J. Membrane Biol. 171, 255-265 (1999) The Journal of
Membrane
Biology

© Springer-Verlag New York Inc. 1999

Regulation of Intracellular Ca®* by CFTR in Chinese Hamster Ovary Cells

V. Urbach, B.J. Harvey
Wellcome Trust Cellular Physiology Research Unit, Department of Physiology, University College, Cork, Ireland

Received: 5 April 1999/Revised: 28 June 1999

Abstract. In cystic fibrosis, the mutation of the CFTR Na’ hyperabsorption that results in a dehydration of the
protein causes reduced transepithelial &cretion. As  epithelial lumen. Since identification and cloning of the
recently proposed, beside its role of €hannel, CFTR CFTR protein (Quinton 1983, Riordan et al., 1989, Cliff
may regulate the activity of other channels such as @t al., 1992), it has been suggested that CFTR is involved
Ca*-activated CI channel. Using a calcium imaging in epithelial ion transport not only through its Gthan-
system, we show, in adenovirus-CFTR infected Chinese@el activity but also via interactions with other ion chan-
Hamster Ovary (CHO) cell monolayers, that CFTR cannels such as an outwardly rectifying @hannel (ORCC)
act as a regulator of intracellular [E% ([C&',), in-  (Egan et al., 1992, Gabriel et al., 1993; Schwiebert et al.,
volving purino-receptors. Apical exposure to ATP or 1995, 1998) and the epithelial Nachannel (Grubb et
UTP produced an increase in ([€% in noninfected al., 1994; Chinet et al., 1994; Johnson et al., 1995; Hyde
CHO cell monolayers (CHO-WT), in CHO monolayers et al., 1993; Ismailov et al., 1996; Stutts et al., 1997;
infected with an adenovirus-CFTR (CHO-CFTR) or in- Kunzelman et al., 1997). The mechanism by which
fected with an adenovirus-LacZ (CHO-LacZ). The tran-CFTR may regulate other ion channels is not well
sient [C&"); increase produced by ATP or UTP could be known. It has been proposed that CFTR may act through
mimicked by activation of CFTR with forskolin (2@m) an autocrine mechanism involving ATP to regulate
in CHO-CFTR confluent monolayers. However, forsko- ORCC channels (Schwiebert et al., 1995). Recently,
lin had no significant effect on [C4]; in noninfected electrophysiological evidence showed the existence of a
CHO-WT or in CHO-LacZ cells. Pretreatment with pu- CFTR CI pore and a CFTR-associated ATP pore regu-
rino-receptor antagonists such as suramin (L8 or  lated by common gates (Sugita, Yue & Foskett, 1998).
reactive blue-2. (10Qum), and with hexokinase (0.28 Experiments of truncation of CFTR suggested the pres-
U/mg) inhibited the [C&']; response to forskolin in ence of two distinct domains in the structure of the CFTR
CHO-CFTR infected cells. Taken together, our experi-protein: a CI channel domain and a ORCC regulator
ments provide evidence for purino-receptor activation bydomain (Schwiebert et al., 1998).
ATP released from the cell and regulation of fCJaby In this study, using fura-2 fluorescence spectrometry
CFTR in CHO epithelial cell membranes. we have explored the possible role of CFTR in the regu-
lation of intracellular calcium concentration ([€%)
Key words: CFTR — Intracellular C& — CHO cells s_ubsequent to an ATP-release from the c_eII and activa-
— Forskolin — Purinoreceptors tion of purino-receptors. We used the C_hmese Hamster
Ovary (CHO) cell line as an expression system for
CFTR. Monolayers of wild type CHO cells (CHO-WT)
Introduction were infected with an adenoviral vector containing hu-
man CFTR cDNA (H5.110CBCFTR). CHO cells ex-
press spontaneously aWPpurino-receptor (Iredale et al.,
993), and external ATP has been shown to regulate the
a"], and CT secretion (Thiele et al., 1998) of these
cells. Forskolin (20um) was used to stimulate CFTR
activity and the effect of forskolin on [G; was com-
R pared between CHO cells infected with the adenovirus-
Correspondence tov. Urbach CFTR (CHO-CFTR), CHO-WT cells and CHO cells in-
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fected with an adenovirus LacZ (CHO-LacZ). These re-INTRACELLULAR C&®* MEASUREMENTS
sults provide direct evidence for a control of fCh by
CFTR via stimulation of purino-receptors. Monolayers of wild type CHO cells, CHO cells infected with the
H5.110CBCFTR virus or with the H5.110CBLacZ virus were loaded
for 45 min, in the dark, at room temperature, witu8 of the C&*-
sensitive fluorescent probe fura-2 acetoxy-methyl ester (fura 2-AM,
Molecular Probes, Netherlands). Cells were then rinsed twice with
Krebs solution. CHO monolayers were placed in temperature-
controlled Peltier perfusion chambers (Medical System Corporation,
CELL CULTURE AND ADENOVIRAL INFECTION model TC 202, Hertfordshire, UK) on an inverted microscope equipped
for epifluorescence (Diaphot, Nikon, Japan). The light from a Xenon
amp (OSRAM, Germany) was filtered through alternating 340 nm and
80 nm filters mounted in a chopper motorised under computer control

Materials and Methods

The Chinese Hamster Ovary cells were grown on plastic culture flask

in Ham’s F12 medium (ICN Biomedicals, Aurora, Ohio) supplemented . S
( ) supp (STARWISE FLUO system, IMSTAR Paris, France). The emission

with 10% FCS, 1% glutamin, and antibiotics at 37°C in 5%,C@wo fluor n roduced after fura-2 itation lected with a filter
days before the experiment, cells were plated at low density on glassuo escence produced after fura-z exciation was selected with a iite

coverslip. Confluent CHO monolayers (CHO-WT) were then either at 510 nm. The transmitt_ed Iight image was detected using a video
directly used for intracellular G4 ([C&2"],) measurement or for ad- C2M€"d (Darkstar, Photonics Sciences, UK) coupled to the microscope.
enoviral infection ! The fluorescence obtained at each excitation wavelengih, @nd

