Purinergic Regulation of Acid/Base Transport
in Human and Rat Biliary Epithelial Cell Lines
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Biliary epithelial cells (cholangiocytes) are responsible
for rapid regulation of bile volume and alkalinity. Secretin
and other hormones raising intracellular cyclic adenosine
monophosphate (CAMP) concentrations promote biliary
HCO; secretion by stimulating apical Cl= channels and
CI=/HCO;~ exchange (AE2). Cholangiocyte ion transport
may also be stimulated by locally acting mediators; for
example, adenosine 5'-triphosphate (ATP), a secretagogue
that can be released into the bile by hepatocytes and
cholangiocytes, activates Cl~ conductances and Na*/H*
exchange (NHE) in cholangiocyte cell lines. To further
explore the role of extracellular ATP in the paracrine
regulation of carrier mechanisms regulating cholangiocyte
H*/HCO;~ secretion, we investigated the effects of nucleo-
tides on intracellular pH regulation (measured by microfluo-
rimetry with 2'7’-bis(2-carboxyethyl)-5,6,carboxyfluores-
cein [BCECF]) in human (MZ-ChA-1) and rat (NRC-1)
cholangiocyte cell lines. In MZ-ChA-1 cells, 10 mol/L ATR,
uridine 5'-triphosphate (UTP), and ATP+ys significantly
increased NHE activity. The pharmacological profile of
agonists was consistent with that anticipated for receptors
of the P2Y, class. ATP did not increase AE2 activity, but,
when given to cells pretreated with agents raising intracellu-
lar cAMP, had a synergistic stimulatory effect that was
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inhibited by amiloride. To assess the polarity of purinergic
receptors, monolayers of NRC-1 cells were exposed to
apical or basolateral nucleotides. Apical administration of
purinergic agonists, but not adenosine, increased basolat-
eral NHE activity (ATPyS > UTP > ATP). Basolateral
administration of purinergic agonists induced a weaker
activation of NHE, which was instead strongly stimulated
by adenosine and by adenosine receptor agonists (NECA =
R-PIA = S-PIA). In conclusion, this study demonstrates
that, consistent with the proposed role for biliary ATP in
paracrine and autocrine control of cholangiocyte ion secre-
tion, extracellular ATP stimulates cholangiocyte basolateral
NHE activity through P2Y, receptors that are predomi-
nantly expressed at the apical cell membrane. (HerpATOLOGY
1998;28:914-920.)

Bile production requires the integrated function of hepato-
cytes and biliary epithelial cells (cholangiocytes). While
hepatocytes secrete the major biliary constituents, such as
bile acids, lipids and glutathione, the biliary epithelium
represents the critical site for rapid regulation of bile volume
and alkalinity.-® Rates of ductular ion transport are regulated
by gastrointestinal hormones able to modulate cyclic adeno-
sine monophosphate (cAMP) concentrations: secretin* and
vasoactive intestinal peptide® stimulate ductal choleresis,
while somatostatin® and gastrin? inhibit ductal fluid secre-
tion.

In intact organs, secretin induces the production of a
HCO;-enriched biliary fluid with a parallel decrease in
biliary CI~ concentration.® At a cellular level, secretin stimu-
lates two ion transporters located at the apical membrane of
the biliary epithelial cell, the cystic fibrosis transmembrane
conductance regulator (CFTR)%1° and the AE2 isoform of
CI=/HCO;~ exchanger!-13 that mediate apical CI~ and HCO;~
excretion, respectively. Several lines of evidence suggest that
secretin, via CAMP/protein kinase A (PKA), activates CFTR,
resulting in Cl~ efflux from the cholangiocyte,** and therefore
increasing the gradient for HCO;~ efflux via AE2. Bicarbon-
ate efflux must be compensated by increased cellular HCO;~
influx; basolateral Na*/H* exchanger (NHE), acting in con-
cert with carbonic anhydrase, accounts for electroneutral
HCO5;~ uptake, as suggested by inhibition of secretin-
stimulated choleresis by acetazolamide!® and by amiloride.1®

Recent data indicate that cholangiocyte secretory function
may also be controlled by local factors, such as acetylcholine
that is released by intrahepatic parasympathetic termina-
tions'”18 and by adenosine 5'-triphosphate (ATP), a potent
autacoid substance able to stimulate secretory events in a
number of epithelia.1%20 Extracellular ATP has been shown to
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stimulate Cl~ conductances?! and NHE?? in human cholangio-
cyte cell lines. ATP is present in micromolar concentrations
into the bile,2® where it can be released both by hepatocytes
and cholangiocytes following anisosmotic challenges?* and
mechanical stresses.? It has thus been suggested that ATP
may be capable of paracrine/autocrine control of duct secre-
tion.242627 Through this local control, the liver may partly
sustain bile flow;?® even in conditions such as cystic fibro-
sis,%829 in which mutated CFTR results in impaired electro-
lyte transport and chronic damage to a number of organs.30:3!

This study was designed to address the role of ATP in
paracrine regulation of carriers mediating acid/base transport
in the bile duct epithelium. Our results show that extracellu-
lar ATP interacting with apical P2Y, purinergic receptors,
stimulates basolateral Na*/H* exchange and increases cellu-
lar HCO;™ load, an effect that, in cells pretreated with cCAMP,
results in increased AE2 activity. These observations add
strong evidence in favor of the proposed role for biliary ATP
in paracrine stimulation of transepithelial H*/HCO;~ trans-
port in cholangiocytes.?”

MATERIALS AND METHODS

Materials. HEPES, amiloride, dimethylsulfoxide, nigericin, 4,4,-
diisothiocyanatostilben-2,2,-disulfonic acid (DIDS), choline chloride,
ammonium bicarbonate, epidermal growth factor, dexamethasone, triio-
dothironin, high-activity collagenase, ethylenediaminetetraacetic acid,
forskolin, N&,2’-O-dibutyryladenosine 3’:5’-cyclic monophosphate
(DBcAMP), 3-isobutyl-1-methyl-xanthine (IBMX), adenosine 5'-O-(3-
thiotriphosphate (ATPyS), uridine 5’-triphosphate (UTP), [R]-NS-[1-
methyl-2-phenylethyl]adenosine (R-PIA), [S]-N6-[1-methyl-2-phenyl-
ethyl]-adenosine (S-PIA), and 5’-(N-ethylcarboxamido)-adenosine
(NECA) were purchased from Sigma Chemical Company (Milano, Italy).
ATP was purchased from Boehringer Mannheim GmbH (Milano, Italy).
Xanthine amine congener (XAC) was purchased from Amersham (Mi-
lano, Italy). 2"7’-bis(2-carboxyethyl)-5,6,carboxyfluorescein-acetossimeth-
ylester (BCECF-AM) was purchased from Molecular Probes Inc. (Eu-
gene, OR). Culture media (DMEM, HAM F12, MEM, fetal bovine serum,
penicillin/streptomycin, MEM nonessential aminoacids solution, GMS-S,
chemically defined lipid concentrate, and MEM vitamin solutions)
trypsin inhibitor soybean, gentamicin, trypsin/ethylenediaminetetraace-
tic acid, and glutamine were from GIBCO (Grand Island, NY). NuSerum
and bovine pituitary extract were from Becton Dickinson S.p.A. (Milano,
Italy). Membrane inserts were purchased from NUNC (Mascia Brunelli,
Milano, Italy).

Cell Cultures. The human biliary cell line, MZ-ChA-1 (kindly
provided by Dr. A. Knuth, Mainz University, Mainz, Germany), was
cultured in MEM medium supplemented with 10% fetal calf serum
and penicillin/streptomycin (100 U-0.1 mg/mL) in a humidified
95% air, 5% CO, atmosphere. Two to 3 days before the experiment,
cells were suspended by washing with Ca2*-Mg2*—free phosphate-
buffered saline containing 0.68 mmol/l ethylenediaminetetraacetic
acid, plated over glass-coverslip fragments contained into tissue
culture plastic wells (Falcon, Mascia Brunelli, Milano, Italy) and
cultured with the same MEM medium, until subconfluent. The
MZ-ChA-1 cell line®2 was chosen because these cells have been
extensively used as a model biliary cell line and are positive for the
bile duct cell markers y-glutamyl transpeptidase and cytokeratin
19%; they have been shown to express CFTR and purinergic
receptors,?? and to possess cCAMP-and ATP-induced CI- efflux33 and
cholangiocyte-specific acid/base transporters, including NHE and
AE2.12

The normal rat cholangiocyte cell line (NRC-1) was cultured on
the top of rat tail collagen, as described.3* Confluent monolayers of
NRC-1 cells were resuspended and placed on the top of NUNC
Anopore (0.2-um pore) membrane inserts coated with a thin layer of
collagen. When cultured in these conditions, NRC-1 cells develop
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competent tight junctions, retain cholangiocyte phenotypic mark-
ers, such as apical y-glutamyl transpeptidase, and cytoplasmic
cytokeratin-7 and cytokeratin-19 expression and display morphologi-
cal and functional polarity.3* For example, the basolateral membrane
expresses somatostatin receptors and NHE, while CI~ conductances
and CI7/HCO;~ exchange are present at the apical pole.?7:3435
Establishment of a confluent monolayer with competent tight
junctions was routinely checked by measuring transepithelial resis-
tance and membrane potential difference with a Millicell-ERS
system (Millipore Co., Bedford, MA); only monolayers showing a
transepithelial resistance above 800 Qcm? were used for these
experiments.

Intracellular pH Measurement. For intracellular pH (pHi) measure-
ments, MZ-ChA-1 and NRC-1 cells were placed, respectively, on
glass-coverslip fragments or on semipermeable membrane inserts.
pHi was measured, essentially as previously described,*1112 using
the fluorescent dye, BCECF, which was loaded into the cells by
incubation for 10 to 20 minutes at 37°C (30 minutes in the case of
NRC-1 cells) with its tetracetoxymethylester derivative (BCECF-
AM) (12 pmol/L). At the end of the incubation period, to remove the
extracellular dye, cells were washed for 10 minutes at 37°C in a
BCECF-free medium. Cells easily took up the dye that showed an
even distribution in the cytoplasm. At the end of the loading
procedure, MZ-ChA-1 cells were transferred into a thermostated
(37°C) perfusion chamber, placed on the stage of a NIKON TDM
inverted microscope. In the case of NRC-1 cells, monolayers
containing membrane inserts of proper resistance were trasferred
into thermostatated (37°C) custom-made perfusion chambers
allowing separate perfusion of the apical and basolateral aspects.
All tubings were made by CO,-impermeant material; HEPES-
buffered solutions were gassed with 100% O,, while a 95%
0,/5% CO, mixture was used for solutions containing 25 mmol/L
HCO;™.

The microfluorimetric set-up has been previously described.1?2 A
NIKON 40X Fluor N.A. 1.3 objective was used for MZ-ChA-1 cells,
while a NIKON 40X Achromat LWD was used in the case of NRC-1
cells. Experimental procedures were essentially as described.1236
Signal-to-background ratio at 440 nm was approximately 110:1 in
MZ-ChA-1 cells and 40:1 in NRC-1 cells. Fluorescence 495/440
ratio data were calibrated using the K*/H* ionophore, nigericin (12
pumol/L),1+12 as described. Cellular intrinsic buffering power (Bi)
was determined at different pHi, by exposing cells to stepwise-
decreasing NH,CI concentrations, as described.11123637 The total
intracellular buffering power (Btot) in the presence of the open
buffering system [(H,CO3/CO,)] was then calculated from Bi as:
Btot = Bi + 2.302 X [HCO;7]i, where intracellular HCO;~
concentration is derived from the measured pHi using the Henderson-
Hasselbach equation. Rates of pHi changes in the alkaline or in the
acid direction were measured as dpHi/dt by hand-drawing a tangent
from the experimental plot. Transmembrane H* fluxes (JH™) were
calculated from Bi and 3pHi/dt as JH* = Bi X dpHi/5t.38

Solutions. Buffers for pHi experiments were essentially as previ-
ously described.1212 Briefly, bicarbonate-free ringers (HEPES) were
buffered with HEPES at pH 7.4 and contained the following salts:
135 mmol/L NaCl, 4.7 mmol/L KCI, 1 mmol/L MgSQy,, 1.2 mmol/L
KH,PQOy,, 1.5 mmol/L CaCl,, 10 mmol/L HEPES, 5 mmol/L glucose,
and 1 mmol/L pyruvate, titrated to pH 7.4 with NaOH. Bicarbonate-
buffered ringer (KRB) contained: 115 mmol/L NaCl, 4.7 mmol/L
KCI, 1.2 mmol/L KH,PO,4, 1 mmol/L MgSO,, 1.5 mmol/L CaCl,, 25
mmol/L NaHCO3;, 5 mmol/L glucose, and 1 mmol/L pyruvate, and
was equilibrated with 5% CO,. In KRB and HEPES used to acid-load
cells, 30 mmol/L NH,CI substituted equal amounts of NaCl.
BCECF-AM was dissolved in dimethylsulfoxide as a 1-mmol/L stock
solution. Amiloride was dissolved in dimethylsulfoxide as a 1-mmol/L
stock solution, while nigericin was solubilized in ethanol.

Statistical Analysis. Results are shown as means * SD. Paired and
unpaired t test analyses were performed using STATGRAPH software
(STSC, Inc., Rockville, Maryland).
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TasLE 1. Effects of Purinergic Nucleotides on NHE Activity
in MZ-ChA-1 Cells

JH* pHi

(mmol/L/min) dpH/min nadir n
Controls 5.25 +2.34 0.146 = 0.065 6.5*+0.13 26
ATP (10 pmol/L)  20.04 = 6.61T1 0.557 = 0.184 6.61 = 0.11 5
ATP + amiloride 2.85 £ 0.67* 0.051 = 0.01 6.32 = 0.12 6
UTP (10 pmol/L)  30.41 = 2.08t 0.845 +0.058 6.62 = 0.15 4
ATPyS 26.71 = 442t  0.742 = 0.123 6.6 = 0.13 4
ATP (10 pmol/L
+ XAC) 21.09 = 1.04t 0.586 = 0.029 6.67 = 0.07 4
*P <.0001 vs. controls.
TP <.0005 vs. controls.
RESULTS

Effects of Extracellular ATP on H*/HCO3~ Transport

Effects on NHE Activity. The effects of extracellular ATP on
NHE were examined in MZ-Cha-1 cholangiocytes. Here,
NHE activity was defined as the rate of pHi recovery from an
acid-load in the nominal absence of HCO;™, and acid-loading
was achieved by transient exposure to 30 mmol/L NH,CI38
(Table 1, Fig. 1A). In control conditions (n = 26), cells
recovered from this acid-load by extruding protons at a rate
(JH*) of 5.25 = 2.34 mmol/L/min (3pHi/at: 0.146 = 0.065/
min, measured at pHi 6.6). Administration of 10 umol/L ATP
caused a striking increase in NHE activity (JH*: 20.04 + 6.61
mmol/L/min; dpHi/ét: 0.557 = 0.184/min; n = 5, measured
at pHi = 6.6; P < .001). These changes were inhibited by
1 mmol/L amiloride (JH*: 2.85 = 0.67 mmol/L/min; 3pHi/at:
0.051 = 0.01; n = 6; P < .0001, at pHi 6.4). If H* fluxes are
plotted versus the corresponding pHi values (Fig. 2), a
significant inverse linear correlation between acid fluxes and
pHi (r? = .9443) is evident. As described for many agents
activating NHE1,3° ATP appears to shift to the right its
activity versus the pHi curve, increasing the affinity of the
regulatory site of NHE to protons.

In addition, UTP (10 pmol/L) and ATPyS (10 umol/L), a
nonhydrolizable ATP derivative, increased NHE activity (JH+:
30.41 = 2.08 mmol/L/min; 8pHi/3t: 0.845 = 0.058/min; n =
4; and 26.71 = 4.42 mmol/L/min; 8pHi/dt: 0.742 = 0.123/
min; n = 4, at pHi 6.6, respectively) (P < .005 with respect to
controls). Pretreatment with the adenosine receptor blocker
xanthine amine congener (XAC) (100 umol/L), did not
inhibit the effects of ATP on NHE (JH*: 21.09 = 1.04
mmol/L/min; 8pHi/ét: 0.586 + 0.029/min; n = 4; P = not
significant, with respect to ATP alone), indicating that NHE
activation was not mediated by ATP degradation products.
These results are consistent with a previous report from
Elsing et al.,?? and the pharmacological profile of nucleotide
efficacy indicates that extracellular ATP activates NHE inter-
acting with P2Y, purinergic receptors.

ATP administration resulted in higher baseline pHi both in
the presence and in the absence of HCO5;7/CO, in the
perfusion medium. In HEPES-buffered media, 10 umol/L ATP
increased baseline pHi from 6.96 = 0.09 (n = 7) to 7.21 +
0.11 (n = 7) (P < .001). When HCO3~/CO, was present in
the perfusion medium (KRB), ATP increased baseline pHi
from7.1=0.1(n=9)to7.24 = 0.05 (n = 9) (P < .005).
Changes induced by ATP were fully inhibited by pretreatment
with amiloride (1 mmol/L), suggesting that ATP regulates resting
pHi at a more alkaline level through activation of NHE.
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Effects of ATP on CI=/HCO3~ Exchanger (AE2) Activity. Having
shown that extracellular ATP promotes cellular HCO;~
uptake via NHE, we then evaluated the effects of extracellular
ATP on AE2 activity in MZ-ChA-1 cholangiocytes, following
the protocol shown in Fig. 1B. Here, AE2 activity was defined
as the rate of pHi recovery from an intracellular alkaline load.
The alkaline load was induced by acute removal of HCO3;~/
CO,~ from the perfusion medium.*%-42 Because of the strict
pHi dependence of CI-/HCO5;~ exchange (Fig. 2), HCO;~
efflux was measured in all groups at a common pHi (7.3). To
evaluate the effects of ATP, cells were superfused with 10
umol/L ATP for 3 minutes; after a new steady-state pHi was
obtained, the alkaline load was induced. In these conditions
(see Table 2), JH* at 7.3 was not significantly different from
controls (JH*: 7.12 = 1.74 mmol/L/min; dpHi/st: 0.139 *=
0.034/min [n = 5] vs. JH*: 7.85 = 2.29 mmol/L/min;
dpHi/ét: 0.157 + 0.041/min [n = 47] in controls) (P = not
significant). On the contrary to NHE, ATP did not change the
activity versus pHi relationship of AE2 (Fig. 2).

On the contrary, administration of ATP to cells pretreated
with agents raising intracellular cAMP levels (100 pmol/L
DbcAMP + 100 upmol/L IBMX + 3 pmol/L forskolin)
(CAMPmIx)10:3343.44 further increased AE2 activity (Table 2)

A 8.0 B 8.0
C
7.5 7.5+
pHi 70 b pHi 7-0—-,.J. . A
al p f
6.5 6.5
6.0 . 6.0 —
0 500 0 500
Time (sec) Time (sec)
Fic. 1. Representative examples of pHi tracings illustrating the experimen-

tal protocols followed to assess the activity of Na*/H* exchanger (A) and
CI7/HCO3;~ exchanger (B) in MZ-Cha-1 cells. (A) NHE activity was
measured from the pHi recovery rates after intracellular acidification induced
by administration (b) and withdrawal (c) of the permeant weak base, NH,Cl,
as described.1112:35 pHi rises upon exposure to NH4Cl as a result of the entry
of the permeant NH3 and its protonation to the impermeant NH,*. After
withdrawal of external NH,Cl, NH,* releases the proton, thereby acidifying
the cytoplasm and leaves the cell as NH3. Cells rapidly recover to baseline by
extruding protons. In nominally HCO3;~/CO,-free HEPES-buffered media,
this process is inhibited by amiloride and by extracellular Na* removal,
indicating that it is mediated by NHE. The rate at which this electroneutral
exchange extrudes protons during the recovery phase is a measure of its
activity; because this is characteristically inversely related to pHi, Nat/H*
activity in the different experimental groups was measured at a common pHi
(see text and Tables). (B) CI-/HCO3;~ exchange is the main alkali extruder in
cholangiocytes; its activity was thus measured from the pHi recovery rates
after intracellular alkalinization induced by withdrawal (b) of extracellular
HCO;~/CO; at constant external pH.4142 Exit of CO, from the cell creates an
intracellular alkaline load from which MZ-ChA-1 cells recover by extruding
HCO3~ via a Cl~-dependent and DIDS-inhibitable mechanism. The rate at
which this electroneutral exchange extrudes base equivalents during the
recovery phase is a measure of its activity; because its activity is characteristi-
cally directly related to pHi, CI-/HCO;™ activity in the different experimen-
tal groups was measured at a common pHi (see text and Tables).
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Effects of ATP on activity versus pHi relationship of NHE (left tracings) and AE2 (right tracings). The graph shows plots of H* (left) or OH~ fluxes

(right) measured during pHi recovery from an acid-load (left) or alkali-load (right) and their corresponding pHi values. All plots show significant correlation
between acid base fluxes and pHi: (¢), NHE controls (r2 = .9646); (@), NHE ATP 10 pmol/L (r2 = .9443); (*), AE2 controls (r2 = .9369); (X), AE2 ATP 10
umol/L (r? = .9641). This figure demonstrates the following points: 1) indirect and direct relationships of acid and base fluxes mediated by NHE and
CI~/HCO;3~ exchangers; 2) as described for many agents activating NHE1, the main effect of ATP on NHEL is to increase the activity of the regulatory site to
H™, thus changing its apparent “set point”; 3) ATP, when given alone, does not change AE2 kinetic parameters; however, 4) at the new steady state, i.e., the
point at which acid-extrusion matches acid-loading (see the points at which the two linear regressions, with and without ATP, cross AE2 regression), AE2

base-extruding activity will be higher.

compared with cells treated with cAMPmix alone (JH™:
13.13 + 2.5 mmol/L/min; 8pHi/at: 0.260 = 0.05 [n = 7] vs.
JH™:10.16 = 2.6 mmol/L/min; dpHi/dt: 0.198 + 0.05;n = 9;
P < .01). Interestingly, as also shown in Table 2, these effects,
including those of cAMPmix alone, were inhibited by the
NHE inhibitor, amiloride (1 mmol/L) (JH" in the presence of
CAMPmix + ATP + amiloride was 7.72 = 1.8 mmol/L/min;
dpHi/ét: 0.160 * 0.032; n = 10; P = not significant with
respect to controls; JH* in the presence of cAMPmix +
amiloride was 7.30 = 2.3 mmol/L/min; dpHi/ét: 0.143 =+
0.05; n = 6; P = not significant with respect to controls),
demonstrating that HCO3;~ uptake via functional NHE is also
required for cAMP-mediated stimulation of HCO;~ efflux.

Polarity of Purinergic Receptors

To investigate the membrane polarity of purinergic recep-
tors involved in the stimulation of NHE by ATP, we studied
the effects of apical and basolateral administration of nucleo-
tides on NHE activity using a polarized rat cholangiocyte
(NRC-1)3 cell line that expresses basolateral NHE.3> NRC-1
cells were cultured on collagen-coated tissue-culture inserts

TasLE 2. Effect of ATP and cAMP on CI=/HCOj3; Exchanger Activity

H+

(mmol/L/min) dpH/min n

Controls 7.85 + 2.29 0.157 + 0.041 47
ATP (10 pmol) 712+ 174 0.139 * 0.034 5
cAMP 10.16 = 2.6 0.198 + 0.05 9
CAMP + ATP 1313 + 25 0.260 * 0.05 7
CAMP + ATP + Amiloride 77218 0.160 * 0.032 10
cAMP + Amiloride 73023 0.143 * 0.05 6

NOTE. Controls vs. ATP: P = not significant; controls vs. CAMP: P < .002;
controls vs. CAMP + ATP: P < .0005; cAMP vs. CAMP + ATP: P < .01.

until confluence, and then placed into a custom-made
thermostated chamber allowing separate perfusion of the
apical and basolateral aspects of the monolayer. Cells were
acidified by perfusing the basolateral side with a Na*-free
HEPES medium (substitution with choline), while the apical
side was exposed to 1 mmol/L amiloride (Fig. 3). After Na*
readmission, NRC-1 cells recovered to baseline pHi by way of
an amiloride-inhibitable mechanism at a rate of JH*: 8.22 =
2.96 mmol/L/min (8pHi/dt: 0.175 = 0.074/min at pHi 7.0;
n = 24). Administration of 10 umol/L ATP on the apical
surface of the cells caused a significant increase in NHE
activity: JH*: 14.51 = 6.6 mmol/L/min (dpHi/dt: 0.342 =
0.150/min at pH = 7.0; n = 6; P < .01). The pharmacological
profile of purinergic agonists (UTP 10 umol/L or ATPyS 10
umol/L) (Table 3) suggests that the effects of ATP are mediated
via activation of P2Y, receptors, and are not caused by
breakdown of ATP to adenosine, because preincubation with
XAC (100 pmol/L) did not inhibit ATP effects (JH*: 16.7 =
11.09 mmol/L/min; 8pH/3t; 0.46 + 0.32/min; n = 5; pH =
7.0), and apical administration of adenosine (10 umol/L) did
not significantly increase NHE activity (JH*: 8.57 £ 2.31
mmol/L/min; dpHi/ét 0.23 = 0.08/min at pHi 7.0; n = 6).
When administered from the basolateral aspect (Table 3),
ATP and UTP induced a smaller increase in NHE activity
(42% and 58% increase, respectively, vs. 76% and 100% after
apical administration), suggesting that, although less repre-
sented, P2Y, receptors could also reside at the basolateral
membrane.?’45> On the contrary to apical administration,
basolateral adenosine (10 pmol/L) induced a potent stimula-
tion of NHE activity (JH*: 19.72 £ 5.6 mmol/L/min; dpHi/at:
0.402 = 0.18/min; n = 8; P < .001). XAC inhibited
adenosine effects, while adenosine receptor agonists (NECA,
R-PIA, S-PIA [10 pmol/L]) significantly stimulated NHE
activity with similar rank order potency (Table 3), indicating
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Fic. 3. To investigate the membrane polarity of purinergic receptors
involved in the stimulation of NHE by ATP the effects of apical and
basolateral administration of nucleotides on NHE activity were assessed
using a polarized rat cholangiocyte (NRC-1)34 cell line that expressed
basolateral NHE3® (upper panel). NRC-1 cells were cultured on collagen-
coated tissue-culture inserts until confluence, and then placed into a
custom-made thermostated chamber allowing separate perfusion of the
apical and basolateral aspects of the monolayer. Apical and basolateral
solution changes during the representative experiment shown in the upper
panel are illustrated in boxes above (apical) and below (basolateral) the
cartoon of the monolayer. Cells were acidified by perfusing the basolateral
side with a Na*-free HEPES medium (substitution with choline), while the
apical side was exposed to 1 mmol/L amiloride (to inhibit the contribution of
putative apical Na*™ channels) (lower left panel). After Na* readmission,
NRC-1 cells recover to baseline pHi by way of an amiloride-inhibitable
basolateral NHE. Administration of 10 umol/L ATP on the apical surface of
the cells, before Na*™ readmission, caused a significant increase in NHE
activity (see lower right panel). A control experiment is shown in the lower
left panel. Results of these experiments are shown in Table 3.

that P1 receptors are restricted at the basolateral membrane of
NRC-1 cells.

DISCUSSION

The main findings of this study investigating the role of
extracellular ATP on cholangiocyte acid/base transport are: 1)
extracellular ATP stimulates NHE interacting with P2Y,
receptors; 2) purinergic receptors able to stimulate basolat-
eral NHE are polarized with P2Y, receptors mainly on the
apical side and P1 receptors strictly restricted to the basolat-
eral aspect of the epithelium; and 3) in the presence of cAMP,
ATP administration results in increased activity of AE2, the
carrier responsible for apical HCO;~ efflux, indicating that
local control via ATP may be relevant for cholangiocyte
secretory function.

Consistent with a recent report,?2 10 umol/L ATP induced a
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dramatic increase in NHE activity, which resulted in a shift to
the right of its activity versus pHi relationship and in a higher
baseline pHi, even in the presence of HCO;~/CO,. Simulta-
neous administration of an adenosine receptor inhibitor
(XAC) did not prevent activation of NHE by ATP, suggesting
that this effect was not mediated by the ATP breakdown
product, adenosine; the rank order of potency of ATP
analogues (UTP > ATP~S > ATP) indicates that ATP-induced
activation of NHE is mediated through P2Y, purinergic
receptors. Several NHE isoforms have been described; in
addition to the amiloride-sensitive, mitogen-activated iso-
form 1 (NHE1), mRNA for the amiloride-insensitive apical
NHE2 isoforms has recently been detected in isolated rat
cholangiocytes.*6 Our data showing that ATP activates baso-
lateral NHE in NRC-1 cells, that its effects are inhibited by
amiloride, and that ATP changes NHE set point, together with
the reported sensitivity to cimetidine,?? strongly suggest that
NHEL1 is the isoform stimulated by purinergic nucleotides.

Given the basolateral location of NHE1, the question arises
as to the side of action of extracellular ATP. Because MZ-
ChA-1 cells are not polarized, to ascertain the localization of
purinergic receptors, we have used a polarized cell line
established from normal rat cholangiocytes (NRC-1). When
grown over collagen-coated tissue-culture inserts, NRC-1
cells form a confluent polarized monolayer that allows the
separate study of events taking place at the apical and
basolateral aspect of the cell.®* In this cell system, administra-
tion of 10 umol/L ATP on the apical side of cholangiocytes
significantly increased the basolateral NHE activity, with a
pharmacological profile consistent with that anticipated for
receptors of the P2Y, class. In line with the recently reported
stimulation of Cl~-dependent currents in NRC-1 cells,?” our
findings demonstrate, in a polarized preparation of cholangio-
cytes, that biliary ATP, interacting with purinergic receptors
localized at the apical membrane of the cholangiocyte, is able
to increase cellular HCO;~ load. Consistent with a report in
isolated bile duct units,*> we observed that P2Y, receptors are
also expressed at the basolateral pole of the cell; however,
response to basolateral ATP and UTP is smaller, suggesting
that apical receptors contribute more importantly to local
regulation of secretion. On the contrary to ATP, adenosine
had no effect when administered apically, but it did increase
NHE activity, when given from the basolateral side. Although
the profile of adenosine receptor agonists (NECA = R-PIA =
S-PIA) did not allow a pharmacological distinction between
the different receptor subtypes, our findings clearly indicate
that P1 receptors are restricted to the basolateral aspect of the
epithelium. Given the rapid degradation of ATP to adenosine,
absence of P1 receptors from the apical side further indicates
an important regulatory role of ATP on the apical membrane;
on the other hand, it is tempting to speculate that activation
of NHE by basolateral adenosine may play a role in cellular
response to ischemia, a condition in which adenosine is
released in large quantities.

NHEZ1 fulfils several distinct physiological functions, which
include control of intracellular pHi, regulation of cell volume,
facilitation of cell proliferation in response to growth factors,
and transepithelial HCO ™~ transport.238:46 |n fact, this basolat-
eral acid extruder, in concert with carbonic anhydrase,
provides intracellular HCO;~ that is then excreted by Cl~/
HCO;~ exchange. Luminal HCO3;~ excretion in gastrointesti-
nal epithelia is in fact mediated by the AE2 isoform of the
CI=/HCO;~ exchanger. By increasing NHE activity, activating
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TasLE 3. Effect of Apical or Basolateral Administration of Nucleotides on NHE Activity in NRC-1 Cells*

Apical Basolateral
JH+ JH*
(mmol/L/min) dpH/min % n P (mmol/L/min) dpH/min % n P

Controls 8.22 = 2.96 0.175 = 0.074 24 8.22 = 2.96 0.175 = 0.74 24

ATP 1451 £ 6.6 0.342 = 0.15 76 6 <.01 11.69 £ 6.3 0.275 = 0.149 42 7 <.05
ATPyS 2797 £7.15 0.662 = 0.17 240 5 <.001 9.7 = 3.7 0.228 = 0.087 18 8 ns
UTP 1651 7.1 0.392 = 0.164 100 8 <.01 13.00 £ 2.75 0.307 = 0.065 58 7 <.01
ATP + XAC 16.7 = 11.09 0.46 = 0.32 103 5 <.01 10.02 £ 3.1 0.269 = 0.08 22 5 ns
Adenosine 8.57 +2.31 0.23 = 0.08 4 6 ns 19.72 £ 5.6 0.402 = 0.18 140 8 <.001
Adenosine + XAC — — — — 12.85 £ 6.75 0.249 = 0.009 40 7 <.05%
NECA — — — — 14.6 = 4.43 0.341 = 0.1 7 7 <.001
R-PIA — — — — 13.58 £ 6.75 0.320 = 0.06 65 7 <.001
S-PIA — — — — 12.38 £ 5.28 0.292 £ 0.12 50 8 <.01

NOTE. Effect of apical and basolateral administration of nucleotides on NHE exchangers in NRC-1 cells. ATP~S, (adenosine 5'-O-(thiotriphosphate) is a
nonhydrolizable ATP analog. UTP interacts specifically with P2Y2 receptors. XAC is an inhibitor of adenosine receptor that was administered together with
ATP to rule out adenosine receptor activation caused by breakdown of ATP to adenosine by ectoATPase. R-PIA, S-PIA, and NECA are adenosine receptor

agonists.

*See text for concentrations of different purinergic agonists and experimental details.

TP < .05 with respect to basolateral adenosine alone.

K* channels,?® and increasing Cl- exit through Ca?*-
dependent CI~ channels,?* ATP would theoretically impose a
combination of ionic gradients favoring AE2 operation.
However, after administration of 10 umol/L ATP, neither the
rate of CI=/HCO;~ exchange at pHi 7.3, nor its pHi versus
activity relationship were significantly changed (Fig. 2).
Given the direct relationship between pHi and AE2 activity, at
the new steady state (i.e., the pHi at which acid-loading
matches acid-extrusion), AE2 activity is higher, but the
ATP-dependent increase in baseline pHi clearly indicates the
lack of a direct effect of ATP on AE2 activity.

On the other hand, our data clearly show that ATP further
increases AE2 activity in cells pretreated with cAMP. In a
number of epithelia, including hepatocytes, it is well estab-
lished that the cAMP/protein kinase A system increases AE2
activity by activating Cl~ efflux and by cytoskeleton-
mediated targeting of new transporter units to the plasma
membrane.*84% While the recently described synergistic effect
of acetylcholine and secretin on AE2 activity is mediated by a
calcineurin-dependent potentiation of cAMP production,” in
the case of extracellular ATP, the inhibitory effect of amiloride
on agonist-stimulated AE2 activity suggests a major role for
modulation of HCO3;~ uptake via NHE. It is well known that
the activity of the apical anion exchanger not only depends
on the out to in CI~ gradient, but it is also directly related to
pHi and HCO3~ concentration, a feature that distinguishes
AE2 from the AE1 isoform.4:5051 The reported inhibition of
secretin-stimulated HCO;~ secretion by amiloride in per-
fused rat liverst® is consistent with this interpretation and
further indicates that NHE1 plays a role in biliary HCO;
secretion.

In conclusion, our data are fully consistent with the
proposed role of ATP in paracrine regulation of cholangiocyte
ion transport.2227 Binding of biliary ATP to P2Y, receptors
present on the apical membrane of cholangiocytes stimulates
a number of transport proteins, including basolateral NHE.
The higher intracellular HCO3;™, in the presence of cCAMP,
provides a potent stimulus for CI-/HCO;~ exchanger, contrib-
uting to effective alkalinization of the bile. The physiological
relevance of biliary ATP will depend on various parameters
controlling the concentration of ATP in the bile, including the

amount of ATP delivered by hepatocytes and the activity of
lumenal ectoATPases. Because extracellular ATP is rapidly
degraded to adenosine, which, from the apical side has no
effect on NHE, a local increase in extracellular ATP concentra-
tion can provide a very effective autocrine/paracrine signal
through apical P2Y, receptors. These findings provide a
rationale for future studies aimed at modulating biliary ATP
concentration in cholestatic conditions. In addition, the use
of polarized cholangiocyte preparations such as those used
here will greatly facilitate the study of pharmacological agents
able to overcome the secretory defect in cystic fibrosis.

Acknowledgment: The authors are indebted to Jurg Graf,
M.D., and Elena Ossi, M.D., for helpful discussion. Akos
Zsembery thanks Prof. Laszl6 Rosivall for helpful discussion
and his constant support.

REFERENCES

1. Alpini G, Lenzi R, Zhai WR, Slott PA, Liu MH, Sarkozi L, Tavoloni N.
Bile secretory function of intrahepatic biliary epithelium in the rat. AmJ
Physiol 1989;257:G124-G133.

2. Strazzabosco M, Zsembery A, Fabris L. Electrolyte transport in bile
ductular epithelial cells. J Hepatol 1996;24(Suppl 1):78-87.

3. Boyer JL. Bile duct epithelium: frontiers in transport physiology. Am J
Physiol 1996;270:G1-G5.

4. Alvaro D, Cho WK, Mennone A, Boyer JL. Effect of secretin on pHi
regulation in isolated rat bile duct epithelial cells. J Clin Invest
1993;92:1314-1325.

5. Cho WK, Mennone A, Rudyberg SA, Boyer JL. VIP is a potent stimulus
for of bicarbonate and fluid secretion in bile ducts [Abstract]. HEPATOL-
0GY 1996;22:294A

6. Tietz PS, Alpini G, Pham LD, LaRusso NF Somatostatin inhibits
secretin-induced ductal hypercholeresis and exocytosis by cholangio-
cytes. Am J Physiol 1995;269:G110-G118.

7. Glaser SS, Rodgers R, Phinizy J, Robertson WE, Lasater J, Caligiuri A,
Tretjak Z, et al. Gastrin inhibits secretin-induced ductal secretion by
interaction with specific receptors on rat cholangiocytes. Am J Physiol
1997;273:G1061-G1070.

8. Hardison WGM, Norman JC. Electrolyte composition of the secretin
fraction of bile from the perfused pig liver. Am J Physiol 1968;214:758-
763.

9. Cohn JA, Strong TV, Picciotto MR, Nairn AC, Collins FS, Fitz JG.
Localization of the cystic fibrosis transmembrane conductance regulator
in human bile duct epithelial cells. Gastroenterology 1993;105:1857-
1864.

10. Fitz JG, Basavappa S, McGill J, Melhus O, Cohn JA. Regulation of



920 ZSEMBERY ET AL.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

membrane chloride currents in rat bile duct epithelial cells. J Clin Invest
1993;91:319-328.

Strazzabosco M, Mennone A, Boyer JL. Intracellular pHi regulation in
isolated rat bile duct epithelial cells. J Clin Invest 1991;87:1503-1512.
Strazzabosco M, Joplin R, Zsembery A, Wallace L, Spirli C, Fabris L,
Granato A, et al. Na*-dependent and -independent CI-/HCO3;~ ex-
change mediate cellular HCO3™ transport in cultured human intrahe-
patic bile duct cells. HEpaToLoGY 1997;25:976-985.

Martinez-Anso E, Castillo JE, Diaz J, Medina JE, Prieto J. Immunohisto-
chemical detection of CI7/HCO3;~ anion exchanger in human liver.
HepATOLOGY 1994;19:1400-1406.

McGill JM, Basavappa S, Gettys TW, Fitz JG. Secretin activates Cl~
channels in bile duct epithelial cells through a cAMP-dependent
mechanism. Am J Physiol 1994;266:G731-G736.

Baunes T, Grotmol T, Veel T, Landsverk T, Ridderstrale Y, Reader MG.
Importance of carbonic anhydrase for canalicular and ductular cholere-
sis in the pig. Acta Physiol Scand 1988;133:535-544.

Renner EL, Heydtmann M. Amiloride, but not DIDS and NPPB, inhibit
secretin (SEC)-induced choleresis: evidence for a role of Na*/H*, but
not CI-/HCO3;~ exchange and CI~ channels, in ductular bile formation
[Abstract]. HEpATOLOGY 1995;22:315A.

Alvaro D, Alpini G, Jezequel AM, Bassotti C, Francia C, Fraioli F Romeo
R, et al. Role and mechanisms of action of acetylcholine in the regulation
of rat cholangiocyte secretory functions. J Clin Invest 1997;100:1349-
1362.

Elsing C, Hubner C, Fitscher BA, Kassner A, Stremmel W. Muscarinic
acetylcholine receptor stimulation of biliary epithelial cells and its effect
on bile secretion in the isolated perfused rat liver. HEPATOLOGY 1997;25:
804-813.

Knowles MR, Clarke LL, Boucher RC. Activation by extracellular
nucleotides of chloride secretion in the airway epithelial of patients with
cystic fibrosis. N Engl J Med 1991;325:533-538.

Dho S, Stewart K, Foskett JK. Purinergic receptor activation of Cl—
secretion in T84 cells. Am J Physiol 1992;262:C67-C74.

McGill J, Basavappa S, Shimohura GH, Middleton JP, Fitz JG. ATP
activates ion permeabilities in biliary epithelial cells. Gastroenterology
1994;107:236-243.

Elsing C, Kassner A, Stremmel W. Sodium, Hydrogen antiporter activa-
tion by extracellular adenosine triphosphate in biliary epithelial cells.
Gastroenterology 1996;111:1321-1332.

Chari RS, Schutz SM, Haebig JE, Shimokura GH, Cotton PB, Fitz JG,
Meyers WC. Adenosine nucleotides in bile. Am J Physiol 1996;270:G246-
G252.

Schlosser SF, Burgstahler AD, Nathanson MH. Isolated rat hepatocytes
can signal to other hepatocytes and bile duct cells by release of
nucleotides. Proc Natl Acad Sci U S A 1996;93:9948-9953.

Roman RM, Wang Y, Fitz JG. Volume-sensitive biliary CI~ channels:
regulation by extracellular ATP and implications for biliary secretion
[Abstract]. HEraTOLOGY 1997;26:261A

Fitz JG, Cohn JA. Biology and pathophysiology of CFTR and other CI~
channels in biliary epithelial cells. In: Sirica AE, Longnecker DS, eds.
Biliary and Pancreatic Ductal Epithelia. New York: Dekker, 1997:107-
126.

Schlenker T, Romac JM-J, Sharara Al, Roman RM, Kim SJ, LaRusso N,
Liddle RA, et al. Regulation of bile secretion through apical purinergic
receptors in cultured rat cholangiocytes. Am J Physiol 1997;273:G1108-
G1117.

Hogan DL, Crombie DL, Isemberg JI, Svendsen P, Schaffalitzky de
Muckadell OB, Ainsworth M. CFTR mediates CAMP and Ca,™ activated
duodenal epithelial HCO3~ secretion. Am J Physiol 1996;272:G872-
G878.

Kopelman H, Corey M, Gaskin K, Durie B, Weizman Z, Forstner G.
Impaired chloride secretion, as well as bicarbonate secretion underlies
the fluid secretory defect in the cystic fibrosis pancreas. Gastroenterol-
ogy 1988;95:349-355.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

HepaToOLOGY October 1998

Marino CR, Gorelick FS. Scientific advances in cystic fibrosis. Gastroen-
terology 1992;103:681-693.

Colombo C, Battezzati PM, Podda M. Hepatobiliary disease in cystic
fibrosis. Semin Liver Dis 1994;14:259-269.

Knuth A, Gabbert H, Dippold W, Klein O, Sachsse W, Bitter-Suermann D,
Prellwitz W, et al. Biliary adenocarcinoma: characterization of three new
human tumor cell lines. J Hepatol 1985;1:579-596.

Basavappa S, Middleton J, Mangel AW, McGill JM, Cohn JA, Fitz JG. CI~
and K* transport in human biliary cell lines. Gastroenterology 1993;104:
1796-1805.

Vroman B, LaRusso NF. Development and characterization of polarized
primary cultures of rat intrahepatic bile duct epithelial cells. Lab Invest
1996;74:303-313.

Spirli C, Granato A, Zsembery A, Okolicsanyi L, LaRusso NF, Strazza-
bosco M. Gene expression and polarized distribution of membrane
acid/base carriers in a differentiated rat cholangiocyte cell line (NRC-1)
[Abstract]. J Hepatol 1997;26:63A.

Boyarsky G, Ganz MB, Sterzel RB, Boron WF. pH regulation in single
glomerular mesangial cells I. Acid extrusion in absence and presence of
HCO3;~. AmJ Physiol 1988;255:C844-C856.

Wenzel E, Machen TE. Intracellular pH dependence of buffer capacity
and anion exchange in the parietal cell. Am J Physiol 1989;257:G741-
G747.

Boron WE Control of intracellular pH. In: Seldin DW, Giebisch G, eds.
The Kidney: Physiology and Pathophysiology. 2nd ed. New York: Raven,
1992;219-263.

Grinstein S, Rotin D, Mason MJ. Na*/H* exchange and growth
factor—induced cytosolic pH changes. Role in cellular proliferation.
Biochim Biophys Acta 1989;988:73-97.

Benedetti A, Strazzabosco M, Corasanti JC, Haddad P, Graf J, Boyer JL.
CI=/HCO3;~ exchanger in isolated rat hepatocytes: role in regulation of
intracellular pH. Am J Physiol 1991;261:G512-G522.

Putnam RW. pH regulatory transport systems in a smooth muscle-like
cell line. Am J Physiol 1990;258:C470-C479.

Shepherd RM, Williams GH, Quinn SJ. Regulation of intracellular pH in
single rat zona glomerulosa cells. Am J Physiol 1992;262:C182-C190.
Gray MA, Plant S, Argent BE. cAMP regulated whole cell chloride
currents in pancreatic duct cells. Am J Physiol 1993;264:C591-C602.
Gray MA, Winpenny JP, Porteous DJ, Dorin JR, Argent BE. CFTR and
calcium-activated chloride currents in pancreatic duct cells of a trans-
genic CF mouse. Am J Physiol 1994;266:C213-C221.

Nathanson MH, Burgstahler AD, Mennone A, Boyer JL. Characterization
of cytosolic Ca,* signaling in rat bile duct epithelia. Am J Physiol
1996;271:G86-G96.

Marti U, Elsing C, Renner EL, Liechti-Gallati S, Reichen J. Differential
expression of Na*/H* antiporter mRNA in biliary epithelial cells and
hepatocytes. J Hepatol 1996;24:498-502.

Noel J, Pouyssegur J. Hormonal regulation, pharmacology and mem-
brane sorting of vertebrate Na*/H* exchanger isoforms. Am J Physiol
1995;268:C283-C269.

Bruck R, Benedetti A, Strazzabosco M, Boyer JL. Intracellular alkaliniza-
tion induces choleresis and stimulates HCO3;~ and horseradish peroxi-
dase excretion in isolated perfused rat liver by vesicular mediated
exocytosis. Am J Physiol 1993;265:G347-G353.

Benedetti A, Strazzabosco M, Ng OC, Boyer JL. Regulation of activity and
apical targeting of the CI7/HCO3~ exchanger in rat hepatocytes. Proc
Natl Acad Sci U S A 1994;91:792-796.

Borgese F;, Malapert B, Fievet B, Pouyssegur J, Motais R. The cytoplasmic
domain of Na*/H* exchanger dictates the nature of the hormonal
response: behaviour of a chimeric human NHE1/trout-NHE antiporter.
Proc Natl Acad Sci U S A 1994;89:6765-6769.

Humphreys BD, Jiang L, Chernova MN, Alper SL. Hypertonic activation
of AE2 anion exchanger in xenopus oocytes via NHE-mediated intracel-
lular alkalinization. Am J Physiol 1995;268:C201-C209.



Ca”*-activated Cl~ channels can substitute for CFTR in
stimulation of pancreatic duct bicarbonate secretion’
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ABSTRACT This study addresses the mechanisms by
which a defect in CFTR impairs pancreatic duct bicar-
bonate secretion in cystic fibrosis. We used control
(PANC-1) and CFTR-deficient (CFPAC-1; AF508 muta-
tion) cell lines and measured HCO;3;~ extrusion by the
rate of recovery of intracellular pH after an alkaline
load and recorded whole cell membrane currents using
patch clamp techniques. 1) In PANC-1 cells, cAMP
causes parallel activation of ClI~ channels and of
HCO;~ extrusion by DIDS-sensitive and Na*-indepen-
dent CI” /HCO3~ exchange, both effects being inhib-
ited by C1™ channel blockers NPPB and glibenclamide.
2) In CFPAC:1 cells, cAMP fails to stimulate Cl~/
HCO; exchange and Cl™ channels, except after pro-
moting surface expression of AF508-CFTR by glycerol
treatment. Instead, raising intracellular Ca** concen-
tration to 1 pwmol/1 or stimulating purinergic receptors
with ATP (10 and 100 pmol/]) leads to parallel activa-
tion of CI~ channels and HCO;~ extrusion. 3) K*
channel function is required for coupling cAMP- and
Ca’*-dependent Cl~ channel activation to effective
stimulation of C1”/HCO;~ exchange in control and
CF cells, respectively. It is concluded that stimulation
of pancreatic duct bicarbonate secretion via Cl™/
HCO; ™ exchange is directly correlated to activation of
apical membrane ClI™ channels. Reduced bicarbonate
secretion in cystic fibrosis results from defective cAMP-
activated Cl1~ channels. This defect is partially compen-
sated for by an increased sensitivity of CF cells to
purinergic stimulation and by alternative activation of
Ca®’*-dependent Cl~ channels, mechanisms of interest
with respect to possible treatment of cystic fibrosis and
of related chronic pancreatic diseases.—Zsembery, A.,
Strazzabosco, M., Graf, ]. Ca®*-activated C1~ channels
can substitute for CFTR in stimulation of pancreatic
duct bicarbonate secretion. FASEB J. 14, 2345-2356
(2000)

Key Words: cystic fibrosis - anion exchange - purinergic stim-
ulation + K" channel function

CysTic FiBROSIS (CF) is the most common heredi-
tary disorder among the Caucasian population (1,
2). The disease affects cAMP-dependent electrolyte

0892-6638/00/0014-2345/$02.25 © FASEB

transport in a variety of organs resulting, as the most
prominent manifestations of the disease, in progres-
sive respiratory and pancreatic insufficiency. In the
pancreas, obstruction of the ductal system is followed
by cystic dilatation, fibrosis and atrophy of the gland
(3). CF is caused by mutations in the gene that
encodes for CFTR, the cystic fibrosis transmembrane
conductance regulator (4, 5). Of more than 800
known mutations, the majority of patients (~70%)
present with the homozygous AF508 deletion. Fur-
thermore, heterozygosis in the CFTR defect has been
identified as a risk factor for chronic pancreatitis (6).

