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Abstract
Background/Aims: While the Cl- efflux assays are
relatively straightforward, their ability to assess the
efficacy of phenotypic correction in cystic fibrosis (CF)
tissue or cells may be limited. Accurate assessment
of therapeutic efficacy, i.e., correlating wild type CF
transmembrane conductance regulator (CFTR) levels
with phenotypic correction in tissue or individual cells,
requires a sensitive assay. Methods: Radioactive
chloride (36Cl) efflux was compared to Ussing chamber
analysis for measuring cAMP-dependent Cl- transport
in mixtures of human normal (16HBE14o-) and cystic
fibrosis (CF) (CFTE29o- or CFBE41o-, respectively)
airway epithelial cells. Cell mixtures with decreasing
amounts of 16HBE14o- cells were evaluated. Results:
Efflux and Ussing chamber studies on mixed
populations of normal and CF airway epithelial cells
showed that, as the number of CF cells within the
population was progressively increased, the cAMP-
dependent Cl- decreased. The 36Cl efflux assay was
effective for measuring Cl- transport when  25% of

the cells were normal. If < 25% of the cells were
phenotypically wild-type (wt), the 36Cl efflux assay was
no longer reliable. Polarized CFBE41o- cells, also
homozygous for the F508 mutation, were used in
the Ussing chamber studies. Ussing analysis detected
cAMP-dependent Cl- currents in mixtures with 1%
wild-type cells indicating that Ussing analysis is more
sensitive than 36Cl efflux analysis for detection of
functional CFTR. Conclusions: Assessment of CFTR
function by Ussing analysis is more sensitive than 36Cl
efflux analysis. Ussing analysis indicates that cell
mixtures containing 10% 16HBE14o- cells showed 40-
50% of normal cAMP-dependent Cl- transport that
drops off exponentially between 10-1% wild-type cells.

Introduction

The development of methods for rapidly measuring
Cl- ion transport has been important for the
characterization of CF epithelial cells [1-6], especially in
the context of developing novel genetic and
pharmacological therapies for CF [7-15]. The
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implementation of strategies for transferring wild-type
(wt) CF transmembrane conductance regulator (CFTR)
sequences into the CF epithelial cells or the development
of agents that activate mutant CFTR has made it
increasingly important to have a means to efficiently
evaluate Cl- ion transport [7, 8, 10-12, 14, 15]. In particular,
it will be important to determine whether the transfection
of the wtCFTR into CF epithelial cells and the level of
CFTR expression is adequate for correcting the Cl- ion
transport phenotype in the cells [16]. One approach that
has been effective uses radioactive chloride (36Cl) efflux
and has been effective to evaluate cAMP-, calcium- (Ca)
[1, 17], and swelling-dependent [1, 6, 18] Cl- transport in
epithelial cells. The efflux of radioactive Cl- is appealing
when compared to the other methods, because it is not
only rapid, but does not require complicated and expensive
equipment outside of the standard equipment present in
most laboratories. In addition, it does not require cell
polarity and the interpretation of the data is
straightforward.

Measurement of radioactive Cl- (36Cl) efflux has
been useful to verify whether CF epithelial cells have
been functionally complemented after the introduction of
wtCFTR cDNA [19]. However, the use of this technique
as the sole measure of Cl- ion transport may be
shortsighted, since it is not clear how the level of wtCFTR
expression correlates with detectable 36Cl efflux and
whether this approach is adequate for assessing the
efficacy of a genetic or pharmacological therapy for CF.
The studies presented here comparing Ussing chamber
analysis to 36Cl efflux suggest that an adjuvant measure
is necessary to provide a more comprehensive overview
of cAMP-dependent Cl- ion transport characteristics of
in vitro cell systems.

