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Abstract

P2Y, receptors that are activated by the extracellular nucleotides ATP or UTP mediatee@letion via an increase in [€d;
(intracellular calcium concentration). Therefore, in the lung of patients suffering from cystic fibrosis, inhalation of aerosolized UTP offers
a way to circumvent the defect in Clsecretion by the cystic fibrosis transmembrane conductance regulator. A possible alternative for the
relatively unstable UTP in inhalation therapy is the more resistant diadenosine tetraphosphAde IfApuman and rat lung membranes,
Ap_A binds to P2 receptor sites coupled to G proteins. Here, we showed thAta@qused an increase in [E8; with anecg, of 17 uM
in human bronchial epithelial cells (HBE1). The f£3 rise evoked by ATP and UTP was completely, but that induced byAqmly
partially, caused by release of €afrom internal stores. Moreover, the potency of Ao mobilize C&* was lower than that of ATP and
UTP (Ecso 1.5 and 1.8uM, respectively), and the maximal increase in € was considerably smaller than that after ATP or UTP. In
accordance with our previous results providing evidence for a common binding site for various diadenosine polyphosphates in lun
membranes, all ApA analogues tested (s 3 to 6) caused a comparable fC4 increase. Homologous or heterologous prestimulation
largely diminished the increase in [€4; found after a second pulse of either UTP or,ApAlthough specific binding characteristics and
functional responses of A on lung cells are in favor of a distinct receptor for #y the cross-talk between UTP and fpin HBE1
cells and the only slight differences in €amobilization by ATP or UTP and AjA render it impossible at this point to state unequivocally
whether there exists a distinct P2Y receptor specific for diadenosine polyphosphates in lung epithelia or whétletivates one of the
nucleotide receptors already described. © 2001 Elsevier Science Inc. All rights reserved.
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1. Introduction plays a vital role in lung physiology, e.g. in the regulation of
mucus hydration, periciliary fluid homeostasis, secretion of
In airway tissue, CI channels are activated by different mucin, and optimal mucociliary lung clearance [2,3]. As
signaling pathways: (a) CFTR Clchannels are a cyclic CFTR CI" channels are impaired in cystic fibrosis due to a
adenosine 5monophosphate-stimulated Ctransport sys- mutation in theCFTR gene, CI' channels controlled by
tem, and (b) other Cl channels are coupled to the increase P2Y receptor subtypes (particularly Pg¥are of prominent
in [Ca®"]; that appears after activation of G protein-coupled interest as an alternative route to induce @n secretion
P2Y receptors by extracellular nucleotides such as ATP or [4]. In CF patients, C&"-activating agonists such as UTP
UTP [1]. Controlled CTI transport through airway epithelia  were successfully applied to stimulate this pathway of Cl
secretion [5]. However, for an effective treatment of CF, a
comprehensive characterization of these nucleotide recep-
* Corresponding author. Tel+49-391-671-3088; fax:+49-391-671- tors in lung and their physiological role in the cell is indis-
3097. pensible.
E-mail addressgeorg.reiser@medizin.uni-magdeburg.de (G. Reiser). Recently, we have identified P2-type receptors in rat and

Abbreviations:CFTR, cystic fibrosis transmembrane conductance reg- . . -
ulator; [C&™];, intracellular calcium concentration; CF, cystic fibrosis; human Iung with hlgh affmlty for :TH]Ap4A [6] Ap A

CPA, cyclopiazonic acid; HBE cells, human bronchial epithelial cells; and P€l0Nngs to the group of diadenosine polyphosphategAAp
Ap,A, diadenosine tetraphosphate. with n being the number of phosphate groups between the
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adenosine moieties), a novel class of signaling molecules
[7,8]. *H]Ap.A binding sites in lung showed comparable
affinities for several AA (n = 2 to 6). As ATP, UTP, and
a,B-methylene adenosine’-friphosphate interfered with
considerably lower affinity or practically not at all, these
binding sites are assumed to be different from P2¥id
P2X receptor binding sites [9]. Determination of ligand-
induced stimulation of S]JGTPyS binding revealed that
the Ap,A receptor in lung membranes is coupled to G
proteins [10].

