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Summary. To study Cl conductive and cotransport mechanisms,
primary cultures of canine tracheal cells were grown to con-
fluency on thin glass cover slips and on porous filters. Trans-
epithelial resistance was >100 Q) - cm?, and short circuit current
(I, = 2-20 pA/cm?), representing active secretion of Cl, in-
creased >threefold with addition of 10 uM isoproterenol to the
serosal solution. Cells made transiently permeable in hypotonic
solution were loaded with the Cl-sensitive fluorophore 6-
methoxy-N-(3-sulfopropyl) quinolinium (SPQ) (5 mMm, 4 min, 150
mOsm). The electrical properties of the cell monolayers were not
altered by the loading procedure. Intracellular SPQ fluorescence
was monitored continuously by epifluorescence microscopy (ex-
citation 360 += 5 nm, emission >410 nm). SPQ leakage from the
cells was <10% in 60 min at 37°C. Intracellular calibration of
SPQ fluorescence vs. [Cl] (0-90 mM) was carried out using high-
K buffers containing the ionophores nigericin (5 wM) and tribu-
tyltin (10 puM); SPQ fluorescence was quenched with a Stern-
Volmer constant of 13 M~!. Intracellular Cl activity was 43 = 4
mu. Cl flux was measured in response to addition and removal of
114 mm Cl from the bathing solution. Addition of 10 uMm isopro-
terenol increased Cl efflux from 0.10 to 0.27 mM/sec. The in-
crease was inhibited by the Cl-channel blocker diphenylamine-2-
carboxylic acid (1 mm). In the absence of isoproterenol, removal
of external Na or addition of 0.5 mM furosemide, reduced Cl
influx by >fourfold. In ouabain-treated monolayers, removal of
external K in the presence of 5 mM barium diminished CI influx
by >twofold, suggesting that Cl entry is in part K dependent.
These results establish an accurate optical method for the real-
time measurement of intracellular CI activity in tracheal cells
that does not require an electrically tight cell monolayer. The
data demonstrate the presence of an isoproterenol-regulated Cl
channel and a furosemide-sensitive cation-coupled transport
mechanism.
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Introduction

Chloride secretion across the tracheal epithelium
involves electrically neutral cotransport of Cl with
Na and possibly K across the basolateral membrane
followed by conductive movement of Cl across api-
cal membrane Cl channels (Welsh, 1987). The api-

cal membrane Cl channel is regulated primarily by a
cAMP-dependent pathway (Smith et al., 1982);
however, there are important influences of calcium
and protein kinase C pathways (Frizzell, Rechkem-
mer & Shoemaker, 1986; Widdicombe, 1986;
Barthelson, Jacoby & Widdicombe, 1987; Welsh,
1987). It is the regulation of this Cl channel that
appears to be a central defect in the genetic disease,
cystic fibrosis (Frizzell, 1987).

Monolayers of canine tracheal epithelial cells
grown in primary culture have been used to exam-
ine tracheal Cl transport by short-circuit current,
patch-clamp, microelectrode and tracer Cl methods
(Welsh, 1986; Welsh & Liedtke, 1986; Widdicombe
et al., 1987; Fong & Widdicombe, 1989). We have
developed a quantitative fluorescence method to
examine Cl transport in cultured tracheal epithelial
cells based on the fluorescence of an entrapped Cl-
sensitive fluorescent indicator. The method was
validated by comparison of results with those from
short-circuit current studies. Using this new meth-
odology, we identified an isoproterenol-stimulated
Cl conductance that was inhibited by diphenylam-
ine-2-carboxylate, and a Na- and K-sensitive Cl
cotransport mechanism that was inhibited by furo-
semide. The fluorescence methodology is techni-
cally easier than microelectrode methods which
give similar information. In addition, unlike short-
circuit current studies, the fluorescence method
gives direct information about intracellular Cl activ-
ity and does not require that the cells form electri-
cally tight junctions.

Materials and Methods

MATERIALS

SPQ was synthesized as described previously (Krapf, Berry &
Verkman, 1988b) and recrystallized three times from 1:1
methanol : H,O. SPQ gave a single spot on reverse phase thin
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Table 1. Composition of solutions
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Component Solutions
1 2 3 4 S 6 7 8 9 10

Na* 130 25 25 10t 101 0 0 101 101 101
K~ 5 120 120 5 5 5 5 5 0 0
Ca?t 2 8 2 5 2 2 2 7 7 2
Ba?* 0 0 0 0 0 0 0 0 5 5
Choline* 0 0 0 0 0 0 101 0 0 0
Cl- 114 0 153 0 114 0 114 0 0 114
Gluconate™ 29 165 0 0 0 0 0 106 101 0
Isethionate™ 0 0 0 106 0 5 0 0 0 0
Acetate 0 0 0 14 0 8 0 18 28 5
Mannitol 0 50 50 50 50 252 50 50 50 50

In addition, all solutions contained (in mm): Mg?* 2, p-glucose 5; and HEPES/Tris 5. Solution pH was

adjusted to 7.4.

layer chromatography (1:35 chloroform: methanol). Diphenyl-
amine-2-carboxylate (DPC) was purchased from Aldrich (Mil-
waukee, WI) and added from a 100 mM ethanolic stock solution.
All other chemicals were purchased from Sigma (St. Louis, MO).
Solutions containing isoproterenol or furosemide were prepared
freshly. The ionophores nigericin (K/H exchanger) and tribu-
tyltin (Cl/OH exchanger) were added from ethanolic stock solu-
tions. The compositions of solutions used in these studies are
given in Table 1.

