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Cystic fibrosis (CF) is caused by mutations of the gene encoding
for the CFTR (CF transmembrane conductance regulator) protein.
The most frequent mutation, the �F508 mutation, results in a
defective cAMP-regulated chloride transport in the epithelial cells.
The spectrum of clinical manifestations in patients bearing homozy-
gous �F508 mutations can vary considerably, suggesting that, in the
patients with a mild disease, CFTR could be partly functional. To
test this hypothesis, we explored in nasal ciliated epithelial cells
(NCC) of 9 control subjects and 23 �F508 homozygous patients the
anion conductive pathway by a halide sensitive fluorescent dye
assay SPQ (6-methoxy-N-3'-sulfopropylquinolinium) and the CFTR
transcript levels by RT-PCR. As 50% represented the lowest frac-
tion of the control subjects NCC demonstrating a cAMP-dependent
conductance, a CF patient was considered as “cAMP responder” if
at least 50% of the NCC tested displayed a cAMP-dependent
conductive pathway. According to these criteria, 8 of the 23 patients
were considered as cAMP responders. They had a significantly less

severe disease considering the respiratory function and infectious
status. The amount of CFTR mRNA did not differ between the
control subjects and the patients. No statistical correlation could be
found between the transcript level and the expression of a cAMP
conductive pathway. This cAMP-dependent Cl� conductance de-
tected in homozygous NCC could be due to a residual CFTR
activity and may explain the mild phenotypes observed in some
�F508 homozygous patients. (Pediatr Res 52: 628–635, 2002)

Abbreviations
CFTR, cystic fibrosis transmembrane conductance regulator
CF, cystic fibrosis
cAMP, cyclic AMP
FEV1, forced expiratory volume
FVC, forced vital capacity
SPQ, 6-methoxy-N-3'-sulfopropylquinolinium

Cystic fibrosis (CF) is caused by mutations in a single gene
on the long arm of chromosome 7 encoding for the CF
transmembrane conductance regulator (CFTR) protein (1).
CFTR acts as a chloride channel activated by cyclic AMP
(cAMP) (2). The most common mutation is the deletion of
a single phenylalanine residue at position 508 in the CFTR
protein, called �F508 mutation. This mutation has deleteri-

ous effects on the processing of the �F508 CFTR protein
through the endoplasmic reticulum causing drastically re-
duced levels of protein to be expressed on the plasma
membrane of epithelia. One of the consequences is a defec-
tive cAMP-regulated chloride transport in the epithelial
cells (3). The resultant clinical manifestations classically
include high sweat chloride concentrations, pancreatic in-
sufficiency, and a suppurative progressive obstructive pul-
monary disease that leads to respiratory failure (4). However,
the spectrum of clinical manifestations of patients bearing
homozygous �F508 mutation can vary considerably, from a
late-onset, mild, nearly asymptomatic pulmonary disease to
an extremely severe neonatal and rapidly lethal form (5). To
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test whether this clinical heterogeneity is linked to func-
tional heterogeneity, we investigated the cAMP-dependent
chloride conductive pathways by a halide sensitive fluores-
cent dye assay SPQ (6-methoxy-N-3'-sulfopropylquino-
linium) and the CFTR transcript levels in nasal epithelial
cells (NCC) of �F508 homozygous patients with varying
severity of pulmonary disease.

METHODS

Patients. We investigated NCC obtained from both healthy
control subjects and �F508 homozygous patients. The control
subjects had a normal sweat test and had been negatively screened
for the 30 most frequent CFTR mutations. All the patients were
pancreatic insufficient. Exclusion criteria were recent upper respi-
ratory tract infection, smoking, and nasal polyps.

Clinical status was assessed with the following criteria:
sputum bacteriology and number of antibiotic cures in the
preceding year indicative of infectious status; chest radio-
graphic score; forced expiratory volume (FEV1) and forced
vital capacity (FVC) indicative of pulmonary function and
Shwachman score indicative of global disease severity (6).
FEV1 and FVC were expressed as percent of predicted values
for age and sex. Maximal value of Shwachman score was 100.

The study was approved by the Necker-Enfants Malades Ethics
Committee, and informed consent was obtained from each
subject.

Cell sampling. Cells were obtained from below the middle
turbinate using a cytology brush (approximately 1 � 106 cells per
subject). Brushes were immediately placed in cold Dulbecco
Modified Eagle’s Medium (DMEM). The cells were transported
to the laboratory on ice. An aliquot was cytocentrifuged on a slide
to check the quality of the sample under the light microscope and
the remaining cells were divided into 2 aliquots that were pelleted
(600 g, 2 min, 4°C). The first pellet was suspended in 500 �L
Trizol™ reagent (GIBCO-BRL, Les Ulis, France) for RNA ex-
traction. The second aliquot was used for functional assay.

