cells (10%) and in 33 out 
of 258 patches from fetal cells (13%), independent 
from the time in culture (data not shou~n). 

O P E N - C H A N N E L  PROPERTIES 

The resulting average current-voltage relation in 
symmetrical 150 mM NaCI solutions for the patches 
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Fig. 2. Single-channel current-voltage relations o f  outward-recti-  
fying chloride channels  from cell-free patches of  fetal (A) and 
adult (B) cells in different NaCI bath solutions.  Pipette solution 
contained 1511 mM NaC], 2 nlM CaC], and 10 mm HEPES.  Bath 
solution contained 1 mM CaCI, in the symmetr ical  151) mM NaCI 
solution and 2 mM CaCI, in the asymmetr ical  condit ions.  Data for 
1511 mM NaCI (circles) were obtained from 33 palches f lom fetal 
cells and 29 patches from adull ceils. For 300 mm NaCI (Iiiangles) 
19 fetal and 22 adult exper iments  were used.  and for 511 mM NaCI 
the results f lom 5 fetal and 2 adult patches  were used {squares). 
The data are plotted as means  for 511 mM NaCI in adnlt cells and 
as means  _+ SEM for the other  conditions and all are fitted by a 
third-order polynomial regression. The current-voltage relations 
are outward rectifying, demonst ra te  the chloride selectivity and 
are not different between the fetal and the adult exper iments .  (C/ 
The slope conduc tances  of  channels  from fetal (filled diamonds) 
and adult cells (open diamonds)  at different potentials in symmet-  
rical 150 mM NaCI are plotted as means  _+ SEM 

from fetal and adult cells are shown in Fig. 2A and 
B (open circles). The reversal potential was always 
0 mV, since at that potential current events were 
never observed.  A marked outward rectification was 
observed in the potential range from 80 and + 80 
mV. The conductance tit 0 mV was 26.0 _+ 1.2 pS 
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(n = 30) for fetal and 24.3 -+ 0.9 pS (n = 28) for 90- 
adult cell-free patches.  The slope conductances  are 80- 
plotted as a function of the potential for the fetal 

6-  
(filled diamonds} as well as adult cells (open dia- .g 
monds) in Fig. 2C. At - 6 0  mV the slope conduc- 
tance was only 15.0 -+ 1.3 pS (n = 23) for the fetal "a 4- 
cells and I 1.4 • 1.0 pS (n = 14) for the adult cells, g 

O 

while at +60 mV the values were respectively 70.0 $ 2- 
+ 6.7 pS (n = 16) and 61.2 • 4.1 pS (n 15). There 
was no difference in the current-voltage relation be- 
tween channels for fetal cells and from adult cells. 

ION SELECTIVITY 

The selectivity of  the channels was measured in in- 
side-out patches by varying the NaCI concentrat ion 
of the bath solution (Fig. 2) and by replacements  of 
Na + or CI in the bath solution by different cations 
or anions, respectively.  The bath solution always 
contained 2 mm CaCI,. In a first step, Po/PN, was 
determined by increasing NaCI in the bath solution 
to 300 mm (Fig. 2, filled triangles): the reversal po- 
tential shifted in fetal cells to + 12.6 • 0.3 mV (n = 
17) and to +13.5 • 0.4 mV (n = 22) in patches 
from adult cells. Using the Goldman-Hodgkin-Katz  
equation for each patch, the Pc]/PN~, was 11.5 • 3.0 
for the channels in fetal cells and 16.6 • 3.0 in adult 
cells. Lowering the NaCI concentrat ion in the bath 
solution to 50 mm (filled squares) shifted the reversal 
potential to -25 .3  -+ 1.5 mV (n = 5) in fetal cells 
and to - 2 4 . 0  mV in two patches from adult cells, 
resulting in a Pc]/PN~, of 79.2 • 31.7 and 23.9, respec- 
tively. In outside-out patches from adult cells (n = 
2), the reversal potentials were + 13 mV in 300 mm 
NaCI and 23 mV in 50 mM NaCI. In outside-out 
patches from fetal cells (n = 3), it shifted to + 15 
mV in 300 mm NaCI. Therefore,  in all conditions 
studied the channels were at least IO times more 
permeable  for CI than for Na ~ in fetal cells as well 
as in adult cells. 

The permeabili ty for larger anions was deter- 
mined in inside-out patches from adult cells by re- 
placing 100 mm NaCI in the bath solution by equimo- 
lar amounts  of  sodium isethionate, sodium 
glucuronate or by 50 mM sodium sulphate. Since the 
reversal potentials were, respectively,  - 2 3 . 3  • I. 1 
mV (n = 3), 23.3 -+ 2.0 mV (n - 3) and 23.3 -+ 
1.4 mV (n = 4), the effect of  chloride replacement  
was identical to that of  chloride reduction and none 
of these larger anions permeated well (PUP larger 
anion > 15). 

