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Abnormal Apical Cell Membrane in Cystic Fibrosis Respiratory Epithelium
An In Vitro Electrophysiologic Analysis
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Division of Pulmonary Diseases, Critical Care, and Occupational Medicine, Department of Medicine, School of Medicine,
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Abstract

The transepithelial chloride permeability of airway and sweat
ductal epithelium has been reported to be decreased in patients
with cystic fibrosis (CF). In the present study, we investigated
whether the airway epithelial defect was in the cell path by char-
acterizing the relative ion permeabilities of the apical membrane
of respiratory epithelial cells from CF and normal subjects.
Membrane electric potential difference (PD) and the responses
to luminal Cl- replacement, isoproterenol4 and amiloride were
measured with intracellular microelectrodes. The PDacross the
apical barrier was smaller for CF (-11 mV) than normal (-29
mV) epithelia whereas the PDacross the basolateral barrier was
similar, (-26 and -34 mVrespectively). In contrast to normal
nasal epithelium, the apical membrane in CF epithelia was not
Cl- permselective and was not responsive to isoproterenol.
Amiloride, a selective Na' channel blocker, induced a larger
apical membrane hyperpolarization and a greater increase in
transepithelial resistance in CF epithelia. Both reduced apical
cell membrane Cl- conductance and increased Na' conductance
appear to contribute to the abnormal function of respiratory ep-
itheliat of CF patients.

Introduction

Sweat ductal and respiratory epithelial function of patients with
cystic fibrosis (CF)1 is abnormal (1, 2). The transepithelial electric
potential differences (PDs) measured in vivo across both epithelia
are higher than normal. The raised PD could result from an
increase in transepithelial current flow (active ion transport), an
increase in resistance to ion flow, or both. Measurements of bi-
ionic PDs across excised perfused sweat ducts and respiratory
epithelia suggest that the relative electrodiffusive Cl- permeability
of the epithelium is smaller than normal (1, 3). The possibility
that the raised PD in respiratory epithelia also reflects in part
an increased rate of Na' absorption has been proposed (2, 4).
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1. Abbreviations used in this paper: 4/a, apical membrane voltage; #b,
voltage across the basolateral cell membrane; 4,t, transepithelial voltage;
CF, cystic fibrosis; EMF, electromotive forces; G, transepithelial con-
ductance; Isc, equivalent short circuit current; KBR, Krebs-bicarbonate
Ringer, NT, nasal turbinate; PD, potential difference; R./(Ra + Rb), frac-
tional resistance of the apical membrane; R,, transepithelial resistance.

Indirect evidence suggests that the cellular rather than the
paracellular pathway is abnormal in the CFepithelium. In freshly
excised nasal tissues, unidirectional C1- fluxes across CF speci-
mens were smaller than specimens from normal or disease con-
trol specimens (5). Because the permeability of a probe of the
paracellular path (['4C]mannitol) did not differ for CFand nor-
mal specimens, it was suggested that the decreased Cl- perme-
ability of the CF epithelium was localized to the cell path. This
notion has been supported by studies of cultured respiratory
epithelial cells. Stutts et al. (6) demonstrated that, compared
with cultured normal nasal cells, the rate of 36CF- influx into
cultured CF nasal cells was reduced. Preliminary electrophysi-
ologic studies of cultured normal and CFtracheal cells also may
indicate that the Cl- defect resides in the cell compartment in
the CF respiratory epithelium (7).

In this study we measured with intracellular microelectrodes
the PDs of the apical and basolateral membranes and the ratio
of apical to apical plus basolateral membrane resistance of surface
epithelial cells of freshly excised CFand normal nasal epithelium.
Because the major electrodiffusive paths for Na' and C1- move-
ment across respiratory epithelial cells are located in the apical
membrane (8, 9), we studied the effects of drugs and changes in
solution composition that affect this barrier. Nasal epithelium
was selected for this study because its ion transport and per-
meability properties resemble those of lower airways (2). In ad-
dition, it is the only respiratory epithelium of CF subjects that
is readily available and is usually not infected.

