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S u m m a r y .  Canine tracheal epithelial cells were isolated by enzy- 
matic and mechanical dispersion and cultured on permeable sup- 
ports. The cells formed confluent monolayers and retained most 
of the morphologic characteristics of the intact epithelium, in- 
cluding apical microvilli, apical tight junctions, and a moderately 
interdigitated lateral intercellular space. The cells also retained 
the functional properties of the epithelium. The monolayer re- 
sponded to addition of isoproterenol with the characteristic 
changes in cellular electrical properties expected for stimulation 
of C1 secretion: isoproterenol increased transepithelial voltage, 
depolarized apical membrane voltage, and decreased both trans- 
epithelial resistance and the ratio of apical-to-basolateral mem- 
brane resistance. Examination of the cellular response to ion 
substitutions and inhibitors of C1 secretion indicate that the cul- 
tured monolayers retain the same cellular mechanisms of ion 
transport as the intact epithelium. Thus, primary cultures of tra- 
cheal epithelium may provide a useful preparation for future 
studies of the mechanism and regulation of C1 secretion by air- 
way epithelia. 
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Introduction 

Cultured epithelial cells offer several advantages 
over the intact epithelium in the study of the mecha- 
nisms of ion transport. They can provide a more 
homogeneous cell population, and there is no thick 
submucosal connective tissue layer. Cultured cells 
can also be more readily studied with biochemical, 
optical, and electrophysiological (patch-clamp) 
techniques. Finally, by using cultured cells it may 
be possible to study human epithelia that are other- 
wise difficult to obtain. 

In previous studies we have examined the 
mechanisms of CI secretion by canine tracheal epi- 
thelium. The purpose of this study was to obtain 
primary cultures of canine tracheal epithelium and 
to compare the ion transport functions of the cul- 
tured cells with those of the intact epithelium. Such 
a comparison is essential if cultured cells are to be 

used to investigate the mechanisms and regulation 
of ion transport. We cultured cells on permeable 
supports using techniques similar to those de- 
scribed by Coleman et al. (1984). We have exam- 
ined the cell morphology and the ion transport func- 
tions, especially the Cl-secretory process, using 
intracellular microelectrode techniques. 

SYMBOLS 

qJ 
R 
UR 

a, b, p, t 

electrical potential difference, in mV 
electrical slope resistance in f~ cm 2 
fractional resistance of the apical cell membrane, 
Atka/AOt = Ra/(R.  + Rb) 
as subscripts refer to apical, basolateral, paracellu- 
lar or transepithelial, respectively. 

Materials and Methods 

CELL ISOLATION 

The methods of cell isolation are similar to those described by 
Coleman et al. (1984). Mongrel dogs (30 to 40 kg) of either sex 
were anesthetized with phenobarbital (25 mg/kg). The tracheal 
circulation was perfused under sterile surgical conditions to re- 
duce the number of red blood cells in the final cell suspension. 
The tracheal circulation was isolated by ligation of botfi carotid 
arteries above the insertion of the superior thyroid artery and by 
ligation of the subclavian and proximal carotid arteries. Both 
common carotids were then cannulated and perfused with 2 liters 
of cold (5~ Ringer's solution containing (in mM): NaC1, 118.9; 
K2HPO4, 2.4; KH2PO4, 0.6; CaC12, 1.2; MgC12, 1.2; NaHCO3, 5; 
and HEPES buffer, 20. The solution also contained penicillin 
(100 units/ml), streptomycin (100/xg/ml), and amphotericin (2.5 
/zg/ml). The first 100 ml of perfusion solution contained 60 units/ 
ml heparin. The heart was stopped by injection of 3 M KC1. 
Blood and perfusate were removed by suction through a catheter 
inserted in the superior vena cava. 

After the perfusion was complete, the trachea was tran- 
sected just  below the larynx and at the tracheal bifurcation and 
then removed. Under sterile conditions, the trachea was opened 
longitudinally and scored with a scalpel. Strips of epithelium 
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were then pulled away from the underlying submucosa and carti- 
lage. The epithelial strips (approximately 100 mg wet weight) 
were minced with a scissors and placed in a flask with the en- 
zyme solution. The enzyme solution contained the same mate- 
rials as the perfusion solution except that it was nominally Ca 
and Mg free (EGTA was not added). In addition, the enzyme 
solution contained 1% bovine serum albumin (fraction V, 
Sigma), 0.02% collagenase (type I crude, Sigma), DNAse (100 
/zg/ml, Sigma), and dithiothreitol (5 mM, Sigma). The cells were 
incubated in 100 ml of enzyme solution (room temperature and 
ambient 02 and CO2) with intermittent (approximately 50% of the 
time) stirring with a magnetic stir bar. After 90 min, the superna- 
tant was removed and filtered through gauze. Then, 100 ml of 
fresh enzyme solution was added and the tissues were incubated 
for another 90 min before the supernatant was again removed. A 
final collection lasted for 60 rain. After each of the individual 
collections had been completed (90, 180 and 240 min) the cells 
were spun at 100 x g for 10 min, the supernatant was discarded, 
and the cells were resuspended in 5 ml of culture media and 
maintained at room temperature. 

CELL CULTURE 

When all three collections had been completed, the cells were 
pooled and "preplated" for 1 hr on uncoated tissue culture 
dishes (37~ 5% CO2) in order to remove fibroblasts which rap- 
idly adhere to the dish. After preplating, the nonadherent cells 
were gently removed and counted with a hemocytometer. Cell 
viability was estimated by trypan blue exclusion. The average 
number of cells obtained from one animal was 1.5 -+ 0.2 x 108 (n 
= 13) with a viability of 93 --- 2%. The cells were then plated at a 
density of 2.5 to 5 x 105 cells/cm 2. The culture medium consisted 
of a 1-to-1 mixture of Dulbecco's Modified Eagles Medium con- 
taining 1 g/liter glucose and Ham's F-12 medium. The medium 
was supplemented with 5% fetal calf serum, nonessential amino 
acids, 100 units/ml penicillin, 100 ~zg/ml streptomycin, and 5/~g/ 
ml insulin. The medium was changed 16 to 20 hr after plating and 
then 3 times a week. The medium was not changed for 20 hr 
before studying the electrical properties. 