Ap,4A is a much more stable nucleotide than UTP, which
is readily degraded by the numerous hydrolyzing enzymes
present in CF lung [11]. Thus, if activation of P2Y receptors
by Ap,A is an alternative way to stimulate Ckecretion in
lung, long-lived ApA or synthetic AgA analogues could
replace the rather unstable UTP in CF therapy [12]. Ther-
apeutic applications of A\ in the regulation of blood
pressure have already been investigated [13,14]. Howeve
Ap,A has not yet been used for experimental studies in the
lung.

To explore the considerable therapeutic value ofAm
the treatment of lung diseases like CF, investigations of the
functional effects of extracellular AB on signal transduc
tion in lung cells are still necessary. Therefore, continuing

our studies on the effect of diadenosine polyphosphates on

P2Y receptors in lung, in this work we used a physiological
approach. In the past, cell lines and cell cultures derived
from the respiratory system were already used to study P2
receptors. In a human tracheal gland serous cell line (MM
39), both extracellular ATP and UTP increased{Ca and

two distinct P2Y receptors were characterized in these cells
[15]. In a bronchial epithelial cell line (16HBE14), a
P2Y, receptor activated a transient Kconductance [16]. In
primary cultures of HBE, it was shown that UTP, in addi-
tion to activating CT secretion, also regulated Nabsorp

tion, which is disturbed in CF patients [17]. So far, there is
evidence for the existence of P2YP2Y,, and P2Y, recep

tors in HBE cell lines, whereas a P2¥eceptor could not be
detected [18].

At present, however, nothing is known about the exis-
tence of a receptor specific for A in bronchial epithelial
cells. As 16HBE140 cell lines were used to investigate the
regulation of chloride ion transport in human airway epi-
thelium [19], HBEL cells seemed to be a suitable model to
study physiological responses caused by nucleotide or dinu-
cleotide receptor activation. G protein-coupled P2Y recep-
tors activate phospholipase C, which leads to the formation
of inositol 1,4,5-trisphosphate and the mobilization of in-
tracellular C&" [20]. Thus, by measuring [G4];, we
showed herein the response to extracellula/m HBE1

r,
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polyphosphates, whose existence still has to be confirmed
by further studies.

2. Materials and methods
2.1. Materials

ATP, ApA, ApJA, ApsA, ApgA, and UTP were from
Sigma. Fura-2 acetoxymethylester (Fura-2/AM) and CPA
were from Alexis.

2.2. Cell culture and calcium measurement

The HBEZ1 cell line derived from human bronchial epi-
thelial cells is described in detail in [21]. Cells were cultured
with 5% CQO, at 37° in a medium containing Dulbecco’s
modified Eagle’s medium/NUT MIX F12 (1:1), 5% fetal
calf serum, and the following supplements: gentamycin (50
pa/mL), kanamycin (50ug/mL), insulin—transferrin—sele-
nium supplement (1@.g/mL), hydrocortisone (uM), pi-
tuitary extract (3.75 mg/mL), epidermal growth factor (25
pa/mL), T3 (30 nM), and cholera toxin (10 ng/mL). For
cultivation, cells were grown to 70—-90% confluency and
then subcultured.

HBEL1 cells were seeded onto glass coverslips and cul-
tured for 5 to 6 days. Cells with 40—60% confluency were
used for single-cell measurement of fC}. Before mea
surement, cells were preincubated withu®1 Fura-2/ace-
toxymethylester in Na-HBS (HEPES-buffered saline: 145
mM NaCl, 5.4 mM KCI, 1.8 mM CaGl 1 mM MgCl,, 25
mM glucose, 20 mM HEPES/Tris pH 7.4) for 30 min at 37°.
For experiments in nominally G&-free incubation me
dium, CaC} was omitted from Na-HBS, without supple
ment with EGTA. Fluorescence was recorded at 340-nm/
380-nm excitation and 520-nm emission. Changes were
monitored at 37° in a perfusion chamber on a fluorescence
imaging system from TILL Photonics GmbH with an X40
immersion objective and a flow rate of 2 mL/min as de-
scribed earlier [22]. Test pulses of nucleotides usually lasted
for 60 sec. Images were stored on a personal computer and
data were analyzed with the Fuchal 5.12.C software pro-
gram.