Methods
Normal nasal turbinate from six healthy patients (27.7±2.9 yr) undergoing
reconstructive surgery and nasal polyps from six CF subjects (1 1.7±1.3
yr) and two atopic subjects (24 and 31 yr) were resected for clinical
indications. Submucosal connective tissue was removed by sharp dis-
section and the tissue was pinned apical surface upwards as a diaphragm
across the aperture (0.20 cm2) of a lucite chamber. The tissue was sup-
ported by a nylon mesh. The apical and submucosal surfaces were con-
tinuously bathed by warmed and oxygenated solutions (see below for
composition). The transepithelial PD was measured between two 3-M
KCI agar bridges in the luminal and submucosal solutions. The bridges
were connected to a high impedance electrometer (model M4A; World
Precision Instruments, NewHaven, CT) by calomel half cells. A micro-
electrode was connected to a high impedance electrometer (model M-
707; World Precision Instruments) and placed in the luminal solution.
The serosal bridge served as a common ground for the electrodes. Im-
palements were made across the apical cell membrane with the aid of
manual micromanipulators. Transepithelial voltage (4't) and the voltage
across the basolateral cell membrane (#,b) were monitored on an oscil-
loscope (model R5 103N; Tektronix Inc., Beaverton, OR) and continu-
ously recorded by a dual channel chart recorder (model 1202; Linear
Instruments Corp., Irvine, CA). Apical membrane voltage (4'a) was cal-
culated as the difference between ob and 4At. Transepithelial current pulses
were passed between chloridized silver wires in the luminal and sub-
mucosal solutions. The silver wires were connected to a stimulator and
constant current pulses (30-70 uA/cm2) of 500 ms were passed at 5-s
intervals. The transepithelial resistance (RJ) and the fractional resistance
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of the apical membrane [R./(R. + Rb)] were calculated from the voltage
deflections (A*,,Aia, and A4/b) produced in response to the constant
current pulse. The resistance of the bathing solution between the bridges
was subtracted. The equivalent short-circuit current was calculated from
the R, and the spontaneous open circuit voltage (Isc = ,t'/Rt). Because
the current voltage relationship is linear with no time-dependent com-
ponents over the range of voltage measured in this study, the equivalent
short-circuit current reflects the current associated with net (active) fluxes
at zero 4,t.

Acceptance of an impalement required that each of the following
criteria be met: (a) a sharp voltage deflection, (b) a stable plateau of at
least 10-s duration, and (c) a return of the recorded potential to within
2 mVof the preimpalement value upon withdrawal of the microelectrode
from the cell. Prolonged cellular impalements (>3 min) were occasionally
obtained and gave values for {a, Ob, and R./(R. + Rb) similar to values
recorded during shorter impalements. Micropipettes were prepared from
borosilicate glass (1.0 mmouter diameter, 0.5 mminner diameter, World
Precision Instruments) with a vertical pipette puller (David Kopf In-
struments, Inc., Tujunga, CA). The pipettes were filled with 4 Mpotas-
sium acetate and had resistances (immersed in bathing solution) of 15-
40 megag. A number of impalements (at least eight per tissue) were
made with the tissue bathed on both sides by control bathing solution.
After a solution change or drug treatment, additional impalements were
begun when the transepithelial PDstabilized (<1 min). The impalements
(at least six per tissue) were usually completed within 20 min after drug
addition or ion substitution. No pattern of time-dependent changes in
the electrical parameters was noted during this interval. The following
sequence of maneuvers was applied to most tissues: control (Krebs-bi-
carbonate Ringer, KBR), low luminal Cl-, control (KBR), amiloride,
low Cl- plus amiloride, low luminal Cl- plus amiloride plus isoproterenol,
and amiloride plus isoproterenol. Tissues were studied for 4-6 h. Other
studies of excised normal and CFnasal tissue have shown that the trans-
epithelial electric properties are stable for 6-8 h (unpublished observation).

Solutions and drugs. KBR contained 122 mMNaCl, 22 mM
NaHCO3, 3 mMKHCO3, 0.6 mMK2HPO4, 1.5 mMKH2PO4, 1.5 mM
CaCl2, and 5 mMglucose. Cl- was reduced from 125 to 3 mMby re-
placement with gluconate. Isoproterenol bitartrate was obtained from
Sigma Chemical Co. (St. Louis, MO); amiloride was a gift of Merck,
Sharpe & Dohme Div., Merck & Co., Inc. (West Point, PA).

