
Introduction
Extracellular nucleotide signaling affects epithelial cell
function. There are 2 subtypes of ATP, or purinergic
(P2), receptors. Nucleotides can bind to either P2Y G
protein–coupled receptors or P2X ion channel–form-
ing receptors. Through either of these purinergic
receptor subtypes, ATP is able to stimulate an increase
in intracellular Ca2+ (1–3). P2Y receptors (P2YRs) cou-
ple to phospholipase C, leading to production of inos-
itol-1,4,5-triphosphate (IP3) and mobilization of Ca2+

from internal stores (2). P2X receptors (P2XRs) form
Ca2+-permeable nonselective cation channels that
allow Ca2+ influx from extracellular stores (3, 4).

P2YRs are expressed by epithelia (5–7). Hints in the lit-
erature solidify our hypothesis that P2XR channels may
be expressed, and have physiological importance, in
epithelia. Korngreen et al. showed the presence of ATP-
gated cation currents reminiscent of P2XR channels in
freshly isolated rabbit airway ciliated epithelial cells (8).
The identity of the P2XR channels in these rabbit airway
ciliated cells was not determined. Expression of P2X4
and P2X6 receptor isoforms in bronchial epithelium
has been shown by in situ hybridization (3, 9). Filipovic
et al. have identified a porcine P2X1-like isoform on
LLC-PK1 renal epithelia (10). P2XR expression has also
been documented in mouse proximal and collecting
duct epithelial cell lines (11).

A detailed molecular and physiological characteriza-
tion of P2XR channels in epithelial cells derived from
the lung, airways, and gastrointestinal system has not

been undertaken. P2XR channels have no sequence
homology with any other ion channel family. However,
P2XR channels share striking topological similarity to
the epithelial sodium channels; each of these channel
families is thought to form heteromultimeric channel
complexes (3, 12). The results of this study provide
physiological and molecular biological evidence that
epithelia express multiple P2XR channels. Because
P2XR is expressed in both epithelia of cystic fibrosis
(CF) patients and in non-CF epithelia, derived from
multiple CF-relevant tissues, P2XRs may provide an
alternative — and perhaps more effective — target for
extracellular nucleotide agonist therapy currently in
development for the treatment of CF.

Methods
Cell culture. Epithelial cell lines and primary cultures were
grown on Vitrogen 100–coated tissue-culture plastic and
filter supports (Collagen Corp., Palo Alto, California,
USA). Epithelial cell lines from lung and gastrointestinal
tract were grown as described previously (13). Primary
cultures of large and small airway epithelial cells (pur-
chased from Clonetics Corp., a division of BioWhittak-
er, San Diego, California, USA) were grown in a BEBM
(Clonetics Corp.) containing insulin (10 µg/mL), trans-
ferrin (5 µg/mL), EGF (25 ng/mL), bovine pituitary
extract (5 µg/mL), hydrocortisone (1 µM), triiodothyro-
nine (30 nM), and cholera toxin (10 ng/mL). Cultures
were supplemented with 1× penicillin-streptomycin, 1×
L-glutamine, 1× gentamicin, and 1× Fungizone (GIBCO
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BRL, Grand Island, New York, USA). Primary cultures of
normal rat cholangiocytes (biliary epithelial cells) were
grown as described previously (14, 15). Primary cultures
of mouse non-CF tracheal epithelial monolayers were
grown on filter supports in Ham’s F12 7× medium con-
taining insulin (10 µg/mL), transferrin (5 µg/mL), EGF
(25 ng/mL), endothelial cell growth supplement (5
µg/mL), hydrocortisone (1 µM), triiodothyronine (30
nM), and cholera toxin (10 ng/mL). These cultures were
supplemented with Dulbecco’s MEM containing 10%
FBS conditioned by 3T3 fibroblasts. Human non-CF air-
way epithelial primary cultures, grown as monolayers,
were grown as described previously (16, 17).

Macroscopic physiological assays

Whole-cell patch-clamp recording. Whole-cell recordings
were designed to study ATP-gated, nonselective cation
currents in non-CF and CF epithelial cells. The pipette

(intracellular) solution contained (in mM): 145 potas-
sium gluconate, 10 HEPES, 0.1 calcium gluconate, 0.1
magnesium gluconate, and 2 EGTA; pH was 7.45. The
bath (extracellular) solution contained (in mM): 145
sodium gluconate, 60 sucrose, 10 HEPES, 1 calcium
gluconate, and 1 magnesium gluconate; pH was 7.45.
ATP, as a P2XR agonist, was added to the bath in paired
experiments, as was the P2XR antagonist suramin.
Sucrose was added to the bath to balance osmolality,
because intracellular protein contributes to the intra-
cellular osmolality and does not dilute after formation
of the whole-cell configuration. A voltage-pulse proto-
col that began with a holding voltage (0 mV) and had
steps between –100 mV and +100 mV at 20-mV incre-
ments was used, driven by PClamp 6.0 software, a Digi-
data 1200 motherboard, and an A/D interface between
PClamp 6.0 and a Gateway P5-166 personal computer
(Gateway 2000, N. Sioux City, South Dakota, USA). An
Axopatch 200B patch-clamp amplifier (Axon Instru-
ments, Foster City, California, USA) clamped the volt-
age and drove the voltage-pulse protocol through a CV-
203BU headstage amplifier attached to a Burleigh-
Newport patch-clamp manipulator system (Burleigh
Instruments, Fishers, New York, USA).

