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Abstract. We explored the relationship between nucleo-Introduction
tide-evoked changes in intracellular free calcium
([Ca"];) and anion secretion by measuring fJaand  P2Y receptors are found in the apical membranes of
Isc simultaneously in Fura-2-loaded, cultured equineessentially all polarized epithelia where they allow
sweat gland epithelia. Apical ATP, UTP or UDP elicited nucleotides to increase intracellular free calcium
sustained increases in [€§ that were initiated by the ([Ca®*];) and exert control over transepithelial ion trans-
mobilization of cytoplasmic C4 but maintained by C4  port processes. Although this signaling system’s physi-
influx. However, although these nucleotides also in-ological role is unclear, it may form part of a widespread
creasedlgs this response was transient whereas theautocrine control mechanism [2, 4, 11, 12, 16, 17, 26, 30,
[Ca®]; signals were sustained. Experiments in which32, 33, 35, 38]. Moreover, it is possible that this path-
external C&" was removed/replaced showed that'Ca way may be exploited to allow pharmacological correc-
entering nucleotide-stimulated cells elicited very little tion of the ion transport defects that cause chest disease
change inlg. Cross desensitization experiments in cystic fibrosis, a potentially lethal genetic disease [12,
showed that UTP-stimulated epithelia became insensi22]. Identifying the mechanisms that allow apical
tive to ATP but that UTP could increase both fCfaand  nucleotides to exert control over epithelial function has,
Isc in ATP-stimulated cells by activating ‘pyrimidino- therefore, become an important problem in modern, cel-
ceptors’ essentially insensitive to ATP. Thapsigarginlular physiology [12].
evoked a sustained rise in [€% that was accompanied It has recently become clear that the epithelial ex-
by a maintained increase Ig. However, this increase pression of at least some P2Y receptor subtypes is asso-
in 1sc was dependent upon external “Caand so the ciated specifically with the maintenance of a distinct,
responses to nucleotides and thapsigargin have differefipical membrane [4, 10, 33]. However, many experi-
properties. ATP increasets in thapsigargin-treated mental approaches used to study epithelial cell signaling,
cells without causing any rise in [€§; while ionomycin  such as fluorescent measurements of intracellular free
increased both parameters. The data therefore show theélcium ([C&*],), isotope efflux techniques and electro-
apical P2Y receptors allow nucleotides to incredge  physiological studies of single cellsdee.g., 15, 22, 32,
via two mechanisms, one of which appears to bé’{Ga 36, 40], are almost invariably applied to cells on cover-
independent control of anion channels. slips or Petri dishes. As these conditions do not favor
epithelial polarization, such experiments may well fail to
reveal the means by which nucleotides control ion trans-
Key words: P2Y receptors — Apical membrane — Ep- port in polarized epithelia. Moreover, the electrometric
ithelial anion secretion — Ussing chamber — Stimulus-techniques that are often used to monitor ion transport in
secretion coupling —Intracellular €a polarized epitheliadeee.g., 31, 38] do not readily lend
themselves to the detailed study of intracellular events.