Results

The V/t for six normal nasal turbinates (NT) was -6±2 mV,
whereas the mean 4't of six CFpolyps was - 15±2 mV. A similar
difference in PD was previously reported for normal and CF
nasal, tracheal, and bronchial PD in vivo and nasal PDin vitro
(2, 5). The transepithelial conductances (G) of NTand CFpolyps
were not significantly different, 1 1.4± 1.0 and 12.6±2.1 mS/cm2,
respectively. In a previous report from this laboratory, CFpolyps
were found to have a significantly smaller conductance than
normal turbinate (5). However, the difference in Gwas not ev-
ident when the study was extended to a larger number of tissues
(35 normal and 56 CF tissues) (4). The equivalent short-circuit
current (Isc = +t/RJ) was 58±18 uA/cm2 for NT and 170±17
uA/cm2 for CFpolyps. The greater Isc of CF tissues agrees with
recent data from a larger number of specimens that demonstrated
that the active Na+ flux reflected by the steady-state Isc for CF
polyps (146±11 uA/cm2, n = 56) is significantly greater than
the Isc of NT (77±5 uA/cm2, n = 35) (4).

Fig. 1 illustrates the 6t trace and a representative cellular
impalement. The voltage deflections result from transepithelial
current pulses. Although the impalement was short (30 s), the
changes were abrupt and the voltage was relatively stable during
the impalement. Fig. 2 is a histogram of #b of untreated tissues
bathed by KBR. The data include at least 12 impalements per
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Figure 1. Tracing of a record of a representative cellular impalement
of a normal nasal turbinate. (A) Transepithelial potential (A,). (B) (off-
set 5 s behind Cj) Voltage sensed by the microelectrode as it is ad-
vanced into the cell (4,b). The voltage deflections result from transepi-
thelial current pulses at 5-s intervals.

tissue. The unimodal distribution of Vb in both groups of tissues
is compatible with the impalement of a single cell type. Pho-
tomicrographs of CFand normal nasal epithelial specimens from
this study showed that the surface epithelium was populated
mostly with ciliated cells (>80%) in agreement with previous
studies (5). For both CFand normal tissues itb was not correlated
with Pt. Histograms of Va for each tissue also tended to be uni-
modal, but the magnitude of {,a depended upon the specimen.
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Figure 2. Basolateral membrane potentials (V/b) of normal nasal turbi-
nate and nasal polyps removed from patients with cystic fibrosis. Tis-
sues were bathed with KBRon both sides. (A) #b for 106 impalements
in nasal turbinate from six normal patients, (B) 4tb for 112 impale-
ments in nasal polyps removed from six CF patients.
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Table I shows the membrane potentials and R./(R. + Rb)
of NT and CF polyps under basal conditions. The major differ-
ence between the two tissues was the smaller 41. of CF polyps.
The i/b and R./(R. + Rb) of the two groups were not significantly
different.

Replacement of luminal sodium chloride by sodium glu-
conate induced a large transepithelial hyperpolarization in NT.
The 28-mV apical membrane (4v) depolarization is consistent
with the presence of a conductive permeability of the apical
barrier that is greater for Cl- than gluconate. The basolateral
membrane of NT also depolarized significantly, indicating that
the resultant current loop was driven by the bi-ionic PD (glu-
conate versus Cl-) across the apical membrane rather than by
that of the paracellular path (see Discussion). The steady-state
R./(R. + Rb) was not changed. The changes in q1, and {'a of CF
tissues were significantly smaller than those of NT. Ob and
R./(R, + Rb) were unchanged. Return to Cl--replete media re-
versed the effects of low Cl- on NT and CF polyps.

The smaller response of CFpolyps to luminal Cl- substitution
could reflect a larger apical membrane Na' permeability, rather
than a smaller Cl- permeability. To evaluate this possibility, the
contribution of the apical Na' permeability to the voltage re-
sponse induced by luminal Cl- reduction was eliminated by
pretreating tissues with amiloride, an inhibitor of the apical Na+
conductance, followed by exposure of the lumen to low Cl-
solutions containing amiloride (see below for the effects of amil-
oride alone). The magnitude of the apical membrane voltage
drop induced by the reduction of Cl- concentration in amiloride-
treated NT (Table II) was similar to that of NT not exposed to
amiloride (Table I). No significant changes in ik5, for CF or
R./(R. + Rb) for either group were noted. Consequently, it is
likely that the Cl- permeability of the apical cell membrane is
smaller in CF tissues.