Ussing chamber recording. Primary cultures of mouse
and human non-CF airway epithelial monolayers were
studied that have a high electrical resistance (mouse:
>1,000 Ω • cm2; human: >500 Ω • cm2), are well differ-
entiated, and have a ciliated apical membrane. This
high resistance is achieved over 8–14 days on collagen-
coated Transwell filters 6 mm in diameter (Corning-
Costar Corp., Corning, New York, USA). Substantial
positive (>20 µA/cm2) transepithelial short-circuit cur-
rent (ISC) and negative transepithelial voltage (more
negative than –10 mV) are observed routinely in these
monolayers under basal conditions. For mouse tra-
cheal monolayers, 4 monolayers were studied simulta-
neously in 4 parallel Ussing chambers interfaced with
2 Ussing chamber amplifiers. Nucleotides were added
to either side of the monolayer and were not washed
from the chamber at any time during the 1–2-hour
recording. The same was true of amiloride, Cl– channel
inhibitors, bumetanide, and barium chloride (BaCl2).
The bathing solution for these studies was PBS (pH
7.45; purchased from Life Technologies Inc., Grand
Island, New York, USA) containing 1 g/L glucose and
5 mM HEPES. These methods have been published for
human airway epithelial monolayers (18, 19).

Nasal potential difference measurements. Lactated Ringer’s
solution was instilled into the nasal passages, and an elec-
trode was placed into the nose of wild-type or cystic fibro-
sis transmembrane conductance regulator–knockout
(CFTR-knockout) mice while the tail was placed in a ves-
sel of Ringer’s to serve as the ground. A 3-step protocol
was used in these nasal potential difference (PD) record-
ings. First, nasal PD was measured until stable in lactated
Ringer’s solution containing amiloride to inhibit ISC

Na.
Then amiloride in a lactated Ringer’s solution with low Cl–

was circulated into the mouse nose and measured until
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Figure 1
Apical (apm) and basolateral (blm) P2X agonists stimulate ISC across
mouse tracheal epithelial monolayers grown in primary culture. (a) Par-
allel recordings with and without apical amiloride are shown. Measured
current values (in µA/cm2) are shown at points along each record.
P2YR-selective agonists were also tested in these experiments. No wash-
ing of agonists was performed. (b) Data summary of transient (T) and
prolonged (S) ISC stimulated by the agonist, BzBz-ATP.  n = 4 with and
without amiloride. All stimulated current was significant (P < 0.005).
Similar effects were obtained in experiments with α,β-meth-ATP.



stable. Finally, P2XR agonists were added to low-Cl–

Ringer’s solution containing amiloride in order to evalu-
ate activation of Cl– transport across the nasal mucosa.

Degenerate RT-PCR and differential DNA sequencing. Epithe-
lial cell total RNA was extracted with Trizol reagent
(GIBCO BRL) according to the manufacturer’s protocol.
Total RNA was reverse-transcribed, and degenerate RT-
PCR of P2XR cDNA was performed by standard methods.

Amplification was performed on the following
sequences: actin A: 5′-TGACGGGGTCACCCACACTGTGC-
CCATCTA-3′; actin B: 5′-CTAGAAGCATTGCGGTGGACG-
ATGGAGGG-3′ (60°C annealing temperature); P2XR
degenerate A: 5′-TTCACCMTYYTCATCAARAACAGCATC-
3′; and P2XR degenerate B: 5′-TGGCAAAYCTGAAGTTG-
WAGCC-3′ (52°C annealing temperature).

PCR products were retrieved from agarose gel slices
using a QIAquick gel extraction kit (Qiagen Inc., Santa
Clarita, California, USA). Once purified, PCR products
were ligated into the pGEM-T vector system (Promega
Corp., Madison, Wisconsin, USA), which is specialized for
subcloning PCR products. Ligations were transformed
into JM109-competent cells (Promega Corp.), and the
transformations were plated on LB-agar plates contain-
ing ampicillin (100 µg/mL), X-gal (40 µg/mL), and IPTG
(100 µg/mL) for ampicillin selection of successful trans-
formants and for blue/white selection
of successful insertion. White colonies
were picked off the plate to inoculate a
6-mL LB growup with continued ampi-
cillin selection. The pGEM-T plasmid
with insert was purified using a Perfect-
Prep miniprep kit (5 Prime 3 Prime,
Boulder, Colorado, USA). The purified
PCR product insert was sequenced
using the Sequenase dideoxy termina-
tion method (USB Corporation, Cleve-
land, Ohio, USA) using [α-35S]dATP
(NEN Life Science Products Inc.,
Boston, Massachusetts, USA). The
resulting DNA sequence was read by 2
independent investigators and was
screened with the basic local alignment
search tool (BLAST) algorithm (20) to
determine whether it was a known or
novel sequence.