The adenoviral constructs (H5.110CBCFTR and H5.110CBLacz) 30 depends upon the level of Eebinding to fura-2, according to an
were made in the Laboratoire de Therapie Genique (Nantes, France), f\f/lvodcglétiratllortl. of thfethdytfa pe;f?rmed }(st'r:gt a relllnglje ?gf EGTA-
They are second generation of human serotype 5 adenovirus, contain-ere solutions of the fura-c irée acid. Intracellulart-aon-

ing a deletion of the E1 (Wilson, 1993) and E2 sub360 genes (Logancentratlon ([C&";) was calculated automatically by the computer, us-

& Shenk, 1984), and a temperature-sensitive mutation (ts125) of thé"9 the Grynkiewicz equation:
E2a gene (Ensinger & Ginsburg, 1972). Two different genes were
inserted CBCFTR or LacZ. The viruses were grown in 293 cells (Gra—[Ca2+]i - K,R ~ Ruin

ham et al., 1977) with a CM\®actin promoter. The properties of these Rnax— R

viruses have been initially studied using an epithelial cell line derived

from pancreas of CF patient (CFPAC). CFPAC cells exposed toWhereK' is the dissociation constant of €abinding with fura-2, and
H5.110CBCFTR virus demonstrated high levels of membrane local-Rmax@ndRy, are the fluorescence ratio{fg/Fs50 values under satu-
ized CFTR protein which corrected the defect in” @onductance  rating and C&-free conditions respectively. The mear’Ceariations
(Yang et al., 1994). Other studies also show successful expression dAC&*) were calculated by subtraction of the maximum Qavalue
human CFTR in CHO cells (Mogayzel et al., 1997). In our study, for (@t the peak) to the initial basal [€%;.

each experimental condition, monolayers of CHO cells were infected Suramin was obtained from Calbiochem (Nottingham, UK), re-
with an adenovirus Containing CFTR or with a control adenovirus active blue-2 from Research Biochemicals International (Natick, MA)
containing a LacZ insert. Confluent monolayers were exposed to theénd the other compounds from SIGMA (Dorset, UK). Results are ex-
adenovirus in solution in 2% FCS, for 2 hr, at 37°C and then rinsedPressed as mean valuessém (n = a, b cells) where a equals to the
with culture medium. Different quantities of viruses were tested: number of experiments arithe total number of cells analyzed. Statis-
3 x 10% pfu CFTR with a multiplicity of infection (MOI) approximately tical analysis was performed using Studertsst.

equal to 10, 3 x 1Dpfu CFTR (MOI = 100) and 3 x 1®pfu LacZ.

Results
WHOLE-CELL CURRENT MEASUREMENTS

he whole-cell hel i led s i WHOLE-CELL CURRENTS IN CFTR-INFECTED AND
The whole-cell patch-clamp technique was applied to CHO cells 'SO_NONINFECTED CHO CtLLs

lated by trypsin (0.25% Trypsin EDTA, Gibco). Patch-pipettes (tip

resistance= 5 m()) were prepared from borosilicate glass capillaries

(Vitrex, Modulohm, Herlev, Denmark), pulled and polished on a pro- TO test the functional expression of CFTR in CHO cells
grammable puller (DMZ, Zeitz Instrumente, Augsburg, Germany). infected with the adenovirus H5.110CBCFTR, we tested
(Pat(ih—pipettes Welre filled with an intracellular-like™&ch s?lution the effect of forskolin (ZOpM) a known activator of
KCI 140 mv, NaCl 10 mu, HEPES 10 mi, EGTA 5 mv, MgCl, 1.22 _

mm, CaCl, 2.96 mv (pCa 8), pH 7.2 and 290 mOsM). The cells were CFTR, on the whole-cell CondUCtan.Ce O.f CHO
bathed in Krebs solution (NaCl 140Mm KCl 5 mw, CaCl 2 mw, ceIIs_. The wholg-cell curre_nf[—voltage relatlonshlp_s were
HEPES 10 nu, MgCl, 2 mw, pH 7.4 and 290 mOsM). The whole-cell studied in solutions containing equal concentrations of
configuration was obtained from cell-attached mode after breaking théCl~ on both sides of the cell membrane (14& iNaCl
patch membrane by applying a brief negative pressure in the pipetté&rebs solution in the bath and 140mKCI solution in

(=20 mbar). Whole-cell currents were amplified (Axopatch 200A, the patch pipette). The reversal potential of whole-cell
Axon Instrument, CA), and digitized using a 16-bit A/D converter -~ rrents recorded under these conditions was 0 mV, in-
(CED 1401, Cambridge Electronic Design, Cambridge, UK) afteralow(.jicating that CI was the major ion contributing to the

pass filtering at 5 kHz (Kemo VBF8, Kemo LTD Beckenham Kent, hol I t Th hol I b d
UK) and sampled in real-time on hard disk. Current-voltage relationsWNole-Cell current. € whole-cell membrane conduc-