Beta adrenergic agonists increase Cl- secretion by Cl--se-
creting epithelia (canine trachea and bullfrog cornea) by raising
apical membrane Cl- conductance (9, 10). Because intracellular
Cl- activity in Cl--secreting epithelia is above electrochemical
equilibrium (1 1), diffusive efflux is enhanced or induced by rais-
ing the apical Cl- conductance (9, 12, 13). In five NT tissues
that were treated with amiloride to block Na+ absorption and
bathed bilaterally with KBR, a small hyperpolarization in 4,1 was
induced by isoproterenol (Table III). Also the equivalent Isc
increased, (a depolarized, and R./(R. + Rb) decreased signifi-
cantly. These observations indicate that Cl- secretion can be
stimulated in NT, in part via an action on the apical membrane.

In a similar protocol with four CF tissues, isoproterenol exposure
failed to alter /,t Isc, O., or Ra/(Ra + Rb) (see Table III).

Wealso investigated whether activation of the apical mem-
brane Cl- conductance by isoproterenol could be detected in
CF tissues by recording the response of that membrane to iso-
proterenol during an imposed CL- gradient, i.e., during the ex-
posure to low CL- concentrations in the luminal bath (Table IV).
Four CF and five NT tissues were treated with isoproterenol in
the presence of low luminal Cl- and amiloride. In NT, isopro-
terenol induced hyperpolarization of i/,, a small depolarization
of 4,a, and a small decrease in R./(R. + Rb). This provides strong
evidence for an isoproterenol-stimulated apical membrane Cl-
conductance. No effects of isoproterenol were detected in CF
polyps treated in a comparable manner (Table IV).

To estimate the relative magnitudes of the apical membrane
Na+-electrodiffusive permeabilities for NTand CFpolyps, tissues
were exposed to amiloride in the presence of bilateral KBR(Table
V). Amiloride decreased Ot and conductance in NT. A residual
equivalent Isc of 17±5 uA/cm2 was noted in NTduring amiloride
exposure. The amiloride-induced reduction in #'t and conduc-
tance (G.) were larger in CF tissues than in NT. The residual Isc
was smaller in CF (9±3 uA/cm2). The amiloride-induced hy-
perpolarization of 0. and increase in R./(Ra + Rb) in CFpolyps
were larger than recorded in NT.

The responses of the two atopic polyps to Cl- substitution,
amiloride, and isoproterenol paralleled those of NT.

Discussion

Our intracellular microelectrode data suggest that the elevated
4,t in CF is a reflection of an abnormality of the transcellular
rather than the paracellular path for transepithelial ion flow.
These studies, which focused on the apical cell barrier, have
detected abnormalities of this membrane that contribute to the
abnormal electrical profile of the CF airway epithelial cell.

The smaller 4t' in CF tissues could result from different
properties of the apical, basolateral, or paracellular paths. The
possibilities include: different relative ion permeabilities at either
membrane, intracellular ion activities, membrane or paracellular
resistances, and electrogenic pumps. The major apical membrane
ion conductances (Gion) in the most widely studied model airway
epithelium, canine trachea, are Ga- and GNa+ (8, 9, 13). If this
observation is true for human nasal epithelium, then the reduced
value for 4,a in CF tissues is consistent with either a reduced
Gc- (i.e., i. is depolarized relative to the transmembrane chem-

Table L Effect of Reducing Luminal [Cl- ] on Transepithelial and Intracellular Electric Parameters of Normal and CFNasal Epithelium

Tissue Luminal bathing solution Isc 4', 46. 4i G R./(R. + Rb)

uA/cm2 mV mV mV mS/cm2

Normal nasal turbinate KBR 58±18 -6±2 -29±4 -34±4 11.4±1.0 0.56±0.05
(n = 6) Low Cl- --19±4* -1±7* -20±4* 7.5±1.1* 0.57±0.06

CF nasal polyps (n = 6) KBR 170±17* -15+2* -1 1±3$ -26±2 12.6±2.1 0.59±0.02
LowCl- -22+1*§ -4+5*§ -26±4§ 9.6±2.0* 0.57±0.02