Materials and Methods

Cell culture and cell lines
The cells used in this study have been described

previously and were isolated from airways of a normal and CF
( F508/ F508) individuals and then used to generate the
immortalized cell lines 16HBE14o- [3], CFTE29o- [20], and
CFBE41o- [21-24]. The 16HBE14o- cells have intact cAMP-
dependent Cl- ion transport, are polar, and express abundant
levels of endogenous CFTR mRNA and protein [3]. The
CFTE29o- and CFBE41o- cells are homozygous for the F508
mutation, express CFTR mRNA and protein, and are defective
in cAMP-regulated Cl- ion transport [20, 21, 23, 25]. In contrast
to CFTE29o- cells, the CFBE41o- cells have retained their ability
to form tight epithelial monolayers and are suitable for
transepithelial experiments in Ussing chambers [23, 24]. While

F508-CFTR mRNA expression is detectable by PCR, the levels
of expression are low when compared to 16HBE14o- cells [20-
22, 24] (~1.6% of 16HBE14o- levels, unpublished observations).
Stock cultures of all cell types were grown in Eagle’s minimal
essential medium (MEM) supplemented with 10% fetal calf
serum (FCS) and antibiotics on plasticware or Snapwell inserts
coated with a cocktail of fibronectin (FN)/ Vitrogen (V)/bovine
serum albumin (BSA) [26, 27]. Stock cultures were maintained
until the experiments were initiated and all cells were grown
under humidified conditions in an atmosphere of 5% CO2.

36Cl efflux measurements
Stock cultures were trypsinized, resuspended in fresh

MEM, and counted on a hemocytometer. The 16HBE14o- cells
were then mixed with CFTE29o- cells at different ratios (100:0,
75:25, 50:50, 25:75, 10:90, 1:99, respectively), and plated on 35
mm dishes in triplicate. Approximately 3 x 105 cells total were
plated onto each dish. Cultures were grown until they had just
reached confluence (~24-48 h) and then labeled with 36Cl. The
efflux of Cl- was measured after a 2 h loading with 2 μCi of 36Cl
as previously described [2, 3]. Briefly, the cells were grown to
confluence. The growth medium was removed and cultures
were rinsed twice with 2 ml efflux buffer (140 mM NaCl, 3.3 mM
KH2PO4, 0.83 mM K2HPO4, 1 mM CaSO4, 1 mM MgSO4, 10mM
HEPES, pH 7.4, 10 mM glucose). After rinsing, fresh efflux buffer
(1 ml) containing 2 μCi/ml 36Cl was added to each dish for a 2 h
incubation at 37°C. Each dish was then washed by dipping
into 2 beakers with 200 ml efflux buffer; for a total wash time of
8-10 sec. Following washing, 1 ml of fresh efflux buffer was
added and the cells were again incubated at 37°C. Efflux buffer
was removed and replaced with fresh medium at 1 min intervals.
After 3 min, the Cl- secretagogue, forskolin (10-5 M) was added
to stimulate Cl- efflux. Additional buffer samples were removed
and replaced at the subsequent 1 min intervals. At the end of
the experiment, the 36Cl remaining in the cells was extracted
with 1 ml of 0.1 N HCl overnight at 4°C. Samples were added to
4 ml scintillation cocktail and counted.

The % efflux per one min timepoint was calculated as
follows:
% efflux/min = cpm for sample/total cpm available at this time.

Transepithelial Cl- current measurements
Stock cultures of cells were trypsinized, resuspended in

fresh MEM, and counted on a particle counter (Coulter Z Series;
Coulter Inc., Miami, Fl). The 16HBE14o- cells were labeled with
green fluorescent protein (GFP) using an adenovirus (Ad5-
GFP, University of Iowa, 100 MOI), added to CFBE41o- cells at
increasing ratios (0.01%, 0.1%, 1%, 10%, respectively), and
then plated on 12 mm Costar Snapwell inserts (Corning, Lowell,
MA) in triplicate. Approximately 105 cells total were plated onto
each insert. Mixed cultures were grown for 6-8 days and inserts
were mounted onto Easy Mount Ussing chambers (Physiologic
Instruments, San Diego, CA). Transepithelial short circuit
current (ISC) was measured using a voltage clamp (VCC MC6,
Physiologic Instruments, Can Diego, CA) with Ag/AgCl
electrodes (World Precision Instruments, Sarasota, Florida)
connected to the chamber solutions through 3% agar bridges
containing 1 M KCl. A basolateral-to-apical Cl- gradient was
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established to increase the electrochemical driving force for Cl-