CFIR functions mainly as a low conductance
cAMP/PKA-activated epithelial C1~ channel (7, 8),
but it may participate in trafficking of certain pro-
teins (9) and in the regulation of other membrane
transport mechanisms such as sodium- (ENaC) (10,
11), potassium- (12, 13) and cAMP-independent
outwardly rectifying chloride channels (ORCC) (14,
15), water transport (16), and cellular secretion of
ATP (15, 17), which could lead to autocrine activa-
tion of purinergic receptors. Furthermore, intracel-
lular vesicle acidification (18) and regulation of
intracellular pH (pH;), including the activity of
chloride/bicarbonate exchange, appear to be under
the control of CFTR (19-21). However, the mecha-
nistic links between CFTR and these ion transporters
remain to be elucidated.

CFTR assumes different functions in various or-
gans. In the pancreas, CFIR is expressed at high
levels in the apical plasma membrane of duct cells
(22, 23). In these cells, secretin promotes secretion
of HCO4 via a mechanism that appears to involve
three consecutive steps: 1)activation of the adenylate
cyclase signal transduction pathway, 2) activation of
basolateral K" and apical Cl~ channels, and 3)
stimulation of apical C1 /HCOg exchange that is
driven by both a low intracellular CI™ concentration
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([C1"];) and high [HCOs™ ]; (24, 25). Pancreatic
duct HCO4  secretion is impaired in the course of
CF (26, 27), suggesting that CFTR is the CI~ channel
that cooperates with C1" /HCO4  exchange to pro-
mote secretin/cAMP-dependent HCO4  secretion.
Intracellular cAMP is also generated by other hor-
mones [VIP (28), PHI (29), B-adrenergic agonists
(30)] that may activate CFTR. In addition, measure-
ments of short circuit current indicate that other
agonists promote anion transport in pancreatic duct
cells via Ca”" signaling [purinergic agonists (31-33),
cholinergic (34), angiotensin II (35), and histamine
(36)]. However, it is unknown whether this alterna-
tive signal transduction pathway may sustain fluid
and HCO4  secretion in CFTR-deficient cells and
could thus be exploited for ameliorating the course
of the disease in some patients affected by CF (37).

The aim of this study was to directly correlate
cAMP- and Ca®"-dependent activation of Cl~ chan-
nels with C1I" /HCOgy  exchange activity in control
and CFTR-deficient pancreatic duct cells. We used
pancreatic duct cell lines derived from control and
CFTR-deficient (AF508/AF508) ductal adenocarci-
nomas, PANC-1 and CFPAC-1, respectively (38, 39).
The AF508/AF508 deletion present in CFPAC-1 cells
belongs to a group of CFTR mutations that result in
impaired targeting to the plasma membrane of the
otherwise functional protein (40, 41). This defect
can be restored by exposing the cells to chemical
chaperons such as glycerol, resulting in proper ex-
pression at the plasma membrane of functional
CFTIR Cl channels (42, 43). Therefore, glycerol-
treated CFPAC-1 cells were also used to test for the
correlation between activation by cAMP of CFTR Cl—
channels and stimulation of CI /JHCO4 exchange.
We used the patch clamp technique to measure
whole cell CI~ and K* currents and fluorometric
measurements of pH; using BCECF to determine
HCOgj  extrusion from the rate of recovery of pH;
after an alkaline load. Interactions of Cl~ and K"
currents with CI° /HCO4 exchange activity were
analyzed in both cell lines by studying the effects of
1) raising intracellular cAMP or Ca®" concentration,
2) inhibition of Cl~ channels, 3) cell membrane
depolarization, 4)ion substitution, and 5) purinergic
receptor stimulation with ATP.

MATERIALS AND METHODS
Materials

N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES),
dimethyl sulfoxide (DMSO), nigericin, 4,4,-diisothiocyanatostil-
bene-2,2'-disulfonic acid (DIDS), ethylenediaminetetraacetic
acid (EDTA), ethylene glycol-bis(B-aminoethyl ether) N,
N,N’,N'-tetraacetic acid (EGTA), gluconic acid, choline chlo-
ride, glycerol, forskolin, ionomycin, adenosine 3':5'-cyclic mono-
phosphate (cAMP), N°2’-O-dibutyryladenosine 3':5'-cyclic
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monophosphate (DBcAMP), 3-isobutyl-1-methylxanthine
(IBMX), glibenclamide, adenosine-'-triphosphate magnesium
salt, adenosine-5'-triphosphate sodium salt, tetramethyl-
ammonium hydroxide (TMA-OH) were from Sigma Chemical
Company (St. Louis, Mo.); 2'7'-bis(2-carboxyethyl)-5(6)-
carboxyfluorescein-acetoxymethylester (BCECF-AM) was from
Lambda GmbH (Graz, Austria). 5-nitro-2-(3-phenylpro-
pylamino)-benzoic acid (NPPB) was purchased from Calbio-
chem Chemical Company (La Jolla, Calif.). Culture media
[Dulbecco’s modified Eagle medium (DMEM), Iscove’s mod-
ified Dulbecco’s medium, and Leibowitz 1.-15 medium], fetal
bovine serum (FBS), penicillin/streptomycin, and trypsin/
EDTA were from Life Technologies, Inc. (Grand Island,
N.Y.). A combination of 100 pmol/l DBcAMP, 100 pmol/1
IBMX, and 3 pmol/1 forskolin (‘cAMPmix’) was used to
increase intracellular cAMP concentration (44).

Cell cultures

PANC-1 and CFPAC-1 cells were obtained from the American
Type Culture Collection (Rockville, Md.). PANC-1 cells were
grown in DMEM supplemented with 10% FBS, penicillin (100
U/ml), and streptomycin (0.1 mg/ml). PANC-1 cells were
used between passage 42 and 65. CFPAC-1 cells were grown in
Iscove’s modified Dulbecco’s medium supplemented with
10% FBS, penicillin (100 U/ml), and streptomycin (0.1
mg/ml). These cells were studied between passage 23 and 38.
Cultures were incubated at 37°C in 5% CO, 95% air atmo-
sphere. The cells were suspended by washing with Ca®"-
Mg**-free PBS solution containing 2 mmol/l1 EDTA and
plated on glass coverslip fragments. Cells were transferred to
bicarbonate-free Leibowitz L-15 medium 1 h before use in
patch clamp experiments.

Glycerol-pretreated CFPAC-1 cells were prepared by incu-
bation for 24 h in Iscove’s modified Dulbecco’s medium
supplemented with 10% glycerol (v/v), and glycerol was
removed by stepwise diluting the glycerol-containing medium
with fresh medium over the course of 90 min.

Intracellular pH (pH;) measurement

Intracellular pH was measured as described (45) using the
fluorescent intracellular sensor BCECF. In brief, BCECF was
loaded into the cells in the form of its tetraacetoxymethyl
ester derivative (BCECF-AM) (12 pM) by incubation for
15-20 min at 37°C. After washing for 10 min at 37°C in a
BCECF-free medium, the cells were transferred into a ther-
mostated (37°C) perfusion chamber placed on the stage of an
Axiovert (Zeiss, Jena, Germany) inverted microscope. The
microscope was equipped with a microfluorometer (Photon
Technological Instruments, Monmouth Junction, N.J.), allow-
ing for continuous dual wavelength excitation photometry.
Intracellular pH was measured in single cells as the ratio of
emission intensities at 530 nm after excitation at 495 nm (pH;
and concentration sensitive) and 440 nm (only concentration
sensitive), respectively. Data were collected at 50 Hz chopping
frequency and averaged every 2 s. After each experiment,
internal dye calibration was performed by superfusing the
cells with a medium containing high [K"] and the K" /H"
ionophore nigericin (12 wmol/1) at pH 6.8 and 7.6.

Determination of intrinsic intracellular buffer capacity

The intrinsic buffer capacity (B;) is defined as the sum of
intracellular buffers other than CO,/HCO;". Testing for
buffer capacity by measuring changes of pH; after the intra-
cellular addition or removal of acid or base requires that pH;
is not affected by cell membrane acid or base transporters
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(45). We performed measurements of 3; in HEPES-buffered,
HCO; - and Na™free solutions by exposing cells to NH,Cl
(30 mmol/1) to add base; after 3 min, we lowered external
NH,CI concentration to 20 mmol/l to remove base. 3; was
determined from calculated changes of [NH;+NH,"]; and
the associated changes of pH; (45).

Measurement of CI'/HCO,~ exchange activity

Cells were first superfused for 10 min with medium contain-
ing 25 mmol/1 HCO4™ and 5% CO,, which results in intra-
cellular equilibration of [HCOg4™ ] according to pH;. Acute
removal of CO,/HCO;™ from the superfusion medium by
exposure to HEPES-buffered HCO4™ -free medium (see solu-
tions below) results in depletion of intracellular CO, and
sudden intracellular alkalinization. Intracellular pH recovers
from this alkaline load toward the initial value. To prove that
this pH; recovery is due to the activity of Na'-independent
Cl” /HCOg~ exchange, we monitored pH; after an alkaline
load in the absence of external Cl~ (replacement with
gluconic acid) and in cells preincubated with 0.5 mmol/l
DIDS for 40 min. Possible dependence on Na™ of the base
extrusion mechanism was evaluated after preincubation with
Na*free medium (replacement with choline). The rate of
recovery from the intracellular alkaline load was determined
by linear regression of the slope dpH/dt. For comparison
between individual experiments, this slope was determined at
the same range of pH; (given in legends to Figs. 3 and 5).
Experimental effects on CI~ /HCO3~ exchange activity were
studied by preincubation of the cells for 10 min with either
‘cAMPmix’, NPPB, glibenclamide, high external K" concen-
tration, ATP, or ionomycin.

Whole cell current recording

Whole cell currents were measured 24—-48 h after plating the
cells using patch clamp recording techniques (46). Studies
were performed at room temperature (22°C) using NaCl-rich
extracellular solution with 1 mmol/1 free [Ca®*]. Recording
pipettes were pulled from VC-HO75P glass (Terumo, Japan)
on a micropipette puller P-87 (Sutter Instrument Co., Mo-
vato, Calif.) and had a resistance of 4-7 M(Q. The pipettes
were filled either with KCl-rich solution or CsCl-rich solution
with free [Ca®"] adjusted to ~100 nmol/1 (0.4 mmol/1 CaCl,
and 1 mmol/1 EGTA). Data were recorded with an EPC-9
amplifier and digitized (3 kHz), stored on hard disk, and
analyzed using Pulse+PulseFit version 7.4 programs (HEKA
Elektronik GmbH, Lambrecht, Germany). Whole cell cur-
rents were measured at the holding potential (—40 mV) and
during 100 ms square pulses of the test potential (—100 mV to
+100 mV) in 20 mV increments, with 5 s intervals (polarity
given for cell interior). For control bath and KCl-rich pipette
solutions, the equilibrium potentials for K" (Ex) and Cl~
(E¢;) were =86 mV and —1.3 mV, respectively. Therefore,
membrane currents near these clamping voltages were con-
sidered to represent CI~ and K* currents, respectively. Cur-
rent-voltage relations were obtained after currents had stabi-
lized 30 ms after applying voltage pulses. Whole cell currents
were normalized for unit cell surface area by division by the
whole cell membrane capacitance that ranged between 25
and 40 pF. Accordingly, current is presented as pA/pF.
Corrections for pipette to bath liquid junction potentials were
applied when asymmetrical solutions (KCl/NaCl or CsCl/
NaCl) were used (4 mV and 5 mV, respectively).

CI™ CHANNELS AND PANCREATIC HCO,~ SECRETION

Solutions
Buffers for pH experiments

Bicarbonate-free bath solution (HEPES) contained (mmol/
I): NaCl 135, KCI 4.7, MgSO, 1, KH,PO, 1.2, CaCl, 1.5,
HEPES 10, glucose 5, titrated to pH 7.4 with NaOH. Bicar-
bonate buffered solution (KRB) contained (mmol/1): NaCl
115, KCl 4.7, KH,PO, 1.2, MgSO, 1, CaCl, 1.5, NaHCO4 25,
glucose 5, and was equilibrated with 5% CO.,.

Solutions for patch clamp experiments

Control NaCl-rich bath solution (mmol/1): NaCl 150, KCI 5,
MgCl, 2, CaCl, 1, HEPES 10, glucose 5, titrated to pH 7.4 with
NaOH, osmolality: 310-320 mosm/kg. Pipette solutions: KCI-
rich solution contained (mmol/1): KCI 145, NaCl 5, MgCl 1,
HEPES 10, CaCl, 0.4, EGTA 1, MgATP 2, titrated to pH 7.2
with KOH, osmolality: 280-290 mosm/kg. CsCl-rich pipette
solution contained (mmol/1): CsCl 150, MgCl 1, HEPES 10,
CaCl, 0.4, EGTA 1, MgATP 2, titrated to pH 7.2 with
TMA-OH, osmolality: 280-290 mosm/kg. The osmotic differ-
ence between the pipette and bath solution was applied in
order to prevent activation of volume-activated currents (47).
With pipette solutions containing ATP, the efflux of ATP
from the pipette could have stimulated purinergic membrane
receptors when approaching the cell. This was avoided by first
filling the pipette tip by dipping into an ATP-free pipette
solution, followed by filling the pipette with the ATP-contain-
ing solution from the back. Stock solutions of NPPB, gliben-
clamide, forskolin and BCECF-AM were prepared in DMSO at
1000-fold the desired concentration. Nigericin was dissolved
in ethanol.

Data analysis and statistics

We noticed some variation in electrical current and the rate
of HCOg™ extrusion between individual preparations that we
could not attribute to the passage number or time after
seeding. To avoid systematic errors in comparing one exper-
imental condition with control or two different experimental
conditions with each other, we performed the respective
experiments on the same day, from one set of cell cultures
and in random order. Data are acquired from single cells and
given as mean values * se (n=number of cells). Differences
between grouped experiments from one day are evaluated by
the unpaired ¢ test and are considered significant if P<0.05.

RESULTS

Intracellular pH and CI'/HCO,~ exchange activity
in PANC-1 and CFPAC:-1 cells

Under control conditions, pH; was higher in CF-
PAC-1 cells (7.34%0.02; n=16) than in control
PANC-1 cells (7.16£0.05; n=10) (P<0.005). To test
whether the high pH; in CF cells may result from
reduced HCO,  extrusion, we determined Cl /
HCO3;  exchange activity in both cell lines by mea-
suring the rate of pH; recovery after intracellular
alkalinization. In both cell lines, pH; recovered to
baseline levels. Bicarbonate extrusion was Cl~ de-
pendent, Na* independent, and inhibited by DIDS,
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Figure 1. Measurement of pH; in PANC-1 cells in order to test
for the mechanism of base extrusion after an intracellular
alkaline load. At 60 s, intracellular alkalinization was obtained
by removal of HCO,~ and CO, from the superfusion solu-
tion. a) No significant recovery of pH; is obtained when
extracellular Cl™ is also removed at the time of intracellular
alkalinization. b) No significant recovery of pH; is obtained
when cells were preincubated for 40 min with 0.5 mmol/1
DIDS. c) pH; recovers at a normal rate toward baseline values
in the absence of Na' (extracellular Na™ being removed 40
min prior to alkalinization and absent throughout the exper-
iment). Note low baseline pH; in this condition. Data are
presented as means * S, n=3 for a—c. Compare also Fig. 2.

consistent with CI" /HCO;  exchange (Fig. 1) as
previously demonstrated in rat pancreatic duct cells
(48, 49). The basal activity of this exchanger was
higher in PANC-1 than in CFPAC-1 cells (8pH/
8t=0.119%+0.02/min; n=7 vs. 3pH/3t=0.078+0.01/

7.8 -
7.7
7.6 -
7.5 -

T 7.4
7.3 1 ;
7.2

7 T T 1 T T T 1
0 60 120 180 240 300 360 420
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Figure 2. Measurement of pH; in PANC-1 cells. Intracellular
alkalinization was obtained by removal of HCO3~ and CO,
from the superfusion solution (at 50 s). The activity of
Cl"/HCO;~ exchange was assessed from the rate of pH
recovery under control condition (n=7) and after increasing
intracellular cAMP concentration (n=6). Data are presented
as means * SE.
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min; n=7; measured at pH=7.6; P<0.05). To com-
pare rates of SpH/dt in the two cell lines, we
measured intracellular buffer capacity (B;) using the
NH,CI technique (45). Intracellular alkalinization
was first obtained by exposing cells to 30 mmol/1
NH,Cl. Reducing external NH,CI from 30 to 20
mmol/l caused a sudden decrease of pH; from
7.57 = 0.10 to 7.45 * 0.10 (n=5) and from 7.60 *+
0.06 to 7.47 = 0.06 (n=4) corresponding to a 3; of
22.0 £ 3.6 mM/pH and 18.6 = 1.8 mM/pH in
PANC-1 and CFPAC-1 cells, respectively. The two
values were not significantly different.

Increasing intracellular levels of cAMP and activat-
ing protein kinase A by administration of cAMPmix
(44) led to a significant increase of Cl /HCO5
exchange activity in PANC-1 cells (Fig. 2 and Fig. 3).
In contrast, HCO;  extrusion can be stimulated in
CFPAC-1 cells by an increase of [CaQJr]i (Fig. 4, see
below), whereas cAMPmix had no effect in these
cells (Fig. 5). Because these two cell lines could differ
in transport properties not related to differences in
CFTR expression we also studied effects of cAMP in
CFPAC-1 cells after induction by glycerol treatment
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Figure 3. CI" /HCO4~ exchange activity in PANC-1 cells is
presented as the rate of recovery of pH; after an alkaline load.
Data from five groups of experiments are shown, each group
with reference to the control rate (100%). Group I shows
activation of C1~/HCO3~ exchange by increasing intracellu-
lar cAMP and inhibition of the effect by the Cl~ channel
blockers NPPB (10 wmol/1) and glibenclamide (100 pmol/1)
and by exposure to high K" concentration (control value at
pH;=7.55: 8pH/8t=0.119 * 0.02/min). Group II shows lack
of effect of 10 pmol/1 ATP and inhibition of basal activity by
glibenclamide (100 pmol/1) and by exposure to high [K"1,
(control value at pH=7.55: 8pH/8t=0.173 * 0.02/min).
Group III: no significant effects of ATP (100 wmol/1) and
NPPB (10 wmol/1) are seen for basal activity (control value at
pH;=7.25: 8pH/8t=0.145 = 0.011/min). Group IV: ATP
(100 pmol/1) activates anion exchange in presence of NPPB
(control value at pH;=7.40: 3pH/8t=0.085 *= 0.014/min).
Group V: ionomycin did not increase the anion exchange
activity (control value at pH;=7.55: 8pH/8t=0.173 * 0.037/
min). Data are presented as means * sE. Number of cells is
shown in parentheses for each group. *P<0.05; **P<(.025;
*%PL0.01; *¥*%% P<0.005.
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Figure 4. Measurement of pH; in CFPAC-1 cells, experimental
conditions as in Fig. 1. Note that basal pH; is higher than in
PANC-1 cells in control conditions (n=7) and that applica-
tion of ionomycin (1 pmol/1) (rn=6) reduces control pH; and
accelerates the rate of pH; recovery after the alkaline load.
Data are presented as means * SE.

of plasma membrane expression of AF508-CFTR (42,
43). After glycerol pretreatment, CFPAC-1 cells as-
sumed cAMP-induced HCO3~ extrusion, dpH/dt
increasing by ~ 2.5-fold by application of cAMPmix
(Fig. 5). These data confirm that expression of CFTR
in the plasma membrane is a prerequisite for stimu-
lation of CI /HCO3 exchange by cAMP.

To correlate ClI" /HCO;  exchange activity in
PANC-1 cells with simultaneous Cl— flux via conductive
pathways, we studied the effect of NPPB and gliben-
clamide, C1~ channel blockers that inhibit CFTR at low
concentration (28, 51, 52). Furthermore, we depolar-
ized the membrane potential by exposing the cells to
high extracellular K* concentration ([K*],=70
mmol/1) with the aim to inhibit Cl " efflux. As shown in
Fig. 3, NPPB (10 wmol/1), glibenclamide (100 wmol/
1), and application of high [K*], abolished the effect
of cAMPmix on CI /HCO5; exchange activity. In
addition, 100 pmol/1 glibenclamide and high [K+]0
reduced the basal bicarbonate output as well (Fig. 3).
In accordance with measurements of membrane cur-
rents (see below), these data show that cAMP stimu-
lates C1 /HCO3  exchange in PANC-1 cells by activa-
tion of NPPB- and glibenclamide-sensitive CI
channels. These channels allow for continuous recy-
cling of Cl " thatis taken up by CI' /HCO;  exchange.
Furthermore, the activation of these channels will
render the [Cl ]; dependent on the membrane poten-
tial; i.e.,: [Cl ]; will be reduced on hyperpolarization,
which in turn provides a steeper out-to-in CI concen-
tration gradient to activate CI /HCO;  exchange.

To test whether Ca®"-stimulated Cl~ efflux could
provide another pathway for Cl recycling and for
activation of the C1 /HCO;  exchanger, we studied
the effects of purinergic receptor activation by appli-

CI™ CHANNELS AND PANCREATIC HCO,~ SECRETION

cation of ATP and of the calcium ionophore iono-
mycin (extracellular [Ca®*"] being buffered to 1
pmol/1). In PANC-1 cells, application of ATP (10
and 100 wmol/I) had no significant effect on the
high basal rate of anion exchange activity under
control conditions, indicating a minor role of an
additional ATP-activated Cl ™ exit pathway in this cell
line. Significant activation of base extrusion by ATP
was seen only in the presence of NPPB, which is
thought to inhibit basal activity of cAMP-dependent
Cl channels, although inhibition of basal rate of
base extrusion by NPPB remained below the level of
significance (Fig. 3). In contrast, the basal Cl /
HCO4;  exchange activity in CFPAC-1 cells was
highly activated by ATP at concentrations of 10
pwmol/1 and 100 pwmol/l; increasing [Ca®*]; by ap-
plication of ionomycin (1 wmol/1) also doubled the
rate of cell acidification (Figs. 4 and 5). This latter
effect was inhibited by application of high [K™], but
not by NPPB (10 pmol/l) (Fig. 5). These data
indicate that both control and CF cells express
Ca®"-dependent CI~ channels, but their activation
stimulates the basal bicarbonate secretion through
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Figure 5. CI” /HCO;~ exchange activity in CFPAC-1 cells is
presented as the rate of recovery of pH; after an alkaline load.
Data from four groups of experiments are shown, each group
with reference to the control rate (100%). Group I shows that
administration of cAMP had no effect on the CI” /HCO,4 ™
exchange activity (control value at pH;=7.55: dpH/
3t=0.078+0.011/min). Group II: glycerol pretreatment re-
stored cAMP effect on anion exchange (control value at
pH;=7.55: pH/8t=0.035+0.007/min). Group III shows that
both 10 pmol/1 and 100 pmol/1 ATP significantly stimulated
the anion exchange activity (control value at pH;=7.75:
SpH/8t=0.048+0.009/min). Group IV: administration of 1
pmol/1 ionomycin significantly increased the HCO4™ secre-
tion (control value at pH;=7.6: 3pH/8t=0.042+0.005/min).
Group V: exposure to high extracellular [K"] inhibits the
stimulatory effects of ionomycin (control value at pH;=7.55:
dpH/8t=0.123+0.013/min). Group VI: NPPB (10 wmol/1)
had no effect on ionomycin stimulated HCO4™ secretion.
(control value at pH;=7.5: 8pH/8t=0.114%+0.019/min). Data
are presented as means * sE Number of cells is shown
in parentheses for each group. *P<0.05; **P<(.025;
wEP<L0.01; #¥¥% P<0.005.
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TABLE 1. Patch clamp whole cell recordings in PANC-1 cells”

Control (KCI) (10)

—856 mV —2.49 £ 0.28

0 mV +1.27 = 0.22

+80 mV +29.4 + 4.4

Rev. pot. —252+39

Glibenclamide

(KCl) (7)

—85 mV —2.58 + 0.61

0 mV +1.88 + 0.54

+80 mV +42.6 + 5.67

Rev. pot. —30.1 £ 4.2

Control (CsCl)* (6)

—85 mV —2.91 = 0.48 ns
0 mV +0.77 £ 0.22 ns
+80 mV +4.13 + 0.71%%k*
Rev. pot. —15.8 * 4.4 ns

cAMP (KCl) (7) High [Ca®"]; (KCl) (4)
—6.83 = 1.2%%x —6.0 = 1.42%
+2.18 = 0.73 ns +3.33 £ 0.92 ns
+64.3 = 18.91%%* +28.4 + 5.75 ns
—15.8 = 1.9%* —29.7 £ 74 ns

cAMP + glibenclamide
(KCD) (4)
—2.04 = 0.46 ns
+1.12 = 0.19 ns
+52.6 £ 9.8 ns
—29.0 = 2.1 ns
cAMP + NPPB

cAMP (CsCl) (5) (CsCl) (4)
—4.37 = 0.36%* —2.22 £ 0.8 ns
+1.09 £ 0.28 ns +0.85 £ 0.23 ns

+7.83 + 0.46%%k* +3.7+ 0.5 ns
—17.1 = 3.4 ns —33.1 9.5 ns

“ Currents: pA/pF; positive values = outward current; reversal potential: mV; inside with respect to outside; KCl: KCl-rich pipette solution;
CsCl: CsClrich pipette solution. Data represent the means * se. Number of cells is shown in parentheses. (ns = not significant; * P < 0.05;
P < (.025; P < 0.005; ¥ P < 0.001); * controls (CsCl) are compared to controls (KCI).

Cl /HCO; exchange predominantly in CFTR-defi-
cient CFPAC-1 cells.

Whole cell membrane Cl~ and K* currents in
PANC-1 and CFPAC-1 cells

The experiments shown above indicate that activa-
tion of Cl currents by cAMP or Ca?" stimulate
Cl /HCO; exchange in PANC-1 or CFPAC-1 cells,
respectively, PANC-1 cells being responsive to cAMP
with little effect of increasing [C32+]i, whereas CF-
PAC-1 cells respond to an increase of [CaQJr]i only
(except after pretreatment with glycerol). We used
the patch clamp technique to correlate these effects
of cAMP and [C212+]i on HCO4 secretion with
changes in whole cell membrane currents. Current/
voltage (I/V) correlations were obtained using stan-
dard pipette (intracellular) solution with high KCl
concentration, ~ 100 nmol/1 free [Ca®*] and 2
mmol/1 ATP, and a NaCl-rich bath (extracellular)
solution. Application of these solutions determines
the K" and Cl~ equilibrium potentials, Ex and Eg,
respectively, and clamping the membrane potential
(V,,) to chosen values allows to obtain a measure of
K* current (Ig) at V,, = 0 mV (near E,;, where the
driving force for CI  current is absent; V,, — E4=0)
and of C1™ current (I;) atV,, = —85 (near Ex where
K" current is absent; V,, — Ex=0). At the current
reversal potential (V,=V,.) outward Iy (Ig=gx *
(V,, — Ex)) and inward Iy (Ig;=gc; * (V,, — Eq1)) are
of equal magnitude resulting in zero total membrane
current and, depending on the relative values of
membrane K" and Cl~ conductance, gx and gg
respectively, V.., will be close to Eg if gx > g or

rev

close to Eq if g¢; => gk. It may be noted that Cl

inward current reflects conductive Cl™ efflux. In
addition to I;atV,, = =85 mV and to Iy atV,, =0
mV, Table 1 and Table 2 also give the current
reversal potentials as a measure of relative K" and
Cl conductances together with the current at +80
mV, which in PANC-1 cells is predominated by an
outwardly rectifying component of K" current (see
below). In some experiments, intracellular KCI was
completely replaced by CsCl. Thus, whole cell cur-
rent is dominated by Cl  over the entire voltage
range.

Figure 6 shows the basal I/V relationship in
PANC-1 cells and Table 1 gives the corresponding
parameters for C1° and K" currents. A large out-
wardly rectifying current is observed at membrane
voltages > +20 mV. This latter current component
was suppressed by replacing K" with Cs* in the
pipette solution which results in a near linear 1/V
relation, thus indicating the presence of outwardly
rectifying K" channels in PANC-1 cells (Table 1).

In CFPAC-1 cells, the 1/V relation was near linear
over the entire voltage range studied (Fig. 7), cur-
rent at —85 mV was small as compared to PANC-1
cells (—1.44%0.21 pA/pF; n=4 vs. —2.49%0.28 pA/
pF; n=10, respectively) (P<0.01), and the reversal
potential was more negative (—40.9%£5.8 mV; n=4vs.
—25.2 *£. 39 mV; n=10, respectively) (P<0.05).
Replacing K" with Cs" in the pipette solution re-
sulted in a shift of the reversal potential toward E
and reduced the current near E, demonstrating
inhibition of K* current (Table 2). These data show
that CFPAC-1 cells lack an outwardly rectifying com-
ponent of K" current and that basal Cl~ current is
smaller than in PANC-1 cells.

Figure 6 shows activation by intracellular cAMP of
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TABLE 2. Patch clamp whole cell recordings in CFPAC-1 cells”

Control (KCl) (4)

—85 mV —1.44 + 0.21
0 mV +1.73 £ 05
+80 mV +5.49 * 0.66
Rev. pot. —40.9 = 5.8
ATP (10 pM)
(KCI) (4)
—85 mV —3.64 * (.24 k%
0 mV +3.42 + 0.87 ns
+80 mV +18.3 £ (. 7%
Rev. pot. —35.4*6.5ns
Control (CsCl)*
(4)
—85 mV —3.50 £ 0.98 ns
0 mV +0.24 * 0.06*
+80 mV +4.48 = 0.72 ns
Rev. pot. —6.0 = 138k

cAMP (KCl) (4)

—1.55 = 0.59 ns
+0.98 + 0.24 ns
+3.77 = 1.35 ns
—34.5 £ 6.1 ns

Glycerol (KCI) (4)

—1.10 = 0.13

+1.41 = 0.22
+5.0 £0.33

—39.1 6.9

High [Ca®"];
(CsCl) (4)

—8.90 £ 1.58%**

+0.83 £ (.1]%%*:**

+10.0 £ 1.2%%*
—7.9+ 0.9 ns

High [Ca®"]; (KCl) (5)

—6.25 £ 0.6HHE
+3.74 £ 1.12 ns
+15.2 £ 2.54%%
—28.2 + 5.1 ns

Glycerol + cAMP (KCl)
(4)

~3.2 % .36+
+2.92 + 0.96 ns
+14.8 = 2.94%*

—28 = 8.1 ns

High [Ca®"];, + NPPB
(CsCl) (b)

—14.9 £ (.9%#**
+1.4 £ (.]18%:%%%

+16.0 * 1.65%%*
—79* 15ns

“ Currents: pA/pF; positive values = outward current; reversal potential: mV; inside with respect to outside; KCl: KCl-rich pipette solution;
CsCl: CsCl-rich pipette solution. Data represent the means * se. Number of cells is shown in parentheses. (ns = not significant; * P < 0.05;
w8 P < ().025; = P < 0.005; #¥* P < (0.001); * controls (CsCl) are compared to controls (KCl).

Cl™ and K" currents in PANC-1 cells: including 400
pmol/1 cAMP into the pipette solution resulted in a
significant increase of CI™ current and of outwardly
rectifying K current (Table 1). Activation of Cl~
current by cAMP remained unaffected when the
outward K" current was blocked by substituting
intracellular K™ by Cs* (Table 1), but additional
application of NPPB (10 wmol/l) inhibited cAMP-
activated Cl~ currents also (Table 1). Furthermore,
application of glibenclamide (25 wmol/1) prevented
the activation by cAMP of both ClI~ and K" currents
(Table 1). In CFPAC-1 cells, intracellular application
of cAMP had no effect on either C1~ or K* currents
(Table 2). However, after pretreatment of CFPAC-1
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Figure 6. Whole cell patch clamp analysis of PANC-1 cells.
Current-voltage relationships obtained under basal condi-
tions (n=10) and after inclusion of 400 pmol/l cAMP in the
patch pipettes (n=7). Data are presented as means * SE.
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cells with glycerol, application of cAMP nearly tri-
pled C1™ current at —85 mV while K" current did
not change significantly (Table 2).

In association with the experiments that showed
stimulation of CI /HCO3 exchange by an increase
of [C212+]i (see above), we tested for the presence of
Ca”®"-activated membrane currents in PANG-1 and
CFPAC-1 cells. We included Ca®*" in the pipette
solution to raise [Ca®"]; to a free concentration of
~1 pmol/]; in addition, we studied activation of
membrane currents through stimulation of puriner-
gic receptors by extracellular application of ATP.

Raising [Ca®"], resulted in an increase of Cl~

1

high [Ca®),

control

T T T T 1

-5 4

10 - mv
400 80 60 -40 20 O 20 40 60 80 100

Figure 7. Whole cell patch clamp analysis of CFPAC-1 cells.
Current-voltage relationships obtained under basal condi-
tions (n=4) and after inclusion of 1 pmol/1 Ca®>" in the patch
pipettes (n=5). Note that the reversal potential is shifted
toward E,;. Data are presented as means * SE.
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current in both cell lines (Tables 1 and 2). With
respect to the basal level, the increase of C1  current
by raising [Ca®*]; was more pronounced in CFPAC-1
cells (Fig. 7). This increase of Cl™ current became
particularly apparent when K' outward currents
were suppressed by replacing intracellular K™ by Cs™
(Table 2). NPPB (10 pmol/1) was ineffective to
inhibit this Ca®"-activated ClI~ current. Similar to
raising [Ca®"];, extracellular application of 10
pmol/1 ATP led to a substantial increase of the Cl—
current in CFPAC-1 cells (Table 2).

DISCUSSION

Pancreatic duct cells secrete a bicarbonate-rich fluid
in response to secretin and other gastrointestinal
hormones (25). The initial step for HCO5  secretion
is the uptake of HCOg4 ~ ions into the epithelial cells,
a process that can occur either by direct transport of
HCO;~ on Na":HCO;~ cotransporters or by diffu-
sion of CO, into the duct cells, followed by its
hydration to Hy,COg and extrusion of protons via
Na*/H* exchangers or vacuolar H"-ATPases (53).
HCO3 ions are then secreted across the apical
membrane by an electroneutral CI /HCO;  ex-
changer. At a given pH;, the rate at which this
exchanger cycles will depend on the out-to-in Cl—
concentration gradient, where intracellular Cl con-
centration in turn depends on Cl  efflux provided
by opening of cAMP-activated apical Cl  channels.
Therefore, regulation of these channels appears to
represent the main control point in the secretory
mechanism.

In agreement with this concept, epithelial HCO5
secretion is reduced in patients with CF (26, 27).
However, so far no study has directly addressed the
relationships between CFIR deficiency and HCO5
secretion in the pancreatic duct epithelium. This
study was therefore designed to directly compare
Cl /HCO; exchange activity and Cl1  conductance
in two human pancreatic cell lines, one possessing
functional CFTR (PANC-1) and the other being
homozygous for AF508 (CFPAC-1). This mutation is
characterized by impediment of surface expression
of CFTR, a defect that can be overcome by chaper-
oning expression by glycerol treatment (42, 43).

These two cell lines appeared to represent useful
models to study parallel activation of C1 channels
and C1 /HCOj exchange. The PANC-1 cell line
retains a variety of normal differentiated epithelial
cell characteristics, including expression of carbonic
anhydrase (38) together with both cAMP- and Ca®"-
activated ClI~ conductance (54). The CFPAC-1 cell
line is widely used as a model of CFTR-deficient cells
(34, 35, 55-57). These cells have been shown to
exhibit a high pH; (56) but, as shown by short circuit
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current measurements, retain the ability of anion
secretion on purinergic stimulation (33).

Both these cell lines exhibit CI° /HCO,; ex-
change activity that is dependent on extracellular
Cl~, independent of Na", and inhibited by DIDS.
We show that elevation of intracellular cAMP in-
creases HCO4 extrusion in PANC-1 cells, an effect
that we could also observe after glycerol treatment of
AF508-CFTR expressing cells. Purinergic stimulation
was poorly effective in PANC-1 cells and detectable
only in presence of NPPB. In contrast, HCO5
secretion was effectively stimulated in CFPAC-1 cells
by both purinergic receptor occupancy and elevation
of intracellular [Ca®"].

In interpreting these data we were faced with differ-
ent concepts (proposed previously): I) the ‘classical’
view that electrogenic release of ClI™ through CI™
channels and lowering of [Cl ]; is a prerequisite of
HCOg  secretion via CI" /HCO3 exchange (49). For
this, cAMP-activated CFTR Cl " channels could provide
the necessary CI conductance themselves or, alterna-
tively, CFTR may activate other outwardly rectifying
Cl channels (ORCC) that support CI /JHCO;3; ex-
change (15), 2) CFIR is directly responsible for
HCOg4  secretion without involving CI /HCO4  ex-
change (58, 59), and 3) regulation of ClI" /HCOg4
exchange by CFIR is independent of CFTR operating
as a CI” channel (21).

To discriminate between these possibilities, we
first showed that CI /HCO4  exchange is the major
if not the only mechanism of HCO; extrusion in
PANC-1 cells: this mechanism is dependent on ex-
tracellular Cl ', independent of Na™, and inhibited
by DIDS. In addition, AE2 isoform is expressed in
human fetal pancreatic ducts (60). We proceeded
with studying 1) the effects of inhibiting CFTR Cl
conductance with NPPB or glibenclamide (48, 52)
on HCO;  extrusion, 2) effects of cell depolarization
by high extracellular [K"] to identify electrogenic
transport components, and 3) effects on ion currents
of elevating intracellular cAMP, intracellular [Ca®™],
and of application of CI"™ channel blockers.

In all conditions tested, we find that activation or
inhibition of HCO4  secretion is associated with a
parallel increase or decrease of Cl conductance,
respectively: raising intracellular cAMP lead to acti-
vation of Cl™ channels and HCO4 extrusion in
PANC-1 cells and application of NPPB or gliben-
clamide inhibited both the cAMP-activated Cl  con-
ductance and cAMP-activated HCO4  extrusion. In
addition, enabling AF508-CFTR expression in
CFPAC-1 cells by glycerol treatment restored stimu-
latory effects of cAMP on both Cl™ conductance and
HCO,  secretion. In CFPAC-1 cells, stimulation of
HCO, ™~ extrusion by raising [Ca®"]; or by purinergic
stimulation with ATP were both paralleled by an
increase of CI~ conductance. Neither Ca™-activated
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Cl -conductance nor Ca*-activated HCO,  extru-
sion was affected by NPPB. cAMP-activated HCO5
extrusion in PANC-1 cells and Ca®"-activated
HCO4  extrusion in CFPAC-1 cells were both abol-
ished by cell depolarization. In addition, raising
intracellular cAMP activated an outwardly rectifying
current in PANC-1 cells. This current was suppressed
by replacing K™ with Cs™ and inhibited by gliben-
clamide, indicating the presence of cAMP-activated
K" channels but absence of ORCC. We therefore
conclude that stimulation of C1" /HCO4  exchange
depends on increase of Cl1™ conductance, the latter
being provided by CFIR in PANC-1 cells and by
Ca®*-activated Cl~ channels in CFPAC-1 cells, re-
spectively. Thus, the lack of cAMP-mediated stimula-
tion of HCOg4 ~ secretion in CFTR-deficient CFPAC-1
cells is compensated for by Ca**-activated C1~ chan-
nels that are amenable to purinergic stimulation.

Our results also point to a specific role for K"
channels in stimulation of HCOj; secretion: as
noted above, PANC-1 cells exhibit a large outwardly
rectifying K current that is further activated by
cAMP together with the increase of Cl conduc-
tance. These observations are in accordance with
previous studies on isolated pancreatic ducts that
showed that stimulation by secretin and VIP leads to
sequential activation of K™ and C1~ currents, result-
ing in transient membrane hyperpolarization and
followed by depolarization (24, 34). Note that ex-
pression of epithelial K* channels may be under
the control of CFTR as shown in pancreas (13) and
in kidney tubular cells (12). In CFTR-deficient
CFPAC-1 cells, cAMP failed to activate both Cl™ and
K" currents. However, glycerol treatment of these
cells restored cAMP-dependent Cl™ conductance
without effect on K current. Notwithstanding, Lous-
sourn at al. have shown that transfection of CFPAC-1
cells with wild-type CFTR induced a cAMP-depen-
dent K" current (13), possibly, suggesting that the
AF508 mutation is less efficient in supporting K*
channel expression. On the other hand, CFPAC-1
cells exhibited a large K* current in the presence of
extracellular ATP or at high [Ca®"]; that was signif-
icantly suppressed by replacing intracellular K with
Cs" (Table 2). This current appeared sufficient to
provide for charge neutralization for ClI efflux
through Ca*"-activated channels.

In Fig. 8 we have summarized the proposed roles of
Cl™ and K" channels in supporting bicarbonate secre-
tion via CI' /HCO; exchange. The apical membrane
is shown on the top, including electroneutral CI"™/
HCO3;  exchange together with cAMP-activated
(CFTR; left) and Ca**-activated C1~ channels, as found
in PANC-1 and CFPAC-1 cells, respectively. Activation
of these channels serves for recycling of Cl that enters
the cell through ClI /HCO,  exchange, thus permit-
ting for HCO3  secretion at a high rate. Channels and
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Figure 8. Model of pancreatic duct cell to show apical
membrane bicarbonate secretion (upper part) by interaction
of CI~ and K" channels and apical C1~ /HCO,~ exchange.
The basal membrane (lower part) contains the Na'/K'-
pump that establishes an out-to-in Na* concentration gradi-
ent that serves as a driving force for intracellular accumula-
tion of HCO,;  via Na":HCO,;  symport or Na'/H"
exchange. Stimulation of bicarbonate secretion by secretin
(left) and ATP (right) is shown. Secretin activates K™ and Cl~
channels via generation of intracellular cAMP. Activation of
basolateral K" channels hyperpolarizes the cell favoring
apical CI™ efflux through cAMP-activated Cl~ channels
(CFTR). These channels allow for recycling of Cl™ that is
taken up into the cell by CI” /HCO3~ exchange. ATP acts via
purinergic receptors (not shown) resulting in activation of
Ca®*-dependent K™ and Cl~ channels. Activation of Ca®"-
dependent ClI™ channels can substitute in sustaining ClI™/
HCO4~ exchange if CFTR is inoperative.

ATP

transporters of the basolateral membrane are shown in
the lower part. K" channels play a significant role in
the activation of CI /HCOg ~ exchange: activation of a
K" efflux will tend to hyperpolarize the membrane
potential, which, as a consequence, stimulates Cl
efflux through apical CI* channels, thus reducing
[Cl ]; and providing a steeper Cl concentration
gradient as the driving force for electroneutral Cl /
HCO;  exchange. Viewed differently, K" outward
current will provide charge neutralization for efflux of
Cl through apical CI" channels, which is required for
recycling of Cl  that enters the cell through Cl /
HCO;  exchange (61). Furthermore, in this interplay
between channels and carriers, basolateral Na* /K'-
ATPase will serve as the primary pump to refuel intra-
cellular K. Simultaneously, the pump will maintain
intracellular Na* concentration at a low level and thus
provide the driving force for stimulation of either
Na'/H" exchange or Na":HCO, symport mecha-
nisms that lead to accumulation or generation of
intracellular HCOg-. The latter transporter exhibits
reduced activity in CF (20). In this integrated view,
stimulation of HCO4 ™ secretion will result in simulta-
neous conductive apical Cl  efflux (inward current)
and basolateral K efflux. Combined, these ion fluxes
result in an apical-to-basolateral transcellular current
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that is the basis for assessing secretion by short circuit
current measurements.

In Fig. 8, secretin is depicted as the classical agonist
for cAMP-mediated stimulation of HCO,  secretion.
This mechanism is the prevailing one if CFIR is
present in the apical cell membrane (data presented
for PANC-1 cells). For CFTR-deficient pancreatic duct
cells (CFPAC-1), our results show that Ca2+-dependent
apical C1 channels provide an alternative mechanism
of stimulating apical CI" /HCO4 exchange. We also
show that this mechanism is activated by purinergic
stimulation. This alternative activation of cAMP and
Ca**-dependent Cl~ channels appears analogous to
the recent observation that the decrease of cAMP-
dependent Cl™ flux in gallbladder epithelium of CF
patients is compensated by reciprocal increase of ATP-
dependent flux (62).

This Ca®*-dependent mechanism of Cl~ channel
activation is of considerable interest. CFTR appears to
modulate ATP secretion from the cells (15, 17)
whereby extracellular ATP could serve as an autocrine
purinergic agonist to stimulate Ca*“-dependent trans-
port. Furthermore, purinergic receptor agonists have
been shown to enhance Cl  transport by increasing
[Ca®"]; in a number of epithelia such as airway epithe-
lial cells (63), bile duct cells (64), gallbladder (62), and
pancreatic duct cells deficient in CFTR (65). In the
biliary system, apical purinergic receptors have been
identified and ATP is present in bile in micromolar
concentrations, perhaps explaining why cholestatic
symptoms of CF are delayed in their appearance (66).
Trials using UTP and ATP for treatment of pulmonary
complications of CF have been promising (67). The
demonstration of Ca®"-activated CI~ channels in
freshly isolated human pancreatic duct cells (68) and
of Puy, receptors in both CFPAC-1 cells (57) and dog
pancreatic duct cells (31) suggests that similar strate-
gies can be considered for treatment of pancreatic
disease in CF.

In conclusion, our data confirm the presence of
cAMP- and Ca®"-activated Cl~ transport in PANC-1
and CFPAC-1 cells, respectively, and we show that
stimulation of HCO;  secretion via Cl” /HCO4™
exchange is linked to activation of the respective Cl1~
channels. Ca®"-dependent CI~ channels and
HCO4  secretion in CFIR deficient cells can be
activated by purinergic stimulation, a mechanism
that could be exploited by devising pharmacological
strategies to bypass the secretory defect in cystic
fibrosis and related pancreatic diseases (6).
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Correction of CFTR Malfunction and Stimulation of Ca2™-
Activated Cl— Channels Restore HCO;~ Secretion in

Cystic Fibrosis Bile Ductular Cells

Akos Zsembery, >3 Wolfgang Jessner,! Gerlinde Sitter,! Carlo Spirli,2 Mario Strazzabosco,24 and Jiirg Graf!

In view of the occurrence of hepatobiliary disorders in cystic fibrosis (CF) this study addresses the
role of the cystic fibrosis transmembrane conductance regulator (CFTR) and of Ca?*-activated
CI~ channels in promoting HCOj secretion in bile ductular cells. Human cholangiocytes were
isolated from control livers and from 1 patient with CF (AF508/G542X mutations). Single
channel and whole cell currents were analyzed by patch clamp techniques, and HCOj3 secretion
was determined by fluorometric analysis of the rate of recovery of intracellular pH following
alkaline loading. In control cholangiocytes, both cyclic adenosine monophosphate (cAMP) and
protein kinase A (PKA) catalytic subunit, activated CFTR Cl~ channels that exhibited a nonrec-
tifying conductance of 8 pS and appeared in clusters. Activation of Cl~ current by cAMP was
associated with an increase in the rate of HCOj secretion. The basal rate of HCOj secretion was
lower in CF than in control cholangiocytes. In both control and CF cholangiocytes, raising
intracellular Ca?* concentrations with ionomycin led to a parallel activation of Cl~ current and
HCOj3 secretion. Consistent with reports that premature stop codon mutations (class I; e.g.,
G542X) can be read over by treatment with aminoglycoside antibiotics, exposure of CF cholan-
giocytes to gentamicin restored activation by cAMP of Cl~ current and HCO3 secretion. The
observation that activation of Ca?*-dependent Cl~ channels can substitute for cystic fibrosis
transmembrane conductance regulator (CFTR) in supporting HCOj3 secretion and the efficacy
of gentamicin in restoring CFTR function and HCO3 secretion in class I mutations are of

potential clinical interest. (HEPATOLOGY 2002;35:95-104.)