CerLL CULTURE

Primary cultures of canine tracheal epithelial cells were grown as
described in detail elsewhere (Coleman, Tuet & Widdicombe,
1984). Briefly, strips of tracheal mucosa were digested with colla-
genase and the dispersed cells were plated at a density of 1.25 X
10’ cells/cm?. For fluorescence measurements, cells were plated
on 18-mm diameter round glass coverslips. For short-circuit cur-
rent (I,.) measurements, cells were plated on porous Nuclepore
filters. Both glass coverslips and Nuclepore filters were coated
with 12 ug/cm? of human placental collagen. Cells were grown in
a 50: 50 mix of Eagles’ Modified Medium and Hams F12 supple-
mented with 5% fetal bovine serum in 5% C0,/95% air at 37°C.
The culture medium was changed every 2-3 days. Experiments
were performed after cells reached confluency in 14-28 days
after plating. It was established previously that the electrical
properties of these cells remain constant over this period. Every
cell preparation was plated on both glass coverslips and Nu-
clepore filters. Fluorescence measurements were performed
only after demonstirating a transepithelial resistance of >100 £ -
cm? and an increase in I, of >5 pA/cm? in response to serosal
addition of 10 uM isoproterenol.

SHORT-CIRCUIT CURRENT MEASUREMENTS

Cell monolayers grown on Nuclepore filters were mounted in
Ussing chambers with 0.5 cm? exposed area. The edges of the
Lucite half-chambers were coated with Dow-Corning high-vac-
uum grease to minimize edge damage. Ussing chambers were
connected to recirculating gas-lift oxygenators containing buffer
bubbled with 100% O, at 37°C. Transepithelial potential differ-

ence (PD) and I,. were measured as described previously (Cole-
man et al., 1984). Transepithelial resistance was determined from
the size of 200-msec current pulses passed across short-circuited
tissues to displace PD by +0.5 mV. For measurement of rapid
changes in I following Cl addition or removal, the gas-life oxy-
genators were disconnected and fluid was continuously perfused
(40 mi/min) through both half-chambers (volume 0.75 ml) with a
peristaltic pump.

To test whether the SPQ hypotonic loading procedure alters
cell viability and Cl transport, electrical properties were exam-
ined in paired monolayers from three dogs. It was found that
loading with SPQ by the procedure described in the next section
was without effect on transepithelial resistance (R,), baseline I,
or the response in I, to isoproterenol (Table 2).

FLUORESCENCE MEASUREMENTS

Tracheal cells were loaded with SPQ by a transient permeabiliza-
tion procedure (Chao et al., 1989). Cells were incubated ina 1:1
mixture of solution 1 and distilled H,O containing 5 mm SPQ for
4 min at 23°C. Cells were then washed for 1 min with solution 1
before transfer to the perfusion chamber (volume 180 ul) in
which cell fluorescence could be measured in response to rapid
solution changes in an inverted epifluorescence microscope. The
undersurface of the glass coverslip was the lower boundary of
the cell chamber for contact with immersion objectives. Cultured
cell monolayers were perfused with experimental solutions by a
gravity-driven system at a rate of 15-20 ml/min.

SPQ fluorescence was measured using a Nikon inverted
epifluorescence microscope (Diaphot, Japan). Fluorescence was
excited at 360 nm by a 100-W tungsten-halogen lamp powered by
a stabilized DC supply in series with an O.D. 2 neutral density
filter, an UG1 black glass filter (Schott Glass, Duryea, PA) and a
360 = 5 nm six-cavity interference filter (Omega Optical, Brattle-
boro, VT). Excitation light was reflected by a 400-nm fused silica
dichroic mirror (Omega Optical) and illuminated the cells
through a 40x glycerol immersion quartz objective (Leitz-
Wezlar, Germany, N.A. 0.65, working distance 0.35 mm). Emit-
ted light was filtered by a 410-nm low autofluorescence cut-on
filter and detected by a Hamamatsu R928S photomultiplier (Mid-
dlesex, NJ) powered by an Ealing high voltage supply/amplifier
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Fig. 1. Calculation of Cl flux from SPQ fluorescence data. A
relative fluorescence of unity corresponds to an intracellular CI
activity of zero (see text for explanation)

(South Natick, MA). The amplified signal was digitized by an
analogue-to-digital converter (Interactive Microware, College
Point, PA) at a rate of 30 points/sec and averaged over 1-sec
intervals by an IBM PC/AT computer. Concentric circular iris
diaphragms were used to illuminate and measure ~50% of the
field of vision (10-15 cells).