When, for inside-out patches,  Na + was replaced 
by K + in the bath solution (seven fetal and seven 
adult experiments) ,  by Cs + (four fetal and three 
adult experiments)  or by choline + (three fetal and 
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Fig. 3. The number of outward-rectifying chloride channels per 
patch. The number of channels was determined by the maximal 
number of simultaneously open channels al moderale depolariz- 
ing potentials. The firsl column contains the blank patches (re- 
spectively 91) and 87% lk~r the patches from adull and felal cells). 
The last column conlains the three palches where the cxacl ntlm- 
bcf of channels could not be determined 

four adult experiments) ,  neither the reversal poten- 
tial, nor the single-channel currents changed (dala 
not shown). So, the channel did not discriminate 
between these different cations. 

N U M B E R  OF C H A N N E L S  AND O P E N  PROBABILITY 

The number  of channels per patch was determined 
as the maximal number  of  simultaneously open chlo- 
ride channels at depolarizing potentials,  because the 
open probabili ty was high. The distribution of the 
number  of channels per patch is illustrated in Fig. 3. 
Of the 320 patches from adult cells and 258 patches 
from fetal cells, only 32 and 33, respectively,  ap- 
peared to contain functional outward-rect i fying 
chloride channels. In 3 of  these 65 patches the num- 
ber of  chloride channels could not be measured accu- 
rately. The mean number  of  channels per patch for 
the patches with chloride channels was 2.6 • 0.4 
(n = 32)for  the fetal cells. This was not significantly 
different from the adult cells: 1.7 _+ 0.2 (n = 30). 

The open probabili ty was calculated from ampli- 
tude histograms of inside-out patches with chloride 
channels from 22 fetal cells and from 26 adult cells. 
For each amplitude histogram a minimal period of  
10 sec (most were longer than 30 sec) with represen- 
tative activity was analyzed.  Since the open proba- 
bility did not vary extensively between different test 
periods, a 10-sec period was sufficient and represen- 
tative (data trot shown). For the majority (n = 39) 
of  these 48 patches,  the open probabili ty was high 
and voltage independent,  see Fig. 4. There  was no 
significant difference between fetal (n - 17) (filled 
circles) and adult cells (n = 22) (open circles): 
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Fig. 4. ()pen prohabili ly versu,s potential. The open probabilities 
of lhe majority of the chloride channels l'rona fetal cells (open 
squares) and adult cells (open circles) and of a minor (different) 
group fl-om both fetid and adul! cells (filled diamonds)  are ploned 
at different potentials as means +- SEM. The bath solution for 
lhese inside-out palchcs conlained 150 mM NaCI and I mM CaCI~. 
For 81)9~ of the channels (it = 17/22 from felal and 22/26 lrom 
adult cells) the open probabilily is high (86 + Ir~) and vollage 
independenl. The dashed line (fetal cells) and the solid line (adult 
cells) were obtained by linear regression. There is no siginficanl 
difference between lhe felal and the adul! cells. A minority (2(g~) 
of the chloride channels from felal (n = 5/22)and adult cells (n - 
4/26) has a voltage-dependenl open probability (lilled diamonds), 
less than 5()(/c at potentials ranging flom -80 to -40 mV and 
more lhan 80% al +30 to +50 inV. 
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Fig. 5. Single-channel currents  at different potentials oblained 
from an inside-out patch of cultured fetal nasal epithelium, which 
shows a different (w~tlage-dependenl) open probability. The pi- 
pelle and balh solution contained 150 mm NaCI and 2 and I mM 
CaCI,,  respectively.  The filter f requency was 500 Hz. The upper 
traces were recorded immediately afler excision.  At moderate  
depolarizing potentials the current remains most  of  the time at 
the open level, but at hyperpolarizing and strongly depohniz ing  
potentials the channel  ix closed most of  the time. The lowest 
trace was recorded 10 rain laler, when the open probability at 
hyperpolarizing polenlials had increased.  The single-channel cur- 
rent did not change 

88.5 + 1.0% (122 m e a s u r e m e n t s )  v e r s u s  83.9 • 1.3% 
(138 m e a s u r e m e n t s ) .  