Results

P2XR channels are expressed in
mouse airway epithelia

P2XR agonists stimulate ion transport across
mouse non-CF tracheal epithelia. The
P2XR-specific agonists α,β-methylene-
adenosine-5′-triphosphate (α,β-meth-
ATP) and 2′- and 3′-O-(4-benzoyl-ben-
zoyl)-adenosine-5 ′ -triphosphate
(BzBz-ATP) were added to physiologi-
cal assays of well-differentiated epithe-
lial monolayers to stimulate P2XRs, to

detect the presence of P2XRs in the plasma membrane,
and to assess the physiological relevance of P2XRs in air-
way epithelia in vitro and in vivo. To assess polarity of
P2XR expression in airway epithelia, P2XR agonists were
added to the apical or basolateral side of the epithelium.
Ussing chamber recordings measured ion transport or
ISC across the epithelium. Figure 1a shows a matched
pair of monolayers studied simultaneously in the
absence and presence of apical amiloride (10 µM).
Amiloride-inhibited ISC

Na was observed in mouse tra-
cheal epithelial monolayers grown in primary culture
(Figure 1a). In this epithelial model, basal or baseline ISC

was supplied by Cl– secretion, ISC
Cl and Na+ absorption,

or ISC
Na (see examples in Figures 1a and 2a). In the

absence or presence of amiloride, addition of α,β-meth-
ATP (50 µM) to either the basolateral or apical mem-
brane stimulated an increase in current. BzBz-ATP (50
µM) had the greatest stimulatory effect on current. (Fig-
ure 1a). Basolateral addition of P2X agonists stimulated
an immediate, transient increase in ISC. In comparison,
apical addition of P2X agonists stimulated ISC that had
a slower onset of activation, was greater in magnitude,
and had an additional, more prolonged component (Fig-
ure 1a). Figure 1b shows summarized results in response
to basolateral and apical BzBz-ATP. Responses to the
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Table 1
Incidence of P2XR isoform sequences in lung-derived epithelial cells

Cell line or primary culture P2X2 P2X3 P2X4 P2X5 P2X7 “P2XL” Total
minipreps

16HBE14o– 11 8 4 23
Calu-3 10 9 1 20
9HTEo– 19 1 20
NHSAE primary 9 3 12
CFNP primary 2 10 8 1 21
CFBE41o– 21 2 23
ΣCFTE-29o– 2 6 12 4 24
Beas2B 2 8 10

All cell lines and primary cultures were described in the text. Numbers are based on the best align-
ment of a sequence by BLASTN analysis. P2X4 and P2X5 are shown in bold to illustrate shared high
incidence among the airway epithelial cell models.

Table 2
Incidence of P2XR isoform sequences in gastrointestinal tract–derived epithelial cells 

Cell line or primary culture P2X1 P2X2 P2X3 P2X4 P2X5 P2XH Total
minipreps

Intestine

T84 11 10 21
Caco-2 17 17
IEC-6 2 2 3 7

Pancreas

PANC-1 2 18 20
CFPAC-1 11 11

Liver

Mz-Cha-1 Witt 4 1 13 5 23
NRC liver primary 9 2 11

All cell lines and primary cultures were described in the text. Numbers are based on the best align-
ment of a sequence by BLASTN analysis.



P2YR-selective agonists UDP, ADP, and UTP were also
observed, which validates the integrity of the monolayer
after 1 hour of recording. These results indicate that
P2XR channel proteins are expressed on the apical and
basolateral membranes of primary mouse non-CF tra-
cheal epithelia. Also, P2XR agonists stimulate ISC across
the epithelium in the presence of amiloride, suggesting
that P2XRs stimulate either Cl– secretion or amiloride-
insensitive Na+ absorption.

P2XRs stimulate current in a dose-dependent manner.
P2XR agonists stimulated ion transport when added to
the apical and basolateral sides of the airway epitheli-
um, and when added near or above the ED50 for known
P2XR isoforms (Figure 1). To assess the dose depend-
ence of P2XR agonists, a different protocol was per-
formed to assess responses to 1 µM, 10 µM, and 100
µM doses of α,β-meth-ATP or BzBz-ATP that were
added to the basolateral and apical sides of primary
mouse tracheal epithelial monolayers (Figure 2a). In
the absence or presence of amiloride, basolateral addi-
tion of P2XR agonists stimulated an immediate, tran-
sient increase in ISC that was short-lived (see Figures 1a
and 2a). Interestingly, as little as 1 µM of basolateral
BzBz-ATP stimulated a maximal increase in ISC, where-
as 100 µM of α,β-meth-ATP was required to observe a
maximal effect on ISC. These results suggest that there
may be differences in P2XR expression and function
between the apical and the basolateral membrane.