To check for uniformity of cell staining, cells were imaged
using a 100Xx oil immersion objective (Nikon, fluorotar, N.A.
1.30, working distance 0.17 mm) by a SIT camera (DAGE-MTI,
Michigan City, IN) interfaced to a PC/AT computer. In addition,
a ratio-imaging technique was used to compare the distribution
of SPQ with that of the pH indicator, BCECF. Single cells loaded
with SPQ and with BCECF were imaged separately for SPQ and
BCECF (excitation 480 nm, emission >515 nm) fluorescence.
The camera was modified to operate at fixed gain for quantitative
imaging.

Cl FLux CALCULATIONS

Cl influx and efflux rates (J¢, mM/sec) were calculated from the
intracellular SPQ fluorescence time course as depicted in Fig. 1.
Jq at time 7, is related to the total SPQ fluorescence signal in the
absence of Cl (Fy), the SPQ fluorescence signal at time 7, (F) and
the fluorescence vs. time slope at time #, (dF/dt) by the relation
(Chen et al., 1988),

F, dF

= 1
Ko F? dt W

JCl

where K¢ is the Stern-Volmer constant for quenching of intracel-
lular SPQ by Cl. In the experimental curves, dF/df was deter-
mined from the derivative of a single exponential function fitted
to the data curve in the region of ¢,. Fy was determined from the
difference in fluorescence signal measured in cells in zero Cl
buffer and after KSCN addition which quenched all SPQ fluores-
cence (Illsiey & Verkman, 1987). K was determined by an
ionophore calibration procedure (see Results). In the presence of
slow leakage of SPQ from cells (generally <10%/hr), F, was
interpolated for fluorescernce levels at zero Cl measured at the
start of the experiment and just prior to KSCN addition. The
fluorescence level after KSCN addition was obtained from
the infinite time point of a single exponential function fitted to the
time course of decreasing fluorescence after KSCN addition.
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Fig. 2. Short-circuit current response of tracheal cultures. (A)
Stimulation of Cl secretion by isoproterenol. Addition of ami-
loride (10~° M) to the mucosal bath caused a small decline in I
due to abolition of Na absorption. Addition of isoproterenol to
the serosal solution (1075 M) stimulated I, rapidly; the increased
I, was inhibited by mucosal application of the Cl channel
blocker, DPC (10-3 M). Addition of ouabain to the serosal solu-
tion (10~* M) abolished the remaining .. (B) Effects of Cl re-
moval from and readdition to both the mucosal and serosal solu-
tions. Isoproterenol (10~3 M) and DPC (10-3 M) were added to the
serosal or mucosal solutions, respectively, where indicated.
Amiloride (16~ M) was present in the mucosal solution through-
out the experiment

This value did not differ significantly from the fluorescence of a
cell monolayer that had not been loaded with SPQ.

Results

SHORT-CIRCUIT CURRENT MEASUREMENTS

All cultures had a transepithelial resistance R; > 100
Q - cm? with an average of 201 = 24 O - cm?. Base-
line I, varied from 2-20 uA/cm? (mean = SE, 6.7 +
0.9 nA/cm?, n = 11 cultures). A standard protocol,
illustrated in Fig. 24, was used to test the ability of
isoproterenol to stimulate Cl secretion. First, Na
absorption was inhibited by amiloride. Isopro-
terenol was then added, followed by the CI channel
blocker, DPC (Wangemann et al., 1986). Finally,
residual /. was abolished with ouabain. As reported
previously (Widdicombe et al., 1987), all cultures
showed a biphasic response to isoproterenol; I,. in-
creased to 2-4X the baseline value within 15 sec
and then decreased to a steady level between the
baseline and maximum value. The responses to iso-
proterenol showed no tachyphylaxis. Isoproterenol
could be washed out and readded up to nine times in
a 2-hr period with no diminution in response (data
not shown).

To compare Cl transients measured by the
short-circuit current technique with those measured
by SPQ fluorescence, rapid changes in I, were mea-
sured following Cl removal from and addition to the
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Fig. 3. Effects of bumetanide on response of I to Cl removal
and readdition. (A) Cl removal (left) and readdition (right) in the
absence of bumetanide. (B) The same maneuvers following 15-
min exposure to bumetanide (10~* M on both sides). Similar
results were obtained on four other tissues