secretion across the apical membrane. The basolateral solution
was composed of: (in mM; 120 NaCl, 25 NaHCO3, 5 KCl, 1.2
NaH2PO4, 5.6 glucose, 1.0 CaCl2, and 1.2 MgCl2), while the apical
Cl--free solution was composed of: (in mM; 120 Na-gluconate,
20 NaHCO3, 5 KHCO3, 1.2 NaH2PO4, 5.6 glucose, 2.5
Ca(gluconate)2, and 1.2 MgSO4). Both chamber compartments
were separately perfused with 5 ml of each solution at 37oC,
respectively, and gassed with 5% CO2 in air to give a pH of 7.4.
Positive currents were defined as the movement of anions in
the basolateral-to-apical direction. Transepithelial ISC measured
under these conditions is indicated as ICl and was recorded at
5 Hz by an analog-to-digital board (DATAQ Instruments, Inc.
Akron, OH) interfaced with a computer.

Fluorescence microscopy
Mixed monolayer cultures of CFBE41o- and 16HBE14o-

were grown on Snapwell filters and evaluated ~2 h prior to
Ussing chamber analysis on an inverted fluorescence
microscope (Olympus IMT-2) equipped with a Lambda LS
xenon arc lamp (Sutter Instruments, Novato, CA), and a cooled
charge-coupled device camera (Photometrics Coolsnap HQ,
Roper Scientific) that is controlled by a computerized image
acquisition system (Metafluor version 6.0, Universal Imaging
Corp.). Samples were observed with a 10x objective and excited
at 470 nm. Fluorescence was collected at >515 nm. The number
of GFP-expressing cells within the mixed cell populations,
i.e., non-fluorescing CFBE41o- cells mixed with GFP-expressing
16HBE14o- cells was estimated from the pixel count above
background and relative to the count observed from monolayers
of pure GFP-expressing 16HBE14o- cells. Image analysis
was carried out using ImageJ (version 1.43u, http://
rsb.info.nih.gov/ij).

Chemicals
Unless otherwise specified, reagents and chemicals were

obtained from Sigma (St. Louis, MO). Genistein and CFTR-
inh172 were prepared as a 20 mM stock solution in DMSO. The
adenylate cyclase activator forskolin (Calbiochem, La Jolla, CA)
was prepared in DMSO as a 20 mM stock solution and used at
a final concentration of 20 M; 1-Ethyl-2-benzimidazolinone
(EBIO) (Aldrich Chemical Company, Inc, Milwaukee, WI) was
prepared as a 1 M stock solution in DMSO and used at a final
concentration of 1 mM.

Results

36Cl efflux measurements
The different mixed cell populations were assayed

at 1 min time intervals. Forskolin (10-5 M) was added 3
min after the initiation of the experiment. There was a
progressive increase in the amount of 36Cl released from
the cells in response to forskolin stimulation that appeared
to be directly correlated with the proportion of wild-type
cells within the population (Fig. 1). When the fraction of

cells expressing the wild-type CFTR was  25%, the
assay was unable to detect any cAMP-dependent Cl-

transport. Previous studies showed that the 16HBE14o-
cells were able to secrete Cl- in response to forskolin
stimulation [3] and that the CFTE29o- cells were defective
in cAMP-dependent Cl- transport [20, 25]. The results
presented here are consistent with those findings.