Cells were grown on polycarbonate filters (0.8 /~m pore 
size, Nucleopore Corp., Calif.). The filters and the culture dish 
were coated with human placental collagen (type VI, C-7521, 
Sigma) at a final concentration of approximately 12/zg/cm 2. The 
collagen solution was always prepared fresh the day before har- 
vesting the cells by dissolving the collagen at a ratio of 50 mg 
collagen in 100 ml water containing 0.2% glacial acetic acid. The 
solution was sterilized by filtration. The polycarbonate filter was 
incubated in the collagen mixture for 18 to 20 hr, then the colla- 
gen solution was removed and the filter was rinsed with phos- 
phate-buffered saline. The filter was then air-dried for 4 to 6 hr at 
room temperature. The polycarbonate filters were attached to 
the bottom of the petri dishes in three or four spots by touching 
the filter with a hot soldering iron. Thus, the culture media had 
access to both surfaces of the monolayer. The culture media and 
supplements were obtained from the Cancer Research Facility 
(University of Iowa). 

Before settling on the culture conditions listed above, we 
tried a variety of other media supplements as well as a variety of 
different substrate conditions. The media supplements that we 
examined were: epidermal growth factor (10 ng/ml, Sigma), 
transferrin (5 ~g/ml, Sigma), 3-3-5-triiodo-DL thyronine (5 x 
10 -12 M, Sigma), hydrocortisone (0.1/xg/ml, Sigma), theophylline 
(10 -6 to 10 -4 M, Sigma), prostagtandin E~ (10 -9 to 10 -7 M, The 

Upjohn Co., Mich.), retinoic acid (10 8 to 10 -6 M, Sigma), sele- 
nous acid (5/Lg/ml, Collaborative Research Inc., Mass.), 2-ami- 
noethanol (10 -6 M, Sigma), DMSO (10 5 M, Fisher Scientific, 
Inc., N.J.), and varying concentrations of fetal calf serum (0.4 to 
10%). The other substrates that we tried were: calf-skin collagen 
(Cooper Biomedical, Pa.), rat-tail collagen, and poly-L-lysine hy- 
drobromide (0.1% solution, Sigma). However, we saw no appre- 
ciable improvement in either cell attachment to the substrate or 
growth rate with any of these various interventions. 

MORPHOLOGIC STUDIES 

We examined living cells in culture with an inverted microscope 
(IM-35, Carl Zeiss), using either phase-contrast or differential- 
interference contrast optics. For electron microscopy, mono- 
layers were fixed in fresh 2.5% glutaraldehyde in sodium caco- 
dylate buffer (pH 7.4). Cells were prepared for transmission, 
scanning, and freeze-fracture electron microscopy by the Uni- 
versity of Iowa central electron microscopy facility using stan- 
dard techniques. 

ELECTROPHYSIOLOGIC TECHNIQUES 

Examination of the transepithelial and transmembrane electrical 
properties were performed using techniques previously de- 
scribed for the intact epithelium (Welsh et al., 1982). Cell mono- 
layers grown on filters were mounted in a micropuncture cham- 
ber (0.125 cm 2) that allowed measurement of transepithelial 
voltage and resistance. Resistance of the fluid and collagen- 
coated polycarbonate filter (approximately 15 to 20 f~ cm 2) were 
subtracted from all measurements. Cells were impaled using con- 
ventional microelectrodes (filled with 0.5 M KC1) with a resis- 
tance of 100 to 150 ME~ (when measured in 0.5 M KCI). The 
criteria for successful cellular impalements were the same as 
those we have previously used in intact tracheal epithelium 
(Welsh et al., 1982): 1) an abrupt negative deflection of the elec- 
trical potential sensed by the microelectrode tip; 2) a stable pla- 
teau value of the electrical potential difference whose magnitude 
was at least as large as the initial deflection obtained on impale- 
ment of the monolayer; 3) a stable (-+2 mV) plateau value lasting 
at least 30 sec; and 4) an abrupt return to the baseline (preimpale- 
ment) value (---2 mV) upon withdrawal of the electrode from the 
cell. During unilateral ion substitutions, no correction was made 
for liquid junction potentials because we used flowing KC1 
bridges directly connected to the calomel cells (in the efflux port 
of the chamber) to directly measure tO,. 

For the functional studies, the cells were continuously per- 
fused with a Ringer's solution containing (in mM): Na, 139.3; K, 
5.4; Ca, 1.2;.Mg, 1.2; CI, 123.7; HPO4, 2.4; HzPO4, 0.6; HCO3, 
20.5; and glucose, 10. The solution was bubbled with 95% 02-5% 
CO2 (pH 7.4 at 37~ For ion substitution studies, gluconate was 
substituted for C1 and tetramethylammonium (TMA) was substi- 
tuted for Na. 

Amiloride was a generous gift of Merck, Sharp and Dohme 
Research Laboratories, Westpoint, Pa. Bumetanide was a gener- 
ous gift of Hoffman-LaRoche Inc., Nutley, N.J. Other chemicals 
used were isoproterenol (Elkins-Sinn, Inc., Cherry Hill, N.J.) 
and ouabain, indomethacin, and barium chloride (all from 
Sigma). 

Sodium and K concentrations were measured with a flame 
photometer (Instrumentation Laboratory, Inc., Mass.). Chloride 
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Fig. 1o Phase-contrast photomicrograph of cultured tracheal epithelial cells grown on a collagen-coated plastic vessel. Bar = 20/~m 

was measured with a Cotlove chloridometer (Laboratory Glass 
and Instruments Corp., N.Y.). 