In a minor i ty  (n = 9) o f  the  pa t ches ,  five f rom 
fetal  cel ls  and foul- f rom adul t  ce l ls ,  channe l s  with 
ident ica l  s ing le -channe l  c u r r e n t s  but with d i f ferent  

k ine t ics  were  p resen t  (Fig.  5). At  h y p e r p o l a r i z i n g  
po ten t i a l s  and for  the  i l lus t ra ted  channe l  a l so  at de-  
po la r i z ing  po ten t i a l s  o f  more  than + 4 0  mV,  the open  
p robab i l i t y  was much  lower  than at po ten t i a l s  
a r o u n d  + 20 mV. At  h y p e r p o l a r i z i n g  po ten t i a l s ,  ve ry  
long c losed  t imes  were  i n t e r rup t ed  by burs t s  o f  open-  
ings (minimal  one  open  and two c losed  t imes) .  At  
more  pos i t ive  po ten t i a l s  the channe l  was most  o f  the  
t ime in the  open  s ta te  with much  s h o r t e r  c lo su re s  
(minimal  one  open  and one  c losed  t ime).  At  increas -  
ing d e p o l a r i z a t i o n ,  long c losed  t imes  a p p e a r e d  again 
and were  i n t e r rup t ed  by pe r iods  o f  channe l  ac t iv i ty  
that  r e s e m b l e d  that  o f  a r o u n d  + 30 mV and that  were  
c l ea r ly  d i f ferent  f rom the burs t ing  pa t t e rn  that  was 
o b s e r v e d  at h y p e r p o l a r i z a t i o n  (minimal  one  open  
and two  c lo sed  t imes) .  The  mean  -+ SEM for these  
nine pa t ches  a re  p lo t t ed  as d i a m o n d s  in Fig. 4. In 
lt'our of  these  nine pa t ches  the  open  p robab i l i t y  at 
h y p e r p o l a r i z i n g  po ten t i a l s  i nc r ea sed  to a va lue  com-  
pa r ab l e  to that  o f  the  ma jo r i t y  a f te r  10 to 15 rain 
ins ide -ou t  r eco rd ing ,  as  is i l lus t ra ted  at - 3 0  mV in 
the  lowes t  t r ace  o f  Fig. 5. In two o t h e r  pa t ches  the  
vo l t age  d e p e n d e n c e  o f  the  open  p robab i l i t y  was still 
p r e sen t  a f te r  I hr r e co rd ing  unde r  d i f ferent  condi -  

t ions .  The  ch lo r ide  channe l s  in these  nine pa t ches  
were  not  s ignif icant ly  di f ferent  f rom the ones  with 
v o l t a g e - i n d e p e n d e n t  open  p robab i l i t y  for  cell-  
a t t a c h e d  ac t iv i ty  (n = 2) and for  exc i s ion  in Ca 2~- 
free ba th  so lu t ion  (11 - 3). 

The  s ing le -channe l  c u r r e n t s  were  not  inf luenced 
at any  poten t ia l  by va ry ing  Ca-" ~ c o n c e n t r a t i o n  in 
the  ba th  so lu t ion  f rom 2 mM to less than  10 s M in 
ins ide -ou t  pa t c he s  f rom fetal  ce l ls  (n - 15) as  well  
as adul t  cel ls  (11 = 13). The  open  p robab i l i t y  was  not  
a l t e red .  T h e s e  o u t w a r d - r e c t i f y i n g  ch lo r ide  channe l s  
were  thus  not  d e p e n d e n t  on the p r e s e n c e  o f  Ca  2 ~ at 
the c y t o p l a s m i c  s ide.  In one  o u t s i d e - o u t  pa tch  f rom 
an adul t  cel l ,  the channe l  was  a lso  found  to be Ca "-+ 
i n d e p e n d e n t  at the e x t r a c e l l u l a r  s ide.  T h e r e  was  no 
e v i d e n c e  for  loss  o f  Ca  -'+ d e p e n d e n c e  af te r  exc i s ion ,  
s ince  a n u m b e r  o f  pa t ches  that  were  e x c i s e d  in a 
Ca  V-free ba th  so lu t ion ,  con t a ined  ac t ive  ch lo r ide  
channe l s .  