2.3. HPLC analysis

The stability of AA in the presence of HBE1 cells was
analyzed by HPLC. HBE1 cells were washed with HBS and
10 mL of fresh HBS then applied. After incubation of HBE1
cells in the presence of A (100 uM), 200-uL samples of
the supernatant were removed at different intervals and

cells in comparison with that induced by ATP and UTP. In treated for HPLC application as described earlier [9]. Nu-
conclusion, diadenosine polyphosphates were able to evokecleotides were separated by HPLC (Kontron) using a NU-
an increase in [Cd]; in HBE cells either as an agonist of CLEOGEL SAX 1000-8 column (50< 4.6 mm) from
the P2Y, receptor, being less potent than ATP or UTP, or as Macherey-Nagel. The column buffer was 10 mM Tris/HCI,
an agonist of another P2Y receptor specific for diadenosine pH 8.0. Samples (50L) were injected onto the column and
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Fig. 1. Elevation of intracellular G& by ATP, UTP, or ApA in HBEL1 cells. HBE1 cells loaded with 2M Fura-2 were stimulated with 100M ATP (A),

100uM UTP (B), or 400uM Ap ,A in Ca?*-containing solution at the time periods indicated by the bars. The data represent the means of a typical experiment
with at least 22 single-cell measurements.

eluted using a linear gradient of NaCl (0-500 mM) in 10 (R, = 10.7 min) could be detected. Taking into account that
mM Tris/HCI pH 8.0. Elution profiles were analyzed by the exposure time in the experiments was usually short, it is
monitoring absorption at 260 nm. Authentic compounds (50 evident that the effects described here resulted from the
L of a 100uM solution in water) were used as reference intact ligand ApA and not from the mononucleotides ATP
to identify the resulting elution peaks. or ADP, degradation products that potently activate P2
receptors.

It is well known that HBEL1 cells possess P2rfceptors
[16—18]. As this P2 receptor subtype is activated by ATP

In human and rat lung membranes, we earlier found and UTP with equal potency, we determined the effect of
binding sites for {H]Ap,A that are coupled to G proteins these nucleotides on the rise in fC4 in single HBEL1 cells
[6,9,10]. For further characterization, we established a sys- by measuring the [CG4]; signal derived from the fluores
tem where we could study physiological responses causedcence of Fura-2 and comparing it to the fCh signal
by extracellular AgA. We found that HBE1 cells also evoked by ApA, as exemplified by the sample traces in Fig.
possess *H]Ap,A binding sites. However, the limited 1. The concentration—response curves (Fig. 2) showed that
amount of cell membrane material available allowed only a HBE1 cells were sensitive to ATP or UTP in a similar
partial characterization offH]Ap,A binding sites in HBE1 manner, whereas they were less sensitive tQAAPThe
cells. PH]Ap,A was displaced by AgA or ApgA in a maximal C&" response XF340/F380; mean values of 5
similar fashion as it was displaced by unlabeled ApATP independent experiments SE) was 1.9+ 0.06 and 1.8+
was a less potent displacer and UTP was unable to displace).06 for ATP and UTP (100uM each), respectively,
[*H]Ap,A from this binding site (data not shown). As the whereas it was only 1.2= 0.05 for Ap,A at a maximal
results obtained were comparable to our detailed previousconcentration of 50QuM. Data analysis revealed similar
analysis found forjH]Ap,A binding sites in human and rat  Ecg, values (mean values of 4 independent experiments
lung tissue, HBE1 cells proved to be a suitable system to SE) for ATP (1.5+ 0.05uM) and UTP (1.8+ 0.05uM),
study functional effects evoked by extracellular ,Ap whereas thecg, value for Ap,A was one order of magni