There is, therefore, a need for a technique that will allow
I intracellular signaling and transepithelial ion transport to
CorrespondenceS.M. Wilson be monitored in polarized cells. In the present study, we
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therefore use a new technique, which allows these paalso loaded with BAPTA by including the AM form of this compound
rameters to be measured concurrenslgd alsal8, 23], (50 um) in the Fura-2-AM-containing medium.
to explore the relationship between nucleotide-evoked
[Ca™]; signals and ion transport in cultured equine swealyeasyreMENT OF[Ca2"]; AND lgc
gland secretory epithelia.
Membranes bearing Fura-2-loaded epithelia were mounted in a minia-
ture Ussing chamber attached to the stage of an inverted microscope
Materials and Methods (Nikon TE300). Initially, the epithelia were maintained under open
circuit conditions while transepithelial potential difference (p.d.) was
monitored. Once this had stabilized (20—30 min), p.d. was clamped to
SOLUTIONS AND CHEMICALS 0 mV and the current required to maintain this potential (short-circuit
current,lgd continuously displayed and recorded directly to hard disk
The culture medium was William’s medium E containinglutamine ~ Using a voltage-clamp amplifier (VCC 600; Physiologic Instruments,
(1 mw), penicillin (100 i.u. mrY), streptomycin (10Q.g mI™%), bovine San Diego, CA). Transepithelial resistance was calculated by measur-
insulin (5 g mI™Y), epidermal growth factor (0.ig mi™%), hydrocor- ing the currents flowing in response to brief excursions (1 mV) from
tisone (10 ng miY), transferrin (5ug mi™Y) and sodium selenite (5 ng this holding potential. Transepithelial p.d. is expressed with respect to
ml™Y). The 4-(2-hydroxyethyl)-1-piperazine ethanesulfonic acid the basolateral solution. Positive currents are displayed as upward de-
(Hepes)-buffered saline contained (imjnNaCl, 120; KCI, 5; MgCl, flections of the traces, and were defined as those carried by anions
1; CaCl, 1; p-Glucose, 10; Hepes, 20; pH adjusted to 7.4 with NaOH. moving from the basolateral to the apical solution. WHilg. was
The membrane permeant, acetoxymethylester (AM) forms of Fura-2nonitored, the Fura-2 fluorescence ratio was also recorded (PTI Ratio-
and 1,2-bis-(2-aminophenoxy)-ethane-N,Ni\-tetraacetic acid Master fluorescence system, Photon Technology International, NJ)
(BAPTA) were from Molecular Probes (Eugene, OR) and Calbiochemfrom an area in the center of the epithelium, containing 3040 cells,
(La Jolla, CA), respectively. Uridine diphosphate (UDP) was from which was viewed using a 40x extra long working distance objective
Boehringer (Mannheim, Germany) but, before use, this nucleotide (1dNikon CFI Plan Fluor ELWD, 0.6 numerical aperture). This signal
mm) was incubated (1 hr at 37°C) in Hepes-buffered saline containingVas also recorded to disk.
hexokinase (10 i.u. mt, Boehringer, Mannheim, Germany) and 22 m
p-glucose in order to remove contaminating nucleotide triphosphates
The resulting solution was aliquoted and stored at —20°C. UridineDATA ANALYSIS AND EXPERIMENTAL DESIGN
triphosphate (UTP) and adenosine triphosphate (ATP) were obtained . . . . .
from Pharmacia as ultrapure solutions. Independent analyses ha\/%" nucleotides were added to the physiological salt solution bathing