CELL-ATTACHED MODE ACTIVITY 

F r o m  the 56 ins ide -ou t  pa t ches  with ch lo r ide  chan-  
nels ,  ch lo r ide  channe l s  were  a l r e a d y  ac t ive  in the  
c e l l - a t t a c he d  conf igura t ion  in 37.5%. S p o n t a n e o u s  
ac t iv i ty  was p re sen t  in nine p a t c h e s  f rom fetal  ce l ls  
and  seven  f rom adul t  cel ls .  The  o u t w a r d  rec t i f ica t ion  
o f  the  c u r r e n t - v o l t a g e  re la t ion  and the  c o n d u c t a n c e  
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of about 25 pS at 0 mV indicated that they were 
chloride channels. In addition, the reversal potential 
was about 0 mV, as expected for chloride dhannels, 
since the intracellular CI activity is around 35 mM 
and the potential difference over the apical mem- 
brane is 40 mV (Welsh, 1987). The reversal poten- 
tials for K + and Na + channels would be > +60 and 
-30  mV, respectively, based on the presence of 150 
mM NaCI in the pipette solution and intracellular K + 
and Na + activities of 83 and I I mM, respectively 
(Welsh, 1987). In two cell-attached patches from 
fetal cells and three from adult cells, chloride chan- 
nels activated after stimulation with adrenalin. In 
the remaining 17 patches from fetal cells and 18 
patches from adult cells chloride channels were 
found only after excision. 

Discussion 

In this report we described outward-rectifying chlo- 
ride channels in the apical membranes of cultured 
human nasal epithelial cells from adults and fetuses. 
The channels found in the fetal cells cannot be distin- 
guished from those found in cells from adults. 

In culture, respiratory epithelial cells maintain 
their polarization, with the apical membrane ex- 
posed to the medium and the basolateral membrane 
in contact with the collagen gel (Jorissen et al., 
1989). Since only cells in patches of epithelial cells 
were tested, these channels must be located in the 
apical membranes. 

The channels found after 2 to 3 weeks in culture 
are identical to those found immediately after plat- 
ing. Therefore, the specific electrophysiological 
properties appear to be well conserved in culture. 
Respiratory epithelial cells in culture maintain not 
only their polarization, but also most of the specific 
electrophysiological properties, lik.e a transepithelial 
potential difference and regulatory mechanisms of 
ion transport (Welsh, 1985, 1986a; Yankaskas et al., 
1985a; Cotton et al., 1987) and in cultured cells from 
cystic fibrosis (Widdicombe, Welsh & Finkbeiner, 
1985) the apical membrane chloride conductance is 
reduced. 

The channels described here have the properties 
of chloride channels. First of all, the reversal poten- 
tials in asymmetrical chloride solutions indicate 
anion selectivity and chloride permeability.'The Pc~/ 
PN~, of about 13 is similar to the values published 
(Frizzell et al., 1986b; Welsh, 1986a). Secondly, in 
cell-attached patches the reversal potential of 
around 0 mV agrees well with the equilibrium poten- 
tial for chloride being near the resting apical mem- 
brane potential, and is different from the expected 

reversals for other ions, like Na" and K +. Thirdly, 
larger anions arc less permeable than chloride. 

The current-voltage relation of the chloride 
channels in fetal and adult cells is outward rectifying 
with a conductance of 25 pS at 0 mV in symmetrical 
150 mM NaCI solutions. No significant diflerences 
are found between the slope conductances of the 
fetal and adult channels. Outward rectifying chloride 
channels are also found in tracheal epithelial cells 
flom human (Frizzell et al., 1986b; Welsh, 1986a) 
and canine origin (Shoemaker et al., 1986; Welsh, 
1986b) and also in other cell types (see references in 
Introduction). A conductance of about 25 pS for the 
outward-rectifying chloride channels, as found in 
this study, is reported for human and canine tracheal 
epithelial cells (Welsh, 1986a,b), human nasal epi- 
thelial cells (Li et al., 1988) and sweat gland secre- 
tory cells (Krouse et al., 1987). 

In our experiments cell-attached activity is pres- 
ent in 37.5~, of the patches that contain chloride 
channels after excision. The current-voltage relation 
of the channels in cell-attached patches is similar to 
that of inside-out patches with a reversal potential 
around 0 inV. The jump in baseline current level 
upon lifting the pipette indicates that spontaneous 
excision of the patches did not occur and that cell 
fl'ee was regarded as cell attached. The fl'equency of 
total cell-attached activity in this study is situated 
between that found for human trachea (56 and 58~,) 
(Frizzell et al., 1986b; Welsh, 1986a) and that for 
canine trachea (28~,) (Welsh, 1986b). In vivo, apical 
membrane chloride conductance is low in resting 
conditions and increases by elevation of intracellular 
cAMP levels (AI Bazzaz, 1981; Smith et al., 1982). 
More specifically in tracheal epithelial cells cAMP 
activates about 30% of the apical chloride channels 
(Frizzell et al., 1986b; Welsh, 1986a). In nasal epi- 
thelial cells the apical membrane chloride conduc- 
tance increases also by cAMP elevation (Yankaskas 
et al., 1985b; Cotton et al., 1987). Choleratoxin, 
added in this study to the culture medium to enhance 
cell growth and prolong the time span for cultured 
cells to be used, increases cellular cAMP (Fin- 
kelstein, 1973; Gill & King, 1975). The so-called 
spontaneously active channels in this study may thus 
already be cAMP-stimulated channels but, in five 
additional cell-attached patches, chloride channels 
activated after stimulation by the beta-adrenergic 
agent, adrenalin, which increases cAMP. This rela- 
tive low percentage ofadrenergic response contrasts 
with human trachea, where an equal amount of 
patches showed spontaneous and stimulated activity 
(Welsh, 1986a) and with canine trachea, where even 
most cell-attached recordings were obtained only 
after beta-adrenergic stimulation (Welsh, 1986b). 