Abbreviations: CF, cystic  fibrosis;  ¢AMP, cyclic adenosine  monophos-
phate; CFTR, cystic fibrosis transmembrane conductance regulator; PKA, protein
kinase A; DMSO, dimethyl sulfoxide; EDTA, ethylenediaminetetraacetic acid;
EGTA, ethylene glycol-bis(B-aminoethyl ether)N,N,N',N'-tetraacetic acid; DB-
cAMP, N°,2'-O-dibutyryladenosine 3':5'-cyclicmonophosphate; IBMX, 3-isobu-
tyl-1-methylxanthine; TMA-OH, tetramethyl-ammonium hydroxide; BCECF-
AM, 2,7 -bis(2-carboxyethyl)-5(6)-carboxyfluorescein-acetoxymethylester; NPPB,
5-nitro-2-(3-phenylpropylamino)-benzoic acid; DMEM, Dulbecco’s modified Ea-
gle medium; hHGF, human hepatocyte growth factor; pH,, intracellular pH;
hBDC, human bile duct cells; CFhBDC, cystic fibrosis human bile duct cells; DIDS,
4,4,-diisothiocyanatostilben-2,2,-disulfonic acid.
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ystic fibrosis (CF) is one of the most common hereditary
disorders among the white population.’> The disease
impairs cyclic adenosine monophosphate (cAMP)-
dependent electrolyte transport in a variety of organs. CF results
from genetic defects in the cystic fibrosis transmembrane conduc-
tance regulator (CFTR), which functions as a cAAMP/protein ki-
nase A (PKA)-activated epithelial Cl~ channel.34
In addition to operating as a low conductance chloride channel,
CFTR plays an important role in the regulation of other transport
mechanisms such as epithelial sodium channels, potassium chan-
nels, cAMP-independent outwardly rectifying chloride channels,
ATP release, and water transport.>”7 In CF patients impaired
HCOj3 transport results in production of a viscous secretion in
pancreas and intestine, which has been attributed to disturbed
interaction of the CFTR Cl~ channel with electroneutral Cl~/
HCOj3 anion exchange mechanism.81 Both CFTR and anion
exchange are present in the apical membrane of human and rat
intrahepatic bile duct cells,'’'4 and their dysfunction likely ac-
counts for the hepatobiliary complications that are seen more fre-
quently with increased survival of CF patients and affect their life
quality and expectancy.!>
Bile duct cells (cholangiocytes) fulfil a variety of transport func-
tions that determine the rate of secretion and the final composition
of bile. The biliary secretion of electrolytes and water from the
biliary epithelium is under the control of various gastrointestinal
hormones.'¢ In intrahepatic bile duct cells, secretin and vasoactive
intestinal peptide promote secretion of bicarbonate via a mecha-
nism that appears to involve 3 consecutive steps: (1) activation of
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the adenylate cyclase signal transduction pathway, (2) opening of
apical Cl~ channels'?, and (3) stimulation of apical CI"/HCOj3
exchange,'>18 which is driven by the outside to inside transmem-
brane Cl~ concentration ([Cl7]) gradient at relatively high intra-
cellular bicarbonate concentration ((HCOj3];).!? Although never
directly tested in primary cultures of CF human cholangiocytes,
this regulatory mechanism may be altered in CF and lead to im-
paired hydration and alkalinization of bile and to chronic liver
damage.

In addition to cAMP-stimulated Cl~ channels, Ca?*-activated
Cl~ conductances have also been described in both murine!?-20
and human biliary epithelial cells,>!22 but their relationship to
HCOj3 secretion and their function in CFTR-deficient cells are
unknown. We studied these relationships in both control and
CFTR-deficient human bile duct cells. In addition, the CF cells
available to us were heterozygous at the CFTR locus, carrying the
AF508 trafficking mutation (class 1123) on one allele and the
G542X premature stop codon mutation (class 123) on the other.
These latter mutations have been shown to be amenable to “pro-
tein repair” by treatment with certain aminoglycoside antibiot-
ics.2426 Therefore, we also studied whether treatment with genta-
mycin could restore CFTR function and bicarbonate secretion in
CF cholangiocytes.

Materials and Methods
Materials

HEPES, dimethylsulfoxide (DMSO), 4,4,-diisothiocyanatos-
tilbene-2,2'-disulfonic acid, glibenclamide, nigericin, ethylenedia-
minetetraacetic acid (EDTA), ethylene glycol-bis(8-aminoethyl
ether) N,N,N’,N’-tetraacetic acid (EGTA), cholera toxin, insu-
lin, epidermal growth factor, triiodothyronin, hydrocortisone,
forskolin, ionomycin, adenosine 3':5'-cyclic monophosphate
(cAMP), N¢,2'-O-dibutyryladenosine 3':5'-cyclic monophos-
phate (DBcAMP), 3-isobutyl-1 methylxanthine (IBMX), adeno-
sine-5'-triphosphate magnesium salt, adenosine-5"-triphosphate
sodium salt, and tetramethyl-ammonium hydroxide (TMA-OH)
were from Sigma Chemical Company (St. Louis, MO). 2'7'-
Bis(2-carboxyethyl)-5(6)carboxyfluorescein acetoxymethylester
(BCECF-AM) was from Lambda GmbH (Graz, Austria). 5-Nitro-
2-(3 phenylpropylamino)-benzoic acid (NPPB) was purchased
from Calbiochem Chemical Co. Culture media (Dulbecco’s mod-
ified Eagle medium [DMEM], HAMF 12 medium and Leibowitz
L-15 medium), fetal bovine serum, gentamycin, penicillin/
streptomycin and trypsin/EDTA were from GIBCO (Grand Is-
land, NY). Percoll was purchased from Pharmacia (Cologno
Monzese, Italy). The human hepatocyte growth factor (hHGF)
was obtained from the Mitsubishi Corporation (Yokohama, Ja-
pan). The mouse monoclonal antibody against human epithelial
antigen (HEA 125) was purchased from Progen Biotechnik
GmbH (Heidelberg, Germany), and Dynabeads were from Unipas
(Milano, Italy). A combination of 100 wmol/L DBcAMP, 100
pmol/L IBMX, and 3 wmol/L forskolin (“cAMPmix”) was used to
increase intracellular cAMP concentration.”

Cell Isolation and Culture
Human cholangiocytes were isolated from fragments of one
liver used for reduced size orthotopic transplantation or from livers
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explanted for alcohol-induced liver disease (3 patients) or CF (1
patient) as previously described!2282 and approved by the Padua
University Ethical Committee. Briefly, after mincing and digesting
the approximately 30 g of liver tissue with collagenase, nonparen-
chymal liver cells were separated by filtration and centrifugation on
a discontinuous Percoll gradient and then purified by immuno-
magnetic separation with a monoclonal antibody directed against a
34-kd membrane glycoprotein (HEA 125), which, in the liver, is
only expressed in cholangiocytes.?® CF cholangiocytes were iso-
lated by the same methods from a patient affected with CF who
underwent liver transplantation for end-stage CF-related liver dis-
ease. Cholangiocytes were cultured in Falcon plastic flasks at 37°C
in a humidified 95% air and 5% CO, atmosphere. The cells were
incubated with DMEM and HAMF 12 medium containing 10
ng/mL of hHGF??, fetal calf serum 5%, epidermal growth factor
10 ng/mL, hydrocortisone 0.4 pug/mL, cholera toxin 10 ng/mlL,
transferrin 5 ug/mL, tri-iodothyronine 2 nmol/L, insulin 5 pug/mL
and penicillin (100 U/mL)/streptomycin (0.1 mg/mL). The cells
were suspended by trypsin/EDTA solution and plated on glass
coverslip fragments. For patch clamp experiments, cells were used
after 24 to 48 hours, whereas pH measurements were performed 3
to 4 days after plating. Cells were transferred to bicarbonate free
Leibowitz L-15 medium 1 hour before use in patch clamp experi-
ments. Gentamycin-pretreated CF cholangiocytes were prepared
by incubation for 18 hours in DMEM and HAMF 12 medium
supplemented with 200 wg/mL gentamycin.

Intracellular pH

Intracellular pH (pH;) was measured as described?® by using the
fluorescent intracellular sensor BCECF. In brief, BCECF was
loaded into the cells in form of its tetraacetoxymethylester
(BCECEF-AM) (12 umol/L) by incubation for 15 to 20 minutes at
37°C. After washing for 10 minutes at 37°C in a BCECF-free
medium the cells were transferred into a temperature controlled
(37°C) perfusion chamber placed on the stage of an Axiovert
(Zeiss, Jena, Germany) inverted microscope. The microscope was
equipped with a microfluorometer (Photon Technological Instru-
ments, Monmouth Junction, NJ) allowing for continuous dual
wavelength excitation photometry. pH; was measured in single
cells as the ratio of emission intensities at 530 nm after excitation at
495 nm (pH and concentration sensitive) and 440 nm (only con-
centration sensitive), respectively. Data were collected at 50 Hz
chopping frequency and were averaged every 2 seconds. After each
experiment internal dye calibration was performed by superfusing
the cells with a medium containing high [K*] and the K*/H*
ionophore nigericin3! (12 wmol/L) at pH 6.8 and 7.6.213

To measure HCOj3 secretion, cells were first superfused for 10
minutes with medium containing 25 mmol/L HCO3 and 5%
CO,, which results in intracellular equilibration of [HCO3] ac-
cording to the pH; and CO, concentration. Acute removal of
CO,/HCOj from the superfusion medium by exposure to
HEPES-buffered HCOj free medium (see solutions below) results
in depletion of intracellular CO, and sudden intracellular alkalin-
ization. pH; recovers from this alkaline load towards the initial
value. Our previous data, obtained by using both primary culture
of human cholangiocytes'? and a cholangiocarcinoma cell line
(MZ-ChA-1)'8 indicated that this pH; recovery was due to the
activation of Na*-independent CI7/HCOj exchange. The rate of
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recovery from the intracellular alkaline load was determined by
linear regression analysis of the slope 8pH/8t. For comparison
between individual experiments, this slope was determined at the
same range of pH; between 7.35 and 7.45, except where noted
otherwise. Experimental effects on HCOj secretion were studied
by preincubation of the cells for 10 minutes with either cAMPmix,
NPPB, high external K* concentration, ATP, or ionomycin. Gen-
tamycin (200 wg/mL) was applied by preincubation for 18 hours.

Whole Cell and Single Channel Current Recordings

Whole cell configuration of the patch clamp technique was
used, and single channel currents were studied by using both in-
side-out and cell-attached membrane patches.3? Studies were done
at room temperature (22°C) using NMDG-Cl-rich and NaCl-rich
extracellular solution both with 1 mmol/L free [Ca?*] in inside-
out and whole-cell configuration, respectively. To avoid exposure
of the internal surface of the plasma membrane to high [Ca?*] (1
mmol/L) during formation of inside-out patches we reduced free
[Ca?*] of the bath to 100 nmol/L (0.4 mmol/L CaCl, + 1 mmol/L
EGTA) after formation of the “giga-seal” but prior to excision of
membrane patches. Recording pipettes were pulled from VC-
HO075P glass (Terumo, Japan) on a P-87 micropipette puller (Sut-
ter Instrument Corp., Novato, CA) and had resistances of 2-5
M. In experiments using inside-out membrane patches pipettes
were filled with the NMDG-Cl-rich solution (free [Ca?™] = 1
mmol/L). For whole cell recordings pipettes were filled either with
KCl-rich solution or CsCl-rich solution with free [Ca?*] adjusted
to 100 nmol/L. Single channel and whole cell data were recorded
with an EPC-9 amplifier and digitized (5 kHz) and stored on hard
disk and analyzed by using Pulse + PulseFit version 7.4 programs
(HEKA Elektronik GmbH, Lambrecht, Germany). Single channel
currents were measured at clamp potentials ranging between —100
mV and +100 mV. For analysis, the analog signal was passed
through a Bessel filter with the corner frequency set at 800 Hz.
Whole cell currents were measured at the holding potential (—40
mV) and during 100 ms square pulses of the test potential (—100
mV to +80 mV) in 20-mV increments, with 2-second intervals
(polarity given for cell interior). For control bath and KCl-rich
pipette solutions the equilibrium potentials for K* (Ex) and Cl~
(Eq)) were =86 mV and —1.3 mV, respectively. Therefore, mem-
brane currents near these clamping voltages were considered to
represent Cl~ and K* current, respectively. Values at —85 mV
were calculated by linear interpolation between data obtained at
—80 mV and —100 mV. Current-voltage relations were obtained
after currents had stabilized 30 ms after applying voltage pulses.
Whole cell currents were normalized for unit cell surface area by
division by the whole cell membrane capacitance that ranged be-
tween 25 and 40 pF. Accordingly, current is presented as pA/pF.
Corrections for pipette to bath liquid junction potentials were
applied when asymmetrical solutions (KCI/NaCl or CsCl/NaCl)
were used (4 mV and 5 mV, respectively).

Solutions

Bufffers for pH Experiments. Bicarbonate-free bath solution
(HEPES) contained the following (mmol/L): NaCl 135, KCl 4.7,
MgSO4 1, KH,PO, 1.2, CaCl, 1.5, HEPES 10, glucose 5, titrated
to pH 7.4 with NaOH. Bicarbonate buffered solution (KRB) con-
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tained the following (mmol/L): NaCl 115, KCl 4.7, KH,PO,4 1.2,
MgCl, I, CaCl, 1.5, NaHCO; 25, glucose 5, and was equilibrated
with 5% CO,.

Solution for Whole Cell Recordings. Control NaCl-rich bath
solution contained the following (mmol/L): NaCl 150, KCI 5,
MgCl, 2, CaCl, I, HEPES 10, glucose 5, titrated to pH 7.4 with
NaOH; osmolality, 310-320 mosm/kg. KCl-rich pipette solution
contained the following (mmol/L): KCI 145, NaCl 5, MgCl, 1,
HEPES 10, CaCl, 0.4, EGTA 1, MgATP 2, titrated to pH 7.2
with KOH; osmolality: 280-290 mosm/kg. CsCl-rich pipette so-
lution contained the following (mmol/L): CsCl 150, MgCl, 1,
HEPES 10, CaCl, 0.4, EGTA 1, MgATP 2, titrated to pH 7.2
with TMA-OH; osmolality: 280-290 mosm/kg.

The osmotic difference between the pipette and bath solution
was applied to prevent activation of volume-activated currents.?3
With pipette solutions containing ATP, the efflux of ATP from the
pipette could have stimulated purinergic membrane receptors
when approaching the cell. This was avoided by first filling the
pipette tip by dipping into an ATP-free pipette solution followed
by filling the pipette with the ATP-containing solution from the
back.

Solutions for Single Channel Recordings in Inside-Out
Configuration. NMDG-CI rich bath solution contained the fol-
lowing (mmol/L): NMDG-CI 150, MgCl, 2, CaCl, 1.25, HEPES
10, adjusted to pH 7.3 with HCL. After seal formation and before
obtaining inside-out configuration, free [Ca?*] of the bath solu-
tion was changed to approximately 100 nmol/L (CaCl, 0.4 +
EGTA 1). Solutions osmolality was 300 to 310 mosm/kg. Pipette
solution contained the following (mmol/L): NMDG-CI 150,
MgCl, 2, CaCl, 1.25, HEPES 10, adjusted to pH 7.3 with HCL

Stock solutions of NPPB, forskolin, glibenclamide, and
BCECF-AM were prepared in DMSO at 1,000 times the desired
concentration. Gentamycin was dissolved in water. Nigericin was
dissolved in ethanol.

Statistics

Data are given as mean values = SEM (n = number of cells).
Differences between control and experimental conditions were evalu-
ated from the same preparation by using the unpaired one-sided
Mann-Whitney test and are considered significant if 2 << .05.

Results

CFTR Is Functionally Active in Cultured Human
Bile Duct Cells

The presence of functional CFTR Cl~ channels has not yet
been shown in cultured human cholangiocytes. Single channel
recordings were thus performed in the excised membrane patches
in “inside-out” configuration and in “cell attached” mode. In ex-
cised membrane patches we used symmetrical bath/pipette solu-
tions containing Cl~ as the only permeable ion. As shown in Fig. 1,
combined administration of PKA catalytic subunit (50 U/mL) and
Mg,ATP (2 mmol/L) to the cytoplasmic face of the membrane
patch activated low conductance CI~ channels. These channels
displayed a linear current-voltage relationships (I/V) with a reversal
potential at 0 mV and showed a single channel conductance of
approximately 8 pS. In addition, we observed flickering current
when channels were open at negative membrane potentials. In
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Fig. 1. Patch clamp recording in control human bile ductular cell (hBDC).
Cl~ channel activity in excised inside-out configuration is shown at symmet-
rical NMDG-CI concentrations. (A) No channel activity is observed under
control conditions at = 80 mV. (B) Administration of protein kinase A (50
U/mL) and MgATP (2 mmol/L) to the cytoplasmic face of the plasma
membrane results in activation of up to 4 CFTR CI~ channels. Channel
currents reversed at 0 mV and channel activity displayed no voltage depen-
dence. Note flickering current characteristics at negative clamping volt-
ages (cytoplasmic face vs. outside). Closed and open levels are indicated.
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cell-attached configuration, patches were obtained that exhibited
spontaneous openings of single low-conductance channels (Fig.
2A). Application of DBcAMP (100 umol/L) and forskolin (5
pmol/L) caused further openings with up to 5 identical channels
being open at the same time (Fig. 2B). Taken together, these elec-
trophysiologic characteristics are identical with CFTR Cl~ chan-
nels studied in other cell types.343>

HCOj5; Efflux in Normal and CF Human Cholangiocytes

Microfluorometric and patch clamp experiments were made
with similar experimental protocols to allow direct comparison of
the rates of HCOj secretion with whole cell CI™ and K* currents
(see below). Experiments were performed in control human bile
duct cells (hBDC) and in cholangiocytes isolated from a patient
with cystic fibrosis (CFhBDC). Previous studies had shown that
pH recovery after intracellular alkalinization is ClI~ dependent
and DIDS-inhibitable consistent with CI7/HCOj exchange activ-
ity.1218 Therefore, HCOj3 secretion, was measured by the rate of
recovery of pH; following intracellular alkalinization. Basal rates of
HCOj5 secretion (dpH/min) in different preparations ranged from
0.103 = 0.012 t0 0.222 * 0.015.
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Raising intracellular ¢cAMP activated HCOj secretion in
hBDC (Figs. 3 and 4A). DIDS (0.5 mmol/L) inhibited basal
HCOj5 secretion and prevented its stimulation by cAMP (Fig. 3).
Since DIDS has no inhibitory effect on CFTR3¢ these data support
the notion that CI/HCOj exchange is a requisite of cAMP-stim-
ulated HCOj secretion in hBDC. In contrast to hBDC, increasing
intracellular cAMP in CFhBDC failed to stimulate HCOj3 exit
above the basal values (dpH/min = 0.061 * 0.06) (Fig. 5). To
show that activation of HCOj3 secretion by cAMP in hBDC was
due to parallel activation of Cl~ efflux, we studied the effect of
NPPB and glibenclamide, Cl~ channel blockers that are known to
inhibit CFTR.1337 Furthermore, we exposed the cells to high
[K*], to depolarize the cell membrane and to inhibit Cl~ efflux. As
shown in Fig. 3, high [K*], glibenclamide, and NPPB inhibited
the stimulatory effects of cAMP on HCOj3 efflux in hBDC.

To test whether Ca?*-stimulated Cl~ channels could provide
an alternative pathway for Cl~ efflux and possibly support Cl7/
HCOj5 exchange we studied the effects of raising intracellular
Ca?* concentration with the calcium ionophore ionomycin3® (ex-
tracellular [Ca?*] being buffered to 1 umol/L) and of purinergic
receptor activation by ATP (100 wmol/L). Increasing [Ca?*]; by
ionomycin caused a significant stimulation in HCOj extrusion in
both hBDC (determined in the pH range between 7.4 and 7.5)
(Figs. 3 and 6A) and CFhBDC (Figs. 5 and 6C). If present
throughout the experiment ATP failed to activate HCOj secretion
in both hBDC (Fig. 3) and CFhBDC (Fig. 5). As noted below,
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Fig. 2. (A) Amplitude histogram of CFTR channel current in cell-attached
configuration under control conditions in hBDC. Time fraction of only one
open state is 0.36. (B) In the same patch, increasing intracellular cAMP
concentration (100 wmol/L DBcAMP + 5 umol/L forskolin), activated
additional channels with up to 5 channels being open simultaneously. Time
fractions for 0, 1, 2, 3, 4, and 5 channels being open are 0.09, 0.18, 0.32,
0.18, 0.10, and 0.13, respectively. Clamping voltage was + 80 mV (pipette
negative) and bin width for sampling was 0.05 pA. Closed and open levels
are indicated.
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Fig. 3. HCO3 secretion in hBDC: HCO3 secretion was assessed by the
rates of recovery of intracellular pH after an alkaline load. Experimental
values are shown with reference to control rates obtained from the same
preparation. Note: (1) stimulation of HCO3 extrusion by raising intracellular
cAMP (column 2), which was further augmented in the presence of extra-
cellular ATP (column 3); (2) lack of effect of continuous presence of ATP
alone but stimulation of HCO3™ extrusion immediately after application of ATP
(columns 4 and 5, rerspectively); (3) inhibition of both basal and cAMP-
stimulated HCO3 secretion by DIDS (columns 6 and 7, respectively); (4)
inhibition of cAMP-stimulated HCO3 extrusion by membrane depolarization
(column 8) or in the presence of CFTR channel inhibitors NPPB (columns 9
and 10) or glibenclamide (columns 11 and 12); and (5) activation of HCO3
extrusion by raising intracellular Ca2™ concentration with ionomycin (column
13). Experiments shown in columns 2, 3, 9, and 10 were repeated in 2
different preparations. Statistics (*P < .05): 2 vs. 1, P < .005 (n=5) and
P <.01(n = 14);3vs. 2, P < .05 (n = 4) and not significant (NS) (
4);4vs.1,NS(n=6);5vs.1,P<.05(n=6);6vs.1,P<.025(n
8); 7vs.6,NS(n=6);8vs.2,P<<.05(n=05);9vs.1,NS (n = 5)and
NS (n = 6); 10 vs. 9, NS (n = 5) and NS (n = 6); 11 vs. 1, NS (n = b);
12 vs. 11, NS (n = 11); and 13 vs. 1, P < .05 (n = 4).

application of ATP in hBDC resulted only in a short lasting stim-
ulation of ionic currents consistent with its transient effect on
[Ca?"]i.32 Therefore we administered ATP 40 seconds after alka-
line loading, which resulted in an abrupt acceleration of the rate of
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Fig. 5. HCOj3 secretion in CFhBDC: HCO3 secretion was assessed by the
rates of recovery of intracellular pH after an alkaline load. Experimental
values are shown with reference to control rates. Note: (1) Absence of effect
of raising intracellular cAMP (column 2) and of the continuous presence
of extracellular ATP (column 3); (2) large activation of HCO3 extrusion
by raising intracellular Ca2* concentration with ionomycin (column 4); and
(3) unveiling of cAMP-stimulated HCO3 secretion by restoring translation
of CFTR-G542X with gentamycin (column 5). Statistics (*P < .05): 2 vs. 1,
NS (n = 6);3vs. 1, NS (n = 5);4vs. 1, P <.005 (n = 4); and 5 vs. 2,
P < .05 (n = 6).

HCOj extrusion from (dpH/min) 0.154 %= 0.017 to 0.253 =
0.021 (n = 6; data obtained in the pH range from 7.45 to 7.30)
(Fig. 3). As shown previously'® increasing intracellular cAMP and
simultaneous presence of extracellular ATP resulted in an additive
effect in stimulating HCOj extrusion (Fig. 3).

Ca?t and cAMP-Dependent Cl~ Currents in Normal and
CF Cholangiocytes

We used whole cell recordings to correlate effects of cAMP and
[Ca?*]i on HCOj secretion with changes of whole cell membrane

B
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Fig. 4. (A) Measurement of pH; 76 6 4 cAMP
in hBDC. Intracellular alkalinization ’
was obtained by removal of HCO3 7.5 control 41
and CO, from the superfusion solu- 5
tion (at 140 seconds). Bicarbonate 7,4 4 control
secretion was assessed from the Y ! T T < T T T v .
rate of recovery of pH; under control 731 N mv
condl_tlon. (n = 12) and after in- 72 cAMP
creasing intracellular cAMP concen- -4 4
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Fig. 6. (A) Measurement of pH; in
hBDC. Bicarbonate secretion was
assessed from the rate of recovery
of pH; as in Fig. 4A under control
condition (n = 12) and after appli-
cation of ionomycin (n = 4). (B)
Whole cell patch clamp analysis of
hBDC. Current-voltage relationships
obtained under control conditions
(n = 8) and after inclusion of 1
wmol/L Ca?* (n = 8) in the patch
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currents. Similar to a previous study performed in pancreatic duct
cells,® current/voltage (I/V) relations were obtained by using stan-
dard KCl-rich pipette solution and NaCl-rich bath solution. Ap-
plication of these solutions allows us to obtain a measure of K*
current at 0 mV (near Eq where the driving force for Cl™ current
is absent) and of Cl~ current at —85 mV (near Ex where K*
current is absent). It may be noted that Cl~ inward current reflects
conductive CI~ efflux. In addition to these parameters, Tables 1
and 2 give also the current reversal potentials (V,.,) where outward
Iy Ix = gK* (V,, — Ex)) and inward I (Iq = gCL * (V,, — E)
are of equal magnitude resulting in zero total membrane current.
Depending on the relative values of membrane K* and CI~ con-
ductance, gK and gCl, respectively, the reversal potential will be
close to Eg if gK >> ¢Cl or close to E if gCI>> gK. Outward
currents at +80 mV may consist of both, K* and CI~ components.
Figure 4B shows 1/V relationships in control hBDC cells, and
Table 1 gives the corresponding parameters for CI~ and K™ cur-

Table 1. Patch Clamp Whole Cell Recordings in hBDC

Control (KCI) cAMP (KCl) High [Ca2*]; (KCI)
(n = 11) (n = 6) (n = 8)
—85 mV —0.93 £0.15 —3.00 = 0.68* —2.48 + 0.561
0 mv +0.41 = 0.08 +0.74 £ 0.11¢ +0.50 = 0.28 NS
+80 mV +2.49 £ 0.42 +6.69 + 1.54* +6.34 £ 1.91%
Reversal potential —18.6 £2.4 —15.7 = 1.3 NS —9.6 = 2.6%

NOTE. Currents are pA/pF; positive values = outward current; reversal potential
(mV), inside with respect to outside. Values are mean = SEM; number of cells is
shown in parentheses.

Abbreviations: KCI, KCI-rich pipette solution; NS, not significant.

*P < .005.

tP < .025.

P < .05.

-100 -80 -60 -40 -20 0O 20 40 60 80 100

pipettes. Mean values = SEM.

rents. In these cells, intracellular application of 400 wmol/L cAMP
resulted in a 3.3-fold increase of Cl™ current (measured at Ey),
whereas K* current (measured at E¢)) was stimulated 1.8-fold. In
CFhBDC, intracellular application of cAMP had no effect on ei-
ther CI~ or K currents (Table 2). In association with the experi-
ments that showed stimulation of HCO3 extrusion by an increase
of [Ca?*]; (see above) we tested for the presence of Ca?*-activated
membrane currents in both control and CF cells: we studied acti-
vation of currents by raising [Ca?*]; to a free concentration of
approximately 1 wmol/L and after stimulation of purinergic recep-
tors by extracellular application of ATP (100 wmol/L). Elevation
of [Ca?*]; increased Cl~ current 2.7- and 5.2-fold in hBDC (Fig.
6B and Table 1) and in CFhBDC (Fig. 6D and Table 2), respec-
tively. No effects of [Ca?*]; on K* currents were observed (Figs. 6B
and 6D and Tables 1 and 2). Effects of ATP were studied with
standard intracellular K* concentrations at clamping voltages of 0
and —85 mV to explore the time course of activation of K* and
Cl~ currents by ATP: 10 seconds after application of ATP K*
current (measured at 0 mV) increased in an amazingly wide range
(up to 100-fold), whereas CI~ current increased up to 13-fold.
This current stimulation was transient and current returned to-
wards control values within 1 minute (data not shown).22:3°

Correction of Cl~ and HCOj Secretory Defect in CFhbBDC
by Gentamicin

Class I mutations of CFTR, which result in premature stop
codons (e.g., G542X) can be corrected with certain aminoglycoside
antibiotics.?42¢ We pretreated CFhBDC with 200 pg/mL genta-
micin for 18 hours and measured HCOj extrusion in the presence
of cAMPmix. As shown in Figs. 5 and 7A gentamicin-treated CF-
hBDC regained cAMP-stimulated HCOj3 secretory activity. In
CFhBDC cells pretreated with gentamicin we also studied the
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Table 2. Patch Clamp Whole Cell Recordings in CFhBDC

Control (KCI) cAMP (KCI) High [Ca2*]; (KCI) cAMP (CsCl) cAMP + Gentamycin
(n = 14) (n=17) (n = 4) (n = 4) (CsCl) (n = 4)
—85 mV —1.10 £0.13 —1.27 £ 0.25NS —5.72 = 0.83* —0.67 £0.1 —1.85 £ 0.33t
0mv +1.10 £ 0.25 +0.87 £ 0.14 NS +0.90 = 0.12 NS +0.34 £ 0.08 +0.34 £ 0.06 NS
+80 mV +4.27 £ 0.76 +3.59 £ 0.59 NS +8.13 = 0.87t +1.24 £0.19 +3.20 £ 0.41¢%
Reversal potential —31.4+42 —21.1 £ 3.6 NS —12.4 £ 0.6F —19.6 £ 5.7 —13.7 £ 0.8 NS

NOTE. Currents are pA/pF; positive values = outward current; reversal potential (mV), inside with respect to outside. Values are mean *= SEM.
Abbreviations: KCI, KCI-rich pipette solution; CsCl, CsCl-rich pipette solution; NS, not significant.

*P < .001.
P < .05.
P < .025.

effects of cAAMPmix on whole cell Cl™ currents substituting K* by
Cs™ in the pipette solution to elimate outward K* currents. The
data show that gentamicin pretreated cells regained cAMP-stimu-
lated Cl~ currents measured at —80 mV and +80 mV (Fig. 7B and
Table 2). Thus, activation by cAMP of Cl~ currents and HCO3
secretion could both be restored in CF cholangiocytes carrying the
premature stop codon mutation (G542X).

Discussion

In CF, electrolyte transport is impaired in various epithelia,
including pancreatic ducts in which both CI~ and HCOj3 secre-
tion is compromised.®4° In the liver, CFTR is specifically ex-
pressed in the biliary epithelium.'® A major function of cholangio-
cytes is the secretion of HCOj, which is stimulated by secretin via
the cAMP-PKA signal transduction pathway.34! Hepatobiliary
disease in patients with CF primarily affects intrahepatic bile
ductular cells rather than hepatocytes.'>42 However, the effects of
defective CFTR on biliary cells secretory function have not been
studied as yet. We have addressed this issue in primary cultures of
intrahepatic bile ductular cells isolated from control livers and
from 1 patient with CF.

Intrahepatic bile ductular cells secrete HCO3 across the apical
membrane by CI7/HCOj exchange.’?'4 This anion exchange is
driven by the out-to-in Cl~ concentration gradient where [Cl7]; is
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maintained low by electrogenic efflux across apical Cl~ channels.
CFTR has been localized at the apical membrane?® and its hor-
monal activation could allow for rapid Cl~ recycling during stim-
ulated HCOj3' secretion. Using patch clamp techniques we show
that human cholangiocytes express a cAMP-PKA activated Cl™
channel that exhibits a nonrectifying conductance of approxi-
mately 8 pS, features that are characteristic for CFTR CI~ chan-
nels.3435 In excised inside-out membrane patches the channel was
completely inactive but was activated after administration of cata-
lytic subunit of PKA in the presence of ATP. In control cells
without stimulation, low basal CFTR channel activity was ob-
served in the cell-attached configuration (Fig. 2A). This basal
channel activity could explain why HCOj extrusion rate is higher
in control cells than in CF cells (see below). In both configurations,
either none or multiple channels were observed. This observation
is in accordance with the notion that CFTR chloride channels are
expressed in clusters on the plasma membrane.44

In this study we show that cAMP activates HCOj3 output and
Cl~ conductance only in control but not in CF cholangiocytes.
Thus, regulation of cAMP-PKA-dependent CI~ channels seems
to represent the main control point in HCOj3 secretory mecha-
nism. We have recently shown that cAMP stimulates whole-cell

Cl~ conductance and CI7/HCOj exchange in a pancreatic adeno-
carcinoma cell line (PANC-1).? In contrast, in a CFTR-deficient
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Fig. 7. (A) Measurement of recovery of pH; in CFhBDC. Experimental maneuver was as in Fig. 4A. Bicarbonate secretion was assessed after increasing
intracellular cAMP concentration by application of cAMPmix without pretreatment (n = 6) and after preincubation of CFhBDC with gentamicin (200 ug/mL)
for 18 hours (n = 6). (B) Whole cell patch clamp analysis of CFhBDC. Patch pipette solutions contained CsCl. Current-voltage relationships were obtained
in the presence of 400 wmol/L cAMP in the patch pipettes without pretreatment (n = 4) and in cells preincubated in the presence of gentamicin (200 wg/mL)

for 18 hours (n = 4). Mean values * SEM.
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cell line (CFPAC-1) cAMP failed to stimulate both whole cell CI~
conductance and CI7/HCOj5 exchange activity.? To test the con-
cept of whether Cl~ channel function could support cAMP-stim-
ulated HCOj secretion in hBDC we inhibited electrogenic Cl~
efflux by either NPPB and glibenclamide or by cell membrane
depolarization. Application of 10 wmol/L NPPB, or 100 wmol/L
glibenclamide concentrations sufficient to block CFTR,'337 in-
hibited HCOj transport. It is noticed that these data do not con-
firm those of a previous study in which inhibition by NPPB of
cAMP-stimulated HCOj5 secretion could not be shown.'2 A sim-
ilar inhibition was obtained following membrane depolarization
by application of high extracellular K* concentration. Inhibition
of HCOj extrusion by these maneuvers allows for a dual explana-
tion: (1) inhibition of electrogenic HCOj3 efflux through CFTR
Cl~ channels or (2) inhibition of electrogenic Cl~ efflux that pre-
vents Cl~ from recycling, which is required to support electroneu-
tral CI7/HCOj exchange.

It has been proposed that the CFTR CI~ channel may itself
provide for HCOj3 efflux.4>-4¢ However, in the presence of DIDS,
cAMP failed to stimulate HCOj3 extrusion in hBDC indicating
that CI7/HCOj5 exchange is likely the major, if not the only mech-
anism of cAMP-dependent HCO3 extrusion.’>!8 It is noted,
though, that basal HCOj extrusion was not completely inhibited
by DIDS (Fig. 3) or by omission of extracellular Cl~ (data not
shown). It appears possible that anion channels that allow for CI~
current in nonstimulated cells (Fig. 4B and Table 1) may also
provide a means for basal HCOj efflux.

In aggregate these data provide the first direct evidence that
cAMP-dependent Cl~ and HCO3 transport are both impaired in
CFTR-deficient cholangiocytes. The resulting reduced hydration
and alkalinity of bile could precipitate a series of events able to
damage the biliary epithelium. Thus retention of bile acids and
cytotoxic xenobiotics'> and a reduction in natural defense against
microbial pathogens?®:5° may finally lead to the typical focal bili-
ary cirrhosis. Therefore, amelioration of Cl~ and particularly
of HCO;3751:52 secretion should prevent the progression of the
disease.

Stimulation of Ca?*-activated Cl~ conductance present in bil-
iary epithelial cells,?? could provide an alternative pathway for
stimulation of HCOj3 secretion. The supplemental role of non-
CFTR CI~ channels in bile ductular secretion is also supported by
the finding that over-expression of Ca?*-activated Cl~ channels in
CFTR (—/—) knockout mice could be responsible for lack of
cystic fibrosis bile duct lesions.>> To test whether Cl~ channels
other than CFTR could support HCO3 secretion we studied ac-
tivation of Cl~ conductances by raising [Ca?*];. We show that
application of ionomycin stimulated both CI~ current and HCO3
secretion. Although cAMP failed to activate HCOj3 secretion in
CF cholangiocytes this Ca?*-dependent mechanism was not only
preserved but even more pronounced in CF cells. Purinergic nu-
cleotides are present in bile in concentrations sufficient to activate
purinergic receptors.>* Stimulation of these receptors may pro-
mote anion transport both in biliary'®21-22 and pancreatic® duct
epithelial cells, at least transiently.’®2 Interestingly, ATP stimu-
lated HCO3' secretion only in the presence of elevated intracellular
cAMP as previously shown.!8 In both control and CF cholangio-
cytes continuous presence of ATP (100 wmol/L) alone had no
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stimulatory effect on the basal rate of HCOj secretion (Figs. 3 and
5). This observation could be explained by the transient nature of
the ATP effect on [Ca?*]; and by the short-lasting and irregular
activation of K™ and CI~ currents.?23 Indeed, ATP administered
during the course of pH recovery after alkalinization immediately
accelerated the rate of HCOj3 extrusion in hBDC (Fig. 3). Unfor-
tunately no more cells were available to conduct this experiment in
CFhBDC. Nevertheless, our data obtained with ionomycin indi-
cate that the alternative Ca?*-dependent signal transduction path-
way is able to support fluid secretion in CFTR-deficient cells and
could possibly be used for ameliorating the organ damage in
CF.56:57

Other strategies for restoration of CFTR function in CF are
conceptualized as “protein repair” therapies that aim at correcting
abnormal function in a specific mutation. More than 800 muta-
tions in the CFTR gene have been identified and classified in 5
groups.?> Many patients are double heterozygous in these muta-
tions. The CFTR-deficient cells used in this study were heterozy-
gous exhibiting the AF508/G542X alleles, mutations belonging to
class II and class I groups, respectively. Class I mutations lead to
defects in the synthesis of the full-length CFTR protein, class II
mutations are characterized by the abnormal targeting of the pro-
tein from the endoplasmic reticulum to the surface membrane.?? It
has been shown that the defect in type I mutations can be corrected
by certain aminoglycoside antibiotics (such as gentamicin but not
streptomycin) that are able to bind the decoding site in ribosomal
RNA and to suppress premature terminations of CFTR transla-
tion.24-26:58 Accordingly, in a small number of CF patients with
class I mutations, application of gentamicin increases transport
rates in the nasal mucosa.>® Following the experimental protocol of
Bedwell et al.?> we could show that pretreatment of CF cholangio-
cytes with gentamicin promoted the appearance of both cAMP-
activated Cl~ current and cAMP-stimulated HCOj3 secretion.
However, in contrast to the study by Bedwell at al.?® in a bronchial
epithelial cell line (IB3-1), the Cl~ current activated in cholangio-
cytes by gentamicin did not exhibit a significant outwardly recti-
fying component. The other allele in our CF cells carried the
AF508 mutation (class IT). We had previously shown that chaper-
oning with glycerol leads to proper surface membrane targeting of
CFTR-AF508, which restored cAMP-dependent HCOj trans-
port in CF pancreatic ductular cells.” Unfortunately, no more
AF508/G542X cholangiocytes were available and analogous ex-
periments to restore CEFTR function in bile ductular cells could not
be performed.

In conclusion, this study in primary culture of human cholan-
giocytes shows activation by cAMP-PKA of CFTR at the level of
single ion channels. We show that human CF cholangiocytes lack
both cAMP-stimulated Cl~ and HCOj secretion, however in
these cells Ca?*-activated Cl~ channels are able to support HCOj3
secretion. Finally, in case of a class I mutation, gentamicin is able to
promote expression of a functional CFTR protein. Taken together
our observations that activation of Ca?*-dependent Cl~ channels
and gentamycin-induced expression of CFTR CI~ channels can
restore HCOj secretion in CF cholangiocytes may be of clinical
interest.
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Abstract

The charge of this invited review is to present a convincing case for the fact that cells release their ATP for physiological reasons. Many of
our “purinergic” colleagues as well as ourselves have experienced resistance to this concept, because it is teleologically counter-intuitive.
This review serves to integrate the three main tenets of extracellular ATP signaling: ATP release from cells, ATP receptors on cells, and ATP
receptor-driven signaling within cells to affect cell or tissue physiology. First principles will be discussed in the Introduction concerning
extracellular ATP signaling. All possible cellular mechanisms of ATP release will then be presented. Use of nucleotide and nucleoside
scavengers as well as broad-specificity purinergic receptor antagonists will be presented as a method of detecting endogenous ATP release
affecting a biological endpoint. Innovative methods of detecting released ATP by adapting luciferase detection reagents or by using
“biosensors” will be presented.

Because our laboratory has been primarily interested in epithelial cell physiology and pathophysiology for several years, the role of
extracellular ATP in regulation of epithelial cell function will be the focus of this review. For ATP release to be physiologically relevant,
receptors for ATP are required at the cell surface. The families of P2Y G protein-coupled receptors and ATP-gated P2X receptor channels will
be introduced. Particular attention will be paid to P2X receptor channels that mediate the fast actions of extracellular ATP signaling, much
like neurotransmitter-gated channels versus metabotropic heptahelical neurotransmitter receptors that couple to G proteins. Finally,
fascinating biological paradigms in which extracellular ATP signaling has been implicated will be highlighted. It is the goal of this review to
convert and attract new scientists into the exploding field of extracellular nucleotide signaling and to convince the reader that extracellular
ATP is indeed a signaling molecule.
© 2003 Elsevier B.V. All rights reserved.

Keywords: ATP; Extracellular nucleotide signaling; P2X receptor channel

1. Introduction adenine compounds may have physiological activities was

described by Drury and Szent-Gyorgyi in 1929 [2]. This

To understand autocrine and paracrine ATP signaling, the
“first principles” of extracellular nucleotide and nucleoside
signaling must be presented. No other review in the past
spoke to all of the issues germane to extracellular ATP
signaling than the review by Gordon in 1986 [1]. This
review is modeled after that treatise, having benefited from
16 additional years of productive research as well as the
emergence of new ideas. The first evidence that extracellular
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early study opened a new field of cardiovascular research
investigating effects of extracellular purine nucleotides and
nucleosides in blood flow. However, more than 40 years
passed before adenosine re-emerged as an important auto-
crine and paracrine mediator in extracellular signaling [3].
In 1972, Burnstock [4] postulated that ATP could act as an
extracellular signal in nerve-mediated responses of the
smooth muscles in the gastrointestinal tract and bladder.
Initially, this concept was met with considerable skepticism.
Today, we already know that extracellular signaling through
purinoceptors is vital not only in excitable cells and tissues
but also in non-excitable cells and tissues.

Newly synthesized ATP is first made and transported out
of the mitochondrion via oxidative phosphorylation. The
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steady-state cytosolic concentration of ATP is 3—10 mM,
the fuel for countless metabolic and enzymatic reactions.
Because ATP is essential for metabolism, release of this
precious energy substrate is met with some anxiety. Never-
theless, if one assumes that the steady-state extracellular
ATP is approximately 10 nM under basal conditions and
intracellular ATP is 10 mM, the gradient for ATP secretion
or efflux is approximately 10°-fold. This gradient is 100-
fold greater, yet opposite to, the gradient for calcium entry
into cells. Naturally, if a pathway is activated or opened for
ATP release, ATP would exit the cell down a very favorable
chemical concentration gradient. However, it must be em-
phasized that only 1% or less of the intracellular ATP pool
needs to be released to activate maximally any and all
receptors. Thus, accomplishment of extracellular ATP sig-
naling can occur without compromising cellular metabolism
or essential enzymatic reactions.

Purinoceptors are divided into two classes: P1 or aden-
osine receptors and P2, which recognize primarily extra-
cellular ATP, ADP, UTP and UDP [5]. The P2 receptors are
further subdivided into two subclasses. P2X receptors are
extracellular ATP-gated calcium-permeable non-selective
cation channels that are modulated by extracellular Ca®”,
Na®, Mg? ", H" and metal ions, such Zn> " and/or Cu®* [6].
P2Y receptors (with exception of P2Y, and P2Y3) couple
to heterotrimeric G proteins and phospholipases (primarily
phospholipase CpP) to raise intracellular free calcium con-
centration [7]. Once released, ATP is free to bind to P2X
and P2Y receptors, on the same cell or neighboring cells.
Alternatively, ADP, a metabolite, may also bind with high
affinity to a subset of P2 receptors. UTP and UDP follow

similar chemistry and have their specific P2Y receptor
subtypes; however, the intracellular concentration of UTP
is micromolar rather than millimolar. The final metabolite
of ATP, adenosine, is also biologically active and binds to
P1 receptors. Once these receptors are activated, signal
transduction begins and affects cell or tissue function.
These ““first principles” are illustrated in Fig. 1 in the
context of three neighboring epithelial cells in a polarized
epithelium.

Once ATP leaves the cell, it is also degraded rapidly;
thus, it is thought of as a local mediator that acts in an
autocrine or paracrine manner within tissues and tissue
microenvironments to stimulate its receptors before it is
chemically modified. Ecto-enzymes secreted into the ex-
tracellular milieu as a secreted protein or membrane-bound
as an ecto-enzyme target ATP. Ecto-apyrases cleave the
gamma- and beta-phosphates of ATP, yielding ADP and 5'-
AMP. Ecto-ATPases and ADPases also subserve this
function. Ecto-5'-nucleotidases can convert 5-AMP into
adenosine, a higher-affinity purinergic agonist than ATP
for its own class of P1 G protein-coupled receptors. Like
any biochemical reaction, these can occur in reverse to re-
synthesize ATP. Secreted or membrane-bound ecto-kinases
such as adenylate kinase or nucleoside monophospho- and
diphosphokinases can phosphorylate nucleosides to re-
make 5-AMP, ADP and, ultimately, the triphosphate
nucleotide ATP [8].

In this review, we put particular emphasis on mecha-
nisms by which ATP is released from the cells and puriner-
gic receptors and signaling in epithelial cells that transduce
that extracellular ATP signal.

ATP ———Pp ATP > ADP > AMP X Ado

P/
Apical TPZ

l

/

In

lpz
v AR

ATP ———p ATP

J \<
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—> ADP <> AMP <« Ado

Fig. 1. The first principles of extracellular ATP signaling. This epithelial cell model illustrates the first principles of extracellular ATP signaling in the apical and
basolateral spaces. Intracellular ATP generated by the mitochondria creates a large intracellular pool and an enormous gradient for ATP efflux, secretion, or
release. Nevertheless, only 1% or less of this cytosolic ATP pool is required to be released to stimulate P2 receptors and stimulate signal transduction in the
same cell or in a neighboring cell. Not every cell in the epithelium needs to release its ATP; it can diffuse from a neighboring cell that released it.
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2. Mechanisms of ATP release into the extracellular
milieu

Driven by the very favorable chemical concentration
gradient for ATP secretion out of the cell, many possible
ATP release mechanisms have been postulated. Consider-
able evidence has been amassed that adenosine is trans-
ported across the membrane by concentrative nucleoside
transporters (CNTs) or equilibrative (bidirectional) nucleo-
side transporters (ENTs) [9]. By analogy, similar release
mechanisms have been entertained for nucleotides. Emerg-
ing work has also shown that adenosine is also created in
large part by extracellular metabolism of ATP. Lessons can
first be derived from the mitochondrion. Newly synthesized
ATP is transported across the inner or cisternal membrane of
the mitochondrion by an adenine nucleotide transporter
(ANT) that exchanges an ATP molecule for its metabolite,
ADP. Mitochondrial porins (also known as voltage-depen-
dent anion channels (VDACs)) conduct the ATP across the
outer membrane into the cytosol. There is considerable
biological debate about which ATP transport mechanism is
more critical for mitochondrial export.

2.1. ATP-permeable release channels

Pictured in the context of our favorite cell model (Fig. 2),
the polarized epithelial cell, ATP could be conducted
passively down its favorable chemical concentration gradi-
ent by ATP-permeable release channels. These are likely
anion channels (plasma membrane forms of VDAC or other
chloride channels) that have significant permeability to
larger anions like gluconate and ATP. These ATP release
channels could reside in the apical or basolateral membrane.
The existence of ion channels, that are permeated by ATP
anions, was underscored by many laboratories investigating
whether the cystic fibrosis transmembrane conductance
regulator (CFTR) conducted ATP™ itself in addition to
Cl™ or regulated a separate ion channel that was permeable
to ATP". One group suggested that CFTR and the multidrug
resistance transporter (mdr or P-glycoprotein) conducted
ATP™ [10,11]. Schwiebert et al. [12] showed that CFTR
potentiated autocrine ATP release to upregulate a separate
anion channel, the outwardly rectifying Cl= channel
(ORCC). The simplest interpretation was that CFTR con-
ducted ATP™; however, this group was careful to point out
that CFTR, as a conductance regulator, might also regulate
an ATP release channel, transporter, or other release path-
way [12]. Subsequently, several other laboratories failed to
show conduction of ATP~ through CFTR [13—16]; each
laboratory performed a limited number of experiments in
their system of choice and stopped early in their study when
the negative data mounted. Recent studies by Braunstein et
al. [17] and by Sugita et al. [18] have shown that CFTR is
likely not an ATP conductive channel itself;, however, it is
closely associated with a separate ATP-permeable channel
that it regulates positively. Nevertheless, its membership in

the superfamily of ATP-binding cassette (ABC) transporters
suggests that it could transport ATP and other larger anions
non-conductively at larger rates, given the large range of
substances transported promiscuously by ABC transporters.
A handful of laboratories have performed additional
research to begin to identify ATP release pathways in cells,
to understand why CFTR would potentiate ATP release
from cells and in response to the best stimuli, and to identify
more specifically any and all ATP-permeable release chan-
nels. An initial assumption is that ATP-permeable release
channels are anion channels. ATP release assays in hepato-
cytes and cholangiocytes by Fitz et al., airway and renal
epithelial cells by Schwiebert et al., and heterologous cells
by both of these laboratories has identified the lanthanides,
gadolinium and lanthanum, as blockers of ATP release
under basal and stimulated conditions [17,19-21]. The
lanthanides are known blockers of mechanosensitive ion
channels that are permeable to cations as well as anions.
Braunstein et al. [17] has also shown that the disulfonic
stilbene, DIDS, is a blocker of ATP release that is even more
potent than gadolinium. Taken together, blockade of ATP
release in biological cells by these agents suggests that ATP
release channels are important conduits for ATP release.
One assumption is that some specific anion channels may
also be permeable to ATP™. Are there likely candidates for
ATP-permeable anion channels? Thinnes et al. [22,23]
among others have documented that plasma membrane
forms of porins or voltage-dependent anion channels (PL-
VDAC:S) exist in a variety of cell types. In one study, they
show co-localization of CFTR with a PL-VDAC [22]. It is
known that “maxi” Cl~ channels (or large conductance
anion channels) with voltage-dependent inactivation char-
acteristics similar to VDAC have been found by numerous
investigators in numerous cell types. In fact, Fitz et al. and
Schwiebert et al. have studied such “maxi” anion channels
in the past in Chinese hamster ovary (CHO) cells [24,25]
and renal cortical collecting duct (CCD) cells [26,27],
respectively. Because VDAC is a major conduit for release
of newly synthesized ATP in the outer membrane of the
mitochondrion [28], an ATP-permeable VDAC in the plas-
ma membrane may be a major conductive pathway for ATP
exit into the extracellular milieu. Light, Schwiebert and
Stanton [26,27] showed that the “maxi’ anion channel in
RCCT-28A cells, an A-type intercalated cell line from rabbit
CCD, had significant permeability to gluconate (Cl:gluco-
nate 8:1) and bicarbonate (CI:HCO; 2:1). Sabirov et al. [29]
have shown recently that an ATP-permeable “maxi” anion
channel is expressed in mouse mammary carcinoma (C127)
cells. Recent preliminary work from Liu et al. [30] have
implicated a “maxi” anion channel in ATP release from the
macula densa induced by changes in NaCl concentration in
the cTAL. It is postulated that this ATP-permeable “maxi”
anion channel is responsible for ATP release from the
macula densa that diffuses to and binds to P2 receptors in
the glomerulus as an important signal for tubuloglomerular
feedback, a form of single nephron “autoregulation.” A
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similar maxi anion channel (approximately 380—400 pS)
has been found in cell-attached and excised patch-clamp
recordings from non-CF and CF airway epithelial primary
cultures and cell lines and is permeable to a multitude of
different anions including ATP (E.M. Schwiebert, unpub-
lished observations). Taken together, it is clear that the
VDAC-like “maxi” anion channels are a leading candidate
for ATP release channels in the plasma membrane of many
cell types and tissues.