mucosal and serosal solutions done first without
isoproterenol, then with isoproterenol and then
with isoproterenol and DPC (Fig. 2B). Upon Cl re-
moval, there was a rapid increase in I, followed by
a slower decrease toward zero over ~2 min. The
transient increases in I, were due primarily to the
movement of Cl across the cell apical membrane,
with maintenance of electroneutrality by an equiva-
lent movement of K across K-selective channels in
the basolateral membrane (Welsh, 1983a). The sub-
sequent decrease was due to the time course of cell
Cl depletion. I, failed to reach zero because of the
presence of amiloride-insensitive Na absorption
(Widdicombe & Barthelson, 1988). A transient de-
crease in I, was seen upon addition of Cl. The am-
plitude of these transients was increased by isopro-
terenol, and reduced by DPC. In results from seven
cell cultures, isoproterenol increased the amplitude
of the upward transients in /. from 17 +2t033 = 6
pAlcm? (P < 0.05, n = 15). In the presence of iso-
proterenol, DPC reduced the amplitude of the tran-
sient from 38 + 8 to 6 + 1 wA/cm? (P < 0.05, n =
).

It was noted that the area under the transient
increases in I, was consistently greater than the
area under the transient decreases in I, (Fig. 3A).
This probably occurs because the electrically neu-
tral operation of the basolateral Na/K/2Cl carrier
contributes differentially to the entry and exit of K
and Cl. Support for this idea is provided by the
finding that inhibition of the cotransporter with bu-
metanide increases the size of the transient caused
by Cl addition, so that it becomes similar to the
size of the transient caused by Cl removal (Fig. 3B).

The area under the transient caused by Cl re-
moval (the time integral of current) gives the total
Cl and K lost from the cells (in coulombs), and can

A.C. Chao et al.: ClI Transport in Cultured Tracheal Cells

be used to estimate the intracellular Cl activity. To-
tal I, at any time will be the sum of transients due to
ion loss from the cells and two net transepithelial
transport processes: Cl secretion and amiloride-in-
sensitive  Na  absorption (Widdicombe &
Barthelson, 1988). On Cl removal, net Cl secretion
will be abolished instantaneously, and I, will equal
the sum of Na absorption and cellular loss of K and
Cl. Upon complete depletion of intracellular Cl,
vectorial Na absorption will be the only contributor
to I,.. Therefore, in estimating the loss of KCI dur-
ing the upward transients, the perimeter of the tran-
sient was defined by a vertical line from the time of
Cl removal and a horizontal line from the steady-
state level of I in the absence of Cl. In Fig. 2B, the
area of the I transient in the presence of isopro-
terenol was 960 uC - cm™2 (10 nEq - cm™2). Our celis
are ~5 um in height (Widdicombe et al., 1987) cor-
responding to a volume of 0.5 ul - cm~2, about half
of which (0.25 ul - cm™2) will be intracellular fluid.
Dividing the Cl content by the water content yields
a [Cl]; of 40 mMm. The close correspondence between
[Cl]; estimated in this way, and [Cl]; determined
with ion-sensitive microelectrodes (Shorofsky,
Field & Fozzard, 1984) supports our hypothesis
that the transients represent conductive loss of Cl
(and K) from the cells.

FLUORESCENCE MEASUREMENTS
Cell SPQ Loading and Imaging

Cells were loaded with SPQ by a hypotonic loading
procedure as described in Materials and Methods.
Typical images of SPQ-loaded cells are shown in
Fig. 4. The cell fluorescence was distinctly demar-
cated and appeared to be uniform within individual
cells. There were no bright spots due to SPQ bind-
ing to cell components or precipitation in the inter-
cellular spaces. Intracellular distribution of an ion-
sensitive indicator is an important concern for
quantitative photometry measurements. A ratio-
imaging technique, which is not sensitive to mono-
layer thickness, was used to compare the distribu-
tion of SPQ with that of the extensively used pH
indicator, BCECF, which was assumed to reside
only in the cytoplasmic compartment. Ratio images
of tracheal cells loaded with SPQ and with the fluid-
phase pH indicator BCECF were found to be highly
uniform without distinct variations across the cell.
The variation in ratio values across the cell was
under 5%. SPQ leaked out of loaded cells <10% per
hr at 37°C, similar to results found in cultured renal
cells and fibroblasts (Chao et al., 1989).

The effect of SPQ hypotonic loading on elec-
trical properties of the tissue monolayers was ex-



A.C. Chao et al.: Cl Transport in Cultured Tracheal Celis

Fig. 4. Fluorescence micrograph of primary cultures of canine
tracheal epithelial cells loaded with SPQ. Cell were loaded with
SPQ, perfused with a Cl-free buffer (solution 4) and imaged as
described in Materials and Methods. Background signal was sub-
tracted digitally. Final magnification is 1,250%

amined. SPQ loading did not alter R;, baseline I,
and the increase of I, in response to isoproterenol
(Table 2).