As extracellular ARA might be hydrolyzed by mem tude higher (17= 0.04 uM). Thus, P2Y, receptors have
brane-bound ectoenzymes [23] probably also present oneither a lower affinity for ApA or HBE1 cells possess
HBEL1 cells, we investigated whether fpwas degraded to  distinct receptors specific for Ap whose signaling pro
ATP or ADP during exposure to HBE1 cells. For this cesses are also coupled to a rise inqQa Stimulation of
reason, samples of the cell incubation medium were taken 1,HBE1 cells with the P1-specific agonist adenosine (M)
2, 5, 10, and 15 min after application of gpto the cells, gave only a weak increase in [€3; (<20% of the UTP
and the nucleotides present in the medium were analyzed byresponse), whereas the P23pecific agonist 2-methylthio
HPLC using anion exchange chromatography. By HPLC adenosine 5diphosphate and the P2X-specific agonigi-
analysis, ApA can be separated from the possible degra methylene adenosiné-friphosphate induced practically no
dation products by a different retention time RJp to 15 stimulation of [C&"]; (data not shown).
min after addition of ApA to the cells, ApA (R, = 12.9 Recently, we demonstrated that various diadenosine poly-
min) was the only nucleotide found in the incubation me- phosphates evoked comparable stimulation BS]JGTPyS
dium, and no trace amounts of ATP,(R 12.1 min) or ADP binding to human and rat lung membranes [10]. To test

3. Results
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Fig. 2. Concentration-response curves for the increase ifi‘[Calicited
by purinergic agonists in HBE1 cells. HBE1 cells were loaded wiik\2
Fura-2 and then stimulated with AT®), UTP (O), or Ap,A (A). Data
represent average maximal [£3 changes evoked by increasing concen
trations of the agonists in &-containing saline. Each point is the mean
SE of at least 58 individual cells measured.
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with each of these substances with a different length of the
phosphate bridge. This result is a further indication that several
diadenosine polyphosphates act on the same type of receptor.

In order to evaluate the source of Cafor the agonist-
induced [C&"]; elevation, comparative experiments were
performed in C&"-containing and in nominally Ca-free
incubation media (Fig. 4A). As the [4]; response to
Ap,A was about the same size in nominally ‘Cdree
medium, we may conclude that the rise in fCh evoked
by UTP was only due to Ca release from internal stores.

In the case of ApA, the [C& "], response was diminished

(P < 0.05) in theabsence of extracellular €a Thus, a
small part of the ApA-induced [C&"]; increase presum
ably results from C& flowing through the plasma mem
brane (Fig. 4A). The suggestion that intracellular®Ca
stores were the main source in both cases was confirmed by
the finding that after depletion of internal €astores with

40 uM CPA, the [C&']; response to UTP (Fig. 4B) or
Ap,A (Fig. 4C) was completely abolished.

To investigate whether UTP and g interact in HBE1
cells, we stimulated HBE1 cells twice, where either the
homologous or the heterologous nucleotide was given for
the second pulse (Fig. 5). When the homologous agonist
was used for the second stimulation, the magnitude of the
[C&a?™]; signal was diminished to 65% for UTP and 47% for
Ap,A. Desensitization was also found when the heterolo

whether different extracellular diadenosine polyphosphatesgous agonist was used for the second stimulation. Thus,

also exert similar [C&]; effects, we applied increasing con
centrations of ApA, Ap A, ApsA, and AgA to HBEL cells.
As can be seen in Fig. 3, the rise in fC} was very similar
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Fig. 3. Concentration-response curves for the?[Qancrease evoked by
different diadenosine polyphosphates. Fura-2-loaded HBE1 cells were
stimulated with increasing concentrations of Ax(®), Ap,A (O), ApsA

(A), or ApsA (V) in Ca&2*-containing solution. Each point represents the
mean= SE of at least 43 single-cell measurements.

after Ap,A stimulation, the [C&"]; increase evoked by UTP
was reduced to 43% of the maximal effect inducible by UTP
while after UTP stimulation, the Ag\-evoked [C&']; in-
crease was 39% compared to the maximal effect inducible
by Ap,A in the control experiment. Thus, when cells had
been prestimulated with UTP and pja we observed an
almost identical [C&"]; response to AgA. However, for
UTP the reduction in the [G&]; increase was significantly
higher when cells had been prestimulated with,A57%)
than with UTP (35%).