Values represent mean±SE of steady-state potential and resistance. The serosal bathing solution was at all times KBR. The luminal bathing solu-
tion is indicated. Low Cl- was prepared by replacing NaCl with Na gluconate. * Significant change induced by replacement of luminal Cl-
(paired). * Value for CF tissues is significantly different from normal tissues (unpaired). § Change induced by low Cl- solution is significantly
different between the two tissue groups (unpaired).
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Table II. Effect of Reducing Luminal [Cl- ] in the Presence of Amiloride on Transepithelial
and Intracellular Electric Parameters of Normal and CFNasal Epithelium

Tissue Luminal bathing solution Isc 4At 4'. Ob G R./(R. + Rb)

uA/cm2 mV mV mV mS/cm2

Normal nasal turbinate KBR+ amiloride 17±5 -2±1 -38±3 -39±2 10.8±1.9 0.57±0.07
(n = 6) Low CQ- + amiloride -10+1* -20±7* -30+7* 8.0±1.8* 0.66±0.05

CF nasal polyps (n = 6) KBR+ amiloride 9±3 -1±0 -31±3 -32±3 9.2±2.1 0.69±0.04
Low Cl- + amiloride --±4+1*t -34±5t -37+5* 7.5±1.7 0.73±0.05

Values represent mean±SE of steady-state potential and resistance. The serosal bathing solution was at all times KBR. The luminal bathing solu-
tion is indicated. Low Cl- was prepared by replacing NaCl with Na gluconate and amiloride was added to a final concentration of l0-4 M. * Sig-
nificant change induced by replacement of luminal Cl- (paired). * Change induced by low CV- solution is significantly different between the two
tissue groups (unpaired).

ical potential for CF- [E-]) and/or an increase in GNa+ (ENa+
has not been determined; however, it is almost certainly a positive
value). Amiloride treatment resulted in a larger absolute and
relative decrease in G(, associated with a larger increase in
Ra/(Ra + Rb), in CFpolyp than in NT (Table V). Taken together
with the larger Na' transport in CF tissues, these findings are
consistent with a larger apical membrane electrodiffusive Na'
conductance in CFas compared with NT. However, additional
information about apical, basolateral, and paracellular resistances
and intracellular ion activities is required to establish this notion
unequivocally.

In the presence of other permeabilities, it is more difficult
to firmly establish that CF nasal epithelia have an absolutely
smaller CF- conductance in the apical membrane by ion substi-
tution approaches. However, because no satisfactory blocker of
the apical electrodiffusive permeability for CF- is available, we
resorted to ion substitution experiments for an initial assessment
of the relative magnitude of the CF- conductance in CF and
normal tissues. Ideally, the voltage response to an ion substitution
should be made rapidly to minimize changes in cellular ion ac-
tivities and recorded continuously so that any secondary re-
sponses to the maneuver may be avoided. Because it was difficult
to obtain prolonged impalements, it was not possible to obtain
information on the time course for the development of the re-
sponses. Despite this limitation, our findings indicate a ClF-elec-
trodiffusive permeability characterizes the apical membrane of
NT and that this permeability is smaller or absent in CF. For
example, reduction of the CF- concentration of the solution
bathing the apical membrane induced a large depolarization of
46a in NT, consistent with a bi-ionic PDacross this barrier. The

depolarization of 4a in CFpolyps was smaller (Table I). Because
these experiments were performed under open circuit conditions,
Thevenin equivalent electromotive forces (EMFs) generated by
the CF- concentration gradients imposed by reduction of the CF-
concentration at the apical barrier and paracellular shunt would
be expected to generate current loops through the epithelium.
The depolarization of b in NT induced by a decrease in luminal
[C1-] is consistent with an intraepithelial current loop generated
by a CF- EMFat the apical membrane. Because ipb was unaffected
in CF cells, either the paracellular or apical membrane resistance
is sufficiently large to prevent intraepithelial current loops or
the paracellular and apical membrane CF- EMFsare of similar
magnitude.

The pattern of responses to luminal CF- reduction for NT
and CF tissues was repeated after amiloride pretreatment (Table
II). Because amiloride removes the contribution of the Na+ con-
ductance to ip., we would have predicted that the apical mem-
brane would be more Cl- permselective and consequently the
depolarization of 4/a induced by low CF- should be larger after
amiloride. Failure to observe this result could reflect changes in
other ion permeabilities (K+, HCO ) or an interaction between
the Na and Cl conductances, e.g., a voltage dependence of the
CF- conductance (14). The observation, however, that in CF
tissues the CF- substitution maneuver induced smaller changes
in ql, 4'b, and iVt in the presence of amiloride suggests that the
electrodiffusive CF- permeability is absolutely smaller in CFpol-
yps than NT.