Calibration of Intracellular SPQ Fluorescence

To measure transients in intracellular Cl, it was nec-
essary to establish the relationship between intra-
cellular SPQ fluorescence and Cl activity. Because
neither the fluorescence excitation nor emission
spectra of SPQ have an isosbestic wavelength, a
two point calibration scheme was required in every
experiment in which SPQ fluorescence was mea-
sured in the absence of CI and in the presence of a
solution which quenched all SPQ fluorescence
(KSCN + valinomycin, see above). SPQ fluores-
cence was calibrated against intracellular [Cl] using
a double ionophore procedure. Intracellular [Cl]
was set equal to external [Cl] by perfusing calibra-
tion solutions containing high K (120 mm), the K/H
exchange ionophore nigericin and the CI/OH ex-
change ionophore tributyitin (Krapf et al., 19884).

Figure 5 (top) shows a record of a calibration
carried out in the Cl concentration range from 0 to
90 mM. Cell fluorescence signals changed reversibly
in response to changes in external solution [CI]. The
fluorescence signal decreased at a rate of ~15% per
hr due to SPQ leakage; the relatively fast rate of
SPQ leakage in the presence of nigericin/tributyltin
has been noted in other cells and is believed to be
due to cell toxicity. Figure 5 (bottom) shows a
Stern-Volmer plot for quenching of intracellular
SPQ fluorescence by Cl determined from the cali-
bration data. The Stern-Volmer constant was 13
M L. This value is similar to that determined for
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Fig. 5. Intracellular calibration of SPQ. Top: Monolayers of pri-
mary cultures of canine tracheal cells were perfused at room
temperature with solutions containing the ionophores nigericin (5
uM) and tributyltin (10 wM). Calibration solutions were prepared
by mixing solutions 2 and 3. Dashed lines represent loss of SPQ
fluorescence due to leakage. Botfom: Calibration curve in the
form of a Stern-Volmer plot, where Fy/F is SPQ fluorescence in
the absence of Cl divided by that in the presence of Cl. The fitted
Stern-Volmer constant was 13 M™!

Table 2. Effect of SPQ loading on electrical properties of dog
tracheal cells

Control SPQ
R, (Q - cm?) 142 = 20 164 = 22
I (nA/cm?) 10 1 9+ 1
Al by iso (nA/cm?) 8+ 3 9+ 4

R,, I and the increase in I, induced by addition of isoproterenol
were examined in paired tissues with and without SPQ hypotonic
loading. Values are given as mean * SEM for experiments per-
formed in six monolayers from three dogs.

SPQ in LLC-PK1 cells and 3T3 Swiss fibroblasts
(13 M71, Chao et al., 1989) and in cells of the intact
kidney proximal tubule (12 m~!, Krapf et al.,
19884).

Isoproterenol-Stimulated Cl Conductive Pathway

Electrophysiological studies have identified a Cl
conductive pathway at the apical membrane of ca-
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Fig. 6. Effect of isoproterenol on Cl flux. The experiment was
carried out at 37°C. (A) Cl (114 mm) was added into and removed
from the bath by changes between solutions 4 and 5 in the
presence and absence of 10 uM isoproterenol. In the third cycle
of external Cl addition/removal, 1 mMm DPC was present. (B) The
same protocol was performed using a coverslip that did not con-
tain cells to determine the Cl-independent signal changes due to
solution components. (C) Curve A was corrected by subtracting
the optical artifacts determined in B. Optical artifacts were cor-
rected in subsequent figures

nine tracheal epithelia, which is activated by beta-
adrenergic agonists which increase intracellular
cAMP (Welsh, 1986, 1987). To study this mecha-
nism by use of intracellular SPQ fluorescence,
transmembrane Cl flux rates were measured in re-
sponse to C} addition to and removal from the bath
in the absence and presence of isoproterenol (10
uM). Cell monolayers were first perfused with a CI-
free buffer (solution 4). To induce CI fluxes, 114 mm
Cl was added into and washed out from the bathing
medium repeatedly by altering perfusion fluid be-
tween solution 4 (containing no Cl) and solution 5
(containing 114 mmM Cl). Figure 6A shows an experi-
ment performed at 37°C. Abrupt displacements in
the fluorescence signal which occur within the mix-
ing time of the perfusion chamber were observed
when solutions were changed. These sudden
changes in fluorescence level were optical artifacts
of light scattering or dim fluorescence from solution
components. They could be reproduced by chang-
ing perfusion solutions in the absence of the cell
monolayers (Fig. 6B). Figure 6C shows results of
the same experiment after correction for these opti-
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Table 3. Isoproterenol-stimulated Cl flux

Influx Efflux
n=3>5
Control 0.21 = 0.06 0.09 = 0.01
+ Isoproterenol 0.43 = 0.11 0.44 = 0.06
Paired ratio 2.19 = 0.292 5.25 = 1.15=
[(iso/control)]
n=23
+ Isoproterenol 0.29 + 0.03 0.23 = 0.05
+ Iso + DPC 0.11 = 0.03 0.07 = 0.02
Paired ratio 0.37 = 0.062 0.34 = 0.092

[(iso + DPC)/iso]

Initial rates of Cl influx following Cl addition and efflux following
Cl removal are given as mean * SEM in units of mm/sec. For
experimental protocol, refer to legend to Fig. 6. The paired ratio
represents the mean = SeM for the ratio indicated in brackets.
Individual paired ratios were calculated from measurements per-
formed on a single cell monolayer.