Results 

MORPHOLOGY 

It was not possible to directly observe cells growing 
on the permeable supports, because the filters are 
opaque. Therefore, we also seeded cells on colla- 
gen-coated plastic culture dishes and glass cov- 
erslips. Figure 1 shows a phase-contrast photomi- 
crograph taken three days after the cells were 
plated at a density of 5 x l04 cells/cm 2. The figure 
shows a small group of cells that have grown to 
confluency (although the entire culture was not yet 
confluent); the cells have a polygonal "cobble- 
stone" shape, a characteristic similar to that ob- 
served with other cultured epithelial and endothelial 

ceils. Ciliated cells were occasionally observed 
scattered throughout the monolayer. 

Figure 2 shows a scanning electron photomicro- 
graph of the surface of cells cultured on polycar- 
bonate filters. The most prominent feature is the 
microvilli that cover the apical membrane. Mi- 
crovilli also cover the surface of intact tracheal and 
other airway epithelia (Rhodin, 1966; Frasca et al., 
1968; Yoneda, 1976; Marin et al., 1979; and per- 
sonal observations). 

Figure 3 is a transmission electron photomicro- 
graph of cells grown on a polycarbonate filter. 
There are several features to note. First, the mi- 
crovilli that were demonstrated in the scanning 
electron photomicrographs are located only on the 
apical surface. Second, the area of the junctional 
complex, including the tight junction and desmo- 
somes, is apparent just beneath the apical surface 
(arrow). Third, it is apparent that there is some in- 
terdigitation of the lateral intercellular space (ar- 
rowheads), just as has been observed in intact tra- 
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Fig. 2. Scanning electron photomicrograph of cells grown on a polycarbonate filter for 4 days. A portion of the polycarbonate filter can 
be seen in the upper left corner. Bar = 10 ~m 

cheal epithelium. Finally, the cytoplasm has an 
organization similar to that of the intact epithelium 
with apical mitochondria and a prominent endoplas- 
mic reticulum (Rhodin, 1966; Frasca et al., 1968; 
Yoneda, 1976; Marinet  al., 1979; and personal ob- 
servations). No globet or mucus cells were ob- 
served. 

To better demonstrate the presence of intact 
tight junctions we used freeze-fracture techniques 
to examine the epithelium; a representative photo- 
micrograph is shown in Fig. 4. A linear pattern of 
membrane particles characteristic of epithelial tight 
junctions separates the apical and basolateral mem- 
brane surfaces (arrowheads). The apical membrane 
surface shows evidence of multiple microvilli (small 
arrows) which have been fractured from the speci- 
men. The basolateral membrane had a higher con- 
centration of intramembrane particles and con- 
tained structures consistent with gap junctions 
(large arrow). 

DOME FORMATION 

After day 4 in culture, we often saw "domes"  in 
monolayers grown on plastic or glass. Domes repre- 
sent confluent sheets of cells that have lifted up 
from the culture dish but remain attached at the 
edge of the dome (Tanner et al., 1983; Sugahara et 
al., 1984). Dome formation results from active salt 
and water transport from the apical to the baso- 
lateral surface of the cells. Subsequently, the cell 
layer is pushed up away from the impermeable cul- 
ture dish in areas that are not as firmly adherent to 
the substrate. Figure 5 shows a representative ex- 
ample. 

The domes varied in size and shape. Most ap- 
peared to have a circular base, but occasionally the 
X and Y measurements differed by up to 30%. The 
diameter of domes was measured with a calibrated 
eyepiece reticle and the height was determined from 
the change in objective height required to bring the 
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Fig. 3. Transmission electron photomicrograph of cells grown on polycarbonate filter for 6 days. The filter is visible beneath the 
monolayer. Small arrow: junctional complex. Arrow heads: lateral intercellular space. Bar = 2/zm 

base and top of the dome into focus. The domes 
frequently reached a mean diameter of 300/zm and 
occasionally, 500/xm. The height of the dome above 
the culture dish was often 100/xm and was occa- 
sionally as great as 140/zm. The calculated volume 
of fluid in the domes based on measured height, 
diameter, and the assumption that domes are sec- 
tions of spheres (Tanner et al., 1983), ranged up to 
10 nanoliters. 

ELECTRICAL PROPERTIES 

To examine the electrical properties, monolayers, 
grown on permeable supports, were mounted in the 
micropuncture chamber. Figure 6 a - c  shows the 
relationship between monolayer age and trans- 
epithelial and intracellular electrical properties. 
Transepithelial resistance increased progressively 
following plating, reaching a peak at day 9 or 10, 
and then tended to decline (Fig. 6a). The spontane- 

ous transepithelial electrical potential difference 
was usually small, ranging from zero to 1 mV, with 
occasional values of 1 to 3 mV before addition of 
secretagogue. The time course of increase in values 
of ~bt paralleled the changes in Rt (Fig. 6a). We saw 
no consistent pattern of change in short-circuit cur- 
rent Isc. 

The electrical potential difference across the 
apical membrane (tka) tended to decrease as the age 
of the monolayer increased. Figure 6b shows that ff/a 
was most negative initially, and then depolarized 
slightly with time. This pattern was not explained 
by consistent time-dependent changes in the frac- 
tional resistance of the apical cell membrane (fR) 
(Fig. 6c), which remained fairly stable until 10 days 
in culture. After 10 days the value offR decreased. 
For the remainder of the studies, cells were used 
between 5 and 10 days after plating. 

Although there were large variations in qJa de- 
pending upon the specific monolayer and time in 
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l~g. 4. Freeze-fracture electron photomicrograph of tracheal epithelium grown on polycarbonate filter for 6 days. Small arrows: apical 
microvilli. Large arrow: gap junction. Arrow heads: tight junction. The tight junction shows portions of both the E (left) and P (right) 
face of the fracture. Bar = 0.5 t~m 

culture, variation of ~a in a given monolayer was 
much less. Figure 7 shows values of +a obtained in 
five individual monolayers, each obtained from a 
different animal. In each of these five monolayers, 
labeled A-E, at least four separate cellular impale- 
ments were made. The figure shows that the range 
of qJ~ in a given monolayer was small. 

