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Hipotézis és a kutatomunka célja

A nyalmirigyeket és a hasnyalmirigyet epithelidlis sejtek alkotjadk. A mirigyek
szerkezeti és funkciondlis hasonlosadgot mutatnak, jellemzd az acinéris és duktalis epithel
sejtek megléte. Mivel a sejtek polarizaltak, ezért beszélhetiink mind acinaris, mind duktalis
sejtekben apikalis és bazolaterdlis membranrdl. és a transzcelluldris transzportfolyamatokhoz
sziikséges apikalis és /vagy bazolaterdlis membranban taldlhaté ionpumpakrol, ko-
transzporterekrdl, antiporterekrdl és csatornakrol.

A mirigyek bdséges folyadékot (nyal és hasnyal) és specidlis intraoralis, illetve
gasztrointesztinalis funkcidval rendelkezd exokrin fehérjéket valasztanak el, melyek kézponti
szerepet jatszanak a szajiireg, illetve az emésztétraktus normal mitkkddésének fenntartdsaban
¢s védelmében. Nyalmirigyekben a Thaysen ¢és munkatarsai altal megfogalmazott ,két-
Iépcsds  hipotézis” szerint termelddik a nyal. Az acinusokban izotonids, plazma-szerii
elsddleges nyal képzdodik, mely folyadék iondsszetétele a duktuszokon valod athaladas soran
hipoténiassa alakul, fokozott Na" és CI” ion visszaszivas, de minimélis vizszekrécié és
abszorpcid mellett. A nyalmirigyek népegészségiigyi szempontbdl jelentés megbetegedése a
nyalmirigyek hypofunkciéja (xerostomia), amely leggyakrabban Sjogren syndroma ¢és
terapias radioaktiv besugarzast kovetden a nyalmirigyek szekrécios zavardhoz és ezaltal
csokkent mennyiségli nyaltermelddéshez vezet. A hasnyalmirigy betegségekben a mirigy
exokrin funkcidja valtozik meg, mely egyben a hasnydl mennyiségének €s Osszetételének
megvaltozasat is jelenti. Cysticus fibrosisban az aktiv kloridion transzportjdban
kulcsfontossagu szerepet jatszo fehérje (CFTR, cystic fibrosis transmembrane conductance
miikodést mutattak ki.

A nyal- és hasnyalmirigy rendellenességei az emésztési folyamat sulyos zavarahoz
vezetnek. Abbol a célbdl, hogy a korfolyamatok eredetét megismerjiik, meg kell ismerniink
azokat a membran transzport folyamatokat és az ezek szabdlyozasaért felelés neurohumoralis
szabalyozd mechanizmusokat, melyek a human kiilsé elvalasztasu mirigyek folyadék- és
megismerése a transzepithelidlis bikarbonat szekrécid és pH; regulacié kérdéskorének
feltérképezésén keresztiil vizsgalhato a leginkabb. Emberi szovetek kelld mennyiségben vald
gyljtésének etikai nehézségei 1j modellrendszerek alkalmazésat teszik sziikségessé. Ezért
olyan emberi és patkany nyalmirigy és emberi hasnyalmirigy adenokarcinomabol szdrmazo
sejtvonalakat kivanunk alkalmazni, melyek permeabilis membranon tenyésztve a nativ
szovetekre jellemz0 fenotipust alakitanak ki.



A programban a kovetkezo feladatokat tiiztiik Ki és végeztiik el:

1. Osszehasonlitottuk a transzcellularis bikarbondt szekréciéban és az intracelluldris pH
(pH;) szabalyozdasaban szerepet jatszo ioncsatorndk és transzporterek expresszios
mintazatat és eloszlasat jol definialt patkany nyalmirigy (Par-C10), emberi hasnyalmirigy
(Capan-1) és emberi tiido karcinomabol szarmazo sejtvonalban (Calu-3).

2. Fiziologias tesztrendszerek segitségével azonositottuk a transzcellularis bikarbonat
szekrécio és pH; regulacio folyamatdiban szerepet jatszo transzportereket permedbilis
membranokon tenyésztett polarizalt sejtvonalakon.

3. Vizsgaltuk a transzepithelialis viztranszportban kulcsszerepet jatszo AQP vizesatornak
lokalizaciojat emberi hasnydlmirigyben.

Elért eredmények, kidolgozott madszerek, eljarasok

A program inditasakor két kdzlemény megjelentetését terveztiik. A ,, Kozlemények”
rovatban toltottiik fel 3 megjelent, 1 db elfogadott és 1 db elkiildott cikkiinket, 6sszesen 14,94
impakt faktorral. Ezzel vallalasunkat jelent6sen tulteljesitettik. Bar a végzett munka
alapkutatas, a megszerzett uj informaciok kozvetve alapot szolgaltathatnak azon nyal-
és hasnyalmirigy rendellenességek jobb megismeréséhez, ahol a kérokok kialakulasaért
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transzporterek és ioncsatornak megvaltozott miikodése a felelds.

Eredményeinket 6 pontba foglalva a kovetkezo Iényeges megfigyeléseket tettiik:

1. A transzepithelidlis bikarbonat transzport bazolateralis komponenseinek vizsgalata
Capan-1 sejteken:

A pancreas duktélis bikarbonat szekrécio vizsgalatara allatkisérletes modellek allnak
rendelkezésiinkre. Kisérleteinkben ezen eredményeket felhasznalva Capan-1 human pancreas
duktalis eredetli adenokarcindéma sejtvonalon kivantuk azonositani a transzportban szerepet
jatszo csatornakat. Reverz transzkriptaz-polimerdz lancreakciéval (RT-PCR) vizsgaltuk a
transzporterek ¢és receptorok mRNS expresszidjat. PTFE membranra iiltetett Capan-1
polarizalt monolayeren az intracellularis pH-t (pH;) fluoreszcens indikator (BCECF)
hozzdadasaval, mikrofluorometrids moddszerrel mértikk. A bikarbonat szekrécidot a pH;
csokkenés kezdeti meredekségébdl hataroztuk meg, a bazolaterdlis bikarbonat utanpotlas
szelektiv gatlasat kovetden.