were analyzed using the CED VClamp software. The membrane conta_nce was 0.379 + 0.086 nSy (= 6) in _noninfeCted
ductanceG,, was calculated at the zero current intercept of the whole-wild-type CHO cells (CHO-WT). Infection of CHO
cell I-V relations. cells with adenovirus carrying 3.1@fu of either CFTR
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(CHO-CFTR cells) or LacZ (CHO-LacZ cells), did not cell monolayers. Mechanical stimulation or shear stress
significantly change the membrane conductance nor thef cells has been shown to cause release of ATP and
whole cell I-V relationship (Fig. A—C). For CHO- calcium changes (Grygorczyk & Hanarahan, 18%nd
CFTR cells, the5,,, = 0.471+0.08 nSr{ = 6,P = 0.1), this may be an associated artefact of solution changes.
and for CHO-LacZ cells, th&,, = 0.326 £ 0.083 nS;n(  Pipetting or slow perfusion (Ll/sec) of normal Krebs
= 6, P = 0.1). The 2,2 iminobenzoic acid (DPC 10 solution did not affect basal Calevels. Apical addition
M), used as an inhibitor of CFTR channel activity, did of ATP on CHO-WT cell monolayers by direct pipetting
not affect the membrane conductance of any of the threef small volumes of drug (Jul) to the bath (1 ml) or
types of CHO cells. This result indicates that CFTR isperfusion of drug at slow rates (il/sec) produced simi-
not spontaneously active in the infected cells. lar increases in [Cd];,. The changes in [C4];, were
The CFTR activator, forskolin, produced a threefold found to occur homogeneously within the cell without
increase in the whole-cell conductance of CHO-CFTRevidence for intracellular calcium gradients or waves.
cells G,, = 1.425 £ 0.145 nSn = 6) (Fig. 1B). The  Typical responses to ATP in CHO monolayers infected
forskolin-stimulated conductance of CHO-CFTR cells with 3.1¢° pfu CFTR (CHO-CFTR), in noninfected CHO
was inhibited by subsequent exposure to DPC (i) cells (CHO-WT) and in CHO monolayers infected with
(G,, = 0.597 + 0.140 nSp = 6) (Fig. 1B). These data 3.1¢ pfu LacZ (CHO-LacZ) are shown in Fig. 2. In
provide strong evidence for successful functional expresCHO-CFTR cells, ATP 100um produced a transient
sion of human CFTR Clchannels in CHO cells follow- [C&®*]; increase of 185 + 15m (n = 4, 25 cells). In
ing infection with adenovirus H5.110CBCFTR. As a noninfected cells and in CHO-LacZ the same ATP con-
control, we exposed CHO-WT cells and CHO-LacZ cellscentration stimulated a [€§; increase of 209 + 10m
to forskolin which did not significantly affect the whole- (n = 5, 30 cells) and 190 + 10m(n = 4, 25 cells)
cell conductance (forskolin on CHO-WTG,,, = 0.358 +  respectively. Apical exposure of CHO-WT cells to UTP
0.087 nSnh = 6; forskolin on CHO-LacZG,,, = 0.362 100 uMm also produced a [G4]; increase of 2@ + 6 nv
+ 0.091 nSnh = 6) (Fig. 1A). (n = 4, 24 cells). Lower concentration of these nucleo-
tides such as 10mnof ATP or 10 m of UTP also pro-
duced a [C&"); response of 45 + 21w (n = 3, 16 cells,
BASAL INTRACELLULAR [Caz*] IN INFECTED AND P <0.001) and 8+ 1 mv (n = 3, 16 cells,P < 0.001),
NoNINFeCTED CHO CeLLs respectively, in CHO-WT cells. ATP or UTP added at 1
nw concentration, did not produce a [€h change in
Prior to any stimulation of a [C4]; response in CHO any of the three CHO cell preparations.
cells, the basal [Gd]; was compared between nonin-
fected and infected CHO monolayers preparations.
Basal [C3], was 74 + 4 m (n = 27, 183 cells) in FORSKOLIN EFFECT ON[C&™];
noninfected CHO cells monolayers (CHO-WT). The
basal [C&"]; was slightly but significantly increased in The possible role of CFTR in regulating intracellular
CHO monolayers infected with both types of adenoviral[Ca®*]; was investigated by testing the effect of forskolin
preparations. In CHO monolayers infected with 3.10 (20 um) on non CFTR-infected and CFTR-infected CHO
pfu CFTR (CHO-CFTR), basal [¢4; = 123+5m (n  cell monolayers. Two different quantities of adenovirus
= 31, 171 cellsP < 0.0001). In CHO monolayers in- were tested. In 90% of the CHO cells infected with 3.10
fected with 3.18 pfu LacZ (CHO-LacZ) [C&"];, = 137  pfu CFTR, forskolin produced a large and transient in-
+5(n = 7, 51 cells,P < 0.0001). No significant dif- crease in [C&T; from 127 + 4 nv to a peak value of 332
ference was found between the fC measured in  +7 nv followed by a recovery to a basal [E% (n = 11,
CHO-CFTR and CHO-LaczZK > 0.01), which indicates 73 cells,P < 0.0005) (Fig. 3). In CHO cells infected
that the increase in basal [€3% measured in CHO- with 3.10° pfu CFTR, forskolin produced a [G]; re-
CFTR cells was not due to the CFTR protein expressiorsponse of similar amplitude ([, increase of 198 + 9
but most likely a non specific effect of the adenoviral nm (n = 4, 21 responsive cells)) but only in 10% of the
infection. cells. External ATP (10Qum) added after the [CH],
response to forskolin did not produce any further{Ga
change in CHO-CFTR cells (Fig. 3).
EXTERNAL NUCLEOTIDE EFFECTS ON In CHO-WT monolayers, forskolin did not produce
INTRACELLULAR [Ca’"] the large increase in [, as observed in CHO-CFTR.
The [C&"); variation of 30 + 21 m (n = 9, 52 cells)
The C&" sensitivity to external nucleotides was exploredmeasured in CHO-WT, upon forskolin exposure, was
in the three types of CHO monolayers (CHO-WT, CHO- largely reduced compared to the fincrease of 205
CFTR, CHO-LacZz). External nucleotides produced a+ 10 nv (n = 11, 73 cells,P < 0.0001) obtained in
rapid and transient increase in [€hin all three types of CHO-CFTR cells (Fig. 3). The concentration depen-
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Fig. 1. Typical whole-cell current-voltage relationships obtained in non-infected CHO @llsn( CFTR-infected CHO cellsB) and in LacZ-
infected CHO cells €). In the three types of cell preparations, the current-voltage relationships are shown under control cor@)icmsl (
following exposure of the cells to forskolifl), and after a subsequent addition of DPC in the bathing soludn (
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Fig. 2. Typical [C&*]; responses to apical exposure to ATP (106 in CHO-WT monolayers@®), in CHO-CFTR (3.18 pfu CFTR) monolayers
(*), and in CHO-LacZ monolayers&().