confirmed that these nucleotides are essentially pure (R.C. Bouchef,he apicgl side of the epi_thelia at a final concentratign of 160 .
personal communicatign Thapsigargin was from Calbiochem, diphe- lonomycin and thapsigargin were also added to the apical bath at final

nylamine-2-carboxillic acid (DPC) from Riedel-de-Ha€hemicals ~ concentrations of 0.Juv and 1pm respectively. Experimentally in-
(Hannover, Germany), ionomycin, 4-diisothiocyanateostilbene-2;2 duced changes in [C4; andlsc were quantified by measuring ea_ch
disulfonic acid (DIDS) and all other nucleotides and general laboratoryP@rameter at the peak of a response and subtracting the equivalent

reagents were from Sigma, and cell culture reagents were from Gibcyalues measured immediately prior to stimulation. Pooled data are
Laboratories (New York). presented as means = SE and valuesakfer to the number of

experiments in each group. The significance of differences between
mean values was tested using Studetitisst.

CELL CULTURE

Experiments were undertaken using a spontaneously transformed cellzfeSUItS

line (E/92/3) derived from the secretory epithelium of the equine sweat

gland Eee34]. These cells were maintained in serial culture using When grown on Transwell Col membranes, E/92/3 cells
standard techniques. For experiments, cells were removed from cultureonsistently f = 75) became integrated into coherent,
flasks using trypsin/EDTA, washed by centrifugation/resuspension ingpithelial layers $ee alsol3]. Under open-circuit con-
fresh medium and aliquots of this suspension plated (2.2 *c#0s ditions, transepithelial resistance was 234 ®en? and

cm ) onto permeable supports fabricated from Transwell-Col mem- - . _ +
branes (0.4.m pore diameter, Costar, Cambridge, MA). The culture the cultured epithelia generated ?.zp.d. 0f-0.2£0.04 mV.
Basallgcwas 0.01 £ 0.00Acm™.

area was 0.1 cfn Membranes bearing cultured cells were floated on
culture medium in Petri dishes and incubated for the 3 days; previous
work showed that E/92/3 cells consistently become integrated into, 2
functionally polarized monolayers when maintained under such condi—RELATIONSHIP BETWEEN [C qi AND Isc

tions [13]. These cultured epithelia were then loaded with Fura-2, a

ca* sensitive fluorescent dye, by incubation (45 min, 37°C) in me- Apical ATP (n = 6) increasedgc (24.5 + 2.8uAcm ?)
dium containing 3wm Fura-2-AM and 1.6uM pluronic F127. Changes and [Cé*]i (0.21 £ 0.03 ratio units). The peak change in
in [Ca®]; elicit corresponding changes in the Fura-2 fluorescent ratio] . occurred 18.1 + 0.9 sec after switching to the ATP-
reg(Z)Ided from ct-_:-lls Ioadgd with this dye_, which aIIf(IJWS_ char_]ges ;]”containing solution while the [@é]i-signal reached its
[Ca™]; to be monitored using standard, microspectrofluorimetric tec 'peak 2.3 + 0.4 sec later. Moreover, although the rise in

nigues [7]. In the present study, the cultured epithelia took up very . . . .
little Fura-2 under standard conditions and so inclusion of the nonionio[cazji was well mamtamed"SC rapidly fell towards its

detergent pluronic F127 was essential if Fura-2 fluorescence ratio®asal value despite the continued presence of ATP (Figs.
were to be recorded. For some experiments the cultured epithelia werd and 3). Essentially identical responses were seen in
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Fig. 1. The effects of apical ATP (10@wv) upon [C&*]; (a) andl s (b) <
recorded from Fura-2-loaded epithelia. Essentially identical responses% 20 -
were obtained in 6 instances. =
epithelia stimulated with UTPn(= 4), 5-Br-UTP f = 0- 1 T T T
4) or UDP f = 4). Ca” Ca”

ATP also increasedis. (42.8 + 7.6 pAcm?) and (A?)) (Bal)

[Ca®"]; (0.29 + 0.16 ratio units) in the absence of external
ca&t (Fig. 2). The peak magnitude of these responsegig. 2. Fura-2 loaded epithelia were initially superfused with control

. . N . saline while [C&"]; (a) and Isc (b) were recorded. The cells were
did not differ significantly from control but both signals exposed to nominally Ca-free solution as indicated and then stimu-

fell r??'dly tO. their respect_lve be}sal Valu_e_s under thes‘?ated with apical ATP (10@um). Later in the experiment, the cells were
conditions (Fig. 2). Restoring apical €zelicited a rela- exposed to pulses® min) of external C# that were applied to the
tively small but clearly sustained rise in [€% (0.04 =  basolateral and then the apical aspects of the cultured epithetiag).
0.002 ratio units) accompanied by a minimal increase in

lsc (1.2 £ 0.3 pAcm™?). Although basolateral G4

evoked a more robust [€§;-signal (0.07 + 0.01 ratio was prolongedR < 0.02) to 156 + 15 sec. Thereafter,
units), this was also accompanied by a small and poorihowever, [C&"]; remained at this elevated level through-
maintained electrometric response (risédp 6.2 + 0.3  out the experiment. ATP also increadgg in BAPTA-

pAcm?). loaded monolayers but the magnitude of this response
The data in Fig. A confirm that UTP increases both (3.8 + 1.4 pAcm™?) was reduced to 20% of contro-