Two different P2XR agonists stimulate Cl– secretion in an
additive manner. When added apically in graded doses,
P2X agonists stimulated a more prolonged (if not a sus-
tained) increase in ISC (Figure 2a). Little transient com-
ponent of the stimulated ISC was observed with this pro-
tocol. The 10 µM dose of α,β-meth-ATP stimulated ISC

as well as or better than the 10 µM dose of BzBz-ATP.
The subtle differences in efficacy between the 2 P2XR-
specific agonists again suggest that different P2XR iso-
forms may be expressed on the apical membrane than
are expressed on the basolateral membrane. Apical stim-
ulation of ISC by the 2 P2XR agonists in this protocol was
additive (see Figure 2a for example). Importantly, in the
presence of apical DIDS (4,4’-diisothiocyanato-stilbene-
2,2’-disulfonic acid, 100 µM) or apical DPC (dipheny-
lamine carboxylate, 1 mM), 2 different broad-specificity
Cl– channel-blocking drugs, P2XR stimulation of ISC was
markedly inhibited, suggesting that stimulated ISC

reflects secretory ISC
Cl (Figure 2, a and b). Figure 2b

shows summarized results of each P2X agonist alone or
with apical amiloride, DIDS, or DPC. P2X agonist
responses are also abolished by 100 µM basolateral
bumetanide (Figure 2b), an inhibitor of the basolateral
Na+/K+/2Cl– cotransporter, and are inhibited by 100 µM
basolateral BaCl2 , a broad-specificity K+ channel block-
er. This suggests that entry of Cl– across the basolateral
membrane via the cotransporter, and hyperpolarization
of the basolateral membrane through activation of the
basolateral K+ flux, also contribute to P2XR-mediated
stimulation of Cl– secretion (Figure 2b). Forskolin stim-
ulation of CFTR-mediated ISC

Cl was performed as a pos-
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Figure 2
Apical (apm) and basolateral (blm) P2X agonists stimulate ISC

Cl

across mouse tracheal epithelial monolayers grown in primary culture.
(a) Parallel recordings in the presence of apical amiloride, apical
DIDS, and apical DPC. Forskolin was added as a positive control to
stimulate CFTR-dependent ISC and to confirm the integrity of each
monolayer. (b) Data summary showing effects of apical and basolat-
eral blockers of ion transport on BzBz-ATP–stimulated ISC. n = 4 with
and without amiloride; n = 3 for other blockers. All stimulated current
was significant (P < 0.005). Similar effects were obtained in experi-
ments with α,β-meth-ATP. Amil, amiloride; Bumet, bumetanide.

itive control to validate the integrity of the monolayer
after 1 hour of recording. Taken together, these results
suggest that basolateral and apical P2XR agonists stim-
ulate Cl– secretion across non-CF mouse tracheal epithe-
lial monolayers. Stimulation of Cl– secretion is inhibited



or blocked by apical application of the Cl– channel block-
ers DPC and DIDS (but not by amiloride), and is inhib-
ited by basolateral bumetanide and BaCl2, suggesting
that P2XRs potentiate Cl– secretion by stimulating Cl–

channels in the apical membrane, K+ flux across the
basolateral membrane, or both.

P2XR channels are expressed in human airway epithelia

P2XR agonists stimulate Cl– secretion across human non-
CF airway epithelia. To test the hypothesis that P2XRs
were expressed and functional in human airway
epithelial cells, P2XR-specific agonists were tested
on monolayers of non-CF human airway epithelia
grown in primary culture. Figure 3 shows the ISC

response to sequential apical application of α ,β-
meth-ATP, BzBz-ATP, and a cAMP-agonist cocktail.
Note that apical amiloride (10 µM) reduced ISC from
approximately 25 µA/cm2 to 15 µA/cm2. Addition of
apical α,β-meth-ATP (50 µM) stimulated a sustained
increase in ISC. Subsequent apical addition of BzBz-
ATP (50 µM) stimulated an additive and sustained
increase in ISC above that of α ,β-meth-ATP alone.
Agonists to cAMP (10 µM forskolin and 0.5 mM 3-
isobutyl-1-methylxanthine [IBMX]) stimulated a
small, additional increase in ISC above that of the
P2XR agonists. Bumetanide (100 µM) inhibited vir-
tually all of the stimulated ISC, suggesting that the
ISC stimulated by P2XR agonists and cAMP agonists
reflects Cl– secretion (Figure 3). Taken together,
these results show that apical P2XR channels stimu-
late sustained Cl– secretion across non-CF human
airway epithelia. As in mouse Ussing chamber exper-
iments, the 2 different P2XR-specific agonists stim-
ulated Cl– secretion in an additive manner.

P2XRs stimulate transepithelial Cl– transport across the
nasal epithelium of wild-type and CFTR-knockout mice. Nasal

PD measurements assess ion transport across the nasal
mucosa and validate the efficacy of an agonist as a
putative Cl– secretagogue in vivo (21, 22). We per-
formed nasal PD measurements to test the hypothesis
that P2XRs are expressed on the apical or mucosal
membrane and that P2XRs stimulate Cl– transport
across the nasal epithelium.

P2XR agonists stimulate Cl– secretion in vivo in wild-type
mice. P2XR-specific agonists were tested for their abili-
ty to stimulate Cl– secretion in vivo. Experiments were
performed in a manner similar to that of Middleton et
al. (23). P2XR agonists were added in the presence of a
low-Cl– solution containing amiloride. Under these
conditions, when a Cl– gradient is established, a depo-
larized change in the nasal PD induced by the P2XR
agonists alone or in a cocktail indicates an increase in
Cl– permeability (likely reflective of Cl– secretion). Scat-
ter-plot summaries of all measurements of wild-type
mice show the trials that produced a significant change
and those that caused no change in nasal PD (Figure
4a). No inhibitory effects were observed in any of the 25
mice used in the trials (Figure 4a). The statistical sum-
mary of the data shows that both P2XR agonists
administered together (α,β-meth-ATP + BzBz-ATP =
∆2.3 ± 1.0 mV, n = 9) caused a greater change in PD
than did each agonist alone (BzBz-ATP = ∆1.3 ± 0.4 mV,
n = 8; α,β-meth-ATP = ∆1.2 ± 0.4 mV, n = 8) (Figure 4a).
However, the additive effect of the cocktail did not
result in an effect that was significantly different than
that of each agonist alone. These results show that
P2XR agonists added intranasally as in vivo agonists
stimulate Cl– transport in wild-type mice.