RT-PCR vizsgélataink soran pNBC1, NHEI, SLC26A6 ¢s CFTR transzporterek
valamint VPACI, szekretin, P2Y1,2,4,6 receptorok mRNS expressziojat mutattuk ki mind
humén pancreas szovetben, mind Capan-1 sejteken. Polarizalt monolayeren vizsgalva a
sejteket az NH4Cl pulzussal kivaltott savterhelést koveté pH kompenzacio H,DIDS és EIPA
bazolateralis addsara szignifikansan csokkent. A gatloszerek luminalis alkalmazasa a pH;
kompenzaciot szignifikansan nem befolydsolta. Szekretin és VIP bazolateralis, valamint ATP
¢s UTP luminalis alkalmazasa a bazolateralis NBC ¢és NHE egyidejii gatlasa mellett a
kontrollhoz képest az pH; csokkenését szignifikins médon fokozta, mig ATP és UTP
bazolateralis alkalmazéasa csOkkentette azt. Vizsgélataink bizonyitjak, hogy az NBC és NHE
mind humdn pancreas szdvetben, mind Capan-1 sejteken jelen vannak. Capan-1 sejteken a
bazolateralis membranban lokalizalédnak és a bazolateralis oldalrol az apikalis oldalra torténd
vektorialis szekrécid soran bikarbonat utanpotlas legfontosabb forrasat jelentik. Kimutattuk
tovabba, hogy az iranyitott bikarbonat szekrécié serkenthetd szekretinnel és VIP-val,



ATP/UTP adésa pedig az alkalmazés helyétdl fiiggden serkenti, illetve gatolja a bikarbonat
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2. Az SLC26A6 anion kicseréld aktivitasanak vizsgalata Calu-3 tiidé karcindmabol szarmazo
epithlialis sejtben:

A CFTR CI-csatorna direkt sejtkozotti kapcsolatokon keresztiil aktivalja az SLC26
csalad anion kicseréldit. Ez a megfigyelés fontos szerepet jatszhat a sejtek HCOj
submucosalis mirigyébdl szarmazik, egy jo modell a CFTR-fiiggd HCO;  transzport
vizsgalatara. Célunk, hogy jellemezziik ezekben a sejtekben az apikalis oldalon megtalalhato
anion kicseréldket, illetve az intracellularisan megemelkedett cAMP hatasat a kicseréldk
aktivitasara.

A Calu-3 sejtekbdl konfluens tenyészetet hoztunk Ilétre Transwell poliészter
membranokon, és pH-érzékeny BCECF-AM festékkel toltottiik fel oket. A filtereket HCOs™
pufferelt oldattal perfundaltattuk és 37°C-on temperaltuk egy inverz fluoreszcens mikroszkop
munkaasztalan. Az intracellularis pH-t (pH;) standard mikrofluorometrids technikéval
rogzitettilk. A Cl” ionok glukonattal vald helyettesitése a bazolateralis oldalon a Calu-3 sejtek
pH; emelkedését okozta, az értéke 0,28+0,04-nek (atlag=SEM, n=4, P<0,01 paros t teszttel)
adddott. Ez a hatas elmaradt, ha a sejteket 0.1 mM DIDS-cel elékezeltiik, igazolva a korabbi
megfigyeléseket, mely szerint AE2 expresszalodik a sejtek bazolateralis oldalan. A CI ionok
elvétele az apikalis oldalrol nem eredményezett pH; valtozast a stimulalatlan sejtekben, am 10
mM forskolin stimuléci6 esetén egy nagymértékii, gyors pH; emelkedést észleltiink
(0,60+0,03 (n=4, P<0,001)) a sejtekben. Ezt a pH valtozast | mM DIDS sem volt képes
csokkenteni. A pH-visszatérés a kezelés utan I' vagy format ionokkal mimikalhat6 volt, am
nem jott létre a Cl ionok SO4* vagy oxalat ionokkal valo helyettesitésekor. RT-PCR
segitségével kimutattuk szdmos SLC26 csalddtag mRNS expressziojat Calu-3 sejteken. Ezek
koziil is a pendrint (SLC26A4), amely a tobbi tagtol eltéréen nem képes kétértékli anionok
transzportjara, és viszonylag rezisztens DIDS-re. Ezért valdszintileg pendrin miikodik anion
kicseréloként a Calu-3 sejtek apikalis membranjaban, ¢s aktivitdsat a cAMP serkenti,
feltehetéen a CFTR-en keresztiil.

3. A transzepithelialis viztranszportban kulcsszerepet jatszo AQP vizcesatornak lokalizacidjat
célzo vizsgalatok:

Az epithelidlis mirigyekre jelentds folyadék elvalasztas is jellemzd. Az aktivan
transzportalddod ionok gyors kovetésére egy specidlis vizcsatorna rendszer, az aquaporinok
(AQP) szolgalnak. Az AQPS8 vizcsatorna, amit eredetileg egér pancreasbdl klonoztak, az
jatszik szerepet. Az acinusok szerepe ugyanakkor a vizszekrécidban erdsen korlatozott. A
folyadék dontd tobbségét a pancreas tomegének csak igen kis részét adod ductusok valasztjak
el. Emberi hasnydlmirigyben ennek {6 helye az interkaldris ductusok teriilete, ahol az
epithelialis sejtek apikalis AQP1-et és AQPS5-6t, mig a bazolateralis oldalon csak AQP1-et
expresszalnak. Eredményeink szerint, patkanyban és egérben, ahol a folyadékszekrécio
elsddleges teriilete az intralobuldris ductusok AQP1 és AQPS5 ugyancsak egyiitt fordul el6 az
apikalis membranban, azonban relative alacsony expresszids szinten. Azonban a patkany
transzepithelidlis ozmotikus permeabilitdsa mégis elegendd a kozel izoozmotikus
folyadékelvalasztas eléréséhez. Kimutattuk tovabba, hogy az apikalis oldalon Hg®'-t
alkalmazva a patkany transzepithelidlis ozmotikus permeabilitasa szignifkansan csokken. Ez
arra utal, hogy az apikélis AQPI1 és AQPS5 jelentds szerepet jatszik a folyadéktranszport



bonyolitasaban. AQP1 génkiiitott egerekben a normal vizelvalasztds az apikalisan
elhelyezkedd AQPS5 fontos szerepét bizonyitja.