dence of the adenovirus-CFTR infection on the{Qia  HEXOKINASE EFFECT ON THE FORSKOLIN-INDUCED

response to forskolin and, in particular, the lack of [Ca?*]; INCREASE

[Ca?"]; response to forskolin in noninfected CHO mono-

layers suggests a role of CFTR in regulating the level ofTo elucidate the mechanism of the fCh increase ob-
[C&a"];. In support of this conclusion, pretreatment of tained after forskolin in CHO-CFTR cells, we have
the apical membrane of the CHO-CFTR cell monolayergested the effect of pretreatment of the CHO-CFTR cells
with glibenclamide, used as a CFTR channel inhibitor,with the enzyme hexokinase (which consumes extracel-
significantly inhibited the forskolin induced [€H; re-  lular ATP by phosphorylation af-glucose present in the
sponse. In these experiments, glibenclamide exposureathing solution) on the [G4]; response to forskolin.
did not affect the basal level in [, (before gliben- The rationale behind this type of experiment was to test
clamide 115 + 20 m, after glibenclamide 110 £ 32wy the eventual involvement of endogenous release of ATP
n = 5, 24 cells). In glibenclamide treated CHO-CFTR in the C&" response to forskolin. Treatment of the api-
cells, forskolin addition produced only a reduced{Qa cal side of polarised CHO-CFTR cell monolayers with

increase to 180 + 36m(n = 5, 24 cells) A[C&®];, = hexokinase (0.28 U/mg in the presence of glucose in the
30 + 21 mv upon forskolin addition to glibenclamide bathing solution), for 5 min did not significantly affect
treated CHO-CFTR cells). the basal [C&T; level, but significantly inhibited the

To verify that the CFTR protein and not the adeno-[Ca?*]; increase induced by forskolin in CHO-CFTR
viral infection, was responsible for the [€% response cells. In CHO-CFTR monolayers, the [€% was ini-
to forskolin in CHO-CFTR monolayers, we tested the ef-tially 108 + 14 v and remained at 107 £ 1ivrafter 20
fect of forskolin on CHO cells infected with an adeno- min of hexokinase treatment (= 4, 30 cells). Pretreat-
virus-LacZ, used as a control adenovirus, non-codingnent of CHO-CFTR monolayers with hexokinase sig-
for CFTR. In CHO-LacZ cells, forskolin did not pro- nificantly inhibited the calcium response to forskolin
duce any significant [C4]; increase T+ 6 v (n = 7,  (Fig. 4). Under these conditions, the rise in fQain-
37 cells)). Thus CHO-WT and CHO-LacZ cells did duced by forskolin was only 90 + 23wn(n = 4, 30
not significantly differ in their lack of response to for- cells), which is significantly reduced compared to the
skolin. increase of 205 + 10nn (n = 11, 73 cellsP < 0.0001)

In CHO-WT cells and CHO-LacZ cells, after for- obtained in CHO-CFTR cells without hexokinase treat-
skolin exposure, exogenous ATP (10) still produced  ment (Fig. 4).
a significant and large [C4]; increase of 210 + 25m(n Control experiments were performed showing that
= 9, 52 cells) and 175 = 24m (n = 7, 37 cells) apical hexokinase pretreatment inhibited the {Qa
respectively (Fig. 3). These data show that the adenoviehange usually observed after addition of external apical
ral infection does not interfere with the nucleotide- ATP. After pretreatment of CHO-WT cells with hexo-
induced [C&"); response of these cells. kinase, the [C&]; response to ATP 10QM exposure
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Fig. 3. (A) Forskolin (20uMm), followed by ATP (100uMm) effects on [C&"]; in CHO-WT monolayers@®), in CHO-CFTR (3 x 18 pfu CFTR)
monolayers#) and in CHO-LacZ monolayers(. (B) Mean intracellular [C#] variations AC&*) in CHO-CFTR (3 x 18 pfu CFTR) monolayers,
in CHO-WT monolayers and in CHO-LacZ monolayers after forskolin Q) and ATP (100um) added subsequently.

was reduced to 89 + 40m compared to the control

response of 209 + 10m(n = 5, 30 cells,P < 0.001)

CFTR monolayers with suramin (1QQv) and the reac-
tive blue-2 (100um), two purino-receptor antagonists

obtained with the same ATP concentration. Howeverwas tested on the response to forskolin. Both suramin
hexokinase treatment did not affect the faresponse and reactive blue-2, did not cause any change in the basa

to apical exposure to UTP (10@m) (Fig. 4B). These

[C&a®"]; level, but inhibited the forskolin-induced [€3,

experiments show that hexokinase blocks the forskolirincrease in CHO-CFTR monolayers (Fig. 4). The
effect at a step prior to the activation of purino-receptors/Ca?*]; levels measured in CHO-CFTR monolayers be-
and provide evidence that endogenous release of ATRre and after suramin treatment were 132 + dand
across the apical membranes of the CHO-CFTR celld440 + 45 m (n = 5, 29 cells), respectively. The [€3;

mediates the [C4]; response to forskolin.

SURAMIN AND REACTIVE BLUE-2 INHIBITION OF
FORSKOLIN-INDUCED [C&?"]; INCREASE

To investigate the role of purino-receptors in the{Ga

levels before and after reactive blue-2 treatment were
102 £+ 20 m and 88 + 15 m (n = 5, 20 cells), respec-
tively. The [C&"]; levels measured following forskolin
were 145 + 39 m (n = 5, 29 cells) and 116 + 43wn(n

= 5, 20 cells), in suramin and reactive blue-2 pretreated
cells, respectively. Interestingly, suramin and reac-
tive blue-2 abolished the [G4, response to ATP

response to forskolin, the effect of pretreatment of CHO-but suramin only partially reduced the response to UTP



V. Urbach and B.J. Harvey: CFTR Regulates {Gain CHO Cells 261

A 4001 | forskolin 20 uM
ATP 10 pM

300 1
=
2
ctl& 200
<)