Whena conductive species (C1-) is removed from the solution
bathing a membrane, the resistance of that barrier, and conse-
quently R./(Ra + Rb), should change. Wecannot account for

Table III. Effect of Isoproterenol on Electrical Properties ofAmiloride Pretreated Normal and CFNasal Epithelium

No. of Basolateral
Tissue tissues bathing solution Isc 'P t 4b G R./(R. + Rb)

uA/cm2 mV mV mV mS/cm2

Normal nasal turbinate 5 Without Iso 20±1 -2±1 -38±3 -39±2 11.7±2.0 0.54±0.08
5 With Iso 46±2* -4+1* -28±2* -31±3 12.3±2.4 0.42±0.05*

CF nasal polyps 4 Without Iso 5±1 -1±1 -37±1 -38±1 5.8±0.9 0.74±0.08
4 With Iso 4±1 -1±1 -42±5 -43±5 5.8±1.0 0.74±0.12

Values represent mean±SE of steady-state potential and resistance from at least five impalements per tissue under each condition. The "without
Iso" values reflect the steady-state values after return from exposure to reduced Cl- luminal solution (see Discussion). The mucosal solution was
KBRplus amiloride and the serosal solution was with or without Iso. Iso, isoproterenol. The concentrations of amiloride and isoproterenol were
10-4 and 10-5 M, respectively. * Significant change induced by Iso (paired).
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Table IV. Effect of Isoproterenol on the Response of Amiloride-treated Normal and CFNasal Epithelium to Reduced Luminal Cl-

Tissue No. of tissues Condition O, 4. 4% G R./(R. + Rb)

mv mV mV MS/cm2

Normal nasal turbinate 5 Low C1- -10±1 -20±7 -30±7 8.0±1.8 0.66±0.05
5 Low Cl- + Iso -15±2* -9+7* -23±6 8.5±1.9 0.57±0.06*

CF nasal polyps 4 Low Cl- -4±1 -33±6 -37±5 6.2±1.8 0.73±0.07
4 Low Cl- + Iso -4±1 -32±6 -36±5 6.3±1.8 0.73±0.05

Values represent mean±S.E. of steady-state potential and resistance from at least five impalements per tissue under each condition. The mucosal
solution was low Cl- plus amiloride and the serosal solution was KBRwith or without Iso. The concentrations of amiloride and Iso were 10-4 and
l0-s M/liter, respectively. Iso, isoproterenol. * Significant change induced by Iso (paired).

the lack of an increase in Ra/(Ra + Rb) after luminal C1- reduction
in NT. One possibility for which there are precedents is that a
secondary change occurred in R, after Cl-/gluconate substitution
in the external bath. For example, in the canine bronchus, a
tissue with large cellular C1- conductance, we have observed
that RS/(RS + Rb) increased transiently after reduction of C1- in
the luminal bathing solution, but within 1 min R./(R. + Rb)
relaxed to values close to control, in parallel with a fall in G,
(unpublished observation). Welsh et al. also found that steady-
state RJ/(R. + Rb) was unaffected when canine trachea, stimu-
lated to secrete C1-, was exposed to a Cl1-free luminal bathing
solution (9). Such a secondary change in Rb, due to time-de-
pendent changes in intracellular ion composition or other
mechanisms, may reflect homeostatic regulation of membrane
permeabilities (cross-talk). An alternative explanation could be
that the Cl- conductance resides in a cell type not impaled in
these studies. Whereas we cannot definitively rule out this pos-
sibility, the direction of change in 4,b and the response to iso-
proterenol (see below) makes this possibility unlikely.

