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Summary

An ionophore A23187-induced increase in membrane perme-
ability to calcium ions in culture medium produced a rabbit
tracheal mucociliary response indistinguishable from that caused
by cystic fibrosis (CF) sera on three different occasions. Specific
chelation of calcium ions with EGTA in the basal medium Eagle
(BME) media with no additive or in native CF sera abolished the
mucociliary disturbances in all cases. Increased membrane
permeability to calcium may be important in the production of
the mucociliary response by CF serum factor(s) in the tracheal
assay system.

Speculation

CF serum factor(s) may be acting on the cultured rabbit
tracheal explant cellular membranes to produce altered permea-
bility to ions. This alteration in membrane permeability may be
promoting a loss of intracellular communication and celular
injury. Such changes on the cellular level may be related to the
pathophysiology of this genetic disorder.

Cystic fibrosis is an autosomal recessive discase that is charac-
terized by the dysfunction of many cxocrine glands (6. 11).
Although clevated sodium chloride in the sweat of CF subjects

remains the most reliable parameter of the discase (5), the
existence of a serum factor(s) in affected and carricr subjects,
capable of producing in vitro mucociliary disturbances (4, 19),
scems relevant to some aspects of the pathophysiology of the
discase. Whole sera from CF and obligate heterozygous subjects
have been described as promoting the so-called ciliary dyskinesia
response when exposed to pieces of cultured rabbit tracheal
ciliated epithelium (4. 19). In addition. sweat and saliva from
CF-affected individuals promotes an alteration in the ionic con-
tent of salivary secretions upon retrograde perfusion (12-14).

The biologic mechanisms through which CF homozygote and
heterozygote sera mediate the observed alterations in the tra-
cheal epithelial bioassay system arc not understood. However,
the biologic basis in ciliary disturbances and secretory processes
have been linked to elevated intracelluar calcium levels in sev-
eral other experimental systems involving moliusks (17) and
mammalian mast cells (3, 10). In these systems, an experimen-
tally induced increase in membrane permeability to calcium ions
by ionophore A 23187 resulted in functional alterations in ciliary
movememt and secretory processes. Ionophore A23187 sclec-
tively increases membrane permeability to calcium ions (15, 16,
21).

In an cffort to determine whether increased permeability to
calcium ions could explain the CF serum response in the tracheal
bioassay system, we selectively increased the membrane perme-
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ability of the tracheal epithelium to calcium ions by the addition
of calcium ionophore A23187 to the bioassay system in combi-
nation with various test solutions. There studies are of particular
interest since the CF serum ciliary dyskinesia factor (CDF)
promotes both a ciliary and a secretory response in these same
tracheal explants. In addition, we chelated calcium in sera and
test solutions to study the effect of a reduction of calcium on the
tracheal explant bioassay.

MATERIALS AND METHODS

TEST SAMPLES

Venous blood was drawn from CF-affected individuals and
control subjects. Medical histories excluded autoimmune and
pulmonary discases. These samples were obtained through the
Cystic Fibrosis Outpatient Clinic of the Department of Pediat-
rics, Columbia College of Physicians and Surgeons, New York,
New York. The blood was allowed to clot at 4° and, after clot
retraction, was spun at 850 X g for 10 min. The serum was
collected and stored at —70° until use. The status of cach donor
serum was confirmed by bioassay, in a manner previously de-
scribed (4).

Basal medium Eagle (Gibco), without serum and containing
1.8 mM CaCl,, was tested alone, with 2.5 mM ethyleneglycol-
bis-B-aminoethyl ether-N, N-tetraacetic acid (EGTA), with ion-
ophore or with the latter two in combination. Varying concen-
trations of calcium (2.75 mM, 4.0 mM, and 5.40 mM) were
obtained for testing by the addition of anhydrous calcium chlo-
ride to the BME. These various concentrations were also tested
in the bioassay alone or with the addition of either 10 ul or 20 ul
of calcium ionophore (10 mg/ml).

