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VY poboTi mpeacTaBieHi pe3yabTaTi KOMITIEKCHOT'O JOCTIHKEHHS KIIITHHHUX Ta
MOJIEKYJIIPHUX MEXaHI3MiB, 3aJy4€HUX 70 KaJbIIIEBOT PETYISIIl B KIITHHAX PI3HUX
THUTIB. Y KapA1OMIOIUTaX K THIIOBHUX MPEICTABHUKAX €TEKTPO30YIITUBUX KIITHH, 110
3MaTHI J0 CKOPOYEHHs, IOKa3aHa BaXXJIMBA POJb KaJbIIN3B SI3yIOUUX OUIKIB Yy
dbopMyBaHHI Ta PEryJsIlii 3MIH BHYTPIIIHbOKIITUHHOI KOHIIEHTpAIlli 10HIB KaJIBIIiIO.
[IpoananizoBaHO 3MIHM €JIEKTPUYHUX XapPAKTEPUCTHK TIOTEHIIadiB Jiid Ta
010(pi3MyHUX TapameTpiB CKOPOUYEHHS KapAiOMIOLMUTIB, BUKIMKAHUX MYyTal[iiHUMU
MOAU(IKALISIMU MOJIEKYJ TPpONoHIHY T, 110 30UTbIIYIOTh YYTIUBICTh M10O(1JIaMEHTIB
KapJIIOMIOLIMTIB A0 10HIB Kanublito. [lokazaHo, 1m0 3 pOCTOM YYTJIMBOCTI
Mi10(1TaMEHTIB MPOIOPLIHHO 301IbIIyeThCs Oy(epHa KanbliieBa 3[1aTHICTh KIITHH, 1
caMe UM MOKYTh OYTH NOSICHEH1 3MIHH €JIEKTPUYHOI Ta CKOPOUYBaJIbHOI AKTUBHOCTI
“MyTaHTHHX KapAiOMIOIHUTIB. B enekTpuuHO HE30Y/IMBUX KIITUHAX OAHY 3
NPOBIIHUX POJICH y MiABUIIECHHI BHYTPIITHOKIITUHHOT KOHIIEHTPAIlli 10HIB KaJIBIIIIO
BIJIIrPAlOTh KaJbIlI€Bl KaHaIW, IO AaKTUBYIOTHCS BHUBUIBHEHHSM IMX 10HIB 13
€H/IOIJIa3MATUYHOTO PETUKYJIYyMYy Ta WOTO CIYCTOIICHHSM. 3a JOTIOMOTOI0 METOAY
“patch-clamp” Briepiie 3apeecTpoBaHi KaJbIIEBI CTPYMU B allMHAPHUX KJIITUHAX, IO
BUHUKAIOTh Yy BIANOBIb HA CIYCTOIICHHS PETHKYIyMy. EKcnepuMeHTalIbHO
MPOJEMOHCTPOBAHO MPSMY KOPEJAIII0 MK CIHYCTOIICHHSM EHIOIJIa3MaTHIHOTO
PETUKYIYMY Ta aKTHBALIIEIO JIETIO3AJIEKHOTO CTpyMy. JloBeneHo, 1o caMe BX1J 10HIB

KaJIBIII0 Yepe3 IEMo3aIekKH1 KaHaIU SBJsi€ COO0I0 OCHOBHHM (haKTOp, 1110 MPU3BOAUTD



70 HEKPO3y KIITHH MpU OUIBIIOCTI MATOJIOTIH, KOTpl MPHU3BOJAATH IO BUHHUKHEHHS
roCTpOro MmaHkKpeaTtury. I3 3actocyBaHHSM KOH(OKaIbHOI MIKPOCKOIIi 3’SCOBaHI
MEXaHI3MHU KaJblLI€BOI peryiasiuii B KIITHHAX JOOYJT €K30KpPUHHOI YaCTUHU
MIJIUTYHKOBOI 3aJI03M, 30KpEMa B HEPBOBUX, 31pYacTUX Ta IMYHHUX KJIITHHaX.
Bceranonieno, 110 3ipyacTti KJIITUHY B 3BUYAHUX YMOBAaX (3a B1ICYTHOCTI MaTOJIOT1H)
3/1aTHI TeHEPYBATH KaJbI[i€Bl TPAH3IEHTH Yy BIAMOBIAL HA MPHUKIAaHHs OpaJuKiHIHY;
ONHCaHI MEXaHI3MU BUHUKHEHHS 1 TeHepallii 1uX KaJbI[ieBUX TpaH3i€HTIB. B poboTi
BIIEpIIE OMKCAaHI BIPOTIAHI MEXaHI3MH BHHHMKHEHHS TOCTPOrO0 TaHKPEaTHUTy,
CIPUYMHEHOTO [I€I0 achapariHa3v 1 eKCIEPUMEHTAIbHO OOTPYHTOBAHO MOKJIUBUMN
HOBHH MiAX1J y Tepamii TOCTPOro MaHKPEaTUTy, B OCHOBI TAKOTO MiJIXOMY JISKUTb
3aCTOCYBaHHSI TaJlaKTO3H, IO 3a0e3mneuye aJeKBaTHE pEryJIloBaHHS HEOOX1AHOI
KoHIIeHTpallii AT® B anilMHaApHUX KJIITHHAX MIIIUTYHKOBOI 3aJ103M1.

3a gomomoror  (IyopecleHTHUX Ta  eJIeKTpodi3ioNoriyHUX  METOIIB
JAOCTI/DKEHHS ~ BIIepIIe  [OKa3aHo, 1[0  caMe  CIIOHTaHHI  KOJWBaHHSA
BHYTPIIIHbOKJIITUHHOI KOHUEHTpALll 10HIB KaJbLlI0, HE IOB’S3aHI 3 TEHEpaLl€ro
TPaHCMEMOPAHHUX CTPYMIB, TIPU3BOISITH A0 CKOPOUYEHHS KapliOMIOIMTIB HA paHHIX
CTaAisIX PO3BUTKY OCTaHHIX. YJOCKOHAJEHO METOJIM OIIHKU KaJbIi€eBOi OydepHOi
€MHOCTI KapJ1OMIOIMTIB Ta X BHYTPIIIHbOKIITUHHOI epdy3ii y KoHpiryparii “irina
KJIITHHA”. Briepiiie BUSBICHO TPsIMYy KOPEISII0 MiX piBHEM OydepHOi €éMHOCTI Ta
IIUTYHOYKOBOIO apUTMIEI0 TIPU MYTAIlisX TPOIOHIHY, IO MiABUIIYIOTh YYTJIUBICTH
Mi10(h1JIaMEHTIB JI0 10HIB KaJbIIIIO.

VY poboti Bmeplie 3apeecTpOBAHO KaJbLIEBUM CTPyM uepe3 IUIa3MaTUYHy
MeMOpaHy allMHAPHUX KJIITUH MIIIUTYHKOBOI 3aJ103H, 1110 aKTUBYETHCSI BUBLIBHEHHSM
Ca?" 3 enI0IIa3MaTHYHOTO PETHKYITyMy. [10Ka3aHO 3B'130K MiK PiBHEM CITyCTOIIEHHS
€H/IOTUIa3MAaTHYHOTO PETHKYJIyMy Ta AaKTUBAIIEI0 JIEM03aJIeKHOTO KaIbIiEBOTO
TpancMeMOpaHHoTO cTpymMy. OTpuMaHi JaHHI CBITYATh PO T€ , IO CaMe Mel CTPyM
MOX€ OYTH OJHHUM 13 OCHOBHHMX (DaKTOpIB, BIJMOBIMAIBHUX 3a ITiABUIICHHS
BHYTPIIIHLOKJIITHHHOI KOHIeHTpauii Ca?* mpu po3BUTKY rOCTPOro HaHKPEATHTY.