Each sample was assessed for quality according to the
presence of necrotic, squamous, inflammatory (polymorphonu-
clear cells), and ciliated cells (Table 1). Samples without NCC
and those with necrotic or more than 20% inflammatory cells
were discarded (quotation 1 to 5).

Functional assay. The transmembrane anion conductive path-
way was measured by a halide sensitive fluorescent dye assay
SPQ according to the method described by Verkman, Stern, et al.,

and Tondelier et al. (7–9). This method allows measuring the rate
of Cl� transport as the rate of fluorescent changes in response to
the exchange of extracellular Cl� with NO3

�, an anion that passes
through CFTR but, unlike Cl�, does not quench indicator fluo-
rescence. After addition of the cAMP agonists, activation of
CFTR results in Cl� efflux and NO3

� influx, producing an
increase in fluorescence. In our experimental design, Cl� was
replaced by iodide (I�) as CFTR is permeable to I� and SPQ
fluorescence is more strongly quenched by I� than by Cl�.

Briefly, the cells of the second aliquot were loaded with 10 mM
SPQ (Molecular Probe, Eugene, OR) in a hypotonic buffer during
2 min (1:1 dilution of DMEM with sterile deionized water).
Aliquots of cells were then mounted on a glass coverslip coated
with Cell-Tak (Collaborative Biomedical Products, Becton Dick-
inson, Bedford, MA, U.S.A.) to improve cell adherence and left to
settle for 30' at 37°C. The coverslip was then placed in a perfusion
chamber on the stage of an inverted microscope (Diaphot-TMD,
Nikon, Champigny-sur-Marne, France) where they were contin-
uously perfused at 37°C with the control isotonic NaI solution (in
mM: 135 NaI, 2.4 K2HPO4, 0.6 KH2PO4, 1 CaSO4, 1 MgSO4, 10
glucose, 10 HEPES, pH � 7.4). Intracellular SPQ was excited at
350 nm by a 100 W halogen lamp. Cells were viewed with a
Nikon � 40 fluorescence objective and emitted fluorescence
(�410 nm) which was collected using a low-light charge coupled
device video camera (Photomic Science, Grenoble, France)
interfaced with a computer containing a digital imaging system
(Imstar, Paris, France).

Intracellular SPQ fluorescence was measured at 15-s intervals
in cells with actively beating cilia. Basal SPQ fluorescence was
measured for 2 min in the presence of NaI solution. NaI solution
was then replaced equimolarly by NaNO3 (NaNO3 solution) to
unmask a basal anion conductance. The further addition of the
“cAMP cocktail” (in �M: 25 forskolin (Sigma Chemical Co., St.
Louis, MO, U.S.A.), 100 isobutylmethylxanthine – IBMX (Sigma
Chemical Co.), 500 8-(4-chlorophenylthio)-adenosine 3':5'-cyclic
monophosphate (Sigma Chemical Co.) – pCPT-cAMP) allowed
measuring the cAMP-dependent anion conductive pathway. Two
experimental protocols were used to test the sensitivity of the
assay (Fig. 1). In protocol 1, the cells were superfused sequentially
with NaI, NaNO3, and cAMP cocktail solution while in protocol
2, NaNO3 was first replaced by NaI solution before adding the
cAMP cocktail. At the end of both experimental designs, NaNO3

solution was replaced by NaI solution again to test if the fluores-
cence changes were reversible to the original background. The
background signal due to cell and instrument autofluorescence
was considered during all the procedure. The experiment was
considered for further analysis if results were obtained in more
than five cells per patient.

Fluorescence changes were measured during the first 45 s after
replacement of the solutions. Basal anion conductance was de-
fined as the maximal fluorescence change after replacement of I�

by NO3
� (�Fbasal/�t). The cell was considered to display a basal

conductance if �Fbasal/�t was �0.1. cAMP anion conductance
was defined as the maximal fluorescence change after addition of
the cAMP cocktail in the NaNO3 solution. cAMP anion conduc-
tance was assessed by �FcAMP/�t in protocol 1 and �FcAMP/
�Fbasal in protocol 2, as NaNO3 was replaced by NaI before
adding the cAMP cocktail (Fig. 1). The cell was considered to

Table 1. Cellular quality quotation of nasal samples

Cellular aspect Quotation

Necrotic cells or absence of cells
Necrotic cells 1
Absence of cells 2
Squamous cells or rare bare nuclei 3