Tonophore A 23187 (lot 361-V02-252-1) was kindly supplied
by the Eli Lilly Company. This antibiotic is produced by fermen-
tation of Streptomyces chartreusis NRRL 3882 and has a mo-
lecular weight of 523. A stock solution containing 10 mg iono-
phore/ml of absolute ethanol was prepared and kept frozen in
the dark until use. 10 wl and 20 ul aliquots of this stock were
added cither to 1 ml serum of 1 ml BME for assay in the rabbit
tracheal system. As a control, absolute cthanol (EtOH), was
also tested in the bioassay system after mixing 1% EtOH (v/v)
with BME or scrum.

EGTA (Sigma), 2.5 mM in 0.9% sodium chloride, was used
as a chelator of calcium in this study, both in BME and serum
and in the presence and absence of the ionophore. All test
solutions containing EGTA were incubated at room temperature
for 15 min before bioassay were performed to allow for calcium
chelation.

Table 1. Cat*-ionophore promotion of mucociliary
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Each experimental sample, whether serum of BME plus addi-
tives, was tested three to six separate times using explants from
different rabbits. The serum was obtained from three CF and
two control individuals.

CULTURE OF TRACHEAL TISSUE AND BIOASSAY

Normal, male, white New Zcaland rabbits, 6-7 pounds in
weight, were used. The trachea were removed and prepared for
short term culture as previously described (4). After 2-3 days of
culture at 37°, the tissue explants were examined and the bioas-
say performed. Explants were examined in the culture flasks by
light microscopy (100 x) using an inverted Unitron microscope.
Pieces with synchronous, actively beating cilia, minimal out-
growth, and freedom from contamination with mucus or hemo-
globin were selected and circled for exposure to the test sample.

Those picces selected were removed from the flasks and trans-
ferred to a glass slide upon which 2 drops of the test sample had
been placed. A coverslip was then placed on the slide over the
explant and the sample. The assay was monitored at 37° through
an inverted microscope with a 40 X water immersion objective.
An appropriate border of cilia of cach specimen was visualized
within 15-30 scc after the tissue was exposed to the sample. The
ciliary action was observed during the succeeding 3 min. The
result was recorded and the observation continued for an addi-
tional 3 min. For the purposes of these experiments, this usual
bioassay period was extended to 9 min.

In addition to ciliary dyskinesia, an obvious component of a
positive response for which the serum substance in CF is named,
two other parameters of the response were observed and re-
corded at the various time intervals. These parameters included
mucous sceretion and the occasional appearance of free-floating
cells along the microscopically observed brush border. The times
of their appearance were scored separately and did not necessar-
ily correspond with either the ciliary aspect observed or with
cach other. However, ciliary dyskinesia never occurred without
the appearance of mucous secretion during the bioassay interval.
It was not possible to determine which of these two facets of the
CDF response preceded the other. The occasional appearance of
free-floating cells in the bivassay was always preceded by ciliary
dyskinesia and mucus secretion. The frequency of this event was
not high enough during the assay interval to permit meaningful
interpretation in this study and therefore was not included in
these scored results.

Each test sample was alternately blind to one of two observers
and performed on at least three separate occasions. Gradation of
ciliary reaction and mucus production were generally not consid-
ered of importance. However, subjectively a **—"" designation
was used to indicate no change in the tissuc, a =" designation
disturbances in cultured rabbit tracheal epithelium'

Mucociliary disturbance

Test sample

Ciliary dyskinesia Mucus secretion

6 min 6 min min

BME (1.8 mM CaCl,)
BME + 2.5 mM EGTA
BME (1 ml) + 10 ul ionophore (2 x 10 3 M)
BME (1 ml) + 10 ul EtOH

BME + 2.5 mM EGTA (1 ml) + 10 ul ionophore

BME (5.4 mM CaCl,)