ATP-permeable anion channels may not be limited to
“maxi” anion channels. At least two other candidates have
been implicated indirectly in published studies. These in-
clude, but are not limited to, the ORCC and the volume-
sensitive organic anion channel (VSOAC). In a study by
Braunstein et al. [17], planar lipid bilayer experiments
where bovine tracheal epithelial vesicle protein was fused
with the bilayers containing or immunodepleted of CFTR
protein. In each condition, an ATP conductance of approx-
imately 20 pS was recorded that was potentiated by hydro-
static pressure applied to the bilayer and was inhibited by
DIDS, gadolinium, and DPC. In the condition immunode-
pleted of CFTR protein, the ORCC was still present, as
determined by removing ATP-containing solutions and
replacing ATP with C1™ containing solutions. The simplest
interpretation was that the 40—80 pS ORCC Cl~ channel
had a partial permeability to ATP. Because ORCCs may be
conferred by CLC-3 and/or CLC-5 channels (or a hetero-
meric mixture of these two CLC channels along with
additional CLC subtypes), CLC channels may also be
candidates for ATP release channels. Another, equally valid,
interpretation was that the 20 pS ATP channel was conferred
by a separate protein. Another candidate for this ATP
channel is the VSOAC channel first described and named
as such by Strange et al. In an initial characterization,
Jackson and Strange [31] showed that intracellular mM
ATP concentrations supported VSOAC currents, while
supraphysiologic external concentrations of mM ATP actu-
ally blocked macroscopic VSOAC currents carried by Cl1™
or by organic osmolytes such as betaine or taurine. Because
this external block was concentration- and voltage-depen-
dent, ATP can be deduced to be a possible pore blocker of
VSOAC and, thus, a partially permeable species along with
large anions such as taurine and betaine. It has been shown
that non-excitable cells, like hepatocytes, communicate via
nucleotide release [32]. ATP efflux is not uniform across a
field of cells but is restricted to abrupt point-source bursts
[33]. Transient activation of connexin hemichannels is
thought to mediate this ATP release [34].

It is important to note that these release channels may
differ in their expression as well as their polarity of
expression (if studied, in epithelial or endothelial cells or
in neurons). The next few years of work by several
laboratories should uncover much new information in the
arena of ATP release channels. Arguably, this field was
brought into the light via the controversy concerning CFTR,
mdr, and ATP permeability through these ABC transporters.

Without that series of papers for and against this phenom-
enon, it is possible that this field may not have emerged this
rapidly or at all.

2.2. Adenine nucleotide transporters

Like the nucleoside transporters, concentrative or equili-
brative nucleotide transporters may also exist for ATP that
are carriers or permeases. The ABC transporters such as the
CFTR, the multidrug resistance proteins (mdr, MRP), and
the multiple organic anion transporters (MOATSs) may act as
non-conductive transporters of ATP, along with a multitude
of other substrates. Exchangers may exist for ATP in the
plasma membrane, as they do in mitochondrial inner mem-
brane, where ADP may be the exchanged substrate. Other
substrates such as Na” or C1~, which have favorable entry
gradients, may be exchanged for ATP. This could also occur
apically or basolaterally. These possible transport mecha-
nisms are also illustrated in Fig. 2.

Even though evidence is emerging that ABC transporters
do not conduct ATP at rates consistent with an ionic
channel, these transporters may transport ATP across mem-
branes at rates that may lie in a range more consistent with a
transporter. The fact that glibenclamide, tamoxifen, cyclo-
sporin A, and verapamil inhibit ATP release in several
systems underscores this possibility [35]. Indeed, Linsdell
and Hanrahan [36] have shown that CFTR transports
glutathione at rates that border channel conduction rates
(107 ions/s and above) versus transporter rates (10° mole-
cules/s or below). In fact, symport of glutathione and ATP or
ATP with another substrate could occur. KCI symporters are
critical in red blood cell and hematopoietic cell volume
regulation [37]; a KATP symporter is also not out of the
realm of possibility. Moreover, the promiscuity of ABC
transporters (mdr, MRP) and the substrates that they move
across membranes suggests that ATP could be carried along
for the ride with other countless substrates [35]. MOATS are
also possible candidates [35,38]. Investigators should keep
an open mind to this possible mechanism of ATP release.

As with VDAC or porin channels in outer mitochondrial
membrane, ANTs that transport newly synthesized ATP
across inner mitochondrial membrane to the exchange of
ADP, also play a critical role in intracellular ATP transport
[39]. Once thought to be restricted to the mitochondrion,
emerging evidence suggests that ANTs may also be
expressed in endoplasmic reticulum, the nuclear envelope
membrane, and in brain synaptic vesicles [40—42]. The
latter result suggests that ANTs may reside, at least for a
brief period of time, in the plasma membrane of neurons
once synaptic vesicles fuse to release their contents. A
reason for addressing possible expression in synaptic
vesicles is the known fact that ATP is present in high
(millimolar) concentrations along with neurotransmitters or
neuroendocrine agonists such as histamine and epinephrine.
Such exchange of ATP released into the extracellular milieu
with a metabolite of ATP transported back into the cell for
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re-synthesis to ATP is also a viable hypothesis. Atractylo-
side, a specific inhibitor of the ANTs, can be used as an
extracellular inhibitor of ATP release to probe the role of
ANTs in autocrine ATP release and signaling.

2.3. ATP-filled vesicle

ATP-filled vesicles, which may also contain additional
agonists or co-agonists, may fuse with the plasma mem-
brane releasing ATP. It is a known fact, dating back to the
work of Gordon [1] and Burnstock 4] and their seminal
reviews on the topic of extracellular ATP or “purinergic”
signaling, that a high content of ATP is found in synaptic
vesicles with other neurotransmitters, mast cell granules
with histamine, and chromaffin granules with epinephrine.
ATP and its metabolites are known co-transmitters that
modulate the effect of excitatory or inhibitory neurotrans-
mitters. ADP and ATP are also released by platelets on their
own via exocytosis for a “self-aggregation” signal at the
clotting zone. Release of ATP-filled vesicles is the principal
transmitter signal for “purinergic” nerves in the gut, the
nociceptive nodose neurons in the dorsal root ganglia of the
spinal cord, and in specialized nerves in the brain. Thus,
exocytosis of ATP-filled vesicles, preformed and poised to
fuse beneath the plasma membrane, should be considered as
a major release mechanism. One critical question regarding
the presence of ATP in vesicles is: how does the ATP
become loaded and concentrated in these vesicles to high
millimolar concentrations? We hypothesize that ATP chan-
nels and transporters may function to transport or load ATP
into these vesicles and concentrate the ATP within. As an
anion, ATP transport into the vesicle could be facilitated by
H'-ATPases, which would transport and concentrate H' in

Adenine nucleotide
transporter

ATP-permeable
release channel

Apical

Adenine nucleotide/
nucleoside exchanger

the vesicle lumen. ATP would follow to preserve macro-
scopic electroneutrality across the vesicle membrane. It is
important to note that, once a vesicle fuses and release its
quanta of ATP, that ATP channels and/or transporters would
then be inserted and present in the plasma membrane to
drive ATP release further. These are the same channels and
transporters that served to load the vesicle before its fusion.
The potential issues surrounding the loading, fusion, and
release of ATP from secretory vesicles is shown in Fig. 2.

3. Innovative methods to detect autocrine ATP release
and signaling

3.1. Indirect pharmacological screening for extracellular
nucleotide and nucleoside release and signaling: nucleotide
and nucleoside scavengers

A potent and effective way of blocking autocrine and
paracrine signaling by nucleotides and nucleosides is with
inclusion of scavengers for purinergic agonists. Hexokinase
(with inclusion of 5 mM glucose) will scavenge ATP in
preparations, yielding ADP and donating the terminal or
gamma phosphate of ATP to glucose forming glucose-6-
phosphate. This maneuver eliminates ATP from solutions
and prevents any endogenous ATP released in cell or tissue
preparations from interacting with P2 receptors that prefer
ATP. ADP is a better agonist at some P2Y receptors and a
weak agonist for some P2X receptors. As such, in lieu of
hexokinase, apyrase, an ATPase/ADPase, would eliminate
ATP and ADP from solutions rapidly. However, apyrase
generates 5-AMP, a precursor of adenosine activating P1
adenosine receptors. Thus, a final maneuver is the inclusion

ATP-filled
vesicle

ATP

Basolateral

Fig. 2. Possible ATP release mechanisms in apical and basolateral membranes of polarized epithelia. From left to right: ATP-permeable release channels may be
present in each membrane domain that are likely anion-permeable channels. Plasma membrane forms of the mitochondrial porins or VDACs may be
candidates. Adenine nucleotide transporters may also exist that may be carriers or permeases not unlike the ABC transporters, CFTR, mdr, or MOAT. Adenine
nucleotide/nucleoside exchangers are located in the mitochondrial membrane and may also be expressed in the plasma membrane. ATP-filled vesicles may also
be present in epithelia as they are in neurons, neuroendocrine cells, mast cells, and platelets.
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of adenosine deaminase, which converts active adenosine
into inert inosine.

3.2. Indirect pharmacological screening for extracellular
nucleotide and nucleoside release and signaling: global P2
and P1 receptor antagonists

An alternative maneuver to prevent autocrine or para-
crine activation of purinergic receptors are non-selective or
global antagonists that block most if not all P2 or P1
receptors. The best approach for broad blockade of P2
receptors is suramin. It is noteworthy, however, that suramin
poorly inhibits certain P2X receptor subtypes, is also a weak
antagonist for growth factors, and may also block other
classes of calcium entry channels besides P2X receptor
channels. In this case, pyridoxal phosphate-6-azophenyl
2" 4" -disulfonic acid (PPADS) can be used together with
suramin in a cocktail. Nonetheless, both PPADS and sur-
amin are ecto-nucleotidase inhibitors complicating their use
in indirect assays [43]. In addition, PPADS and trinitro-
phenyl-ATP (TNP-ATP), another P2X-selective agonist,
change the color of the Ringer’s solution and cannot be
used in fluorescence experiments.

A similar approach can be taken for adenosine receptors.
CPX (also known as DPCPX or 8-cyclopentyl-1,3-dipropyl-
xanthine) is a broad specificity antagonist of P1 receptors.

4. Novel and direct assays to detect ATP release from
cells

Ultimately, direct measurement of extracellular ATP in
solution is the preferred course of action to study whether a
cell or tissue is releasing ATP in a physiological or biological
manner. There has been a recent revolution in the establish-
ment of assays that can detect extracellular ATP signaling in
cells and tissues. This has involved either adaptation of the
luciferase/luciferin bioluminescence detection assay from
the test tube to “sense” ATP release in biological prepara-
tions, the linkage of luciferase to cells via protein A and
epitope antibodies to “sense” ATP release in the cell surface
microenvironment, the development of the PC-12 pheochro-
mocytoma cell as a “biosensor” that can measure ATP, and
the invention of an atomic force microscopy (AFM) probe
coated with myosin or luciferase to “sense” ATP.

4.1. Assays to detect ATP release: luciferase/luciferin
bioluminescence detection

Firefly and Renilla luciferase and luciferin have been
used for decades to measure ATP in preparations. Labora-
tories have taken aliquots of extracellular solution bathing
cells and tissues, mixed these samples with luciferase and
luciferin, and measured bioluminescence in a multi-step
process. This has yielded much interesting and novel
information. However, many laboratories have gone a step

further and included the luciferase/luciferin detection
reagent directly into the medium or solution bathing the
cells, cell monolayer, or tissue and measured ATP release.

Schwiebert et al. developed such an assay for detecting
or “sensing” ATP release in real-time from non-polarized
cells and more importantly, for polarized epithelial and
endothelial cell monolayers grown on filter supports
[17,19,21,44,45]. The same real-time assay has been used
extensively by Fitz et al. to study ATP release from
hepatocytes and cholangiocytes [20,35,46,47]. Both labora-
tories have demonstrated that cells release ATP constitu-
tively under basal or unstimulated conditions and elevation
of cyclic AMP (cAMP), increases in cytosolic calcium, and
hypotonic challenge trigger further ATP release, while
hypertonicity inhibits ATP release. Via this assay, it was
shown that ATP release and signaling is lost in the apical
microenvironment of CF monolayers versus controls
[17,19], while ATP release and signaling in polycystic
kidney disease (PKD) monolayers was as great or greater
in the apical microenvironment and greater in the basolateral
environment [21,44].

A groundbreaking study has applied luciferase/luciferin
bioluminescence detection technology to a tissue prepara-
tion. Sorensen and Novak [48] used confocal imaging of the
bioluminescence generated from ATP being catalyzed by
luciferase. They studied individually dissected pancreatic
acini to measure ATP release and signaling in this “in vivo-
like” preparation. They showed elegantly that mechanical
stimuli, hypotonic challenge, and carbachol, an agonist that
increases cytosolic calcium in this tissue, all increased ATP
release. They were also able to show intracellular ATP store
depletion through caged ATP as well as quinacrine, which
labeled a similar ATP pool. It was estimated that ATP
release upon cholinergic stimulation generated an ATP
concentration of 9 uM in the acinus. It was postulated that
this acinus-derived ATP not only could modulate acinar cell
function in an autocrine manner but could also diffuse to the
pancreatic ducts in acinar secretions to stimulate P2 recep-
tors in a paracrine fashion. This laboratory, as well as our
own, are trying to take this technology to more in vivo-like
tissue preparations to relate the in vitro findings in cultured
cell monolayers to freshly dissected tissues. One important
issue is cell damage during the dissection. Novak et al.
showed elegantly via multiple lines of evidence that this
possibility was eliminated carefully in their work.

A limitation of the above methods of extracellular ATP
“sensing” or detection is the fact that the luciferase/luciferin
detection reagent is solubilized in the solution or medium;
however, because of unstirred layers both in the cell cultures
and cell monolayers in vitro and the freshly dissected
tissues, the assay may miss ATP released into the microen-
vironment immediately above the cell surface. Beigi et al.
[49] were aware of this issue and the fact that the ATP might
be degraded by ecto-ATPases (ecto-apyrases) on the cell
surface before it could be detected in bioluminescence
assays. As such, they used molecular biology to develop a
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conjugate that linked luciferase to protein A. This conjugate,
through protein A chemistry, could be linked to any anti-
body that could be bound to an extracellular epitope of any
cell surface antigen, usually a transmembrane protein. They
took advantage of the fact that many extracellular epitope
antibodies have been created for cell surface antigens on
hematopoietic cells. They showed that they could detect
micromolar amounts of ATP being released under basal
conditions and that inhibition of ecto-ATPases could pro-
long the bioluminescence signal. Theoretically, this lucifer-
ase/protein A conjugate could be targeted to any cell surface
antigen that had a well-characterized and high-affinity
antibody that recognized an extracellular epitope. Targets
may include CFTR or other ABC transporters implicated in
the facilitation of ATP release, CD39 and other ecto-
ATPases where the competition between degradation and
detection could be studied, or P2 receptors themselves to
sense what the local ATP concentration is at the receptor
when it is engaged and activated.

4.2. Assays to detect ATP release: “biosensors”

Hazama et al. used much ingenuity in developing a
technique where the PC-12 cell, a pheochromocytoma cell
line was exploited to be used as a “biosensor” because it
expressed the P2X2 receptor and, possibly, other P2 recep-
tors as well [50]. The initial paradigm developed involved
establishing a whole cell path-clamp recording designed to

record to P2X receptor channel currents. Then, the PC-12
cells was detached from the substrate (PC-12 cells do not
attach well to tissue culture plastic as it is), and a single PC-
12 cell, still in whole cell configuration, was moved into
close proximity with a cultured cell of interest. If P2X
receptor channels opened and current was recorded, then
this would suggest that the cultured cell was releasing ATP.
Hazama et al. [50] did this originally with pancreatic  cells
to show that micromolar ATP was released along with insulin
in response to glucose. Hazama et al. [S1] have also applied
this assay to non-CF versus CF cells as well as intestinal 407
cells. They have shown that ATP release is impaired in CF
cells or in cells lacking CFTR when compared to controls.

Liu et al. [30] have extended this assay to study macula
densa signaling in an in vivo-like preparation. Peti-Peterdi
in Bell’s group dissects nephron preparation in which the
cTAL with the small patch of macula densa cells is attached
to the glomerulus of the same nephron. Using the PC-12
“biosensor™ cell either in whole cell patch-clamp mode or
loaded with Fura-2 to measure calcium influx through P2X
receptor channels, this group has shown that ATP is released
from the serosal or basolateral aspect of the macula densa
cells. Patch-clamp evidence suggests the presence of a maxi
anion channel with significant permeability to ATP as the
principal ATP release mechanism in macula densa. As with
the AFM method below, the PC-12 cell “biosensor” method
provides a probe that could be used in many other cultured
or freshly dissected tissue culture preparations.
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Fig. 3. Schematic summary of current real-time detection methods for released ATP. From left to right: AFM probe coated with a myosin fragment or luciferase
where a conformational change and/or heat generated from the reaction (catalyzed by ATP) causes tip vibration. Luciferase linked to protein A and conjugated
to an extracellular epitope IgG antibody at the cell surface or lyophilized luciferase/luciferin reagent resuspended in the medium bathing a monolayer are also
used to detect released ATP in real-time within a luminometer or by microscopic imaging. A PC-12 cell loaded with Fura-2/AM or held in the whole cell patch-
clamp configuration also can detect released ATP through activation of its endogenous, extracellular ATP-gated P2X2 receptor.
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Recently, a different functional biosensor was developed
by Schneider et al. [52] for real-time ATP measurements,
which allows for the direct detection of ATP on the surface
of living cells. This sensor incorporates ultra high surface
topography measurements using the principles of AFM and,
at the same time, allows one to scan for changes in ATP
concentrations only angstroms from the surface of cells.
With the implementation of this new technology, one can
obtain accurate and reproducible recordings from living cells
of both the topography and surface ATP concentrations in
real-time. By developing the concept of a biosensor attached
to the surface of an AFM cantilever, it is now possible to
generate specific biosensors that can probe the surface
environment of living cells under resting and experimental
conditions and record changes in both the topography and
the microenvironment surrounding the cell membrane.

Using this assay, Schneider et al. [52] were able to
demonstrate that CF airway cells stably complemented with
wild-type CFTR released ATP, measured as localized
changes in ATP concentration. These changes in ATP
appeared as lines across the surface of the cells that were
actively secreting ATP. This aspect was intriguing to this
group, as one might have expected that the cell would have
single “hot spots” where the ATP was being released. By
calculating the small volume that the tip actually occupies,
we could determine that we would need around four
molecules of ATP to be present to activate the tip [52]. As
it is now possible to attach biologically active molecules to
the tip of the AFMP, it may now be possible to develop a
series of “biosensors” that can detect other reactive efflu-
ents from cells. This group is currently developing a tip that
would allow incorporation of luciferase on the surface of the
tip. This would allow one to detect relative changes in
fluorescence of the tip as well the deflection of the probe
due to the heat generated by the luciferase reaction. One
could then directly calculate the level of ATP being released
per unit time (J.P. Geibel, personal communication).

Fig. 3 summarizes the known approaches to detection of
released ATP in cell and tissue preparations. In our view,
multiple approaches are prudent to validating that autocrine
and paracrine nucleotide signaling is occurring in a prepa-
ration. Often, this includes pharmacological blockade of
purinergic signaling along with luciferase-based detection of
the released nucleotide.

5. Heptahelical nucleotide-activated G protein-coupled
receptors (P2YRs)

Early work, primarily in the cardiovascular system,
recognized first the potent extracellular actions of ATP
and adenosine [2]. Burnstock [4,53] later identified and
proposed the concept of “purinergic” nerves and “puriner-
gic” receptors. The early classification proposed two major
groups, P2 receptors (for ATP as the agonist) and Pl
receptors (for adenosine as the agonist) [54]. Subsequently,

rank order potency profiles with different nucleotides and
nucleotide analogs (as well as nucleoside and nucleoside
analogs) revealed distinct pharmacological subtypes for the
P2 and P1 subgroups. For example, P2U (later renamed
P2Y,) was characterized by UTP as its best agonist.
Permeabilization of cells by ATP and other nucleotide
agonists was classified as being mediated by the P2Z and/
or P2X receptors. P2T was a receptor classified early on in
thrombosis by platelets. It has still not been identified at the
molecular biological level. P1 receptors were quickly split
into two groups: Al (for adenosine receptors that couple via
G proteins to phospholipases) and A2 (for adenosine recep-
tors that couple via G proteins to adenylyl cyclases).

The P2Y family of heptahelical or serpentine receptors is
well characterized and has been reviewed extensively. The
reader is referred to many seminal reviews on P2YRs for
more detailed information [55—63]. Extracellular ATP-gated
P2X receptor channels will be dealt with in detail below.

Rank order potency of agonists has always been the first
method of differentiating P2YR subtypes. It was and still is
an imperfect science. However, in the absence of a large
array of selective agonists and a total absence of selective
antagonists, it was all purinergic receptor laboratories had in
their arsenal. Molecular biology verified this imperfect
science, when the P2Y; and P2Y, receptors were cloned.
In the old nomenclature, the P2YR (later renamed P2Y)
was classified as being activated equally well by ATP and
ATP analogs as well as ADP and ADP analogs. The analogs
that were most effective were 2-methylthio ATP (2-MeS-
ATP) and 2-MeS-ADP as well as ATPyS and ADPRS. Very
recently, two new antagonists have been developed that are
selective for P2Y;, MRS 2179 and MRS 2269 [55]. P2Y,
(together with P2Y,) remains a candidate for being the
actual P2T receptor on platelets, because ADP is the major
co-agonist with thrombin that promotes platelet self-aggre-
gation. The P2Y, receptor (P2UR in the old nomenclature)
is identified by its equal or greater affinity for UTP and
UTP~yS versus ATP, while ADP, UDP and diphosphate
analogs are ineffective. This became a less perfect diagnos-
tic tool when the P2Y, receptor was cloned and character-
ized. P2Y, also binds UTP, UTP«yS, and ATP. In contrast,
P2Y ¢ binds UDP with higher affinity than any other agonist.
P2Y3; is a species homolog of P2Y. More recently, P2Y;,
P2Y,, and P2Y; were identified by homology cloning and
were verified to be nucleotide receptors [64]. Interestingly,
the UDP-glucose receptor that was originally cloned from
human myeloid cells is structurally related to the P2Y
receptors. Thus, this receptor has been tentatively included
in the P2Y receptor family as P2Y,4 [65]. However, the
pharmacology is quite broad again for these receptors and
exhibits a similar profile to the P2Y, receptor. Verification
of nucleotide receptors is an important point, because cDNA
clones with significant homology to known G protein-
coupled nucleotide receptors have subsequently been char-
acterized and found not to be nucleotide receptors. These
include P2Ys, P2Y; (found to encode the leukotriene B4
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Fig. 4. Illustration of the P2Y receptor subtype classification. The imperfect science of using nucleotides or nucleotide analogs to decipher the presence of
different P2Y subtypes is shown in this cartoon. Only UDP is really truly selective for P2Ys. P2YRs can be dissected better from P2XRs and P1Rs by virtue of
their signal transduction cascades (PLC =phospholipase C; AC =adenylyl cyclase) and the nature of the receptor-mediated increase in cytosolic calcium.

receptor), P2Yyg, P2Yy, and P2Y,,. This may relate to the
fact that there are hundreds of known heptahelical receptors
in the G protein-coupled receptor superfamily, some of
which are still “orphan” and searching for an agonist.
Nevertheless, in our laboratory, we probe for P2YRs by
using UTP (for P2Y, and P2Y},), UDP (for P2Y), and ADP
(fOI' P2Y1, P2Y11, and P2Y12)

Despite the wide-ranging and non-specific pharmacolo-
gy, P2Y,, P2Y,, P2Y,, P2Y4 and P2Y; share a common
signal transduction pathway involving heterotrimeric G
protein, phospholipase CR, endoplasmic reticulum-depen-
dent Ca®>" mobilization and activation of protein kinase C.
In contrast, P2Y,, P2Y;3 and P2Y 4 are Gi-coupled recep-
tors and do not trigger increase in cytosolic Ca® " concen-
tration but do activate a host of Gj-initiated signaling
cascades. It is interesting to note that P2Y; receptors can
directly activate adenylyl cyclase and cAMP accumulation
[66]. Fig. 4 illustrates the subclassification of P2Y G
protein-coupled receptors. P1 adenosine receptors are also
shown to be thorough. A brief summary of their classifica-
tion and properties is included in this figure as well. For
details concerning adenosine receptors, the reader is referred
to recent reviews [60,67,68].

6. Extracellular ATP-activated ion channels (P2XRs)
6.1. Background
The fact has been known for decades that application of

ATP as an extracellular agonist on a cell or tissue led to
“permeabilization” of the cell plasma membrane. There

were many interpretations of this phenomenon, although a
role in exacerbation of cell injury was a common conclu-
sion. The receptors thought to underlie this effect were
classified as the P2Z receptors in the early nomenclature
and were thought to be a subtype of the P2Y family. P2X
receptors were first distinguished from P2Y receptors based
on pharmacological criteria by Burnstock and Kennedy in
1985 [69]. This early subdivision of P2 receptors was later
validated based on molecular cloning and second messenger
system of P2X and P2Y families [70].

In seminal papers and reviews about this original elec-
trophysiological research on native cells, Bean et al. [71—
74] showed that single channel conductances of as little as 1
picoSiemen (pS) to as large as 100 pS could be observed
upon addition of ATP agonists. The different channels also
had different biophysical current signatures, with differing
kinetics, dependence on voltage, and rate of inactivation
(later determined to be desensitization). The permeability of
the channels to monovalent and divalent ions also varied.
This was exceedingly frustrating, because the variability in
the recordings often made this research difficult to decipher.
Moreover, this issue of ATP permeabilization of cells
always loomed in the background as a troubling issue. In
hindsight, a subset of these channels were indeed P2XRs of
varying types and, possibly, different multimeric mixtures.
Other channels recorded immediately after ATP stimulation
may have been separate ion channels that P2XRs and,
possibly, P2Y G protein-coupled receptors, were stimulating
via rapid signal transduction mechanisms.

There were also physiological reasons for believing that
extracellular ATP-gated ion channels existed. Burnstock [4]
proposed the existence of so-called “purinergic nerves” in
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the gut and in the nervous system that were neither cholin-
ergic nor adrenergic. By inference, the ATP that was
released from the synapse had to bind to a receptor channel
to propagate the action potential. Moreover, the ATP that
was applied to whole cell patch-clamp and voltage-clamp
preparations activated ion channels as rapidly as activation
observed in the acetylcholine receptor channel in neurons
and muscle. There was also a relative potency of different
nucleotide agonists in the rapid activation of these ion
channels, suggesting that this was a receptor-mediated effect
that had physiological meaning.

6.2. Molecular identity

This physiological work has now been validated by
molecular biology. At least nine P2X receptor channel
subtypes (P2XRs, as we will refer to them) have now been
cloned, identified, and characterized [75—83]. Other tissue-
specific [84] and developmentally regulated P2XRs [85,86]
are still emerging, as are P2XRs from lower model organ-
isms such as zebrafish [87—89]. Transgenic knockout of
P2XR genes has begun in an effort to understand their
physiological roles more thoroughly. Mice lacking P2X;
receptor channels expressed one major phenotype, reduced
fertility due to lack of ejection of sperm from the testes into
the vas deferens [90]. The interpretation was that P2X;
receptors are the main purinergic receptor on testes and vas
deferens vascular smooth muscle cells. The sympathetic-
driven contractile response is mediated in large part by
P2XRs; however, this study showed that P2X; was the
principal postsynaptic receptor channel involved. Fertility
was reduced by 90% in homozygous knockout mice, but not
in wild-type or heterozygous mice, not because of defects in
spermatogenesis, but in ejection of sperm through the vas
deferens into the ejaculate [90]. Any other phenotypes in the
mice were subtle and not detected as yet in this study.

Vlaskovska et al. [91] have generated a P2X5-knockout
mouse. With this mouse, this laboratory has shown that two
different populations of sensory neurons are impaired in
their function due to a lack of P2X5 [91,92]. The subur-
othelial plexus of the mouse bladder showed abundant
staining for P2X;. Although ATP was released similarly
in response to bladder distension in P2X5 +/+ versus P2X3
—/— mice, the bladder afferent nerve activity was attenu-
ated in response to distension [77]. The loss of this activity
in the P2X53 —/— mice could be rescued by exogenous
ATP analogs or ATP itself, while normal activity in the
P2X5 +/+ afferents was blocked by TNP-ATP, PPADS, and
capsaicin [91]. These data suggest that P2X; is a major
neural sensory receptor on a population of bladder nerve
fibers that transduce bladder distension into an electrical
signal. Specialized neurons of the dorsal root ganglia
respond to ATP as a principal neurotransmitter by a mech-
anism that is transduced by different P2XR subtypes, P2X,,
P2X,/P2X; heteromultimers, and P2X3. Zhong et al. [92]
also examined the activity of DRG and nodose neurons

(specialized neurons of the DRG involved in pain percep-
tion) in P2X5; —/— mice. Because P2X5 has a distinctive,
rapidly desensitizing response to ATP, patch-clamp electro-
physiology of the neurons was employed to look for
differences between P2X5 +/+ and P2X5 —/— cells. All
P2X; —/— DRG neurons failed to desensitize after ATP
stimulation, and both subsets of neurons failed to respond to
ap-methylene ATP. The responses that were persistent in
the P2X5; —/— neurons were consistent with intact, en-
dogenous expression of P2X,. These studies showed that,
although DRG and nodose neurons remained responsive to
ATP, the nature of the neuronal sensory response to the ATP
neurotransmitter in the spinal cord is significantly altered
and more long-lived.

6.3. A member of the two transmembrane-spanning cation
channel superfamily

P2XRs were assumed to be a subtype of the heptahelical
P2Y family. Instead, P2XRs were predicted to form two
transmembrane-spanning ion channels with intracellular N-
and C-termini. Once more, two-thirds of the molecular mass
of this protein was predicted to be extracellular. This overall
structure made P2XRs closely related to the ENaC/degen-
erins family of cation channels found in mammalian cells
and in the nematode, C. elegans [93—95]. Fig. 5 illustrates
this similarity. In the extracellular domain of each cation
channel family, 10 conserved cysteines are found in P2XRs,
while 14 conserved cysteines are found in the ENaCs. Each
extracellular domain is highly glycosylated, with at least
three putative glycosylation sites [93—96]. This large extra-
cellular domain, which accounts for two-thirds of the
molecular mass of P2XRs, is shared by P2XRs and ENaCs;
however, this domain is divergent from the large family of
inwardly rectifying K" (IRK) channels. P2X, and aENaC
appear to share the PPXXY motif that is mutated in Liddle’s
disease in «ENaC and is a recognition site for ubiquitination
[93,95]. What is still unclear in both P2XR and ENaC
families is the amino acids critical to the cation channel
pore. Extracellular to the second transmembrane domain of
ENaC is a putative H2 domain that has a GGQLG sequence
that is somewhat similar to the GYG motif found in the P
loop (equivalent to H2 domain) of two transmembrane-
spanning IRK channels. P2XRs are not thought to have a P
loop; however, recent alignment of the sequences of P2XRs
did reveal a GVG motif in the second transmembrane o-
helix of all P2XRs except P2X5 [97]. It is important to note
that there is little or no overall nucleotide sequence homol-
ogy between any P2XR subtype and any ENaC subtype,
despite the very similar structural characteristics.

The similarities in topology of P2XRs and ENaCs also
extend to their cell physiology. As members of the two
transmembrane-spanning ion channel superfamily (see
above), P2XRs were long suspected to form homomultimers
or, in some cell models, heteromultimers of mixed P2XR
subtypes. ENaCs form fully functional amiloride-sensitive
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* Display Eeerily Similar Topology
* Form Homo- and Heteromultimers

* Have Two Cysteine-rich Regions in their Extracellular Domain

(apYENaCs Have 14 Conserved Cysteine Residues in this Domain)
(P2XRs Have 10 Conserved Cysteine Residues in this Domain)

¢ Are Heavily Glycosylated on Multiple N-linked Glycosylation Sites

e Two-Thirds of the Molecular Mass on ENaCs and P2XRs Is in
the Extracellular Domain

* oENaC and P2X2 Have a “PPPXY” Motif in Their C-Termini
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C
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Fig. 5. Close and detailed comparison between P2XRs and ENaCs. These two transmembrane-spanning cation channel subfamilies exhibit similarity in their
topology and, possibly, their overall structure. Other biochemical and cell biological similarities are listed, keeping in mind that there is little or no overall DNA
or amino acid sequence homology. One major difference is the fact that the cation permeability/selectivity of each subfamily is very different.

and highly Na'-selective channels when configured as an
apy-ENaC heteromultimer [93,95]. Torres et al. [98—101]
explored multimerization elegantly with parallel biochemi-
cal and physiological methods in the HEK-293 cell heter-
ologous cell system with multiple studies. The most elegant
of these studies was the examination of the ability of all
P2XR subtypes to oligomerize or multimerize [99]. Co-
immunoprecipitation of epitope-tagged P2XRs was under-
taken to probe the ability of P2XRs to form homomultimers
and heteromultimers. HA and FLAG biochemical tags
added to the C-terminus of each P2XR subtype did not
affect cation channel function or other properties such as
desensitization. The exception in this work was P2Xg,
where even the wild-type construct failed to generate cation
currents. Again with the exception of P2X, all other P2XRs
tested (P2X; through P2Xs and P2X;) were capable of
forming homomultimers. The authors maintain that the
inability of P2X4 to form oligomers may explain why it
also fails to form functional channels. The stoichiometry of
these multimers is unknown; however, dimers, trimers, and
tetramers have been postulated [99]. With regard to hetero-
multimers, all P2XRs were capable of forming multimeric
complexes with other subunits, with the notable exception
of P2X;. A helpful table in this paper [99] summarizes
which P2XR subtypes oligomerize with specific other
P2XR subtypes. P2X; and P2X, co-assemble with them-
selves as homomultimers and with P2X3, P2Xs, and P2X,

but not P2X,; or P2X,. P2X; co-assembles with P2X;,
P2X,, and P2Xs, but not with P2X,, P2X,, or P2X,.
P2X, expressed at very high levels in the HEK-293 cell
system, making it difficult to assess in this analysis relative
to the other subtypes. However, when the conditions were
made favorable, P2X, was found to oligomerize only with
itself and with P2X5 and P2Xg. This result was very helpful
to our laboratory, which found that P2X, and P2Xs were
most abundantly expressed in human vascular endothelial
cells and in human and rodent airway, gastrointestinal, and
kidney epithelial cell models. There is some preliminary
evidence emerging from other laboratories that P2Xy may
also be a prominent epithelial subtype. Unfortunately, the
lack of an antibody and the lack of an ability for our
degenerate RT-PCR to detect P2X, has not allowed us to
assess its expression. P2X5 co-assembled with every other
P2XR subtype, except P2X;. P2X, co-assembles with
P2X,, P2X,, and P2X,, but fails to interact with P2Xj,
itself, or P2X5. These seminal results solidify a plethora of
the functional studies [98,99,101—106] that show physio-
logical evidence for heteromultimeric assembly of unique
pairs of P2XR subunits.

6.4. P2XR biophysics

There is a profound difference between P2XRs and
ENaCs with regard to selectivity of cation permeation.
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The apy-ENaC heteromultimer is the most highly Na'-
selective cation channel ever described. In sharp contrast,
P2XRs are non-selective cation channels for monovalent
and divalent cations. P2XRs are calcium-permeable non-
selective cation channels that, like the glutamate, NMDA,
and kainate receptor channels at excitatory synapses, are
gated by an extracellular agonist, show divalent and mono-
valent permeation, and divalent cation block. P2XRs are
thought to trigger signaling by mediating calcium influx
from extracellular stores and by changing the plasma
membrane potential; however, other signaling mechanisms
may be governed by ATP-gated receptor channels. P2XRs,
as well as the P2Y G protein-coupled receptors, also
stimulate other ion channels in native cells, complicating
their definition in specific cell models.

Ding and Sachs [107] studied elegantly the biophysics of
the P2X, channel protein, expressed in HEK-293 cells
devoid of endogenous P2XRs when maintained as isolated
cells. Outside-out patches were performed so that the ATP
agonist had free access to the extracellular domain of the
receptor channel protein. While monovalent cations were
permeant in a sequence that was K"™>Rb"™>Cs™>Na">Li",
divalent cations also entered the pore. However, divalent
cations such as Mn”> ", Mg®*, Ca?", and Ba®> " also blocked
the channel in a manner characterized as ‘“fast block,”
reducing the amplitude of the single channel currents.
Importantly, organic cations such as NMDG", Tris",
TMA", and TEA" were virtually impermeant. The channels
were “flickery,” in that they opened in brief bursts. The
single channel conductance was 49 pS in the presence of K"
and 35 pS in the presence of Na“. P2XR Na' currents were
partially blocked by Mg?* and Ca®". A subsequent paper
showed that divalent cations also speeded inactivation of the
P2X2 channels [108].

6.5. Key amino acid residues within P2XRs

Site-directed mutagenesis has been used to probe many
regions critical to the activity of P2XR channels. With
regard to cation permeation through the pore, 5 amino acid
residues in a 20-amino acid stretch corresponding to the first
transmembrane a-helix (H33, R34, 150, K53, and S54) were
implicated in cation binding and permeation within the
P2X, receptor channel [109,110]. Another study of P2X,
channels in HEK-293 cells probed a larger stretch of amino
acids flanking and within the first transmembrane segment
[111]. Their cysteine-scanning mutagenesis revealed that
D15, P19, V23, V24, G30, Q37, and F44 were involved
in cation binding and permeation. Migita et al. [112] also
probed the second a-helical transmembrane domain for
residues key in divalent cation binding and conduction
through P2XRs. Ca? " permeability through P2X, expressed
in HEK-293 cells was thought to be mediated by amino
acids with negatively charged side chains, D315 and D349.
This had no effect on divalent cation permeation. Rather, the
size of side chains that were exposed to the pore of the

channel was critical. Mutation of polar threonines at posi-
tion 336 and 339 as well as a serine 340 affected cation
permeation profoundly. The largest changes were induced
by replacement of these residues with a tyrosine, whose
bulky side chain prevented Ca’” movement altogether.
Taken together, these three studies by Egan and Voigt and
one study by North et al. showed that the two transmem-
brane a-helices cooperate in conduction of monovalent and
divalent cations through the pore.

In addition to the evidence generated by Haines et al.
[109] regarding ATP gating of the channel by binding to the
extracellular face of the first transmembrane segment, Jiang
et al. [113] also addressed this issue in the P2X, receptor
expressed in HEK-293 cells. Alanine-substitution mutagen-
esis on 30 polar residues in the presumptive extracellular
domain revealed two positively charged lysine residues
(L69 and L71) near the same region proximal to transmem-
brane domain 1 implicated by Egan and Voigt. Substitution
with cysteines for these lysines and other flanking amino
acid residues showed similar effects. These experiments also
implicated S65 and 167 in ATP binding and gating of the
P2X; channel. In particular, 167 was identified to be critical
to the ATP-binding site [113]. Perhaps, anionic ATP is
attracted to and bound by these lysines and the flanking
serine and isoleucine help stabilize this interaction. Upon
binding, ATP may also mask these closely coupled lysines
with positively charged side chains, removing steric hin-
drance and allowing cations to move from the external
channel vestibule into the pore. Ennion et al. [114] studied
the extracellular domain of the P2X; receptor, searching for
residues critical for ATP binding. This study and the one
above came out concurrently. They too targeted conserved
lysines and arginines, postulating that positively charged
side chains might attract and/or bind anionic ATP. Many
were irrelevant; however, like the P2X, receptor studies
above, K68 and K70 external to transmembrane domain 1
and R292 and K309 external to transmembrane domain 2
were key to ATP recognition. Taken together, these two
studies on different P2XR subtypes show that the ATP
binding pocket is indeed at the extracellular face of the
cation pore close to the channel vestibule.

P2X; and P2Xj; receptor channels desensitize rapidly
upon binding ATP and opening, while the other major
subtypes (P2X, and P2X, through P2X5) inactivate slowly
or not at all. Koshimizu et al. [115] swapped a stretch of six
amino acids of P2X3 and for P2X, with the corresponding
stretch of arginine 371 through proline 376. P2X, sequence
substitution slowed receptor desensitization, while P2X;
and P2X; sequence substitution caused rapid desensitiza-
tion. Co-expression of P2X, and P2X; caused a phenotype
that had delayed desensitization, a phenotype intermediate
to P2X, and P2X; expressed alone. Thus, this highly
charged stretch of amino acids in the C-terminus plays a
significant role in desensitization. Boue-Grabot et al. [116]
identified a protein kinase C phosphorylation site, TX(K/R)
at amino acids 18 through 20 in the N-terminus of the P2X,
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receptor, as critical for regulation of receptor desensitization.
Normally, a slowly or poorly desensitizing P2X subtype,
mutation of the N-terminus of P2X, (T18A, TI18N, or
K20T) showed rapid desensitization. Phosphorylation of
this site within the N-terminus was verified biochemically.
Examination of the N-terminal sequences of all P2X sub-
types reveals that P2X1 and P2X3, rapidly desensitizing
subtypes, lack this threonine at position 18, while the other
more slowly desensitizing subtypes possess this conserved
PKC site. Still another laboratory generated data suggesting
that the hydrophobic transmembrane segments were critical
in desensitization [117]. Chimeric swapping of the TM
domains from P2X1 and P2X3 with P2X2 affected desen-
sitization markedly. Taken together, these results suggest
that all regions of the P2X receptor accessible to the cytosol
are involved in receptor desensitization following ATP
binding and channel opening.

6.6. Wide and robust expression of P2XRs

P2XR subtypes are expressed abundantly in brain and
spinal cord, and the most comprehensive analysis of their
relative expression in these tissues was from Collo et al.
[82]. The functional role of P2XRs in different excitable cell
preparations will be addressed in more detail below. It was
once thought that P2XR expression was restricted to excit-
able cells. Although the P2XR as an excitatory postsynaptic
receptor channel is easy to envision and characterize, the
physiological roles of P2XRs in non-excitable cells were
more difficult to visualize. Even if in situ hybridization
revealed staining for P2XRs on non-excitable cells, this was
met with some skepticism.

Emerging studies have revealed abundant expression of
P2XRs on non-excitable cells and tissues. Although sensory
organs do contain neurons that convey sensory inputs to
higher neural centers, evidence has emerged that P2XRs are
expressed in other more specialized, non-excitable cell types
in inner ear, retina, and taste bud. Multiple P2XRs have
been localized to spiral and vestibular ganglia of the inner
ear, the cochlear nucleus, and primary auditory neurons
[118—120]. In addition, P2X, receptors or splice variants of
P2X, [121] have been found biochemically, molecularly,
and functionally in Dieters’ cells of the cochlea [122], organ
of Corti within the cochlea [123], outer hair cells [119], and
epithelial cells lining the stria vascularis, Reissner’s mem-
brane, and the tectorial membrane [118]. P2X, staining was
also intense in the hair cell stereocilia, indicating a key role
in sound transduction [124]. In the retina, P2XRs are also
abundant [125—130]. In addition to transduction of pain,
light, and sound, P2XRs have also been identified in
circumvallate fungiform papillae of the rat tongue [131].

The role of P2X, in the smooth muscle cells of the testes
and vas deferens has already been well documented with
regard to cloning of P2X; and the P2X; knockout mouse.
The urinary bladder appears to be another important tissue
regulated by local ATP release and P2XRs. In detrusor,

ureteral, and bladder blood vessel smooth muscle, P2X1
immunoreactivity was observed routinely and markedly on
the smooth muscle cell membrane [132]. While P2XR
expression remains and is pronounced in smooth muscle,
P2XR expression in skeletal muscle is notable during early
stages of development, while expression fades during the
postnatal period and in adult tissue [133,134]. Recently,
P2X, was found in chick cardiac muscle myocytes. A
positive ionotropic effect of ATP on heart muscle may be
mediated by this P2XR subtype and allow ATP-induced
calcium influx that was blocked by antisense oligonucleo-
tides to P2X, [135]. In addition, glycosylated (58 kDa) and
nonglycosylated (44 kDa) forms of the transfected cP2X4
receptor were found in cardiac myocyte membranes, a
similar phenotype to the epithelial P2X, receptor (see
below). Only the 58 kDa glycosylated form of cP2X, could
be biotinylated. These results provide a new tissue where
P2XR expression and function may be critical.

Very recent work has shown the presence of P2XRs in
human vascular endothelial cells [45,136—140]. In the
context of expression profiling in excitable tissues, hints
in these initial studies led to the characterization of P2XR
expression and/or function in epithelial cells in vitro and in
vivo [141]. An emerging role for purinergic receptors in the
cells that constitute skeletal bone is being appreciated. Bone
remodeling within microenvironments is regulated by auto-
crine and paracrine factors and by local mechanical forces
that are poorly understood. A recent and comprehensive
study on P2X and P2Y receptor expression in bone cells has
been performed [142]. Three studies that followed added
credence to these findings [143—145].

Burnstock et al. have led the field in documenting P2X
receptor expression in endocrine tissues. Initial work docu-
mented abundant P2X, receptor expression in the nuclei and
neurons of the hypothalamus [146,147]. Similar work has
been performed in thyroid and adrenal gland [148—151].
Petit et al. showed roles for P2Y and P2X receptors in
stimulating insulin secretion from pancreatic B cells in the
absence or presence of the requisite extracellular glucose
stimulus [152]. Burnstock’s group has also studied expres-
sion of all P2XR subtypes in rat testis [ 153]. Taken together,
expression of multiple P2XR subtypes in endocrine organs
argues for tight, local control of endocrine tissue function by
autocrine purinergic signaling.

6.7. Biochemistry of P2XRs in native cells

Recent studies have shed new light on P2XR biochem-
istry in native cells and tissue. Most of this biochemical
work has been performed in heterologous cell systems with
transfected and, often, epitope-tagged P2XR constructs.
Recently, Hu et al. [135] made a step closer to studying
native cells by studying the protein biochemistry of a
transfected chick P2X, receptor in cultured embryonic
ventricular myocytes. Not only did Hu et al. show compel-
ling evidence for a role for P2X, in calcium influx from
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extracellular stores and in contractile amplitude of the chick
heart, they also showed the fact that P2X, receptors were
resistant to various rather harsh detergents under various
biochemical conditions. Initially, they verified that the P2X,
receptor was found in two forms: a nonglycosylated 44 kDa
forms and a glycosylated 58 kDa form. Only the glycosy-
lated form was biotinylated and reacted with streptavidin,
suggesting that glycosylation was necessary for normal
trafficking. Interestingly, the glycosylated form was soluble
in all of the detergent combinations listed above.

Our laboratory has confirmed these results in human
epithelial and endothelial cell models for the human and
mouse P2X, receptor [44,45]. The novel aspect of these
studies is the immunoblotting of native epithelial and
endothelial P2X, receptor. Similar results have also been
obtained in non-CF and CF human airway epithelial cells
[154] and normal and PKD kidney epithelial cells (A.T.
Boyce and E.M. Schwiebert, unpublished observations).
Our laboratory has also seen higher molecular weight forms
in immunoblotting that are competed away by the peptide
immunogen, suggesting higher order glycosylation and/or a
detergent-resistant multimer. The prominent carbohydrate
addition on this large extracellular loop, elaborate disulfide
bonding between conserved cysteines (see below), and the
reaction with the extracellular domain of the ATP agonist as
well as heavy metals such as zinc, protons, and cations (see
below) suggests a complex and dynamic protein worth
further investigation in native cells as well as crystallogra-
phy of P2XRs.

As introduced above, the P2XR extracellular domain has
two cysteine-rich regions, within which each P2XR has 10
conserved cysteine residues in identical locations. This
argues for a complex, three-dimensional structure that begs
to be crystallized. ENaCs have 14 conserved cysteine
residues in their extracellular domains. Recent work sug-
gests that ENaCs have Kunitz-like domains that are suscep-
tible to protease cleavage, which is argued to be a major
mode of activation for these channels [155]. Further proof
for this is that protease inhibitors attenuate ENaC activity.
The effect of proteases on P2XRs has not been tested.