2 Denotes significance (P < 0.05) of statistical comparisons be-
tween the paired ratio and unity.

cal artifacts. Addition of isoproterenol promptly in-
creased the rate of Cl efflux. Six to 8 min after Cl
(114 mMm) was added into Cl-free bathing medium,
intracellular ClI concentration was elevated to 52
mM, equivalent to 39 mm in Cl activity assuming
that the Cl activity coefficient in cytosol is 0.75.
This value is comparable to that estimated from
short-circuit current studies and to that measured
previously in native canine tracheal epithelial cells
using Cl-selective microelectrodes (47 mm,
Shorofsky et al., 1984; 37 mmMm, Welsh, 19834). Fol-
lowing addition of isoproterenol, the initial Cl efflux
rate was increased by approximately threefold. The
stimulation by isoproterenol was abolished by addi-
tion of the CI channel blocker diphenylamine-2-car-
boxylate (DPC). Data from a series of measure-
ments on separate monolayers are summarized in
Table 3.

The ability of isoproterenol to stimulate CI flux
indicates that isoproterenol has access to the baso-
lateral plasma membrane. In addition, the ability to
examine the characteristics of a furosemide-sensi-
tive Na/K/2Cl cotransporter (see below) indicates
that ions and some inhibitors have access to the
basal membrane, probably by passing across the
paracellular junctions. Because measured Cl flux is
the sum of at least two components, conductive and
cotransport, we reasoned that it should be possibie
to measure a greater fractional stimulation of con-
ductive Cl flux by removal of Na to inhibit Na-de-
pendent Cl cotransport. As shown in Fig. 7, in the
absence of solution Na, isoproterenol remarkably
increased the initial Cl efflux rate.
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Fig. 7. Effect of isoproterenol on Cl flux in
the absence of Na at 23°C. Cl was added
to and removed from the external solution

ISOPROTERENOL

o.st L
0.4

RELATIVE FLUORESCENCE

10 min

Table 4. Cation-coupled Cl cotransport

Cl influx Cl efflux
Furosemide
n=4
Control 0.28 = 0.07 0.32 = 0.10
+ 0.5 mM Furosemide 0.09 = 0.04 0.06 = 0.03
Paired ratio 0.29 = 0.092 0.21 = 0.10=
Na removal
n=3
Control 0.29 + 0.06 0.34 = 0.13
— Na 0.03 = 0.01 0.05 = 0.02
Paired ratio 0.11 = 0.032 0.16 = 0.028
K removal
n=4
Control 0.20 = 0.06 0.23 = 0.10
-K 0.09 = 0.04 0.15 = 0.10
Paired ratio 0.45 = 0.13» 0.65 = 0.122

Initial rates of Cl influx following Cl addition and efflux following
Cl removal are given as mean = SEM in units of mM/sec. The
experimental protocol is given in the legend to Fig. 8.

2 Denotes significance (P < 0.05) of statistical comparisons be-
tween paired ratio and unity.

Cation-Coupled Cl Cotransport: Inhibition By
Furosemide

Loop diuretics including furosemide and bume-
tanide strongly inhibit cation-coupled CI cotran-
sport (Geck & Heinz, 1986). Short-circuit current
(I,.) measurements and *Cl tracer flux studies have
shown that furosemide is a potent inhibitor of CI
secretion in canine tracheal epithelia (Widdicombe,
Nathanson & Highland, 1983). The inhibitory effect
of furosemide on Cl transport was examined to esti-
mate the fraction of total Cl flux occurring via a
cotransport mechanism. Typical experimental find-
ings are given in Fig. 8A. Following the first cycle of
external Cl addition/removal, 0.5 mM furosemide
was added; another Cl addition/removal cycle was
carried out to induce transmembrane Cl fluxes.
Furosemide reduced the initial Cl influx rate by 70—
80%. The results are summarized in Table 4. These
results show that in the absence of isoproterenol,
the majority of Cl influx in response to gradients of
Cl is via a furosemide-sensitive pathway.
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Fig. 8. Furosemide-sensitive, cation-coupled Cl cotransport in
tracheal cells at 23°C. Results from a series of monolayers are
summarized in Table 4. (A) Effect of 0.5 mM furosemide addi-
tion. External solutions were switched between solutions 4 and 5
in the absence and presence of 0.5 mM furosemide. (B) Effects of
Naremoval. External solutions were switched between solutions
4 and 5 (Na present) and 6 and 7 (Na absent). (C) Effects of K
removal in the presence of barium and ouabain. Cells were
treated with 0.1 mM ouabain for 45 min prior to experiments.
Solutions were changed from 8 and 5 (K present) to 9 and 10 (K
absent)