[Ca®"]; andls and that the rise in [G4]; is more sus- |. Although the rise ifgcwas also slowed (time to peak

tained than the increase lge During the later part of = 88 + 6 sec) this effect was not as pronounced as the

this experiment, however, cells were exposed to ATP irslowing of the [C&", signal and so the peak change in
the continued presence of UTP; this additional stimuludsc occurred almost exactly a minute before the peak
had essentially no effect upon [€% or Is. However, change in [C&T,. BAPTA had qualitatively and quan-
experiments in which these nucleotides were administitatively similar effects upon both components of the
tered in the reverse sequence (Fig),3howed that UTP  responses to UTPn(= 10), 5-Br-UTP ( = 11) and
increased both parameters in ATP-stimulated cé¢ljs ( UDP (h = 9).

8.9 + 1.3pAcm 2, [C&"];: 0.29 + 0.02 ratio units).

EFFECT OF THAPSIGARGIN
EFFecT OFBAPTA

Thapsigargin elicited a slowly developing but sustained
ATP (n = 11) increased [CH]; in BAPTA-loaded increase in [C&], (0.23 % 0.04 ratio unitsp = 11) that
monolayers but the peak response (0.15 + 0.03 ratiavas accompanied by a sustained riségp(7.51 + 0.65
units) was only(70% (P < 0.05) of control (0.21 + 0.03 pAcm ). Subsequent application of ATP had no effect
ratio units) and the time taken to attain this maximumon [C&"]; but caused a transient riselig. (Fig. 5). Fur-
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2 Fig. 3. Nucleotide-evoked changes in [€h (a)
8 10~ andlgc (b) were recorded in cells stimulated with
apical ATP and/or UTP (both 10@m). (A) The
effects of ATP in epithelia that had been
0 - previously exposed to UTH(= 5). (B) The
* UTP * ATP effects Qf UTP in gpithelia that had previously
been stimulated with ATPn(= 6).
ATP rameters under these conditions (fJa 0.04 + 0.02
20714 ratio units,lsg 8.5 + 2.2pAcm ™ n = 12) confirming
© that changes in [C4]; could still be measured. In sub-
3 sequent experiments, cells were exposed to thapsigargin
§ 0.5 under control conditions and external®Ceemoved once
4 ?ﬂ} the resultant increases i and [C&*]; were estab-
éo_:;_ lished. Withdrawal of C& always caused a transient
o fall in 15 (Fig. 5A). We can offer no explanation for this
g 01 phenomenon but, once it had subsided,[G;adecayed
w slowly towards its basal level. Subsequent application of
15, apical ATP increaseti. (4.8 = 1.5pAcm™?) and this
response was accompanied by slight acceleration in the
rate at which [C&T; fell (Fig. 5A), suggesting that acti-
~ 104 vation of the P2Y receptors in these cells enhancéd Ca
€ extrusion. This has been documented in other epithelia
< [37].
50 In a final series of experiments, epithelia were ex-
~ 54 posed to thapsigargin followed by ATP in the absence of
external C&". Under these conditions thapsigargin elic-
ited a transient rise in [C4]; (0.08 + 0.02 ratio units)
0- without a discernible rise ingc (Fig. 5B). Subsequent
T Thapsigargin application of ATP elicited a slight fall in [C?é\]i that

Fig. 4. Fura-2 fluorescence rati@) and|l s (b) were recorded simul-
taneously from epithelia that were exposed foM.thapsigargin (apical
and basolateral) followed by 1Q0m apical ATP 6 = 11).

ther experiments showed that UDP (2.9 + fi&m ™2 n
= 6) and UTP (3.3 £ 0.uAcm 2, n = 11) also in-
creasedlsc without affecting [C&"]; in thapsigargin-

was consistently accompanied by a risédp (5.6 = 1.0
pAcm?).