4. SMIE sejtek vizsgalata:

A SMIE patkdny szubmandibuldris, nyalmirigy eredetli acindris sejtvonal.
Megvizsgaltuk, hogy a SMIE sejtvonal alkalmas-e a vektoridlis transzportfolyamatok
modellezésére. Amig ammonium pulzusos savterhelés utan gétloszer nélkiil a sejtek gyorsan
kompenzalnak, vagyis az egyensulyi pH elérésére torekednek, addig gatloszerek, mint pl.
amilorid adasa vagy Na" megvonas ezt a folyamatot jelentésen, de reverzibilisen gatolja. Ez a
jelenség a sejtmembranban elhelyezkedd0 NHE aktivitasra utal, ugyanakkor a sejtek
membranjaban nem taldlhato DIDS érzékeny transzporter, ami az NBC hidnyéra utal. Sem
alapkoriilmények kozott, sem szekrécidt fokozd szerek (ATP, forskolin) hatdsira nem
¢észleltiink jelentds intracellularis pH esést, ha bazolaterdlisan megakadalyoztuk a bikarbonat
ionok utanpotlasat, ezért kovetkeztetésiink, hogy a sejtvonal képtelen a transzcellularis
bikarbonat transzportra. A SMIE sejtvonal nehezen kezelhetd ¢és fenntarthatd, Transwell
membranok koziil csak a kollagénmentesen képes noni. Emellett a sejtek nem alakitanak ki
folyamatos, O0sszefliggd monolayert, a transzepithelidlis rezisztencia ndvekedése esetleges,
ezért ezek a sejtek rovidzarlati aram mérésére és igy a transzepithelidlis elektrolittranszport
modellezésére sem alkalmasak.

5. A transzepithelidlis bikarbonat transzport bazolateralis komponenseinek vizsgalata
ParC-10 sejteken: (Mddositasokkal elfogadott kézirat mellékelve)

A nyalmirigyek fontos feladata egy puffer-oldat szekretalasa, melyben a HCO;5
koncentracioja kb. 60 mM. Ezt a koncentraciot foként a nyalmirigyek acinusai hozzak létre.
Mivel alkalmas human sejtvonal nem all rendelkezésre, ezért a Par-C10 acinaris eredettl,
immortalizalt patkany gl. parotis sejtvonalat vizsgaltuk, képes-e transzcellularis anion-, illetve
Transwell-Clear poliészter membranokra iiltettiik ki, ahol zart, polarizalt epitheliumot
alkotnak. Ennek iddbeli lefolydsat a transzepitelidlis ellenallas (TER) mérésével kovettiik
nyomon. A f0 transzporterek mRNS expresszidjat RT-PCR segitségével, mig az
anionszekréciot jellemzd rovidzarlati aram (I) mérését Ussing kamrdban vizsgaltuk.
A BCECF-AM fluoreszcens indikatorral eldzetesen feltoltott sejtek intracellularis pH (pH;)
valtozasat mikrofluorometrias modszerrel mértiik.

Kimutattuk, hogy a Par-C10 sejtvonalon kifejezodnek az NHE1, NHE2, NHE3 ¢és
NKCC transzporterek mRNS-ei, illetve az NBC1 és a CFTR csatorna mRNS-ei. Transwell
membranon tenyésztve a sejtek magas TER értéket értek el, a kezdeti 130+12 Qcm’
értékekhez képest az 5. napon 25304153 Qcm® ellenallast regisztraltunk. HCOs -mentes
kornyezetben a forskolin (cAMP-szint emeld agens) kisebb mértékben képes volt fokozni a
rovidzarlati aram értékét, mint HCO;™ jelenlétében. A bazolaterdlisan alkalmazott bumetanid
(a Na'-K'-2CI™ kontranszporter, NKCC gatloszere) a forskolin hatasat csak HCO; -mentes
kornyezetben gatolta. Az ATP HCOs;™ jelenlétében ugyancsak fokozta a Par-C10 sejtek
transzporter, amely az acidozist kompenzalnd. Ezzel szemben a bazolaterdlis oldalon a
kompenzacio mind HCOs -mentes, mind HCO;™-t tartalmazé kozegben Na'-fiiggé modon
megy végbe. A kompenzaciot HCO; -mentes oldatban az 5-(N-etil-N-izopropil)-amilorid
(EIPA, Na'/H" kicseréld, NHE gatloszere) gatolta, HCO; -t tartalmazé oldatban EIPA és 4,4°-
diizotiocianat-dihidrostilbén-2,2’-diszulfonat (H,DIDS, Na'-HCO; kotranszporter, NBC
gatloszere) egyiittes alkalmazasa sziikséges a savterhelés kompenzalasanak gatlasahoz.



Anion-kicseréloket a sejtek mindkét oldalan sikeriilt kimutatnunk Cl™-mentes, de HCO;3 -t
tartalmazd oldat alkalmazisaval. A bazolaterdlis oldalon a kicseréld stimulalatlan
koriilmények kozott is aktiv; forskolin nem, de ATP serkenti a miikodését. Az apikalis oldali
anion-kicseréld csak serkentett koriilmények kozott észlelhetd, mely forskolin és ATP
hatasara is aktivalodik. A bazolateralis oldali anion kicseréld mikddését 1 mM DIDS vagy 3
mM DNDS gatolja. A HCO;3™ szekréciojat indirekt modon vizsgaltuk: az H,DIDS és EIPA
szimultan adasaval meggatoltuk a sejtek HCO;™ felvételét, illetve H™  kipumpalasat.
Eredményeink szerint a két gatloszer alkalmazasa a pH; esését eredményezte. Ez a hatas ATP
¢és forskolin elkezeléssel is serkenthetd volt. A forskolin hatisat apikalisan adott CFTR-
inhibitor-172 (CFTR gatloszere) gatolta, mig a bazolaterdlisan adott inhibitor nem volt ra
hatassal. Eredményeink alapjan elmondhatjuk, hogy a Par-C10 sejtvonal polarizalt
monolayert alkot Transwell-CLEAR membranon, és magas ellenallas értéket ér el. A
sejtvonalban bazolateralis oldalon Na™-K™-2CI~ kontranszporter, Na'/H" kicserélé és Na'-
HCO;™ kotranszporter miikddik. A sejtek anion-, és ezen beliil a HCO5 -szekrécioja Ca>'- és
cAMP-utvonalon keresztiil is serkenthetd. A HCOs™ ionokat a sejt bazolateralis oldalon veszi
fel és apikalis oldalon szekretalja, tehat a transzport vektorialis. Anion kicserélok miitkodnek a
sejt mindkét oldaldn. A bazolateralis, konstitutivan miikodé anion kicseréld DNDS-sel
gatolhat6, ATP-vel serkenthetd, mig az apikalis oldalon egy stimuldlatlan koriilmények kozott
nem, de forskolin vagy ATP hatdsidra bekapcsold anion kicseréld miikodik. A Par-C10
patkany eredetli parotisz sejtvonal jol differencialt, alkalmas modellnek bizonyult a
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6. A transzepithelidlis bikarbonat transzport bazolaterdlis komponenseinek vizsgalata
HPAF sejteken:

Korabban kimutattdk, hogy az HPAF egy olyan duktalis eredetli hasnyalmirigy
adenokarcinoma sejtvonal, mely nem rendelkezik funkcionalis CFTR csatornaval és Ca*"-tol
fliggd modon CI™ iont képes szekretalni. A mi célunk az volt, hogy kimutassuk, hogy a CI”
Az HPAF sejtek polarizalt monolayert alkotnak Transwell-Clear membranokra kiiiltetve.
Ussing-kamra segitségével mértiik az anionszekréciot jellemzd rovidzarlati dram (I) értékét.
Mikrofluorometrids médszerrel a BCECF-AM fluoreszcens indikatorral elozetesen feltoltott
sejtek intracelluldris pH (pH;) valtozasat regisztraltuk.

Kimutattuk, hogy HCOs -mentes kornyezetben az ATP, mint Ca*"-szint emeld 4gens,
hatasat a bazolateralisan adott bumetanid (amely az NKCC gatldszere) gatolni képes, mig
HCO;™ iont is tartalmazo kozegben ez a gatlds elmarad rovidzarlati &rammérés soran. Az
intracelluldris pH mérés soran kimutattuk, hogy HCO; -mentes oldatban az acidozisbol vald
visszatérés mind bazolateralis, mind apikalis oldalon fiigg a Na'-tol , és azt az EIPA, az NHE
gatloszere (5-(N-etil-N-izopropil-amilorid) géatolja. Ugyancsak sikeriilt kimutatnunk, hogy
HCOs;™ iont tartalmazo kdzegben az EIPA nem volt képes gatolni a sejtek acidozisbol torténd
visszatérését, am ha bazolateralis oldalon H,DIDS-et (4,4’-diizotiocianat-dihidrostilbén-2,2’-
diszulfonatot), az NBC gatloszerét is adtunk a kozeghez, a két gatloszer egyiitt mar képes volt
EIPA szimultan adasaval meggatoltuk a sejtek HCO;™ felvételét, illetve H' kipumpalasat.
Eredményeink szerint a két gatloszer alkalmazasa a pH; esését eredményezte. Ez a hatas ATP
elokezeléssel igen, de forskolin (cAMP-szint emeld agens) kezeléssel nem volt fokozhato. Az
ATP hatasat apikalisan alkalmazott nifluminsav (Ca-aktivalta Cl-ion csatorna gatloszer)
gatolta. Eredményeink azt mutatjdk, hogy HCO; -mentes kornyezetben az ATP-kivaltotta
anionszekrécidban a bazolateralis Na'-K'-2CI” kotranszporter, illetve a pH; regulacioban a
bazolateralisan és apikélisan is megtalalhato Na'/H" kicserél$ fontos szerepet jatszik. HCOs™



ionokat tartalmazé kdzegben az ATP hatdsa megmarad az NKCC gatlasa mellett, ami HCO;™-
fliggé anionszekréciora utal. A pH; szabalyozisban a Na'-HCO;™ kotranszporter is szerepet
jatszik. A sejtek vektorialis HCOs -ion szekréciot végeznek, amely Ca*"-on keresztiil igen,
cAMP-utvonalon nem fokozhatd, igazolva, hogy CFTR nem miikddik a sejtvonalban. Az
HPAF sejtvonal valészintisithetéen nagyobb duktuszokbol szarmazik, amelyek szabalyozzak
a hasnyal pH-jat.
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ABSTRACT

Objectives: The human pancreatic duct cell line, HPAF, has been shown previously to secrete CI
in response to Ca**-mobilizing stimuli. Our aim was to assess the capacity of HPAF cells to

transport and secrete HCOg3 .

Methods: HPAF cells were grown as confluent monolayers on permeable supports. Short-circuit
current was measured by voltage clamp. Intracellular pH (pH;) was measured by microfluorometry
in cells loaded with BCECF.

Results: In HCO3 -free solutions, ATP-evoked changes in short-circuit current were inhibited by
bumetanide and the recovery of pH; from acid loading was abolished by 5-(N-ethyl-N-isopropyl)
amiloride (EIPA). In the presence of HCO3~, ATP-evoked secretion was no longer inhibited by
bumetanide and there was a strong EIPA-insensitive recovery from acid loading which was
inhibited by 4,4’-diisothiocyanatodihydrostilbene-2,2’-disulfonate (H,DIDS). ATP, but not

forskolin, stimulated HCO; efflux from the cells.

Conclusions: In the absence of HCO3~, ATP-evoked CI™ secretion is driven by a basolateral Na'-
K*-2CI" cotransporter and pH; is regulated by apical and basolateral Na*/H" exchangers. In the
presence of HCO3 ™, ATP-evoked secretion is sustained in the absence of NKCC1 activity and is

probably driven by basolateral Na*™-HCO3™ cotransport.

Keywords: intracellular pH, pancreatic duct, bicarbonate transport, CaCC, CFTR



INTRODUCTION

While the mechanism of enzyme secretion by the pancreas is well characterized, electrolyte and
fluid secretion, and the signaling pathways that control them, are less clearly defined. Most
available data are from experiments with animals, from which it is clear that there are major species
differences in both the mechanism and regulation of pancreatic fluid secretion.! For example, in the
rat, the maximum HCO;3™ concentration in the juice is about 70 mM while in humans it is closer to
140 mM.? At a molecular level, the Na*-K*-2CI" cotransporter actively participates in ductal fluid
secretion in the rat and mouse but not in the guinea-pig.® In view of these and other species
differences, and in the absence of much relevant data from humans, systematic molecular and
cellular studies on human tissue are required in order to better understand fluid secretion in the

human pancreas in health and disease.