Cation-Coupled Cl Cotransport: Na Dependence

The effect of Na removal on Cl flux was examined.
Transmembrane ClI fluxes were induced by addition
and removal of 114 mm Cl in the presence and ab-
sence of external Na (Fig. 8B). The initial rate of Cl
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influx was decreased reversibly by ~85% by Na
removal (Table 4). Because 70-80% of Cl flux was
furosemide-sensitive, the inhibitory effect of Na re-
moval supports the presence of a furosemide-sensi-
tive Na-dependent Cl cotransport mechanism. Na
removal might also have a small effect on conduc-
tive Cl entry by lowering the total plasma mem-
brane cation conductance required to minimize Cl-
gradient-induced membrane hyperpolarization. It is
predicted that this effect should be small because of
the high plasma membrane K conductance and the
small fraction of total Cl flux that is conductive in
the absence of isoproterenol.

Cation-Coupled CI Cotransport: Is Cl Entry
Dependent Upon External Potassium?

Electroneutral Na-K-2Cl cotransport has been iden-
tified in a variety of cell types as reviewed by Geck
and Heinz (1986). However, the role of K in regulat-
ing basolateral ClI entry in tracheal epithelial cells
has remained controversial (Welsh, 1987). It was
shown previously (Greger & Schlatter, 1981) that
Na-K-2Cl cotransport can be inhibited effectively
by omitting external K and adding the K-channel
blocker barium. Because K removal from the bath-
ing media will inhibit Na-K pump activity and there-
fore reduce the basolateral Na gradient, the major
driving force for basolateral Cl uptake, cell mono-
layers were pretreated with ouabain (0.1 mm) for 45

min before experiments. This strategy has been .

used to examine other carrier-mediated ion trans-
port systems (Weinman & Reuss, 1984). As shown
in Fig. 8C, the initial rate of Cl influx induced by
external Cl addition was diminished significantly in
the absence of K and in the presence of 5 mm bar-
ium. In experiments performed in four monolayers,
initial Cl influx rate was reduced by 55% (Table 4).
The effect of furosemide on Cl flux in the absence of
K was also examined. In two experiments carried
out in monolayers pretreated with ouabain and per-
fused with K-free solution containing Ba, the initial
rate Cl influx rate was further reduced by ~50%
with addition of 0.5 mM furosemide. These results
indicate that Na-dependent CI transport is signifi-
cantly but not completely dependent upon K under
the conditions of our experiments.

Discussion

The major goals of this study were: (i) to establish a
rapid optical method to measure transients of intra-
cellutar [CI] optically in tracheal epithelial cells, and
(if) to apply this methodology to examine Cl con-
ductive and cotransport mechanisms. The fluores-
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cence method has a number of advantages over Cl-
sensitive microelectrodes for measurement of
intracellular Cl activity. First, the fluorescence
method does not cause direct cell membrane dam-
age as do ion-selective microelectrodes. Ussing
chamber experiments showed that viability of the
cell monolayers was not affected by the SPQ load-
ing procedure. Additionally, the fluorescence
method is technically relatively simple, and can be
used to measure Cl transients in one or many cells
simultaneously that do not form electrically tight
junctions. The highly polar Cl-sensitive fluorophore
SPQ was loaded into cells made transiently permea-
ble by a hypotonic loading procedure which has
been shown to be effective in a variety of cell types
(Chao et al., 1989). The fluorophore SPQ has been
used to study Cl transport in several membrane ves-
icle systems (Chen & Verkman, 1988; Chen, Ilisley
& Verkman, 1988; Pearce & Verkman, 1989) in-
cluding tracheal apical vesicles (Fong et al., 1988)
and in phospholipid vesicles (Verkman et al., 1989).
It has been used in intact epithelial cells of the kid-
ney proximal convoluted tubule (Krapf et al.,
1988a); however, rapid leakage rates (50% leakage
in 8 min at 37°C) limited its practical use. Cell cul-
tures grown to monolayers are good preparations
for optical measurement of membrane Cl transport
because of their geometry, homogeneity of the cell
types and generally better availability than the origi-
nal tissue.

SHORT-CIRCUIT CURRENT MEASUREMENTS

Short-circuit current measurements were per-
formed routinely as a screening procedure to check
the quality of the cell monolayers. Fluorescence
measurements were performed only when the
monolayers were electrically tight and showed stim-
ulation of short-circuit current by isoproterenol.
Approximately 90% of cultured monolayers fulfilled
these criteria when tested more than 10 days after
plating. A novel variation of the short-circuit cur-
rent approach was developed in which transients in
short-circuit current were recorded in response to
rapid Cl removal from or addition to bathing solu-
tions. By assessing the total Cl loss/uptake follow-
ing cell Cl loading/unloading, intracellular Cl activ-
ity could be estimated. The rapid transient increase
in short-circuit current, which occurred within the
mixing time, was interpreted in terms of the instan-
taneous Cl current through the cell apical mem-
brane in response to the Ci gradient. The slower
time course of short-circuit current following the
initial transient caused by addition or removal of
external Cl was interpreted in terms of changes in
[C1];. Importantly, the time course of decay of the
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I transients produced by Cl removal was very sim-
ilar to the time course of increase in SPQ fluores-
cence produced by the same maneuver, suggesting
that both techniques are indeed measuring changes
in [C1];.