The formation of domes by cells grown on plas- 
tic suggested that the cells might contain an active 
Na absorptive process. Therefore, we added ami- 
loride (10 -4 M) to the mucosal surface of mono- 
layers grown on permeable supports; Fig. 8 shows 
one of the more pronounced examples of the re- 
sponse to amiloride. In this monolayer amiloride 
abruptly decreased +t, hyperpolarized qJa, and in- 
creased Rt and fR. These changes indicate the inhi- 
bition of an apical membrane Na conductance 
resulting in a decrease in transepithelial Na 
absorption (Welsh et al., 1983). However, amiloride 
did not always have an effect; most frequently no 
electrical response was seen after adding amiloride. 

In intact tracheal epithelium endogenous pro- 
staglandin production may underlie the spontane- 
ous CI secretion (AI-Bazzaz et al., 1981; Smith et 
al., 1982). However, when we added indomethacin 
(10 6 M, mucosal solution) we saw no measurable 
effect on the electrical properties of the mono- 
layers. 

To determine if monolayers retained the ability 
to secrete C1 we added isoproterenol 5 • 10 6 M to 
the submucosal bathing solution. Figure 9 shows 
the typical response: q~t increased and q,a depolar- 
ized. In addition both Rt and fR decreased (as indi- 
cated by the decreased voltage deflections in qJt and 
t0a produced by constant transepithelial current 
pulses). These changes are qualitatively similar to 
those observed in intact tracheal epithelium (Welsh 
et al., 1982, 1983; Shorofsky et al., 1983), as well as 
other Cl-secreting epithelia (Nagel & Reinach, 
1980; Greger & Schlatter, 1984). This pattern sug- 
gests a secretagogue-induced increase in the apical 
membrane C1 permeability that leads to a decrease 
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Table 1. Effect of submucosal isoproterenol (5 • 10 6 M) on 
steady-state cellular electrical properties a 

Condition qJ~ 0~ R, fR /~ 
(mY) (mY) (f~ cm 2) (/xA cm -2) 

Baseline 0.8 - 40 270 0.73 4 
-+0.4 -+ 5 -+65 -+0.05 +2 

Isopro- 1.7 -25 214 0.36 l 1 
terenol -+0.5 +- 3 -+49 -+0.07 -+3 
A 0.9 15 -56 -0.37 7 

-+0.2 -+ 3 -+ 18 -+0.08 +2 
P 0.0026 0.0005 0.013 0.0013 0.0069 

A represents the difference between the two periods and P is 
calculated from the paired t-test. Values are means -+ SEM and 
were obtained during a single cellular impalement in each of 10 
monolayers. Isc was calculated from Ot and R~ for each mono- 
layer. 

the time course of change in cell electrical proper- 
ties obtained following addition of isoproterenol. 
The results represent the mean values obtained 
from six monolayers. Examination of Fig. 10 shows 
that qJ~ continues to increase and Rt continues to 
decrease for 120 sec following the onset (time zero) 
of the electrical response. However, the changes in 
qJa and fR were slightly dissociated (in time) from 
those of qJt and Rt ; ~Oa andfR reach minimum values, 
and then increase slightly. Although these changes 
are subtle, they were consistent findings. They sug- 
gest that, following addition of isoproterenol, both 
apical and basolateral resistances fall, but the fall in 
basolateral resistance lags slightly behind the fall in 
apical resistance. 

CELLULAR MECHANISM OF IoI~ TRANSPORT 

in Ra (and secondarily, a decrease in Rt), and an 
increase in q~t resulting from a depolarization of 
Oa, as 0a approaches the electromotive force for C1 
across the apical membrane. (This proposed mecha- 
nism for the depolarization of ~a depends upon the 
assumption that the intracellular C1 concentration is 
less than the extracellular C1 concentration, as it is 
in the intact epithelium (Welsh, 1983d; Shorofsky et 
al., 1984).) 

The changes in transepithelial and transmem- 
brane electrical properties shown in Fig. 9 were rep- 
resentative of our findings. Table 1 shows the mean 
electrical properties for a group of 10 monolayers 
(from six different culture groups) in which a single 
impalement was maintained during the baseline pe- 
riod and following addition of isoproterenol. The 
table also shows the/so calculated from ~t and Rt. 
The mean results are also consistent with the notion 
that isoproterenol stimulates secretion. 

In the intact tracheal epithelium, stimulation of 
C1 secretion leads to both a decrease in apical resis- 
tance and a decrease in basolateral resistance 
(which results from an increase in basolateral K 
conductance) (Welsh, 1983b; Smith & Frizzell, 
1984). The coupling of apical and basolateral con- 
ductances, so that they parallel one another when 
the rate of transepithelial transport changes, is an 
important regulatory process that is required for 
cell homeostasis in all epithelia (Schultz, 1981; Dia- 
mond, 1982). Examination of Fig. 9 shows that the 
monolayers do not display the dramatic biphasic 
changes in qJa and fR that we have previously ob- 
served when epinephrine is added to the intact epi- 
thelium (Fig. 7, Welsh et al., 1982; Fig. 3, Welsh et 
al., 1983). Rather, the pattern of change is similar to 
that which we observed with addition of prostaglan- 
din El (Fig. 9, Welsh et al., 1982). Figure 10 shows 

Previous studies in intact canine tracheal epithelium 
have led to the development of a model of C1 secre- 
tion (Welsh et al., 1982) which may apply to a vari- 
ety of secretory epithelia (Frizzell et al., 1979). In 
this model the Na-K-ATPase is located at the baso- 
lateral membrane and provides the energy for both 
Na absorption and C1 secretion by maintaining a 
low intracellular Na concentration and a high K 
concentration. CI secretion is a two-step process: 
C1 is accumulated across the basolateral membrane 
by coupling to the movement of Na (which provides 
the electrochemical driving force) and probably K. 
Chloride exit occurs passively across a Cl-perme- 
able apical cell membrane. Sodium absorption oc- 
curs via a passive conductive entry step at the api- 
cal membrane followed by an active exit step at the 
basolateral membrane via the Na-pump. Potassium 
that enters in exchange for Na on the Na-K-ATPase 
is recycled across the K-conductive basolateral 
membrane. To determine if cultured tracheal epi- 
thelium has a similar mechanism of transport, we 
used intracellular electrophysiologic techniques to 
examine the effect of ion substitutions and agents 
known to inhibit ion transport. 