Inevitably it is difficult to obtain enough normal human tissue for functional studies of
transepithelial electrolyte secretion, particularly the ductal epithelium which forms such a small
fraction of the gland volume. Fortunately a number of cell lines derived from human pancreas offer
functional characteristics of pancreatic ductal cells. Of those derived from human pancreatic
adenocarcinomas, the well-differentiated Capan-1 cell line has the advantage that it expresses
CFTR (cystic fibrosis transmembrane conductance regulator) chloride channels which are a vital
component of the normal secretory machinery.*> Unfortunately, Capan-1 cells form rather leaky
monolayers that are not optimal for studying transepithelial electrolyte movement by the short-
circuit technique. On the other hand the CFPAC-1 cell line is amenable to short-circuit current
measurements®’ but expresses a non-functional mutant of CFTR®® and is therefore more useful as a

model for CFTR-independent transport processes.™

The HPAF cell line also forms polarized and relatively well differentiated monolayers.™*? It has the
further advantage of showing high levels of expression of functional G-protein coupled receptors
such as purinergic (P2Y) and bombesin (GRP) receptors.*** Although CFTR mRNA can be
detected in HPAF cells, the protein is expressed at low levels and is thought not to contribute
significantly to secretion.** Despite this, HPAF cells achieve a significant amount of Cl~ secretion
in response to Ca**-mobilizing stimuli, and this is most probably mediated by Ca**-activated CI-
channels (CaCC). Rather less is known about the capacity of HPAF cells to transport HCO3 ", the

key anion in ductal secretion. The purpose of our study was therefore to determine the capacity of



HPAF cells to accumulate and secrete HCO3™ ions using the short-circuit technique and

microfluorometric measurements of intracellular pH (pH;).



MATERIALS AND METHODS

Materials

Minimal Essential Medium (MEM), penicillin, streptomycin, 5-(N-ethyl-N-isopropyl) amiloride
(EIPA), nigericin, bumetanide, forskolin, ATP, Na-pyruvate, 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES), and Na-HEPES were purchased from Sigma. Dulbecco’s
phosphate buffered saline, trypsin-EDTA, non-essential amino acids and fetal bovine serum were
from GIBCO. 2°,7’-bis(2-carboxyethyl)-5(6)-carboxyfluorescein acetoxymethyl ester (BCECF-
AM) and 4,4’-diisothiocyanatodihydrostilbene-2,2’-disulfonate (H,DIDS) were from Molecular
Probes. Other salts for experimental solutions were obtained from Reanal, Budapest, Hungary.

Solutions

The standard HEPES-buffered solution contained (in mM) 137 NaCl, 5 KClI, 1 CaCl,, 1 MgCl,, 10
D-glucose and 10 HEPES, and was equilibrated with 100% O,. The standard HCO3; -buffered
solution contained (in mM) 116 NaCl, 25 NaHCO3, 5 KCl, 1 CaCl,, 1 MgCl,, 10 D-glucose and 5
HEPES, and was equilibrated with 5% C0,/95% O,. Na*-free solutions contained equimolar N-
methyl-D-glucamine (NMDG") in place of Na'. In acid-loading experiments, in which solutions
contained 20 mM NH,", the concentration of Na* was reduced to maintain the osmolarity. All

solutions were adjusted to pH 7.4 at 37°C.

Cell culture

The human ductal adenocarcinoma cell line HPAF-I1 was obtained from the American Type
Culture Collection (ATCC). Cells were grown under standard conditions in MEM supplemented
with non-essential amino acids, Na-pyruvate, 10% fetal bovine serum, 50 U/ml penicillin and 50
ug/ml streptomycin. Experiments were performed on cells of passages 12-23 plated onto permeable
polyester membranes (Transwell-Clear, Corning Costar) with a surface area of 1.0 cm? 500Kk cells
were plated onto each membrane. These were incubated at 37°C in air containing 5% CO, for 10-15
days by which time the monolayers had reached confluence as judged by measurements of
transepithelial electrical resistance (TER) made with an EVOM epithelial voltohmmeter (World
Precision Instruments, Hamden, CT, USA). Experiments were performed on monolayers whose
TER had increased to at least 500 © cm?.

Measurement of pH;



pH; was measured by microfluorometry as described in detail elsewhere.>*® Briefly, HPAF cell
monolayers were mounted in a temperature-controlled perfusion chamber on the stage of a Nikon
Eclipse TE200 inverted microscope. The cells were loaded with the pH-sensitive fluoroprobe
BCECEF by incubation in HCO3 -buffered solution containing the acetoxymethyl ester (BCECF-
AM, 2 uM) for 30 min at 37°C. Following loading, the apical and basolateral surfaces of the
monolayer were superfused independently at 2 ml/min with either the HEPES- or HCO;3 -buffered
solution pre-warmed to 37°C. A small region of epithelium, of fixed size and containing a few
hundred cells, was illuminated alternately at 440 and 490 nm and the fluorescence intensities
measured at 530 nm (F440 and F49o respectively) using a photomultiplier-based fluorometry system
(Cairn Research, Faversham, Kent, UK). Values of pH; were calculated from the F440/F490 ratio
using calibration data obtained by the nigericin-K* method.*® BCECF fluorescence was generally an
order of magnitude greater than autofluorescence and care was taken to offset the background light

signal.
Calculation of apparent base flux

Rates of change of pH; were determined either by linear regression or, in the acid-loading
experiments, by fitting a quadratic function to the data and calculating the derivative at the initial
point. In order to convert these values to equivalent base fluxes, intracellular buffering capacity
measurements were performed as described previously.'” Briefly, intrinsic buffering capacity was
determined over a range of pH; values by exposing the cells to step changes in extracellular NH,*
concentration (0 — 20 mM) and recording the corresponding changes in pH; in the absence of
extracellular Na™. Total buffering capacity was determined as a function of pH; by adding the
predicted contribution of intracellular HCO3™ and CO, buffering system. Apparent base fluxes (Jg)
were calculated by multiplying the rate of change of pH; by the total buffering capacity at the

corresponding pH; value. Positive values of Jg indicate base influx (or acid efflux).
Measurement of short-circuit current

Confluent HPAF cell monolayers grown on Transwell culture inserts were mounted in a Warner
dual-channel Ussing chamber (U-2500, Warner Instrument Co., Hamden, CT, USA). The
transepithelial potential difference (V) was measured continuously via agarose-KCI bridges and
Ag-AgCl electrodes connected to an epithelial voltage-clamp amplifier (EC-825, Warner
Instrument Co., Hamden, CT, USA). Values are presented as the electrical potential in the apical
bath relative to the basolateral bath. The short-circuit current (Isc) resulting from active

transepithelial electrolyte transport was measured at 30 s intervals by voltage clamp to 0 mV for 5 s



using Ag-AgCl current electrodes mounted directly in the bath fluid. Agonist-evoked changes in Isc
(LA/cm?) were determined by subtracting the preceding unstimulated Isc value from the peak value
following stimulation. A positive current represents either negative charge transfer from basolateral

to apical, or positive charge transfer from apical to basolateral.
Statistics

All values are presented as the mean + SEM. Statistical comparisons were performed using

Student’s t-test, or ANOVA followed by Dunnett’s test, as appropriate.