Bnepme mocmimkena mpsiMa i KOBYHHX KHCIOT Ha MEXaHI3MH KaJlbII€BOI

perydmii y KIITHHAaX MANUTYHKOBOI 3aji03d Ta 3alpONOHOBAHO I1HTEPIIpETalIliio
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MeXaHi3My BUHHKHEHHS TOCTPOrO IIaHKPEATHTY, ITOB'A3aHOro 31 36inpmennsam [Ca?t];
ta [Na']i. BcraHoBineHO HeraTMBHMN BIUIMB aclapariHa3d — pearcHra, SKHi
3aCTOCOBYIOTh B  KIIIHIYHIA TpakTULl JUIsl  JIIKYBaHHS JUTSYOTO TOCTPOrO
niM(pOOIACTHOrO JIEWKO3y — Ha Kalbl€EBYy CUTHANI3ALIID AalMHAPHUX KIITHH
MIJIUTYHKOBOI 3aJ103W. 3alpONOHOBAHO BUKOPUCTAHHS TallaKTO3M ISl 3aro0iraHHs
spocranns [Ca?*]; Ta BUHMKHEHHS HEKpPO3y KINTHH IIAILTYHKOBOI 3aJI03H B MOJIEINI
rOCTPOro MaHKPEaTUTy, BUKJIMKAHOTO acrapariHaz3oro.

Brepiie B kitiTUHAX y CTPYKTYp1 MaHKPEATUIHUX JIOOYIT OyJiM BCTAHOBJICHI 3MIHU
KaJIbI1€BOI CUTHAJI3AIll1, 10 CIPUYUHSAIOTHCS OpaJUMKIHIHOM B KOHIIEHTPAISX, SKI €
TUTIOBUMU ISl TIAHKpEATUTy. Y 3IPKOMOJIOHMX KIITUHAX MIANUTYHKOBOI 3a703H
BIiepiie OyB BUSBJICHUHN IBO(a3HUI KaJIbIIEBUM CUTHAN y BIJAINOBIIb HA aKTHUBAIIIO
OpanukiHiHOBUX B2-perenTopiB miaa3MaTHYHOI MeMOpaHU Ta 3’sICOBaHI MEXaHI3MHU
redepauii 1poro curHainy. OTpumaHi HOBI JaHi, SKi  MIATBEPAXKYIOTbH
MAaHKPEONPOTEKTUBHY [III0  OJIOKaTopiB OpaaukiHiHOBOro peuentopy B2, Ta
IIPOJEMOHCTPOBAHO, IO iX BHUKOPHUCTAHHS 3alo0Ira€ HEKpO3y alMHAPHUX KIITHH.
Briepiiie Bu3HaueH1 0cOOJMBOCTI KaJBIIEBOI PETYIISINT MPU B3a€EMOJIIT KIITHH PI3HUX
TUMIB Y €K30KPUHHIN YacTIl MANIIYHKOBOI 3aJ03W B iX TPUPOIHOMY OTOYCHHI.
30kpema, BIEpIIe IOCHIKeHa KajbllieBa CHTHAJI3aIlis B HEPBOBUX KINTHHAX
MANLTYHKOBOT 3371034 y CTPYKTYpPI MAHKPEATUYHUX JIOOYII.

Pe3ynbrat OCHIJKEHHSI € BHECKOM Yy KOMIUIEKCHE PO3YMIHHS MEXaHI3MiB
KaJIBIIIEBOT PETyYIIALl Ta CUTHAI3aIlli B €JIEKTPO30Y/JIMBUX Ta HE30YJTMBUX KIIITHHAX
y HOpMI Ta NaToJIOrIi.

Kniwouoei cnosa: kapiioMiOLUTH, KaJIbIIIN3B I3yI0UM OUTKH, KajibllieBa OydepHa
€MHICTh KJIITUHH, KIIITUHA €K30KPUHHOI YACTHHM IMIJUUTYHKOBOI 3aJ103H, KaJbL1€BUN

JETIO-3AJIEKHUAN CTPYM.



SUMMARY

Gryshchenko O.V. Effect of calcium-binding protein mutations and changes in the
store-operated calcium entry on the function of excitable and non-excitable cells. —
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Thesis for the Degree of Doctor of Biological Sciences in Human and Animal
Physiology (03.00.13). — Bogomoletz Institute of Physiology, National Academy of
Sciences of Ukraine. Kyiv, 2020.

The thesis is focused on the mechanisms of depo-dependent calcium entry and
calcium-binding proteins in calcium handling in the cytosol of excitable and non-
excitable cells.

To investigate this problem a fluorescence methods for detecting changes in
intracellular calcium ion concentration, immunocytochemical, electrophysiological
(patch-clamp) and statistical methods were used. The troponin complex represents a
substantial portion of cytoplasmic Ca?* buffering binding approximately 50% of Ca?*
released from the sarcoplasmic reticulum during a typical heartbeat. Using
cardiomyocytes isolated from mice expressing troponin T mutants (TnT-179N, TnT-
F1101 and TnT-R278C), we found that increasing myofilament Ca sensitivity produced
a proportional increase in cytosolic Ca?* binding. The underlying cause was an increase
in the cytosolic Ca?* binding affinity, whereas maximal Ca?* binding capacity was
unchanged. The effect was sufficiently large to alter Ca?* handling in intact mouse
hearts at physiological heart rates, resulting in increased end-diastolic [Ca?*] at fast
pacing rates, and enhanced sarcoplasmic reticulum Ca?* content and release after
pauses. Accordingly, action potential (AP) regulation was altered, with post-pause AP
prolongation, afterdepolarizations and triggered activity. Basing on the observation
that early stage embryonic stem cells-derived cardiomyocytes continuously contracted
in high extracellular potassium solution, we provide experimental evidence that the
spontaneous activity of these cells is not generated by transmembrane ion currents, but

by intracellular [Ca2"]; oscillations. In cardiac muscle, Ca?* release from sarcoplasmic



reticulum (SR) is reduced with successively shorter coupling intervals of premature
stimuli, a phenomenon known as SR Ca?' release refractoriness. Gene-targeted
ablation of Casg2 (Casg2 KO) abolished SR Ca?* release refractoriness in isolated
mouse ventricular myocytes. Surprisingly, impaired Ca?*-dependent inactivation of L-
type Ca?* current (lca), which is responsible for triggering SR Ca?* release, significantly
contributed to the loss of Ca?* release refractoriness in Casq2 KO myocytes. Recovery
from Ca?*-dependent inactivation of Ic, was significantly accelerated in Casg2 KO
compared to wild type (WT) myocytes.

Alcohol-related acute pancreatitis can be mediated by a combination of alcohol
and fatty acids (fatty acid ethyl esters) and is initiated by a sustained elevation of the
Ca?* concentration inside pancreatic acinar cells ([Ca?*];), due to excessive release of
Ca?* stored inside the cells followed by Ca®* entry from the interstitial fluid. The
sustained [Ca?']; elevation activates intracellular digestive proenzymes resulting in
necrosis and inflammation. Electrophysiological data show that in the pancreatic acinar
cells this store-operated inward current is relatively insensitive to removing external
Na*, but sensitive to changes in the external Ca?* concentration. It is therefore not a
transient receptor potential (TRP) type nonselective cation current, but it is a Ca®*-
selective CRAC-type current consistent with the very marked current inhibition evoked
by GSK-7975A. There is currently no specific treatment of pancreatitis, but the
received data show that pharmacological CRAC blockade is highly effective against
toxic [Ca*"]; elevation, necrosis, and trypsin/protease activity and therefore has
potential to effectively treat pancreatitis. Asparaginase, an essential element in the
successful treatment of acute lymphoblastic leukaemia, the most common type of
cancer affecting children, evoked intracellular Ca?* release followed by Ca?* entry and
also substantially reduced Ca?" extrusion because of decreased intracellular ATP
levels. In isolated mouse pancreatic acinar cells or cell clusters, removal of
extracellular glucose had little effect on this ATP loss, suggesting that glucose
metabolism was severely inhibited under these conditions. Surprisingly, we show that
replacing glucose with galactose prevented or markedly reduced the loss of ATP and

any subsequent necrosis.