Further evidence to suggest that the decrease in Ra is 
accompanied by a decrease in Rb can be obtained from consider- 
ation of an equivalent electrical circuit model of the epithelium 
(Welsh et al., 1983). If one assumes that isoproterenol only de- 
creases Ra, and not Rb or Rp, values for each of the resistances 
can be calculated based on values of R, and fR obtained before 
and after addition of isoproterenol (Welsh et al., 1983). When 
this calculation was made for each of the individual monolayers 
that contributed to Fig. 10, a negative value of resistance was 
obtained. This indicates that the assumption that isoproterenol 
only affects Ra is wrong. When the results of these calculations 
are taken together with the changes shown in Fig. 10, the results 
are most consistent with the notion that isoproterenol decreases 
both Ra and Rb. 
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Fig. 5. Phase-contrast  photomicrograph showing dome formation in cells grown on collagen-coated plastic petri dish for 5 days.  a and b 

show the same field, a was taken at the level of the cells a t tached to the petri dish. b (facing page) was taken with the cells at the top of 
dome in focus, 53/xm above the level of a. Bar = 50 tzm 

Table 2. Effect  of CI subst i tut ions on cellular  electrical  propert ies a 

Condit ion [CI] tot toa tob Rt fR 
(n) m -- s (mY) (mY) (mY) (l~ cm:) 

Basel ine 124 - 124 + 1.3 • 0.8 - 3 9  • 4 +41 • 5 254 _+ 63 0.75 • 0.02 

(7) 1 - 124 +10.7 • 0.8* -21  • 4* +32 • 4 349 _+ 104 0.74 • 0.05 

124 - 1 - 8.8 • 0.8* - 5 2  • 5* +43 • 5 299 -+ 77* 0.70 • 0.03 

1 - 1 + 0.4 • 1.9" - 3 8  • 4 +40 • 5 405 • 113' 0.77 • 0.03 
Isoproterenol  124 - 124 + 1.2 • 0.8 - 1 8  • 2 +19 • 3 162 -+ 53 0.34 • 0.10 

(5 • I0 -6 M) 1 -- 124 +14.5 • 1.7" + 9 • 2* +24 • 3 271 • 103" 0.64 --+ 0.09* 
(6) 124 -- 1 -- 8.5 • 1.3'  --44 • 5* +35 • 6* 223 • 70* 0.31 ----- 0.10 

1 -- 1 -- 1.6 • 1.3 --27--+ 3 + 2 6 •  327--+ 109" 0 . 6 4 •  0.07* 

a The bathing solution C1 concentra t ion [C1] was decreased ei ther  unilateral ly or bi lateral ly by substi- 

tuting gluconate;  m refers to the mucosal  solution and s to the submucosal  solution, tob was calculated 

as qJb = tO, -- to,- (n) refers to the number  of monolayers  in each group. Values in each group (Baseline 

or Isoproterenol)  were obtained from a single cellular  impalement  during which the ion subst i tut ions 

were made. Values are means • SEM. *e  • 0.05 by paired t-test as compared to the value in the 
presence of symmetr ical  124 mM [CI]. 
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First, we examined the effect of decreasing the 
CI concentration of the bathing solution from 124 to 
1 mM by substituting gluconate for C1; Table 2 
shows the results. Tissues were studied under both 
baseline conditions, and following addition of the 
secretagogue, isoproterenol (5 • 10 -6 M). We tried 
to perform all the ion substitutions, before and after 
addition of secretagogues, in each tissue; however 
we were not always successful. Therefore, in Ta- 
bles 2 through 4 there are different numbers of tis- 
sues studied in each group. Replacement of Cl in 
the mucosal, submucosal, or both solutions was 
performed in random order. The baseline and ion- 
substituted values for the electrical measurements 
always represent values taken during a single im- 
palement, not a group of impalements under each 
condition. We usually were able to measure a "re- 
covery" value after return to the normal Ringer's 
solution, to ensure that there were no artifactual 
changes during the course of the experimental inter- 
vention. 

In unstimulated tissues, unilateral decreases in 
CI concentration, [CI], produced symmetrical 
changes in tOt and increased Rt. When [CI] was re- 

duced bilaterally, tot decreased slightly as compared 
to control values and there was a further increase in 
Rt. These transepithelial changes suggest symmetri- 
cal Cl-conductive properties, a finding which would 
be best explained by a Cl-conductive paracellular 
pathway. This conclusion is suported by the intra- 
cellular measurements: neither unilateral nor bilat- 
eral C1 substitutions altered fR, indicating the lack 
of a sizeable C1 conductance at either apical or ba- 
solateral membranes under nonstimulated condi- 
tions. The direction of the changes in to~ can be 
interpreted as being secondary to a Cl-conductive 
paracellular pathway and circular current flow. 