P2XR agonists stimulate Cl– secretion in vivo in CFTR-
knockout mice. For the P2XR agonists to be beneficial in
restoring Cl– transport in CF, they must induce Cl–

secretion in vivo in CF transgenic mice (23–25). To test
this hypothesis, P2XR-specific agonists were tested in
CF ∆F508/∆F508 mice (26). BzBz-ATP induced a sig-
nificant stimulation of Cl– secretory nasal PD respons-
es (observed in 7 out of 7 CF–/– mice; Figure 4b). A scat-
ter plot of the data from all 7 CF–/– mice shows that
responses to BzBz-ATP in the CF–/– mice were signifi-
cantly greater (∆3.25 ± 1.0 mV, n = 7) than in the wild-
type mice (∆1.3 ± 0.4 mV, n = 8) (Figure 4b). These
results show that BzBz-ATP stimulates Cl– transport as
well or better in nasal mucosa of CFTR-knockout mice
than in nasal mucosa of wild-type mice. These results
also suggest that P2XR agonists may prove useful in
restoring Cl– secretion to airways in CF patients.

Molecular evidence for expression of multiple P2XR channel
isoforms in epithelia. Little is known concerning which
P2XR isoforms are expressed in epithelia. In the absence
of available specific antibodies to P2XRs, a degenerate
RT-PCR strategy was used to identify which P2XR iso-
forms were expressed at the highest levels in epithelial cell
lines and primary cultures. An extensive panel of cell
models derived from CF-afflicted tissues was gathered for
this analysis, because early degenerate RT-PCR results
showed that multiple P2XR isoforms are expressed by
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Figure 3
Apical P2X agonists stimulate ISC

Cl in an additive manner across
human non-CF airway epithelial monolayers grown in primary culture.
Mean ± SEM of 3 recordings performed on human non-CF airway
epithelial monolayers grown in primary culture. A cocktail containing
forskolin, IBMX, and cAMP analogue (cAMP) was added as a posi-
tive control to stimulate CFTR-dependent ISC and to confirm the
integrity of each monolayer. Bumetanide blocked approximately 90%
of the stimulated secretory Cl– current. The residual current may be
amiloride-insensitive Na+ absorptive current (perhaps P2XR current
itself). All effects of inhibitors and agonists were significant (P < 0.05).



Figure 4
Mucosal P2X agonists stimulate
secretory Cl– transport across
wild-type and CFTR-knockout
mouse nasal epithelia in vivo.
(a) Data summary showing
individual experiments (open
ovals) and the mean ± SEM val-
ues (filled ovals) from studies
with each P2XR agonist and
with both agonists added
together as a cocktail. (b) Data
summary showing comparison
of effects of BzBz-ATP in CFTR-
knockout vs. wild-type (WT)
mice. Shown are individual tri-
als (open ovals) and mean ±
SEM (filled ovals). Steady-state
nasal PD values are shown after
addition of P2XR agonist in low-Cl– solution with amiloride. Change in PD is a depolarization
indicative of an increase in Cl– permeability; the change was significant in all cases (P < 0.05).

epithelial cells. Many cell lines and primary cultures were
required to confirm that similar mixtures of P2XR iso-
forms were shared by multiple epithelial cell models.

P2XR mRNA is detected in airway epithelial cells. Figure 5
shows the results of this analysis. Amplified P2XR PCR
products of the expected size (330 bp) that were run in
parallel are shown in a variety of human CF and non-
CF epithelial cell lines and primary cultures derived
from the lung, airways, and other tissues. Negative con-
trols (without cDNA) and no-RT controls were nega-
tive for P2XR mRNA (Figure 5). Importantly, only 1
product of 330 bp was amplified in all PCR reactions.
Correlative RT-PCR from the housekeeping gene, β-
actin (750-bp product), was also performed (data not
shown) to authenticate the cDNA before degenerate
P2XR PCR. These results suggest that mRNA for
P2XRs is expressed by all lung and airway epithelial cell
lines and primary cultures. Molecular data agree with
functional data that revealed P2XR protein expression
at the epithelial plasma membrane.