Ca?* signalling in different cell types in exocrine pancreatic lobules was
monitored simultaneously and signalling responses to various stimuli were directly
compared. Normal pancreatic stellate cells (PSCs) are regarded as quiescent, only to
become activated in chronic pancreatitis and pancreatic cancer. However, these cells
in their normal microenvironment are far from quiescent, but are capable of generating
substantial Ca?* signals. We have compared Ca?* signalling in PSCs and their better
studied neighbouring acinar cells (PACs) and found complete separation of Ca?*
signalling in even closely neighbouring PACs and PSCs. Bradykinin (BK), at
concentrations corresponding to the slightly elevated plasma BK levels that have been
shown to occur in the auto-digestive disease acute pancreatitis in vivo, consistently
elicited substantial Ca?* signals in PSCs, but never in neighbouring PACs, whereas the
physiological PAC stimulant cholecystokinin failed to evoke Ca?* signals in PSCs. The
BK-induced Ca?" signals were mediated by B2 receptors and B2 receptor blockade
protected against PAC necrosis evoked by agents causing acute pancreatitis. The initial
Ca?* rise in PSCs was due to inositol trisphosphate receptor-mediated release from
internal stores, whereas the sustained phase depended on external Ca?* entry through
Ca?* release-activated Ca?* channels. We have, for the first time, recorded
depolarization-evoked Ca?* signals in pancreatic nerves and shown that, although
acinar cells receive a functional cholinergic innervation, there is no evidence for
functional innervation of the stellate cells. The stellate, like the acinar, cells are not
electrically excitable as they do not generate Ca?* signals in response to membrane
depolarization. The principal agent evoking Ca?" signals in the stellate cells is
bradykinin, but in experimental alcohol-related acute pancreatitis, these cells become
much less responsive to bradykinin.

Keywords: Ca?* buffering, calcium release, capacitative Ca®* entry, calcium

signalling, L-type calcium channel, cardiomyocytes, exocrine pancreatic cells.
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BCTYII

AKTyaJIbHICTh TeMH. BHYTPITHbOKIIITHHHI 10HA KAJBINIO € OHUM 3 HaWOLIBIII
YHIBEpPCAIBHUX BTOPUHHUX MOCEpENHUKIB. BoHM 3a/isH1 y IIUIOMY Psifii IPUHITUTIOBO
BOXKJIMBHUX KIITUHHUX TIPOIECIB, TaKUX SK KIITHHHA 30yaJUBICTh, CEKpellis,
npoJidepaliis, CHHaNTHYHA Mepeaayda, ckopoueHns Ta iHmi (Avila et al., 2019). lIonn
kanbLito (Ca®") GepyTh y4acTh y Iepejadi CHUTHAIIB BiJi CTPYKTYp ILIa3MaTHYHOI
MEMOpaHH 1O BHYTPIIIHbOKIITUHHUX CTPYKTYp, 3a0€3MeUyloud TaKUM YHHOM
peakiiiro KITHHE Ha 30BHimHIA ctumyn (Petersen a. Verkhratsky, 2016). ¥V nporieci
€BOJIIOLIT MOJIEKYJISIPHI MEXaHI3MH, 1[0 KOHTPOIIOIOTh PIBEHb BHYTPIIIHBOKIITHHHOI
KOHLIEHTpawii ioHiB KanbLito ([Ca?*];), Oymu copMoBaHi ay*ke paHO; BOHU HEOOXimHi
TS TOYHOTO PErYJTIOBAaHHS PIBHIB K BUIBHOTO, TaK 1 3B'SI3aHOT0 KAJIBLIIO Y IIUTO30M],
a TAaKOXK KUTHKOCTI KaJbI[1}0, HAKOIMYEHOTO y BHYTPITHBOKIITHHHUX nierno (Shahidul,
2020). Ili mexaHI3MU € yHIBEPCAIBHUMH 1 TIO CYTi OJJHAKOBI 1 Y TPOKAPIOT 1 €yKapioT.
BoHM BKJIIOYAIOTh HU3bKY NMPOHMKHICTH (ocominmigaux memopan mis Ca?*, Bucoky
BHYTPIIIHLOKIITHHHY Oy(epHy 31aTHICTh Ta epeKTHBHY cucTeMy Bupanenus Ca®* 3a
mexi kiituH (Case et al, 2007). [Io6 3po3ymiTH Ha KJIITUHHOMY pIBHI 3arajibHi
3aKOHOMIPHOCT1 O10JI0TTYHUX MPOLECIB, OB’ SI3aHUX 3 KAJBIIEM y OPTraHi3Mi TBapHH 1
JIOIUHY, KJIBIIIEBY PETYJAIi0 BUBYAIOTh Ha IIMPOKOMY KOJI PI3HUX MOJEITBHUX
00’exTiB, Bia apikmkiB (Saccharomyces cerevisiae; Catterall et al., 2005) Ta Hemaron
(Caenorhabditis elegans; Suzuki et al., 2010) xo pu6 (Danio rerio; Kettunen, 2020)
ta mumer 1 mypiB (Gyorke, 2017). i mochipkeHHS TPHU3BEIH 10 BaXJIUBUX
(GyHIaMeHTaIbHMX BIIKPHMTTIB y LApHMHiI MexaHi3MmiB konTpomro [Ca?*]i. Cmin, mpore,
BU3HATH, IO €Kl BaXKIUBI ACMEKTH KaJbI[IEBOI PEryJAIii BCE 1€ 3aTUIIAIOTHCSA
HE3 SICOBAaHUMM.

KanblieBa curnamnizaiisi Mae BEJIMKE 3HAYEHHA 1J1s QYHKIIIOBaHHS 30YJIMBUX
kIiTHH. Came 10HM KaJbllll0 BIJITPalOTh OCHOBHY pOJib Y MpPOLECaX CHPSKEHHS
30yKEHHS 1 CKOPOUCHHS KapA1OMIOIUTIB. Y Kap/11OMIOLUTAX CCABI[IB JO CKOPOUCHHS
MPU3BOAUTH BXiJ 10HIB KaJbI[il0 Yepe3 IMOTEHIaIKepOBaHi Ca** xaHam L-tumy
(VDCC); edekr Takoro BXOAy IACWIIOETbCA BHUBiIbHeHHAM Ca®* i3

capkoruiasMaTUIHOro peTukyinymy (CP) uepe3 piaHOUHOBI PEIENITOPH IPYTOTO THITY


https://www.ncbi.nlm.nih.gov/pubmed/?term=Avila%20G%5BAuthor%5D&cauthor=true&cauthor_uid=31878335
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(RyR2). BignoBiaHuii mpoliec Ha3UBAETHCS KaIbIIHIHIYKOBaHE BUBITIbHEHHS KaJbIIIIO
(CICR; Rios, 2018). Omnak 1goci HEBIZIOMO, SK CKOpPOYCHHS 3a0€3MEYyEThCS B
KJIITHHAX PAHHBOI CTajli KapAiOMIOreHe3y, KOJIM eKCIIpeciss 10HHUX KaHaiB,
Bmoyatoun VDCC, y mux KITHHAX € 3HaYyHO MEHINOK, HDK Y 3puUIux
kapaiomionurax. OTxe, 3’sCyBaHHS KalbLIH3aJeXKHUX MEXaHI3MIB CKOpPOYEHHS
HE3pUINX KapAlOMIOIUTIB € IYX€ BaXIUBUM SK B aCHEKTI BCTAHOBJICHHS OUIBII
JIETAIbHOI KApTUHU CIHOJNYYEeHHS MDK 30Y/DKCHHSM Ta CKOPOUYCHHSIM, TaK 1 JIs
JIKyBaHHS JCSKHX 3aXBOPIOBAaHb CepIl, KOTPl IHIIIOOTBCS 1€ Ha CTafli
eMOpioreHesy.

3aXBOPIOBAHHS CEPIIEBO-CYJAMHHOI CUCTEMU MOCIAAIOTH MEPIIi MICLA B MEPETIKY
CMEpPTENbHUX 3aXBOPIOBAHb JIIOJAMHU B ycboMy CBITi. Cepell IUX 3axXBOPIOBaHb
BUJUISIETBCS  pOAMHHA TinepTrpodiuna kapaiomiomaris (PI'K) — ogna 3
HAWITOMIUPEHIIIMX MPUYHUH panToBoi cMepTi (oauH Bunanok Ha 500 moneit). PI'K e
€TI0JIOTIYHO TeTEPOTreHHO, ajié BHHUKAE 3HAYHOIO MIpOI0 BHACIIIOK ayTOCOMHO-
JOMIHAHTHUX MYTalllil y T€Hax, MO0 KOAYIOTh CKOPOTJMBI OUIKM CEpPUEBUX M 531B
(Maron et al., 1995). 3okpema, 3amiHa MEBHOI aMiHOKHUCIIOTH Yy OUIKY TpomoHiHy T
(TnT) migBuniye uyyTauBicTs Miogpinamentis 1o Ca®* Ta MOXe BUKIMKATU IITYHOUKOBY
apuTMi0. MexaHi3M BHHUKHEHHS IIbOoro ()eHOMEHa J0Ci 3aJIUINAEThCA HEBIIOMUM
(Miller et al., 2001). BcraHoBjCHHS IIOTO MEXaHI3My € KOHYE HEOOXITHHM IS
JIKYBaHHSI XBOPUX Ha 1[I0 MATOJIOT1IO0, II0 CTAHOBJISITH OCHOBHY YaCTKY MAIlIEHTIB 13
3aXBOPIOBAHHSIMU CEPIIEBO-CYAMHHOI CUCTEMH.