Following stimulation of secretion with isopro- 
terenol, toa, tob, fR, and Rt decreased. 2 In stimu- 
lated tissues, unilateral CI substitutions changed tOt 

2 Although the mean steady-state value of tot was not statis- 
tically significantly altered by isoproterenol in the group of tis- 
sues shown in Table 2, this was the exception, rather than the 
rule, as indicated by the increase in tOt for the groups represented 
in Tables 1, 3 and 4. However, the combination of an unchanged 
tOt and decreased Rt in Table 2 suggests an increased rate of C1 
secretion, i.e., the calculated short-circuit current increased. 
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and Rt in a manner similar to that observed in non- 
stimulated tissues, although the hyperpolarization 
of qst and increase in Rt were larger with mucosal 
than submucosal substitutions. In addition, fR in- 
creased significantly when mucosal [C1] decreased 
either alone or in combination with a decrease in 
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Fig. 8. Effect of mucosal amiloride (10 -4 M) on cellular and 
transepithelial electrical properties. Voltage deflections resulted 
from bipolar square-wave, constant-current pulses (-+80 /xA 
cm-2) 

submucosal [C1]. ~Ja also hyperpolarized when the 
[CI] was decreased bilaterally. This pattern of 
change in 1~/a in response to unilateral decreases in 
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Table 3. Effect of K substitutions on cellular electrical properties (See legend of Table 2) 
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Condition [K] ~, qJ~ q,~ R, fR 
(n) m -- s (mV) (mY) (mY) ( a c m  2) 

Baseline 5.2 - 5.2 +0.3 +- 0.9 - 3 9  4- 5 + 3 9  • 6 211  • 45 
(5) 51 - 5.2 +1.6 -+ 0.9* - 3 7  4- 5 +39 • 6 190 +- 40* 

5.2 - 51 -0 .1  +- 0.8 - 2 2  4- 2* +22 4- 2* 194 • 41" 
51 - 51 -0 .7  4- 0.8* - 1 9  -+ 2* +19 -+ 2* 184 -+ 40* 

Isoproterenol 5.2 - 5.2 +1.6 • 0.9 -21 -+ 3 +23 • 4 121 • 26 
(5 x 10 6 M) 51 - 5.2 +2.0 -+ 1.0 -21 4- 4 +23 -+ 4 111 -+ 25* 
(6) 5.2 - 51 +0.7 -+ 0.7* - 1 9  4- 3* +19 • 2* 114 +- 26* 

51 - 51 +0.8 -+ 0.7* - 1 9  4- 2* +19 4- 3* 106 -+ 24* 

0.68 4- 0.06 
0.68 -+ 0.07 
0.84 4- 0.04* 
0.83 4- 0.04* 
0.21 -+ 0.05 
0.21 -+ 0.05 
0.33 4- 0.09* 
0.35 4- 0.08* 

(mv) 

OJ 

, i i 

i i 30 sec 

T 
Isoproterenol 
(5 x IO'eM) 

Fig. 9. Effect of submucosal isoproterenol (5 x 10 -~ M) on cellu- 
lar and transepithelial electrical properties. Voltage deflections 
resulted from bipolar square-wave, constant-current pulses (_+ 80 
txA cm -2) 

[C1] is the same as that previously reported for in- 
tact tracheal epithelium (Welsh et al., 1982; 
Shorofsky et al., 1983). These results indicate that, 
following addition of isoproterenol, the apical cell 
membrane is C1 conductive. 

Next, we examined the effect of K substitu- 
tions; K was increased from 5.2 to 51 mM in ex- 
change for Na. The results, shown in Table 3, indi- 
cate that the basolateral membrane is K conductive 
under both stimulated and nonstimulated condi- 
tions. The most direct evidence for this conclusion 
is the observation that fR increased and qJb depolar- 
ized when submucosal (or the combination of sub- 
mucosal and mucosal) [K] increased. In contrast, 
an increase in mucosal [K] did not alter either fR or 
t0b. The changes in t0a and fR are smaller in isopro- 
terenol-treated tissues, as would be expected if a C1 
conductance dominates the cellular conductances. 
Unilateral elevation of the [K] also tended to de- 
crease Rt and altered q,t in a manner expected if the 
paracellular pathway were slightly more conductive 
for K than for Na. 
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Fig. 10. Time course of the electrical response to submucosal 
isoproterenol (5 x 10 -6 M). Values represent the mean obtained 
from studies in six monolayers.  Time zero represents the onset 
of the response to isoproterenol 

Finally, Table 4 shows the effect of decreasing 
the [Na] from 137 to 24 m s  by replacement with 
TMA. In nonsecreting monolayers, there were small 
changes in q,t during unilateral substitutions, consis- 
tent with a transepithelial diffusion voltage for Na. 
In addition, there was a small hyperpolarization of 
q'a when mucosal [Na] decreased; this change 
would be consistent with a small Na conductance in 
the apical membrane. However,  these changes 
were small, and because there were no significant 
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Table 4. Effect of Na substitutions on cellular electrical properties (See legend of Table 2) 

Condition [Na] tOt tOo tOb R, fR 
(n) m - s (mY) (mY) (mV) (12 cm 2) 

Baseline 137 - 137 +0.7 -+ 0.8 - 3 4  -+ 6 +34 -+ 6 295 -+ 91 0.74 -+ 0.06 
(5) 24 - 137 -1 .1  -+ 0.9 - 3 7  -+ 6* +36 -+ 7 300 -+ 96 0.77 -+ 0.07 

137 - 24 +2.2 -+ 0.9* -33  -+ 5 +35 -+ 6 285 -+ 83 0.73 -+ 0.05 
24 - 24 +0.4 -+ 0.6 -35  -+ 5 +36 -+ 6 294 -+ 86 0.79 -+ 0.08 

Isoproterenol 137 - 137 +1.6 -+ 0.4 - 1 7  -+ 2 +19 -+ 2 90 -+ 27 0.26 -+ 0.07 
(5 N 10 .6 M) 24 - 137 -0 .5  -+ 0.6* -18  -+ 2 +17 -+ 2 90 -+ 26 0.27 -+ 0.07 
(5) 137 - 24 +1.9 -+ 0.3 - 1 9  -+ 2 +20 -+ 2 96 -+ 29 0.37 _+ 0.09* 

24 - 24 +1.2 -+ 0.4* - 1 9  -+ 2 +21 -+ 2 98 -+ 29 0.38 -+ 0.10" 

Table 5. Effect of submucosal bumetanide on cellular electrical 
properties in stimulated monolayers a 

Condition tO, tOa Rt fR 
(mY) (mY) (12 cm 2) 

Baseline + 1.2 - 25 244 0.30 
-+1.0 -+ 2 -+74 -+0.03 

Bumetanide +0.9 - 3 0  250 0.34* 
(10 .4 M) -+1.0 --+ 4 -+75 -+0.03 

a Monolayers were stimulated with isoproterenol (5 x 10 .6 M) 
added to the submucosal  bathing solution. Values represent 
results from five monolayers;  baseline and experimental values 
were taken during a single cell impalement in each monolayer. 
*P < 0.05 compared to baseline. 