The role of the cysteines in forming intra- and interchain
disulfide bonds and creating trafficking-competent P2X1
receptor channels was addressed very recently by Ennion
and Evans [156]. A very important finding in this study was
the inability to label wild-type receptors with MTSEA-
biotin, suggesting that all 10 cysteine residues are engaged
in disulfide bonds. When most single cysteines were mu-
tated, only modest effects were observed on ATP potency at
the receptor channel. However, exceptions were C261A and
C270A, where the peak current amplitudes were reduced by
almost 100%. This, however, was determined to be an effect
on trafficking. The other single cysteine mutants did allow
MTSEA-biotin labeling, suggesting that companion cys-
teines were not free to react with the methanethiosulfonate
compound. Based on their work, they proposed the follow-
ing pairs of cysteines that were disulfide-linked: C117—

C165, C126—C149, C132-C159 in the first cysteine-rich
region and C217-C227 and C261-C270 in the second
cysteine-rich region. Channel function is not affected sig-
nificantly by these bonds; however, trafficking is severely
disrupted by the elimination of the C261—-C270 bond or by
the C117—C165 bond together with another bond.

6.8. Pharmacology and chemistry of P2XR receptor channel
activity

The extracellular domain of the P2X receptor channel is a
rich background for complex chemistry. As it accounts for
two-thirds of the molecular mass of the receptor channel
protein like its relatives in the ENaC/degenerin family, this
protein can be thought of more as a receptor than a channel.
In fact, its extracellular domain is so large and complex that
P2XRs can also be thought of as sensors rather than
receptors. Along this line of reasoning, ENaCs and degen-
erins may have endogenous chemical ligands that are not yet
appreciated.

This chemistry begins with the binding of its gating
ligand, ATP. Agonists and antagonists have been presented
in the context of work discussed above. However, recent
work has identified additional antagonists for P2XR sub-
types, including TNP-ATP [157,158], NF-279, a suramin
analog [159,160], and pyridoxal-5'-phosphate-6-(2’-naph-
thylazo-6'-nitro-4’,8'-disulfonate (PPNDS) [161]. Despite
these recent efforts, these antagonists mainly affect P2X;,
P2X,, and P2X; or mixtures thereof. The lack of agonists
that are selective between P2Y and P2X receptor families,
and the lack of agonists and antagonists that define partic-
ular P2XR subtypes (in particular, P2X,, P2Xs, and P2Xy)
is a major roadblock in the P2 receptor field and in the
P2XR field that needs to be overcome.

Not only does the P2XR extracellular domain have sites
for agonist and antagonist binding, N-linked glycosylation,
cysteine bonding, and, possibly, protease cleavage, protons
and heavy metals react within this extracellular domain as
well. Stoop et al. [162] explored the sensitivity of four
P2XR subtypes to changes in extracellular pH (pH,). P2X;3
homomultimers are only mildly inhibited by acidic pH (pH,
of 6.3 versus 7.3) and are unaffected by an alkaline pH,, of
8.3. In contrast, P2X, homomultimers and P2X,/P2X;
heteromultimers show profound stimulation by acidic pH,
and almost complete inhibition at alkaline pH,. The authors
noted that the data pointed to a single site being modulated
by protons. For P2X; and P2X,, opposite effects were
observed with acidic versus alkaline pH,. Acidic pH,
profoundly inhibited P2X, currents in particular, while
alkaline pH,, had little effect. Site-directed mutagenesis of
the extracellular domain of the rat P2X, receptor revealed
that acidic pH potentiated ATP stimulation more than 4-fold
in wild-type channels and eight mutant channels in which
extracellular histidines were mutated [163]. In P2X,, only
one histidine mutant, H319A, attenuated the effect of acidic
pH down to 1.4-fold. Substitution of a lysine instead of an
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Fig. 6. Key residues within the generic P2XR. Most of the key residues highlighted in this cartoon have been defined in the P2X, and P2X, receptors. Not all
characteristics may hold for the other P2XR subtypes, especially with regard to H" and Zn? " modulation. Cation binding residues were found by multiple

laboratories throughout both a-helical regions.

alanine reduced the EC50 for ATP 40-fold. Extracellular
Zn*" is known to potentiate and inhibit the responses of
different P2XR subtypes to ATP. The maximal effective
dose is only 20 pM, which falls within physiological limits
for this trace element. Zn”> " potentiates ATP gating of P2X»,
P2X,, P2X,, P2X,/P2Xs, P2X,/P2Xe, and P2X,/P2Xq,
while it inhibits ATP’s effect on P2X; and P2X,. ZnCl,
potentiated the response to ATP in wild-type P2X, and
seven histidine mutants by 8-fold; however, in two mutants,
H120A and H213A, Zn>" had no effect [163]. Because
these two Zn? * reactive histidine residues are rather distant
from one another within the external domain, two different
sites may be required for the effect of Zn>" or the two
histidines may interact with each other in a three-dimen-
sional model of the extracellular loop. Taken together, these
results suggest that multiple but different histidine residues,
whose pK, falls within the range tested in these studies, bind
protons and heavy metals to modulate the gating by the
physiologic agonist, ATP. The opposite effects of pH and
Zn>" on P2X, versus P2X, is borne out by less total
histidines in P2X, and locations of these cysteines that are
completely different than in P2X,. It is also possible that H"
and Zn> " could act as agonists independent of ATP to open
P2XRs. Fig. 6 highlights the histidine residues implicated in
H" and Zn®* " binding.

7. Physiological and pathophysiological paradigms for
extracellular ATP-mediated effects in epithelia

Many of the figures included above were designed in the
context of a polarized epithelium. This was no accident.

Autocrine and paracrine ATP signaling in extracellular
microenvironments is robust on both the apical and baso-
lateral sides of polarized epithelium. Epithelial cells are
traditionally known as barrier cells that line the tissues of
many organs of the body and separate the external environ-
ment from the interstitium. The apical membrane faces the
lumen of a tissue. Often, this is the external environment,
like the humidified air in the lung or a fluid-filled environ-
ment (e.g., the humor-filled eye, the ventricles of the brain
filled with cerebrospinal fluid (CSF), or the endolymph-
filled inner ear). The basolateral membrane faces the inter-
stitium (e.g., basal cells, connective tissue, basement mem-
brane, blood supply, and nerve innervation). The
microenvironments on the surfaces of these two membrane
domains are very different. These microenvironments often
provide an ideal setting for autocrine and paracrine puriner-
gic signaling in particular and autocrine and paracrine
signaling in general. This is especially true if they are
fluid-filled or fluid-covered microenvironments that have a
medium to allow the autocrine or paracrine mediator to
diffuse easily and rapidly.

Purinergic signaling has been implicated in the regula-
tion of many epithelial cell functions. In addition to
triggering cell signaling, mainly through cytosolic calcium
and phospholipase-coupled signal transduction and, possi-
bly, via other cellular mechanisms, extracellular nucleotide
signaling also modulates the potency of other autacoids and
hormones that regulate epithelial cell function. Extracellular
nucleotides and nucleosides also regulate transepithelial ion
transport. In general, extracellular nucleotides and nucleo-
sides, through P2Y, P2X, and Pl receptors, stimulate
secretory Cl1~ and H,O transport, activate K" channels,
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inhibit absorptive Na" transport, modulate acid—base trans-
port, and potentiate regulatory volume decrease following
hypotonic cell swelling. We are careful to say “in general,”
because there are exceptions to this rule due, in large part,
to where the epithelium resides and its function. For
example, in highly secretory epithelium like choroid plexus
or ciliary processes of the ciliary body of the eye, purinergic
signaling may also stimulate secretory Na' transport. Puri-
nergic receptor-driven functions include triggering of calci-
um sparks and waves, potentiating ciliary beat frequency,
and promoting mucus, glandular, and acinar secretion.
Constitutive ATP release and signaling has been implicated
in the maintenance of cell signaling ““setpoints™ for cyto-
solic calcium, phosphoinositide turnover, and arachidonic
acid metabolism. Purinergic signaling may even modulate
gene expression in epithelial cells via specific transcription
factors.

In epithelial cells, ATP is released from the cell in a
polarized manner either at the apical or basolateral cell
surfaces for the purpose of autocrine and paracrine regula-
tion of the epithelial cell monolayer. In general, ATP release
is directed apically. However, there may be physiological
and pathophysiological exceptions to this rule as well
(macula densa of the kidney as an example, see below).
The mixture of P2Y, P2X, and P1 receptors in the apical and
basolateral membrane domains may also differ. Neverthe-
less, a given epithelial cell commonly expresses all three
purinergic receptor subfamilies and, often, multiple P2Y,
P2X, and P1 receptor subtypes (see also below). That
mixture of purinergic receptor subtypes governs what nature
of signal is transduced from the released ATP and its
metabolites, either in the luminal (apical) or interstitial
(basolateral) microenvironments.

7.1. Lung and airway epithelium

There are two general sites of ATP release and signaling
in the human lung and airways: the airway lumen and the
submucosal gland secretions (Fig. 7). Although it has not
been investigated to date, ATP secretion in the distal lung at
the gas exchange zone may also occur with surfactant
secretion. Airway surface epithelium in the smaller and
larger conducting airways is capable of ATP and UTP
release [164] in response to a myriad of stimuli (flow, touch,
cyclic nucleotides, hypotonicity, and calcium agonists);
moreover, secretions from submucosal glands that lie be-
neath the pseudostratified surface epithelium may also
supply autocrine nucleotides and nucleosides. Neuroendo-
crine cells, mast cells, and goblet cells along the airway may
also release ATP along with other agonists from their
granules. The analogy of the submucosal gland secreting
purinergic agonists with mucins and other substances can be
extended to the hepatic and pancreatic acini and the secre-
tory glands/coils of the sweat gland and the salivary gland.

With regard to microenvironments, however, the airway
surface liquid (ASL) bathing the cilia on ciliated airways

epithelium in the large conducting airways is a microenvi-
ronment of interest in physiological paradigms and in
pathophysiological contexts such as cystic fibrosis (CF)
and primary ciliary dyskinesia (PCD) [165,166]. Because
purinergic signaling governs ciliary beat, epithelial cell
signaling, and epithelial solute and water transport, extra-
cellular nucleotide and nucleoside signaling in this micro-
environment may be essential to regulating the composition
of the ASL and the function of this critical extracellular
space. Several laboratories, including our own, have found a
loss of purinergic signaling in CF epithelial and heterolo-
gous cell models lacking CFTR [17]; as such, loss of
purinergic signaling may be critical to the loss of CFTR
function, loss of ciliary beat, abnormal ASL composition,
and overall loss of mucociliary clearance. These issues will
be revisited below.

As agonists were being screened to restore chloride and
fluid secretion in CF airways epithelium, nucleotide ago-
nists emerged quickly as chloride and fluid secretagogues
that stimulated chloride and fluid secretion independent of
CFTR. Importantly, Knowles et al. [167] showed that
extracellular nucleotides stimulated chloride secretion in
human patients with CF, triggering interest in targeting any
and all purinergic receptors for CF therapy. Importantly,
purinergic agonists in addition to ATP such as UTP, UDP,
and ADP (as well as poorly hydrolyzable analogs of those
listed) were also efficacious in CF as well as non-CF
airway epithelial model systems [168,169]. This led to
the identification of P2Y1, P2Y2, P2Y4, and P2Y6 recep-
tors in human airway epithelial model systems [170]. In
addition, adenosine receptors (the P1 receptors) also stim-
ulated chloride secretion in airway epithelial cells [171];
however, the major adenosine receptor, the A2 receptor,
activates the cAMP/PKA signal transduction cascade and,
eventually, CFTR. It is dysfunctional in CF. Several other
laboratories have confirmed as well as extended these early
findings in human epithelial cells or cells from other
species [172—175].

Our laboratory has added work showing abundant ex-
pression and function of the P2X purinergic receptor chan-
nels in epithelia [141]. Biochemical characterization of
P2X, and P2X;5 in human airway epithelial model systems
with subtype-specific antibodies is currently in progress in
our laboratory. We also cannot rule out the possible expres-
sion of P2Xg, which is not detected by our degenerate RT-
PCR primers and for which antibodies are not available. A
unifying theme in this chapter will be the fact that most, if
not all, epithelial cell models express both P2Y G protein-
coupled receptors and P2X receptor channels, sometimes in
the same membrane domain of the polarized epithelium
(Fig. 7). Because each class of receptor increases cytosolic
calcium, albeit via different mechanisms, both receptor
subtypes are viable targets for pharmacotherapy of CF in
the lung and airways (see below).

Both P2Y G protein-coupled receptors, via phospholi-
pase-induced release of Ca®" from intracellular stores, and
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Fig. 7. Nucleotide signaling in the airways epithelium. Schematics of the whole lung and airways, a cross-section of a large airway with the many different
subtypes on the surface and a submucosal gland beneath, a multi-ciliated airways epithelium segment of a large airway, and a single airway epithelial cell
showing just some of the many functions that autocrine an paracrine purinergic signaling modulates. This regulation breaks down in CF (see text for details).

P2X receptor channels, via direct influx of Ca® " through the
channel from extracellular stores are capable of triggering
calcium-dependent signal transduction cascades. P2Y-medi-
ated effects on Ca®"; have been studied extensively in
human airway epithelial cell models by Paradiso and others
[176]. Zsembery et al. [154], using an IB3-1 CF human
airway epithelial cell model for therapeutic implications in
CF airway, have shown that both P2Y and P2X subtypes
increase cytosolic calcium. Intriguingly, ATP stimulates
both subtypes, although a fully transient increase in calcium
is triggered by P2Y receptors, while P2X receptors cause a

sustained increase in Ca®"; (perhaps through the P2XR
channels themselves and/or by opening store-operated or
“Transient Receptor Polarization (TRP)” calcium chan-
nels). P2X receptor channel-mediated increases in cytosolic
calcium are greatly potentiated by removal of extracellular
Na' by replacement with NMDG [154]. We interpret this
result to suggest that Na™ competes with Ca® * as each cation
passes through the ATP-gated pore (each cation has a
favorable gradient for entry). The P2X receptor-induced
calcium influx is prevented by EGTA and augmented by
raising extracellular Ca® " [154].
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Together, P2X and P2Y receptor activation leads to a
pronounced, additive, and sustained increase in Ca? *.. This
fact is critical for several reasons. First, either or both
receptors could be targeted to trigger calcium-induced
chloride secretion and potassium channel opening, which
would be beneficial to the CF epithelium. Second, both
receptors could be targeted to suppress absorptive Na'
channels by calcium-dependent mechanisms. Such effects
on all of the above would also correct abnormal cell volume
regulation in the CF airways epithelium (see below). Local
increases in calcium also augment ciliary beat frequency
(see below), which would benefit attenuated mucociliary
clearance in CF. Targeting either or both ATP receptor
subfamilies for pharmacological therapy of the CF lung
and airways is logical and feasible and takes full advantage
of naturally expressed membrane proteins that are largely
apical but are also basolateral.

Early work from Knowles et al. [167,171] showed that
purinergic agonists stimulated chloride secretion in CF as
well as non-CF airway epithelial model systems. The most
important demonstration of this was in in vivo nasal
potential difference (PD) measurements in CF patients
[167]. Jiang et al. [177] subsequently showed that purinergic
agonists stimulated fluid secretion in CF and non-CF airway
epithelial cells. Purinergic agonists emerged from a “kitchen
sink” approach of adding a large panel of agonists to CF
epithelial model systems to identify which agonist, if any,
could stimulate chloride secretion independent of CFTR.
Many studies confirmed this work in other airway epithelial
model systems from human and other species. Guggino et
al. showed that purinergic receptors stimulated multiple
types of chloride channels, including CFTR and the ORCCs
from both the apical and basolateral membranes of primary
rat tracheal epithelial cell monolayers [169]. It was con-
cluded that the P2Y, receptor was critical to the apical-
mediated stimulation of chloride secretion; however, rank
order potency pharmacology most consistent with the P2Y5
receptor (a species homolog to P2Y;) stimulated chloride
secretion from the basolateral side. As mentioned, UDP and
ADP also stimulated chloride secretion in airway epithelia.

Epithelial cells release ATP in response to hypotonicity
or dilution of the extracellular osmolality [17,19,21,47,
51,178]. Hypotonicity-induced ATP release is potentiated
by the expression of CFTR in the epithelial cell and is
dampened when CFTR is absent from the plasma membrane
[17,19]. Because CFTR is a regulator of other ion channels,
transporters, and vesicle trafficking and fusion, CFTR may
augment ATP release by positively regulating any and all of
these ATP release mechanisms [17].

More recently, our laboratory has shown that CF human
airway epithelial cells are sluggish in their recovery from a
hypotonic insult, a process known as regulatory volume
decrease or RVD [17]. Transient or stable transfection of the
wild-type CFTR cDNA into CF human airway epithelial
cells corrects defective cell volume recovery in response to
hypotonicity. Wild-type CFTR modulation of human airway

epithelial cell volume regulation is blocked by the ATP
scavengers, hexokinase or apyrase, and the global P2
receptor antagonist, suramin. Taken together, these data
suggest that the presence of CFTR in the plasma membrane
and CFTR-dependent ATP release govern epithelial cell
RVD. This result begged the question: would addition of
selective purinergic agonists to P2Y and P2X receptor
subtypes rescue defective volume regulation in CF human
airway epithelial cells. This is indeed the case. Both P2X
receptors and P2Y receptors stimulate chloride and, likely,
potassium efflux from epithelial cell during RVD. This is
one critical answer to the question: why would a particular
epithelial cell model express both P2Y and P2X receptors in
the same cell? One answer is for protective redundancy
against osmotic or other environmental insults (anoxia and
ischemia, for example). Because epithelial cells are exposed
to very different and dynamic microenvironments on their
apical and basolateral sides, epithelial cells may express
P2Y and P2X receptors in both membrane domains for this
protective redundancy. A similar paradigm is evolving in
hepatocytes and cholangiocytes in work by Feranchak et al.
[47,178]. Another answer is simply that P2X receptors
mediate fast and sustained increases in calcium signaling,
while P2Y receptors mediate slower and only transient
increases in cytosolic calcium.

In addition to stimulating Cl1~ and K* efflux from the
epithelial cell, ATP (and UTP) have also been observed to
inhibit Na" influx pathways. Devor and Pilewski [179] have
shown that UTP, by binding to purinergic receptors and
increasing intracellular calcium concentrations, leads to a
long-term inhibition of Na* entry to the cell from the apical
media. This was studied in cells with normal and mutant
forms of CFTR. They conclude that nucleotides (ATP and/
or UTP) could have a dual therapeutic role in the airway,
stimulating C1~ efflux and inhibiting Na" entry. This con-
clusion has been borne out by a handful of studies in airway
and other miscellaneous epithelial cell models, showing that
stimulation of purinergic receptors stimulates Cl~ secretion
while, at the same time, attenuating Na' absorption. Inglis et
al. [180] studied these effects in distal bronchi and in rat
fetal distal lung epithelial cells [181]. Iwase et al. [182]
showed similar results in rabbit tracheal epithelium. While
these were different preparation of distal airway epithelial
cells, the conclusions were similar. ATP and UTP evoked a
transient stimulation of Cl~ secretion and a sustained
inhibition of Na' absorption in the polarized monolayers
of distal airway epithelia. In the nasal PD measurements of
porcine distal bronchi, transepithelial PD was measured in
cannulated and perfused preparations. UTP hyperpolarized
the PD transiently; this stimulation was inhibited by serosal
bumetanide. PD then declined to a sustained level lower
than basal; this sustained inhibition was prevented by
luminal amiloride. Because thapsigargin failed to inhibit
UTP-stimulated Cl~ secretion but did block the inhibition of
Na' absorption, these results suggest that UTP stimulates
CI™ secretion by a calcium-independent mechanism, while
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UTP inhibits Na* absorption via Ca” *;. Nevertheless, Inglis
et al. argue that both effects of extracellular nucleotides
should promote hydration of the airway.

The mucociliary system in the airway is necessary for
optimal removal of mucus and inhaled pathogens and
particles. Cilia on the surface of the airways epithelium
beat at regular intervals and in a uniform direction toward
the pharynx, and this facilitates the movement of materials
along and up the “mucociliary escalator.” A key stimulus
for enhancing ciliary beat is increased intracellular Ca®*
concentrations within the cilia themselves. If Ca® " influx is
impaired, this could lead to jeopardized mucociliary clear-
ance and disease. Of the hormones and neurotransmitters
that are known to stimulate ciliary beat, the most potent is
ATP. ATP acts primarily in this system by stimulating Ca®*
influx from the external milieu, as well as stimulating
internal stores to release Ca®*. Ma et al. [183] have shown
that extracellular sodium ions actually inhibit an ATP-gated
calcium channel, perhaps through competition of both
cations for the ATP-gated pore. Na', therefore, attenuates
ATP-dependent ciliary beat. Their findings suggest a phys-
iologically significant relationship between Na" concentra-
tions and ciliary beat. This has potentially significant
therapeutic implications, suggesting that decreasing airway
surface fluid Na*, while increasing Ca®" in this fluid, may
augment calcium influx into the cilium via P2X receptors
and could increase mucociliary clearance in such diseases as
cystic fibrosis, primary ciliary dyskinesia, or chronic bron-
chitis (Fig. 7).

7.2. Cystic fibrosis: a loss of extracellular purinergic
signaling in the lung airways and in other tissues

Our laboratory as well as other laboratories have docu-
mented a role for CFTR and other ABC transporters in
governing ATP release and autocrine and paracrine puriner-
gic signaling. In the disease, cystic fibrosis (CF), purinergic
signaling is attenuated. We believe that this defect, along
with the primary defect in Cl™ channel function and Cl™
permeability [184], are major contributing factors to the
abnormalities in the CF airway and, possibly, in other
tissues affected in CF.

The CFTR protein is widely believed to form an anion
channel in the apical membrane, but there is speculation as
to exactly what it transports. There is a large amount of
evidence that CFTR is a CI” channel activated by cAMP.
Some believe that CFTR also has the capacity to conduct
ATP [11], but this is very controversial [13]. Past and
current research is focusing on a separate ATP conductance
channel that is closely associated with the CFTR protein
[17,18]. Because CFTR also regulates numerous other
processes in the airway epithelial cell, CFTR may regulate
ATP release, mediated by ATP channels and ATP-filled
vesicles, to accomplish these other regulatory functions.

It has been shown that CFTR is necessary for extracel-
lular nucleotide signaling. In CF epithelial cells that lack

functional CFTR at the apical membrane, nucleotide sig-
naling is absent or insufficient. Therefore, the physiological
consequences of this lost signal must be addressed. There is
a loss of chloride conductance that may be necessary for the
chloride secretion involved in RVD and transepithelial
transport [12,167]. There could also be a loss of potassium
and fluid secretion due to the loss of nucleotide signaling,
two processes also critical in RVD. These consequences
could lead to impaired intracellular cell volume regulation.
An impairment in intracellular volume control, due to an
inability of the epithelial cell to “sense” its external osmotic
environment and/or to regulate its own volume, may also
directly impact upon the abnormal ASL microenvironment
observed in CF. Smith et al. [185] have observed a curious
increase in ASL ionic strength in CF epithelia when
compared to non-CF cells. This would also increase the
tonicity of this microenvironment. Matsui et al. [186]
observed a reduced ASL depth and volume in CF epithelia,
but no difference in ionic strength. Zhang and Engelhardt
[187], using their elegant xenograft model of well-differen-
tiated non-CF and CF epithelia, showed defects in ionic
strength and volume in the CF ASL versus the normal
counterpart. These results and hypotheses relate back to
an older and unappreciated study by Valverde et al. [188],
who observed defective cell volume regulation in the
intestinal crypts of CF knockout mice when compared to
wild-type mice. The possibility that these defects in ASL
composition and cell volume regulation may be caused by
defects in autocrine ATP release and signaling remains to be
determined.

8. Epithelial cells along the renal nephron

Once filtered at the glomerulus or secreted into the lumen
of the nephron (proximal tubule cells release micromolar
quantities of ATP) [21,44,189], the ATP is trapped in the
tubular lumen as a signaling molecule. It is then propelled
downstream by the tubular fluid rapidly and robustly where
it can act on downstream tubules in a paracrine manner.
Cells derived from multiple nephron segments express
multiple P2Y, P2X, and P1 receptors, and Leipziger et al.
and Satlin et al. [190—192] have shown the presence of
luminal P2 receptors in isolated and perfused cortical
collecting tubule or duct (CCT or CCD) preparations from
mouse and rabbit. Even once that ATP is excreted in the
final urine and exits the nephron, it can signal the uroepi-
thelium (or urothelium) in the ureter and urinary bladder.
Moreover, the urothelium releases ATP in response to
increased distension of the ureter, the bladder, and associ-
ated structures [193]. Taken together, the lumen of the
nephron and beyond provide an ideal microenvironment
with a fluid medium that can transmit this autocrine and
paracrine signaling molecule (Fig. 8).

The process of tubuloglomerular (TG) feedback, where
changes in the luminal content of salt and water is sensed by
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the small plaque of macula densa (MD) cells in the cTAL
and where that sensation is transduced to the glomerulus of
the same nephron, is widely accepted but poorly understood.
A long-held hypothesis is that a local mediator or paracrine
agonist may be released by MD cells and regulate vascular
tone of the glomerulus by causing contraction of glomerular
mesangial cells and constriction of the afferent arteriole of
that glomerulus. Past work has suggested that adenosine may
be that mediator. Through an elegant, freshly dissected
cTAL/MD/glomerular preparation, Liu et al. [30] are exam-
ining TG feedback signaling mechanisms more directly.
Briefly, they have found that changes in perfused NaCl
concentrations are sensed in the lumen of the cTAL by the
specialized MD cells, leading to ATP release from the
basolateral surface of the MD plaque. ATP or its metabolites
(adenosine, in particular) would then bind to glomerular
mesangial cells in the interstitium and, ultimately, vascular
smooth muscle cells in the afferent arteriole of the glomer-
ulus. Via P2Y and/or P2X receptor channels, ATP would
elevate cytosolic Ca®” in both cell types, leading to con-
striction of the afferent arteriole and a decrease in renal blood
flow and glomerular filtration rate to that single glomerulus.
Adenosine could do the same via its A1l receptor. In short, it
is classic paradigm for paracrine purinergic signaling in-
volving specialized renal epithelial cells and their “cross-
talk” with other renal glomerular cell types.

8.1. Collecting duct

McCoy et al. [194] studied a mouse IMCD cell line
(mIMCD-K2) to determine if nucleotides regulated NaCl

Basolateral

transport and, if so, which purinergic receptor subtypes were
involved. They observed that ATP, ap-methylene ATP and
UTP stimulated CI~ secretion and inhibited Na" absorption.
These P2 agonists as well as specific and degenerate RT-
PCR implicated four receptor subtypes: P2X3, P2X4, P2Y1,
and P2Y2. Further analysis showed that apical nucleotide
receptors were more effective in inhibiting Na* absorption
and stimulating C1~ secretion. Leipziger et al. have found
similar results in M1-CCD cells and MDCK cells, and
Deetjen and Leipziger and, later, Satlin et al. [190—
192,195,196] found an apical P2Y2 receptor in isolated,
perfused CCDs that increases cytosolic Ca®” in these
tubules. Similar modulation of ion transport in this segment
is likely. Purinergic receptors also modulate water transport
in the collecting duct. Kishore and Knepper found that
P2Y2 receptors were expressed along the nephron in general
and in renal medulla in particular. ATP and UTP, via this
receptor, inhibited vasopressin-induced water permeability
across the renal collecting duct. This paradigm is described
in detail in a recent review [56]. Fig. 8 shows a collecting
duct epithelial cell model illustrating this purinergic regula-
tion in this nephron segment.

8.2. Autosomal dominant polycystic kidney disease: a
change in nephron structure creates a detrimental autocrine
signaling environment

Purinergic receptors and signaling are also critical along
the nephron of the kidney. The richest source of ATP release
in the nephron is the proximal tubule. There are many
reasons why this is the case, including an accelerated
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Fig. 8. Collecting duct epithelium in the context of the nephron. Schematic of the whole nephron and a cartoon of nucleotide regulation of a mono-ciliated
collecting duct cell. Despite some similar modulation of NaCl and water transport, P2XRs have only been show functionally to be present on the apical

membrane on renal epithelia.
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metabolic and transport rate in the proximal tubule and/or
the expression of multiple ABC transporters like CFTR,
mdr, and MOAT. Once released into the tubular lumen, ATP
would be trapped as a charged anionic species and carried in
the tubular fluid downstream to the other nephron segments,
where it can bind to and interact with purinergic receptors.
Autocrine and paracrine ATP signaling in the tubular fluid
via purinergic receptors can affect any number of renal
functions, due to the versatility of purinergic control over
epithelial functions and signaling pathways (see recent
reviews, Refs. [56,189]).

Because purinergic signaling plays an autocrine and
paracrine role in the regulation of renal tubular function,
defects in purinergic signaling could contribute significantly
to kidney pathophysiology. Extracellular purinergic signal-
ing is known to modulate water and salt balance along the
nephron. Extracellular ATP in the apical environment or
tubular lumen has been shown to inhibit water and salt
reabsorption by the kidney. Therefore, the addition of
purinergic agonists has been proposed to be of therapeutic
benefit to decrease water and salt reabsorption, thus de-
creasing blood volume and pressure. A recent review
examined this paradigm in some detail [56].

The relationship between autocrine and paracrine puri-
nergic signaling and the renal disorder, PKD, is not intui-
tively obvious. However, PKD is a progressive disorder
characterized mainly from the slow and gradual remodeling
of the tubules of the kidney and the ducts of the pancreas
and liver. In autosomal dominant PKD (ADPKD), this
remodeling results in the formation of a fluid-filled cyst,
created from the closure of two ends of a renal tubule. In
autosomal recessive PKD (ARPKD), the tubules and ducts
dilate; however, they only form cyst-like structures in end-
stage disease that never fully close off. Either way, an
abnormal microenvironment encapsulated by a single
monolayer of epithelial cells develops. As alluded to above
and in other reviews, such a microenvironment is ideal for
autocrine and paracrine signaling [197].

Our laboratory has shown that ATP (and, likely, its
metabolites) are present in micromolar quantities in a subset
of ADPKD cyst fluid samples [21]. In this study and in
another very recent one [44], ATP release was found to be as
or more robust in PKD epithelia versus normal controls.
This could be due to increased metabolism and/or prolifer-
ation of PKD epithelia during their reversion to an undif-
ferentiated phenotype. More recent work has shown that
both P2Y and P2X receptors are present on the luminal
membrane of human ADPKD monolayers that stimulate
CIl secretion by a cytosolic calcium-driven mechanism. As
such, all of the elements are present for autocrine and
paracrine ATP and ATP metabolite signaling to drive Cl™
secretion into the cyst. Obviously, this would be detrimental
to the progression of ADPKD. An additional problematic
feature of “trapped” purinergic signaling within the cyst is
the fact that purinergic agonists are mitogens or co-mitogens
along with growth factors for renal epithelial cells and

mesangial cells [198—200]. In PKD, growth factors are also
released instead into the cyst. There, they interact with
growth factor receptors mislocalized to the luminal mem-
brane, leading to a devastating positive feedback loop for
growth and proliferation of the cysts [201,202]. The auto-
somal dominant form of PKD (ADPKD) results in distinct
cysts, or fluid-filled spheres lined by epithelial cells. Any
normally apical ion or fluid transport is instead released into
the encapsulated cyst. Therefore, any secretagogue could
prove to be detrimental. Growth factors are normally re-
leased apically from the cell. Therefore, in some cell
models, purinergic agonists were observed as mitogens or
co-mitogens with growth factors. Therefore, ATP release
into the cyst lumen could further prove to be detrimental.

9. Hair cell epithelium of the inner ear

The hair cells that line the cochlea of the inner ear
respond to sound waves that enter the ear. ATP has been
shown to be present in the endolymph, the fluid medium of
the inner ear that bathes the hair cells [203]. Moreover, P2X
purinergic receptor channels are present on the stereocilia
that lie atop each hair cell [204]; the cilia bend in response
to each sound wave and the mechanical changes in the cilia
are transduced from a mechanical signal to an electrical one.
Purinergic signaling is emerging as a critical process in
sound transduction by the cilia on the hair cell [203]. Not
only could ATP be released from the hair cells but that ATP
could bind to the P2X receptors on the cilia to augment
ciliary beat.

ATP is a critical autocrine and paracrine agonist in the
endolymph and the scala media that fill the organs of the
inner ear. P2 receptors have been found throughout the
specialized epithelial cells and cell membranes that are
present in the cochlear and vestibular system. This topic
has been reviewed recently by Housley [203]. Basal levels
of ATP in the perilymph and endolymph are nanomolar, and
they increase in response to noise stress, sound waves, and
hypoxia. Ecto-ATPases and ecto-apyrases may suppress the
levels of extracellular ATP; however, the full range of
stimuli for ATP release may not be appreciated and
increases in ATP release (surrounding the stereocilia of the
hair cells, for example) may not be readily detectable.
Housley cites that the sources of released ATP are not
appreciated and present an important future direction of this
work. However, a recent study by Munoz et al. [205]
showed that stores of ATP located in vesicles within
marginal cells of the stria vascularis were released to
increase ATP in the endolymph significantly following a
sound stimulus. In contrast, hypoxia did not promote a
statistically significant increase in endolymph ATP, although
a slight increase was noted. It was also noted that substantial
ATP was present under basal conditions, suggesting a role in
the maintenance of inner ear and cochlear and vestibular
function.
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Despite continuing work on the sources of released ATP,
it is known that extracellular ATP modulates transduction of
sound waves by action of P2X receptors on the stereocilia
and by P2Y receptors there and elsewhere. This is reviewed
elegantly by Housley [203]. It is thought that P2X, recep-
tors function together with stretch-activated non-selective
cation channels in the stereocilia to depolarize the outer hair
cell membrane, suggesting that ATP may play a significant
role in the inner ear signaling transduction pathway
[124,206,207]. However, it is possible that additional P2X
receptor subtypes may contribute to the phenotype in
particular inner ear cell types. P2X receptors also play
critical roles in Reissner’s membrane and in intermediate
cells of the stria vascularis, where they mediate K™ shunt
conductances [208]. It could be argued that the P2X receptor
channels and other secretory K™ channels contribute to the
high K" concentrations in perilymph and endolymph. In-
deed, mutation of the KvLQT channel in the stria vascularis
marginal cell causes deafness in patients that also have long
QT syndrome of the cardiac myocyte. The P2Y,4 and P2Y,
receptors also play a critical role in regulating this KvLQT
and other KCNE channels in strial marginal cells and
vestibular dark cells [209,210]. Deeper in the inner ear,
Marcus et al. have also found a role for P2X, receptors in
parasensory cation absorption by cochlear outer sulcus cells
and vestibular transitional cells [204]. In fact, guinea pigs
with vestibular imbalance disorder were corrected by infu-
sion of ATP and other purinergic agonists into the scala
tympani.

Purinergic signaling also affects other inner ear epithelial
cell functions. Hensen’s cells of the cochlea, specialized
epithelial cells in the inner ear, respond to extracellular ATP
with changes in ionic currents and concomitant increases in
Ca?*; [211]. Tonic currents that were activated included a
rapid inward current, a more slowly rising inward current,
and a slowly developing reduction in input conductance.
ATP also appeared to inhibit cell-cell communication via
gap junctions. The fast current activated by ATP were the
P2X receptor channels located on these and other special-
ized sensory epithelial cells in the cochlea, while P2Y
receptors mediated the slow responses in ionic currents
and Ca’";. The same group also performed similar work
on Dieter’s cells and showed that ATP promoted gap
junctional communication between cells. Unfortunately,
Fura-2 imaging of multiple cells within the tissue for
Hensen’s cells or Dieter’s cells was not performed to
monitor Ca®>" wave propagation. The inner ear and its
specialized epithelial cells designed to sense and capture
sound is a rich ground to study autocrine and paracrine
nucleotide signaling. Taken together, there are profound
physiological roles for extracellular ATP signaling and both
P2X and P2Y receptors in the specialized ciliated and non-
ciliated epithelial cells of the inner ear. Luciferase-based or
other detection methods need to be applied to freshly
dissected, endolymph-filled inner ear preparations to gauge
the role of extracellular ATP in an in vivo-like preparation.

10. Future directions in the context of unanswered
questions

10.1. Why does a specific cell need P2Y and P2X receptors?

There are answers to this question already; however,
there will likely be many more. P2X receptors that allow
calcium influx directly are thought to be the fast-acting
purinergic receptor, while P2Y receptor mediate slower
responses. Having said that, both increase cytosolic calcium
within seconds; however, P2X receptors mediate sustained
calcium increases in epithelial cells. Thus, a cell may indeed
need both, and there is considerable evidence that neurons
and epithelial cells express both subfamilies. Our laboratory
has shown that both P2Y and P2X receptors are expressed
functionally in the apical membrane of airway and kidney
epithelia and vascular endothelia in vitro and in vivo
[45,46,142,195]. Another reason may be for redundancy
to protect against osmotic insult, anoxia or hypoxia, or other
forms of cell injury. Or, related to the next question, a cell
may need both for basal maintenance of essential functions
and cell signaling. Nevertheless, study of the native P2X
and P2Y receptors in these and other cells is becoming a
necessity.

10.2. Does ATP release and signaling within microenviron-
ments govern basal cell function and signaling?

Evidence is emerging that constitutive ATP release
occurs under basal conditions to maintain physiological
“setpoints” for signaling and function. Ostrom et al. [212]
showed in Madin—Darby canine kidney (MDCK) cells that
phosphatidylinositol turnover and arachidonic acid metabo-
lism were altered when autocrine purinergic signaling was
abolished. Our laboratory has published evidence that basal
cytosolic calcium is modulated by endogenous ATP release
and signaling in epithelial cells [46]. We also have prelim-
inary evidence that endogenous ATP release and signaling
modulates cell volume regulation under isotonic conditions
and ciliary beat in airway and other preparations. Indeed, in
past cardiovascular paradigms, ATP and adenosine have
been characterized definitively as local metabolites that
modulate vascular tone. Again, these studies can only be
done in native cells and confirmed with heterologous cell
systems that are carefully handled.

10.3. Is signaling emanating from P2R activation only
dependent on calcium?

The answer to this question is likely to be complex.
Sustained increases in cytosolic free calcium derived from
P2XRs and extracellular stores may trigger calcium-depen-
dent protein kinases (CaCMKs, Pyk2, ERKs, PKC, etc.)
which may have many additional targets within the cell and
affect cell function in limitless ways. Some or all of these
calcium-dependent protein kinases affect the activity of
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transcription factors and, thus, gene expression. Evidence is
accumulating more slowly that P2YRs may couple to other
signaling effector enzymes besides phospholipase Cp, in-
cluding PLA, and PLD. Native cells will likely aid this
work and make it more physiologically relevant. Moreover,
care must be taken to rule out or account for endogenous
ATP release and signaling from the cell model or tissue
preparation itself that may influence signaling cascades
independent of exogenously applied agonists.

10.4. What is the stoichiometry of a P2XR multimer?

This is a ticklish question that is difficult to define or
characterize. There is controversy over this question in the
ENaC field as well as in every other ion channel field.
Because IRK channels likely form tetramers, it is assumed
that ENaCs and P2XRs may do the same. However, the
large extracellular domain that these subfamilies share and
is lacking in the IRK family may confound this multimeric
assembly. There is no doubt that multimerization is critical
for function; however, a consensus on stoichiometry would
help understand P2XR expression and function better.

10.5. Are P2XRs targets for therapy of different diseases?

Exogenous ATP has been shown to correct hearing dis-
orders. As such, it is possible that targeting of P2X, on
stereocilia may be worth pursuing. P2XRs are a rich and
important target for therapy of CF. In airway epithelia,
multiple P2XR subtypes are expressed on both apical and
basolateral membrane domains. In vivo nasal PD measure-
ments showed a stimulation of chloride transport in CF
knockout mice as well as normal mice when the agonists
were added luminally. Current work has returned to this and
other assays with different conditions designed to maximize
P2XR activity and the sustained calcium increase that is
mediated by P2XRs. More importantly, the P2XRs expressed
in epithelia desensitize poorly (P2X,, P2X,, P2Xs, and,
possibly, P2Xy); the same cannot be said for G protein-
coupled receptors like P2Y, targeted by other groups for CF
therapy. P2XRs, like P2Y,, would restore chloride and fluid
secretion and dampen sodium absorption but without desen-
sitization and with a sustained increase in cytosolic calcium.
This would correct abnormal cell volume regulation. Possi-
bly, the most important effect would be to amplify ciliary
beat frequency. Application of P2XR agonists would also
require modified conditions of the saline in which it was
nebulized and aerosolized to maximize its effect. Our labo-
ratory is ardently pursuing this therapeutic approach.

On the other hand, inhibition of P2XRs and, possibly,
other calcium entry channels may be beneficial for therapy
of ADPKD. This could suppress chloride and fluid secretion
and fluid accumulation as well as the enhanced proliferation
rate of the monolayers of renal epithelial cells that encap-
sulates the cyst, two hallmarks that enhance the progression
of the disease after cyst formation. At the same time,

inhibition of calcium entry might augment ENaC-mediated
sodium and fluid absorption, causing the cysts to shrink.
Our laboratory is pursuing this therapeutic hypothesis.

These questions are just a few of the many that drive
those of us who are obsessed ““purinergics.”
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Purinergic receptor stimulation has potential thera-
peutic effects for cystic fibrosis (CF). Thus, we explored
roles for P2Y and P2X receptors in stably increasing
[Ca%*]; in human CF (IB3-1) and non-CF (16HBE140")
airway epithelial cells. Cytosolic Ca?* was measured by
fluorospectrometry using the fluorescent dye Fura-2/
AM. Expression of P2X receptor (P2XR) subtypes was
assessed by immunoblotting and biotinylation. In IB3-1
cells, ATP and other P2Y agonists caused only a tran-
sient increase in [Ca®"]; derived from intracellular
stores in a Na*-rich environment. In contrast, ATP in-
duced an increase in [Ca2+],~ that had transient and sus-
tained components in a Na*-free medium; the sustained
plateau was potentiated by zinc or increasing extracel-
lular pH. Benzoyl-benzoyl-ATP, a P2XR-selective ago-
nist, increased [Ca®*]; only in Na*-free medium, suggest-
ing competition between Na* and Ca2?* through P2XRs.
Biochemical evidence showed that the P2X, receptor is
the major subtype shared by these airway epithelial
cells. A role for store-operated Ca?* channels, voltage-
dependent CaZ* channels, or Na*/Ca%* exchanger in the
ATP-induced sustained Ca?* signal was ruled out. In
conclusion, these data show that epithelial P2X, recep-
tors serve as ATP-gated calcium entry channels that
induce a sustained increase in [Ca®*],. In airway epithe-
lia, a P2XR-mediated Ca2* signal may have therapeutic
benefit for CF.

In cystic fibrosis (CF),! cyclic AMP- and protein kinase A-de-
pendent transepithelial Cl™ transport is impaired because of
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13398

mutations in the CF gene that encodes for the protein, the
“cystic fibrosis transmembrane conductance regulator” or
CFTR (1). Originally, CFTR was thought to function exclu-
sively as a low conductance Cl™ channel (2, 3). More recently, it
has become clear that CFTR also regulates a series of other
transporters and ion channels, such as the Cl /HCO; ex-
changer, the Na":HCOj; cotransporter, epithelial Na™ chan-
nels, K" channels, and aquaporin water channels (4, 5). Al-
though the exact mechanisms of the regulation of these
proteins by CFTR are not yet fully understood, it is clear that
impaired Cl~ transport is shared as a key disease phenotype by
CF epithelia from all affected tissues and that this pathway is
lost in CF. Therefore, activation of a cAMP-independent C1™
secretory pathway through exploitation of a naturally ex-
pressed epithelial protein could be of interest for CF therapy.
In certain cases, stimulation of Ca®"-dependent C1~ channels
can correct the impaired HCOj secretion in CF cells (6, 7).

It is widely accepted that CFTR plays a crucial role in ATP
release from cells (8—10). The same is true for mdr ABC trans-
porters in hepatocytes and heterologous cells (11, 12). Once
ATP is released into the extracellular space, it can bind to
purinoceptors regulating a variety of functions in different
epithelia (13—-15). ATP and other agonists of purinoceptors are
known to increase intracellular Ca®" concentration ([Ca2+]i)
potently in airway epithelial cells which, in turn, leads to
stimulation of Cl~ secretion (14-17) and inhibition of Na™
absorption (18-22). In fact, earlier studies have proposed the
use of UTP and non-hydrolyzable UTP analogs as therapeutic
agonists targeted to the P2Y, receptors in the treatment of CF
lung disease (23, 24).

Purinoceptors are divided into two classes: P1 or adenosine
receptors, and P2, which recognize primarily extracellular
ATP, ADP, UTP, and UDP. The P2 receptors are further sub-
divided into two subclasses. P2X receptors are extracellular
ATP-gated calcium-permeable non-selective cation channels
that are modulated by extracellular Ca®*, Mg®*, H*, and metal
ions such as Zn%" and/or Cu®?" (25). P2Y receptors couple to
heterotrimeric G proteins and phospholipases (primarily phos-
pholipase Cp) to raise intracellular free calcium concentration
(26). In CF epithelial cells from multiple tissues, expression of
P2X and P2Y receptors appears unaffected, offering the possi-
bility to increase [Ca®*'], through targeting a naturally ex-
pressed receptor in the apical or basolateral membrane do-
mains (27, 28). Nonetheless, in different CF epithelial cell
models, the desensitization of P2Y receptors and the transient
nature of the Ca®" response upon chronic and repeated deliv-
ery of a P2Y-specific agonist have made it difficult to generate
stable stimuli for ion secretion (7, 29).

In this study, we used both CF (IB3-1) (30) and non-CF
(16HBE1407) (31) human airway epithelial cell models, to dis-
sect out P2X-specific and P2Y-specific mechanisms of trigger-

This paper is available on line at http://www.jbc.org
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Fic. 1. Original traces showing the effects of ATP and UTP (100 um each) (A), ADP (100 um) (B), 2MeSATP (100 um) (C), and ADPBS
(100 pm) (D) on [Ca®*],. IB3-1 cells were superfused with Na*-containing medium (solution A). A, please note that the second application of ATP
was without effect. In these traces and in all others below, please note that there is a time lag of 10—15 s before agonist-containing perfusate enters
the cuvette. As all of these experiments were performed on coverslips prepared on the same day, a calibration was used on the same cell preparation

to allow conversion and plotting of the data as cytosolic calcium.

ing an increase in [Ca®"],. We characterized a broad range of
P2Y-selective, P2X-selective, and non-discriminant P2Y and
P2X agonists under different chemical and ionic conditions to
explore possible strategies to elicit an increase in [Ca®*], that is
sustained and prolonged. Results described herein, using Fura-
2/AM-based imaging, show that activation of P2Y and P2X
receptors increases [Ca®*], by completely distinct mechanisms.
P2Y receptors elicit a transient increase in [Ca®"], derived from
intracellular endoplasmic reticulum (ER) stores, whereas P2X
receptors trigger a sustained rise in [Ca®'], allowing Ca®*
influx from the extracellular space. In addition, biochemical
evidence shows that the P2X, receptor is the major epithelial
subtype present in both cell lines. Thus, we conclude that
epithelial P2X receptors function as ATP-gated Ca®?" entry
channels in the plasma membrane and have profound potential
as a target for CF pharmacotherapy.

MATERIALS AND METHODS

Cell Cultures—IB3-1 cells derive from airway epithelia of a CF pa-
tient carrying two different mutations of the CFTR gene, the most
common trafficking mutation (APhe-508) and a premature stop codon
mutation (W1282X) (30). 16HBE140~ cells are non-CF or normal air-
way epithelial cells, which express CFTR at the plasma membrane. The
cells were grown on Vitrogen 100-coated tissue-culture flasks in 5% CO,
incubator at 37 °C. IB3-1 cells were cultured in LHC-8 (Biofluids, Rock-
ville, MD) medium supplemented with 5% fetal bovine serum (Invitro-
gen), 100 units/ml penicillin/streptomycin (Invitrogen), 1X L-glutamine

(Invitrogen), and 1.25 pg/ml Fungizone (Invitrogen). 16HBE140™~ cells
were cultured in minimum Eagle’s medium (Invitrogen) supplemented
with 10% fetal bovine serum and 100 units/ml penicillin/streptomycin.
When cells reached confluency, they were washed twice with Ca®*/
Mg?"-free PBS. The cells were then suspended using trypsin/EDTA
solution and plated on diluted Vitrogen-coated (collagen types I and IV
diluted 1:15 in Dulbecco’s phosphate-buffered saline) glass coverslips.
For [Ca?"], measurements, cells were used 48-72 h after plating.
Fura-2 Imaging of Intracellular Ca®*—Cytosolic Ca®>" concentration
was measured with dual excitation wavelength fluorescence microscopy
(Deltascan, Photon Technologies, Princeton, NdJ) after cells were loaded
with the permeant form of the fluorescence dye Fura-2/acetoxymethyl
ester (Fura-2/AM; Teflabs, Austin, TX). Fura-2 fluorescence was meas-
ured at an emission wavelength of 510 nm in response to the excitation
wavelength of 340 and 380 nm, alternated at a rate of 50 Hz by a
computer-controlled chopper assembly. Ratios (340/380 nm) were cal-
culated at a rate of 5 points/s using PTI software. Cells were incubated
in Dulbecco’s phosphate-buffered saline containing 2 mm CaCl, and 1
mM MgCl, in the presence of 5 uM Fura-2/AM and 1 mg/ml Pluronic
F-127 dissolved in Me,SO for 120 min to allow loading of the dye into
the cells. After loading, coverslips were rinsed at least for 10 min in
Dulbecco’s phosphate-buffered saline to remove extracellular Fura-
2/AM and the surfactant and were positioned in the cuvette at a 45°
angle from the excitation light. Two glass capillary tubes were inserted
into the top of the cuvette out of the patch of the excitation light. One
tube was extended to the bottom of the cuvette and connected by way of
polyethylene tubing to an infusion pump. The other capillary tube was
positioned at the top of the cuvette and served to remove fluid from the
cuvette. The volume of the cuvette was ~1.5 ml, and the flow rate was
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~5 ml/min. It is important to note that switch in perfusion solutions is
removed in time and space for the cuvette, such that a 10-15-s time lag
exists before agonist is exposed to the cells. Experiments were per-
formed at room temperature. Fluorescence intensities at both wave-
lengths were assessed, and only those preparations in which there were
>200,000 counts/s for both wavelengths were used for experiments. At
the beginning of each experiment, cells were perfused with solution A
(see below), and the fluorescence ratio was monitored for at least for
100 s to establish a stable base-line value. Agonists and antagonists
were then added to the appropriate solutions (see later). The 340/380
nm ratios (R) were converted into [Ca®*], values using the equations of
Grynkiewicz et al. (32) as follows: [Ca?*], = K, X (R — R, /(R -

min max

R)) X (Sy380/Spss0) Where K,; is the dissociation constant of Fura-2 for

TABLE I
Maximum changes in Fura-2 fluorescence in IB3-1 cells in
Na™*-containing medium

Aratios (340/380 nm) are maximum changes in Fura-2 fluorescence in
response to purinergic agonists versus basal fluorescence. Values for %
are percent changes in fluorescence versus ATP (100 um), except ADP
(100 um) +Ca?* free media whose value for % is versus ADP (100 um).
Values are means = S.D.; n = number of experiments.