B enextpo30yyIMBUX KIITHHAX BX1J 10HIB KaJBIIIO /10 [IUTO30JIF0 B OCHOBHOMY
B1JI0YBA€THCS uepe3 MOTEHIIAI3aIeKH1 KabI1€B1 KaHAIU. AKTUBALIIS [IMX KaHAJIIB Mi]1
qac Jienoispu3aliii MeMOpaHH MPU3BOAUTh 1O BUHUKHEHHS TPAH31€HTIB KOHIIEHTpalli
uuto30ibHoro Ca?*, ski iHINIFOIOTH INMPOKUH CHEKTP (i3i0NOri9HMX MPOLECIB,
BKJIIOYAIOYM CKOpodeHHA. Ha BimMiHy Big 30yAJMBHUX KIITHUH, Yy HE30yIIMBUX
kmituHax Bxig Ca?’ omocepesKoBYEThCS PELENTOPAKTUBOBAHMMHM IIUISXAMM, SKi
BIJIITPAIOTh POJb TOJIOBHOTO IOCTAaYaJIbHUKA 10HIB KaJbI[I0 BCEPEIMHY KIITHH.
HanesHo, HalbiIbI MOIIMPEHMM PELENTOPKEPOBAHMM MexaHizsMoM Bxomy Ca®* e

neno-keposanuii Bxix Ca?" yepes xanamm miasmatuunoi memopanu (SOCE), sxwmii
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AKTUBYETbCS, KOIM KoHIeHTpauis Ca?* y BHyTpIIIHBOKJIITHHHUX KAJbIIEBUX €TI0
smeHIyetbes (Putney, 2005). HeBnor3i micis inentudikaiii SOCE Oyno BUABIEHO
BHUCOKOCEIICKTUBHUIA  KaJIBIIIEBUH  CTPyM, IO AaKTHUBYEThCA  CITYCTOIICHHSIM
sHyTpimHboKIiTHHEUX Ca?* neno, tak 3Bammii Icrac (Hoth a. Penner, 1992).
EK30KpHHHI KJIITUHM HE MAIOTh MOTEHIAI-3QJIEKHUX KaJbLIIEBUX KaHAIIB, 1 TOMY
3MiHM KOHIIEHTpauii murosonsHOro Ca?*, MmO perymorTh Cekpeliro (epMeHTiB
TpaBJICHHS, FeHEPYIOThCs 3aBasku ckiaaHii B3aemoii SOCE/lIcrac Ta BUBLIbHEHHSIM
Ca?* 3 uyrpimnbokaituramx geno (Petersen a. Tepikin, 2008).

VY ccaBuiB cekpellis OCHOBHOI YacCTUHU (PEPMEHTIB TPABIIECHHS 3IHCHIOETHCS
allMHApHUMM KJIITUHAMU TIIIUTYHKOBOI 3a1034. B110MO, IO CHHTE3 1 CeKpellis MuX
(dbepMeHTIB y HOpMI PETyIIOITHCS 3MIHAMU KOHIIEHTpaIlli BIILHOIO Kajbllil0 B
IIUTOIUIa3Mi Ta €HJOIUIa3MaTUYHOMY peTukyiayMi nux kiaituH (Petersen, 2015). 3a
MaTOJNONiYHMX YMOB cTilike migsumienHs [Ca?']; akTuBye BHyTpIiIIHBOKIITHHHI
npodepMEHTH TPABIICHHS BCEPEMHI KIIITHH, 1110 TPU3BOJIUTH 10 PO3BUTKY 3aMaJICHHS
Ta HEKpO3y Yy MiANUTYHKOBIM 3ano3i. Haxkanb, BiIOMOCTI Npo (PYyHKIIFOBaHHS
MEXaHI3MIB 3aTy4eHUX JI0 KaJIBIIIEBOI PETyJAIlii K B al[MHAPHUX, TaK 1 B KIITHHAX
IHIMNX THIMIB €K30KPWHHIA 4YacTIl MANDTYHKOBOI 3aJl03d Yy HOPMAaJIbHUX Ta
NaTOJIOTIYHUX yMOBAaX, € JYXK€ HEMOBHUMH. 30KpeMa, KaJbIlieBa PErysllis Mpu
B3a€MOJIIi KJIITHH PI3HUX THINB Yy €K30KPUHHIN YacTIl MANLTYHKOBOI 3aJI03U B iX
NPUPOJAHOMY OTOUEHHI € Maibke HeAOoCHIIKeHOw. Pe3ynbratu Takux IOCHiIKEHb
Oynu © BKpall BaXJIMBUMHU SK IS JIETQJIbHOTO BCTAHOBJICHHS POJi KaJblI€BOI
CUTHAJI3aIlll y PO3BUTKY Ta MIATPUMAaHI PI3HUX NATOJOTIYHUX CTaHIB, TaK 1 JUIA
PO3pOOKH HOBITHIX MIAXOIB Y JIIKYBaHHI TOCTPOrO Ta XPOHIYHOTO TAHKPEATHUTY .

TakuM YMHOM, HAIIE TOCTIIKEHHS Majo Ha METI BCTAHOBUTHU, SKUM YHUHOM
MexaHI3Mu Oydepu3zali 10HIB KalbIil0 y LMUTO30J1 Ta Aeno3anexxkHoro Bxony Ca
3aJly9€Hl Yy KaJIbIIEBY PETYJAli0. Y eNeKTpuYHO 30yMIMBHX Ta HE30YIHMBUX
KJIITHHAX B yMOBaX HOpMHU Ta martoiorii. L{s mpobnema posrisiHyTa Ha TpHKIami
Kap1IOMIOIIMTIB Ta KIITHH €K30KPUHHOI YaCTKH ITiAILTYHKOBOI 3aJ103H.

38’830k po00TM 3 HAYKOBHUMHM IIPOrpaMamMi, IUIAHAMH, TeMaMH.

Jluceprartiitna po6oTa BUKOHaHA BITIOBIIHO J0 3arajbHOro IUIaHy HAyKOBO-IOCITHUX
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poOIT BigAuTy MoJneKyssipHoi Oiodizuku [HetuTyTy (izionorii im. O. O. boromonbiis
HAH VYkpainu B pamkax HayKOBO-JIOCHITHUX PoOIT «EHIOreHHa Ta (papmMakosioriyHa
PEryJisiilisi BHYTPIIIHLOKIITUHHOI Ta MUKKIITUHHOI CUTHATI3aIll B KJIITUHAX HEPBOBOI
cuctemu B HopMmi Ta matomorii» (2011 - 2013; Homep aepkaBHOI peecTpamii —
0110U004750), «KiiTHHHI CHTHAJIbHI CUCTEMH B HOpMi Ta maroiorii» (2014 — 2018;
HOMep JjepkaBHOI peectparii — 0113U007273) Tta «Curnamizamis HEWpPOHAIbHHX
KaJbIi€BUX ceHcopHUX OUIKiB B Helponax [{HC B Hopwmi 1 maronorii» (2019 — 2013,
HoMep AeprkaBHOI peectpartii —0115U003632).

MeTa pocjiiiKeHHsI: BCTAHOBUTH BIUIMBH MYyTallli KaJbIiN3B’ A3yIOUUX OUIKIB
Ta aHOPMAJBHOTO JICTIO3AJIEKHOTO BXOJYy 10HIB Kajbllif0 Ha (YHKI[IIOBAaHHS
Kap/IIOMIOIUTIB Ta KJIITHH MANLTYHKOBOT 3aJI03H.