In our experiments there is no difference in 
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channel activity between Cae~-rich (1 raM) and 
Ca2 +-free (< I0 s M) bath solution. Even after exci- 
sion in Ca 2 ~-free solutions, chloride channels acti- 
vate without depolarization of the patch. The chan- 
nel is therefore Ca 2~ independent. This is also 
reported for the 25-pS channel in human tracheal 
epithelial cells (Welsh, 1986a). Calcium depen- 
dence, however, is reported for the 45-pS chloride 
channel (Frizzell et al., 1986b). 

For the open probability of the chloride channels 
we find two populations equally distributed over the 
adult and fetal cells. The open probability of most 
of the channels is high (+86%) and does not show a 
significant voltage dependence and is not influenced 
by Ca 2.. This high and voltage-independent open 
probability is present in 80% of our experiments on 
both adult and fetal cells and contrasts with the high 
interchannel and interstudy variability, the lower 
open probabilities and the variable voltage depen- 
dence reported. In human tracheal cells the open 
probability of the channels is reported to be variable, 
but not clearly voltage dependent (Frizzell et al., 
1986a: Welsh, 1986a; Li et al., 1988). In other cell 
types, however, the open probability of the outward- 
rectifying chloride channels is voltage dependent: it 
increases with depolarization in shark rectal gland 
(Greger, Schlatter & G6gelein, 1987), in HT29 co- 
lonic carcinoma cells (Hayslett et al., 1987) and T84 
colonic carcinoma cells (Frizzell et al., 1986a; Halm 
et al,, 1987), and in human lymphocytes (Chen et al., 
1989), but decreases with depolarization in canine 
tracheal cells (Shoemaker et al., 1986). 

In a minority of the patches (20%) the chloride 
channels have different kinetics at hyperpolarizing 
potentials with long closed periods, interrupted by 
bursts of flickering openings, as is also observed in 
colonic cells (Frizzell et al., 1986a; Hayslett et al., 
1987) and lymphocytes (Chen et al., 1989). At depo- 
larizing potentials the open probability and kinetic 
appearance are not different from those of the major- 
ity of the chloride channels. The open probability 
of these channels is thus voltage dependent with 
increasing values for increasing potentials, but at 
strongly depolarizing potentials (>+40  mV), the 
open probability decreases again. This voltage-de- 
pendent open probability is not related to the patch 
configuration of the first channel activity or to the 
calcium concentration in the bath solution used dur- 
ing excision and is similar in the patches from fetal 
and adult cells. In a number of patches this voltage 
dependence, observed immediately after excision to 
an inside-out patch, changes within 15 rain into the 
kinetic behavior of the majority. It cannot be ex- 
cluded that depolarization induces this change. 

The data on nasal epithelial cells from adults in 
this study, agree well with those found in tracheal 

cells. Based on the similarity with the chloride chan- 
nels in tracheal epithelial cells, shown to be responsi- 
ble for the chloride secretion (Frizzell et al., 1986a; 
Welsh, 1986a), the striking morphological and func- 
tional similarities between nasal and tracheal epithe- 
lium and the presence of spontaneous and/3-adrener- 
gic-evoked activity in this study, it is likely that 
the channel described here is involved in chloride 
secretion in nasal epithelium. 

In fetal nasal epithelial cells channels identical 
to the adult ones are present with similar regulatory 
mechanisms. This leads us to conclude that at 16 
weeks gestational age, when organogenesis is in- 
complete (Poulsen & Tos, 1975), human fetal nasal 
epithelial cells not only express the nonselective cat- 
ion channels (Jorissen et al., 1990), but they also 
express functional chloride channels in their apical 
membranes with all the properties of those found in 
adults. 

This work was supported by Grant "S2.5-Av.E.50" (National 
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