P2X4 and P2X5 P2XR channel isoforms are expressed
prevalently in non-CF and CF human airway epithelia. What
was unclear from the degenerate RT-PCR analysis was
which P2XR isoforms were expressed by these epithe-
lial cell models. To determine which P2XR genes were
expressed in each epithelial RNA sample, differential
DNA sequencing analysis was undertaken. P2XR DNA
sequences of PCR products that matched 6 of the 7
cloned P2XR genes and 2 putative novel P2XR iso-
forms were obtained from this analysis of lung and gas-
trointestinal tract epithelia. Representative DNA
sequences for the most common airway and lung P2XR
sequences — P2X4 and P2X5 — are shown in Figure 6.
These were amplified from a sample of total RNA from
Calu-3 non-CF human submucosal gland serous cells.
The BLAST nucleotide analysis algorithm (20) was
used for each nucleotide sequence derived from each

white colony. This was done to identify the particular
P2XR isoform that most closely matched the PCR
product sequence, and to differentiate the PCR prod-
uct sequence from the other isoforms (see BLAST P
value for identity in Figure 6). 

In the lung and airway samples (Table 1), multiple
P2XR sequences were amplified. First, in a CF nasal
polyp (CFNP) primary culture and a CF tracheal epithe-
lial cell line (ΣCFTE-29o–), as many as 4 P2XR isoforms
were amplified. In both CFNP and ΣCFTE-29o– cells,
P2X5 was found at the highest incidence. In a non-CF
bronchial epithelial cell line (16HBE14o–), a non-CF
submucosal gland serous cell line (Calu-3), a non-CF
bronchial epithelial cell line (Beas2B), the CFNP pri-
mary culture, the ΣCFTE-29o– CF cell line, and a non-
CF human small airway epithelial cell primary culture
(NHSAE), high levels of P2X5 and P2X4 were present.
Moreover, a potentially novel P2XR isoform, P2XL, was
identified in a subset of these airway and lung epithelial
cells. Because P2XL was not found in samples from
other tissues, it was determined to be a lung-specific,
P2X-like sequence. P2X sequences for the P2X2 and
P2X3 isoforms were found exclusively and with high
incidence in a CFBE41o– CF bronchial epithelial cell line
and in a non-CF tracheal epithelial cell line (9HTEo–),
respectively. P2X7 was identified only in CF epithelial
cell lines and primary cultures, with the highest inci-
dence in the CFNP primary culture. P2XR PCR prod-
ucts were also amplified from an alveolar type II adeno-
carcinoma cell line, A549 (see Figure 5), from other CF
airway epithelial cell lines (IB3-1 and CFT1), and from
primary mouse and human airway epithelial primary
cultures (data not shown). Taken together, these results
suggest that multiple P2XR isoforms are expressed in
epithelia derived from the small and large airways, the
alveolus, and the submucosal glands of the lung. In par-
ticular, P2X4 and P2X5 are shared by airway epithelia.
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This analysis was also performed on epithelial cell
mRNA derived from liver, intestine, and pancreas
(Table 2). Four of the 7 gastrointestinal tract–derived
epithelial cell lines expressed P2X2, including Caco-2,
a human intestinal epithelial cell line; IEC-6, a rat
embryonic intestinal epithelial cell line; PANC-1, a
human pancreatic epithelial cell line; and Mz-Cha-1
Witt, a human biliary cholangiocarcinoma epithelial
cell line. The T84 colon carcinoma cell line was the only
cell line in this analysis to express the P2X1 isoform.
This may reflect something unique about T84 carcino-
ma cell P2XR expression, because all other epithelial
cells screened by the degenerate PCR analysis lacked
P2X1. P2X3, P2X4, and P2X5 were also identified in
multiple gastrointestinal epithelial cell lines. Six of the
7 gastrointestinal epithelial cell types expressed either
P2X4 or P2X5, or both. These included T84 cells, IEC-
6 cells, Witt biliary cholangiocytes, PANC-1 cells,
CFPAC-1 CF human pancreatic epithelial cells, and the
normal rat cholangiocyte liver primary cultures. The
Mz-Cha-1 liver epithelial cell line expresses at least 4
different P2XR channel isoforms, P2X2 through P2X5.
Taken together, these results suggest that multiple
P2XR isoforms are expressed by epithelia derived from
the bile ducts of the liver, the pancreas, and the intes-
tine. Of importance to eventual therapeutic develop-
ment of P2XR-specific agonists in lung and gastroin-
testinal tract, poorly desensitizing P2XR isoforms
(P2X2, P2X4, and P2X5) are expressed at the highest
incidence in these CF-relevant epithelia.

Airway epithelial P2XRs function as ATP-gated nonselective
cation channels. Whole-cell patch-clamp recordings were