3aBaaHHA J0CJTiIKeHHs. 3TiAHO 3 I[I€0 METO OyJiIu MOCTaBJeHI HACTYIIHI
3aBJIaHHS:

1. 3’sacyBatu KanpLIA3aJIEKHI MEXaHI3MH BUHUKHEHHS! CIIOHTAaHHUX CKOPOYEHb
KapJ1OMIOLIMTIB HA PAHHIX CTAIAX X PO3BHUTKY.

2. BcranoBuTH 3MiHU KaJbIIEBOT PEryJsllii B KapAiOMIONHTAX, 110 €KCIPECYIOTh
tponoHiH T 3 mytauiero 179N, sika BUKITMKa€e IMITyHOUKOBY apUTMIIO.

3. BusHauWTH MeXaHi3M ImOpymeHHs pedpakrepHOCTi BuBiTbHeHHS Ca?* i3
CapKOIUIa3MaTUYHOT'O  PETUKYJIyMy  IUIYHOUYKOBHUX  MIOIUTIB  MUIIEH,
3YMOBJIEHOTO HOKayTOM I'eHy KajcekBecTpuHy (Casg2 KO).

4, 3apeecTpyBaTh TpaHCMEMOpaHHI CTPYMH, SIKI aKTHBYIOTHCS BHUBLILHEHHSM
10HIB KaJbI[I0 13 BHYTPIIIHBOKIITUHHUX JENO MaHKPEATUYHUX allMHAPHHUX
KIITUH Ta BCTAHOBUTH 3B'SI30K MK CITYCTOIICHHSIM E€HOIUIa3MAaTHIHOTO
PETUKYJIYMY Ta aKTUBALIEIO [IUX CTPYMIB.

5. BcTraHoBUTH MOXIIMBY POJIb KalbI[IEBOTO JEMO3AJIEKHOTO CTPYMY Y PO3BUTKY
rOCTPOr0 MaHKPEATUTY.

6. BusHauuTu BIUTMB KOBUHMX KUCJIOT HA KaJbII€BY MPOHUKHICTh TIa3MATUIHOT

MeMOpaHH alfMHAPHUX KIIITUH MIIIUTYHKOBOI 3aJI03U.
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7. BcTaHOBHUTH MeXaHI3MU KaJIBITIEBOI PETYJIAIIT 31pYacTUX KIITHH MiAIUTYHKOBOI
3QJI03M Ta 3’ACYBaTH MMOBIPHY POJIb LIUX KJIITHH Yy 3amo0iraHHi BUHUKHEHHS
HEKPO3y allMHApHUX KJIITHH.

8. BuzHaunTé 0COOIMBOCTI KaJbIII€BOI PETYAILIT B KIITUHAX PI3HUX TUIIIB y
MAaHKPEATUYHUX J100ynax eK30KpUHHOT YaCTUHH MMIIUUTYHKOBOI 3aJI031 B HOPMI
Ta NATOJIOTII.

9. Bcra"oBuTH posib MOPYIIEHH KAJBIIEBOI PEryisilii B alMHAPHUX KIITUHAX
MiANUTYHKOBOT 3aJ03W Y PO3BUTKY HEKPO3y IHMX KIITHH, BHUKIUKAHOTO
acrmapariHasor.

10.3’scyBaTu BIMB TaJIaKTO3W HA KAJIBIIEBY PETYISIIO Ta (DYHKIIIOHATEHUN CTaH
alMHApHUX KIITMHAX Ta HAa PO3BUTOK TOCTPOro acrapariHa3zaiHyKOBaHOI'O
MaHKPEaTHUTYy.

O0’ckm  Oocnidycenna — MEXaHI3MU pEryjsilli  BHYTPIIIHbOKJIITHHHOI
KOHLIEHTpAaLii 10HIB KaJIbLII0 y KJIITUHAX MIANLTYHKOBOI 3aJ1031 Ta KapAiOMIOLUHUTAX.

Ilpeomem Oocnidxicennsa — BILUTMBU MYyTalllil KaJIbIIN3B’ A3yI0UUX OLIKIB Ta 3MIH
JIeTI03aJIeKHOT0 BXOYy 10HIB KaJbllil0 Ha (DYHKIIIOBAHHS €JIEKTPUYHO 30yAJUBUX Ta
He30y/VIMBHX KIIITUH B HOPMAJIHHUX Ta MATOJOTTYHUX YMOBaX.

HaykoBa HOBH3HA OTPUMAaHMX pe3yJbTaTiB. 32 JOOMOI0I0 (PIIyOPECIICHTHUX
Ta eNneKTpodi3i0oJOriYHUX METOMIB JOCII/DKEHHS BIIEpIIE IIOKa3aHo, IO came
CIIOHTaHHI KOJWBAaHHS BHYTPIMIHBOKIITUHHOI KOHIICHTpAIlii 10HIB KaJbIlii0, HE
MOB’sI3aH1 3 T'EHEpali€l0 TPaHCMEMOpaHHUX CTPYMIB, MPU3BOJAATH O CKOPOUYEHHS
KapAIOMIOLIMTIB HAa PaHHIX CTaJisX PO3BUTKY OCTAaHHIX. YJOCKOHAJIIEHO METOIU
OLIIHKM KaJbl1€BOi Oy(epHOi €MHOCTI KapJIOMIOLMTIB Ta iX BHYTPIIIHbOKIITHHHOI
nepdy3il y kKoH}irypaiii “uija kiaituHa”. Brepine BUSBICHO MPsSMY KOPENSIII0 Mik
piBHEM Oy(epHOi EMHOCTI Ta NUTYHOYKOBOIO apUTMIEI0 MPU MyTaLIsIX TPOMOHIHY, 110
MIBUIITYIOTh YyTIUBICTh MiO()1TAMEHTIB /10 10HIB KaJIBIIIIO.

VY poboTi BHeplie 3apeecTpOBaHO KaJbIIEBUI CTPyM depe3 IUIa3MaTHUHY
MeMOpaHy allUHApHUX KIITHUH MANLTYHKOBOT 3aJ103H, 1110 aKTUBYETHCS BUBLIHHEHHSIM
Ca?* 3 eHJ0IUIa3MaTHYHOTO PETHKYIIyMY. I10Ka3aHO 3B'I30K MiX piBHEM CIIyCTOLICHHS

CHAOIUIa3MATUYHOI'O PCTUKYIIYMY Ta aKTI/IBaHi€IO JACITIO3aJICKHOI'O KaHBHiEBOFO
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TpaHcMeMOpaHHOro cTpymy. OTpuMaHi JaHHI CBIIYATh PO T€ , IO caMe Iel CTpyM
MOX€ OYyTHM OJHHUM 13 OCHOBHHUX (DaKTOpIB, BIJMOBIMAIBHUX 3a IiJABUIICHHS
BHYTPIIIHEOKJIITHHHOT KOHIEHTpauii Ca?* mpu po3BUTKY roCTpOro MaHKpPEaTury.

Bnepiie nocnimkeHa mpsiMa Aisi KOBYHUX KHCIOT HA MEXAHI3MHM KalbI1€BOI
peryisiuli y KITHHAX MiANUTYHKOBOI 3aJ03M Ta 3alpOIOHOBAHO 1HTEPHPETALIO
MEXaHi3My BUHMKHEHHS FOCTPOrO NMAHKPEATUTY, TOB'I3aHor0 3i 36inpmennsam [Ca®*];
ta [Na']i BcraHoBineHO HeraTMBHMN BIUIMB aclapariHasd — pearcHra, SKHi
3aCTOCOBYIOTh B KIIIHIYHIA TPaKTUIl IS JIKYBaHHS JHUTSYOTO TOCTPOIO
niM(poOIaCTHOTO JIEWKO3y — Ha KalbIlEBYy CHUTHANI3AINI0 allMHAPHUX KIITHH
MANLTYHKOBOT 3aJ7103M. 3alpOIOHOBAHO BUKOPHUCTAHHS TajaKTO3W IS 3amoOiraHHs
spocranns [Ca?']; Ta BUHUKHEHHS HEKpPO3y KINTUH IiANLIYHKOBOI 3aJI03H B MOJIENi
TOCTPOTO MAHKPEATHUTY, BUKJIMKAHOTO acrapariHa3oro.