Inflammatory cells
Epithelial cells associated with �40% polymorphonuclear cells 4
Epithelial cells associated with 20–40% polymorphonuclear cells 5
Epithelial cells associated with �20% polymorphonuclear cells 6

Absence of inflammatory cells
Ciliated cells �50% 7
Ciliated cells �50% 8
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display a cAMP-stimulated anion conductive pathway if
�FcAMP/�t was �0.1 in protocol 1, and if �FcAMP/�t was �0.1
and �FcAMP/�Fbasal �1 in protocol 2. Responses of a “respond-
ing” wild type and a “non-responding” �F508 cell are shown in
Fig. 2. We verified in preliminary experiments on the human
pulmonary Calu-3 cell-line (American Type Culture Collection,
Rockville, MD, U.S.A.), that both protocols provided similar
responses (data not shown). Two patients and two control subjects
NCC were successively tested with both protocols and showed
equivalent results (data not shown).

Semi-quantitative analysis of CFTR transcripts. Total
RNA was isolated using Trizol™ reagent by acid guanidine
thiocyanate-phenol-chloroform and precipitated by isopropa-
nol at �20°C. RNA (2 �g) was placed in a final volume of 20

�L containing 100 units of MMLV Superscript II reverse
transcriptase (GIBCO-BRL, Les Ulis, France), 500 �M dNTP,
10 mM DTT, and 200 ng of random hexanucleotide primers
(Pharmacia Biotech, Saint Quentin en Yvelines, France).
cDNA was then diluted 5-fold in sterile water.

cDNA (5 �L) was added to a 25 �L final volume containing 2
U of Taq DNA polymerase (Boehringer Mannheim, Meylan,
France), 500 �M dNTP, 1 �Ci of [�P32]dCTP (Amersham, Les
Ulis, France), 2.5 mM MgCl2 and 20 pmoles of CFTR upstream
(5'-GCC TTC CGA GTC AGT TTC AG-3') and downstream
(5'-CTG CCT TCT GTG GAC TTG GT-3') primers selected on
exon 6 to exon 7 or 10 pmoles of �2microglobulin upstream
(5'-ACC CCC ACT GAA AAA GAT GA-3') and downstream
(5'-ATC TTC AAA CCT CCA TGA TG-3') primers. The samples
were then submitted to 35 cycles of amplification for CFTR or 30
cycles for �2microglobulin consisting of 1 min denaturation at
94°C, 1 min annealing at 55°C, and 1 min 30 elongation at 72°C.
Amplification products were then submitted to electrophoresis on
8% polyacrylamide gels at 750 V for 3.5 h. The gels were then
exposed to X-OMAT films (Eastman Kodak, Rochester, NY,
U.S.A.) overnight at �20°C. Autoradiographs were scanned us-
ing a Bio-Rad densitometer (Bio-Rad, Ivry sur Seine, France) and
Molecular Analyst Software (Bio-Rad). CFTR mRNA content
was expressed as the ratio of the densitometric value of CFTR
amplification product to that of �2microglobulin amplification
product. The positive control used was the human pancreatic
carcinoma cell line Capan 1 obtained from the American Type
Tissue Collection.

Statistics. Statistical analyses were performed using the
BMDP software package (University of California, Los Ange-
les, CA, U.S.A.) (10). A single value was derived from the
results of all the cells tested in a given subject. Data are

Figure 1. SPQ fluorescence measurement of halide anion conductance in NCC with protocol 1 and protocol 2. In protocol 1, the cells are superfused with NaI,
NaNO3, and cAMP cocktail solution. In protocol 2, NaNO3 is first replaced by NaI solution before adding the cAMP cocktail. The NaNO3 solution is replaced
by NaI solution at the end of both experimental designs. Basal anion conductance is assessed by �Fbasal/�t. cAMP conductance is assessed by �FcAMP/�t in
protocol 1 and �FcAMP/�Fbasal in protocol 2.

Figure 2. SPQ fluorescence measurement of halide anion conductance in a wild
type “responder” NCC and in a �F508 “non-responder” cell according to protocol 1.
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presented as mean (SD) of the fluorescence change and mean
(range) percent of cells responders per subject. The comparison
tests were assessed by the correlation test for quantitative
measurements and by ANOVA tests for qualitative measure-
ments. The null hypothesis was rejected at p � 0.05.

RESULTS

Subjects

Nine healthy control subjects (Table 2) and 23 �F508
homozygous patients (Table 3) were included in the study. All
the control subjects were asymptomatic for respiratory or
gastrointestinal symptoms and had normal chest radiography
and pulmonary function tests.

