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ABSTRACT:  New treatments for cystic fibrosis (CF), including gene therapy, are
currently being assessed.  These aim to correct the basic defects of increased sodi-
um absorption and decreased chloride secretion in airway epithelia.  Assessment of
these bioelectric parameters, particularly in the nasal epithelium, is likely to be
used as a measure of treatment efficacy.  However, the optimal in vivo protocol to
discriminate cystic fibrosis from non-cystic fibrosis subjects is unclear.  We have,
therefore, compared three protocols for measurement of the cystic fibrosis ion
transport defects in vivo in the nasal epithelium.

Sodium absorption was measured using both the baseline potential difference and
the response to the sodium channel blocker, amiloride.  Chloride secretion was
assessed in the presence of amiloride, using perfusion with isoprenaline, or terbu-
taline, or a low chloride solution followed by isoprenaline.

Baseline potential difference (PD) and the absolute response to amiloride clearly
differentiated the increased sodium absorption in the cystic fibrosis subjects.  The
responses both to terbutaline (∆PD:  non-CF:  -0.8 (SEM 0.7) mV;  CF:  -3.6 (0.5)
mV) and isoprenaline (non-CF:  1.5 (0.6) mV;  CF:  -2.9 (0.6) mV) differentiated
the two groups of subjects, but there was considerable overlap of values.  Perfusion
with a low chloride solution (non-CF:  12.6 (1.2) mV;  CF:  0.6 (0.4) mV), as well
as subsequent perfusion with isoprenaline (non-CF:  10.0 (1.1) mV;  CF:  -1.4 (0.4)
mV) allowed clear separation of the two groups, with no overlap of values.  Some
CF subjects showed a transient hyperpolarization to these stimuli, which could clear-
ly be differentiated from the sustained responses seen in non-cystic fibrosis subjects.

We conclude that sodium hyperabsorption in the nasal epithelium of cystic fibro-
sis subjects can be reliably assessed using the baseline potential difference and
the absolute change following amiloride.  The defect in chloride secretion may be
clearly measured (in the presence of amiloride) by perfusion with a low chloride
solution followed by isoprenaline.  We suggest that this protocol is appropriate for
in vivo assessment of new treatments for cystic fibrosis.
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Despite advances in medical therapy, most patients
with cystic fibrosis (CF) still die from respiratory fail-
ure.  The disease is characterized by abnormalities in ion
transport [1], in particular defective cyclic adenosine
monophosphate (cAMP)-regulated Cl- secretion.  This
relates to the CF gene product, the cystic fibrosis trans-
membrane conductance regulator (CFTR), which can
function as a cAMP-regulated Cl- channel.  Sodium ab-
sorption is also increased, though how this relates to the
chloride defect remains uncertain.  In turn, how either
bioelectric abnormality relates to the respiratory disease
is equally unknown.  Newer therapeutic approaches aimed
at these basic defects include reducing Na+ absorption
[2], or increasing alternate pathways of Cl- secretion
[3], but the most promising recent development may be
gene therapy.

Following the isolation of the CF gene [4], gene trans-
fer has been shown to correct the Cl- defect in vitro [5,
6].  More recently, this has also been demonstrated in

mouse models of CF [7, 8].  This has led to 10 groups
worldwide proposing phase I clinical trials of gene
therapy for CF.  One of the important end-points in
these trials will be the measurement of the CF ion trans-
port abnormalities in vivo. Although previous studies
have assessed components of the Na+ and Cl- related
changes in nasal potential difference (PD), the optimal
protocol for discriminating CF from non-CF subjects is
unclear.  Measurement of Na+ hyperabsorption can be
made using the baseline PD and the response to the Na+

channel blocker, amiloride [9].  Assessment of chloride
secretion across the apical membrane of the respiratory
epithelium is more difficult, since Cl- is approximately
at equilibrium [10].  Thus, an electrical or chemical gra-
dient for Cl- secretion is required to induce Cl- move-
ment.  Perfusion with amiloride provides the former, and
subsequent addition of agents elevating cAMP would
seem an attractive option to assess CFTR function.  Indeed,
this protocol was used in the first reported study of
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IN VIVO MEASUREMENT OF CF ION TRANSPORT

CFTR gene transfer to the human nasal epithelium
[11].  

An alternative approach is to induce a larger electro-
chemical gradient for Cl- secretion through perfusion of
a low Cl- solution in the presence of amiloride.  Subse-
quent perfusion with agents that increase cAMP are then
likely to induce a greater degree of Cl- secretion.  Con-
sequently, the larger changes in PD may then allow clea-
rer quantification of the CF bioelectric defects.  In turn,
better differentiation of the effects of gene transfer, inclu-
ding dose-dependent changes, may be achieved.  This
may be of particular relevance if gene transfer pro-
duces only partial correction of the bioelectric defect.
We have, therefore, assessed three protocols for mea-
surement both of the Na+ and the Cl- abnormalities char-
acteristic of CF.