FLUORESCENCE STUDIES
OF TRACHEAL Cl TRANSPORT

A paired analysis was used in all experiments be-
cause of the variability in CI flux rates. The variabil-
ity may be in part related to the time-dependent
changes in electrophysiological properties of the
cell cultures. It has been observed that apical mem-
brane potential of primary cultures of dog tracheal
cells declines gradually 1-2 weeks after plating, to-
gether with a slight decrease in transepithelial resis-
tance (Welsh, 1985). In addition, there is a consider-
able biological variability of primary cell cultures in
general. As shown in previous studies (Widdicombe
et al., 1987) and by the absence of vasopressin- and
thrombin-induced elevations in intracellular cal-
cium (unpublished results), the dog tracheal cells
used in these experiments do not have detectable
contamination by fibroblasts.

As expected, an increase in Cl transport in re-
sponse to isoproterenol was demonstrated. The in-
crease was inhibited by DPC, indicating the exis-
tence of an isoproterenol-stimulated Cl conductive
pathway. In the absence of external Na, the stimu-
lating effect of isoproterenol on Cl efflux was en-
hanced due to inhibition of cation-coupled Cl trans-
port. These results show that the fluorescence
method is a usable screening procedure for the pres-
ence of hormonally regulated Cl transport in cul-
tured cells, such as those from patients with cystic
fibrosis, in which cAMP-regulated CI conductance
is abnormal (Welsh & Liedtke, 1986; Frizzell,
1987). In addition, the fluorescence method can be
used to screen cells that lack tight junctions and
have low transepithelial resistance, such as cystic
fibrosis epithelial cells that have been transformed
by the SV40 virus (Gruenert et al., 1988).

In the absence of isoproterenol, the majority of
Cl influx in response to CI gradients was furosemide
sensitive. Na removal (in the absence of furo-
semide) also inhibited the majority of Cl influx, indi-
cating that the furosemide-sensitive Cl flux required
Na. The role of K in mediating the basolateral trans-
port of Cl in tracheal epithelia has been controver-
sial. It was found in dog tracheal epithelium that the
oxygen cost for Cl transport was significantly less
than that required for Na transport (Welsh, 1984).
However, oxygen consumption studies in bovine
trachea suggested that the metabolic costs for Na
and Cl transport were about equal (Durand,
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Durand-Arczynska & Shoenenweid, 1986). In iso-
lated dispersed tracheal epithelial cells, no K-de-
pendence of Na and Cl influx was seen (Widdi-
combe et al., 1983). In the mouse medullary thick
ascending limb, it was reported recently that the K
requirement for NaCl symport may depend upon
hormonal presence (vasopressin) and cell volume
(Sun & Hebert, 1989).

Under the conditions of our experiments per-
formed in ouabain-treated tissues, both Na-CI and
Na-K-2ClI cotransport modes appear to be present.
Ouabain treatment slowed the initial Cl influx rates
because of dissipation of the Na gradient (Weinman
& Reuss, 1984) which was important for Na-depen-
dent Cl uptake. The initial Cl influx rate was re-
duced further by K removal in the presence of bar-
ium. To eliminate any K effect from the serosal side
of the epithelium, addition of Ba was important to
block K back-leak from the cell into the “‘unstirred”’
layer near the basolateral membrane. This was im-
portant in our experiments, where the submucosal
compartment, enclosed by the basolateral mem-
brane and glass coverslip, was poorly perfused. Ad-
dition of barium may depolarize the apical and baso-
lateral membrane potential. This should facilitate
the conductive CI entry upon cell Cl loading. The
greatly reduced rate of the initial Cl influx resulted
from K removal, in the presence of Ba, suggests
that K plays a role in mediating the Na-dependent
Cl uptake. However, K removal did not inhibit Na-
K-2Cl cotransport completely. We conclude that,
under our experimental conditions, NaCl symport
is, at least partly, K dependent. Further experi-
ments are required to define possible dependences
of hormones or cell volume on the K requirement.

In conclusion, we have established methodol-
ogy to measure real-time intracellular Cl transients
optically and to investigate cellular mechanisms for
Cl transport in primary cultures of canine tracheal
cell monolayers. The response of cell Cl permeabil-
ity to isoproterenol and the time course of intracel-
lular Cl transients measured by SPQ fluorescence
were in agreement with short-circuit current mea-
surements. Isoproterenol-stimulated Cl conduc-
tance and Na-dependent furosemide-inhibited Cl
transport pathways were clearly demonstrated. Un-
der the conditions of our experiments, both Na-Cl
and Na-K-2ClI cotransports are present.
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