Transepithelial CFTR Cl current measurements
Mixed cultures of CFBE41o- and 16HBE14o- cells

were obtained by serial dilutions from a stock of 1x105

GFP-labeled 16HBE14o- cells. Confluent monolayers
were sequentially exposed to forskolin (2x10-5 M; serosal),
EBIO (10-3 M; serosal), and genistein (10-5 M, apical) to
stimulate maximum CFTR Cl- transport. The CFTR
blocker, CFTR(inh)-172 (2x10-5M, mucosal), was used
to identify and quantify the magnitude of CFTR-mediated
Cl- currents in each monolayer. The original traces of
transepithelial Cl- currents in pure CFBE41o- monolayers
(0% 16HBE14o-), and mixed cultures of CFBE41o- cells

Fig. 1. A representative example of the changes in the rate of
Cl- efflux following stimulation with the cAMP agonist,
forskolin. Mixed populations of cells were plated in 35 mm
dishes, incubated in the presence of 36Cl-, and then assayed for
cAMP-dependent 36Cl- efflux. The rate of 36Cl- efflux was
measured a 1 min intervals. Forskolin (10-5 M) was added 3 min
after the beginning of the experiment as indicated by the arrow.
The proportion of normal, 16HBE14o-, cells within the
population is indicated at the right. Error bars indicate ± SEM.
Each data point is the mean of 3 independent measurements,
i.e., n = 3.
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containing 0.1% 16HBE14o-, 1% 16HBE14o-, and 10%
16HBE14o-, and pure 16HBE41o- monolayers (0%
CFBE41o-) are shown in Fig. 2 A-E, respectively. The

relative proportion of wtCFTR expressing, GFP-labeled
16HBE14o- cells can be visualized by GFP fluorescence
(Fig. 2 F-J). As a basis for comparison, visual light images

Fig. 2. Ussing chamber analysis of CFTR Cl- transport in mixed monolayer cultures of CFBE41o-/16HBE41o-
cells. Original short-circuit current traces (A-E) of transepithelial Cl- currents (ICl) in (A) pure cultures of
CFBE41o- monolayers (100% CFBE41o-/0% 16HBE14o-), mixed cultures of CFBE41o-/16HBE14o- cells with
increasing numbers (B) 0.1%, (C) 1%, and (D) 10%, of GFP-labeled 16HBE14o- cells, and (E) pure cultures of
16HBE14o- monolayers (100% 16HBE14o-/0% CFBE41o-). CFTR Cl currents were step-wise stimulated by
sequential additions of the CFTR Cl channel openers forskolin, 1-ethyl-benzimidazolinone (EBIO), and genistein.
The CFTR blocker CFTR(inh)-172 was used to quantify CFTR-mediated ICl. Even though different y-axis scales
are used (A-C vs D and E), a small (~0.4 μA/cm2) inhibitory effect of CFTR(inh)-172 was detected, suggesting
residual F508-CFTR activity in 100% CFBE41o- cultures. Corresponding live cell GFP fluorescent images (F-
J) of pure and mixed cell populations provide visual evidence of the relative proportion of GFP-labeled,
wtCFTR expressing 16HBE14o- cells within each population; (F) 100% CFBE41o- cells, 16HBE14o-/CFBE41o-
cultures containing (G) 0.1%, (H) 1%, (I) 10% GFP-labeled 16HBE14o- cells, and (J) 100% 16HBE14o- cells. (K-
O) Bright-field images of corresponding monolayers. (magnification: x100).
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of the cells in the fluorescent field (Fig. 2 K-O) are
adjacent to the GFP images. The fluorescence obtained
from mixed monolayers is shown as a function of the
GFP-labeled 16HBE14o- cells seeded (Fig. 3). The
fluorescence increased as a function of increasing
numbers of GFP-labeled cells that were seeded. The slope
of the graph is close to unity (0.92±0.09; n=2), thereby
indicating that the two cells lines used in the Ussing
chamber analyses can be quantitatively mixed and without
any appreciable change in the relative proportion of each
cell line within the mixed cultures during the culture period
prior to the measurement of short circuit current.