Materials and methods

Nasal PD was measured using methods described pre-
viously [12, 13].  Briefly, the exploring electrode con-
sisted of a double lumen silicone rubber tube with the
openings of both lumens at the same site, 3 mm from
the tip.  One lumen was filled with an equal mixture of
Ringer's lactate and electrocardiographic (ECG) elect-
rode cream, connected to a high impedance voltmeter
via a silver/silver chloride electrode.  The second lumen
was perfused with the different solutions, as outlined
below, using a peristaltic pump which provided a con-
tinuous flow of 4 ml·min-1 throughout the perfusion pe-
riod.  The reference electrode consisted of a second
silver/silver chloride electrode placed over an area of
abraded skin on the forearm, again connected to the volt-
meter.  Prior to recordings, the offset of the electrodes
was measured and appropriate corrections made to rec-
orded values.

The exploring electrode was passed along the floor of
the nose, the maximum nasal PD recorded, and the tube
then positioned at this site.  Perfusion commenced with
the diluent alone, KH (Kreb's N-[2-hydroxyethyl]-piper-
azine-n'-[2-ethane-sulphonic-acid] (HEPES) of composi-
tion (mM):  Na+ 140, K+ 6, Mg2+ 1, Ca2+ 2, Cl- 152,
glucose 10 and HEPES 10, titrated to pH 7.4).  Following
stabilization of the PD, the perfusing solution was then
changed according to one of the three protocols outlined
below.  All solutions were perfused sequentially, such
that each new solution included the previous drugs.  Due
to the 3 ml dead space of the perfusion system, the new
perfusate reached the catheter tip approximately 45 s fol-
lowing solution change.  A low chloride solution was
prepared by substituting NaCl and KCl with equimolar
gluconate, giving a final Cl- concentration of 6 mM.
Fresh stock solutions (10 mM) of isoprenaline and terbu-
taline, each in 4% ascorbic acid, were prepared daily and
diluted as required.

Perfusion protocols

Protocol 1. Baseline KH - amiloride (100 µM) in KH
- amiloride (100 µM) + terbutaline (10 µM) in KH -
amiloride (100 µM) + isoprenaline (10 µM) in KH.

Protocol 2. Baseline KH - amiloride (100 µM) in KH
- amiloride (100 µM) + isoprenaline (10 µM) in KH -
amiloride (100 µM) + terbutaline (10 µM) in KH.

Protocol 3. Baseline KH - amiloride (100 µM) in KH
- amiloride (100 µM) in low chloride (6 mM) KH -
amiloride (100 µM) + isoprenaline (10 µM) in low chlo-
ride solution.

For protocols 1 and 2, the second β-agonist was per-
fused to help comparison of relative efficacy of the two
agents.  Each subject had one nostril perfused according
to protocol 1 and the other nostril according to protocol
2, in random order, with 10 min between tests.  On a
separate day, both nostrils were perfused according to
protocol 3, with the responses averaged for later analy-
sis.  For discussion purposes, increases and decreases
refer to the absolute magnitude of the PD (lumen nega-
tive).

Subjects

Six nonsmoking subjects (3 males and 3 females, mean
age 29 yrs, range 23–41 yrs) with no history of respira-
tory disease, and six CF subjects, homozygous for the
∆F508 mutation (3 males and 3 females, mean age 26
yrs, range 18–32 yrs) underwent each of the three pro-
tocols.  In addition, 4 normal volunteers and 2 homozy-
gous ∆F508 CF subjects were studied with protocols 1
and 2, and 6 normal volunteers and 19 homozygous
∆F508 CF subjects with protocol 3.  No subject had
previous nasal surgery, and all tests were performed at
least four weeks following an upper respiratory tract
infection.  Baseline values for 241 non-CF subjects,
including normal volunteers and subjects with bronchie-
ctasis, asthma, sarcoidosis, hypertension, diabetes melli-
tus, coeliac disease and known CF heterozygotes, are
also included, compared with 146 CF subjects of vari-
ous genotypes.  This includes some patients described
previously [13], where the reference electrode was a sub-
cutaneous cannula.  The study was approved by the Royal
Brompton Hospital Ethics Committee, and all subjects
gave informed consent.