Briepiie B KJ1iTUHAX y CTPYKTYP1 MAHKPEATUUHUX J100YJ OYJIM BCTAHOBJICHI 3MIHU
KaJIbLI1€BOI CUTHAJI3ALi, 10 COPUYMHSAIOTHCS OpaJUKIHIHOM B KOHLEHTpALIAX, SKI €
TUMOBUMHU JUIsl TMAHKPEATUTY. Y 3IPKOMOAIOHMX KIITHHAX MIANUTYHKOBOI 303U
BIiepiie OyB BUSIBICHUN NMBO(A3HUN KaJBIIEBUII CUTHAII Y BIJIMOBI/Ib HA aKTHUBAIIIIO
OpanukiHiHOBUX Bp-perienTopiB mia3mMarudHoi MeMOpaHM Ta 3’SCOBaHI MEXaHI3MU
redepamnii 1poro curHainy. OTpumaHi HOBI JaHi, SKi  IATBEPIKYIOThH
NaHKPEONPOTEKTUBHY [it0 OJokaTopiB OpaAauKiHIHOBOTO penentopy B2, Ta
IPOJEMOHCTPOBAHO, IO iX BUKOPUCTAHHA 3amo0ira€ HEKpO3y alMHApHUX KIITHH.
Brnepiie Bu3HaueHi 0COOJMBOCTI KaJbII€BOT PEryJISIli IPH B3a€MO/IIT KIIITHH PI3HUX
TUIIB Yy €K30KPUHHIN 4YacTil MiANUIYHKOBOI 3aJ03M B iX MNPUPOJHOMY OTOYEHHI.
30kpema, BIEpIIE JOCHIKEHa KajbllieBa CHUTHAi3allisl B HEPBOBUX KIITHHAX
MIJIUTYHKOBOI 3271031 Y CTPYKTYpP1 MAHKPEATHYHHUX JIOOYJI.

Pe3ynbrat NOCHIJIKEHHST € BHECKOM Yy KOMIUIEKCHE PO3YMIHHA MEXaHI3MiB
KaJIBIIIEBOI PEryJIALii Ta CUTHAMI3AIli B €lIEKTPO30YNIMBUX Ta HE30yIIIMBUX KIIITHHAX
y HOpMI Ta HaToJOrii.

TeopeTuyHe Ta MpakTUYHe 3HAYEHHS] OTPUMAHMUX pe3yJbTaTiB. PesynbraTu
JOCTIPKEHHS, OTprMaHi B poOOTi, MalOTh SK (DyHIaMEHTalbHE, TaK 1 MPAKTUYHE

3HaueHHs. [lopiBHAHHS  poOOTM  MeMOpaHHHMX Ta  BHYTPIITHBOKJIITUHHUX
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KaNbLIAPETyII0I0UUX CTPYKTYp B YMOBaX BHUHUKHEHHS TATONOTIM (MyTarii
KaJbLii3B’ 43yl0unx OiIKiB, rimepakTHBaLis JenosanexHoro sxony Ca?* B kiiTuny,
iHAyYKOBaHE PI3HUMU YWHHUKAMH BUHUKHCHHS HEKPO3y allMHApHUX KIITHH Ta
PO3BUTOK TOCTPOr0 MAHKPEATUTY MIANUIYHKOBOI 3aJ03M) ICTOTHO JONOMAararoTh
PO3YMIHHIO TIOSIBH TIOPYIIEHb PETYIsAMNii BHYTPIIMHBOKIITUHHOI KoHIeHTpamii Ca?* i

30araqyroTh 1H(GOPMAIIIFO MO0 MaTOTeHE3y BIATOBITHUX 3aXBOPIOBAHbD.

[IpakTuHe 3HAa4YEHHS OTPUMAHHUX pPE3YJIbTATIB MOJNATAE B TOMY, IO BOHH
JO3BOJIAIOTh  OLIIHUTH, SIKI CaM€ MEXaHI3MU PEryisilii BHYTPILIHbOKIITUHHOL
KOHLIEHTpAaLii 10HIB KaJbLII0 y KIITUHAX PI3HUX TUMIB (K €1eKTPO30yIJIMBUX, TaK 1
He30yUTMBHUX ) YIIKOMKYIOTHCS TIPY PO3BUTKY HU3KH matosnorii. [IpogemMoHcTpoBaHo,
[0 caM€ 3MIHU IIMTO30JIbHOI KanbIlieBoi OydepHOi €MHOCTI MPU3BOIATH [0
BMHHMKHEHHS CepLEeBHUX apuTMiii mpu Ca?*-cencuOinizyrounx myraumisx Tponosiny T.
[li 3MiHM y KaJbI€BIA pEryndiii KapAlOMIOLUUTIB MOXYTh OYTH OCHOBOIO JJisi
MOJYJISAIII CepIIEeBUX CKOPOUEHB Y MAIlIEHTIB, [0 MAlOTh MyTallil0 TponoHiHy TnT-
179N 1 B micyMKy NpU3BOAMTH 10 CUHAPOMY PANTOBOI 3yNMMUHKHU cepls. JlocnikeHo
edekT acmapariHasu (PEYOBHMHH, SKa 3aCTOCOBYETHCS B KIIHIYHIM TPaKTHIN IS
JIKYBaHHS JUTSYOr0 TOCTPOro JiM(oOIacTHOrO JIeMK03y) Ha MaHKPEATUYHI KIITHHH
Ta 3alpoONOHOBAaHO  BHUKOPUCTaHHS  TalakTO3W JUIsl  3amoOiraHHs — poCTy
BHYTPINIHBOKJIITHHHOT KOHIeHTpanii Ca?* Ta BUHMKHEHHIO HEKPO3y KIITHH
MIAIUTYHKOBOT 3ayio3u. KpiM TOTO pO3MIMPEHO HAasBHI JlaHI IIOAO0 MEXaHI3MY
MAaHKPEOMPOTEKTHOI Mii OJiokaTopiB OpaaukiHiHOBOTO B2-penenrtopy, mo 3amobdirae
HEKpO3y allMHAPHUX KJIITUH Ta BUHUKHEHHIO TOCTPOr0 MaHKPEaTUTYy.

Ocobuctuii BHecok 3100yBaya. J[ucepraiiiina podoTa € 0COOUCTOIO TMparero
3100yBaya. ABTOp MOCTaBMB 3a/a4y JOCIIPKEHb 1 CAMOCTIHHO PO3pOOHB METOAUKH
IPUTOTYBAaHHS KJIACTEPIB IMIANUIYHKOBOI 3aJ03W Ta Bi3yamizallii 31pKOMOAIOHUX
KJIITUH, BHIC Psii YIOCKOHAJIEHb Y METOJMKY OLIIHKHK KaJlbI€BOI OypepHOi €MHOCTI
130JIbOBaHUX KapAIOMIOLIMTIB, @& TAKOXX CAMOCTIMHO BHUKOHAaB OCHOBHY YaCTHUHY
€KCIIEpUMEHTIB, 3/IMCHIOBAB aHajl3, CTAaTUCTUYHY OOpOOKy U y3arajibHEHHS
pe3ynbTaTiB. [leski ekcnepuMeHTH Oyau MpOoBEaeH] 31 CIIBaBTOpaMH OIMyOIIKOBaHUX

po0iT, 30kpeMa criBpoOiTHUKaMu [HcTUTyTy (Pi3ionorii iMm. O.0O. boromonsuss HAH
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Vkpainu k.0.H. C.B. Bsaruenko-Kapmincekum, HO.B. T'epacumenko Ta [1.0.
Kpumranem. JlochaimKeHHs] MOJEKYJISIPHUX MEXaHI3MIB BHUHUKHEHHS MEpUInX
CHIOHTAHHHMX CKOPOYEHb KapAiOMIOLUTIB OyJIO MPOBEAEHO y cmiBmpalll 3 [HcTuTyTOM
Heiipodizionorii (KeonpH, Himeuunna) (kepiBauk npod. I. Xenutep). Excriepumentu
3 BHUKOPHUCTAHHAM KIITHH €K30KPMHHOI YAaCTHMHHW MiANUIYHKOBOI 3a103u OyiH
npoBeseHi Ha 6a31 YuiBepcutery micta Kapaid (Kapnid, Bennka bpuranis; kepiBHUK
mpod. O.H. Ilerepcen). JlocmiKeHHs KalbLii3B’ A3yIOUNX OLUIKIB KapaiOMiOI[UTIB
Oyno mpoBeneHo Ha 0a3i YHiBepcutery BanmepOunera (Hemin, CIIA; kepiBHUK
npod. b.C. Honman). [1pu miianyBaHH1, opraHizaiiii i MpoBEIeHHI TOCI1I>KEHb 0 BC1X
po3auiax poOOTH YacTKa OCOOMCTOi ydacTi aBTopa cTaHoBwia He MeHiie 80%.
Oco0ucTO MPOBEAECHO CTATUCTUYHUN aHATI3 Ta IHTEPHpETAIlilo JaHWX, BIAMOBIIHI
pe3yNbTaTH ONMy0JIiIKOBAaHO B HAYKOBUX MDKHAPOIHUX BUAAHHSIX. ABTOP HE 3aIlI03MYaB
171e1 Ta po3pOOKH CIiBaBTOPIB MyOT1KALII.