Baseline characteristics of the patients are presented in Table
3. Mean patient’s age was 14.9 y (5–30). Eleven patients had
a chronic colonization with Pseudomonas aeruginosa. Disease
severity was highly variable as assessed by the range of FEV1
(19–115) and FVC (50–116), the number of antibiotic courses
for bronchial exacerbations in the preceding year (0–13), and
the Shwachman score (40–90).

Functional Assay

Control subjects. The NCC of the control subjects was
tested with protocol 1 (Table 2). Ninety-two percent (63–100)
NCC per control subject displayed a basal anion conductive
pathway with a mean increase �Fbasal/�t of 0.55 (0.1–1.35). A
mean of 75% NCC per control subject displayed a cAMP-
stimulated anion conductive pathway with broad range from
50% to 100%. In this group, the mean increase of �FcAMP/�t
was 1.03 � 1.11.

Considering the high variability of these results, we derived
the following criteria for the analysis of the patients’ data. For
a given patient, we considered that a basal anion conductance
or a cAMP-dependent conductive pathway may be involved in
the ion transport process if the proportion of cells displaying
this pathway was at least equal to the lowest proportion found
in the control subjects e.g. 63% of the tested NCC for the basal
conductance (see control subject 7 in Table 2) and 50% for the
cAMP dependent pathway (see control subject 8 in Table 2).

Patients. Basal anion conductance. Seventeen patients
(group 1) had more than 63% NCC, with a mean of 86

(69–100) % NCC displaying a fluorescence increase �Fbasal/�t
�0.1 and were therefore considered as having a basal conduc-
tance (Table 3). The remaining 6 patients (group 2) had less
than 63% NCC, with a mean of 37% (0–61), displaying a basal
conductance and were considered as lacking a basal Cl�

conductance. The mean quality cell quotation was similar in
the two groups.

The respiratory function tests were better in the group of
patients displaying a basal conductance but this difference did not
reach the significant level (Table 4). There was no correlation
between the presence of a basal anion conductance and the
Shwachman score or the number of the preceding antibiotic cures.

cAMP-dependent anion conductance. Eight patients (group
1) had a mean of 75% (56–100)% NCC per patient displaying
a fluorescence increase after addition of the cAMP cocktail and
were therefore considered as “cAMP responders” (Table 3).
Fifteen patients (group 2) had less than 50% of NCC, with a
mean of 21.9% (0–46) NCC displaying a significant variation
of the fluorescence signal during cAMP stimulation and were
considered as “cAMP non-responders.” Three out of these 15
patients had no cells at all demonstrating a cAMP-mediated
pathway. The cell quality quotation was similar in the 2 groups.

There was no correlation between the proportion of NCC
displaying a cAMP conductive pathway and the intensity of the
fluorescence change after the addition of the cAMP cocktail (r
� 0.117; NS).

The cAMP conductive pathway was not correlated with the
presence of a basal conductance, considering the percent of
NCC (r � 0.304; NS) or the intensity of the fluorescence
change (r � 0.266; NS). However, six of the seven patients
with a cAMP conductance had also a basal conductance and
the basal conductance was higher in the group of patients
displaying a cAMP conductive pathway (�Fbasal/�t� 0.397
(0.322)) than in the patients without (�Fbasal/�t � 0.196
(0.094); p � 0.03).

Patients bearing a cAMP dependent Cl� conductance had a
significantly less severe disease, considering the respiratory
function tests, the number of bronchial exacerbations requiring
antibiotics, and the index of global disease severity (Table 5).
The FEV1 and the Shwachman score were positively corre-
lated with the proportion of NCC displaying a cAMP conduc-
tance (Fig. 3). The number of antibiotic courses in the preced-

Table 2. Change in fluorescence of healthy control subjects SPQ-loaded NCC

Control
subject

Number of cells
tested

Cell quality
quotient

% cells with
�Fbasal/�t � 0.1

�Fbasal/�t1

Mean (SD)
% of cells with

�FcAMP/�t � 0.1
�FcAMP/�t2

Mean (SD)
CFTR

mRNA

1 9 8 100 0.48 (0.36) 89 0.2 (0.1) 0.58
2 8 6 89 0.54 (0.17) 75 1.26 (1.155) 1.086
3 13 8 100 0.82 (0.44) 54 0.15 (0.05) 1.369
4 8 8 100 0.89 (0.63) 100 0.43 (0.2) 0.854
5 30 8 100 0.2 (0.1) 86 1.7 (0.5) 0
6 36 8 100 0.4 (0.28) 89 3.4 (3.6) 0.074
7 16 8 63 0.78 (0.54) 81 0.23 (0.13) 0.624
8 24 8 100 0.31 (0.09) 50 0.14 (0.03) 0.069
9 14 8 100 0.58 (0.6) 100 1.8 (1.15) 0.603