4. Discussion

Despite intensive work in the past, evidence for the
existence of a separate P2 receptor specific foAAp still
very ambiguous. ApA has been reported to be merely
another potent agonist for the human B2¥ceptor when
analyzed in a heterologous expression system [11]. How-
ever, previous results from us and others provide evidence
for the existence of a distinct P2 receptor highly specific for
Ap,A and related diadenosine polyphosphates [9,10,24,25].
Both in rat and human lung, we recently demonstrated
high-affinity P2Y receptor-like binding sites fotH]Ap,A
with pharmacological characteristics different from B2Y
receptors [9] and coupling to G proteins [10]. However,
nothing is yet known about the physiological function of
extracellular ApA in lung. Thus, the observations pre
sented here show for the first time the functional effects of
Ap,A in lung epithelial cells.
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Fig. 4. Source of C& for agonist-evoked [Cd]; increase. (A) Influence of extracellular €aon the rise in agonist-induced [€3;. Experiments were
carried out in the presence of 1.8 mM Ca®t in nominally C&"-free incubation medium. [G4]; was recorded after addition of M UTP (1), 10uM
ATP (2), or 100uM Ap,A (3), as described under Materials and Methods. The results represent the m&nsf at least 86 single-cell measurements
(*P < 0.05 byunpairedt-test analysis). (B and C) Calcium responses to UTP (B) anghA@) after depletion of internal G4 stores. HBEL1 cells were
incubated with 4QuM CPA before stimulation with UTP (1@M) or Ap,A (100 uM) at the times indicated by bars.



628
100
80 —
£
c
8
— 60 +
[S)
S
3
c 40 +
o
Q
0
2
&
© 20
($]

0_

A B cC D

Fig. 5. Desensitization of agonist-stimulated fChincrease in HBE cells.
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5 min after the first stimulation were stimulated for a second time (1 min)
with the homologous (A and C) or the heterologous nucleotide (B and D).
Bars represent the percentage of the maximal"Gasponse+ SE of the
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Ap,A in inducing [C& "], increase [24], but is in agreement
with our previous findings with rat and human lung mem-
branes, where*H]Ap A binding sites showed equal affin
ities for several ApA (n = 2 to 6) [9]. Thus, both biochem
ical and functional data underpin the assumption of a
common receptor binding site for several diadenosine
polyphosphates. Furthermore, we found that stimulation of
[3°*S]GTPyS binding to lung membranes caused by different
Ap A (n = 2 to 6) was almost identical [9].

Experiments in nominally Cd-free medium showed
that the main source of &4 for the increase in [CA]; in
HBE1 cells induced by ApA was intracellularly stored
C&* and that only a small part of the €aincrease was
due to transport through the plasma membrane. A similar
observation was made for the AMpinduced [C&']; in-
crease in adrenal chromaffin cells [24]. In contrast, the rise
in [Ca®"], evoked by UTP in HBE1 cells seemed to be
caused only by the release from internal’Castores. As
neither UTP nor ApA was able to augment [G4]; after
preincubation with CPA in nominally Ga-free incubation
medium, it may be concluded that CPA-sensitive*Ca
stores are the main source for the fCh increase in either
case. Similarly, for human erythroleukemia cells, it was

first stimulation. For each experiment at least 57 single-cell measurementsfeported that extracellular UTP and ATP mobilized*Ca

were made. The difference was significaRt € 0.05 byunpairedt-test
analysis).