The likelihood that the apical membrane permeability of the
untreated CF apical membrane for Cl- is smaller than in NT is
supported by an analysis of the interaction of amiloride treatment
with the Cl- path in these tissues (Table V). The effects of amil-
oride exposure of airway epithelia are complex. In several re-
spiratory epithelia ( 15), including NT (5), the basal Isc is equiv-
alent to the rate of active Na' absorption. However, exposure
to amiloride or replacement of luminal Na+ with choline does
not completely eliminate Isc. The residual Isc reflects the in-
ducation of Cl- secretion. Wehave speculated that this response
is due in part to a hyperpolarization of the apical membrane,
which provides the driving force for a net Cl- efflux from the

cell to the luminal bath (16). The presence of a relatively large
CF- current in NTduring amiloride treatment therefore probably
reflects in part the effects of the larger driving force (l/a) that
favors Cl- extrusion through an apical electrodiffusive pathway
(Table V). The smaller residual current in CF polyps during
amiloride exposure, despite an even larger electrical driving force
that favors secretion, supports the notion of a low apical mem-
brane Cl- permeability.

Exposure of NT to the beta agonist isoproterenol appears to
increase the apical cell membrane conductance for Cl-. Under
conditions where the apical membrane Na' permeability was
blocked with amiloride (Table III), isoproterenol increased Isc,
increased G,, and decreased R./(R. + Rb). This pattern of re-
sponse is similar to that reported for isoproterenol-induced Cl-
secretion in the canine trachea (9, 13). With reduced Cl- in the
luminal bath, isoproterenol-induced changes in NT that were
also consistent with increasing the relative Cl- permselectivity
of the apical membrane, e.g., )/a depolarized and R./(R. + Rb)
decreased (Table IV). No changes attributable to an activation
of an apical membrane Cl- permeability in response to isopro-
terenol exposure could be detected in CF polyp in either of the
approaches (Tables III and IV). This finding is not related to an
inability of CF cells to respond to beta adrenergic stimulation
( 17) and therefore appears to reflect a defect in the Cl- conduc-
tance in CF.

In summary, on the basis of: (a) the abnormal response to
luminal Cl- reduction with or without amiloride pretreatment;
(b) the smaller residual Cl- current after amiloride exposure;
and (c) the failure to exhibit a detectable CF- permeability after
isoproterenol exposure, it appears that the apical membrane of
the CF polyp is characterized by a markedly lower CF- perme-

Table V. Effect of Luminal Amiloride on Transepithelial and Cellular Electric Parameters of Normal and CFNasal Tissues

Luminal bathing
Tissue solution Isc 4At i. Ob G R./(R + Rb)

uA/cm2 mV mV mV MS/cm2

Normal nasal turbinate KBR 51±11 -6±2 -29±3 -34±2 11.5±1.9 0.52±0.06
(n = 6) KBR+ amiloride 17±5* -2±i -38±3* -39±2 10.8±1.9* 0.57±0.07

CF nasal polyps (n = 6) KBR 188±24* -17±1t -9±4* -25±4 12.3±2.5 0.51±0.02
KBR+ amiloride 9±3*§ -I±0*§ -32±3*§ -32±3 9.2±2.1*§ 0.69±0.04*§

Values represent mean±SE of steady-state potential and resistance. The serosal bathing solution was at all times KBR. Amiloride was added to the
luminal bathing solution to achieve a final concentration of 10-4 M. * Significant change induced by amiloride (paired.) * Value for CF tissues
is significantly different from normal tissues (unpaired). 0 Change induced by amiloride is significantly different between the two tissue groups
(unpaired).
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ability that cannot be activated by beta agonists. The latter ob-
servation, the inability to activate the Cl- path with isoproterenol,
is consistent with the observations of Sato in the coil of the CF
sweat gland (18).

Weconclude that the apical barrier of CF airway epithelial
cells is characterized by a decreased C1- permeability. This in-
ability to secrete Cl- (salt) and water could contribute to the
dehydration of airway secretions reported for CF(19-21). How-
ever, the results of exposure of tissues to amiloride are also con-
sistent with an elevated Na+ conductance in CF tissues. Func-
tionally, an increased sodium absorptive capacity, as indicated
by the raised Isc, can result in increased net salt and water ab-
sorption in the presence of decreased cellular Cl- permeability
only if an alternative path exists for chloride ion flow. In contrast
to epithelia with high electrical resistance, e.g., sweat duct, there
is an appreciable paracellular path in both CFand normal airway
epithelia that allow the extracellular marker mannitol to per-
meate the barrier (5). The raised 4t of CFairway epithelia could
provide the force to drive Cl- through the paracellular path.
Thus, our results suggest that the increased rate of Na+ absorption
(and water) by CF airway epithelia may also contribute to the
"dehydration" of CF secretions.
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