Discussion

The present data confirm that the apical P2Y receptors
present in E/92/3 cells allow nucleotides to increase
[C&a?"]; [15] and I [16, 35]. Our earlier studies sug-

treated cells. However, ionomycin increased both pagested strongly that the electrometric responses were due
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Fig. 5. Fura-2 fluorescence rati@) and s (b)
8-p 6p were recorded from cultured epithelia exposed to 1
"E M thapsigargin and 10Qm apical ATP. @)
G 4 3 Cells were first exposed to thapsigargin under
g control conditions and external &athen
9 0 -3+ withdrawn before the cells were exposed to ATP
= 4 6 (n = 5). (B) Cells were continuously superfused
Thabsigarain T Thaosigarain with (_:az*-fl_’ee saline While_ bging exposed to
T psigarg peigarg thapsigargin and ATP as indicated & 4).

to a nucleotide-evoked increase in apical anion conducthen why should g decay to its basal value despite a
tance [16, 32], and so it was tempting to attribute thesustained increase in [€%? One possibility may be
increasedgto [C&*];-mediated activation of apical an- that the channels are sensitive to the rate at whichCa
ion channelsgeee.g., 3]. However, the new experimen- rises, rather than to the absolute level of{Gaalthough
tal approach used in the present study showed clearlywe are unaware of any studies which report the existence
that the [C&"]; signals were more sustained than theof anion channels with this property. In an attempt to
changes ing. It is, therefore, clear that the 2 compo- define the role of [C&], more clearly, we loaded the
nents of the response have different time courses. cultured epithelia with BAPTA, a G4 buffer, in an at-
Experiments in which external €awas removed/ tempt to block nucleotide-evoked [€3,; signals.
replaced confirmed [15] that the nucleotide-evokedAlthough BAPTA inhibited and slowed the rise in
[Ca®"]; signals were initiated by the mobilization of cy- [Ca?"];, it did not totally abolish the response, which was
toplasmic C&" but sustained by G4 influx. Interest-  surprising as this substance can eliminate nucleotide-
ingly, although the receptors controlling €antry were  evoked [C&"]; signals in E/92/3 cells on coverslips [33].
on the apical membrane, the €anflux occurred, pri-  BAPTA also slowed and inhibited the rise Ig, sug-
marily, across the basolateral membrane. Such assyngesting that changes in [€3; play an important role in
etry has been reported in other epithelial cell types [6this response. However, the peak changksignow oc-
14] although not by all investigators [23]. However, the curredlL min before the peak of the [, signal, sug-
important point to emerge from these experiments wagjesting strongly that [G4d]; is not the only determinant
that C&* entering nucleotide-stimulated epithelia had of I
very little effect uporlgc This raised the possibility that In further experiments we used thapsigargin, a sub-
the anion channels underlying the increasessjomay  stance that blocks G&signaling by inhibiting the C&
lose sensitivity to [C&]; during maintained stimulation. pumping enzymes of the endoplasmic reticuluseg
This has been seen in other cell types [20, 39] and woule.g., 29] to disrupt the mechanism permitting receptor-
account for the transient nature of the present responsemsediated control over [G4]; and, under control condi-
Cross desensitization experiments showed that, aftetions, this substance caused sustained increasesit]{Ca
lsc had decayed back to its basal level, UTP could in-and Isc Thapsigargin also increased R in the ab-
crease both [C4]; andlscin ATP-stimulated cells. This sence of external G4 but this response developed
confirms [16, 33] that E/92/3 cells, in common with cer- slowly and was transient. Interestingly, thapsigargin had
tain other epithelial cell types [10, 18, 19], express atno effect upong¢in this situation, and so this response
least two [C&'];-mobilizing P2Y receptor subtypes: appears to be mediated entirely by*Cantering the cell
P2Y, receptors that are equally sensitive to ATP andfrom the external fluid. This contrasts sharply with the
UTP [21] and ‘pyrimidinoceptors’ activated by UTP but nucleotide-evoked increaseslig, which seemed to pre-
essentially insensitive to ATP [5, 21]. Most importantly, dominantly dependent upon €aeleased from cytoplas-
however, these data show that the anion channels undemic stores. Discrepancies between the effects of thapsi-
lying the electrometric responses are not refractory tagargin and C&-mobilizing receptor agonists have been
further stimulation, even after prolonged exposure toreported previously. Thapsigargin thus increases{ca
ATP. This result presented a paradox—if anion channel$n human sweat gland epithelial cells but has no effect
can be activated by a second,’Ganobilizing agonist, upon transepithelial ion transport while €anobilizing
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agonists, such as carbachol and ATP, increase both pa-
rameters [1, 24]. It is therefore clear thiaf. does not
necessarily follow [C&]; in at least some epithelial cell
types.