RESULTS

To ascertain when the HPAF cells had grown to confluence as a polarized monolayer, TER was
measured regularly during the culture period. Experiments were performed between days 10 and 15
when the mean TER was 590 + 48 Q cm? (n = 111).

ATP-evoked secretion

HPAF cell monolayers bathed with the standard HEPES-buffered (i.e. nominally HCO3 -free)
solution generated a small apical-negative transepithelial potential difference (-0.62 + 0.14 mV, n =
18) in the absence of stimulation (data not shown). When voltage-clamped to 0 mV, the
corresponding short-circuit current was 1.60 + 0.22 pA/cm? (n = 18; Fig. 1A). Application of 50
uM ATP to the apical surface of the cells led to biphasic increases in magnitude of both V,, and Isc,
most probably as a result of the stimulation of anion secretion. The peak increase in lsc (Alsc),
attained within 1-2 min, was 3.51 + 0.39 pA/cm? (n = 9). Isc then declined slowly towards the pre-

stimulation value.

To evaluate the contribution of the basolateral Na*'-K*-2Cl -cotransporter (NKCC1), which is
thought to drive CI™ secretion in these cells, we applied bumetanide, a selective inhibitor of
NKCCL. Basolateral application of 100 uM bumetanide, from 5 min before and during stimulation

with apical ATP, reduced Alsc by approximately 60 % (Fig. 1C).

When monolayers were bathed in standard HCOj3 -buffered solution, the increase in lIsc following
stimulation with apical ATP was similar to that evoked in the absence of HCO3;™ (Fig. 1B).
However, under these conditions, treatment with basolateral bumetanide had no significant effect
on the response to ATP (Fig. 1D). Mean values for Alsc evoked by apical ATP in the presence and
absence of HCOj3", with and without basolateral bumetanide, are summarized in Fig. 1E. These data
suggest that a substantial fraction of the current generated in presence of HCO3™ is mediated by a

HCO3 -dependent process that does not involve NKCC1 activity.
Recovery of pH; from acid loading

In attempting to identify the HCO3 -dependent mechanism that drives anion secretion in the

absence of NKCC1 activity, we used perturbations of pH; to explore the pathways for HCO3~



transport in HPAF cells. The transporters responsible for HCO5™ influx and H* extrusion were

examined by first acid-loading the cells using the NH4" pre-pulse technique.

As expected, bilateral application of 20 mM NH," caused a transient intracellular alkalinization
followed by a marked acidification (Fig. 2A). In the standard HEPES-buffered solution, pH;
recovered gradually from the acidification, most probably as a result of H" extrusion. However,
when the NH;" pulse was immediately followed by bilateral substitution of Na* with the non-
transported cation NMDG", the recovery of pH; was completely abolished (Fig. 2B, segment a).
Restoration of apical Na* subsequently led to a modest recovery (segment b) which was further
enhanced when Na* was restored to the basolateral perfusate. When Na* was restored first to the
basolateral perfusate and then to the apical perfusate, the pattern was very similar (Fig. 2C). Mean
recovery rates, expressed as apparent base fluxes (Jg), are shown in Fig. 2D. Since these
experiments were performed in the absence of HCO3™, the results indicate that Na*-dependent H*-
extrusion mechanisms, most probably Na*/H" exchangers, are present in both the basolateral and
apical membranes of HPAF cells.

In HCO3 -buffered solutions the rate of pH; recovery following acid loading (Fig. 3A) was
approximately 3-fold greater than in the HEPES-buffered solution. The recovery of pH; was again
totally abolished by bilateral exposure to the Na*-free solution (Fig. 3B, segment a) indicating that
there was no significant contribution from any Na'-independent transporter such as a H*-ATPase in
these cells. Restoration of Na* on either the apical or the basolateral side resulted in a rapid
recovery of pH; (Figs. 3B and 3C). The fact that the recovery rates shown in Fig. 3D are so much
greater than those in Fig. 2D suggests that Na*-dependent HCO3™ uptake plays a more important

role in the regulation of pH; in HPAF cells than H* extrusion under physiological conditions.
Effects of inhibitors

In the absence of HCOg3", the recovery of pH; following an acid load was largely abolished by the
amiloride analogue EIPA, which is a selective inhibitor of Na'/H" exchangers (NHES). This was
observed both when Na* was restored to the apical membrane in the presence of apical EIPA (Fig.
4A) and also when Na* was restored to the basolateral membrane in the presence of basolateral
EIPA (Fig. 4B). These results suggest that NHEs are present in both membrane domains.
Surprisingly, a higher concentration of EIPA (30 uM) was necessary for maximal (>85%) inhibition
of the basolateral NHE than for a comparable inhibition of the apical NHE (3 uM, Fig. 4C). In both
cases the effect of EIPA was only slowly reversible following washout of the inhibitor.



In the presence of HCO3™, basolateral EIPA (30 uM) had little effect on the rapid recovery of pH;
from intracellular acidification (Fig. 5A). However, basolateral application of EIPA in combination
with 500 pM H,DIDS, an inhibitor of Na'- HCOs~ cotransport, was much more effective (Fig. 5B).
Applied together, EIPA and H,DIDS reduced the recovery rate by approximately 90% (Fig. 5C).
This suggests that under physiological conditions (i.e. in the presence of HCOj3"), the recovery from
intracellular acidification in HPAF cells is mediated largely by a Na'- and HCO3 -dependent,
H,DIDS-sensitive mechanism, most probably a basolateral Na*- HCO3™ cotransporter (NBC), rather

than by Na'/H"* exchange.
Evidence for transepithelial HCOj3;™ secretion

Because there appears to be a powerful HCO3™ uptake mechanism at the basolateral membrane of
HPAF cells, we next investigated the capacity of these cells to achieve transepithelial HCO3~
secretion. This was done by recording the changes in pH; that occurred when EIPA (30 uM) and
H,DIDS (500 uM) were applied simultaneously to the basolateral membrane. This indirect method
assumes that the initial rate of decrease in pH;, which occurs when basolateral HCO3™ uptake and
H* extrusion are blocked by H,DIDS and EIPA respectively, is a measure of the secretory HCO3
flux across the apical membrane.'” Because in HPAF cells the apical NHE activity could mask the
effects of blocking the basolateral transporters, it was also necessary to block the apical NHE with

EIPA (10 uM) during these experiments.