100 st

0 T T T T T T 1
0 200 400 600 800 1000 1200 1400
Time {sec)
B 3507 ® inhibitor free
o hexokinase
B suramin

3007 @ reactive blue-2

250 1
~ 2007
=
=
A 150
-]
Q
4

1007 I

7
0 1 _

forskolin ATP 100pM UTP 100pM

Fig. 4. Inhibition of the [C&*]; response induced by forskolinmA) Typical [C&*]; responses to forskolin in CHO-CFTR without inhibitor present
(@), in CHO-CFTR cells pretreated with hexokinasg) r with suramin l) or with reactive blue-24). (B) Mean intracellular [C&] variations
(AC&*) measured upon exposure to forskolin in CHO-CFTR cells, or upon exposure to ATP or UTP in CHO-WT cells with or without inhibitol
as indicated.

and reactive blue-2 did not affect the response to UTRagreement with the identification of purino-receptors
(Fig. 4). (P, type) already described, in the plasma-membrane of

Taken together these results show that CFTR can acthinese Hamster Ovary (CHO) cells (Iredale et al.,
as a regulator of [C4]; in CHO cells via a mechanism 1993).

involving purino-receptor activation possibly by endog- Previous reports have shown successful expression

enous release of ATP from the cell. of human CFTR in CHO cells (Mogayzel et al., 1997).
In this study, the functional expression of human CFTR

Discussion in the plasma membrane of CHO cells infected with the

H5.110CBCFTR adenovirus has been verified by the for-
In this study, the hypothesis of a control of fCa by  skolin stimulation of a DPC-sensitive whole-cell conduc-
CFTR via stimulation of purino-receptors was tested intance. The conductance is generated by chloride ions,
CHO cells used as an epithelial system of human CFTRyiven the equivalence of the reversal potential and the
expression. We verified, initially, that exposure to ATP equilibrium potential for Cl across the membrane. The
or UTP on the apical side of confluent CHO cell mono- forskolin-stimulated conductance was observed only in
layers produced an increase in fCa This result is in  CHO-CFTR cells. Forskolin had no significant effect in
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noninfected cells or in CHO cells infected with the forskolin, is supported by the inhibitory effect of hexo-
H5.110CBLacZ adenoviral construct, used as control foikinase on the [CH]; response to both forskolin and ex-
a non-CFTR adenoviral infection of CHO cells. ternal ATP.

We showed that the basal [€% was slightly in- Previous studies in intact tracheal and intestinal epi-
creased by both adenoviral infections (H5.110CBLacZthelia have shown an increase in fCain response to
and H5.110CBCFTR) indicating that the elevated basaforskolin (Grubb et al., 1994, MacVinish et al., 1998).
[C&a?"], was due to the adenoviral infection itself and not Forskolin was observed to [€%; in both normal and CF
to the presence of CFTR. In the three types of CHO celktracheal cells, suggesting this as a mechanism to induce
preparations (CHO-WT, CHO-CFTR, CHO-LacZ) a CI™ secretion. However, we show that forskolin has little
similar [C&"]; increase was obtained after apical ATP effect on [C&"]; in CHO cells which lack CFTR. Thus
exposure. This result shows that the adenoviral infectiorforskolin may have nonspecific effects on calcium ho-
did not affect the [C&];-sensitivity of these cells to ex- meostasis independent of its action on CFTR. Forskolin
ternal ATP. may affect [C&"]; signaling via phopholipase Ame-

In this study, using forskolin as an activator of tabolism or a cCAMP sensitivity of the [Receptors (Tay-
CFTR in CHO-CFTR infected cells, we provided the lor & Traynor, 1995; Zhong et al., 1998). However, the
first direct evidence for regulation of [, by CFTR.  restriction of the forskolin effect on [G4, to CFTR-
The effect of forskolin on [C&]; was compared between infected CHO cells and the abolition of this response by
noninfected and adenovirus-CFTR infected monolayersnhibitors acting at steps proximal to the intracellular
coming from the same cell culture batch (same cloneC&™" signaling cascade, argue in favor of an autocrine
same passage numbers of CHO cells). Forskolin failedole for CFTR protein in regulating [¢4; via the re-
to produce any significant [¢4; increase in wild type lease of nucleotides.

CHO cells, which is consistent with previous report of Hexokinase is known to have a greater affinity for
[Ca?*]; insensitivity of these cells to forskolin (Van ATP than for UTP (Simofuruaya & Suzuki, 1991) and
Sande et al., 1990). In contrast, forskolin (20) pro-  our control experiments are in agreement with this re-
duced a [C&T; increase in monolayers of CHO cells port. Hexokinase inhibits the [€4, response to ATP
infected with CFTR. Since the only difference betweenand does not affect the [, response to UTP. In ad-
the two cell preparations was the adenoviral-CFTR in-dition, we found reactive blue-2 to be a more potent
fection, this result suggests a role of the CFTR protein ininhibitor of the [C&"]; response to ATP, compared to
the regulation of [C&];. In addition, the absence of UTP. The reduced or absent sensitivity to reactive
[Ca®"]; response to forskolin in CHO-LacZ cells ex- blue-2 of the response to UTP has also been reported in
cludes the possibility that the forskolin induced fCJa  nonepithelial and epithelial tissues (lkeda et al., 1995;
increase observed in CHO-CFTR cells was due to theMatsumoto, Nakane & Chiba, 1997; Zhang et al., 1997;
adenoviral infection and not the CFTR protein. The ac-Matsumoto et al., 1997; Matsuo et al., 1997; Huber-Lang
tivation of CFTR (by the cAMP agonist, forskolin) was et al., 1997; Zhong et al., 1998; Srinivas et al., 1998).
necessary to produce a [€ increase, since no differ- Taken together, the selective inhibition by hexokinase
ence of the basal level in [€], was detected between and reactive blue-2 of the [€Y, response to ATP com-
CHO-LacZ and CHO-CFTR cells. Our results, there-pared to UTP and the large inhibition of the forskolin
fore, provide evidence for the control of [€% by CFTR  induced [C&"]; increase in CHO-CFTR cells, suggests
activation in CHO-CFTR infected monolayers. that the nucleotide involved in the [€%3, response to

The evidence for a role of CFTR in the regulation of forskolin is most likely ATP rather than UTP.