Aratio % n
ATP (100 pm) 0.30 = 0.11 100 15
ATP (10 um) 0.20 = 0.10 67 4
ATP (100 uM) + suramin (100 pum) 0.04 = 0.02¢ 13 4
ATP (100 um) + Ca®"-free media 0.18 = 0.03* 60 5
ADP (100 pum) 0.38 = 0.17 127 8
ADP (100 um) + Ca**-free media 0.16 + 0.05° 42 4
ADPBS (100 pm) 0.37 = 0.06 123 7
ADPBS (10 um) 0.28 = 0.07 93 3
2MeSATP (100 um) 0.24 = 0.06 80 3
ATP (100 pm) + ZnCl, (20 um) 0.25 = 0.07 83 4
ATP (100 um) at pH, = 7.9 0.38 = 0.18 127 2
ATP (100 um) at pH, = 6.4 0.22 = 0.02 73 2
UTP (100 um) No increase 0 6
UDP (100 pum) No increase 0 3
Adenosine (100 uMm) No increase 0 4
BzBzATP (100 um) No increase 0 3
a,3-MeATP (100 um) No increase 0 3
“p < 0.05 relative to ATP (100 um).
®p < 0.05 relative to ADP (100 um).
A
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Ca®*, R,.. and R_; are R values under saturating and Ca®"-free
conditions, respectively, and S5, and S;,35, are the fluorescent signals
(S) emitted by Ca®*-free (f) and Ca®*-bound (b) forms of Fura-2 at a
wavelength of 380 nm. In situ cell calibrations were accomplished after
the cells were permeabilized with ionomycin (2 um) under Ca®*-free (10
mM EGTA) and saturating Ca?* (3 mm CaCl,) conditions. The K, was
assumed to be 224 nM (32).

Fura-2 Quenching Experiments—Cells were loaded and washed as
described for intracellular [Ca®"] measurement. Fluorescence signal
was measured at 359 nm (isosbestic wavelength) in the presence of
MnCl, (500 uMm) to detect Ca®*-independent changes in Fura-2 fluores-
cence (33).

Immunoblotting with P2X Receptor Channel Isoform-specific Anti-
bodies—Cells were lysed in a buffer containing 10 mm Tris, 0.5 mm
NaCl, 0.5% Triton X-100, 50 pg/ml aprotinin (Sigma), 100 pg/ml leu-
peptin (Sigma), and 100 pg/ml pepstatin A (Sigma) adjusted to pH
7.2-7.4. Twenty micrograms of protein were run per lane and separated
on an 8% SDS-polyacrylamide gel and then transferred to a polyvinyli-
dene difluoride membrane (Osmonics, Westborough, MA). Immunoblot-
ting was performed with a rabbit polyclonal antibody to P2X, (Alomone
Laboratories, Jerusalem, Israel) at a dilution of 1:500. P2X,, P2X,, and
P2X, antibodies were also obtained from Alomone Laboratories and
were tested in a similar manner. Reactivity was detected by horserad-
ish peroxidase-labeled goat anti-rabbit secondary antibody (1:3,000 di-
lution, New England Biolabs, Beverly, MA). Enhanced chemilumines-
cence was used to visualize the secondary antibody.

Biotinylation of Plasma Membrane P2X Receptor Channels—Cells
were seeded on Vitrogen-coated (collagen types I and IV diluted 1:15 in
Dulbecco’s phosphate-buffered saline) 12-mm filters and grown as po-
larized monolayers with a transepithelial resistance that exceeded 400
ohms/cm?. Cells were placed on ice and washed 3 times with cold PBS
supplemented with 0.1 mm CaCl, and 1.0 mm MgCl,. Cells were then
incubated in 1.0 mg/ml poly(ethylene)oxid maleimide (Pierce) or sulfo-
NHS-LC biotin (Pierce) in cold supplemented PBS for 25 min at 4 °C.
Cells were washed 4 times with cold supplemented PBS, and the biotin
was quenched with 0.1% bovine serum albumin (Sigma). Cells were
then washed 3 times with cold supplemented PBS. Alternatively, cells
could be biotinylated with biocytin hydrazide. Filters were first incu-
bated in 300 ul of a stock solution containing 30 mm NalO, and 600 ul
of a stock solution containing 100 mM sodium acetate and 0.02% sodium
azide, pH 5.5, for 30 min at room temperature in the dark. Filters were
washed and subsequently incubated with 1.0 mg/ml biocytin hydrazide
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Fic. 2. Original traces showing the effects of ATP (100 um) on [Ca®*];, in IB3-1 cells exposed to nominally Ca**-free, Na*-containing
solution (A) and in cells exposed to Ca®>*-containing Na*-free solution (B) as indicated. B, please note the slight sustained increase in
[Ca?*], upon substitution of Na* by NMDG. This sustained plateau was the first hint that in Na*-free medium Ca®* entry channels could also be

involved in the ATP-induced sustained Ca®* response.
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Fi1G. 3. A includes an original trace showing the lack of an effect of BzZBzATP (100 um) on [Ca®"], in IB3-1 cells in Na'-containing medium. B
shows an original trace where cells exposed to Na*-free medium are responsive to BzZBzATP (100 uM) with a rise in [Ca?"], in IB3-1 cells. Note that
a second trace (in magenta) is shown to illustrate the lack of effect of BzZBzATP (100 um) in a Ca®*-free and Na*-free solution.

TABLE II
Maximum changes in Fura-2 fluorescence in IB3-1 cells in
Na*-free medium
Aratios (340/380 nm) are maximum changes in Fura-2 fluorescence in
response to purinergic agonists versus basal fluorescence. All values for
% are percent changes in fluorescence versus ATP (100 um). Values are
means *+ S.D.; n = number of experiments.

Aratio % n
ATP (100 um) 0.82 = 0.24* 100 11
ATP (100 um) + Ca®*-free media 0.25 +0.14> 31 4
ATP (100 pMm) + ZnCl, (20 um) 0.77 = 0.21 94 5
ATP (100 puMm) at pH, = 7.9 0.78 = 0.22 95 5
ATP (100 pm) at pH, = 6.4 0.22 =0.06° 27 5
ATP (100 pum) + KB-R7943 (30 um) 0.70 = 0.13 8 3
ATP (100 um) + high [KCI], (40 mm)  0.38 = 0.08° 46 4
ADPBS (100 um) 0.80 = 0.23° 98 3
BzBzATP (100 um) 0.15=0.02¢ 18 5
BzBzATP (100 um) + Ca®?*-free media No increase 0 3
a,3-MeATP (100 um) No increase 0 3

“p < 0.05 relative to ATP (100 uM) in sodium-containing medium (see
Table I).

& p < 0.05 relative to ATP (100 um) alone.

¢ p < 0.05 relative to ADPBS (100 uMm) in sodium-containing medium
(see Table I).

< p < 0.05 relative to BzZBzATP (100 uM) in sodium-containing me-
dium (see Table I).

(Pierce) for 1 h at 4 °C. The reaction was quenched with 0.1 m Tris, pH
7.5. Cell lysates were collected as described above in immunoblotting
procedures. Immobilized streptavidin beads (Pierce) were added to the
lysates at a 1:10 dilution and rocked overnight at 4 °C. Beads were
washed 3 times with lysis buffer and incubated in sample buffer for 5
min at 95 °C. The mixture was centrifuged, and the supernatant was
loaded onto an SDS-PAGE gel. The immunoblotting procedure then
continued as described above.

Solutions—Buffers for [Ca®"];, measurement contained (mmol/liter)
the following: for solution A: NaCl 140, KC1 3, KH,PO, 1.3, Na,HPO, 8,
MgCl, 1, CaCl, 2; for solution B: NaCl 140, KCl 3, KH,PO, 1.3,
Na,HPO, 8, MgCl, 1, Na-EGTA 1; for solution C: NMDG-CI 140, KCl
4.5, Hepes 10, MgCl,, 1, CaCl,, 2; and for solution D: NMDG-C1 100, KC1
40, Hepes 10, MgCl, 1, CaCl, 2. The solutions are at pH 7.3 unless
indicated otherwise. In Fura-2 quenching experiments MnCl, (500 um)
was added to Ca®"- and EGTA-free solutions.

Data Analysis—Data are expressed as mean = S.D. An unpaired
Student’s ¢ test was used to compare the data in different experimental
groups. Results were considered significant if p < 0.05. For original
Fura-2 traces shown in the figures, data are graphed with calibrated
cytosolic free calcium on the y axis, because data from an individual
preparation of cells was accumulated for all of the experiments in that
figure where a calibration was also performed. Because not all data
were generated from cells of the same passage or where a calibration
was not performed for every preparation, the data in tables are shown
as ratiometric data.

RESULTS

Purinergic Agonists Trigger a Transient Increase in [Ca®*],
in the Presence of Extracellular Na™ in IB3-1 Cells—To test for
the presence of purinergic receptors in IB3-1 cells, we meas-
ured the cytosolic free Ca?" concentration after stimulation
with different agonists to both P2Y and P2X receptors in phys-
iologic bath solution (solution A) containing Na™. Superfusion
of cells with solution containing ATP (100 um) caused a rapid
increase in the ratio (340/380 nm) of Fura-2 fluorescence (7401
= 0.89 * 0.09 to rpe = 1.19 = 0.13; n = 15). However, the
response was transient, and the [CaZ™] ; returned close to basal
value within 200 s after stimulation, even in the continuous
presence of agonist (r = 0.92 *= 0.09; n = 15) (Fig. 1A). Fur-
thermore, when cells were exposed to ATP for the second time,
only a small and even more transient change was detected in
Fura-2 fluorescence (Fig. 1A). Administration of 10 um ATP
caused a comparable but smaller change in [Ca®"]; (Table I).
The effect of ATP was completely inhibited by the application of
suramin (100 um) (Table I). ADP, 2MeSATP (100 um each), and
ADPBS (10 and 100 um) also caused an increase in cytosolic
Ca?" concentration, showing similar characteristics described
for ATP (Fig. 1, B-D, and Table I). Because 2MeSATP and
ADPBS increased [Ca2+]i in a similar manner to ATP and ADP,
these data argue strongly for activation of P2Y, receptors over
other P2Y subtypes. In contrast, neither UTP (100 um) (Fig. 1A)
nor UDP (100 um) had any effect on Ca?" concentration (Table
I). To explore whether degradation of ATP or ADP plays role in

elevation of [Ca2+]i, we tested the effects of adenosine (100 um).
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TasLE III
Changes in Fura-2 fluorescence in IB3-1 cells 5 min after the peak stimulation

Aratios (340/380 nm) are changes in Fura-2 fluorescence 5 min after the peak stimulation versus unstimulated conditions. All values for % are
percent changes in fluorescence versus ATP (100 uM) in Na*-containing medium. Values are means = S.D.; n = number of experiments.

Na"-containing medium

Na*-free medium

Aratio % n Aratio % n
ATP (100 pm) 0.03 = 0.02 100 15 0.10 = 0.03¢ 333 11
ATP (100 um) + Ca®"-free media No increase 0 5 No increase 0 3
ATP (100 pm) + ZnCl, (20 um) 0.02 = 0.01 66 4 0.26 * 0.04%* 866 5
ATP (100 pMm) at pH, = 7.9 0.04 = 0.01 133 2 0.18 = 0.02%* 600 5
ATP (100 uMm) at pH, = 6.4 0.02 = 0.01 66 2 0.02 = 0.01 66 5
ATP (100 um) + KB-R7943 (30 pm) Not tested 0.14 = 0.05¢ 466 3
ATP (100 pm) + high [KC1], (40 mm) No increase 0 3 0.01 = 0.01 33 4
ADPS (100 un) 0.01 = 0.02 33 3 0.03 = 0.01 100 3
BzBzATP (100 um) No increase 0 3 0.05 = 0.01¢ 167 5
ATP (100 um) + 2APB (75 um) 0.02 = 0.02 66 2 0.12 = 0.04¢ 400 3
ATP (100 pum) + SKF-56365 (50 pm) Not tested 0.25 + 0.08* 833 4

“p < 0.05 relative to ATP (100 uM) in Na*-containing medium.
® p < 0.05 relative to ATP (100 uM) in Na*-free medium.

Because adenosine did not increase [Ca®™] ;» we did not pursue
the participation of P1 receptors in increasing [Ca®*]; (Table I).

Purinergic Agonists Trigger a Transient Increase in [Ca®*],
in the Absence of Extracellular Ca®"—Activation of P2Y, re-
ceptors leads to G protein-coupled phospholipase C- and inosi-
tol 1,4,5-trisphosphate-dependent release of Ca®" from intra-
cellular stores. As such, P2Y agonists should increase cytosolic
Ca?" even in the absence of extracellular Ca?". Therefore, we
repeated the experiments with ATP (100 um) (Fig. 24) and ADP
(100 um) superfusing IB3-1 cells with solutions containing
EGTA (1 mm) instead of CaCl, (solution B). Similar to control
conditions, both agonists increased [Ca%™] ; transiently, indicat-
ing that their effects, at least partially, were independent from
extracellular Ca2" (Table I). Nonetheless, the absence of extra-
cellular Ca?" reduced the agonist-induced peak increase in
[Ca®"], (Table I). Again, under these conditions, the Ca?* tran-
sients decayed fully back to base line within 200 s. Interest-
ingly, these data did suggest that, besides P2Y, receptor acti-
vation, purinergic agonists may also trigger Ca?" influx from
extracellular stores, which contributes to the peak increase in
[Ca™] ;- Nevertheless, under these ionic conditions, Ca?" influx
was not sufficient to support a sustained elevation of [Ca®*],,
the goal of this study. Experiments described below lend clar-
ification to these early data.

P2X Receptor-selective Agonists Fail to Trigger an Increase in
[Ca®*]; in the Presence of Extracellular Na* and Ca®*—Multi-
ple subtypes of P2X receptors have already been described in
human, rabbit, and rodent airway epithelial cells (27, 34, 35).
Thus, we speculated that the higher peak in [Ca®"], in the
presence of extracellular Ca?" and the loss of the full response
in Ca?*-free extracellular solution could be explained by the
concomitant activation of P2X receptors activated by ATP. To
test this hypothesis, we superfused IB3-1 cells with “solution
A” containing either a,p-methylene ATP («,3-MeATP, 100 um)
or benzoyl-benzoyl-ATP (BzBzATP, 100 um) (Fig. 3A4), selective
agonists for different P2X receptor subtypes. Under these con-
ditions, P2X-selective purinergic agonists failed to change
[Ca%*]; (Table I). However, we were aware of the fact that
a,B-MeATP and BzBzATP, although potent agonists at P2X;,
P2X,, and P2X, receptors, have little or no effect at other P2XR
subtypes. Thus, we hypothesized that changing the ionic com-
position of the superfusion medium might reveal activation of a
Ca?"' entry mechanism by these agonists (see below).

ATP and BzBzATP Trigger an Increase in [/ Ca®™" J; with Tran-
sient and Sustained Components in the Absence of Extracellu-
lar Na*—Despite the negative data above with regard to P2X-
selective agonists, we maintained the hypothesis that P2X
receptors were involved in the full Ca?" response induced by

ATP in the presence of extracellular Ca?". Rationale for this
hypothesis is given by the fact that, in human and mouse
lymphocytes, Na™ might compete with Ca®* for entry through
P2X receptors from extracellular stores (36-38) as well as
other families of Ca2" entry channels like the transient recep-
tor potential channels (TRPs) or the store-operated Ca®* chan-
nels (SOCs) (39, 40). Thus, we speculated that extracellular
Na® might suppress the Ca?" permeability of P2X receptor
channels in IB3-1 cells. To verify this hypothesis, we substi-
tuted extracellular Na™ by N-methyl-D-glucamine (NMDG) (so-
lution C) and tested the effects of a non-discriminant P2Y and
P2X agonist (ATP), P2X-specific agonists (BzBzATP and «,B-
MeATP), and a P2Y;-specific agonist (ADPBS). As shown in
Fig. 2B (and in Fig. 5B and Fig. 7, A and B), substitution of
extracellular Na* by NMDG itself caused a small but sustained
increase in [Ca®" ], (ryaea1 = 0.89 = 0.04 to ryympg = 0.94 *+ 0.04;
n = 31; p < 0.05) which was completely absent when extracel-
lular Ca®" was also omitted from the superfusion medium.
These observations suggest the presence of a mechanism that
allows sustained Ca®" entry, even in non-stimulated cells.

Following removal of extracellular Na™ and changes in
[Ca®*],, we applied ATP (100 um). Under these conditions, ATP
induced a further increase in [Ca®*], displaying a biphasic
Ca?"' response consisting of an initial transient peak and a
sustained component (Fig. 2B and Tables II and III). In addi-
tion, as shown in Fig. 2B, a second application of ATP elicited
a smaller increase in the [Ca®*]; peak; however, the sustained
Ca?" plateau was comparable with that observed after the first
stimulation by ATP. When [Ca2"] ; reached a stable value after
withdrawal of extracellular Na®, we also added either
BzBzATP (100 um) (Fig. 3B) or «,3-MeATP (100 um). BzBzATP,
but not «,3-MeATP, induced a small increase in [Ca2+]i (Fig.
3B and Tables II and III). This increase was completely de-
pendent on the presence of extracellular Ca2", indicating a role
for P2X receptors in Ca®" influx (Fig. 3B and Table II). In
Na™-free media, P2Y,-specific agonist, ADPBS (100 um), aug-
mented the peak increase in [Ca2"] ; (Table II) but failed to
elicit a sustained Ca®" plateau (Table III). Taken together,
these data argue for a role for P2X receptors as Ca%* entry
channels in IB3-1 cells.

P2X, Receptor Channel Protein Biochemistry—Due to the
lack of other specific agonists or inhibitors, our functional stud-
ies did not distinguish further agonists among the P2XR sub-
types. However, biochemical evidence suggests that IB3-1 cells
express the P2X, receptor channel robustly. Membrane protein
lysates from IB3-1 cells were prepared and were subjected to
immunoblotting with a P2X,-specific polyclonal antibody. Fig.
4A shows the positive results for P2X, receptor channel protein
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in total membrane protein lysates from IB3-1 cells grown on
collagen-coated plastic as confluent monolayers. Inconsistent
signals or a lack of signal was observed for P2X,, P2X,, and
P2X, using specific antibodies to those subtypes (data not
shown). The P2X, signal displayed a similar biochemical phe-
notype compared with human vascular endothelial cells and
human polycystic kidney disease renal epithelial cells per-
formed in our laboratory (13, 41) as well as a recent study of
P2X, receptor biochemistry in cardiac tissue and myocytes (42).
An unglycosylated band was detected at ~46 kDa (the pre-
dicted molecular mass for P2X,) and a larger and broader
glycosylated band at 60—65 kDa. These immunoblotting data
show that P2X, is the most abundant P2X subtype expressed in
IB3-1 cells. However, these data do not rule out less abundant
expression of other P2X subtypes that is below the limit of
detection with these antibodies. Further chemical modification
of the extracellular solution also supports the abundant expres-
sion of P2X, receptor channels as the major P2X receptor
subtype mediating Ca%" entry (see below).

Fig. 4, B-D, shows additional data in 16HBE140™ non-CF
airway epithelial cells. Immunoblotting of non-polarized cells
grown in flasks (Fig. 4, B and C) as well as biotinylation (Fig.
4D) of polarized monolayers grown on permeable supports re-
vealed robust and apical membrane-localized expression of
P2X,. In these lysates, a third band of ~100 kDa was also
found. Biotinylation was performed on the apical and basolat-
eral surface of these monolayers. Only the apical signal is
shown in Fig. 4D, although a detectable signal was also ob-
served in basolateral biotinylated material (data not shown).
Secondary antibody controls and blocking of antibody binding
with the peptide immunogen, provided with the primary anti-
body in all biochemical assays, verified the specificity of P2X,
receptor expression (data not shown). These data suggest that
P2X, receptors are expressed abundantly by human airway
epithelial cells grown under non-polarized and polarized
conditions.

The Extracellular ATP-gated P2X, Receptor Channel Is the
Major Ca®" Entry Channel Stimulated by ATP in IB3-1 and
16HBE140~ Cells—Like other subtypes of the P2X receptor
channel family, the P2X, receptors are also regulated by dif-
ferent cations, such as H" or Zn?" (25). Thus, if it is true that
in IB3-1 cells the prolonged Ca2" response in Na*-free medium
was due to activation of P2X, receptors, then extracellular pH
and Zn?* should modify the ATP-induced Ca®" signal. To test
this hypothesis, we measured [Ca®"], after changing extracel-
lular pH or in the presence of Zn?* in both IB3-1 and
16HBE140™ cells. We exposed IB3-1 cells to ATP after chang-
ing the pH of the superfusion solution. As shown in Table III,
increasing extracellular pH potentiated the ATP-induced sus-
tained increase in [Ca®*], only in Na*-free medium. Further-
more, in a Na*-free environment, acidic pH significantly re-
duced the ATP-induced peak increase in [Ca®"]; (Table II). To
demonstrate directly the effect of ATP on CaZ' influx from
extracellular sources via another approach, we measured
quenching of Fura-2 at 359 nm in the presence of MnCl, (500
uM). Mn2* is known to permeate the same entry channels as
Ca?' and quenches Fura-2 fluorescence when it enters the
cells. As shown in Fig. 5A, in Na™-free medium, acidic extra-
cellular pH (6.4) inhibited Mn2" entry, whereas alkaline extra-
cellular pH (7.9) potentiated markedly Mn®" entry and quench-
ing of the dye. To further support the involvement of P2X,
receptor channels, we tested the effect of the P2X receptor
co-agonist, Zn2", on ATP-induced Ca®" entry mechanisms. In-
clusion of ZnCl, (20 um) further augmented the sustained in-
crease in [Ca®"]; induced by ATP in Na*-free medium (Fig. 5B
and Table III) but had no effect in Na*-containing medium

13403
A, B. —? B
3 -
o = =
kDa - e ] [
SR8 - ~100 kDa
i B T — (glycosylated)
d > | 60-70kDa 60-80 kDa
o — .
(glycosylated)
50— —_ 40-50kDa
46— -— 1 40-50 kDa 46 — g _| (non-glycosylated)
g
o
E‘
5 3
C. b b D s
-+ <+ . =
: B
g g 2 = B
=& g% 83
T8 & 5
kDa kpa o B A &
o7 __~100kDa 97 —~100 kDa
6 — “Jeo-0kpa 7 ] 60-70kDa
16 —lao-s0kpa 6 —140-50 kDa

16HBE 140"

Fic. 4. A, immunoblot analysis of IB3-1 cells grown as non-polarized
monolayers in flasks using rabbit polyclonal antibodies against P2X,
receptors. A smaller band of the predicted molecular mass for P2X, (46
kDa) was detected, as was a larger, broader, glycosylated band at 60—70
kDa. The positions of molecular mass markers are shown on the left (in
kDa). This is representative of 3 such experiments. B, immunoblot
analysis of 16HBE140~ cells and CFPAC-1 cells grown as polarized cell
monolayers (CFPAC-1 cells were screened as another CF-relevant cell
line and were grown in a similar manner than 16HBE140 ™ cells except
that Iscove’s modified essential medium was used for the basal medium
with all other additives kept similar). Note the stronger expression in
polarized cell monolayers and the presence of a 40-50-kDa band (un-
glycosylated predicted molecular mass), a 60—80-kDa band (glycosylated
form), and an even larger form at ~100 kDa (glycosylated form). This is
representative of 6 such experiments. C, tunicamycin (10 puMm), an in-
hibitor of glycosylation, added to the culture medium in an overnight
24-h incubation of confluent cell monolayers grown in flasks abolished
the 100-kDa form and inhibited the expression of the 60—80-kDa band,
yielding more of the 40-50-kDa unglycosylated form. This is represent-
ative of 2 such experiments. D, three water-soluble forms of biotin
reagents were used to biotinylate apical membrane P2X,. The data
reveal that poly(ethylene)oxid-maleimide biotin, a reagent that re-
agents with primary amines primarily on lysine residues, detected only
the glycosylated forms in the apical plasma membrane of 16HBE140~
epithelial cell monolayers. Biocytin hydrazide failed to work in this
experiment, likely because our conditions for oxidizing the carbohy-
drate residues were not optimal. Sulfo-NHS-LC-biotin detected all of
the forms, indicating that it may have detected apical P2X,; however, it
may have gained access to the cell interior to find the unglycosylated
form as well. This is representative of 2 such experiments. Note per-
taining to all panels: no secondary antibody controls were performed for
all of the above experiments, as were peptide immunogen blocking
experiments that effectively blocked the signal. Peptide immunogens
for P2X,, P2X,, and P2X, did not block the P2X, signaling, revealing
additional specificity. In addition to data from our laboratory in human
ADPKD kidney epithelial cells (41) and human vascular endothelial
cells (13), this is the first documentation of biochemical detection of
native airway epithelial P2X, receptor protein.

(Table III). Since our biochemical data (see above) indicated
that P2X, receptors are also present in 16HBE140  non-CF
airway epithelial cells, we tested whether increasing extracel-
lular pH or addition of Zn%" augmented the ATP-induced sus-
tained Ca%* entry in Na*-free medium in 16HBE140 ™ cells. As
shown in Fig. 6A, ATP elicited extracellular pH-dependent
quenching of Fura-2, suggesting that ATP-stimulated CaZ*
influx is facilitated by alkaline pH. In addition, similar to
results obtained with IB3-1 cells, both inclusion of Zn®" and
increasing pH potentiated the effects of ATP on sustained Ca?*
signal (Fig. 6B). Taken together, these data argue for a prom-
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Fic. 5. Representative traces showing the pH dependence of ATP-induced Mn?* entry in IB3-1 cells. A, quenching of Fura-2 was
measured at the isosbestic wavelength of Fura-2 (359 nm). Cells were exposed to MnClL, (500 uM) in Na*- and Ca®*-free medium at pH 7.3. After
200 s, ATP (100 um) was added to the superfusion medium having three different pH values, as indicated. At least 3 experiments have been done
in each group with similar results. A representative trace shows the effects of ATP (100 uM) in presence of ZnClL, (20 uM) in cells exposed to Na*-free
medium (B) as indicated. Please note the augmentation of the sustained plateau of increased [Ca®*], in IB3-1 cells by inclusion of ZnCl,, (compare
with original trace in Fig. 2B).
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Fic. 6. Representative traces on the left showing the pH dependence of ATP-induced Mn?* entry in 16HBE140™ cells. A, experi-
ments were performed in a similar manner to those in Fig. 5A. Changes in cytosolic Ca?" concentration 5 min after the peak stimulation versus
the basal [Ca®"]; in 16HBE140™ cells are shown in B. Effects on the sustained plateau of increased [Ca®']; in 16HBE140™ cells are shown
illustrating the potentiating effect of ZnCl, and of alkaline pH. All experiments have been done in Na*-free medium. *, p < 0.05

inent role for the P2X, receptor as a Ca®" entry channel in  Reversible, and Re-acquired upon Re-addition of Agonist—For
human airway epithelial cells and argue against a functional any therapeutic approach to be effective, especially one that
role for other P2X receptor subtypes. targets an endogenous receptor, stimulation should be sus-

The P2X,mediated Ca®* Entry Is Sustained, Long Lived, tained and long lived. Even more desirable, the effect should be
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Fic. 7. Representative traces showing the duration of the sustained plateau in [Ca®*], in IB3-1 CF cells induced by ATP under
Na*-free conditions (pH 7.9) (A) and the reversibility, long lived, and reproducible nature of the sustained plateau induced by ATP
and mediated by P2X, (B). Each trace for each protocol is typical of 3 such experiments.

reversible to control the response. Ultimately, it is ideal if this
endogenous receptor target did not desensitize or inactivate, as
is apparent in this study for P2Y-mediated transient CaZ*
signal. Fig. 7 shows experiments designed to determine
whether P2X,-mediated Ca®>" entry was sustained and long
lived in IB3-1 cells. In the first protocol, ATP (100 um) was
added in Na*-free solution that has pH 7.9. A transient in-
crease in [Ca®'], mediated by P2Y receptors was followed by a
sustained plateau that persisted for over 60 min, until ATP was
removed (Fig. 7A). In a second approach, a 15-min stimulation
was performed with ATP and then was reversed with washout.
Following re-addition of ATP, a similar sustained calcium pla-
teau was acquired that persisted for 40 min. A third washout
and stimulation was performed at the end of the protocol (Fig.
7B), showing lack of desensitization of the P2X, receptors or
inactivation of their channel function. In contrast, the tran-
sient spike observed in the first application of ATP was lost.
These data show, these data show that the P2X,-mediated
Ca?" entry is sustained, long lived, reversible, and re-acquir-
able upon washout and re-addition of agonist.

Neither the Reverse Operation Mode of the Na/Ca?" Ex-
changer Nor Voltage-dependent Ca®* Channels or Store-oper-
ated Ca®" Channels Are Involved in ATP-induced Ca®* Entry
in IB3-1 Cells—Theoretically, both the initial increase in

[Caz+]i after removal of extracellular Na®™ and the sustained
Ca?" plateau induced by administration of ATP could be due to
the activation of the Na*/Ca?* exchanger in its reverse opera-
tion mode and/or other classes of Ca%' entry channels. Thus,
we removed extracellular Na* and added ATP in the presence
of KB-R7943 (30 um), a specific inhibitor of reverse operation
mode of the Na*/Ca?* exchanger (43). Since KB-R7943 had no
effect under these experimental conditions, we excluded the
presence of this exchanger at the plasma membrane (Fig. 84
and Tables II and III). Although airway epithelial cells are
non-excitable cells and should not express voltage-dependent
Ca?* channels, we asked the question whether cell membrane
depolarization stimulated or inhibited the Ca%* response in-
duced by ATP. Therefore, we exposed the cells to high extra-
cellular KC1 concentration (40 mm) in Na™-free medium (solu-
tion D), and then we added ATP. As shown in Fig. 8B and
Tables II and III, membrane depolarization inhibited the peak
increase of [Ca®"],, and the sustained Ca®" plateau was com-
pletely abolished, indicating that IB3-1 cells do not express
voltage-dependent Ca2" channels.

SOCs or TRPs represent other pathways by which Ca?" can
enter non-excitable cells besides the ATP-gated P2X receptor
channels. Theoretically, both SOCs and TRPs could be respon-
sible for the sustained Ca?" influx induced by ATP in Na " -free
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Fic. 8. Representative traces showing the effects of KB-R7943 (30 um) (A) and high [KCI1], (40 mm) (B) on ATP-induced Ca®** signal.
Experiments were done in a Na*-free environment. B, note that substitution of Na* by NMDG causes a slight increase in [Ca®*],, an effect that

was inhibited in high KCl-containing solution.

medium. Therefore, we tested whether SOCs are present in
IB3-1 cells. We treated the cells with thapsigargin (100 nm), an
inhibitor of Ca®" pump in the ER membrane, in the presence
of extracellular Ca%*. This maneuver induced a large initial
increase in Fura-2 fluorescence ratio (r,,.,; = 1.00 = 0.05 to
Fpeak = 2.92 = 0.17; n = 3) followed by a sustained Ca®"
plateau (r i siainea = 1.58 = 0.29; n = 3). In the absence of
extracellular Ca®", stimulation with thapsigargin resulted in a
small transient increase in [Ca2+]i due to the depletion of
intracellular Ca2" stores, and the re-addition of extracellular
Ca?" elicited a large [Ca®"]; increase (Fig. 9). These data indi-
cate that IB3-1 cells possess SOCs, which are activated by a
decrease in [Ca2+]ER. Next, we have asked whether SOCs or
store-independent TRP-like channels contribute to the sus-
tained Ca®" increase after P2Y, receptor stimulation in Na*-
free medium. To address this question, we used 2APB, which
has recently been reported to inhibit SOCs (44, 45), and SKF-
96365, which is a blocker of the store-independent TRPs (46).
Neither 2APB (75 pum) nor SKF-56365 (50 um) abolished the
ATP-induced sustained increase in [Ca2+]i in the absence of
extracellular Na* (Table III). Interestingly, the sustained CaZ*
plateau was further augmented by the SKF-96365 compound
(Table III). These data indicate that, in IB3-1 cells, SOCs
and/or TRPs do not play a role in regulating [Ca®*], following
purinergic receptor stimulation.

DISCUSSION

Stimulation of purinergic receptors exerts biological effects,
which are mediated in part through elevation of intracellular
Ca?" concentration (47-52). In the present study, we show
evidence that IB3-1 cells express P2Y,; and P2X, receptors
abundantly. P2Y, receptors have been found recently in airway
epithelia of P2Y, receptor-knockout mice (54), in rat lung (55),
and in Calu-3 human airway epithelial cells (56). ADPSBS, a
specific agonist of P2Y, receptors, increased [Ca®*]; to a similar
extent as ATP, ADP, and 2MeSATP, suggesting the presence of
P2Y, receptors. Although recent data (57) indicate that 2Me-
SATP and, possibly, ADPBS at a concentration of 100 um may
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Fic. 9. Representative trace shows the effect of thapsigargin
(100 nm) on [Ca®*]; in the absence and in the presence of extra-
cellular Ca®* as indicated. This maneuver reveals the presence of
SOCs involved in Ca®* entry, albeit induced by emptying ER stores
completely.

activate P2Y,; receptors, we believe it is very unlikely that the
increase in [Ca®*], observed in this study was due to the acti-
vation of P2Y,, receptors. This conclusion derives from the fact
that P2Y,; receptors are poorly stimulated by ADP (26),
whereas our data show that ADP is at least as potent an
agonist as ATP. In addition, ADPBS also elicited a significant
increase in [Ca®"]; at a concentration of 10 uMm. In other airway
epithelial cell models, the presence of P2Y, has already been
demonstrated (16, 58, 59). Furthermore, in vivo studies dem-
onstrate that aerosolized UTP has beneficial effects in treat-
ment of CF lung disease, confirming the presence of P2Y,
and/or P2Y, on the apical membrane of airway epithelium (23,
48). Interestingly, neither UTP nor UDP increased [Ca®*], in
IB3-1 cells; however, both agonists do rescue impaired cell
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volume regulation in IB3-1 cells.? These differences may reveal
additional signal transduction pathways triggered by P2Y re-
ceptors that are independent of cytosolic calcium.

Nevertheless, in addition to the beneficial targeting of P2Y
receptors for CF therapy, we argue here for the beneficial target-
ing of P2X receptors as well. Activation of these receptors would
also have the added benefit of eliciting a sustained increase in
[Ca2+]i, an effect not observed with P2Y-specific agonists. The
transient nature of the Ca2* signal induced by purinergic ago-
nists accounts presumably for transient C1™ and fluid secretion
observed in different CF epithelial cell models (7, 29). Activation
of P2X receptor channels under appropriate conditions would
lead to Ca®" influx from the extracellular space. Furthermore,
this Ca2" response is sustained for at least 1 h, is reversible, and
is re-acquired to the same sustained level upon re-addition of
agonists under conditions designed to stimulate P2X,.

However, our data could conceivably be explained in the
following ways: 1) opening of extracellular ATP-gated P2X re-
ceptor channels; 2) activation of Na*/Ca?* exchanger in re-
verse operation mode due to Na™ removal; 3) opening of voltage-
dependent CaZ* channels following membrane depolarization;
and 4) activation of SOCs or TRPs after depletion of intracel-
lular Ca®* stores. All lines of evidence indicate that activation
of ATP-gated P2X, receptor channels led to augmentation of
Ca?" signal and the sustained Ca%* plateau. First, in IB3-1
cells, BzBzATP, a P2X receptor-specific agonist, increases
[Ca®"], only in Na*-free medium. Second, the ATP-induced
Ca?* plateau was enhanced by alkaline extracellular pH and
inhibited by acidic extracellular pH. Third, ATP-induced MnZ*
entry caused quenching of Fura-2 in a pH-dependent manner
exhibiting significant increase in Mn?" permeability at alka-
line pH. Fourth, application of Zn2* further enhanced the
effects of ATP. Fifth, a P2Y, receptor-specific agonist, ADPSS,
did not cause a sustained increase in [Ca®"];. Sixth, neither
2APB, an inhibitor of SOCs, nor SKF-56365, a blocker of store-
independent TRP-like channels, abolished the sustained in-
crease in [Ca®"]; induced by ATP. Seventh, recent data (60, 61)
indicate that Zn2" inhibits SOCs. Eighth, biochemical evidence
showed abundant expression of P2X,. Roles for the reverse
mode of the Na'/Ca%?" exchanger and/or voltage-dependent
Ca?* channels were ruled out with a variety of different cell
biological maneuvers and/or pharmacological inhibitors. It is
noteworthy that Vennekens et al. (62) have recently reported
that epithelial Ca?" channels are regulated by extracellular
pH. However, these channels are mainly expressed in kidney
and intestinal epithelia and inhibited by metal ions at low
micromolar concentration (63).

Although BzBzATP is primarily known to be an agonist of
P2X;, and antibodies used in this study were raised against rat
P2X receptors, stimulation by Zn?* and inhibition by H" are
most consistent with activation of the P2X, receptors and in-
consistent with other P2X receptor subtypes (25). For instance,
stimulatory effects by Zn®" rule out a role for P2X,, because
Zn®" is a P2X, antagonist (25). Inhibition of Ca®* entry by
acidic pH rules out P2X, receptors, which are stimulated by
acidic pH (25). The only phenotype that is not completely ex-
plained by P2X, alone is the alkaline pH stimulation. Heter-
ologously expressed P2X, is only mildly stimulated by alkaline
pH (64). As such, we cannot rule out that additional P2X
receptor subtypes (perhaps P2X; (65), P2X; (66), or splice vari-
ants of P2X,, P2X;, and P2X, (67)) may be conferring these pH
effects in a P2XR heteromultimer. Interestingly, in
16HBE140 ™ cells, ATP-driven Mn?"* entry was also enhanced
by alkaline pH, and Zn?" potentiated the ATP-induced sus-
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tained increase in [Ca?™] ;- Taken together, these data indicate
that P2X, receptors function as ATP-gated Ca®* entry chan-
nels in both CF and non-CF airway epithelial cells.

In a past study (27), our laboratory showed that a P2X-
selective agonist, BzBzATP, stimulated transepithelial chlo-
ride secretion in Ussing chamber experiments on airway epi-
thelia that had both transient and sustained components and
in nasal potential difference assays on mouse nasal mucosa
that were transient stimulations that averaged 1-2 mV. These
stimulations occurred in Na*-rich solutions (27). Despite this
knowledge, we did not perform experiments designed to exam-
ine P2XR-mediated signaling in this study (27). Because Na™ is
in great excess to CaZ" in physiological saline, the contribution
of Ca®"-permeable non-selective cation channels to a Ca®"
entry phenotype is often masked. This was true for our CF cell
model. In IB3-1 cells, removal of extracellular Na* was re-
quired to observe any increase in [Ca®"]; with BzZBzATP and a
sustained Ca®" signal with ATP. Nonetheless, in 16HBE140~
non-CF cells, extracellular Na* (140 mm) prevented neither the
BzBzATP-dependent Ca?" response nor the ATP-induced CaZ*
plateau®; however, responses to both BzZBzATP and ATP were
much more profound under Na™-free conditions. Thus, we spec-
ulate that P2XR agonists might be useful in CF therapy re-
gardless of extracellular Na* concentration, although modifi-
cation of the extracellular environment (Na™ removal, among
other maneuvers) may strengthen their efficacy and was re-
quired to optimally study Ca®" entry mechanisms in Fura-2
spectrofluorometry. Nevertheless, further studies are required
to determine whether the presence of extracellular Na™ inhib-
its P2XR-mediated rescue of Cl™ secretion in CF therapy.

Interestingly, although controversial, recent data indicate
that airway surface liquid (ASL) in non-CF subjects is hypo-
tonic and low in Na™ with respect to the plasma (68). In
contrast, other studies (69) have concluded that non-CF and CF
ASL are isotonic. Nevertheless, it is noteworthy that, in Na*-
replete medium, extracellular ATP stimulation of ciliary beat is
attenuated, whereas in Na*-free medium, ATP induction of
ciliary beat was profound, suggesting a role for P2X receptors
on cilia (35). Because cilia reside and need to function optimally
in the ASL environment, we postulate that normal ASL may be
hypotonic and, in particular, low in Na™, allowing P2X receptor
agonists to stimulate sustained signaling that may impact ion
transport and ciliary beat. These specialized chemical and ionic
conditions may also be critical in the delivery of agonists for CF
therapy. This is tenable, because the vehicle for delivery during
nebulization, aerosolization, or instillation would merely need
to be modified to suit these optimal conditions.

Taken together, these findings are profound with regard to
therapy in CF, because they suggest that endogenously ex-
pressed P2X receptors do not desensitize or inactivate, and
under appropriate conditions, their activation leads to a pro-
longed Ca?* signal that could translate into a sustained C1~
secretion in CF and non-CF epithelia.
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Cystic fibrosis (CF) is caused by defective cyclic AMP-
dependent cystic fibrosis transmembrane conductance
regulator C1~ channels. Thus, CF epithelia fail to trans-
port C1~ and water. A postulated therapeutic avenue in
CF is activation of alternative Ca?*-dependent C1~ chan-
nels. We hypothesized that stimulation of Ca2* entry
from the extracellular space could trigger a sustained
Ca?* signal to activate Ca?*-dependent Cl~ channels.
Cytosolic [Ca2+]i was measured in non-polarized human
CF (IB3-1) and non-CF (16HBE1407) airway epithelial
cells. Primary human CF and non-CF airway epithelial
monolayers as well as Calu-3 monolayers were used to
assess anion secretion. In vivo nasal potential difference
measurements were performed in non-CF and two dif-
ferent CF mouse (AF508 homozygous and bitransgenic
gut-corrected but lung-null) models. Zinc and ATP in-
duced a sustained, reversible, and reproducible in-
crease in cytosolic CaZ* in CF and non-CF cells with
chemistry and pharmacology most consistent with acti-
vation of P2X purinergic receptor channels. P2X puri-
nergic receptor channel-mediated Ca2?* entry stimu-
lated sustained Cl1~ and HCOj3; secretion in CF and
non-CF epithelial monolayers. In non-CF mice, zinc and
ATP induced a significant C1~ secretory response simi-
lar to the effects of agonists that increase intracellular
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cAMP levels. More importantly, in both CF mouse mod-
els, C1~ permeability of nasal epithelia was restored in a
sustained manner by zinc and ATP. These effects were
reversible and reacquirable upon removal and readdi-
tion of agonists. Our data suggest that activation of P2X
calcium entry channels may have profound therapeutic
benefit for CF that is independent of cystic fibrosis
transmembrane conductance regulator genotype.

Because morbidity in cystic fibrosis (CF)! often results from
lung disease (1), several approaches have been contemplated to
control and cure CF in the lung and airways. They include
introduction of the wild-type cystic fibrosis transmembrane
conductance regulator (CFTR) gene, repair of mutated CFTR
proteins, attenuation of airway inflammation, stimulation of
Cl™ channels alternative to CFTR, and/or inhibition of epithe-
lial sodium channel-mediated Na™ hyperabsorption (2). While
methods of gene and protein therapy are defined, pharmaco-
logical intervention remains feasible in CF for dysregulated
NaCl transport and airway inflammation (3). Ca?*-activated
Cl™ channels (4) have been proposed to substitute for cyclic
AMP-dependent CFTR Cl™ channels, offering a target for CF
pharmacotherapy to rescue anion transport.

An ideal therapeutic compound would ameliorate multiple
defects in ion transport as well as quell airway inflammation.
Increases in cytosolic calcium concentration ([Ca®"],) activate
epithelial C1~ channels (2, 5) but inhibit epithelial Na™ chan-
nels (2). Many laboratories have shown that stimulation of G
protein-coupled P2Y nucleotide receptors increases [Ca®"]; de-
rived from intracellular stores and may affect both ion trans-
port mechanisms (2, 5). Although P2Y nucleotide receptors are
currently a target for CF pharmacotherapy (6, 7), they trigger
transient increases in [Ca2+]i and are desensitized or down-
regulated via multiple mechanisms (8-10).

Our laboratory has shown that airway epithelia express an-
other subclass of nucleotide receptors, the P2X receptor chan-
nels (P2XRs) (8, 11). P2XRs function as extracellular ATP-
gated, Ca2"-permeable, non-selective cation channels (8, 12).
Recently we have reported that stimulation of airway epithelial
P2XRs leads to sustained Ca®* entry from extracellular stores
(8). The magnitude and sustained nature of the [Ca2+]i in-
crease was dependent on extracellular pH and the presence or

! The abbreviations used are: CF, cystic fibrosis; CFTR, cystic fibrosis
transmembrane conductance regulator; P2XR, P2X purinergic receptor
channel; NMDG, N-methyl-D-glucamine; NPD, nasal potential
difference.
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absence of extracellular calcium, sodium, and zinc. Moreover
the degree of alkaline pH potentiation of zinc and ATP stimu-
lation and the lack of desensitization or inactivation of the
receptor or channel properties was novel. In this study, we
hypothesized that a combination of zinc and ATP could induce
a prolonged Ca®" signal that may rescue impaired Cl~ secre-
tion in CF airway epithelium in a sustained and reversible
manner.

MATERIALS AND METHODS

Cell Cultures—IB3-1 cells? are CF human bronchial epithelial cells
carrying two different mutations of the CFTR gene (AF508/W1282X)
(13). 16HBE140~ cells are non-CF or normal bronchial epithelial cells
expressing wild-type CFTR (14). Culture of these two cell lines has been
described previously (15). Human airway epithelial cell monolayers
(primary CF isolated from patients homozygous for AF508 mutations,
primary non-CF, and immortalized Calu-3 cells) were grown in air/fluid
interface culture on Costar 6.5-mm-diameter permeable filter supports
in Dulbecco’s modified Eagle’s medium/Ham’s F-12 medium supple-
mented in a manner similar to the medium used for IB3-1 cells.

Fura-2 Imaging and Quenching—Cytosolic Ca®?* concentration was
measured with dual excitation wavelength fluorescence microscopy af-
ter cells were loaded with the Fura-2-acetoxymethyl ester as described
previously in detail (8). At the beginning of each experiment, cells were
perfused with Ringer’s solution containing 140 mm NaCl, 5 mm KCl, 1
mM MgCl,, 2 mm CaCl,, and 10 mm Hepes at pH 7.3 adjusted with
NaOH. The effects of hexokinase and apyrase solutions were tested in
solutions containing 5 mM glucose. In all Na'-substituted solutions,
N-methyl-D-glucamine (NMDG) was used as a replacement cation. In
NMDG-containing solutions, CaCl, was raised to 3 mM, while MgCl,
was reduced to 0 mm, and external pH was adjusted with HCl. Fura-2
quenching experiments with MnCl, were performed as described pre-
viously (8).

Measurement of Cl~ Permeability—Cells were loaded with 6-me-
thoxy-N-(3-sulfopropyl)quinolinium (2 mg/ml) fluorescent dye over-
night. At the beginning of each experiment, cells were perfused with
Ringer’s solution containing 140 mM NaCl, 5 mm KCl, 1 mm MgClL,, 2
mM CaCl,, and 10 mMm Hepes at pH 7.3 adjusted with NaOH to establish
a base-line fluorescence over 3 min. Then NMDG-containing solution (0
mM NaCl, 3 mm CaCl,, and 0 mm MgCl,) at pH 7.9 was added for 3 min
followed by addition of zinc alone or with ATP. Effects of the agonists
were tested in both Ca®"-free and Na*-containing medium. Specifics
concerning the 6-methoxy-N-(3-sulfopropyl)quinolinium assay and sys-
tem have been published previously (16).

Measurement of Transepithelial Anion Current—Primary cultures of
human CF and non-CF as well as immortalized Calu-3 cells grown as
monolayers on 6.5-mm collagen-coated permeable supports were stud-
ied as described previously (11). Monolayers had electrical resistance at
least 1,000 ohms/cm? When HCO;/CO,-free solutions were used, the
apical side of the monolayers were bathed in a 140 mM NMDG- and 20
uM amiloride-containing solution with 3 mM CaCl, and 0 mm MgCl, at
pH 7.9 (adjusted with gluconic acid). Basolaterally we added a 140 mm
NaCl-containing solution with 1.5 mm CaCl, and 1 mm MgCl, at pH 7.3
(adjusted with NaOH). Both solutions contained 10 mm Hepes. In
HCO;/CO,-containing solutions, apical and basolateral solutions con-
tained 125 mMm NMDG, 25 mM choline-C1™ and 100 mm NaCl, 50 mm
NaHCO,, respectively. Both solutions were gassed with 5% CO,. The
pH of the apical solution was adjusted to 7.9 with gluconic acid. Con-
centrations of CaCl, and MgCl, were the same as described for HCO;/
CO,-free experiments.