BME + 2.5 mM EGTA

BME (1 ml) + 10 ul ionophore (2 x 10 * M)

BME (1 ml) + 10 ul EtOH

BME + 2.5 mM EGTA (1 ml) + 10 ul ionophore (2 x
10 * M)

I+

' BME: basal medium Eagle; —: no ciliary dyskinesia, no mucus production; =: slight dyskinesia, slight mucus production; +: strong dyskinesia,

copious mucus production; ++: very marked asynchrony in ciliary beat,

near obliteration of field by mucus production.
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Table 2. Calcium requirements for Ca**-ionophore A23187 response in tracheal epithelia'

Mucociliary disturbance

Test sample

Ciliary dyskinesia

Mucus secretion

3 min 6 min 9 min 3 min 6 min 9 min
1 mI BME (2.75 mM CaCl,) 10 ulionophore (2 x 10 3 M) - * + - - +
I ml BME (4.08 mM CaCl,) 10 ulionophore (2 X 10 * M) - + ++ - * +
1 ml BME (5.40 mM CaCl,) 10 ulionophore (2 x 10°* M) * + ++ - + ++
I mi BME (2.75 mM CacCl,) 20 ul ionophore (4 X 1073 + ++ - + ++
M)? o )
! BME: basal medium Eagle.
2 Note that this sample represents a doubling of the ionophore concentration.
Table 3. Effect of Ca**-ionophore in human sera on rabbit tracheal explants'
Mucociliary disturbance
Donor Ciliary dyskinesia Mucus secretion
3 min 6 min 9 min 3 min 6 min 9 min
NS - - - - - -
NS + 10 ul ionophore (2 X 10 * M) - + + - + +
NS + 10 ul EtOH - - - - - -
CFS + + ++ + + ++
CFS + 2.5 mM EGTA - - N.T. - - N.T.
CFS + vehicle control + + - + +

'NS: normal serum; CFS:

for slight dyskinesia or slight mucus production, **+™ for strong
dyskinesia or copious mucus production, and “++"" for very
marked asynchrony in the ciliary beat or near obliteration of the
microscopic field with mucus. Reproducibility of the test desig-
nations was 80-100%.

With each bioassay, a ncgative control serum was tested to
initially evaluate the vitality of the tissue. If no dyskinesia or
mucus production was observed with the control serum, bioas-
says of test samples were performed and the results judged
reliable.

RESULTS

BME culture medium with 1.8 mM calcium did not produce
any visible mucociliary disturbances in the rabbit tracheal epi-
thelium when bioassayed alone, as seen in Table 1. The addition
of ethanol or EGTA to this BME with 1.8 mM calcium did not
promote any change in the explanted tracheal epithelium. Simi-
larly, the Ca-ionophore-supplemented BME at this level of cal-
cium did not elicit the mucociliary disturbance responses in the
tracheal tissuc. In contrast, when BME was supplemented to a
level of 5.4 mM calcium chloride, ionophore A23187 generated
a CF-like response. This response was indistinguishable from
that produced by CF sera, and was eliminated by the addition of
EGTA to the medium-ionophore mixture (Table 1).

Calcium levels as low as 2.75 mM, with a constant dosc of 2 x
107* M Ca-ionophore were capable of promoting a CF-like CDF
response in the bioassay (Table 2). The component ciliary dyski-
nesia and mucus secretion vectors of the CDF response were
seen to be intensified as the calcium level of the test solution was
increased and to be directly related to the calcium concentration
of the BME (Table 2). The strengthening of the mucociliary
disturbances was also observed when the calcium level was kept
constant (2.75 mM) and the ionophore concentration increased
to 4 X 107* M, as seen in Table 2.