[C&a?"]; via stimulation of purino-receptors is supported The role of CFTR channel as a regulatory protein in
by the inhibitory effect of two purino-receptor antago- epithelia has been widely reported in the literature, but
nists, suramin and reactive blue-2, on the {Qare-  the mechanisms involved are complex and not yet well
sponse induced by forskolin in CHO-CFTR cells. Thedescribed. There is evidence for the regulation of Na
hypothesis that released endogenous nucleotides are iohannels in the apical membrane of respiratory epithelia
volved in this response, was verified by the inhibition of by CFTR via direct protein-protein interaction (Stutts et
the [C&™]; rise induced by forskolin in CHO-CFTR cells al., 1995; Mall et al., 1996). A stimulatory role of CFTR
after pretreatment with hexokinase (which consumes exen water permeability has also been describeXéno-
tracellular ATP by phosphorylation af-glucose). The pusoocytes expressing CFTR (Hasegawa et al., 1992;
specificity of the inhibitory effect of suramin or reactive Schreiber et al., 1997). In airway epithelia, the out-
blue-2 on purino-receptors during the forskolin inducedwardly rectifying CI' channel (ORCC) has been shown
[C&a?"]; increase was tested by showing that these knowno be stimulated by intracellular cAMP which activates
purino-receptors antagonists inhibited the {gare- CFTR (Schwiebert et al., 1995). In the latter experi-
sponse induced by external ATP. Similarly, the role ofments, hexokinase inhibited the current due to ORCC
hexokinase on external ATP, in the [€h response to activation by cAMP but not the current due to CFTR
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channel activation. These data suggested a role of CFTRensitive ion channels or could trigger other?Ga
in the indirect regulation of ORCC involving an ATP dependent cellular mechanisms, such as vesicle traffick-
release from the cell (Schwiebert et al., 1995). ing or PKC stimulation, involved in regulation of ion
Our results provide evidence for an autocrine regu-channel activity. An autocrine regulation of [€} by
latory role of CFTR on intracellular [4); signallingvia ~ CFTR activation could stimulate €&activated CT cur-
purino-receptor activation by external ATP releasedrent (Mason, Paradiso & Boucher, 1991; Urbach et al.,
from the cell. Different hypotheses have been put for-1994; Schwiebert et al., 1995). In addition, amiloride-
ward to explain the role of CFTR in the stimulation of Sensitive sodium absorption through epithelia has been
purino-receptors in the apical membrane of epithelia:shown to be indirectly inhibited by experimental ma-
ATP could be transported through the CFTR protein it-noeuvres designed to increase fda(Graham et al.,
self or through an associated protein controlled and byt992; Ismailov, Berdiev & Benos, 1995; Harvey, 1995;
CFTR. Contradictory results have been reported conMaguire et al., 1999). Therefore, the CFTR protein ac-
cerning the ATP conductance of the CFTR channel tivation could control the balance between secretion and
Electrophysiological experiments showed an ATP Con_abS(_)rption by simultaneous stimulgtion of chlorid@T se-
ductance of the CETR channel in CETR-transfectedcretion through other Cichannels while downregulating
mammary cells (Reisen et al., 1994), in the endoplasmi€0dium absorption in normal epithelia.
reticulum and the plasma-membrane of CFTR-
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CFTR-transfected Chinese hamster ovary (CHO) cells
(Grygorczyk, Tabcharini & Hanrahan, 1996; Li, Ram-
jeesingh & Bear, 1996; Reddy et al., 1996) and in planaiReferences
lipid bilayers (Reddy et al., 1996). Studies using lu-
ciferin/luciferase (Prat et al., 1996; Taylor et al., 1998; Chinet, T.C., Fullton, J.M., Yankaskas, J.R., Boucher, R.C., Stutts,
Jiang et al., 1998) or [QZP] ATP release assay in airway M.J: 199_4. Mechani_sm Qf sodium hyperabsorption in cultureq cys-
epithelia (Schwiebert et al., 1995) show that CFTR ex- tz"éé'.grf(fésl ”gi"(")'Ggp'the““m a patch-clamp stuéyn. J. Physiol
pression is associated with ATP release from the cells. “ - _ _
Others failed to observe any association of CFTR withCf: W-H., Schoumacher, R-A,, Frizzel, R.A. 1992. cAMP-activated
ATP release (Grygorczyk & Hanrahan, 1996). This chloride channels in CFTR-transfected cystic fibrosis pancreatic
4 ‘ Y9 : y - bFTR - , epithelial cells.Am. J. Physiol263:C348-C356

|verge|nce of results suggests that _i‘SSOCIateI%jgan, M.E., Flotte, T., Afione, S., Solow, S., Zeitlin, P.L., Carter, B.J.,
AT_P re_ ease/transport may be dependent on the type o Guggino, W.B. 1992. Defective regulation of outwardly rectifying
epithelium and/or cofactors regulated by the external en- ¢~ channels by protein kinase A corrected by insertion of CFTR.
vironment of the cells (reviewed by Schwiebert et al., Nature358581-584
199&). More recently, electrophysiological evidence, in Ensinger, M.J., Ginsberg, H.S. Selection and preliminary characteriza-
MDCK epithelial cells, points to the existence of a CFTR  tion of temperature-sensitive mutants of type 5 adenovirus. 1D72.
CI™ pore and a CFTR-associated ATP pore regulated by Virol. 10:328-399
common gates (Sugita et al., 1998). Experiments withGabriel, S.E., Clarke, L.L., Boucher, R.C., Stutts, M.J. 1993. CFTR and
truncated CFTR proteins expressecNenopusoocytes outwlard rectilfyi_ng %hloride chan.nels are distinct proteins with a
also suggests the presence of different functional do- 'e9ulatory refationshipNature 363263-266
mains in the CFTR protein: a Cthannel domain and an Graham. A., Steel, IIDtM Alfton,dI_E.W.i Geddets,_ D.M. 1992|'. Second-
ORCC regulator domain (Schwiebert et al., 189&nd messenger reguation of sodium transport in mammalian airway