Changes in transepithelial Cl current ( ICl) after
stimulation with a cocktail of the CFTR transport
enhancers forskolin, EBIO, and genistein (Fig. 4A) and
subsequent inhibition with the CFTR blocker CFTR(inh)-
172 (Fig. 4B) were significantly increased in mixed
CFBE41o- monolayers containing 1% and 10%
16HBE41o- cells. These studies suggest that the addition
of 1,000-10,000 cells, respectively, expressing native
wtCFTR, to 105 CFBE41o- cells displayed detectable
CFTR Cl- currents with the Ussing chamber assay and
are summarized in Fig. 4C. Lower numbers of cells
expressing native wtCFTR (10 cells/cm2 (data not shown),
or 100 cells/cm2, Fig. 4B), when added to the CFBE41o-

Fig. 3. Analysis of GFP-fluorescence observed in mixed
CFBE41o- and 16HBE14o-monolayers. Fluorescence was
quantified in images shown in Fig. 2F-J and plotted as a function
of the percentage of the GFP-labeled 16HBE14o- cells seeded.
Observed fluorescence above background is expressed as the
fluorescence relative to that obtained from monolayers of pure
16HBE14o- cells (=100%) expressing GFP. Note log-log scaling.
Correlation is significant, p=0.001, r=0.99, slope=0.92±0.09.

Fig. 4. CFTR Cl- currents in polarized monolayer mixtures of
CFBE41o-/16HBE14o-. Changes in transepithelial Cl- current
( ICl) upon: (A) stimulation with a cocktail of CFTR transport
enhancers (forskolin, 2x10–5 M; EBIO, 10-3M; genistein, 10-5

M), and (B) inhibition with the CFTR blocker CFTR (inh)-172
(2x10-5 M, mucosal). The portion of normal, 16HBE14o-, cells
within the population is indicated. Stimulated and blocked CFTR
Cl- currents were significantly increased in mixed monolayers
containing 1%, 10%, and 100% 16HBE14o- cells, respectively.
(C) Graphic representation of stimulated and CFTR(inh)-172-
sensitive ICl of CF cultures with varying proportions of non-CF
bronchial epithelial cells. Data are presented as a percentage of
the changes in ICl measured in cultures containing 100%
16HBE14o- cells. Note that mixed CF monolayers with ~10%
normal cells generated ~35-40% of the ICl observed for
monolayers containing 100% normal CFTR cells. Data are
expressed as mean values ± SEM; n = 2-5 experiments per group.

Sensitivity of Chloride Transport Detection Cell Physiol Biochem 2010;26:983-990
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Table 1. Transepithelial Cl Current and Resistance in mixed CFBE41o-/16HBE14o- cultures. Legend: The table shows the
transepithelial resistance (Rt) and short-circuit Cl current (ICl) values before and after stimulation with forskolin (20 μM), EBIO (1
mM) and genistein (10 μM), and after inhibition with CFTR-inh172 (20 μM). The changes in ICl after stimulation ( Istim) and
inhibition ( Iinh) are also indicated. Values are expressed as the mean ± standard error of the mean (SEM); n = the # of measurements.

cells, did not result in significant current changes. These
data and the concomitant changes in transepithelial
resistance (Rt) at baseline, after stimulation and inhibition
are summarized in Table 1.

Discussion

The cAMP-dependent Cl- ion transport defect is one
of the most well defined biochemical feature
characterizing CF. Correction of this Cl- transport defect
in CF epithelial cells is an integral component of CF
therapy, whether it is genetic, pharmacological, and/or
cellular [12, 15, 28-31]. Therefore, an effective means to
measure changes in this biological endpoint will be an
important factor in determining the extent and duration
of correction in tissue and cells. Among the assays
currently in use for the measurement of Cl- ion transport,
the efflux of 36Cl has a particular appeal. However, there
has been little work done to determine the sensitivity of
this assay. The results presented here indicate that this
assay has some limitations for assessing the effectiveness
of gene complementation or correction as well as CFTR
activation within mixed populations of cells and implies
that either the proportion of cells expressing wtCFTR or
the level of wtCFTR needs to be at minimal level to be
detectable.