All the cells are tested with protocol 1. Basal conductance is present if �Fbasal/�t � 0.1. cAMP conductance is present if �FcAMP/�t � 0.1.
1 Only NCC with if �Fbasal/�t � 0.1 are considered.
2 Only NCC with �FcAMP/�t � 0.1 are considered.
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ing year was inversely correlated (r � 0.509; p � 0.02). This
relation disappeared when the fluorescence change was con-
sidered instead of the proportion of the NCC. The 2 groups did
not differ for age, Pseudomonas aeruginosa colonization, or
concomitant nasal or pulmonary treatment.

CFTR Expression

The amount of CFTR mRNA did not differ between the
control subjects (mRNA � 0.584 (0–1.369)) and the patients
(mRNA � 0.535 (0.39)). For the patients, CFTR mRNA
expression did not correlate with FEV1 (r � 0.35; NS); FVC (r
� 0.25; NS), the number of antibiotic courses, (r � 0.003; NS)
and the Shwachman score (r � 0.18; NS). There was no
correlation between the percent of NCC demonstrating a
cAMP conductive pathway or the cAMP induced-fluorescence
change and the transcript levels. However, levels of CFTR
gene transcripts were higher in samples with NCC demonstrat-
ing a basal conductance or a cAMP-dependent conductance but
this did not reach a significant level (Table 4 and 5).

DISCUSSION

Our results provide evidence for a cAMP-regulated pathway
in �F508 NCC, similar to that described in cells expressing
wild type CFTR channel and in healthy subjects. The presence
of this cAMP- mediated anion conductance in more than 50%

NCC tested for a given patient is associated with a better
clinical status. This suggests that the mild phenotypes encoun-
tered in some �F508 homozygous patients could be linked to
a residual function of CFTR in airway tissues. This study also
highlights a great heterogeneity in the cAMP conductive path-
way in NCC of both CF and non-CF control subjects.

The SPQ fluorescence assay is used extensively in cell
culture systems to measure the Cl� transporting function of
CFTR with both a high sensitivity and specificity (7, 8). This
study demonstrates that this assay may be routinely applied for
studying cAMP-mediated Cl� conductance in freshly obtained,
noncultured primary NCC of CF patients. The sampling is
easy, rapid, and painless; it can be performed at the bedside.
The tissue requirement is modest, making it particularly suited
to measurement in children. It avoids potential alterations in
phenotype resulting from cell culture technique. However,
several technical problems must be overcome to obtain valu-
able and reproducible results. First, the experiments have to be
done as soon as possible. A waiting of more than 3 h, even on
ice, damages the cells. Second, primary ciliated cells, even
when covered with mussel collagen (Cell-Tak, Bedford, MA,
U.S.A.), adhere poorly to the glass surface. This results in
movements or even loss of the cells during the serial perfusion
protocol. This problem can be overcome by lowering the
perfusion rate and the waste suction. Third, SPQ cell loading

Table 3. Changes in fluorescence of SPQ-loaded NCC of �F508 homozygous patients

Patient Age FVC FEV1
Shwachman

score
Antibiotic

courses

Number
of cells
tested

Cell
quality
quotient

% cells with
�Fbasal/�t � 0.1

�Fbasal/�t1

Mean (SD)
% of cells with

�FcAMP/�t � 0.1
�FcAMP/�t2

Mean (SD)
CFTR
mRNA

Protocol 1
1 19 80 75 80 0 8 8 100* 0.2 (0.09) 100** 0.17 (0.05) 0.875
2 19 70 60 70 0 6 8 83* 0.14 (0.28) 67** 0.15 (0.037) 0.03
3 16 55 45 60 4 5 8 0 0 (0) 0 0 0
4 18 60 45 60 13 23 6 74* 0.16 (0.06) 22 0.12 (0.018) 0.326
5 16 80 70 80 4 15 6 60 0.42 (0.3) 53** 0.14 (0.03) 0
6 12 80 89 70 4 7 8 43 0.16 (0.053) 86** 0.17 (0.06) 0.899
7 11 116 115 90 2 21 8 76* 0.19 (0.09) 71** 0.2 (0.135) 0.921
8 22 50 19 40 4 15 8 13 0.12 (ND) 13 (ND) 0.13 (0.034) 0.088
9 10 86 82 80 2 16 8 100* 0.86 (0.39) 69** 0.26 (0.16) 0.996
10 13 60 55 60 7 11 8 73* 0.15 (0.03) 18 1.8 (0.65) 0.788