Marepianu, moJIO’KEHHs Ta BACHOBKY KaHAUAATCHKOI AMCEpTaIlii 3100yBaya He
OyNy BUKOPHUCTaHI MPU HAMMMCAHHI JTOKTOPCHKOI AUCEpTAIlii.

Anpobauisi pe3yJbTaTiB qucepTanii. Yci maTepianu gucepraiii T0KJIaaamnucs
Ha ceminapax [Hcturyty iM. O.0.boromonsist HAH Ykpainu, a Takox Ha HACTYITHUX
MDKHAPOJHUX CUMITO3iyMax 1 3’i3max: Amepukancbkoro biodizuunoro ToBapucrtsa
(bocton, 2001, Can ®panmucko, 2002, bocron, 2009, Can ®panuucko, 2010),
VYkpaincekoro biodizuunoro ToBapucta (JIymek, 2015), koHbepeHiii €Bponenchbkoi
Axanemii (Kapaid, Benuka bpuranis, 2016), 3yctpiui Kopomiscskoro HaykoBoro
ToapuctBa Benukoi bpuranii (Jlongon, 2017), VYkpaincekoro @i310J0T14HOTO
Tosapuctsa (Kuis, 2019).

Pe3ynbTaTu nucepraniitHoi poOOTH TOMOBIIATUCS TAKOXK Ha HAYKOBUX CeMiHapax
[acruryty pizuku HAH Ykpainu ta Ykpaincekoro biogizuunoro ToBapuctsa.

Iyoaikamii. PesynpTaTn aucepraiii BukiagaeHo y 16 ctarrsax (omyOIikKoBaHHUX y
Bunanusx [ ta Il kBapTuns peectpy MinicTepcTBa OCBiTH Ta Hayku YKpainu) ta 14

Te3aX MIXKHAPOJIHUX KOH(EPEHIIii Ta 3’ 13/11B.
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PO3JILT 1
BHYTPIIIHbOKJITUHHI KOJUBAHHS CA2+ BUKJIMKAIOTH
CIMOHTAHHI CKOPOYEHHSI KAPJIOMIOLATIB MIJ YAC PAHHHOTO
PO3BUTKY
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Abstract The aim of the present study was to investi-
gate the expression and functional role of outwards cur-
rents during the early stages of cardiomyogenesis. The
predominant repolarizing current in carly-stage, embry-
onic stem (ES) cell-derived cardiomyocytes was a 4-
aminopyridine (4-AP) sensitive [concentration for half-
maximal inhibition (ICsy) 1.7 mM], transient outward
current (/) with a current density of 10.3£2.1 pA/pF
(n=72). We observed two additional, rapidly activating,
outwardly rectifying current components, /g
in carly- and late-stage cardiomyocytes. These currents
were characterized by slow and no inactivation, respec-
tively, during the depolarizing voltage step. /i ,, was de-
tected in about 25% of cells investigated and displayed
4-AP hypersensitivity (ICsy 29 uM), whereas /.., was
found in all cells of both differentiation stages and was
4-AP insensitive. In contrast to early-stage cells, /.
formed the larger portion of the aggregate, whole-cell
current in late-stage, ES cell-derived cardiomyocytes.
The current densities of all three current components in-
creased during development, however, the most promi-
nent increase was observed for /. from 3.6:0.8 pA/pF
(n=72) to 8«1.1 pA/pF (n=35). In current-clamp record-
ings in early-stage, spontanecously contracting cardio-
myocytes, 4-AP depolarized the cells, lengthened the ac-
tion potential duration (APD) and increased the action
potential frequency. In late-stage cells 4-AP had no ef-
fect on action potential frequency. We conclude that in
carly-stage cardiomyocytes /,, plays an important role in
controlling electrical activity.
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Introduction

In recent years, outwardly rectifying K= channels in car-
diomyocytes have gained increasing attention because of
their important role in determining action potential dura-
tion (APD [6]) and in their possible pro-arrhythmic role
during the repolarization phase [35]. This is strengthened
particularly by the observation that in ventricular cardio-
myocytes obtained from patients suffering from end-
stage heart failure [5, 23, 34] and in cardiomyocytes de-
rived from hypertrophic ventricles of various animal
models [4, 29, 40| the functional expression of outward-
ly rectifying K* currents is strongly reduced.

Two major components of outwardly rectifying K*
channels have been described: a transient, rapidly acti-
vating and inactivating component (/,,) [8], presumably
formed by Kv4.2 and Kv4.3 subunits, and a rapidly acti-
vating, slowly/non-inactivating current component com-
posed of several subunits including Kv1.5 and Kv2.1 [2].
Recently, it was suggested that 7, is formed by different
subunits during cardiac development: While in perinatal
rat ventricular cardiomyocytes /,, appears to be encoded
by the Kv/.4 gene [17, 36, in adult myocytes this chan-
nel is composed presumably of Kv4.2/Kv4.3 subunits
[12, 17, 26, 36, 39]. This is supported by the relatively
faster recovery from inactivation, compared with Kv1.4,
seen in adult rat ventricular cardiomyocytes [36] and the
distribution pattern of mRNA in c¢picardial and pericar-
dial ventricular cardiomyocytes [11]. Conclusive evi-
dence has been provided by the generation of mice lack-
ing the Kv/.4 gene, in which /,, was expressed function-
ally in ventricular cardiomyocytes as in the cells of wild-
type mice [20]. In addition, ventricular cardiomyocytes
from the transgenic mouse carrying a dominant negative
Kv4.2 mutant do not express /, [3].
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Despite the notion that the heart is the first organ to
form during embryogenesis, relatively little is known
about the clectrophysiological properties underlying the
setting of the resting membrane potential (RMP), the
control of APD and the spontaneous electrical activity in
very early embryonic cardiomyocytes. Indeed, functional
and molecular studies on the expression of ion channels
at this early stage are limited because of the small size of
the embryonic heart and the lack of permanent cell lines
to model the carliest stages of cardiomyogenesis [18].
Our approach for the investigation of isolated, carly-de-
velopmental-stage (EDS), murine cardiomyocytes is
based on embryonic stem (ES) cells, which are pluripo-
tent and therefore widely used for the generation of
transgenic and knockout mice. ES cells can be differenti-
ated in vitro as embryoid bodies (EBs), which produce,
among other cells, embryonic cardiomyocytes. After lon-
ger cultivation of murine EBs (729 days), differentiated,
late-developmental-stage (LDS) cardiomyocytes can be
obtained, recapitulating the different cardiac phenotypes
of the native murine heart [21].

The aim of the present study was to investigate the
functional expression of outward currents during early
stages of development and their role in controlling cardi-
ac excitability. We provide evidence that during early
stages of cardiomyogenesis /,, contributes the largest por-
tion of the aggregate whole-cell current and plays an im-
portant role in setting RMP and action potential frequen-
cy. We also show that in LDS cardiomyocytes /,., forms
the prominent fraction of the aggregate outward current
and that 4-aminopyridine (4-AP)-sensitive K* currents
play a less important role for cardiac excitability.