Measurement of Nasal Potential Difference (NPD)—A three-step pro-
tocol was used as described previously (11); however, the solutions were
modified as below. First, the nasal cavity of anesthetized mice was
perfused with Ringer’s solution containing 140 mm NaCl, 5 mm KCI, 1
mM MgCl,, 2 mm CaCl,, 10 mM Hepes, and 50 uM amiloride (pH 7.3
adjusted with NaOH). Second, we switched to low Cl -containing solu-
tion (6 mM) either in Na*- or NMDG-containing solution (pH was
adjusted to 7.3 with NaOH and to 7.9 with gluconic acid, respectively).
Third, zinc (40 uM) and ATP (100 um) were added in Na*-free, NMDG-
containing solution at pH 7.9. Because of the continuous presence of

2 Because all human cells and mice were handled by the University of
Alabama at Birmingham Cystic Fibrosis Center, University of Alabama
at Birmingham Cystic Fibrosis Center human subjects (assurance of
compliance number M1149) and vertebrate animals (animal welfare
assurance number A3255-01) protocols were followed.
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amiloride (50 uM) and the complete replacement of Na* with a mem-
brane-impermeant cation, NMDG (140 mM), in the perfusion solution,
hyperpolarization reflects only Cl~ secretion rather than cation
absorption.

Data Analysis—Data are expressed as mean = S.E. and tested for
significance using paired or unpaired Student’s ¢ test with analysis of
variance as appropriate. Results with p < 0.05 were considered signif-
icant. Values given in the text that refer to A[Ca®"], or absolute [Ca®*],
refer to the sustained plateau of cytosolic Ca®* concentration measured
5 min after peak stimulation except where noted.

RESULTS

Extracellular Zinc and ATP Trigger a Sustained Increase in
[Ca®"]; in CF and Non-CF Airway Epithelial Cells—Based on
our previous observations (8, 11), we hypothesized that com-
bined stimulation of P2XRs by ATP and zinc in sodium-free
medium at pH 7.9 could induce a more robust and sustained
increase in cytosolic calcium than achieved previously (8). In
IB3-1 cells, administration of ATP (100 um) and ZnClL, (20 um)
stimulated a rapid increase in [Ca%™] ; followed by a sustained
plateau (Fig. 1A). The plateau was markedly higher than basal
[Ca%'], (A[Ca®"], = 317 + 23 nM, n = 8). Similar results were
also obtained in 16HBE140 non-CF cells (A[Ca%]i =444 = 28
nM, n = 6). The sustained Ca2" plateau was abolished in the
presence of 140 mum extracellular sodium (A[Ca®*], = 32 = 9 nm,
n = 4) (Fig. 1A) or by reducing external pH to 7.3 (A[Ca®**], =
45 + 7nM, n = 4) or 6.4 (A[Ca®?*], = 12 = 5 nm, n = 4) (Fig. 1B).
Titration of external pH in a range of 7.9 to 7.4 revealed a
gradual decrease in Ca?* plateau levels, exhibiting the largest
decline between pH 7.9 ([Ca?*], = 383 = 11 nm, n = 4) and pH
7.7 ([Ca2+]i = 135 = 8 nM, n = 4) (Fig. 1C). Because external
MgZJr inhibits P2X,Rs (17), we hypothesized that removal of
Mg2" from the superfusion medium might further support
Ca?* entry mechanisms. In addition, we predicted that increas-
ing external Ca?" from 1.5 mM to 3 mm would enhance CaZ*
entry. Because our data show that ATP- and zinc-induced Ca®*
entry was potentiated in Mg?*-free and Ca®*-enriched medium
(Fig. 1D), we studied Ca?" entry under these ionic conditions
(see below).

Zinc Alone Is an Agonist for Ca®" Entry in IB3-1 Cells—Zinc
has been reported to trigger an increase in [Ca?*]; in many cell
models (18—20). Thus, we tested the effects of zinc alone on
cytosolic [Ca®"]. Addition of ZnCl, (20 um) to Na*-free medium
that was pH 7.9 increased [Ca®"]; (A[Ca®*], = 312 + 22 nM, n =
10) in a sustained manner (Fig. 2A) similar to that observed in
combination with ATP (compare with Fig. 1A above). The CaZ*
plateau was abolished by removal of external Ca®* (A[Ca®"], =
11 = 5 nm, n = 4) (Fig. 2B), reducing external pH to 7.3 ([Ca®*],
was not significantly different from the basal value), or replen-
ishment of 140 mm external Na* (A[Ca®*], = 10 = 6 nm, n = 4)
(Fig. 2C). To define the concentration range in which zinc
stimulates sustained CaZ' entry, we exposed IB3-1 cells to
ZnCl, in increasing concentrations from 2 to 200 pm. Signifi-
cant stimulation was achieved at 10 um (A[Ca?*], = 187 = 12
nM, n = 4) with maximal effects at 50 um (A[Ca®*];, = 551 * 42
nM, n = 4) (Fig. 2D). Although zinc alone caused robust Ca?*
entry from extracellular solution, we postulated that superfu-
sion of cells might cause mechanically induced release of en-
dogenous ATP that could act synergistically with exogenous
zinc. Indeed elimination of ATP from the superfusion medium
by ATP scavengers hexokinase (5 units/ml) and apyrase (1
unit/ml) caused a partial but not complete inhibition of zinc-
induced Ca®" entry (A[Ca2?"], = 312 *+ 22 nM, n = 10 versus
A[Ca®"]; hexok. + apyr. = 145 = 15 nM, n = 4; p < 0.05). Interest-
ingly, in Ca®"-free medium, zinc-induced increases in [Ca®*],
were transient (A[Ca®"]; .. = 123 = 16 nm, n = 5) (Fig. 2E),
an effect that was completely abolished by thapsigargin pre-
treatment (no significant changes in [Ca2+]i) (Fig. 2F). These
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Fic. 1. Effects of ATP and zinc on [Ca®*]; in IB3-1 cells. A, original traces showing the effect of combined administration of ATP (100 um)

and ZnCl, (20 uM) in the absence (black trace) and presence of 140 mM extracellular Na™ (red trace). Cells were perfused with Na*-containing
Ringer’s solution (pH, 7.3), and then extracellular pH was raised to 7.9, and extracellular [Ca®"] was increased from 1.5 to 3 mM in Mg?*-free
medium. At the same time, extracellular Na* was substituted by NMDG in Na*-free experiments. B, combined administration of ATP and ZnCl,
in the absence of external Na™ at pH, 7.3 (black trace) and 6.4 (red trace). Cells were perfused with the same medium as in A. Extracellular [Ca®"]
was increased to 3 mM in a Na*- and Mg?*-free medium. At the same time, pH, was dropped to 6.4 (red). C, effects of ATP and ZnCl, on the
sustained Ca®* plateau in a pH, range between 7.9 and 7.4. External pH was raised to 7.9, and Na* was removed as indicated. Changes in [Ca®"],
and [Mg?"], were similar to those indicated for A and B. After addition of agonists, pH, was decreased in a stepwise manner. D, ATP- and
ZnCl,-induced sustained increase in [Ca®*], relative to basal [Ca®*]; In optimized solution (3 mM Ca®* and 0 Mg?"), a sustained increase in [Ca®*],
(A[Ca®*], = 817 = 23 nM) was considered 100%. A reduction in [Ca®"], or an increase in [Mg?'], attenuated the Ca®" plateau. Numbers of

experiments are indicated in parentheses. Each experiment shown in A-C was performed four to six times with similar results.

data show that zinc increases [Ca2+]i from cytosolic calcium
stores and extracellular solution. However, a sustained Ca2?"
plateau was only observed when external calcium was present,
suggesting that activation of Ca?" entry mechanisms plays a
key role in this prolonged Ca®" signal.

P2XR-independent Ca®* Entry Pathways Are Not Involved in
Zinc-induced Ca®" Entry—Because Ca®" entry was stimulated
by zinc even in the absence of ATP, we were required to inves-
tigate whether P2XR-independent mechanisms were involved
in this process. First, we assessed the effects of the zinc-acti-
vated cation channel inhibitor tubocurarine (21) on zinc-in-
duced Ca?* entry. Tubocurarine (100 um) had no effect on Ca?*
entry in IB3-1 cells (A[Ca%]i = 282 *+ 23 nm, n = 4) (Fig. 3A).
We have shown previously that activation of the reverse oper-
ation mode of Na*/Ca®* exchange did not contribute to ATP-
induced Ca®" entry in Na™*-free solution (8). Zinc also inhibits
Na*/CaZ™" exchange in rat brain (22). However, we could not
exclude the possibility that zinc might influence activity of the
Na*/Ca®" exchanger under Na*-free experimental conditions.
Thus, we tested the effects of KB-R7943, a selective inhibitor of
the reverse operation mode of this exchanger. Surprisingly,

instead of inhibition of zinc-induced Ca?" entry, KB-R7943 (10
uM) potentiated zinc stimulation (A[Ca2+]i =727 +51nM,n =
4) (Fig. 3B). Store-operated Ca®" channels play an important
role in Ca®" entry in non-excitable cells (23, 24) and in epithe-
lial cells (25—-27). Although zinc has been described as an in-
hibitor of store-operated Ca%* channels (23-27), we tested its
effects on thapsigargin-induced Ca®" entry. At concentrations
shown to activate sustained Ca®" entry in human airway epi-
thelial cells, zinc inhibited store-operated Ca%* entry channels
([Ca2+]i = 685 = 34 nuM before and after zinc exposure versus
[Ca%*], = 94 = 21 nm during zinc exposure, n = 5; p < 0.01)
stimulated by thapsigargin depletion of intracellular endoplas-
mic reticulum Ca?* stores (Fig. 3C). Because zinc has been
reported to modify the properties of Fura-2 (28), we tested
whether zinc enters the cells and affects Fura-2 when added at
the concentration that induces sustained Ca®" entry. Zinc did
not change Fura-2 fluorescence until manganese was subse-
quently added, showing that zinc triggered Mn2" entry and
Mn?*-dependent Fura-2 quenching (Fig. 3D). Taken together,
these data show that P2XR-independent Ca®* entry mecha-
nisms are likely not involved in zinc-induced Ca2?" entry. Our
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Fic. 2. Effects of zinc alone on [Ca®*]; in IB3-1 cells. Original traces show the effects of zinc alone. In experiments shown in A-D, early
changes of external ionic composition were performed as described in Fig. 1A. A, addition and removal of zinc as indicated. B, external Ca®" was
removed in the continuous presence of zinc. C, external pH was dropped from 7.9 to 7.3 and restored again to 7.9 followed by replenishment of
sodium in the continuous presence of zinc. D, ZnCl, was added in increasing concentrations. E, ZnCl, was added in Ca®*-free medium followed by
readdition of external Ca®". F, cells were pretreated with thapsigargin in the absence of external Na* and Ca?", and then zinc was added. At the
end of the experiment, external calcium was replenished. Each experiment shown in A-F was performed four to six times with similar results.

previous results (8) and the properties of zinc- or zinc and
ATP-induced Ca®" entry argue for a prominent role for P2X
receptor Ca?" entry channels.

Zinc Alone or in Combination with ATP Restores Cl~ Trans-
portin IB3-1 Cells—To test the hypothesis whether a sustained
increase in cytosolic Ca®" of greater than 300 nm could restore
Cl™ transport in IB3-1 CF cells grown on collagen-coated glass
coverslips, we assessed Cl~ efflux using 6-methoxy-N-(3-sulfo-
propylquinolinium halide fluorescence assay. ZnCl, (20 pm)
alone or in combination with ATP (100 um) stimulated Cl™
efflux when administered in Na*-free alkaline (pH 7.9) me-
dium (Fig. 4, A and B). These effects were dependent upon the
presence of extracellular Ca®* (Fig. 4A), suggesting a key role
of Ca%* entry mechanisms in stimulating Cl~ transport. It is
important to note that stimulation of C1™ efflux was achieved
under the same conditions that resulted in a prolonged cytoso-
lic Ca?" increase. It is also probable that flow-induced release
of endogenous ATP contributed to zinc-induced rescue of C1™
efflux in a manner similar to the Fura-2 imaging assays (see
above).

Zinc and ATP Stimulate Cl~ Secretion in Polarized CF and
Non-CF Human Airway Epithelial Cell Monolayers—We next
tested the efficacy of zinc and ATP in rescuing transepithelial

Cl™ transport in primary human CF and non-CF airway epi-
thelial cell monolayers as well as in Calu-3 immortalized hu-
man non-CF submucosal gland serous cell monolayers in
Ussing chambers. In the presence of amiloride (20 um) and a
“basolateral toward apical” Cl~ gradient, apical ATP (100 pum)
and ZnCl, (40 um) in Na'-free solution (pH 7.9) stimulated
transepithelial chloride current in both CF and non-CF airway
epithelial cells (Fig. 5A). This Cl~ current was biphasic, show-
ing transient and sustained components (Fig. 5, A-D). Removal
of the agonists abolished the sustained Cl~ current, which was
stimulated again upon readdition of agonists (Fig. 5B). Calu-3
cell monolayers are a preferred respiratory cell model system to
study anion and water transport. It has been shown that fors-
kolin-stimulated anion current is carried mainly by bicarbon-
ate in these monolayers (29). Furthermore Cuthbert et al. (30)
have recently reported that HCO5/CO, removal inhibits Cl1™
secretion in Calu-3 monolayers. Thus, we hypothesized that, in
the presence of HCO;/CO,, ATP and zinc could stimulate a
more robust and sustained anion secretion than we observed in
Hepes-buffered solution. Indeed, under these conditions, ATP
(100 um) and ZnCl, (40 pm) elicited significantly higher peak
(100.4 = 10.0 pA/em?, n = 5 versus 16.4 + 1.2 uA/em?, n = 18;
p < 0.01) and sustained currents (76.6 += 6.8 uA/em? n = 5
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Fic. 3. P2XR-independent Ca®* entry is not involved in zinc-induced sustained [Ca®*]; increases. Original traces show the effects of
tubocurarine (A) and KB-R7943 (B) on zinc-induced [Ca®*]; increases. The dashed red lines indicate the levels of the zinc-induced sustained Ca®*
plateau in parallel experiments performed on the same day in the absence of tubocurarine and KB-R7943, respectively. C, thapsigargin-induced
increase in [Ca®*]; in Na*-free, Ca®"-containing (3 mM) medium that was pH 7.9. Addition of ZnCl, inhibited Ca®" influx as indicated, while
withdrawal of zinc revealed residual store-operated Ca®" entry channel activity. D, quenching of Fura-2 was assessed in the presence of ZnCl,, (20
uM) followed by addition of MnCl,. At the beginning of each experiment Fura-2 fluorescence was considered 100%, which was not changed
significantly by ZnCl, (98 + 2%). Each experiment shown in A-D was performed four times with similar results.

versus 12.0 = 1.0 pA/em? n = 18; p < 0.01) (Fig. 5, B and D).
The sustained current was inhibited by chelation of extracel-
lular Ca®", a maneuver that did not prevent the forskolin-
stimulated anion secretion (Fig. 5D). These data show that zinc
and ATP under optimal Ca®* entry conditions stimulated sus-
tained Cl~ and/or HCOg secretion in polarized CF and non-CF
human airway and submucosal gland serous cell epithelia by a
mechanism that, at least in part, requires extracellular CaZ*.

Zinc and ATP Correct Defective Cl~ Transport in NPD As-
says of Mice—A critical test for these agonists and vehicle was
the NPD assay in anesthetized mice (31). We applied zinc and
ATP onto the nasal mucosa of different strains of control and
CF mice in the identical saline vehicle optimized for marked
Ca?" entry. In mice with at least one wild-type CFTR allele, the
NPD depolarized with gradual decay in the presence of amilo-
ride (50 um). Under these conditions, reduction of mucosal [C1 ]
caused significant hyperpolarization, indicating C1~ secretion
by nasal epithelial cells (Table I and Fig. 64). Addition of ZnCl,
(40 um) and ATP (100 um) induced further hyperpolarization
that was sustained and indicative of Cl~ secretion (Fig. 6A).
This magnitude of hyperpolarization was as large as that elic-
ited by isoproterenol stimulation of CFTR-mediated C1~ secre-
tion in our studies (data not shown). The hyperpolarization was

transient and markedly attenuated by removal of extracellular
Ca?" (Table I). We also tested this protocol in a AF508-CFTR
homozygous CF mouse (32) and a bitransgenic mouse in which
the lungs are null for CFTR but intestinal dysfunction was
corrected with a fatty acid-binding protein promoter-driven
CFTR construct. In the presence of amiloride (50 um), reduction
of mucosal C1~ was without effect (Fig. 6, B-F), illustrating the
loss of Cl1™ permeability in CF. However, administration of
ZnCl, and ATP caused marked and sustained hyperpolariza-
tion in both CF models (Table I and Fig. 6, B-E). This degree of
rescue of Cl- permeability and the sustained nature of this
rescue are novel to the CF NPD field.

The duration, reversibility, and reproducibility of a potential
therapeutic compound are key issues, especially one that tar-
gets an endogenous receptor. Therefore, we tested the duration
of effect as well as removal and readministration of agonists. To
our knowledge, these are the first CF NPD assays in which
such protocols have been performed. In CF mice, administra-
tion of ATP and zinc hyperpolarized the NPD in a sustained
manner for 15 min (Fig. 6D). This long lasting stimulation was
reversible upon removal of agonists (Fig. 6D). In addition,
multiple exposures to agonists elicited similar Cl™ secretory
responses, suggesting that P2XRs do not become desensitized
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FiG. 4. Effects of zinc and ATP on Cl™ efflux in IB3-1 cells. A, effects of combined administration of ATP and ZnCl, on Cl~ efflux.
Extracellular Na* and Cl~ were replaced by NMDG and NO;, respectively. At the same time, the concentration of CaCl, was increased to 3 mM,
and pH, was elevated to 7.9 in the presence of ATP and ZnCl, (black trace) or in the absence of the agonists (red ¢race). In the blue trace, Na*, Cl~,
and pH, were changed as described above, but CaCl, was removed, and EGTA was added in the presence of ATP and ZnCl,. Na*-containing
solution without agonists was given back as indicated, although the point at which it was given in the three separate traces was slightly different
(the deflections in the traces show when agonist-free solutions affected the cells in the different experiments). Values are means = S.E. (n = 17
cells in each group). B, effects of combined administration of the agonists versus ZnCl, alone on Cl1~ efflux. Cells were superfused with Ca®*-free,
Na*-containing solution that had a pH of 7.3. Ionic composition of the solutions was changed as described for A with the exception that no added
CaCl, was present in NMDG-containing solutions. ATP and ZnClL, (black trace), ZnCl, alone (red trace), or no agonists (blue trace) were added with
CaCl,. Values are means = S.E. (n = 17 cells in each group). SPQ, 6-methoxy-N-(3-sulfopropyl)quinolinium.

or inactivated (Fig. 6E). Notably Cl1~ secretion induced by ATP
and zinc was more rapid when the low C1™ solution added prior
to the agonist-containing solution was also pH 7.9, independent
of the absence or presence of extracellular Na® (Table I and
Fig. 6, D and E). Interestingly ATP, when administered alone
in Na™-free, alkaline solution, caused significantly smaller and
transient hyperpolarization responses in bitransgenic CF
mouse NPD (Table I and Fig. 6F). Comparison of Fig. 6E with
Fig. 6F illustrates the pivotal role for zinc in triggering sus-
tained Cl~ secretion in vivo. Finally, as in transepithelial anion
current recordings, administration of ZnCl, alone was not suf-
ficient to produce significant Cl~ secretion in either CF mouse
model (data not shown).

DISCUSSION

Having ruled out P2XR-independent Ca2® entry mecha-
nisms (22-27) and zinc-activated channels (21), P2XRs are the
most likely candidates to conduct Ca®" into airway epithelial
cells when stimulated with zinc and ATP. Because of alkaline
pH potentiation of ATP and zinc-induced Ca®" entry, we spec-
ulate that the P2X, subtype is involved in this process. How-
ever, it is possible that P2X, and/or P2X4 may also contribute to
Ca2" entry because they co-assemble with P2X, (12, 33) and

are also expressed in human airway epithelial cells.? Zinc is an
antagonist for P2X; and P2X,, while P2X, receptors are stim-
ulated by acidic pH (12). Furthermore P2X, and P2X; can also
be excluded because of their rapid inactivation (12). Thus,
functional, biochemical, and immunohistochemical definition
of the relative roles of P2X,, P2X;, and/or P2Xy in alkaline
pH-dependent, zinc-induced Ca2" entry is in progress.

The sustained nature of the Ca®" signal induced by zinc
and/or ATP was surprising and intriguing. In addition to the
fact that Ca®" entry was essential, two additional factors may
explain this phenotype. First, both zinc and ATP also cause
endoplasmic reticulum Ca®* release. Second, since zinc inhib-
its the human erythrocyte plasma membrane Ca®* ATPase
pump (34), it is conceivable that submicromolar concentrations
of zinc could accumulate in the cells that might inhibit CaZ*
extrusion without altering Fura-2 properties. Nonetheless we
emphasize that removal of zinc or of extracellular Ca®* quickly
lowered and reversed the signal back to base-line [Ca2+]i, sug-
gesting that the overall Ca?" buffering capacity is not affected
by zinc. Interestingly zinc alone stimulated sustained cell Ca®*

3 L. Liang and E. M. Schwiebert, unpublished observations.



10726 Zinc as a CF Airway Epithelial Therapeutic Treatment

ATP + ZnCl, (apical) HCO,-free medium
A~ ATP - ZnCl, (basolat) LA ATP+ZpCl__ ____ATP+ZnCl,
s S R RS S e s = . '1- = n ! [ 1] =TT
i P — o I‘ . -t i ,-:- ; ] IF-J:-"
S RSN EERESEEET N wilhy NIRRT ARRRAR
i 3 e E = ) o i 3 . || l | ]
= BT G N S ' !,'!ﬁ__..‘:._. | 1 Iil.l ll|‘ jl_

| l | Li |
P — r o e e 2 mi T T | |
I ANRA RN R RRN AR AR ERDZ NN
\ ot == T N
T £ \ - - TH 1 |
H X 8 I . e Jod ] |
o = Tr T eI T ! 2
= — —f 1 1 1
s = i - T B 4 min
ATP + ZnCl, (basolat.)
ATP + ZnCl, (apical) 5 HCOj; -containing medium
¢ 4 i ATP+|ZnICi2 FECLLLTE L 1 TEGTA Tt
50 . . T assnzunasse
as | | I I
40
35
NE 30
25
izu
15 -
: . IIIIIIIIIIIII
5
. T I
Primary CF Primary Control CALU-3

0 ®) (18)

Fic. 5. Effects of zinc and ATP on secretory CI° and HCO; currents in polarized airway epithelia. A, representative tracings of
transepithelial chloride current measurement are shown using non-CF (red trace) and CF (blue trace) human primary airway epithelial cell
monolayers. ATP and ZnCl, were added apically and basolaterally as indicated. B, representative tracing of transepithelial chloride current in the
absence of HCO,/CO,, using Calu-3 monolayers. ATP and ZnCl, were added apically followed by washout and by readdition of the agonists. C,
summarized data for transepithelial chloride current experiments. Black columns represent the peak stimulation by ATP and ZnCl,, while gray
columns represent currents measured 5 min after the peak. Please note that primary CF cells exhibited the highest peak current component, while
Calu-3 cells had the highest sustained current component. Numbers of experiments are shown in parentheses (*, p < 0.05). D, representative
tracing of transepithelial anion current in the presence of HCO;/CO, using Calu-3 monolayers. ATP and ZnCl, were added apically followed by
addition of EGTA (2 mm). Forskolin (5 uM) was given to the apical side of the monolayers as indicated. basolat., basolateral.

TABLE I
Transepithelial nasal potential difference values of control, A508 CF, and bitransgenic CF mice
Starting points represent values (mV) obtained in Ringer’s solution containing amiloride immediately after the beginning of experiments. Low
[C17], responses represent the changes in values (mV) reducing [C17], to 6 mM in Na*- or NMDG-containing medium at different pH,. Negative
and positive values reflect changes toward hyperpolarization and depolarization, respectively. Effects of ATP and ZnCl, were tested in NMDG-
containing medium at pH 7.9 following reduction of [C1 ],. n = number of experiments.

Control CF Bitransgenic CF

Cftr (+/-) n Cftr(AF508/AF508) n Cftr(—/-) n
Starting point —-18.7*x15 19 —26.3 £2.2° 11 —26.1 = 1.0* 14
Low [C17], (Na™ pH 7.3) -5.5*0.5 8 +3.7 £ 0.9* 3 +4.8 + 0.9% 7
ATP + ZnCl, (NMDG, pH 7.9) —4.7 = 0.7 6 —4.0+ 1.2 3 —-3.8+0.6 12
Low [C17], (Na™ pH 7.9) —4.8 +0.8 6 +54 + 1.1¢ 7 +6.7 + 2.3% 3
ATP + ZnCl, (NMDG, pH 7.9) —-6.0 = 1.0 2 -9.4 + 0.6%° 8 —-9.7 + 1.8%¢ 3
Low [C1™], (NMDG, pH 7.9) -48 + 1.5 5 +5.8 + 1.0¢ 4
ATP + ZnCl, (NMDG, pH 7.9) —=5.7+ 0.7 3 —-10.2 = 0.5*° 6
ATP alone (NMDG, pH 7.9) —2.3 + 0.5¢ 4
Low [C17], (NMDG, no added Ca®*", pH 7.9) -7.3+0.3 3 +6.0 = 0.4 4
ATP + ZnCl, (NMDG, no added Ca®**, pH 7.9) -1.3 +0.3° 3 —-2.0 = 0.6° 4

“p < 0.05 vs. control animals.

®p < 0.05 vs. CF animals; ATP + ZnCl, after low [Cl ] response with Na* (pH 7.3).

¢p < 0.05 vs. bitransgenic CF animals (a generous gift from Dr. Jeffrey A. Whitsett); ATP + ZnCl, after low [C17] response with Na™ (pH 7.3).
< The effect of ATP alone was assessed by the peak of the hyperpolarization response because of the transient nature of the response.

¢p < 0.05 vs. ATP + ZnCl, with NMDG in the presence of extracellular Ca®".



Zinc as a CF Airway Epithelial Therapeutic Treatment

D

NMDG (pH 7. 9) low [C1] | NMDG (pH, 7.9) low [C1]

S ATP ZnClo L

low [CI]

..... 2 mnm! 2mm'
B Nacl | low [CI] 4 NMDG (pH, 7.9) low [CI] E NMDG (pH, 7.9) low [CI]
| L ATP ZaCE ] ' ATP+ZnCl,  ATP+ZnCl, ATP+ZnCl,

, "lr Pigid ‘I/lf"\
{ vﬁ\f\‘ H 1
LT

7]
BESSEES
yT-.--.

|
L e
= H
5m\l||' :

2mm i

|
] |

| A O D
HEREE

 NMDG (pH, 7.9) low [C1] "
ATP + ZnCl, -

Fic. 6. Effects of zinc and ATP on Cl™ secretion in mouse NPD measurements. A, typical experiment in control animals. The nasal cavity
of the mouse was perfused with Na*-containing Ringer’s solution (pH 7.3) in the presence of amiloride (50 uM) showing a gradual decay in NPD
(depolarization). Then we switched to a low Cl -containing (6 mM) solution. Please note the hyperpolarization upon lowering external [C17]. Due
to a delay in the perfusion system, hyperpolarization occurred approximately 2 min after changing solutions. ATP (100 uM) and ZnCl,, (40 um) were
added in Na"-free medium that was pH 7.9. Please note an additional hyperpolarization in the presence of agonists. Shown are typical experiments
in a AF508 homozygous CF mouse (in B) and in a bitransgenic CF mouse (in C) using the same protocol as in A. Please note that in both CF mouse
models hyperpolarization occurred only upon addition of agonists. D, long exposure to agonists in a AF508 homozygous mouse. Extracellular Na*
was substituted by NMDG, and pH was raised to 7.9 in low Cl -containing medium before addition of agonists, and then ATP and ZnCl, were
added. Please note that the time lag between switching to agonist-containing solution and hyperpolarization is shorter (approximately 1 min), and
the amplitude of the response is greater than that achieved in B. Also note that washout of agonists reversed the response completely. E, multiple
exposures to ATP and ZnCl, in a AF508 homozygous mouse. Please note that the amplitude of the responses did not decline with the time even
upon removal and readdition of agonists two additional times. F, a bitransgenic CF mouse was exposed to ATP alone in Na*-free low [C] ], solution
at pH, 7.9. Before adding the agonists, nasal epithelia were perfused with Na*-free low [C17], solution at pH, 7.9. Note the transient nature of the
response.

increases and Cl~ efflux in non-polarized cells. In polarized
monolayers, however, both zinc and ATP were required to
stimulate sustained Cl~ secretion. It is probable that CaZ*-
activated Cl~ channel expression is regulated by epithelial
polarity (35), which might underlie the different Cl~ secretory
responses in polarized and non-polarized airway epithelial
cells. Furthermore administration of ATP scavengers inhibited
partially the zinc-induced sustained Ca®"* plateau, suggesting
that rapid perfusion triggers endogenous ATP release in fluo-
rescence-based assays (36, 37) and that addition of both co-
agonists provides full stimulation of epithelial P2XRs.
Modifications of the saline vehicle appear essential to acti-
vate P2XR Ca2" entry channels. These include a low extracel-
lular Na* concentration (which benefits all other Ca®" entry
channels (38—-43)) and an alkaline extracellular pH (which
potentiates P2X, (8, 12)). Removal of extracellular Mg®" and
increased external Ca®" concentrations also potentiated the
effects of zinc and ATP. Applying these modifications, P2X
agonists induced a sustained increase in [Ca%™] ; 0f 300—450 nm

above basal levels in CF and non-CF airway epithelial cells.
This signal would be sufficient for marked stimulation of Ca?*
activated Cl~ channels (44) and ciliary beat (45, 46). Silberberg
and coworkers (46) hypothesized that the latter effects were
conferred by “P2X cilia.” Of note, a low Na™ environment and
extracellular ATP potentiated P2XR-modulated ciliary beat in
their studies (46). Together our studies argue for possible im-
provement in CF mucociliary clearance.

A sustained Ca®* signal also stimulates Ca®?"-dependent
K" channels and may inhibit epithelial Na* channels (2). K*
efflux would lead to a hyperpolarization of cell membrane
potential, establishing a favorable electrical gradient for C1™
secretion. Reduction of Na™ hyperabsorption would promote
rehydration of airway surfaces. Furthermore zinc inhibition
of a recently described proton conductance could also alka-
linize the airway surface, which may be acidic during airway
inflammation (47). Thus, inclusion of zinc might correct mul-
tiple airway epithelial ion transport dysfunctions. Interest-
ingly, in Calu-3 submucosal gland serous cells, ATP and zinc
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stimulated marked anion secretion (especially in HCO5/CO,-
containing medium), suggesting that P2XRs may also be
useful for more general rescue of anion secretion in submu-
cosal glands.

Stimulation of sustained Ca®* entry in CF therapy must also
occur in a controlled manner because of possible induction of
apoptosis (48). Cytosolic Ca2?* imaging, Ussing chamber, and
NPD experiments show that zinc- and ATP-stimulated Ca®*
entry and Cl~ secretion are reversible upon removal of agonists
and reacquirable after readdition of agonists. These features
indicate that P2XRs and Ca®"-activated Cl~ channels are not
desensitized or inactivated under these experimental condi-
tions. However, it is noteworthy that administration of ATP
alone caused only transient Cl~ secretion in CF mouse nasal
epithelia, underscoring the importance of zinc co-application
along with ATP.

The most novel and compelling aspect of this proposed P2XR-
targeted CF therapy is the inclusion of zinc. Zinc is a trace
element and transition metal. It is derived from human diets
and is required for healthy function of the body, and no chronic
disorders are known to be associated with its accumulation (49,
50). Zinc oxide creams alleviate dermatitis, including acroder-
matitis enteropathica in at least 30% of CF patients caused by
zinc malabsorption and deficiency (51). Defective activity of a
zinc transporter, hZip4, in the intestinal mucosa is also linked
to this form of dermatitis (52). Of note, homeopathic remedies
such as Zicam™ and ColdEeze™, based on zincum gluconicum
(53, 54), are available for treatment of the common cold. Oral
zinc sulfate is also Food and Drug Administration-approved in
milligram quantities as an adjunct therapy for Wilson’s disease
(55). Despite current therapeutic use, the anti-inflammatory
mechanisms of and receptors for zinc are poorly defined. It is
possible that luminal epithelial P2XRs function, at least in
part, as zinc-sensing receptors and participate in these
mechanisms.

One could argue that zinc and a nucleotide would require a
low sodium, alkaline environment to activate P2XRs, condi-
tions that would make its application difficult in therapeutic
trials. Nevertheless efficacy was achieved in the mouse nasal
cavity. We speculate that inhalation of Na™-free alkaline solu-
tion of a volume markedly greater than the estimated volume
of the airway surface liquid in the large ciliated airways (56)
might reduce Na* concentration and increase pH of the airway
surface liquid, allowing zinc to exert its beneficial effects. CF
aerosol administration of drugs, such as tobramycin, is often
administered in markedly diluted saline (75% diluted saline in
water in the case of Tobi™; information is provided in Physi-
cian’s Desk Reference). There is also precedence for an inhaled
isotonic alkaline solution (pH 8.0-9.0) containing bicarbonate
that improved radioaerosol clearance significantly in patients
with chronic cough (57). Importantly, in contrast to acidic aero-
sols, alkaline aerosols do not trigger bronchoconstriction (58).
These previous observations suggest that properly compiled
aerosols may have significant influence on the efficacy of zinc in
future human studies. Thus, we propose that zinc and ATP (or
an equivalent nucleotide) added to the nasal passages and
airways may be of significant benefit to CF pharmacotherapy
that is independent of CFTR genotype. Zinc-based therapy for
CF, other airway diseases, and the common cold could also be
improved by delivery in an optimized saline vehicle inhaled as
a solution.
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Abstract

Background/Aims: ATP-gated P2X, purinergic receptors (P2X,Rs) are cation channels
with important roles in diverse cell types. To date, lack of specific inhibitors has hampered
investigations on P2XRs. Recently, the benzodiazepine derivative, 5-BDBD has been
proposed to selectively inhibit P2X,Rs. However, limited evidences are currently available on
its inhibitory properties. Thus, we aimed to characterize the inhibitory effects of 5-BDBD on
recombinant human P2X Rs. Methods: We investigated ATP-induced intracellular Ca** signals
and whole cell ion currents in HEK 293 cells that were either transiently or stably transfected
with hP2X Rs. Results: Our data show that ATP (< 1 uM) stimulates P2X,R-mediated Ca**
influx while endogenously expressed P2Y receptors are not activated to any significant extent.
Both 5-BDBD and TNP-ATP inhibit ATP-induced Ca?* signals and inward ion currents in a
concentration-dependent manner. Application of two different concentrations of 5-BDBD
causes a rightward shift in ATP dose-response curve. Since the magnitude of maximal
stimulation does not change, these data suggest that 5-BDBD may competitively inhibit
the P2X,Rs. Conclusions: Our results demonstrate that application of submicromolar ATP
concentrations allows reliable assessment of recombinant P2XR functions in HEK 293 cells.
Furthermore, 5-BDBD and TNP-ATP have similar inhibitory potencies on the P2X Rs although
their mechanisms of actions are different.
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Introduction

Extracellular ATP and its breakdown products regulate a number of cellular functions
by stimulating purinergic receptors [1]. In the last two decades 19 different purinergic
receptors have been identified including four adenosine-activated P1 receptors, seven ATP-
gated P2X receptor (P2XR) channels and eight metabotropic P2Y receptors which can be
stimulated by adenosine and uridine tri- and diphosphates [2].

The seven P2X receptor subunits (P2X, ) are widely distributed in both excitable and
non-excitable cells providing cation permeable pathways (mainly for Ca** and Na*) through
the plasma membrane. Previous studies revealed that these subunits might assemble as
either homo- or heterotrimeric receptors [2]. Importantly, heteromerization can change
functional and pharmacological properties of the P2XRs [2]. P2XRs are involved in
presynaptic and postsynaptic actions of ATP [3-5] including taste sensation [6], hearing [7]
and chemoreception [8]. P2XRs are also necessary for proper function of immune system
[9]. In cardiovascular, respiratory, genitourinary and gastrointestinal systems several P2X
receptor subunits seem to play pivotal role in both endothelial and epithelial cell functions
[10]. Using pharmacological approaches and knockout animals, it has also become evident
that P2XRs are involved in a broad range of pathophysiological processes such as chronic
and inflammatory pain [11-15] arthritis [16] male infertility [17] and hypertension [18, 19].

A role for P2X, receptors has been proposed in neuropathic pain [15], endothelial
NO production [18], regulation of airway ciliary epithelia [20] and chloride secretion of
respiratory [21, 22] and biliary epithelia [23]. However, validation of P2X R involvement has
been often hampered by the lack of specific inhibitors. In fact, P2X, receptors are insensitive
to the nonselective inhibitors, such as suramin and PPADS [24]. TNP-ATP has been found as
a putative antagonist of P2X, receptors. However, it blocks other P2X subtypes as well, such
as P2X , P2X, and P2X, [25]. Furthermore, TNP-ATP has been shown to be a weak blocker of
P2X, receptors (IC,; = 15 uM for 10 uM ATP stimulation) compared to its inhibitory potency
at P2X, and P2X, receptors [26].

The benzodiazepine derivative, 5-(3-bromophenyl)-1,3-dihydro-2H-benzofuro|[3,2-e]-
1,4-diazepin-2-one (5-BDBD), has been recently shown to selectively inhibit P2X, receptors
(IC,, ~ 0.5 uM) [27]. Nonetheless, these results are described in a patent and details of the
experimental procedure are not available. So far, limited experience has been available with
5-BDBD and there is no consensus about its pharmacologically relevant concentration range.
In some studies low micromolar (5-10 uM) concentrations were used [28, 29] whereas
others applied significantly higher doses of 5-BDBD (30-100 uM) [30, 31].

In the present study, we investigated ATP-induced cytosolic Ca?* signals and inward
ion currents in HEK 293 cells transfected either transiently or stably with hP2X, receptors.
We characterized P2X, receptor-mediated whole cell ion currents and identified P2YR-
and P2XR-dependent calcium signals using electrophysiological and fluorescence ion
measurement techniques, respectively. Despite endogenous expression of P2ZYRs we were
able to discern P2XR-dependent Ca?* signals stimulating the cells with submicromolar
concentrations of ATP. We also assessed the inhibitory effects of 5-BDBD and TNP-ATP on
both intracellular Ca* signals and inward ion currents. Our data suggest that 5-BDBD and
TNP-ATP have similar inhibitory potencies on P2X Rs. Furthermore, we show that 5-BDBD
functions as a competitive antagonist of hP2X Rs.

Materials and Methods

Materials

Cell culture medium, fetal bovine serum, cell culture supplements and antibiotics were purchased
from Csertex Inc. (Budapest, Hungary). TurboFect™ in vitro Transfection Reagent was purchased from
Biocenter (Szeged, Hungary). Lipofectamine 2000 was obtained from Invitrogen (Life Technologies Europe
B.V, Zug, Switzerland). Fluo-3/AM was purchased from Invitrogen Inc. (Carlsbad, CA). 5-BDBD was obtained
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from Tocris Inc. (Minneapolis, USA). Calcium-5 was purchased from Molecular Devices (Molecular Devices
LLC, Sunnyvale, CA, USA). Ivermectin (IVM) was obtained from Merck AG (Merck, Zug, Switzerland). All
other chemicals were purchased from Sigma-Chemical (St. Louis, MO).

DNA Construct

The human P2X R (imaGenes GmbH, Berlin, Germany) was amplified from human cDNA with the
following primer pair: 5’-TAT AAG ATC TCG CGG CCA TGG CGG GC-3;,

5’-TAT AGA ATT CCC TGG TCC AGC TCA CTA GCA AGA CCC TGC-3’

The amplified product was subcloned into the pmCherry-N1 (Clontech Laboratories Inc.) vector by
using Bglll and EcoRl restrictions sites. Amino acid sequence of the human P2X, receptors fully corresponds
to the isoform 3 described in gene database of the National Institute of Health.

Cell culture and establishment pmCherry-N1-hP2X, expressing HEK 293 cell clones

Human embryonic kidney (HEK) 293 cells were grown in plastic tissue culture flasks in DMEM/
Ham’s F-12 (1:1) medium supplemented with 5% fetal bovine serum, 100 U/ml penicillin and 100pg/
ml streptomycin at 37°C in a cell culture incubator supplied with 5% CO, Cells were subcultivated when
confluency reached 90-95%. To establish pmCherry-N1-hP2X4 expressing HEK 293 cell clones, cells plated
the day before on poly-D-lysine coated 35 mm dish were transfected with 2 ug pmCherry-N1-hP2X, using
5 pl Lipofectamine 2000 per well as described in the manufacturer’s protocol. Transfection medium was
changed to antibiotic-free medium after 4 hours. On the following day the medium was then changed with
selection antibiotic (G418) containing medium. From then on, the cells were kept in this selection medium.
After a massive cell death of the non-transfected cells, surviving cells were trypsinized and replated in
a 96-well plate at such a dilution that 1 cell/well density was obtained. After several days, colonies of
cells displaying red fluorescence were selected as hP2X -expressing positive clones using fluorescence
microscopy.

Transient transfection

Before the day of transfection, cells were plated on poly-D-lysine coated round glass coverslips (25 mm
in diameter) at a density of 500,000 cells in 40 mm plastic Petri dishes. After 16-24 h, cells were transfected
with 3pg pmCherry-N1-hP2X, DNA and 5ul of TurboFect™ transfection reagent in 200ul of serum-free
medium. Cells were subjected to experiments 16-48 h after transfection. The efficiency of transfection was
60-70%.

Cell surface biotinylation and western blotting

P2X, expressing HEK 293 cell clones were plated at 1.000.000 cell density into poly-D-lysine coated 60
mm dishes. 24 hours after plating, cells were rinsed with ice-cold PBS-Ca-Mg (PBS containing 0.1 mM CaCl,
and 1 mM MgCl,) followed by biotinylation of proteins at the plasma membrane with 1.5 mg/ml sulfo-NHS-
LC-biotin in 10 mM triethanolamine (pH 7.4), 1 mM MgCl,, 2 mM CaCl,, and 150 mM NaCl for 90 minutes
with horizontal shaking at 4°C. Next, excess biotin was quenched with PBS containing 1 mM MgCl,, 0.1 mM
CaCl,, and 100 mM glycine for 20 minutes at 4°C, and then rinsed three times with PBS. Cells were finally
lysed in lysis buffer for 30 minutes and lysates were cleared by centrifugation. Protein concentrations were
determined by DC Protein Assay. Portion of cell lysates of equivalent amounts of protein (1.33 mg/ml)
were equilibrated overnight with streptavidin agarose beads at 4°C. Beads were washed sequentially with
solutions A [50 mM Tris-HCI (pH 7.4), 100 mM NacCl, and 5 mM EDTA] three times, B [50 mM Tris-HCI (pH
7.4) and 500 mM NaCl] twice, and C (50 mM Tris-HCI, pH 7.4) once. Biotinylated surface proteins were
then released by heating to 95°C with 4x Laemmli buffer. Proteins from the intracellular fraction were also
heated to 95°C for 5 minutes with 4x Laemmli buffer.

Samples were run on a 10% SDS gel with 40 pl protein loaded from the cytosolic protein (1 mg/ml)
and the plasma membrane samples. Samples were transferred onto a PVDF membrane in Towbin’s buffer
using the semi-dry transfer method. Membranes were blocked with PBS containing 5% milk, 0.5% BSA
and 0.02% NaN, at room temperature for 1 hour. Afterwards, samples were incubated in blocking solution
containing the appropriate primary antibody (1:1000 for mouse anti-mCherry (Clontech, 632543)) at 4°C
for overnight followed by three washes with PBST. HRP-conjugated goat anti-mouse antibody (1:4000,
BioRad) was used as secondary antibody. After three consecutive washes with PBST and a final wash
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with PBS, the enhanced chemiluminescence (ECL) method was used for detection. For loading control the
membrane probed with anti-mCherry was stripped and blotted with avidin-HRP (1:1000, BioRad).

Histochemistry

After 24 hours of plating 400.000 P2X,-expressing HEK 293 clonal cells into a 35 mm dish, cells were
washed thoroughly with PBS. Next, cells were incubated with 0.1 mg/ml LC-sulfo-NHS(+)-biotin (Molbio) at
room temperature for 1 hour followed by three washes with PBS. Thereafter, cells were fixed with 4% PFA at
37°C for 15 minutes. Cells were washed three times with PBS before staining with Streptavidin conjugated to
Alexa 488 (1:4000 dilution, Invitrogen) at room temperature for one hour. After washing the cells four times
with PBS, samples were mounted with CitiFluor AF2 (EMS). Images were captured with a Nikon C1 confocal
laser scanning microscopy system equipped with Multiline Argon and HeNe lasers using 40x magnification.

Measurement of intracellular calcium levels

Transiently transfected HEK 293 cells were loaded with Fluo-3/AM (4pl) in standard extracellular
solution for 45 min at room temperature. Fluorescence dye was dissolved in DMSO containing 20%
Pluronic-F127. Additionally, the loading solution contained 1 mM probenecid to prevent dye leakage.
After dye loading, cells were washed with standard extracellular solution. Standard extracellular solution
contained (in mM): 145 NaCl, 5 KCl, 2 CaCl,, 1 MgCl,, 10 D-glucose and 10 HEPES, pH 7.4 (with NaOH).
Nominally Ca®*-free solutions were prepared by simply omitting CaCl,.

Measurements were performed with a Axiovert 200 M Zeiss LSM 510 Meta (Carl Zeiss, Jena, Germany)
confocal laser scanning microscope equipped with a 20x Plan Apochromat (NA=0.80) DIC objective. For
the excitation, 488-nm argon-ion laser was used. The emitted light was collected with BP 505-570 band
pass filter. Data were obtained at a rate of 0.5 Hz. Changes in [Ca*'], are displayed as the percentage of
fluorescence relative to the intensity at the beginning of each experiment. The baseline fluorescence (100
%) was calculated from the average fluorescence of ROIs while bathing the cells with standard extracellular
solution. Background fluorescence was subtracted from fluorescence intensity by measuring a cell-free
area on every coverslip. Agonists and antagonists were administered directly to the solution at the desired
concentrations. All experiments were done at room temperature (22-24 °C).

Fluorescence ion measurement experiments using FLIPRTetra

Cells were trypsinized and plated at 40,000 cells/well density in 100 pl volume onto 96-well black
plates coated with 100ug/ml poly-D-lysine 36 hours before the experiments. HEK 293 cells were used for
testing the effects of compounds on endogenous P2Y receptors; whereas P2X, activity was measured using
P2X,-expressing HEK 293 cell clones. 36 hours later the medium was replaced with 100 pl of loading buffer
(modified Krebs buffer containing 117 mM Na(l, 4,8 mM KCl, 1 mM CaClZ,l mM MgClZ, 5 mM D-glucose, 10
mM HEPES, and Calcium-5 fluorescence dye). Cells were then incubated in the loading buffer at 37°C for one
hour. Fluorescence calcium measurements were carried out using FLIPTetra high-throughput, fluorescence
microplate reader. Cells were excited using a 470-495 nm LED module, and the emitted fluorescence signal
was filtered with a 515-575 nm emission filter. After establishment of a stable baseline, cells were incubated
with the compounds for five minutes followed by the administration of ATP with or without the tested
compounds.

Electrophysiology

Voltage-clamp recordings were carried out in the standard whole-cell configuration using an Axopatch
200B amplifier (Axon Instruments) [32]. Human P2X -expressing cells were selected using a Diaphot 300
inverted patch clamp microscope (Nikon) equipped with an epifluorescent attachment (Elektro-Optika,
Erd, Hungary). Micropipettes were pulled by a P-97 Flaming-Brown type micropipette puller (Sutter
Instrument) from borosilicate glass capillary tubes (Harvard Apparatus) and had a tip resistance of 3-6
MQ when filled with pipette solution. Patch pipette filling solution contained (in mM): 135 KCl, 5 NaCl,
1 MgCl,, 1 EGTA, 10 HEPES and an appropriate concentration of CaCl,, to give free [Ca**] = 0.1 uM. Free
[Ca*7], was estimated using MaxChelator software (Stanford University, Palo Alto, USA). The pH was adjusted
to 7.2 with KOH. Standard extracellular solution contained (in mM): 145 NaCl, 5 KCl, 2 CaClz, 1 MgClz, 10
D-glucose, 10 HEPES, pH 7.4 (with NaOH). Solutions were delivered by continuous perfusion with a gravity-
fed delivery system. Antagonists were added to the bath solutions 3-5 min. prior to agonist application.
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Fig. 1. Cellular localiza-
tion of P2X,Rs by im-
munohistochemistry.
Panel A: Cell surface
proteins stained with LC-
sulfo-NHS(+)-biotin and
streptavidin-Alexa488.
Panel B: Fluorescence
image of mCherry tagged
P2X,Rs in HEK 293 cells.
Panel C: Merged image
showing co-localization
of P2X,Rs and bioti-
nylated cell surface pro-
teins. Panel D: Differ-
ential interference con-
trast (DIC) image of the
P2X,Rs expressing cells.
Scale bar represents

biotin P2Xy

DIC

20 pm.

Experiments were performed at a holding potential of -60 mV. Command protocols and data acquisition
were controlled by pClamp 6.03 software (Axon Instruments). Capacitative currents were compensated
with analog compensation. Series resistance was accepted if lower than five times the pipette tip resistance.
Analog data were filtered at 1 kHz with a low-pass Bessel filter and digitized at 5 kHz using a Digidata 1200
interface board. Data were analyzed using Clampfit 6.03 and Microsoft Excel softwares. All experiments
were performed at room temperature.