Protocol 2
% of cells with

�FcAMP/�Fbasal � 1
�FcAMP/�Fbasal

2

Mean (SD)
11 16 90 89 70 7 28 8 78* 0.23 (0.1) 0 ND 0.899
12 22 51 40 50 7 23 6 96* 0.36 (0.13) 0 ND 0.894
13 8 91 82 80 5 13 7 69* 0.2 (0.11) 38 1.1 (0.06) 0
14 5 92 90 80 5 23 6 100* 0.22 (0.07) 35 1.76 (1.26) 0
15 13 65 55 60 1 26 8 96* 0.22 (0.11) 23 1.59 (0.58) 0.124
16 17 70 60 70 4 5 8 100* 0.27 (0.01) 60** 1.19 (0.18) 0.963
17 10 65 60 70 3 22 7 61 0.39 (0.36) 18 1.15 (0.15) 0.615
18 10 70 65 70 4 28 8 46 0.21 (0.06) 46 1.35 (0.24) 0.689
19 14 70 61 60 3 39 8 79* 0.1 (0.04) 21 1.23 (0.21) 0.495
20 18 65 55 60 ND 8 6 88* 0.21 (0.1) 25 1.15 ND 0.207
21 8 101 90 80 5 17 8 88* 0.21 (0.07) 29 1.95 (0.67) 0.747
22 16 80 65 70 4 20 8 84* 0.17 (0.08) 40 2.52 (1.63) 0.936
23 30 71 75 70 3 17 8 94* 0.12 (0.12) 100** 3.07 (2.56) 0.818

Basal conductance is present if �Fbasal/�t � 0.1. cAMP conductance is present if �FcAMP/�t � 0.1 in protocol 1 and �FcAMP/�t � 0.1 and �FcAMP/�Fbasal �
1 in protocol 2.

1 Only NCC with �Fbasal/�t � 0 are considered.
2 Only NCC with �FcAMP/�t � 0.1 (protocol 1) or �FcAMP/�Fbasal � 1 (protocol 2) are considered.
* Patients having a basal anion conductance.
** Patients having a cAMP-dependent conductance.
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may vary from one sample to another and even from one cell
to another. This can be limited by the loading of the total
sample at once and studying of at least 5 cells or cell clumps
per patient. Moreover, the experiment must not last for more
than 2 h to avoid ulterior dye leak. After nasal brushing, the
cells occur predominantly in clumps. This makes it difficult to

assess the type of epithelial cell within each clump and, in turn,
the relative contribution of each cell type to Cl� efflux. We
decided to study the cell clumps only when surrounding cells
with actively beating cilia could be seen. This was based on the
results of Stern and collaborators who showed that single
ciliated cells and cell-clumps containing at least some ciliated
cells with actively beating cilia did not show any significant
difference in the intensity of fluorescence nor in the rate of
change of fluorescence (8). Moreover, as preliminary experi-
ments showed that the NCC from inflammatory mucosa was
not suitable for SPQ experiments, the inflammatory samples
were eliminated.

Even taking into account all the above listed problems, the
interpretation of fluorescence data has been particularly chal-
lenging because of the variability of the fluorescence changes
within the same patient and the necessity to derive a final
conclusion for a single patient from the results obtained in the
NCC of the whole sample. An endpoint was derived from the
results obtained in control subjects to class the patient as
“responder” or “non-responder” e.g. the lowest proportion of
the control subjects NCC demonstrating a significant fluores-
cence change in the presence of cAMP. Finally, all individual
ciliated cells or clump-cells in a series of images were consid-
ered and the results were displayed as percentages of cells
having different Cl� pathways. This pattern of qualitative
classification was highly reproducible and allowed to limit the
day-to-day intrasubject and intersubject variability.

We measured the cAMP conductance using 2 protocols. In
protocol 2, NaNO3 was replaced by NaI before adding the
cAMP cocktail to sensibilize the measure. The cAMP-
dependent conductance was therefore calculated relatively to

Figure 3. Correlation between FEV1 and Shwachman score and the percentage of patient’s NCC having a cAMP-dependent Cl� conductive pathway.