Table 6. Effect of submucosal ouabain on cellular electrical 
properties in stimulated monolayers a 

Condition tO, tOa Rt fR 
(mY) (mY) (12 cm 2) 

Baseline +3.5 - 3 2  269 0.32 
+0.4 - 2 -+93 -+0.07 

Ouabain + 1.7" -26*  290 0.33 
(10 .4 M) -+0.4 -+ 2 -+117 -+0.07 

"Monolayers  were stimulated with isoproterenol (5 x 10 .6 M) 
added to the submucosal  bathing solution. Values represent 
results from seven monolayers;  baseline and experimental values 
were measured during a single cell impalement in each mono- 
layer. Experimental values were taken 8 to 20 min after addition 
of  ouabaln (i.e. for as long as the impalement was stable). Ot 
continued to fall to zero after the end of the impalement. *P < 
0.05. 

a l t e r a t i o n s  o f R t  orfR, they suggest a minimal cellu- 
lar or paracellular Na conductance. After adding 
isoproterenol, we observed similar changes in tO, 
during the ion substitutions. However, we also 
found that a decrease in submucosal [Na] increased 
fR. The best explanation for the increase in fR is a 

decrease in basolateral Cl entry into the cell, with a 
subsequent increase in the resistance of the Cl-per- 
meable apical cell membrane. However, the lack of 
a statistically significant hyperpolarization of tOa 
does weigh somewhat against this possibility. 

E F F E C T  OF TRANSPORT INHIBITORS 

To further understand the mechanism of ion trans- 
port we examined the effect of a few of the agents 
known to inhibit CI secretion in the intact tracheal 
epithelium. Loop diuretics, such as fuorsemide and 
bumetanide inhibit the electrically neutral CI entry 
step at the basolateral membrane (Welsh, 1983c; 
Widdicombe et al., 1983). Table 5 shows that sub- 
mucosal bumetanide (10 .4 M) tended to hyperpolar- 
ize qna (P < 0.1) and increase fR, changes similar to 
those previously observed with furosemide (Welsh, 
1983c) and bumetanide (unpublished observation) 
in intact tracheal epithelium. The most likely expla- 
nation for the increase infR is the same as that given 
above for the effect of a decrease in submucosal 
[Na]: a decrease in C1 entry with a subsequent de- 
crease in intracellular [C1] would tend to increase Ra 
and thus fR. 

Table 6 shows that addition of ouabain (10 -4 M) 

to the submucosal solution depolarized both the 
transepithelial and apical membrane voltage with- 
out altering Rt orfR. These changes are the same as 
those observed in the intact epithelium (Welsh, 
1983b) and are consistent with inhibition of the ba- 
solateral Na pump. 

The basolateral membrane K permeability in 
tracheal epithelium is blocked by submucosal Ba 
(Welsh, 1983a; Smith & Frizzell, 1984), leading to a 
depolarization of the cell and a decreased rate of C1 
secretion. Table 7 shows a similar response in the 
cultured monolayers: Ba depolarized both tOt and 
tOa, suggesting a decreased rate of secretion. Al- 
though Ba increased Rt and decreased fR in the in- 
tact epithelium, these values were not significantly 
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changed in the monotayers. The failure to observe 
an increase in Rt in the cultured monolayers may be 
due to a lower ratio of paracellular-to-cellular con- 
ductance than in the intact epithelium. The lack of a 
significant fall in fR may result from the fact that fR 
is already quite low under baseline conditions, 
thereby minimizing the effect of an increase in baso- 
lateral membrane resistance. 

Discussion 

The results of this study show that primary cultures 
of canine tracheal epithelium maintain many of the 
morphologic characteristics and ion transport func- 
tions of the intact epithelium. I will consider the 
similarities and differences between the intact epi- 
thelium and the cultured monolayers. 

The most important finding is that the mono- 
layers maintain the CI secretory capacity of the in- 
tact epithelium and that the cellular mechanism of 
C1 secretion is the same. This conclusion is based 
on the following evidence. 1) Isoproterenol in- 
creased tO, and decreased Rt, a pattern consistent 
with the induction of electrogenic transepithelial C1 
secretion. 2) Isoproterenol, depolarized tOa and de- 
creased apical membrane resistance, changes that 
suggest an increase in apical CI permeability similar 
to that seen in the intact epithelium. 3) Ion substitu- 
tion studies indicate that secretagogue increases the 
CI conductance of the apical membrane and that the 
basolateral membrane is K conductive under both 
secreting and nonsecreting conditions. 4) Agents 
that inhibit specific membrane transport processes 
in the intact epithelium have similar effects in the 
cultured cell monolayers: a) submucosal bume- 
tanide has an effect consistent with inhibition of the 
electrically neutral basolateral C1 entry step; b) sub- 
mucosal ouabain depolarizes tOt and tOa without al- 
tering Rt o r  JR, changes suggesting an inhibition of 
the basolateral Na pump as is observed in the intact 
trachea; and c) submucosal Ba depolarizes the cell, 
a response expected if it interferes with the baso- 
lateral K conductance as has been previously ob- 
served. Although there are quantitative differences 
between the response of the cultured monolayers 
and the intact epithelium to ion substitutions and 
transport inhibitors, they are, for the most part, 
qualitatively similar suggesting shared mechanisms 
of transport. 5) Stimulation of secretion appears to 
increase both apical and basolateral conductance, 
as it does in the intact epithelium. These findings all 
support a generally accepted model of epithelial C1 
secretion that applies to trachea as well as to a di- 
verse group of other secretory epithelia (Frizzell et 
al., 1979; Welsh et al., 1982). 