designed to study ATP-gated, nonselective cation cur-
rents in non-CF and CF epithelial cells (Figure 7a)
shows current-voltage (I-V) relationships for basal cur-
rents and ATP-gated currents in CF (ΣCFTE-29o–)
human tracheal epithelial cells. ATP stimulates linear,
nonselective cation currents significantly in non-CF
and CF cells at the 10-µM dose (Figure 7a). Moreover,
the reversal potential of the I-V plots was at or near 0
mV, indicating that these whole-cell cation currents
were nonselective for Na+ vs. K+ (Figure 7a). An exam-
ple of the time-dependent stimulation of ATP-gated
cation currents is also shown (Figure 7b). In a ΣCFTE-
29o– cell recording, currents were sustained and did not
desensitize after several minutes (Figure 7b). ATP-gated
currents were also blocked by the P2XR antagonist
suramin (30 µM; see Figure 7b for a typical example),
validating that currents measured in whole-cell exper-
iments were conducted by P2XR channels. Finally, Fig-
ure 7c shows a data summary of recordings in which
P2XR currents were stimulated by 2- to 3-fold by 10 µM
ATP in 3 different airway epithelial cell models in
response to different doses of ATP agonist. Compari-
son of the results from a matched pair of non-CF
(9HTEo–) and CF (ΣCFTE-29o–) epithelial cells reveals
that P2XR currents are stimulated in both models and
that the current density is similar in magnitude (the
membrane capacitance, or membrane area, of these
cells is similar: 20 pF in 9HTEo– cells and 22 pF in
ΣCFTE-29o– cells). Taken together, these results also
show that P2XR channels are expressed in the plasma
membrane and function as ATP-gated, nonselective
cation channels in non-CF and CF airway epithelia.
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Figure 5 
P2XR mRNA is expressed in human CF and
non-CF airway epithelial cell lines and in pri-
mary cultures. (a) P2XR PCR products from
16HBE14o– non-CF human bronchial epithe-
lial cells, CFBE41o– CF human bronchial
epithelial cells, ΣCFTE-29o– CF human tracheal
epithelial cells (shown in b), a CFNP epithelial
primary culture, Calu-3 non-CF human sub-
mucosal gland serous cells, and human umbil-
ical vein endothelial cells (HUVEC). NC, no
cDNA (control). (b) Comparison of positive
airway epithelial cell reactions to T84 non-CF
human colon carcinoma cells and PANC-1
non-CF human pancreatic epithelial cells. (c)
Positive reactions from the 16HBE14o– sample
compared with CFPAC-1 CF human pancreat-
ic epithelial cells, IMCD renal inner medullary
collecting-duct cells, and HUVEC. (d) Positive
reactions for A549 non-CF human alveolar
lung cells and Beas2B non-CF human bronchial epithelial cells vs. control (No RT). Positive reactions for CFPAC-1 and 16HBE14o– cells are also
shown as positive controls for comparison. Beas2B 1 and Beas2B 2 are two different cDNA samples from the same RNA sample. (e) PCR con-
trols on 16HBE14o– total RNA sample. No P2XR PCR product was derived from amplification of total RNA (–/–) or RNase-free, DNase-treated
total RNA (DNase), whereas positive reactions occurred in total RNA reverse-transcribed to cDNA with (DNase/RT) and without (RT) DNase
treatment. All amplifications of epithelial cell samples were performed 2–3 times. Note: Analysis of the sites that the degenerate P2X PCR primers
recognized within the genomic sequence of the mouse P2X3 gene (28) indicated that our primers spanned at least 2 introns; amplification of
genomic DNA would produce a PCR product at least 2 kb larger than the 330-bp expected size. Moreover, in the P2X3 genomic sequence, our
reverse primer spanned an exon/intron boundary (intron ∼ 25 kb in size), rendering amplification of genomic DNA improbable.



Discussion
This study represents a thorough characterization of
P2XR channels in an extensive panel of epithelial cell
models relevant to CF by physiological and molecular bio-
logical methods. Because we found ample functional and
molecular evidence that multiple P2XR channel isoforms
are expressed in epithelial cell lines and primary cultures,
this work suggests that multiple P2XR channels are
expressed on the apical and basolateral membranes of
proximal and distal airways, submucosal glands of the air-
way, and alveolar cells. Moreover, it is likely that P2XRs are
also expressed in pancreas, liver, and intestine. In agree-
ment with our work, Korngreen et al. have shown electro-
physiological evidence of cation channels reminiscent of
P2XRs in freshly isolated and ciliated rabbit airway epithe-

lial cells (8). In situ hybridization studies have shown evi-
dence of staining in bronchial epithelium for P2X4 and
P2X6 (3, 9). P2X4 was also found in salivary gland (3, 9).
The fact that our results also find P2X4 in epithelial cells
from lung, airways, gastrointestinal tract, and from a
Calu-3 cell line derived from submucosal gland are in
agreement with that previous work. Our study shows
abundant expression of P2X5 in epithelia, which to our
knowledge is a novel result. We have not found P2X6 in
any epithelial cell model thus far, suggesting that the in
situ hybridization signal for P2X6 may reflect cross-reac-
tivity with another P2X isoform, perhaps P2X5.

P2XRs may provide a series of novel target molecules
on both membranes of exocrine epithelia in the airways
(both lower and upper) and in submucosal glands of the
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Figure 6
Representative P2X4 and P2X5 cDNA probe sequences. Nucleotides in bold are differences between our PCR products and the published
GenBank sequence. BLASTN score of identity is shown for each sequence. Tables 1 and 2 reflect the number of sequences in all cell models
screened that were identified as P2X4 (a) or P2X5 (b). Sequences derived from degenerate RT-PCR of a Calu-3 total RNA sample are shown.
A BLASTN score that is more negative in its exponent reflects a high degree of sequence identity.



airway, intestine, pancreatic duct, and biliary duct for
extracellular nucleotide therapy of CF. Moreover, the
P2XR isoforms found in the highest incidence were
P2X4, P2X5, and P2X2. These isoforms do not desensi-
tize as readily in neurons, muscle cells, or heterologous
expression systems as do P2X1 or P2X3 (3, 9). Our func-
tional results in epithelia suggest that they fail to desen-
sitize altogether. The fact that desensitization may be
lacking or mild in these isoforms only enhances the
therapeutic benefit of these receptor agonists.