Table 4. Characteristics of patients with more than 63% of NCC
having a basal conductance (group 1) and those with less than

63% NCC having a basal conductance (group 2)

Patients characteristics mean (SD) Group 1 Group 2 p

Age 15.11 (6) 14.3 (4.6) 0.77
FVC 77.5 (16.8) 66.6 (12.5) 0.16
FEV1 70.2 (19.4) 58 (23.8) 0.22
Shwachman Score 70 (10.6) 65 (13.8) 0.37
Number of antibiotic courses in the

preceding year
4.2 (3.2) 3.8 (0.4) 0.76

P. aeruginosa in the sputum 8/17 3/6 0.9
CFTR mRNA 0.589 (0.385) 0.382 (0.399) 0.27

Table 5. Characteristics of patients with more than 50% of NCC
having a cAMP-dependent conductance (group 1) and those with less

than 50% NCC having a cAMP-dependent conductance (group 2)

Patients characteristics mean (SD) Group 1 Group 2 p

Age 16.7 (6.4) 13.9 (5) 0.26
FVC 81.6 (15) 71 (16) 0.13
FEV1 78.2 (17.8) 61 (20.3) 0.05
Shwachman score 76.2 (7.4) 64.6 (11.2) 0.01
Number of antibiotic courses in the

preceding year
2.3 (1.7) 5 (2.7) 0.02

P. aeruginosa in the sputum 3/8 8/15 0.45
CFTR mRNA 0.688 (0.419) 0.454 (0.363) 0.18
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the basal conductance (�FcAMP/�Fbasal). However, it must be
underlined that the magnitude of the initial fluorescence partly
depends on the initial loading and the intracellular dye con-
centration and may vary from cell to cell. This modality of
calculation (�FcAMP/�Fbasal) may thus underestimate the
cAMP variation if the basal conductance is strong and con-
versely overestimates the cAMP conductance if the basal
conductance is low. Our final conclusion is that protocol 2 is
less sensitive than protocol 1 which considers the absolute
fluorescence variation due to cAMP agonists.

Our results demonstrate that the cAMP-dependent Cl� conduc-
tance pathway can be low in NCC of non-CF subjects. This is
consistent with the study of McLachlan, which revealed consid-
erable variation of the cAMP dependent conductance pathway
within the control subjects (11). This may result from a low
amount of protein at the apical membrane and therefore a low
CFTR-mediated conductance. This suggests that even low level of
functional protein is sufficient to offer protection from symptoms
of CF disease. These results are consistent with previous studies
demonstrating that in normal individuals the CFTR gene is ex-
pressed at low levels of 1–2 transcripts per cell in the epithelium
of the nose, trachea, and bronchi (12) and that a low level of
normal CFTR is sufficient for restoration of normal airway epi-
thelial function in gene transfer experiments (13, 14).

The main finding of this study is the existence of a c-AMP-
regulated pathway in NCC from �F508 patients, similar to that
described in cells expressing wild-type CFTR channel. It is
generally recognized that the inability of the �F508-CFTR
nascent chain to mature and to be exported from the endoplas-
mic reticulum to the cell membrane is the basis of the abnormal
fluid secretion in CF epithelia (3). However, if misprocessing
is overcome, �F508-CFTR has a functional activity (15). A
few studies have demonstrated that �F508-CFTR may be
appropriately located in CF epithelia of homozygous �F508
patients (16–18). A recent study, based on immunocytochem-
istry, has evidenced a gradient for the apical localization of
CFTR in freshly obtained nasal cells from non-CF subjects
(56%), carriers (42%), and �F508 homozygous patients (22%)
(18). This suggests that a modification of the cell quality
control could account for a possible correct CFTR location in
�F508 airway cells. Therefore, the cAMP-dependent anionic
conductance observed in our study in NCC from �F508 ho-
mozygous patients could be linked to the presence of a func-
tional �F508 CFTR at the apical membrane of NCC. This
results in a better hydration of mucous secretions, a better
pulmonary clearance and therefore a less severe pulmonary
disease. This could explain the overall better clinical status
observed in the “cAMP responders” patients of our study.

Evidence that some �F508 CFTR may be functionally ex-
pressed in the apical membrane has been shown in several
studies. In mice, the combination of forskolin and milrinone
hyperpolarizes the nasal epithelium of �F508 mice but not of
cftr(�/�) mice, which is indicative of a CFTR-induced Cl�

secretory response in �F508 mice (19). In humans, nasal
potential difference measurements have evidenced a significant
hyperpolarization in response to isoproterenol in �F508 pa-
tients (20–22). This residual CFTR activity seems to be clin-
ically relevant as the FEV1 is significantly better in the patients

with the greater ability to secrete Cl� in response to isuprel
(21, 22). Similarly, short circuit current studies in rectal suction
biopsies have shown that Cl� secretion in response to cAMP
agonists can be present in intestinal tissue of �F508 homozy-
gous patients (22–23) and correlates with a better nutritional
status and a milder CF lung disease (22).