Statistical analysis

The Wilcoxon signed rank test was used for compari-
son within the subjects who underwent all three pro-
tocols, and the Mann-Whitney U-test for comparison
between groups, unless data were normally distributed
(Student's t-test).  The null hypothesis was rejected at
p<0.05.

Results

Baseline nasal PD values for non-CF and CF subjects
are shown in figure 1.  Both populations describe nor-
mal distributions, with little overlap between the two
groups (p<0.0001).  Responses to perfusion with the Na+
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channel blocker, amiloride (100 µM), both as the absolute
change in PD and the percentage change in the baseline
PD, are shown in figure 2.  Although the absolute res-
ponse was significantly (p<0.0001) larger in the CF
subjects, the proportional response, expressed as a per-
centage of baseline, was not significantly different
between the two groups.  Thus, both the baseline PD and
the absolute response to amiloride clearly discriminate

CF from non-CF subjects on the basis of Na+ hyper-
absorption.

Neither isoprenaline nor terbutaline produced a sig-
nificant effect in non-CF subjects, when added either
after amiloride or following perfusion with the other
agent.  However, comparison of the two β-agonists sho-
wed that isoprenaline produced a small degree of hyper-
polarization, irrespective of order of addition (table 1).
In CF subjects, both agents, irrespective of order of addi-
tion produced a depolarization (fig. 3a and b).  On this
basis, both isoprenaline (p<0.01) and terbutaline (p<0.05)
could significantly distinguish CF from non-CF subjects.
However, in the CF subjects who underwent all three
protocols, 4 of the 6 responses to terbutaline, and 1 of
the 6 responses to isoprenaline, were within the non-CF
range (fig. 4).

To attempt to increase the discrimination between CF
and non-CF subjects, we then assessed the effect of
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Fig. 1.  –  Baseline nasal potential difference (PD) in:  a) non-CF sub-
jects (n=241);  and b) CF subjects (n=146) (p<0.0001).  CF: cystic
fibrosis.
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Fig. 2.  –  The change in baseline potential difference (∆PD) pro-
duced by amiloride, 100 µM, in CF (n=25) and non-CF (n=12) sub-
jects.  a)  absolute effect (p<0.0001);  b)  effect expressed as a
percentage of the baseline value (p=NS).  CF: cystic fibrosis;  NS: non-
significant.

Table 1.  –  Baseline potential differences (PD) and change in PD for the different protocols in CF and non-CF
subjects

Protocol 1 Protocol 2 Protocol 3

CF Non-CF CF Non-CF CF Non-CF

n 8 10 8 10 25 12
Baseline  mV 52.4 (4.9)** 17.0 (1.0) 50.1 (4.1)** 18.0 (1.9) 46.5 (2.0)*** 15.9 (1.2)
∆Amil  mV -29.3 (3.0)** -10.4 (0.9) -31.8 (3.8)* -11.7 (1.4) -23.9 (1.9)*** -8.7 (0.7)
∆Solution 1  mV -3.6 (0.5)+ -0.8 (0.7)$ -2.9 (0.6)** 1.5 (0.6)† 0.6 (0.4)*** 12.6 (1.2)
∆Solution 2  mV -1.0 (0.8)* 2.6 (0.7) -1.0 (0.2) -2.0 (0.7) -1.4 (0.4)*** 10.0 (1.1)

Data are presented as mean and SEM in parenthesis.  Each protocol commenced with measurement of baseline potential difference
and subsequent perfusion with amiloride (∆Amil) 100 µM).  Subsequent perfusion included combinations of isoprenaline (isop) 10
µM, terbutaline (terb) 10 µM or low chloride solution (low Cl-) 6 mM, as indicated.  Protocol 1:  terb-isop;  Protocol 2:  isop-
terb;  Protocol 3:  low Cl--isop.  Solution 1:  first solution after amiloride (e.g. Protocol 1=terb).  Solution 2:  second solution (e.g.
Protocol 1=isop) +:  p<0.05;  *:  p<0.01,  **:  p<0.001;  ***:  p<0.0001 CF vs non-CF for same intervention. †:  p<0.0001 for
comparison of isop alone versus isop in the presence of low chloride in non-CF subjects;  $:  p<0.05 for comparison of isop vs
terb, each as the first solution in the non-CF subjects.  CF:  cystic fibrosis.
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perfusion with a low chloride solution, followed by iso-
prenaline.  In the 6 non-CF subjects, low chloride (6
mM) perfusion produced a significant (p<0.05) hyper-
polarization, maximal at approximately 5 min;  subse-
quent addition of isoprenaline (10 µM) induced a
further significant (p<0.05) hyperpolarization.  In con-
trast, the 6 CF subjects showed no significant changes
at 5 min to perfusion with either low chloride or iso-
prenaline solutions (fig. 3c and table 1).  The difference
between the non-CF and CF responses both to low
Cl- and isoprenaline were both significant (p<0.01).
No responses in the 6 CF subjects to either solution
overlapped with those of the 6 non-CF subjects (fig.
4).