The studies of thapsigargin-treated cells also showed
that nucleotides increaség-even after their capacity to
raise [C&"]; had been abolished. These substances thus
control I by activating both [C&],-dependent and
[Ca®"];-independent pathways, and this may explain why
the changes in [C4]; andlg.had different time courses.
Although ATP also increases cellular cyclic AMP levels
in these cells [15, 25], this second messenger does not
modulate membrane permeability or incredgg [13,
34]. Moreover, UTP also evoked a [€%-independent
response and yet this nucleotide, in contrast to ATP,
lowers cellular cyclic AMP levels [35]. It is therefore

abundantly clear that cyclic AMP cannot mediate thell.

[Ca?*];-independent responses to nucleotides. Other
workers have shown, however, that epithelial P2Y recep-
tors allow nucleotides to control anion channel activity
via a signaling pathway that does not require a diffusable

8.

9.

10.
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tative C&" entry (CCE) induced by luminal and basolateral ATP in
polarized MDCK cells is restricted to the basolateral membrane.
Cell Calcium22:121-128

7. Grynkiewicz, G., Poenie, M., Tsien, R.Y. 1985. A new generation

of C&*-indicators with greatly improved fluorescence properties.
J. Biol. Chem265:3440-3450

Guo, X., Merlin, D., Harvey, R.D., Laboise, C., Hopfer, U. 1997.
Pharmacological evidence that calcium is not required for P2-
receptor-stimulated Clsecretion in HT29-CI.16EJ. Membrane
Biol. 155:239-246

Guo, X., Merlin, D., Harvey, R.D., Laboisse, C., Hopfer, U. 1995.
Stimulation of CI secretion by extracellular ATP does not depend
upon increased cytosolic €ain HT-29.cl16E.Am. J. Physiol.
269:C1457-C1463

Inoue, C.N., Woo, J.S., Schweibert, E.K., Morita, T., Hanaoka, K.,
Guggino, S.E., Guggino, W.B. 1997. Role of purinergic receptors
in chloride secretion in Caco-2 cellam. J. Physiol272:C1862—
C1870

Kerstan, D., Gordjani, N., Nitscke, R., Greger, R., Leipziger, J.
1998. Luminal ATP induces K+ secretion via a R2¥ceptor in

rat distal colonic mucos&fluegers Arch436:712-716

12. Knowles, M.R., Olivier, K., Noone, P., Boucher, R.C. 1996. Phar-

macological modulation of salt and water transport in the airway
epithelium in cystic fibrosisAm. J. Resp. Crit. Care Med.

second messenger. It has been suggested that this may 151:565-s69

reflect a G protein-mediated interaction between P2Y13.

receptors and anion channels co-localized in the apical
membrane [8, 9, 26-28]. It is now important to under-

take experiments to establish the mechanism of thid4-

[Ca®*];-independent pathway, as it may be an important
component of a poorly understood mechanism that per-
mits control of ion transport.
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