from thapsigargin-sensitive intracellular stores via B2Y
receptors [27].
Repetitive stimulation of HBE1 cells with UTP or Afp

In the present study, nucleotide receptors in HBE1 cells caused a substantial desensitization in either case, even

were characterized by studying single-celPCaesponses
induced by various nucleotides. Extracellular ATP and UTP
caused a strong increase in fC} in HBE1 cells. The
almost identicakcs, values (1.5 and 1.8M for ATP and

when cells were first stimulated with the heterologous ag-
onist. Slight differences in the degree of heterologous de-
sensitization favor the idea of different receptor subtypes for
ATP/UTP and ApA in lung cells. However, it has yet to be

UTP, respectively) are an indication that both nucleotides investigated whether the degree of cross-desensitization be-
activate the same receptor subtype, most probably the P2Y tween UTP and ApA could also be due to activation of

receptor, found previously in HBE1 cells by other workers
[16,18]. As P2Y, and P2Y; receptors are also present in
HBEL1 cells [18], UTP might also stimulate these receptor
subtypes. Extracellular Ap also evoked an increase in
[Ca®"];, albeit with a lesser affinity. Thecy, value of 17
uM for Ap,A is about 10 times higher than the values for
ATP or UTP, but is comparable to tlzes, value of 28uM
for the [C&™); increase evoked by A@ in adrenal chre
maffin cells [24]. Due to inherent difficulties, absolute val-
ues for the concentration of calcium derived from calibra-
tion of Fura-2 signals [26] are open to misinterpretation.
However, the physiological consequences of the®[a
increase evoked by AB stimulation can be reliably as
sessed by comparison with the half-maximal rise in’[Ga
induced by ATP or UTP. Thus, we may conclude that the
[Ca™]; increase evoked by AP is sufficiently high to
activate calcium-dependent Cthannels in lung epithelia.
As other diadenosine polyphosphates {ApApsA, and
ApgA) caused a similar increase in [€3; to that induced
by Ap,A, it is very likely that all these polyphosphates

intracellular kinases such as protein kinase C rather than to
the interaction at the same receptor [28].

Here, we showed the effect of diadenosine tetraphosphate
on human bronchial epithelial cells. Although it cannot be
excluded that ApA is also a partial agonist of the P2Y
receptor in HBE1 cells, differences in the release of'Ca
evoked either by ATP/UTP or A support the assumption of
the existence of an additional receptor for,Apn these cells.

In particular, the magnitude of the [€3; increase was sig
nificantly different for ApA and ATP or UTP. As the C&
measurements were performed in a perfusion chamber with a
permanent exchange of medium, it may be excluded that deg-
radation products of AjA such as ATP and ADP caused the
C&" response. Additionally, in human tracheal gland cells
there is also evidence for the existence of P2 receptors for
Ap,A that are different from the P2Yreceptor [29].

Receptors activated by AA are involved in a signal
transduction pathway coupled to G proteins and the mobi-
lization of internal C&". Therefore, the possible relevance
of diadenosine polynucleotides in lung physiology is of

activate the same receptor. This is in contrast to findings in great interest. In human myocardium, the positive iono-

adrenal chromaffin cells, where & was less potent than

tropic effect of ApA was already proposed to be mediated



W. Laubinger et al. / Biochemical Pharmacology 61 (2001) 623-629

via G,-coupled P2Y receptors [30]. Regardless of whether
Ap,A is an agonist of P2Y receptors, of distinct P2Y
receptors, or of both receptor subtypes, receptors for the
relatively stable ApA in lung epithelial cells might be
promising regulatory elements for €amediated stimula
tion of CI~ secretion when other Clchannels are deficient.
This might be of therapeutic interest for the treatment of
lung diseases such as CF, where the nucleotide UTP has
already been applied successfully to activaté Gaediated

CI™ transport processes [5]. The evidence obtained thus far
for the existence of distinct P2Y receptors for Aan lung
should prompt further biochemical and molecular investi- [15]
gations to identify the targets on which diadenosine
polyphosphates act in lung epithelial cells.
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