Typical responses to the three protocols are shown in
figure 5.  Although the overall response (measured at 5
min) in the CF subjects showed no hyperpolarization,
many subjects exhibited an initial transient response to
perfusion with isoprenaline or terbutaline alone.  In 6

out of 16 responses to terbutaline and 9 out of 16
responses to isoprenaline in 8 CF subjects, these initial
hyperpolarizations were greater than 1 mV in magnitude.
None of the 20 responses to either isoprenaline or ter-
butaline in 10 normal subjects, exhibited these initial
transients.

Similar, though larger, transient hyperpolarizations
were seen in the CF subjects following perfusion with
the low chloride or subsequent isoprenaline solutions
(fig. 5).  These transient responses were greater than 1
mV in 64 out of 86 individual recordings from 25 CF
subjects.  In some subjects, it was consistently more
marked in one nostril than the other when measured
three times at weekly intervals (fig. 6).  In 28 recor-
dings from 12 non-CF subjects, no such initial hyper-
polarization was seen, though in view of the rapid onset
of the normal response to both low chloride and isopre-
naline (fig. 5f), small transients obscured by the large
normal response cannot be excluded.
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Fig. 3.  –  Mean responses to Cl- secretagogues in non-CF (●, n=6) and CF (❍, n=6) subjects following perfusion with amiloride (100 µM).  All
p-values refer to comparison of non-CF versus CF responses measured at 5 min.  a)  sequential perfusion with terbutaline (T), 10 µM, (p<0.05)
and isoprenaline (I), 10 µM;  b)  sequential perfusion with isoprenaline (I) 10 µM, (p<0.01) and terbutaline (T) 10 µM;  c)  sequential perfusion
with a low chloride (Cl), 6 mM, (p<0.01) solution and isoprenaline (I) 10 µM, (p<0.01).  Error bars indicate SEM.  CF: cystic fibrosis;  ∆PD: change
in baseline potential difference.

Fig. 4.  –  The change in potential difference (∆PD), measured at 5 min, in cystic fibrosis (CF) (❍, n=6) and non-CF subjects (●, n=6) in response
to terbutaline (10 µM), isoprenaline (10 µM), low chloride solution (6 mM) alone, isoprenaline (10 µM) in the presence of low chloride, and the
sum of the responses to low chloride and isoprenaline (10 µM).  P-values are the same as fig. 3; comparison of low chloride plus isoprenaline
(p<0.01).
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Fig. 5.  –  Typical responses in one cystic fibrosis (CF) (a–c) and one non-CF (d–f) subject.  In each case the change in potential difference (∆PD)
is shown subsequent to perfusion with amiloride, 100 µM.  a) and  d)  sequential perfusion with terbutaline (T), 10 µM, and isoprenaline (I) 10
µM;  b) and  e) sequential perfusion with isoprenaline (I), 10 µM, and terbutaline (T) 10 µM;  c) and  f) sequential perfusion with a low chloride
(Cl) solution 6 mM, and isoprenaline (I) 10 µM.
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Fig. 6.  –  Typical responses in one cystic fibrosis (CF) individual to sequential perfusion with a low chloride solution (Cl) 6 mM and isoprenaline
(I), 10 µM, in the presence of amiloride, 100 µM, at weekly intervals (a–c).  Responses were measured both in the left (●) and right nostril (❍).
∆PD: change in baseline potential difference.
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Discussion

In preparation for studies of CFTR complementary
deoxyribonucleic acid (cDNA) transfer to the nasal epi-
thelium, we sought to develop a protocol for in vivo
measurement of nasal PD which would best discri-
minate the Na+ and Cl- abnormalities characteristic of
CF.  The clearest distinction between the CF and
non-CF subjects was found with the sequential perfu-
sion of amiloride, low chloride and isoprenaline solu-
tions.