. . _ epithelia.J. Physiol.453:475-491

that CFTR-associated ATP release is controlled by'a Cl Grubb, B.R., Paradiso, A.M., Boucher, R.C. 1994. Anomalies in ion
sensor domain of th? CFTR protein (Jiang et a.l" 1998) transport in CF mouse tracheal epitheliudm. J. Physiol.
In our study, the calcium response to CFTR activation is  557.c293-300
inhibited by g“bendamlde.’ a blocker .Of CF.TR' Th!s Grygorczyk, R., Hanrahan, J.W. 18 7CFTR-independent ATP re-
would favor th? hypOtheS'S that ATP is traﬁ'c!(ed via lease from epithelial cells triggered by mechanical stimiin. J.
CFTR (or chloride conductance through CFTR is neces- physiol.272:C1058-C1066

sary for A_TP release). . . Grygorczyk, R., Hanrahan, J.W. 1997CFTR and ATP.Science
The involvement of CFTR in the regulation of 2751325-1326

[Ca24]i _COUId explain the pleiotropic role of C'_:TR in the Grygorczyk R., Tabcharini, J.A., Hanrahan, J.W. 1996. CFTR channels
regulation of other transporters. The fCh increase expressed in CHO cells do not have detectable ATP conductance.
controlled by CFTR could directly regulate €a J. Membrane Biol151:139-148



264 V. Urbach and B.J. Harvey: CFTR Regulates?;an CHO Cells

Harvey, B.J. 1995. Cross-talk between sodium and potassium channeldatsuo, K., Katsuragi, T., Fujiki, S., Sato, C., Furukawa, T. 1997. ATP
in tight epithelia.Kidney Int.48:1191-1199 release and contraction mediated by different P2-receptor subtypes
Hasegawa, H., Skach, W., Baker, O., Calayag, M.C., Lingappa, V., in guinea-pig ileal smooth muscl&r. J. Pharmacol.121:1744—
Verkman, A.S. 1992. A multifunctional agueous channel formed by 1748
CFTR. Science258:1477-1479 Mogayzel, P.J., Jr., Henning, K.A., Bittner, M.L., Novotny, E.A.,
Hyde, S.C., Gill, D.R., Higgins, C.F., Trizise, A.E., Mac Vinish, L.J., Schwiebert, E.M., Guggino, W.B., Jiang, Y., Rosenfeld, M.A.
Cutbert, A.W., Ratcliff, R., Evans, M.J., Colledge, W.H. 1993. 1997. Functional human CFTR produced by stable Chinese hamster
Correction of the ion transport defect in cystic fibrosis transgenic ~ ovary cell lines derived using yeast artificial chromosontésm.
mice by gene therapyature 362:250-255 Mol. Genet.6:59-68
Huber-Lang, M., Fischer, K.G., Gloy, J., Schollmeyer, P., Kramer- Pasyk, E.A., Foskett, J.K. 1997. CFTR and adenosinph®sphate
Guth, A., Greger, R., Pavenstadt, H. 1997. UTP and ATP induce 5'-phosphosulfate channels in endoplasmic reticulum and plasma
different membrane voltage responses in rat mesangial éefisJ. membranesJ. Biol. Chem273:7746-7751
Physiol.272:F704-F711 Prat, A.G., Reisen, L.I., Ausiello, D.A., Cantiello, H.F. 1996. Cellular
lkeda, K., Suzuki, M., Furukawa, M., Takasaka, T. 1995. Calcium  ATP release by the cystic fibrosis transmembrane conductance
mobilization and entry induced by extracellular ATP in the non- regulator.Am. J. Physiol270:C538—-C545
sensory epithelial cell of the cochlear lateral wallell Calcium Quinton, P.M. 1983. Chloride impermeability in cystic fibrodigture
18:89-99 301:421-422
Iredale, P.A., Hill, S.J. 1993. Increases in intracellular calcium via Reddy, M.M., Quinton, P.M., llaws, C., Wine, J.J., Grygorczyk, R.,
activation of an endogenous P2-purinoceptor in cultured CHO-K1 ~ Tabchrani, J.A., Hanrahan, J.W., Gunderson, K.L., Kopito, R.R.

cells. Br. J. Pharmacol.110:1305-1310 1996. Failure of the CFTR to conduct ATBcience271:1876—
Ismailov, 1.1, Berdiev, B.K., Benos, D.J. 1995. Regulation by dad 1879

Ca* of renal epithelial Nachannels reconstituted into planar lipid Reisen, I.L., Prat, A.G., Abraham, E.H., Amara, J., Gregory, J., Ausi-

bilayers.J. Gen. Physiol106:445-466 ello, D.A., Cantiello, H.F. 1994. The CFTR is a dual ATP and
Ismailov, I.I., Awayda, M.S., Jovov, B., Berdiev, B.K., Fuller, C.M., chloride channeld. Biol. Chem269:20584-20591