The measurements made with the Cl- efflux assay
indicated no significant cAMP-dependent Cl transport
when the proportion of wild-type cells within the population
was  25%. This is in conflict with a previous study that
showed 20% wtCFTR expressing cells resulted in ~70%
of the Cl- current observed in the wild-type cells alone
[16]. On the other hand, transepithelial Cl current
measurements on mixed monolayers indicated detectable

cAMP-dependent Cl- currents when the fraction of wild-
type cells within the CF population was 1%. Furthermore,
transepithelial ICl with 10% wild-type cells resulted in a
ICl that was 40-50% of the cAMP-dependent Cl- observed
in the wild-type cells (Fig. 3) and is consistent with
previous studies assessing transepithelial current in freshly
isolated epithelial cells [32] or in CF epithelial cells
complemented with a wtCFTR cDNA [16]. Furthermore,
there does not appear to be any apparent functional
differences in the ion transport characteristics of
heterozygotes that carry only one wtCFTR allele [33].

One interesting aspect of the studies presented here
is the exponential decrease in Cl- secretion between 10%-
1% normal cells. This suggests that the pathways
underlying processing and recycling of CFTR may become
saturated as the level of wtCFTR approaches 10%. This
is also consistent with a recent study that showed normal
ion transport properties and normalized IL-8 secretion in
mixed cultures containing 90% CF and 10% non-CF
human bronchial epithelial cells [34]. While it has been
suggested that these observations indicate involvement
of gap-junctional communication via connexins [35-37],
the underlying mechanism that links wtCFTR function to
IL-8 secretion is not known and further investigation will
be required to dissect the pathways involved.

The discrepancy between the 36Cl efflux assay and
transepithelial ICl could be due to the relative sensitivity
of the assays. This difference may also be a reflection of
the nature of the monolayers, in that, the lack of polarity
in the CFTE29o- cell mixtures might also alter the cell-
cell communication networks that influence global Cl- ion
transport [35, 36, 38].

Recent studies have also shown a positive correlation
between the expression of wtCFTR and the formation of
tight junctions [39-41]. It is difficult to assess the effect
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of wtCFTR in tight junction formation from the studies
presented here, since the wild-type 16HBE14o- cell
monolayers have a lower baseline Rt than the CFBE41o-
cells (Table 1). This is likely due to the junctional properties
characteristic of each cell line at the time of the studies.
The apparent increases in Rt when there is 0.1 or 1%
16HBE14o- cells within the mixtures may reflect an
increase due to wtCFTR. However, this observation will
require more detailed analysis in multiple polar cell
systems.

The observations made in this study demonstrate
the variability between different assay systems and the
data that can be generated. These findings are not only
significant for gene or stem cell-based therapies, but also
for therapies that rely on the enhancement of the
endogenous mutant CFTR expression. Both the number
of cells expressing wtCFTR or the level of functional or
partially functional CFTR expression on a per cell basis
will require more than 36Cl efflux if the amount of
functional CFTR is  25%.

While the results presented in this study do not show
the cooperation between adjacent cells as a potential
mechanism to account for this far reaching effect, the
possibility that the two different cell lines tested are
refractory to such interaction cannot be excluded. This
may be due, in part, to gap junction interactions and the
connexin profiles of the individual cell lines [35, 37].

Gene, stem cell or pharmacological therapy strategies
that result in < 25% effective CFTR correction, as has
been detected in various adenovirus, adeno-associated
virus, and liposome-mediated clinical trials [10, 42-44],
as well as gene targeting strategies for CF showing
correction in ~ 1% of cultured cells, will require other
electrophysiological assays such as Ussing chamber
analysis to determine their effectiveness [11, 25]. This
will require that the cells analyzed are able to form and
maintain tight junctions and close cell-to cell contact and
will be a critical element for the design of pharmacological
and cell therapy trials for CF lung disease. In addition,
studies will be needed to ascertain whether the overall
effectiveness of gene therapy that corrects cAMP-
dependent Cl- ion transport will depend on the connexin
profiles of the treated cells [35, 37].
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