Simultaneous application of 30 uM EIPA and 500 uM H,DIDS to the basolateral membrane of
unstimulated cells resulted in a slow decrease in pH; (Fig. 6A). This could be due in part to a low
level of transepithelial HCO3™ secretion in the unstimulated cells but it could also include
contributions from other acidifying pathways that are constitutively active in these cells. However,
apical stimulation with 50 uM ATP caused a 2-fold acceleration of the acidification that occurred
when EIPA and H,DIDS were subsequently applied (Fig. 6B). In contrast, application of 10 uM
forskolin to the apical membrane, in order to elevate intracellular cAMP and thereby activate any
CFTR channels that were expressed in the cells, had no significant effect on the rate of the
acidification induced by EIPA and H,DIDS (Fig. 6C). Mean acidification rates, expressed as the
equivalent efflux of base (-Jg), both in unstimulated cells and following stimulation with ATP and

forskolin, are shown in Fig. 6D.
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DISCUSSION

The HPAF cell line is one of several derived from human pancreatic adenocarcinomas that have
been identified as potential in vitro models for investigating electrolyte secretion by the human
pancreatic duct. All of these cell lines retain some of the functional characteristics of ductal
epithelial cells but each one also has particular defects and none has yet emerged as a completely

satisfactory choice.

It is already established that HPAF cells form confluent, polarized monolayers in tissue culture and
express a number of ductal markers.™* When grown on permeable supports they form relatively
high-resistance monolayers with well-formed tight junctions.*> HPAF monolayers mediate
transepithelial CI™ secretion in response to Ca**-elevating stimuli,** consistent with earlier reports
that the cells express functional Ca®*-activated CI™ channels.*® However, they only express low
levels of CFTR, which is a key component of the normal ductal secretory mechanism and,
furthermore, it has been suggested that they have little capacity for HCO3™ secretion,™* which is

probably the single most important function of the ductal epithelium in vivo.

The aim of this study was to examine further the capacity of HPAF cells to secrete HCO3~, which
demanded that we first identify and localize the principal acid/base transporters that are involved in
the regulation of pH;. We report here the first measurements of pH; in polarized HPAF cell
monolayers bathed independently at their apical and basolateral surfaces. These measurements
allow us to conclude that HPAF cells have a high level of basolateral Na*-HCO3™ cotransporter

activity which could provide the main driving force for transepithelial HCO3™ secretion.

The baseline characteristics of our HPAF cell monolayers grown on permeable supports were
consistent with previous reports.*>***° Stimulation of the cells by apical application of the Ca®*-
mobilizing agonist ATP evoked a significant increase in Isc as reported previously.** This response,
which is probably due mainly to an increase in net CI™ secretion, was substantially reduced by
pretreatment of the basolateral membrane with bumetanide, an inhibitor of Na*-K*-2CI~
cotransport. We therefore conclude that the cotransporter, most probably NKCCL1, is probably an
important mechanism for CI™ uptake across the basolateral membrane of HPAF cells, as it is in
many other secretory epithelia including the pancreatic ductal cell line Capan-1.> The fact that the
response to ATP was not totally inhibited by bumetanide may indicate the presence of alternative
pathways for CI™ uptake or it may be that the normally elevated intracellular CI™ concentration takes

some time to fall to its equilibrium value following inhibition of NKCC1.
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Inclusion of HCOj3 in the bathing medium has previously been reported not to affect either the
baseline Isc or the increase in Isc evoked by apical ATP.* Our results confirmed this (Fig. 1), but
pretreatment with bumetanide yielded an unexpected result. In the presence of HCO3™, bumetanide
no longer had any significant inhibitory effect on the secretory response to ATP. Assuming that
bumetanide was still effective in blocking NKCC1 under these conditions, we conclude that the
presence of HCO3™ enabled another transport mechanism to provide the driving force for secretion
while the main pathway for basolateral CI™ uptake was disabled. However, we cannot predict from
this observation whether HCOg3™ itself is secreted under these conditions or whether HCO3~ supports
an alternative pathway for CI™ uptake across the basolateral membrane, perhaps via an anion

exchanger.

To clarify the role of HCO3™ it was first necessary to identify the acid/base transporters that are
present in HPAF cells. Experiments in which the cells were acid loaded by exposure to NH," (Fig.
2) revealed that, in the absence of HCOs", normal pH; was restored by H* extrusion across both
apical and basolateral membranes. This process was Na’-dependent and inhibited by EIPA (Fig. 4)
and therefore attributed to Na*/H"* exchange. Similar observations have been reported in the
CFPAC-1 ductal cell line.? Exchangers of the NHE (SLC9) family, usually NHE1, are widely
expressed at the basolateral membrane of epithelial cells. However it is interesting to note that
NHE2 and/or NHES3 are also present at the apical membrane of the larger ducts of the rat and mouse
pancreas where they are thought to play a role in HCO5™ ‘salvage’ when ductal secretion ceases.?*?
The differential sensitivity of the apical and basolateral exchangers to EIPA that we have observed
in HPAF cells is not consistent with this distribution of NHE isoforms and requires further
investigation. However, the presence of an apical NHE is consistent with the possibility that the

HPAF cell line originated from cells in the larger ducts of the human pancreas.’*?®

In the presence of HCO3™ the recovery of pH; following acid loading was greatly enhanced by the
involvement of an H,DIDS-sensitive, Na*- and HCO5; -dependent transporter at the basolateral
membrane (Figs. 3 & 5). This is most likely a Na*- HCO3™ cotransporter of the SLC4 family,

21520 and in

probably the NBC1 previously described in ductal epithelial cells isolated from rodents
the Capan-1 and CFPAC-1 cell lines.>® The presence of such a high level of NBC1 activity in the
basolateral membrane of HPAF cells is undoubtedly consistent with the possibility that these cells
are capable of mediating net HCO3™ secretion. On the other hand, HCO3™ uptake via NBC1 could
also drive the basolateral uptake of CI™ via a CI'/ HCO3™ exchanger thereby indirectly enhancing net

CI™ secretion.
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To determine whether HPAF cell monolayers achieve net transepithelial HCO3™ secretion, we
applied a technique that estimates HCOj3™ efflux across the apical membrane from the initial rate of
fall in pH; when HCO5™ uptake and H* extrusion across the basolateral membrane are suddenly
halted by inhibitors. Our data show that while ATP stimulation caused a significant increase in the
acidification rate that followed application of the inhibitors, stimulation with forskolin, to elevate
intracellular cAMP, did not (Fig. 6). This is in contrast to previous data from Capan-1° and CFPAC-
18 cells but is consistent with a previous report,* and with our own observations, that HPAF cells
do not respond to cAMP-mediated stimuli. However, it does suggest that purinergic stimulation can
evoke net HCO3™ efflux from HPAF cells, most probably across the apical membrane. Even though
the overall secretory rate, as judged by the short-circuit current, does not increase when HCOg3™ is
added to the bathing medium, there may nonetheless be a significant contribution from HCO3~

secretion under these more physiological conditions.