Dedman, J.R., Kaetzel, M., Benos, D.J. 1996. Regulation of epi-Riordan, J.R., Rommens, J.M., Kerem, B.S., Alon, N., Rozmahel, R.,
thelial sodium channels by the cystic fibrosis transmembrane con-  Grezelczack, Z., Zielenski, J., Lok, J., Plavsic, N., Chopu, J.L.,
ductance regulatod. Biol. Chem271:4725-4732 Drumm, M.L., Lannuzzi, M.C., Collins, F.S., Tsui, L.C. 1989.
Jiang, Q., Mak, D., Devidas, S., Schwiebert, E.M., Bragin, A., Zhang, Identification of the cystic fibrosis gene: cloning and characterisa-
Y., Skach, W.R., Guggino, W.B., Foskett, J.K., Engelhardt, J.F.  tion of complementary cDNAScience25451066-1073
1998. Cystic fibrosis transmembrane conductance regulatorSchreiber, R., Greger, R., Nitschke, R., Kunzelmann, K. 1997. CFTR
associated ATP release is controlled by a chloride seds@ell. activates water conductance xenopusoocytes.Pfluegers Arch.
Biol. 143:645-657 434:841-847
Johnson, L.G., S.E., Boyles, J., Wison, Boucher, R.C. 1995. Normal-Schwiebert, E.M., Egan, M.E., Hwang, T.H., Fulmer, S.B., Allen, S.S.,
ization of raised sodium absorption and raised calcium-mediated CI ~ Cutting, G.R., Guggino, W.B. 1995. CFTR regulates ORCC
secretion by adenovirus-mediated expression of cystic fibrosis through an autocrine mechanism involving AT@ell 81:1063—
transmembrane conductance regulator in primary human cystic fi- 1073
brosis airway epithelial cellsl. Clin. Invest.95:1377-1382 Schwiebert, E.M., Morales, M.M., Devidas, S., Egan, M.E., Guggino,
Kunzelman, K., Kiser, G.L., Schreiber, R., Riordan, J.R. 1997. Inhibi- ~ W.B. 199&. Chloride channel and chloride conductance regulator
tion of epithelial Na currents by intracellular domains of the CFTR. domains of CFTR, the cystic fibrosis transmembrane conductance
FEBS Lett400:341-344 regulator.Proc. Natl. Acad. Sci. USA5:2674-2679
Li, C., Ramjeesingh, M., Bear, C.E. 1996. Purified cystic fibrosis trans- Schwiebert, E.M., Benos, D.J., Egan, M.E., Stutts, M.J., Guggino,
membrane conductance regulator (CFTR) does not function as an W.B. 199%. CFTR is a Conductance Regulator as well as a Chlo-

ATP channelJ. Biol. Chem271:11623-11626 ride channelPhysiol. Rev79:5145-S166

Logan, J., Shenk, T. 1984. Adenovirus tripartite leader sequence enSimofuruya, H., Suzuki, J. 1991. Determination of nucleoside triphos-
hances translation of MRNAs late after infecti®moc. Nat. Acad. phates by use of combined reactions of hexokinase and glucose-6-
Sci. USA81:3655-3659 phosphate deshydrogenag&tochem. Int25:1071-1076

MacVinish, L.J., llickman, ME., Mufti, D.A., Durrington, H.J., Cuth-  Srinivas, S.P., Yeh, J.C., Ong, A., Bonanno, J.A. 1998 @aobili-
bert, A.W. 1998. Importance of basolateral Konductance in zation in bovine corneal endothelial cells by P2 purinergic recep-
maintaining CI secretion in murine nasal and colonic epithelia. tors. Curr. Eye. Res17:994-1004
Physiol.510:237-247 Stutts, M.J., Canessa, C.M., Olsen, J.C., Hamrick, M., Cohn, J.A,,

Maguire, D., MacNamara, B., Cuffe, J.E., Winter, D., Doolan, C.M., Rossier, B.C., Boucher, R. 1995. CFTR as acAMP-dependent regu-
Urbach, V., O'Sullivan, G.C., Harvey, B.J. 1999. Rapid responses lator of Na channelsScience269:847-850
to aldosterone in human distal coloBteroids64:51-63 Stutts, M.J., Rossier, B.C., Boucher, R. 1997. CFTR inverts protein
Mall, M., Hipper, A., Greger, R., Kunzelman, K. 1996. Wild type but kinase A-mediated regulation of epithelial sodium channgts-
not AF508-CFTR inhibits Na conductance when coexpressed in  ence269:847-850
Xenopusocytes.FEBS Lett.381:47-52 Sugita, M., Yue, Y., Foskett, J.K. 1998. CFTR @€hannel and CFTR-
Mason, S.J., Paradiso, AM., Boucher, R.C. 1991. Regulation of trans- associated ATP channel: distinct pores regulated by common gates.
epithelial ion transport and intracellular calcium by external ATP in EMBO J.17:898-908
human normal and cystic fibrosis airway epitheliur. J. Phar- Taylor, A.L., Kudlow, B.A., Marrs, K.L., Gruenert, D.C., Guggino,
macol.103:1649-1656 W.B., Schwiebert, E.M. 1998. Bioluminescence detection of ATP
Matsumoto, T., Nakane, T., Chiba, S. 1997. UTP induces vascular release mechanisms in epithelam. J. Physiol275:C1391-C1406
responses in the isolated and perfused canine epicardial coronarfaylor, C.W., Traynor, D. 1995. Calcium and inositol Triphosphate
artery via UTP-preferring P2Y receptor8r. J. Pharmacol. receptorsJ. Membrane Biol145:109-118
122:1625-1632 Thicle, I.E., Hug, M.J., Hubner, M., Greger, R. 1998. Expression of



V. Urbach and B.J. Harvey: CFTR Regulates {Gain CHO Cells

265
CFTR alters the responses to hypotonic cell swelling and ATP ofYang, Y., Nunes, F.A., Berensci, K., Gonczol, E., Engelhardt, J.F.,
chinese hamster ovary celi8ell. Physiol. Biochem8:61-74 Wilson, M.J. 1994. Inactivation of E2a in recombinant adenovi-

Urbach, V., Prosser, E., Raffin, J.P., Thomas, S., Harvey, B.J. 1994. ruses improves the prospect for gene therapy in cystic fibrosis.
Activation of a CI' channel by extracellular UTP in human lung Nature Geneticg:362-369
epithelium.J. Gen. Physiol104:42a

Zhang, H., Weir, B.K., Marton, L.S., Lee, K.S., Macdonald, R.L. 1997.
Van-Sande, J., Raspe, E., Perret, J., Lejeune, C., Maenhaut, C., Vassart, P2 purinoceptors in cultured bovine middle cerebral artery endo-

G., Dumont, J.E. 1990. Thyrotropin activates both the cyclic AMP thelial cells.J. Cardiovasc. PharmacoB0:767—-774

and the PIP2 cascades in CHO cells expressing the human cDNA afhong, Y., Dunn, P.M., Xiang, Z., Bo, X., Burnstock, G. 1998. Phar-
TSH receptorMol. Cell. Endocrinol.74:R1-R6

macological and molecular characterization of P2X receptors in rat
Wilson, J.M. 1993. Vehicles for gene therapNature 365:691-692 pelvic ganglion neuronsBr. J. Pharmacol125:771-781