However, it should be underlined that numerous immunocyto-
chemical focusing on the sweat glands (24), the bronchial tissues
(25), or primary cultures of CF airway epithelia (26) did not detect
any amount of �F508 CFTR at the apical cell membrane. We
cannot formally exclude that the response observed in the �F508
NCC cells could also be explained by alternative cAMP-
dependent Cl� channels. It has been indeed demonstrated that the
airway epithelium contains at least three stimulus-activated Cl�

conductance pathways, i.e. a Ca2�-activated conductance, a vol-
ume-activated conductance, and the CFTR conductance that is
activated by cAMP (27). In cftr�/� mice, it has been speculated
that the prominent Ca2�-mediated Cl� secretory pathway de-
tected in the airways protects the tissue from the absence of
CFTR-mediated Cl� conductance and prevents these animals
from CF lung disease (28). In humans, it has been suggested that
the variable electrophysiological characteristics observed in
�F508 CF respiratory and intestinal tissues might be explained by
these alternative Ca2�-regulated Cl� channels (29). Other modi-
fier genes or environmental factors could play an additional role
(30). In our experiments, we did not test the Ca2�-mediated
conductance but focused on cAMP-dependent conductance to
investigate CFTR function. Volume-dependent conductance may
be activated after preincubation of the cells in hypotonic buffer
leading to cellular swelling and generation of intracellular signals
including intracellular cAMP and [Ca2�]. This conductance might
contribute to the basal and cAMP conductance (31). However, in
our protocol, the cells are left to settle for 30 min after loading and
are studied at least 45 min after preincubation in the hypotonic
buffer. This time is probably enough for the cell to return to its
basal status and for the cAMP-stimulated anion conductance to be
deactivated. Besides, it should be underlined that the experimental
conditions are always similar. If there is any activation, this should
be present in all the samples. This therefore does not explain the
differences observed between the CF samples. We thus hypothe-
size that this cAMP-stimulated Cl transport could be due to
CFTR. But the formal proof can only be done after patch clamp
experiments.

In contrast to our results, two previous studies with SPQ
imaging in freshly isolated NCC did not find any cAMP-
regulated pathway in �F508 NCC (4, 11). This could be
explained by the fact that in both studies only a single mean
value was derived from the values from all cells from a given
subject. This procedure may underestimate the physiologic
heterogeneity in response and mask therefore the response of
cells displaying a cAMP-conductive pathway. However, one of
these studies underlines considerable variation and indeed
some overlap between the CF patients and the control group,
suggesting that some �F508 cells might have a cAMP-
dependent conductive pathway (11).

In our study, the cAMP conductance was not correlated with
the basal conductance, considering the proportion of cells or the
intensity of the fluorescence change. However, 6 of the 7 patients
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displaying a cAMP conductance had also a basal conductance and
a higher �Fbasal/�t. This is not due to a better sampling as the
quality quotation and the number of cells studied per patient did
not differ between the patients. Interestingly, the respiratory func-
tion tests were better in the group of patients displaying a basal
conductance. However, the difference did not reach the significant
level. This may be due to the lack of power of the study because
of the small number of patients. Basal Cl� current have been
recently described in native murine airways and it has been
hypothesized that they may be responsible for normal respiratory
function in CF mice (32). Further experiments are needed to
assess if human NCC basal conductance is linked with CFTR or
could in itself cause dysregulation of Cl� absorption and be
therefore a factor of disease severity.

We report variable levels of CFTR mRNA in NCC of both
CF �F508 patients and healthy volunteers, with no significant
reduction in �F508 patients in comparison with the healthy
subjects. These results are similar to those of other studies (12,
33, 34). No statistical correlation could be found between
CFTR transcript levels and the presence of a cAMP dependent
Cl� conductance. This confirms the results of a previous study,
based on techniques of microelectrodes that did not establish a
relationship between CFTR mRNA expression and electro-
physiological properties (34).

CONCLUSION

In conclusion, we demonstrated that the SPQ assay might be
routinely applied for studying cAMP-mediated anion transport
in freshly isolated, non-cultured human NCC. Considering the
cellular heterogeneity in airway samples, we developed a
qualitative analysis that could clearly distinguish between the
“cAMP responder” and the “non cAMP responder” subjects.
Although our results provide evidence for a considerable vari-
ability of cAMP Cl� conductance pathway in NCC from both
CF and non-CF subjects, �F508 homozygous CF patients with
residual CFTR activity appear to have a less severe disease.
This could be a part of the explanation for the clinical heter-
ogeneity in CF disease. This test could be applied to gain more
insight into the patient’s electrophysiological characteristics in
correlation with disease severity. Novel treatment to maximize
this pathway could be a new target for pharmacological therapy
in patients with a severe pulmonary disease.
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