As the nasal epithelium both demonstrates the CF
bioelectric defects and is easily accessible, this area
provides a convenient site for the assessment of treat-
ment efficacy.  We have previously described a simple
technique for the measurement of nasal PD along the
floor of the nasal cavity [13].  Both baseline PD and the
absolute response to amiloride provided good discrimi-
nation of the increased Na+ absorption in CF.  The
amiloride effect, expressed as a percentage of baseline
PD was, however, variable and did not differentiate
between CF and non-CF subjects.  Previous studies have
shown that perfusion of amiloride onto the inferior sur-
face of the inferior turbinate produced a significantly
greater inhibition of the baseline PD in CF subjects,
measured either as the absolute change in PD, or as a
percentage of baseline [9, 14].  The greater proportion
of ciliated epithelial cells at this site may explain the
different findings [15], but differences in technique, in-
cluding rate and composition of the perfused solution
may also be important.  The baseline PD may be redu-
ced by infection [16] and mild trauma [15]; therefore,
changes following gene transfer to CF subjects may not
necessarily indicate correction of the Na+ hyperabsorp-
tion seen in CF.  Thus, assessment of Cl- secretion will
also be required.

Stimulation of Cl- secretion through cAMP-regulated
pathways should provide the optimal index for assess-
ing the CF bioelectric defect.  However, perfusion of
terbutaline or isoprenaline, in the presence of amiloride
alone, produced only small responses in either group,
with considerable overlap of values.  In a recent study
measuring PD along the medial aspect of the inferior
turbinate, the responses to terbutaline in CF and non-
CF subjects were similar to those seen in our study,
although clear discrimination was found between the
two groups of subjects [11].  Under baseline conditions,
there is little driving force for Cl- secretion [10].  Alth-
ough amiloride will increase the electrical gradient for
Cl- secretion, this appears to be insufficient to allow β-
agonists to produce large responses in vivo.  Given this
and the unknown effect on the electrophysiological pro-
file of partial correction of the CF defect, we assessed
the effect of perfusion with a low Cl- solution [12].  This
will increase efflux through all open Cl- channels, and
is, therefore, less specific for the cAMP-regulated Cl-

defect [17].  However, similar techniques have been used
to demonstrate the CF Cl- impermeability in both respi-
ratory [14] and sweat gland [18] epithelia, and clearly
differentiated CF subjects, with no overlap with non-CF
values.

Following low Cl- perfusion, the effect of isoprenaline
increased approximately seven-fold in the non-CF sub-
jects.  This suggests that the relatively small response
to isoprenaline alone, in these subjects, was not due to
failure of drug delivery.  Rather, it reflects the small
driving force for Cl- secretion induced by perfusion with
amiloride alone.  In the CF subjects, the response to iso-
prenaline was not altered by low chloride solution, con-
firming that Cl- secretion remains defective despite large
gradients for secretion.  Thus, the largest Cl- secretory
response in non-CF subjects was induced through sequ-
ential perfusion with low Cl- and isoprenaline solutions.
Our in vivo measurements of nasal PD include variation
in the signal up to approximately 1 mV (fig. 5), due to
respiration and movement artefacts.  Although averag-
ing the response from both nostrils, and repeating the
measurements in an individual subject will tend to mini-
mize this noise, increasing the magnitude of the signal
with low Cl- may represent the optimal protocol for
assessment of the Cl- defect in the CF nasal epithelium
in vivo.

The initial transient hyperpolarization in the CF sub-
jects following either isoprenaline, terbutaline or low
Cl- solutions was an unexpected finding.  This is unli-
kely to be an artefact, since it did not occur with  per-
fusion of either diluent or amiloride, nor was it seen in
the non-CF subjects.  Perfusion with a low Cl- solution
will induce a junctional potential with both the gel
around the exploring electrode and the interstitium of
the nasal mucosa.  However, these are likely to be app-
roximately equal and opposite, causing little net effect,
and to be similar in both CF and non-CF subjects.
Furthermore, this would not explain the transients seen
with the β-agonists alone. Previous in vitro studies have
demonstrated that the CF respiratory epithelium can
produce small, transient increases in Cl- secretion, fol-
lowing addition of membrane permeable analogues of
cAMP [19], which were abolished following depletion
of Ca2+ stores.  Both because of this, and since isopre-
naline transiently increases intracellular Ca2+ [20], we
speculate that the β-agonist induced responses may
represent Cl- secretion through a Ca2+-regulated path-
way.  Both this and the origin of the hyperpolarization
following perfusion with a low Cl- solution requires fur-
ther investigation.  Irrespective of the origin of this ini-
tial response, CF and non-CF subjects could be clearly
distinguished on the basis of the sustained response to a
low chloride solution as measured at 5 min.

In conclusion, we suggest that the Na+ and Cl- defects
in CF nasal epithelium can be clearly distinguished by
sequential perfusion of amiloride, a low Cl- solution
and isoprenaline. Optimization of the discrimination bet-
ween CF and non-CF subjects is likely to be important
in the assessment of the effects of CFTR gene trans-
fer.
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