It can be seen in Table 3 that addition of the calcium iono-
phore to a normal control sera that had previously tested nega-
tively for the CDF response resulted in a sera that now promoted
a CF-like CDF response in the bioassay. In addition, EGTA

cystic fibrosis serum; vehicle control =A_().-9% NaCl, pH 78 uscdl_o solublI;zeEGTA, N.T.: not tested.

supplemented to CF scra that formerly promoted mucociliary
disturbances was observed to abolish the mucociliary disturb-
ances activity of the CF sera.

DISCUSSION

We have observed that a direct relationship exists between the
development of the CF-like mucociliary disturbances and the
concentration of both calcium and calcium ionophore A23187 in
the rabbit trachea bioassay system. Addition of ionophore
A23187 to BME with the calcium concentration (1.8 mM) be-
low normal physiologic concentrations (2.25-2.75 mM) did not
produce mucociliary disturbances. Elevations of calcium con-
centrations in BME from 2.7 mM to 4.08 mM and subse-
quently to 5.40 mM., in the presence of fixed ionophore con-
centration, resulted in an acceleration of the mucociliary dis-
turbances that was manifested by a reduction in the time nec-
essary for ciliary dyskinesia to be observed and concurrent in-
crease in mucus secretion. It appears that a minimum calcium
concentration similar to that of normal sera is required as a co-
factor in the production of mucociliary disturbances by iono-
phore A23187. Similar results were observed when the calcium
concentration was kept constant (2.75 mM) and the calcium
ionophore dose was doubled to 4 x 1073 M. Addition of the
calcium ionophore A 23187 to normal sera resulted in an epithe-
lial response indistinguishable from that seen when CF sera ex-
posed to the bioassay tissue. Subsequently, EGTA supple-
mented to either ionophore plus BME or CF sera effectively
eliminated and mucociliary disturbances in the rabbit trachea
bioassay.

Calcium ionophore A23187 has been shown to induce a secre-
tory response in several glands (3, 7, 8, 10, 20), potassium
release by the parotid gland slices (18), and ciliary arrest in
musscl gills (17). These effects are believed to be related to an
influx of calcium ions from the extracellular medium which is
mediated by an increase in membrane permeability induced by
the ionophore (15, 16, 21). The possibility that ion disturbances
are an important factor in cystic fibrosis can be exemplified by
the altered ion concentrations in the sweat of CF subjects (5);
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the altered sodium readsorption by rat salivary ducts upon perfu-
sion with sweat and saliva from CF subjects (12-14); and the
altered calcium levels found in saliva from CF patients (1, 2,9,
22). Our demonstration that the mucociliary disturbances pro-
duced by CF sera can be inhibited by addition of the calcium
chelator, EGTA, indicates that calcium may be an important
cofactor in the production of the mucocihary response by CF
serum factor(s). In addition, the observation that the mucocili-
ary response can be mimicked by the calcium ionophore indi-
cates that increased membrane permeability to extracellular cal-
cium is necessary for the response to occur.

These considerations support the view that a possible in-
creased membrane permeability to calcium may be important in
the production of the mucociliary response produced by CF
serum factor(s) in the tracheal assay system. Furthermore, the
CF serum factor(s) may be acting on cell membranes to produce
altered membrane permeability that may be related to the path-
ophysiology of the discase.

CONCLUSION

Calcium ionophore A23187 produces a CF-like mucociliary
disturbance in rabbit tracheal explants when added to BME.
The CDF-like response was directly related to the concentration
of calcium or ionophore A 23187 in the test solution. Calcium
chelation with EGTA abolished the ionophore-induced response
in BME. Calcium ionophore A23187 also induced the CDF
response upon addition to control sera that had previously given
a negative test, whercas, EGTA climinated the mucociliary
disturbance upon addition to CF sera. These results indicate that
calcium is an important cofactor in the production of the CF
sera-induced mucociliary disturbances in the tracheal explant
bioassay system and that altered membrane permeability to
calcium can also produce a CDF-like response to BME. CF
scrum (factor(s) may be acting at the level of the cell membrane
to produce an altered membrane permeability that may be re-
lated to the cytopathology of this discasce.
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