We therefore conclude that HPAF cells express the key basolateral transporters required for
transepithelial ClI” and HCOg3™ secretion (Fig. 7) - namely NKCC1 and NBCL1 - and we have
presented some evidence that HPAF cell monolayers may be capable of net HCO3™ secretion (in
addition to CI” secretion) in response to Ca?*-mobilizing stimuli. Previous work suggests that CI~
secretion across the apical membrane is probably mediated by Ca?*-activated CI~ channels'**® but it
remains to be seen whether these, or other transporters, mediate the putative apical HCO3;~

secretion.
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FIGURE LEGENDS

Figure 1

Effects of bumetanide on the response of HPAF cell short-circuit current to ATP. In panels A-D,
the deflections show the corresponding Isc values recorded during 5 s of zero-voltage clamp at 30 s
intervals. Representative traces show the effect of apical ATP (50 uM) on Isc in the absence of
HCO3 (A, C) and in the presence of HCO3;™ (B, D). In panels C and D, the cells were pretreated for
5 min with basolateral bumetanide (100 uM). Panel E shows mean values (n = 4-9) of the peak
increase in Isc evoked by ATP in the presence and absence of HCO3™ and bumetanide. Ap, apical;
Bl, basolateral. ** P< 0.001.

Figure 2

Recovery of pH; in HPAF cell monolayers following acid loading in the absence of HCO3".
Representative traces show the effects of 3 min bilateral exposure to 20 mM NH," followed by: A,
restoration of the normal HEPES solution; B, bilateral substitution of extracellular Na™ with
NMDG" (0 Na*) and then restoration of apical Na™; C, bilateral substitution of extracellular Na*
and then restoration of basolateral Na*. Panel D shows mean values (n = 16-23) of the apparent
base influx (jp) responsible for the recovery of pH; during the segments labeled a-c in the individual

traces. Ap, apical; Bl, basolateral. ** P<0.001 and * P<0.05 compared with control (C).
Figure 3

Recovery of pH; in HPAF cell monolayers following acid loading in the presence of HCO3 .
Representative traces show the effects of 3 min bilateral exposure to 20 mM NH," followed by: A,
restoration of the normal HCO3™ solution; B, bilateral substitution of extracellular Na* with
NMDG" (0 Na*) and then restoration of apical Na*; C, bilateral substitution of extracellular Na* and
then restoration of basolateral Na*. Panel D shows mean values (n = 3-11) of the apparent base
influx (Jg) responsible for the recovery of pH; during the segments labeled a-c in the individual
traces. Ap, apical; Bl, basolateral. ** P<0.001 and * P<0.05 compared with control (C).

Figure 4

Effects of the Na'/H" exchange inhibitor EIPA on the recovery of pH; in HPAF cell monolayers
following acid loading in the absence of HCO3". Representative traces show the effects of 3 min

bilateral exposure to 20 mM NH;" (NH4") followed by bilateral substitution of extracellular Na*

16



with NMDG" (0 Na") and then restoration of: A, apical Na" in the presence of apical EIPA (10
uM); B, basolateral Na* in the presence of basolateral EIPA (30 uM). Panel C shows mean values
(n = 4-7) of the apparent base influx (Jg) responsible for the recovery of pH; in the presence of
different concentrations of EIPA (1-30 uM), or no EIPA, at the apical and basolateral membranes.

Ap, apical; Bl, basolateral. ** P<0.001 and * P<0.05 compared with control.
Figure 5

Effects of EIPA and the Na'- HCO3™ cotransport inhibitor H,DIDS on the recovery of pH; in HPAF
cell monolayers following acid loading in the presence of HCO3 . Representative traces show the
effects of 3 min bilateral exposure to 20 mM NH;" (NH4") followed by restoration of the normal
HCOj3™ solution: A, in the presence basolateral EIPA (30 uM); B, with the addition of basolateral
H,DIDS (500 uM). In both cases 10 uM EIPA was also applied to the apical side to block the apical
NHE. Panel C shows mean values (n = 5-11) of the apparent base influx (Jg) responsible for the
recovery of pH; in the presence of basolateral EIPA (E), EIPA and H,DIDS (E+H), and in the
absence of inhibitors (C). Ap, apical; Bl, basolateral. * P<0.05 compared with control.

Figure 6

Intracellular acidification rates in HPAF cell monolayers following blockade of basolateral HCO3™
uptake. Representative traces show the changes in pH; induced by simultaneous basolateral
application of EIPA (30 uM) and H,DIDS (500 uM): A, in unstimulated cells; B, following apical
stimulation with ATP (50 uM); C, following apical stimulation with forskolin (10 pM). The dashed
lines show the gradient that was used to calculate base efflux following blockade of basolateral
HCOj3™ uptake. Panel D shows mean values (n = 5-19) of the apparent base efflux (-Jg) in
unstimulated (C), ATP- (A) and forskolin-stimulated cells (F). Ap, apical; BI, basolateral. * P<0.05

compared with unstimulated control.
Figure 7

Pathways for CI~ and HCOg3™ transport by HPAF cells. The principal pathway for CI™ secretion in
response to purinergic stimulation is via a basolateral Na*-K+-2CI™ cotransporter and apical Ca?*-
activated CI™ channel. Intracellular HCO;3™ is accumulated by basolateral Na*-2HCOj3™ cotransport
and is also generated from CO, and water through the action of carbonic anhydrase and the
basolateral extrusion of H* via a Na'/H" exchanger. The apical efflux pathway for HCO5  is not yet

known. In addition, we cannot exclude the possibility that a basolateral CI'/HCO3™ exchanger

17



contributes to the HCO5 -dependent secretion of CI~. Apical and basolateral K* channels, which

I.,14

were well characterized by Fong et al.,”* and the basolateral Na*,K*-ATPase are omitted for clarity.
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