Table 7. Effect of submucosal barium on cellular electrical prop- 
erties in stimulated monolayers a 

Condition tO, ~b~ Rt fR 
(mY) (mY) (~ cm 2) 

Baseline + 2.0 - 2 8  174 0.34 
+1.3 -+ 3 -+76 -+0.05 

Ba +0.2* -21"  162 0.32 
(2 x 10 3 M) +--0.6 +- 4 -+74 +-0.05 

a Monolayers were stimulated with isoproterenol (5 x 10 6 M) 

added to the submucosal bathing solution. Values represent 
results from four monolayers; baseline and experimental values 
were measured during a single cell impalement in each mono- 
layer. *P < 0.05. 

The results also indicate that the cultured 
monolayers retain the capacity for Na absorption, 
as indicated by the response to amiloride and the 
formation of domes when the cells were grown on 
impermeable supports. Although the rate of Na ab- 
sorption in intact epithelium is usually substantially 
less than the rate of CI secretion, in the monolayers 
the rate of amiloride-sensitive Na absorption was 
frequently undetectable. 

The morphology of the cultured cells shared 
many features of the intact epithelium. Most promi- 
nent were the presence of tight junctions and the 
differentiation of the two-cell membranes, the api- 
cal membrane showed microvilli and the basolateral 
membrane contained a moderately interdigitated 
lateral intercellular space. In addition, the appear- 
ance of the endoplasmic reticulum and other cyto- 
plasmic organelles was similar to that observed in 
intact ciliated and basal epithelial cells. The cell 
population was also much more homogeneous in 
the cultured cells: I did not observe the goblet cells 
that are seen in the surface epithelium of intact tis- 
sue. 

There were two main differences between the 
monolayers and intact epithelium. First, the cells in 
the intact epithelium are columnar, while in the 
monolayers they are flatter and cuboidal. This likely 
results from the interaction of the cells with the 
substrate. In other systems, changing the substrate 
to a floating collagen gel (Emerman & Pitelka, 1977) 
allows the cells to assume a shape more characteris- 
tic of that found in intact epithelium. Second, in 
monolayers the values of tOt and Isc (calculated) 
were much lower than in the intact epithelium. This 
difference may relate to differences in morphology: 
when cells assume a flatter shape, the cell density 
per cm z will be much lower and thus the net rate of 
transport may be lower. This speculation assumes 
that intact epithelial cells and cultured cells have a 
similar density of ion transport proteins (channels, 
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carriers, and pumps) per cell. The validity of this 
assumption is unknown. Moreover, it is not known 
whether the electrical resistance of a unit length of 
tight junction is the same in intact and cultured epi- 
thelia. 

One minor difference between the cultured cells 
and the intact epithelium is that we did not see 
changes in qJt or Rt following addition of indometha- 
cin. Indomethacin minimizes the rate of C1 secre- 
tion in the intact epithelium by decreasing the rate 
of endogenous prostaglandin production and intra- 
cellular cAMP levels (A1-Bazzaz et al., 1981; Smith 
et al., 1982). Although the cultured monolayer may 
have a different rate of prostaglandin production, it 
is possible that we missed an effect of indomethacin 
because the baseline levels (and changes) in qJ, and 
Rt are small in the monolayers, and the time course 
of the response to indomethacin is slow (20 to 60 
min) in the intact epithelium. 

There have been several previous reports dem- 
onstrating that culture of epithelial cells on permea- 
ble supports allows them to function as transporting 
epithelia. However,  most studies have focused on 
Na-absorbing epithelia (for example see: Handler et 
al., 1980; Valentich, 1981; Sakhrani & Fine, 1983). 
There have only been a few studies in Cl-secreting 
epithelia. In a previous report, Coleman et al. (1984) 
reported that cultured tracheal epithelium grown on 
permeable supports developed a transepithelial re- 
sistance and responded to a variety of secretago- 
gues with an increase in short-circuit current. In 
addition, the current was inhibited by submucosal 
ouabain and bumetanide, suggesting that the cur- 
rent resulted from C1 secretion. In the present stud- 
ies we used methods almost identical to those of 
Coleman et al. (1984); however, our values of t~t and 
Rt are somewhat lower than those they report for 
monolayers obtained from two animals. Although 
the reason for this difference is unknown, it might 
have resulted from a greater contribution of edge- 
damage in our study (as we used a smaller cham- 
ber), differences in fluid flow across the monolayer 
(we used an impalement chamber while they used 
Ussing chambers), or differences in the bathing so- 
lutions (we used HCO3-Ringer's while they used the 
culture media). Dharmsathaphorn et al. (1984) have 
also reported that a colonic tumor cell line main- 
tains the capacity for C1 secretion in culture. Fi- 
nally, in the Madin Darby Canine Kidney cell line 
(MDCK), Brown and Simmons (1981) have demon- 
strated that epinephrine stimulates CI secretion. 

The advantage of this study, in comparison to 
previous studies of cultured cells, is that we have 
been able to apply intracellular microelectrode tech- 
niques to the study of ion transport. We have found, 
with a variety of experimental maneuvers, that the 

two individual cell membranes contain the same ion 
transport processes as the intact epithelium and that 
intact and cultured epithelia share a common cellu- 
lar mechanism of CI secretion. Thus, we can con- 
clude that even though the overall rate of trans- 
epithelial transport is lower in monolayers of 
cultured cells, each cell contains the same ion trans- 
port "machinery" as cells in the intact epithelium. 

In summary, these results indicate that primary 
cultures of canine tracheal epithelium may prove 
valuable in further investigations of the mechanism 
and regulation of Cl secretion. 
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