Data presentation

Areas under the curve (AUC) values were calculated using the trapezoidal rule, in the first 4 minutes
following agonist application (SigmaPlot 12.0 software). To estimate P2X receptor function, non-expressing
cellresponses were subtracted from the AUC values obtained in P2X R expressing cells on the same coverslip.

Antagonist concentration-inhibition curves were obtained by using progressively increasing
antagonist concentrations and a fixed agonist concentration close to the EC,; unless otherwise stated. IC,
values were calculated by least squares fitting to / = [ /[1 + (IC, /[Ant])™], where | and I, represent peak
responses in the presence and absence of antagonist at concentration [Ant].

Results were presented as means + SEM of n observations if not otherwise indicated. Statistical
significance was determined using paired Student’s t-test for parametric, whereas one-way ANOVA followed
by Mann-Whitney U test for non-parametric variables. Differences were considered statistically significant
when p < 0.05. Non-linear curve fitting was performed using the SigmaPlot 12.0 program.

Results

Localization and functional characterization of transfected hP2X, receptors in HEK 293

cells

In order to study the localization of transfected hP2X, receptors in HEK 293 cells we used
immunohistochemical techniques. Co-localization of biotinylated cell surface proteins and
mCherry fluorescent protein suggested the expression of P2X,Rs in the plasma membrane
(Fig. 1). Furthermore, cell surface biotinylation and western blotting were used to separate
the cytosolic and membrane fractions of proteins in HEK 293 cells. The P2X -bound mCherry
protein was detected at the plasma membrane and its expression was not altered by the
presence of ivermectin (Fig. 2A). In control experiment we used avidin-HRP-conjugated
antibody to confirm the localization of proteins in the membrane fraction (Fig. 2B).
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Fig. 2. Localization and functional characterization of transfected hP2X, receptors in HEK 293 cells. Panel
A: Cytosolic and cell surface proteins were separated. Human P2X Rs are expressed both in cytosolic (lanes
1-4) and plasma membrane (lanes 5-8) fractions of proteins. Lane 1 and 5 indicate unstimulated cells, lanes
2 and 6 DMSO-pretreated (1:1000) cells, lanes 3 and 7 [IVM-pretreated (10 pM) cells and lanes 4 and 8 IVM-
pretreated (20 pM) cells. Panel B: In control experiments we obtained protein expression only in cell surface
fraction (lanes 5-8) using avidin-HRP. Panel C: Representative traces showing ATP-induced inward currents
in the absence; and panel E: presence of ivermectin (IVM). Panel D: Concentration-responses to ATP (0.1-
300 uM) are shown. Panel F: Concentration-inhibitions to TNP-ATP (0.05-50 uM) in ATP-stimulated (1 uM)
cells are shown. Values are means + SEM. The error bars are not always visible due to the small SEM values.
Experiments at each concentration were performed at least 3 times.

To functionally characterize the plasma membrane localized hP2X, receptors we
measured whole cell currents in transfected HEK 293 cells. ATP (0.1-300 uM) elicited
increasing maximal current amplitudes in cells expressing P2X Rs (Fig. 2C and D). The
agonist concentration-response curve for ATP were fit with the Hill-equation; E= E__[1 +
(EC,,/[A])™] where E stands for the peak current evoked by agonist concentration [A], E__ is
the peak current evoked by a maximal agonist concentration, EC, is the concentration giving
half the maximal current, and nH represents the Hill coefficient. Our results showed that the
EC,, value of ATP was 2.1 uM (Fig. 2D). Cells lacking P2X R expression failed to respond
to ATP (100 uM) (data not shown). To confirm the role of P2X Rs in ATP-induced inward
currents we pretreated the cells with ivermectin (IVM) (3 and 10 pM). As expected, [VM
potentiated currents induced by ATP (0.5 uM) in a concentration-dependent manner (Fig.
2E). In addition, we tested the effects of TNP-ATP on ATP-induced (1 pM) currents. Under
these conditions, we found that the half-maximal inhibitory concentration (IC, ) of TNP-ATP
was 1.5 uM (Fig. 2F). These data show the plasma membrane localized hP2X, receptors are
fully functional in transfected HEK 293 cells.
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Fig. 3. ATP-induced changes of cytosolic calcium concentration measured using FLIPRTetra. Panels A and B:
Administration of extracellular ATP induced dose-dependent, similar transient changes of cytosolic calcium
in HEK 293 cells in the presence or absence of extracellular calcium. Panel C: In contrast, in HEK 293 cells
stably expressing hP2X, ATP-induced sustained calcium response in the presence of extracellular calcium
Panel D: whereas in calcium-free buffer the responses were similar to the ones obtained in non-transfected
cells. Average tracings of 6 individual experiments are shown.

ATP-induced Ca** influx is inhibited by 5-BDBD in cells stably expressing P2X Rs

In native HEK 293 cells ATP (0.5-100 uM) caused transient increases in cytosolic calcium
concentrations whereaslower doses of the agonist (0.1-0.25 uM) elicited no change in calcium
levels (Fig 3A). In nominally calcium-free buffer ATP (0.1-100 uM) caused similar effects
suggesting that the calcium signal was due to P2Y receptor-dependent Ca®* release from the
intracellular stores (Fig. 3B). Although the presence of external Ca?* prolonged ATP-induced
calcium signals, sustained responses could not been observed (Fig. 3A). Next, we studied
ATP-induced Ca* signals in HEK 293 cell clones stably expressing P2X,Rs (see methods). In
these cells ATP (0.1-0.25 pM) elicited changes in Ca?* concentrations that were abolished in
Ca*-depleted medium indicating that Ca®* entered the cells from the extracellular space (Fig.
3C and D). In addition, higher concentrations of ATP (> 1uM) caused sustained Ca?* signals
(Fig. 3C). Importantly, the P2X, receptor-specific positive allosteric modulator IVM (20 uM)
potentiated the ATP-induced (0.25 pM) Ca** entry (AUC, , = 852 + 47; n=5 vs. AUC,,. ., =
1026 + 46; n=5; p<0.05). These data indicate that using low concentrations of ATP (<0.25 uM)
allows assessment of P2X,R-mediated Ca** signals independent of P2Y receptor activation.
Thus, we next studied the effects of the benzodiazepine derivative 5-BDBD in the presence
of 0.25 uM ATP. Under these conditions 5-BDBD (2-20 uM) significantly inhibited P2X,R-
mediated Ca? entry (Fig. 4A). We obtained similar inhibitory effects of 5-BDBD when cells
were stimulated by 0.5 uM ATP (Fig. 4B). Regardless of ATP concentrations used, 5-BDBD
(1-20 uM) had no effects in native HEK 293 cells suggesting that endogenously expressed
P2Y receptors were not inhibited (data not shown).
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Fig. 5. ATP induced concentration-dependent changes in [Ca*], in hP2X -expressing and non-expressing
HEK 293 cells. Panel A: Representative traces showing the effects of different ATP concentrations (0.1-
1uM) on [Ca*], Each experiment was performed at least 5 times; Panel B: P2XR:P2YR-mediated Ca*
response ratios are shown at different ATP concentrations. P2YR-mediated responses were estimated by
the amplitude of cytosolic Ca?* peaks while P2XR-mediated responses were assessed by “area under the
curve” (AUC) values referring to the sustained nature of the Ca?* signal. S.E.M. values are not shown for the
representative traces because they were within 10% of the mean. A.U. means arbitrary units.

Single cell calcium imaging in cells transiently expressing P2X Rs

Single cell calcium imaging has been shown to provide an alternative method for the
assessment of P2X receptor channel activity [33]. Therefore, we also studied the ATP-
induced intracellular Ca?* signals at the single cell level. In order to conduct simultaneous
measurements of cytosolic Ca®* levels in P2X,R-expressing and non-expressing cells, we used
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the transient transfection method. First, we identified the extracellular ATP concentration
at which P2XR:P2YR-mediated Ca?* response ratio was the highest. The P2YR-mediated
responses were estimated by the amplitude of cytosolic Ca** peaks while P2XR-mediated
responses were assessed by “area under the curve” (AUC) values referring to the sustained
nature of the Ca®* signal. In cells lacking P2X R expression, administration of 0.1 uM and
0.5 pM ATP evoked small peak increases without sustained Ca®* signals (Fig. 5A). In cells
expressing P2X Rs, the magnitude of Ca®* peaks induced by 0.1 uM and 0.5 uM ATP were
significantly higher than in non-expressing cells. However, robust Ca?* plateau was induced
only by 0.5 uM ATP (Fig. 5A). Further increasing ATP concentrations (1 uM), a considerable
rise in cytosolic Ca** peak was observed in cells lacking P2X R expression. In contrast,
the sustained component of the Ca* signal induced by 1 uM ATP did not significantly
differ from that elicited by 0.5 uM ATP in P2X R expressing cells (Fig. 5A). Consequently,
as P2XR:P2YR-mediated Ca** response ratio was the highest at 0.5 uM ATP (Fig. 5B), in
subsequent experiments this concentration was chosen to investigate single cell Ca®* signals.
To demonstrate that extracellular Ca®* was necessary for ATP-induced sustained Ca?* signal
in cells expressing P2X Rs, we repeated the experiments in Ca**-depleted medium. Under
these circumstances, the Ca?* signal was only transient suggesting that Ca* entry was due to
functional expression of P2X, Rs (Fig. 6). In cells lacking P2X,R expression, external Ca** did
not influence the ATP-induced transient nature of cytosolic Ca?* signal (Fig. 6). These data
excluded the possibility that store-operated calcium channels played significant role in Ca?*
entry when cells were stimulated with 0.5 uM ATP. To further characterize the sustained
Ca?* signal, we pretreated the cells with IVM (10 uM) 5 min prior the application of ATP. Our
results showed that ATP-induced Ca** plateau was significantly elevated in P2X,R expressing
but not in non-expressing cells (Fig. 6).

Next, we tested the effects of 5-BDBD on ATP-induced (0.5 uM), P2X,R-mediated Ca**
entry. Sustained Ca?* signals were diminished in cells pretreated with different concentrations
of 5-BDBD (0.5-20 uM). We observed 50% reduction of the AUC values in the presence of
approx. 2 pM 5-BDBD (Fig. 7A). We also studied inhibitory effects of TNP-ATP which was
reported as a putative antagonist of P2X,Rs [25]. As shown in Figure 7B, TNP-ATP (0.5-50
uM) reduced ATP-induced (0.5 pM) sustained Ca?** signal in a concentration-dependent
manner. Taken together, these data indicate that ATP-induced sustained Ca?* signals were
inhibited by both 5-BDBD and TNP-ATP in HEK 293 cells transfected with P2X Rs.
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stimulation suggest that 5-BDBD competitively inhibited the P2X, receptor channels. In the absence of
5-BDBD the Hill coefficient was 1.26. In the presence of 2 pM and 20 uM 5-BDBD nH values were 1.11 and
2.17, respectively. Values are means + SEM. The error bars are not always visible due to the small SEM valu-
es. Experiments at each concentration were performed at least 3 times.

P2X, receptor channels are competitively inhibited by 5-BDBD

Data presented in this paper show that 5-BDBD inhibited the P2X ,R-mediated Ca*
entry in both stably and transiently transfected HEK 293 cells (see above). Nonetheless,
during measurements of intracellular Ca?* concentrations activation of endogenous P2YRs
and/or ion transporters that eliminate Ca?* from the cytosol (i.e. plasma membrane Ca?*-
ATPase, sarcoplasmic reticulum Ca?**-ATPase) might possibly interfere with the effectiveness
of 5-BDBD. Therefore, we also tested the inhibitory effects of 5-BDBD in HEK 293 cells using
the whole cell configuration of the patch clamp technique. We stimulated the cells with 1 uM
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ATP (close to EC,, of ATP) because higher concentrations of the agonist induced premature
cell damage in a number of experiments. Under these circumstances, 5-BDBD (0.1-50 uM)
dose -dependently inhibited P2X,R-mediated inward currents (I : 1239 + 105 pA, n=8 vs.
lysi 983 £ 148 pA, n=4vs.1, | 417+33n4vsl 13+1pAn 4) with an IC,  of 1.2 uM
(Flg 8A and B). To investigate Whether the 1nh1b1tory effect of 5-BDBD was due to competltlve
or allosteric interaction with P2X,Rs, we performed additional electrophysiological
experiments. Application of two different concentrations of 5-BDBD (2 pM and 20 pM)
caused a rightward shift in ATP dose-response curve (from EC, = 2.1 uM to 11.2 uM and
79.2 uM, respectively, using non-linear regression analysis). Since the magnitude of maximal
stimulation did not change, these data suggest that 5-BDBD competitively inhibited the
P2X,Rs (Fig. 8C).

Discussion

P2X, receptors are involved in important physiological and pathophysiological
functions such as afferent signalling, chronic pain and autocrine/paracrine communications
of endothelial and epithelial cells. In these processes, investigations on the role of P2X,Rs
are often hindered by lack of selective inhibitors. In recent years, considerable efforts have
been made to discover novel effective antagonists of P2X,Rs. Although the benzodiazepine
derivative 5-BDBD has been recently proposed to selectively block P2X Rs [27], only limited
experiences have been available concerning its inhibitory properties [28-31]. Moreover, to
the best of our knowledge, there are no previous studies attempting to compare the inhibitory
effects of 5-BDBD using both electrophysiological and intracellular calcium measurements.
Therefore, we aimed to investigate the inhibitory potency of 5-BDBD on P2X,R-dependent
Ca?* entry. Our data provide evidence for competitive though moderate inhibitory effects of
5-BDBD. Depending on experimental conditions the degree of inhibition varied significantly.
In patch clamp experiments, assessing the effects of 5-BDBD directly on its target protein, we
obtained the strongest inhibition. In intracellular calcium measurements, 5-BDBD exhibited
more robust effects in transiently transfected cells. This was probably due to both the higher
level of P2X, R expression and the single cell calcium measurements. However, it is important
to emphasis that AUC values are not in a linear fashion with [Ca?']. and quantitative analyses
of fluorometric Ca?* assay may provide only a rough orientation.

Despite the endogenous expression of at least three different P2Y receptor subtypes
[34, 35] HEK 293 cells are frequently used to study properties of P2X receptors [34, 36].
To assess the role of P2XRs in inducing changes of intracellular Ca** concentrations, some
investigators often choose cell lines (i.e. excitable mouse immortalized gonadotropin-
releasing hormone-secreting cells (GT1) and human astrocytoma cells (1321N1)) that are
lacking P2Y receptors [33, 37]. Stojilkovic and his colleagues transfected both GT1 and
HEK 293 cells with different P2X subtypes and compared ATP-induced Ca?* signals. They
concluded that intracellular Ca?* measurements could be used for the characterization of
P2X receptors only in GT1 but not in HEK 293 cells because activation of endogenously
expressed P2Y receptors interferes with P2X receptor-mediated Ca?* signals [33]. This is
indeed the case when HEK 293 cells are stimulated with high concentrations of ATP (>10 uM).
Nonetheless, here we propose an alternative approach to investigate P2XR functions in HEK
293 cells applying low doses of agonist. In the present study, we show that submicromolar
concentrations of ATP (< 0.25 uM) cause changes in intracellular Ca** concentrations solely
in P2X,R expressing cells. The ATP-induced increase in Ca** concentrations was further
enhanced by pretreatment of ivermectin and was completely abolished in Ca*-depleted
medium suggesting that P2X Rs were involved in Ca** influx. Furthermore, we found that
higher doses of ATP (=1 uM) prolonged the duration of Ca?* signals in native HEK 293 cells.
These effects were abolished in Ca**-depleted medium suggesting the activation of P2X R-
independent Ca?* influx mechanisms. The significantly higher initial phase of Ca?* response
in P2X R expressing cells compared to native cells was probably due to the fact that we used
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nominally Ca?* free solutions. Nonetheless, according to our previous experience, we could
notadd calcium chelators because HEK 293 cells require extracellular Ca?* to remain attached
to the coverslip. We assume that, as a result of P2Y receptor-dependent Ca?* release, store-
operated Ca** entry could contribute to the overall Ca** signal when cells are stimulated with
higher concentrations of ATP (>1 uM). Therefore, our results suggest that when sufficiently
low ATP concentrations are applied, measurement of intracellular Ca** concentrations is a
useful approach to assess properties of P2XR in HEK 293 cells.

Considering the fact that Ca?* measurement in stably transfected cells did not allow
concurrent investigations of the P2X R-expressing and non-expressing cells, we also
performed single cell calcium measurements in transiently transfected HEK 293 cells. Thus,
we could simultaneously measure ATP-induced Ca** signals in P2X, R-expressing and non-
expressing cells on the same coverslip. Our data suggest that up to the concentration of
0.5 uM, ATP causes only small transient changes in Ca?* concentration whereas 1 uM ATP
significantly enhances the signal amplitude in non-expressing cells. This phenomenon was
probably due to the gradual activation of different endogenous P2Y receptor subtypes [35].

To our surprise, we found that amplitudes of ATP-induced Ca?* signals were significantly
higher in P2X R-expressing than in non-expressing cells when experiments were performed
in Ca?*-depleted medium (Fig. 6). Since we obtained similar results in stably transfected cells
as well, we speculate that the difference was due to P2X,R-mediated Ca®* entry rather than
additional release of Ca** from the internal stores. High levels of P2X R-expression and lack
of Ca*-chelation could both contribute to the Ca?* entry. Furthermore, our data show that
IVM enhances the ATP-induced Ca** entry only in P2X,R-expressing cells. In accordance with
previous observations, [IVM potentiated ATP-induced Ca?* entry but did not increase surface
expression of P2X4Rs [38, 39].

Our electrophysiological data confirmed the presence of functional P2X Rs in transiently
transfected HEK 293 cells. ATP caused IVM-sensitive activation of inward currents in
P2X,R-expressing but not in non-expressing cells. We found EC, value of ATP close to what
was previously reported [26]. However, it is noteworthy that, in some experiments ATP-
stimulated currents exhibited incomplete recovery following withdrawal of the agonist
when its concentration was higher than 1 uM. This was probably due to the high level of
P2X R expression and massive Ca®* influx which could consequently cause cellular damage.
Therefore, inhibitory properties of both TNP-ATP and 5-BDBD were tested at 1 uM ATP
stimulation.

Activation of P2X,Rs plays a key role in the pathogenesis of neuropathic pain [15]. In an
attempt to mitigate the neuropathic pain Inoue and his colleagues investigated the possible
role of antidepressants as inhibitors of P2X,Rs [37]. They found that paroxetine inhibited
P2X,Rs dose-dependently. Paroxetine behaved as a noncompetitive antagonist with IC_;
values of 2.5 uM and 1.9 pM for rat and human P2X Rs, respectively. Interestingly, inhibitory
effects of paroxetine were significantly stronger on rat P2X, Rs than that of TNP-ATP [37]. It
is known that TNP-ATP is more than 1,000-fold more potent in blocking P2X, and P2X, than
P2X, receptors [24]. Nonetheless, TNP-ATP has been used as P2X, antagonist in a number
of studies [40, 41]. Our data also demonstrate that TNP-ATP inhibits both intracellular Ca?*
signals and inward ion currents induced by ATP. We found that TNP-ATP had an IC value
of 1.5 uM for 1 uM ATP stimulation which was comparable with previous observations [25].
Noncompetitive antagonism of TNP-ATP at the P2X,Rs suggests similar mechanisms of
action at P2X, Rs as well [25].

Recently, 5-BDBD has been proposed to selectively inhibit P2X,Rs [27]. Since then
5-BDBD has been used in a number of studies with contradictory results [28-31]. It has weak
potency to inhibit recombinant human P2X Rs [28] or native P2X Rs in vascular endothelial
cells (IC,, ~ 30 uM) [30]. In contrast, P2X Rs were potently blocked by 10 uM 5-BDBD in
prechondrogenic cell line [29]. Here we report that 5-BDBD and TNP-ATP have similar
inhibitory potencies at recombinant human P2X Rs expressed in HEK 293 cells. Our data
suggest that 5-BDBD may competitively inhibit the P2X Rs. However, we cannot exclude the
possibility that 5-BDBD decreases the ligand-binding affinity of the channels. Such allosteric
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alterations of ATP-binding affinity have been previously reported for P2X receptors [42, 43].

In conclusion, the present study demonstrates that intracellular measurement of Ca?
concentration in HEK 293 cells could be a useful method to investigate pharmacological
properties of P2X receptor antagonists provided that submicromolar concentrations of ATP
are used. 5-BDBD and TNP-ATP have similar inhibitory potencies at human recombinant
P2X,Rs. Our data show that 5-BDBD shifts the ATP concentration-response curve to the
right. This feature differs from the previously described noncompetitive behavior of other
P2X,R antagonists such as TNP-ATP and paroxetine.
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We investigated the effects of bicarbonate on the growth of several different bacteria
as well as its effects on biofilm formation and intracellular CAMP concentration in
Pseudomonas aeruginosa. Biofilm formation was examined in 96-well plates, with
or without bicarbonate. The cAMP production of bacteria was measured by a
commercial assay kit. We found that NaHCOs (100 mmol 1= significantly inhibited,
whereas NaCl (100 mmol I=') did not influence the growth of planktonic bacteria.
MIC and MBC measurements indicated that the effect of HCO; is bacteriostatic
rather than bactericidal. Moreover, NaHCO3 prevented biofim formation as a function
of concentration. Bicarbonate and alkalinization of external pH induced a significant
increase in intracellular cAMP levels. In conclusion, HCO5 impedes the planktonic
growth of different bacteria and impedes biofim formation by P aeruginosa that is
associated with increased intracellular cAMP production. These findings suggest that
aerosol inhalation therapy with HCO; solutions may help improve respiratory hygiene in
patients with cystic fibrosis and possibly other chronically infected lung diseases.

Keywords: cystic fibrosis, bicarbonate, pH, biofilm, Pseudomonas aeruginosa, Staphylococcus aureus, cAMP,
HCO;
3

INTRODUCTION

Cystic fibrosis (CF) is caused by mutations in the gene encoding the cystic fibrosis transmembrane
conductance regulator (CFTR) protein (Riordan et al., 1989). CFTR is a cAMP/protein kinase
A (PKA)-dependent epithelial anion channel that conducts both chloride and bicarbonate
(Linsdell et al., 1997; Reddy and Quinton, 2003). Defective transepithelial anion transport impairs
mucociliary clearance (MCC) leading to the retention of thick, viscid mucus in the airways
(Quinton, 2007a, 2010). The poor clearance of viscous CF mucus contributes to a vicious cycle of
airway obstruction, infection, and inflammation (Hoffman and Ramsey, 2013). However, the links
between the primary defect in anion transport and CF lung disease appear to be multifactorial. It
was recently shown that impaired HCO3 secretion is likely responsible for aggregated mucus in
CF mice (Garcia et al., 2009; Gustafsson et al., 2012) and pigs (Birket et al., 2014).

In addition, the abnormally lower pH of the airway surface liquid (ASL) was associated with
decreased bacterial killing in the CF porcine lung. Aerosolizing a HCO3 solution onto the CF
porcine airways increased innate bacterial killing in vivo (Pezzulo et al., 2012). Recruitment of
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Bicarbonate Inhibits Bacterial Growth

lymphocytes may promote epithelial HCO3 secretion during
infection and, intriguingly, epithelial HCO; secretion may
require CFTR expression in lymphocytes as yet another
deficiency impacting on CF lung disease (Tang et al., 2012).

For decades, HCO; has been used and indicated for use as
a microbial disinfectant in food and agriculture industries, but
usually as an adjuvant (Rutala et al., 2000). Earlier, HCOj, in
combination with lidocaine was reported to exert antibacterial
activity (Thompson et al., 1993). Immunologically, it is crucial for
the optimal activity of antimicrobial peptides (Dorschner et al.,
2006) but, apparently, it can have an independent bactericidal
effect on Escherichia coli (Xie et al., 2010). In medicine, it is an
accepted treatment for chlorine gas intoxication (Bosse, 1994)
and has been suggested for use as a mucolytic as well as an
adjuvant for nebulized drug delivery (Kaushik et al., 2016). It
has also been long recommended for dental hygiene (Newbrun
et al., 1984; Drake et al., 1995). Most of the antibacterial reports
on HCOj have been limited to planktonic growth and do not
include effects on biofilm formation.

Bicarbonate directly and indirectly affects lung function
(Quinton, 2007a,b). It is required for sequestering calcium and
protons from secreted mucin granules to allow for normal
expansion upon release (Garcia et al., 2009; Quinton, 2010).
It may also affect neutrophil killing capacity as well as
bacterial colonization in the lungs (Quinton, 2007a, 2008; Abou
Alaiwa et al, 2014). Importantly, HCO; influences the H*
concentration (pH) of the ASL via the HCO; /CO, buffer system
(Shah et al., 2016a). These effects directly affect the properties of
the ASL and its critical ability to trap inhaled and endogenous
debris for export by the ciliated surfaces of the airways. They
indirectly affect the lungs by maintaining an airway environment
that also enables the immune system to clear viral and bacterial
pathogens. Any maneuver such as adding exogenous HCOj, as
suggested here, that improves or helps maintain airway patency
is expected to enhance lung function.

Successful antimicrobial therapy for bacterial lung infections
is crucial for increasing life expectancy and improving CF
patients’ quality of life. In CF lungs, however, bacteria colonize
in biofilms (Rogers et al., 2011), making eradication of pathogens
difficult. It is also known that bacteria in biofilms are more
resistant compared to planktonic cells (Stewart and Costerton,
2001; Venkatesan et al., 2015). Biofilm formation is thought to
be regulated largely by the second messenger molecules cAMP
and c-di-GMP in bacterial cells. An increase in intracellular
cAMP concentrations along with a decrease in c-di-GMP levels
is associated with the production of acute virulence factors and
reduced biofilm formation (Almblad et al., 2015). Accordingly,
HCO;3 stimulates soluble adenylate cyclase (SAC) and increases
the activity of phosphodiesterase that breaks down c-di-GMP
(Chen et al., 2000; Koestler and Waters, 2014a). Of note is that
HCO;3, CO;, and external pH affect soluble adenylate cyclase
activity and consequently intracellular cAMP levels (Hammer
et al., 2006), which is a hallmark for Pseudomonas aeruginosa
virulence factors that decrease when bacteria form biofilms in
chronic infection (Valentini and Filloux, 2016). Thus, bacterial
life style (planktonic vs. biofilm) is, at least partially, dictated by
intracellular cAMP levels.

Herein, we focus on the effects of HCO; on planktonic
growth on several pathogens common to cystic fibrosis and
consider biofilm forming capacity for two of the more prevalent
bacteria in CE P. aeruginosa and S. aureus. This work presents
a novel proposal that HCO3 may therapeutically help prevent
colonization and biofilm formation of CF-associated bacteria
by increasing intracellular cAMP levels. Not only do the data
confirm earlier notions, but they also add further reasons to
consider inhaled HCO; as a potential therapy, especially in
the context of CF where defective HCO; secretion is a well-
established basic defect.

MATERIALS AND METHODS

Growth Experiments
The growth of ATCC control strains and clinical isolates of
different Gram-positive and Gram-negative bacteria in Brain-
Heart Infusion (BHI) broth (Mast Group Ltd., Merseyside,
United Kingdom) were compared with and without 100 mmol
17! NaHCOj in the medium and equilibrated with CO, to control
pH. Growth experiments were carried out with the following
reference strains: S. aureus ATCC 25923 (MSSA), S. aureus ATCC
29213 (MSSA), S. aureus ATCC 33591 (MRSA), Streptococcus
agalactiae ATCC 80200, Enterococcus faecalis ATCC 29212,
E. faecalis, vanB+, ATCC 51299, P. aeruginosa ATCC 27853,
E. coli ATCC 25922, Haemophilus influenzae ATCC 49766,
H. influenzae ATCC 49247. Some of the experiments were
repeated with clinical isolates of the same species, obtained from
the Central Bacteriological Diagnostic Laboratory of Semmelweis
University, Budapest, obtained from daily routine specimens.
The density of bacterial suspensions was set at 0.5 McFarland
(approximately 108 CFU ml~') with a VITEK Densichek
apparatus (Biomérieux, Marcy I'’Etoile, France). The pH of
the 100 mmol 17! NaHCO;-containing BHI broth was set at
pH approximately 7.4 by bubbling the autoclaved solution to
equilibration with 20% CO;-balance air for at least 16 h at
37°C before inoculation. The pH of these unstirred solutions
in hermetically capped bottles remained stable for at least 24 h.
To achieve other pH values, the CO, concentration required
was calculated from the Henderson-Hasselbalch equation for
the HCO; /CO; buffer system (Story, 2004). When BHI broth
containing 100 mmol 17! NaHCO; was equilibrated with 5%
CO3, the measured pH (~8.5) was somewhat higher than that
calculated from the Henderson-Hasselbalch equation (pH ~8.0).
Aliquots of each suspension (200 pl) were dispensed into
96-well microtiter plates in duplicate. Bacterial suspensions
were then incubated in ambient air (~0.04% CO;), in 5%
or in 20% CO; by design. Bacterial growth was followed by
measuring the optical density (OD) at 595 nm using a PR2100
microplate reader (Bio-Rad Laboratories, Hercules, Canada)
60 min after inoculating and subsequently every 15 min for
5.5 h. Optical density of a negative control (without bacterial
growth) was subtracted from all OD values. The results of
the parallel measurements of duplicate samples were averaged
and normalized to the control media. The growth rates were
determined by calculating the area under the curve (AUC)
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(Horvéath et al, 2012) using Microsoft Excel, based on the
summation of small trapezoids.

The osmolality of BHI broth was approximately 360 mosm
kg~! in accordance with the data published earlier (Montgomerie
et al,, 1972). Since supplementation of BHI broth with 100 mmol
17! NaHCOj3 increased the osmolality of the solution to
approximately 470 mosm kg~!, bacterial growth was also
determined in BHI broth containing 100 mmol 17! NaCl (pH 7.4
adjusted with NaOH) as a control. As a pH control, the growth of
bacteria was measured in unsupplemented BHI broths adjusted
with HCl or NaOH to pH values ranging from 6.8 to 9.0 as
required.

Determination of Minimum Inhibitory
Concentration (MIC) and Minimum
Bactericidal Concentration (MBC) by

Broth Microdilution

To determine MIC and MBC, two strains of P. aeruginosa (ATCC
27853 and a clinical isolate) and two strains of S. aureus (ATCC
29213 and a clinical isolate) were selected. Bacteria were cultured
for 18-20 hours on blood agar plates. The following day, a
0.5 McFarland suspension was prepared in physiological salt
solution. This suspension was diluted 1:20 in Mueller-Hinton
(MH) Broth (cation adjusted). For further measurements this
standardized inoculum was used. NaHCO3 was diluted serially
twofold in MH Broth (cation adjusted) in a plastic microdilution
plate with round bottom wells to a final volume of 0.1 ml. The
concentration of NaHCOj3 varied from 1000 to 1.95 mmol 17!
in 10 steps of twofold dilutions. The wells were inoculated with
0.01 ml of standardized inoculum, positive and negative growth
controls were also used. After 24 h incubation, the growth of
bacteria was evaluated based on the visible change of turbidity.
MIC was identified as the lowest concentration of HCO3 at which
no visible growth was observed. To determine MBC, specimens
from the wells without visible bacterial growth were inoculated
onto antibiotic-free agar plates and incubated for 24 h. MBC was
defined as the lowest concentration of HCO3 where no colonies
were observed.

Biofilm Experiments

Although almost all bacteria involved in CF lung disease can form
biofilms, P. aeruginosa presents the largest clinical challenge.
Therefore, we investigated P. aeruginosa for biofilm formation.
Isolates were grown overnight to stationary phase in bouillon
containing meat extract 0.3%, yeast extract 0.2%, pepton 1%,
NaCl 0.5%; pH adjusted to 7.5 with NaOH. The overnight
cultures were diluted 1:100 in the desired medium. All solutions
were prepared by filtration using 0.22 wm filter membranes.
Aliquots of 100 pl of diluted cultures were pipetted into eight
parallel wells of a 96-well microtiter plate. The covered plates
were incubated at 37°C in ambient air, 5%, or 20% CO, for
48 h. Planktonic bacteria were then removed by rigorous washing
with PBS three times. Bacteria attached to the wells were air-
dried and subsequently stained with 125 1 of 0.1% crystal violet
solution for 10 min. Excess crystal violet was removed by water-
washing; that is, submerging the plates in tap water several times.

After air-drying, crystal violet was solubilized in 30% acetic acid
(200 pl per well) for 10 min. From each well, 125 pl of this
solution was then transferred to separate wells of an optically
clear, flat-bottom 96-well plate. Optical density was measured at
595 nm in a PR2100 microplate reader (see above) (Merritt et al.,
2011).

To measure the influence of glucose-content on biofilm
formation, the bouillon was supplemented with 0.2, 1.0, 2.0,
and 4.0 g 17! glucose. Biofilm formation was absent at low
glucose content and was the strongest at 4.0 g 17! glucose,
consequently all experiments were performed using bouillon
containing 4.0 g 17! glucose.

Measurement of Intracellular cAMP

Levels

The bacterial production of cAMP was determined with
the Cyclic AMP XP® Assay Kit (Cell Signaling Technology,
Leiden, Netherlands, originally designed for eukaryotic cells,
but applicable for bacteria as well). Bacterial cultures were first
grown in the desired medium for 15-16 h to stationary phase
for conditioning, then diluted 1:500 in 10 ml of the same fresh
medium and allowed to grow for a few hours until reaching log
phase, that is, ODs95 = 0.4-0.5. Cultures were then centrifuged
(4000 x g, 5 min), bacteria were re-suspended in 200 pl of the
kit lysis buffer for 30 min on ice and centrifuged again (8000 x g,
5 min); 50 pl of the supernatant was transferred to the assay plate.
According to kit protocol, absorbance was measured at 450 nm in
a PR2100 microplate reader.

Statistical Analysis

For statistical analysis Statistica for Windows 7.0 (Statsoft) was
used. Data presented are means =+ SD, if not indicated otherwise.
The values were compared using ANOVA followed by LSD
post hoc comparison test. Changes were considered statistically
significant at P < 0.05.

RESULTS

Reduction of Bacterial Growth by
Bicarbonate

Since high external HCOj3 concentrations and/or alkaline pH
are reported to inhibit the growth of E. coli (Xie et al., 2010),
we tested the effect of HCO5 on the growth of E. coli. The
growth rate of bacteria was significantly inhibited in BHI
broth supplemented with 100 mmol 1! NaHCO; (pH 7.4,
equilibrated with 20% CO;) as compared to control media (pH
7.4) without added HCO; (Figure 1A). We tested the growth
of bacteria in BHI broth supplemented with 100 mmol 17!
NaCl (pH 7.4; ~ A110 mosm kg~!), which did not suppress
the growth of bacteria, indicating that the inhibitory effect
of NaHCO; was not due to increased osmolality or ionic
strength.

Next, we tested whether alkaline pH affects bacterial growth.
In BHI broth at pH 8.5, the growth capacity was not significantly
influenced (Figure 1A); however, when bacteria were incubated
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FIGURE 1 | Growth of (A) Escherichia coli, (B) Pseudomonas aeruginosa, (C) Staphylococcus aureus, (D) Streptococcus agalactiae, (E) Enterococcus faecalis, and
(F) Haemophilus influenzae in BHI broth supplemented with NaHCO3 compared to control conditions (e: control pH = 7.4, A: 100 mmol I=1 NaCl, pH = 7.4).

Bicarbonate-containing solutions were equilibrated with either 5% ((: 100 mmol I=' NaHCO3, pH = 8.5) or 20% CO, (M: 100 mmol I=! NaHCOs, pH = 7.4). In the
absence of bicarbonate, pH was adjusted to 8.5 with NaOH (o: growth at pH = 8.5). Each curve shows the average of two parallel experiments. Standard Deviations
were generally less than 1% of the mean and are not shown. Note that in panel (F) the scale on the y axis differs from the other panels.

00051,01,52,02530354045505,56,0

Tine (hour)

Frontiers in Microbiology | www.frontiersin.org

September 2018 | Volume 9 | Article 2245


https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Dobay et al.

Bicarbonate Inhibits Bacterial Growth

TABLE 1 | Calculated AUC values of different bacteria, based on growth curves in Figures 1A-F.

Bacterium Growth control pH = 7.4 Growth at pH = 8.5 100 mM NaCl pH = 7.4 100 mM NaHCO3; pH =7.4 100 mM NaHCO; pH = 8.5
E. coli 2.45 2.82 3.04 1.57 1.49
P, aeruginosa 2.05 1.92 1.82 1.01 1.06
S. aureus 2.48 2.41 2.93 1.92 1.76
S. agalactiae 2.84 2.20 2.48 1.27 1.35
E. faecalis 2.90 3.21 3.18 1.64 1.54
H. influenzae 1.28 1.26 1.31 1.05 1.07

in BHI broth supplemented with 100 mmol 1~!' NaHCO;
at pH 85 (5% CO,), the inhibitory effects were similar to
those observed at pH 7.4 (20% CO,) (Figure 1A). Thus, the
data show that NaHCO; per se inhibited bacterial growth,
which was not simply due to higher osmolality or alkaline
media.

In order to test whether the inhibitory effect of HCOs3
is specific to E. coli cells, we investigated other species such
as P. aeruginosa, S. aureus, S. agalactiae, E. faecalis, and
H. influenzae. Similarly to the effects on E. coli, NaHCOs3
(100 mmol 17!) significantly inhibited the growth of all these
species as well, suggesting that HCO; can suppress bacterial
growth in general (Figures 1B-F). In order to compare the
growth rates of bacteria under different conditions more
quantitatively, AUC values were determined as a measure of
the reduced growth rates in HCO; -enriched medium for each
bacterial specie (Table 1).

In the previous experiments, to maintain the initial pH of
the media near 7.4, all bicarbonate-containing solutions were
equilibrated with calculated levels of CO,. Therefore, we asked
the question whether HCOj3 -containing media without CO,
equilibration influences growth of P. aeruginosa. Despite the fact
that media pH continued to increase during the exponential
growth phase (i.e., the first six hours), bacterial density remained
similar to those observed with CO; equilibration (Figures 2A,B).
When bacteria were grown until reaching the stationary phase
(i.e., 24 h), significant increases in OD values were observed in
the presence of both 25 and 100 mmol 17! HCO; suggesting
that HCOj3 is bacteriostatic rather than bactericidal. Of note
is that a lower bacterial density was observed at 24 h when
100 mmol 1! HCO; was present, but it should be kept in
mind that excessive alkalinization at atmospheric CO; levels,
may exert inhibitory effects on growth rate (Figure 2A).
Nonetheless, HCO; -containing media of concentrations up to
100 mmol 17! equilibrated with appropriate levels of CO, did
not inhibit maximal bacterial growth at 24 h, suggesting that the
bacteriostatic effects of HCO3 occur within the initial period
of the exponential growth phase (Figure 2B). We obtained
similar results when the above experiments were repeated with
S. aureus, at least with respect to bacterial growth profile
(Figures 3A,B).

Results of the MIC and MBC

Determination
In the case of all four tested isolates, an MIC of 125 mmol
17! was obtained. The MBCs for the two P. aeruginosa strains

were 500 mmol 17!, meanwhile the two S. aureus isolates
remained alive even in the highest HCO; concentration tested
(MBC > 1000 mmol 171).

Bicarbonate Inhibits Biofilm Formation of

P. aeruginosa

One of the most severe complications of CF lung disease
involves biofilm formation of pathogenic bacteria, which
may be due to depleted levels of HCO; in CF airways.
Thus, we asked the question whether HCO; could not only
inhibit planktonic bacterial growth, but biofilm formation as
well. Glucose starvation leads to impaired biofilm formation
associated with elevated cAMP levels (Huynh et al, 2012),
hence glucose is required for optimal biofilm formation.
Similarly, our data show that although bacteria achieved
high density (ODsg5 = 0.94 £ 0.12, n = 7), no biofilm was
detected in the medium without added glucose (Figure 4).
On the other hand, in the presence of glucose, bacterial
growth was similar (ODsg5 = 0.81 £ 0.06, n = 7) and robust
biofilm formation was observed. However, the supplementation
of glucose-containing medium with 100 mmol 1=! HCOj
prevented biofilm formation and significantly inhibited
planktonic growth as well (ODsg5 = 0.45 £ 0.04, n = 8). To
demonstrate the reduced number of viable cells in HCO; -
containing media, a bacteria count was performed after 48 I’
incubation. In the absence of HCOj, the calculated CFU
in bouillon with and without glucose was 2.8 x 10'2 and
4.5 x 10!, respectively. In contrast, the average CFU ml~!
was 6.6 x 10° in media supplemented with 100 mmol 17!
HCOj. In addition, 50 mmol 17! HCOjJ partially blocked
biofilm formation suggesting a concentration-dependent
inhibitory mechanism (Figure 4). When NaCl (100 mmol =1
replaced NaHCO3, biofilm formation capacity was fully
maintained.

Bicarbonate Increases Intracellular

cAMP Levels in Bacteria

Inhibition of biofilm formation may be induced by HCOJ effects
on the levels of cAMP and c-di-GMP. Thus, we investigated
the effects of HCO; on intracellular cAMP production in
P. aeruginosa. Supplementation of BHI medium with 25 and
100 mmol 17! HCO; resulted in significant concentration-
dependent increases in cAMP levels (Figure 5A). Importantly,
administration of 100 mmol 17! NaCl did not influence cAMP
concentrations (Figure 5A). Since it is well known that sAC
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FIGURE 2 | Changes in bacterial density of Pseudomonas aeruginosa and media pH following 6 vs. 24 h incubations either (A) in air atmosphere, or (B) in the
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activity depends on intracellular pH (Rahman et al., 2013), we
tested the effects of media pH changes between 6.0 and 9.0 on
cAMP production. In this pH range, a slight increase in cAMP
levels, parallel to alkalinization was observed (Figure 5B). Of
note, even the highest pH-induced increase in cAMP level was

significantly lower than the increase induced by 100 mmol 17!
HCOj5 . Similar results were obtained when the experiments were
repeated with S. aureus (Figure 5A). Taken together, the data
suggest that biofilm suppression by HCO3 is mediated through
an increased production of intracellular cAMP.
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DISCUSSION

Early studies using the human serous cell line (Calu-3) showed
that airway-derived epithelial cells can secrete HCO3 (Lee et al.,
1998). Recently, active HCOj3 secretion was demonstrated in
native intact small airway epithelium as well (Shamsuddin and
Quinton, 2014). Loss of HCO5 secretion seems to be associated
with different pathological consequences in CF airways, such
as formation of thickened mucus (Quinton, 2010), reduced
microbial susceptibility to antimicrobial peptides (Dorschner
etal., 2006) and impaired bacterial killing capacity (Pezzulo et al.,
2012; Abou Alaiwa et al., 2014). Therefore, the delivery of HCO3
into the airways may be potentially therapeutic in CF (Pezzulo
et al., 2012; Li et al., 2016). Moreover, beyond CEF, decreased pH
(likely due to decreased HCO3') of airway surface liquid and
chronic bacterial infections have also been described in other
chronic airway diseases such as COPD (Mall and Hartl, 2014; Li
et al., 2016; Shah et al., 2016a,b).

A shift to either acidic or alkaline external pH presents a
stress for bacteria, which may influence survival and growth
(Padan et al, 2005). In alkaline environments the growth
rate of neutrophilic bacteria is reduced (Maurer et al., 2005).
When grown in media at pH 7.0, E. coli cells exhibit shorter
generation time compared to that when it is cultured at pH

8.7 (Maurer et al., 2005). Our data show that 100 mmol 17!
NaHCOs3 significantly inhibit the growth of E. coli equally,
at both pH 7.4 and 8.5, but in the absence of HCO;,
neither alkaline pH (up to 8.5) nor equivalent increases in
osmolality (NaCl) inhibit bacterial growth, indicating that HCO;3’
per se plays a pivotal role in growth suppression. Alkaline
conditions may alter cytosolic pH of bacteria when protons
must be taken up from the extracellular medium. Under alkaline
conditions proton scavengers markedly decrease E. coli viability
(Vanhauteghem et al., 2013). This phenomenon can be explained
by partitioning of unprotonated scavengers into the cytosol where
they become protonated and increase cytosolic pH. To maintain
pH homeostasis, bacteria require high ATP consumption and
membrane hyperpolarization. We surmise that higher HCO;
concentrations in the media increase the gradient for increased
HCO;3 entry into the cytosol of bacteria elevating intracellular
pH. The higher energy consumption occurs at the expense of
bacterial growth rate. Importantly, similar results were observed
with S. aureus, P. aeruginosa, S. agalactiae, E. faecalis, and
H. influenzae as well, again suggesting that HCO3 might be used
to inhibit the growth of bacteria more generally.

S. aureus and P. aeruginosa are of particular interest because
of their high incidence in CF patients with chronic pulmonary
infections. We observed that during the first few hours of
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growth S. aureus decreased, whereas P. aeruginosa increased
the pH of the medium. These data suggest that HCO3, rather
than pH shifts, suppressed bacterial growth. In P. aeruginosa
these observations were confirmed in HCOj -containing media
without CO; equilibration where despite the increase in the
pH of the media, the growth rate was similar to that detected
with CO; equilibration. Extending the incubation to 24 h clearly
demonstrated that the effects of HCO; were bacteriostatic rather
than bactericidal. Furthermore, in the absence of CO a critically
high pH (>9.2) occurred with a reduced growth rate.

Recurrent lung infections caused by long-term colonization
of biofilm-forming bacteria are a significant threat for CF
patients (Hgiby et al, 2017). Importantly, NaHCO3 disrupts
oral biofilms in wvitro (Pratten et al., 2016). NaHCO;3; in
combination with sodium metaperiodate and sodium dodecyl
sulfate also suppressed the formation of P. aeruginosa biofilms
(Gawande et al., 2008). We also confirmed these observations
as NaHCO; prevented biofilm formation at 100 mmol 17!
and inhibited the planktonic growth of bacteria. Since the
administration of equimolar NaCl (100 mmol 171) had no effect
and lower concentrations of NaHCO3 only partially blocked
biofilm formation, we concluded that in our experimental model
HCO;3 suppresses bacterial conversion to biofilms as a function
of concentration. These observations may be therapeutically
promising as our unpublished data suggest that 100 mmol 17!
NaHCO3; does not have toxic effects on airway epithelial cells
in vitro.

Biofilm formation requires coordination between cAMP and
c-di-GMP signaling in several bacteria. In P. aeruginosa increased
levels of c-di-GMP suppress signaling from the cAMP-virulence
factor regulator pathway and the expression of virulence
factors that favor a persistent biofilm state (Almblad et al,
2015). On the other hand, cAMP stimulates the production
of acute virulence factors, but inhibits biofilm formation in
Vibrio cholerae (McDonough and Rodriguez, 2011). Likewise,
HCO; also activates virulence gene expression in V. cholerae
(Iwanaga and Yamamoto, 1985; Abuaita and Withey, 2009).
In the intestinal lumen, HCOJ apparently suppresses the bile-
mediated induction of c-di-GMP that inhibits biofilm formation
(Koestler and Waters, 2014b). Based on the above observations,
we speculated that HCOS should increase bacterial cAMP levels.
In fact, our data show that NaHCOs3 stimulates intracellular
cAMP concentrations in both P. aeruginosa and S. aureus.
The stimulatory effect was not observed in the presence of
equivalent NaCl concentrations indicating a specific role for
HCO5 . Interestingly, however, cAMP production was dependent
on external pH in the range between 6.0 and 9.0. These results
are consistent with the findings that sAC is regulated by various
environmental signals such as calcium and CO,/HCO; /pH
(McDonough and Rodriguez, 2011; Rahman et al., 2013). Chen
et al. (2000) previously demonstrated that sAC functions as
a HCOj sensor in many biological systems. More recently,
HCO;3 has been shown to increase cAMP production via sAC
stimulation in corals (Barott et al, 2013). Thus, we surmise
that reduced HCO; secretion from CF lung epithelial cells
results in decreased luminal pH, which leads to decreased levels
of cAMP production in bacterial cells. Low bacterial cAMP

levels reduce virulence factor production, and thus, fail to alert
the innate host immune systems, allowing for more favorable
conditions for biofilm formation. Parallel to these events, elevated
concentrations of c-di-GMP may also support biofilm formation,
making eradication of bacteria from the airways difficult.

CONCLUSION

Since we found that increased HCOj3 impedes the growth and
biofilm formation of several pulmonary bacterial pathogens,
we expect that increasing HCO; in the airways may reduce
infection, inflammation, and a consequent tissue damage in the
lungs. We assume that the inhalation of aerosolized HCO3
could prove therapeutic against bacteria such as S. aureus and
P. aeruginosa, which are among the most relevant pathogens in
lung infections in CF. Although inhalation therapy is inherently
episodic and therefore the concentration of HCO3 on the
airways is certain to dissipate between inhalation intervals, the
therapy may offer significant benefits even with only acute
changes in the airway surface liquid composition by depressing
bacterial growth repetitively and by increasing the ability of
the innate immune system to reduce or clear the infection
load. However, caution should be taken with treatments that
may affect intracellular cAMP levels because increasing cAMP
may enhance the expression of virulence factors and lead
to acute exacerbation in CF patients with chronic bacterial
infections (Coggan and Wolfgang, 2012). Routinely, CF patients
are treated repeatedly with different courses of antibiotics
in spite of growing concerns over antibiotic side effects.
Although antagonistic effects of HCO; have been reported
for tobramycin efficacy (Kaushik et al., 2016), our unpublished
preliminary data suggest that the efficacy of both erythromycin
and imipenem increases in an alkaline environment. Based on
these observations, HCO5, inhaled regularly, may reduce use of
antibiotics.
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