The function of P2XRs in epithelia may not be limit-
ed to stimulation of Cl– secretion across epithelial bar-
riers. Under physiological conditions, it is likely that
the predominant ionic flux through these channels is
Ca2+ influx down the profound Ca2+ gradient. Na+

movement into the cell and K+ movement out of the
cell may cancel each other out, although this may
depend on the magnitude of the apical or basolateral
membrane potential. Nevertheless, changes in mem-
brane potential caused by P2XR-mediated fluxes and
capacitative Ca2+ entry through P2XR channels may
affect many epithelial functions through intracellular
Ca2+ signaling such as vesicle trafficking, protein secre-
tion, and signal-transduction pathways that depend on
Ca2+. Of interest to P2XR action and to P2XR-targeted
therapy, the sustained responses of currents in
response to 1 or more applications of P2XR agonists
suggests a sustained intracellular signaling mechanism
beyond or independent of increases in intracellular
Ca2+ alone. Because all types of receptors desensitize by
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Figure 8
Model of P2XR channel expression and function
in non-CF or CF airway epithelium. The model is
reflective of either a non-CF or CF airways epithe-
lium. P2XR channels are expressed on both the
apical and basolateral membranes. They proba-
bly form heteromultimeric complexes of P2X4
and P2X5, based on our molecular expression
data; however, additional isoforms have been
detected in some epithelial cell lines. The electro-
physiological and signaling mechanisms whereby
P2XRs may stimulate Cl– secretion are shown in
the apical and basolateral membrane domains.
Ca2+-mediated signaling is probable; however,
additional unappreciated signaling mechanisms
may be involved that are triggered by P2XRs.

Figure 7
Extracellular ATP (Ext ATP)
stimulates nonselective
cation currents in whole-
cell recordings of non-CF
and CF airway epithelial
cells. (a) I-V plots of basal
and ATP-stimulated nons-
elective cation currents in
ΣCFTE-29o– cells. n = 6,
paired recordings. Values
are mean ± SEM (*P <
0.05). (b) Typical time
course of sustained P2XR
current stimulation with 2
doses of ATP ligand, and
reversal with suramin, a
P2XR antagonist. (c) Data
summary of ATP ligand
stimulation of P2XR cur-
rent in 3 human airway
epithelial cell models. n =
4–6 among the 3 airway
epithelial cell models. Sim-
ilar data was obtained using T84 cells (data not shown). (d) Patch-clamp icon illustrates the experimental design, where the pipette (intra-
cellular) solution contains 140 mM potassium gluconate (KGlu) and the bath (extracellular) solution contains 145 mM sodium gluconate
(NaGlu). In this design, whole-cell currents are nonselective for cations if the reversal potential is at or near 0 mV. Substitution of Cl– with
Glu– eliminates the chance that ATP agonists would stimulate an epithelial Cl– channel, a possibility that is probably based on the prelimi-
nary data above. Moreover, Glu– also chelates divalent cations, such as Ca2+ and Mg2+, that may block P2XR channels.



1 or more mechanisms, it will be important to define
the signaling pathways that P2XR channels affect.
Tarasiuk et al. and Korngreen et al. have also shown
that extracellular ATP may enhance ciliary beat fre-
quency in a P2XR-dependent manner (8, 27). Enhance-
ment of ciliary beat would also be beneficial for
mucociliary clearance therapy in CF.

Taken together, these data demonstrate that P2XR
channels are expressed on both the apical and baso-
lateral membranes of well-differentiated mouse and
human airway epithelia grown in primary culture
(Figure 8). P2XRs in both membranes stimulate secre-
tory Cl– transport across airway epithelia. In the baso-
lateral membrane, P2XR channels may allow ATP-
gated Ca2+ influx which may be directly coupled to
basolateral K+ channels (Figure 8). Activation of baso-
lateral K+ channels would enhance the electrical driv-
ing force for Cl– secretion across the apical membrane,
because the apical and basolateral membrane voltages
are coupled electrically. Agonists of basolateral K+

channels have been argued to have therapeutic benefit
for CF patients through this cellular mechanism; we
may have found such an agonist in this study. In the
apical membrane, P2XR channels may also allow ATP-
gated Ca2+ influx that would stimulate Ca2+-sensitive
Cl– channels, either directly through an increase in
intracellular Ca2+ or indirectly through stimulation of
Ca2+-dependent protein kinases (Figure 8). In particu-
lar, P2XRs in the mucosal membrane of wild-type and
CFTR-knockout mice enhance Cl– permeability of the
nasal mucosa, suggesting that P2XRs may be viable
targets for extracellular nucleotide therapy in CF. Cor-
relative molecular biological analysis shows that mul-
tiple P2XR channel isoforms are expressed by human
non-CF and CF airway and gastrointestinal epithelia.
This study lays the groundwork for future studies of
epithelial P2XRs in lung, gastrointestinal tract, and
other tissues lined with epithelia.
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