Materials and methods

In the present study, ES cells of the line D3 were used. The cells
were cultivated and differentiated into spontancously beating car-
diomyocytes as previously described [37]. Briefly, ES cells were
cultivated in hanging drops (about 400 cells per drop) for 2 days,
then kept in suspension for 5 days and [inally plated on gelatine-
coated, single culture dishes for patch-clamp recordings. At 2-
4 days after plating (1.e. 7+2-4 days), spontancously contracting
cell clusters could be observed within the EBs. EDS cardiomyo-
cytes were obtained from 7+2- to -4-day- (preferably 3- to 4-day-)
old EBs, whereas LDS cells were harvested from 7+9- to 15-day-
old EBs.

The culture medium consisted of Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 20% fetal calf serum, peni-
cillin/streptomyein, glutamax, non-essential amino acids (all from
GIBCO, Eggenstein, Germany) and [-mercaptoethanol (Serva,
Heidelberg, Germany). For patch-clamp recordings, beating areas
of 20-30 EBs were dissected and isolated by enzymatic dispersion
using collagenase B (Boehringer Ingelheim, Ingelheim, Germany).
The dissociated material was plated onto glass cover-slips, resus-
pended in culture medium amr stored in the incubator. Within the
first 12 h cells attached to the glass surface and spontaneously
beating cardiomyocytes could be observed. For electrophysiologi-
cal recordings, the glass cover-slips were transferred to a tempera-
ture-controlled recording chamber and perfused with extracellular
solution. Only spontancously beating cells were selected for ex-
periments.

Voltage- and current-clamp recordings were made using the
classic whole-cell or perforated-patch-clamp technique, respec-
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tively. Since the recording of 7, required good voltage control,
voltage-clamp experiments were performed only when series re-
sistance was below 10 Ml . Current-clamp data were obtained us-
ing the perforated-patch-clamp configuration. Currents and poten-
tials were recorded using suitable amplifiers (Axopatch 200 A,
Axon Instruments, Foster City, Calif., USA and EPC-9, Heka,
Lambrecht, Germany) together with the ISO 2 (MFK, Niedemhau-
sen, Germany) and Pulse (Heka) software packages, respectively.
Data were sampled at 2 kHz, filtered at 1 kHz, stored on hard disk
and analysed off-line using the ISO 2 or Pulse-Fit (Heka) analysis
software. The effect of Ba2* on action potential frequency was re-
corded continuously using a VR-3200 tape recorder (Bell and
Howell, Friedberg/H, Germany). These data were downloaded
from tape into SPIKE2 software at a digitization rate of 100 Hz
and analysed as above. Averaged data are expressed as
means=SEM. Statistical tests were performed using unpaired Stu-
dent’s r-test.

Unless otherwise indicated, outwards currents were elicited by
500-ms depolarizing voltage steps to lest potentials ranging from
—40 mV to 80 mV in 10-mV increments at a frequency of 0.1 Hz
(holding potential, HP —80 mV). Unless otherwise stated, currents
were leak subtracted using P/4 leak subtraction mode. Current
density was estimated by measuring the peak current (/,, and
Iy 4) Or the current at the end of the 500-ms step (/,,) at a test po-
tential of +40 mV.

The functional expression of the rapidly activating, 4-AP hy-
persensitive component (/. ) was investigated using a double-
pulse protocol (no leak subtraction). A depolanzing prepulse
(300 ms) to +40 mV (HP -20 mV) was applied, followed by a
20-ms repolarization to =20 mV and depolarizing voltage steps
ranging {rom —10 to +80 mV in 10-mV increments at 0.6 Hz (see
also [32]). Steady-state inactivation was evaluated by applying 1-s
prepulses ranging from —90 to +30 mV in 10 mV increments, each
followed by a 2-s depolanzing step to 40 mV at a frequency of
0.17 Hz (HP =80 mV, no leak subtraction). To investigate the char-
acteristics of the inactivating current component, steady-state cur-
rents at the end of the 2-s depolarizing step were subtracted. The
individual experiments were normalized and the dependence of
peak current amplitude on prepulse potential analysed. An average
of seven experiments was used for the Boltzman fit. To distinguish
the different outwardly rectifying K* current components, 4-AP at
different concentrations was used (see also Fig. 2). The 4-AP hy-
persensitive component (0.5 mM) was identified as IK_W th:
4-AP-resistant component at the end of the 500-ms pulse as
and the difference current upon application of 10 mM 4-AP as ):‘,
(see Fig. 2). The recovery from inactivation was determined using
250-ms prepulses at different intervals to +30 mV. The plotting of
peak currents as a function of prepulse to pulse interval yielded
the time course for the estimate of recovery from inactivation. The
data were fitted with the function, y(0)=1,,,-exp(-1/), where /..
i1s the steady-state current, 7 the time and [ the time constant. For
an estimation of the inwardly rectifying K= current (/i) expres-
sion 200-ms hyperpolarizing currents to —100 mV were applied
(HP =80 mV, no leak subtraction). Due to the spontaneous electri-
cal activity and the diastolic depolarization APD was determined
at 0 mV. The maximal diastolic potential was taken as an estimate
of RMP in the spontaneously contracting cardiomyocytes.

For perforated-patch-clamp recordings, amphotericin B (Sigma,
Deisenhofen, Germany) was dissolved in dimethylsulphoxide
(DMSO0) at 60 mg/m1, deep-frozen in aliquots and thawed prior to
use. The tip of the pipette was filled with normal recording solu-
tion and the pipette then back-filled with the amphotericin B-con-
taining solution, yielding a final concentration of 500 pg/ml. The
composition of the different solutions used was as follows (in
mM): dissociation solution: NaCl 120, KCI 5.4, MgSO, 5, CaCl,
0.03, Na-pyruvate 5, glucose 20, taurine 20, 4-(2-hydroxyethyl)-1-
piperazineethanesulphonic acid (HEPES) 10, collagenase B
(Boehringer Mannheim, Mannheim, Germany) 0.5-1 mg/ml, pH
6.9 (NaOH). Pipette solution for current-clamp experiments: KCl
55, K,80, 70, MgCl, 7, HEPES 10, pH 7.4 (KOH). External solu-
tion for c.um.m -clamp recordings (mM): NaCl 135, KCl 54,
MgCl, 2, CaCl, 1.8, glucose 10, HEPES 10, pH 7.45 (NaOH). Pi-
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Fig. 1 Functional expression of outwardly rectifying currents in
early- and late developmental-stage (£DS and LDS respectively)
cardiomyocytes. Representative currents (upper panels) and cur-
rent/voltage (/1) curves (lower panels) recorded from an EDS
(left) and an LDS (right) embryonic stem cell (ES)-derived cardio-
myocyte in the whole-cell configuration mode (/ines to the lefi of
the current traces indicate zero current). Qutward rectifier currents
were evoked by 500-ms depolarizing voltage steps from a holding
potential (HP) of —80 mV to step potentials ranging from —40 to
80 mV in 20-mV increments. The squares indicate peak currents,
the circles late currents measured at the end of the 500-ms voltage
steps. The original current traces are displayed for step potentials
varying between () and 80 mV

pette solution for voltage clamp experiments: KCI 50, K,S0O, 80,
MgCl, 1, ethyleneglycol-bis(]-ammoethylether)-N NN N’-tetra-
acetic acid (EGTA) 10, HEPES 10, CaCl, 1, adenosine 5°-triphos-
phate, magnesium salt (MgATP) 3, pH 7.4 (KOH). External solu-
tion for voltage clamp experiments: choline chloride 140, CaCl,
1.8, MgCl, 1, CdCl, 0.1, KCI 5.4, HEPES 10, glucose 10, pH 7.45
(KOM). £y, recording solutions: pipette solution: KCI 50, K-aspar-
tate 80, MgCl, 1, MgATP 3, EGTA 10, HEPES 10, pH 7.4 (KOH).
External solution: NaCl 140, KCI 5.4, CaCl, 3.6, MgCl, I,
HEPES 10, glucose 10 pH 7.4 (NaOH). All experiments were per-
formed at 35+ °C. The conditions chosen allowed stable record-
ings in both the current- and voltage-clamp mode from spontane-
ous contracting, ES cell-derived cardiomyocytes. Pipettes were
made by a DMZ Universal Puller (DMZ, Munich, Germany) from
1.5 mm borosilicate glass capillaries (Clark Electromedical Instru-
ments, UK). 4-AP was obtained from Sigma, margatoxin and
charybdotoxin from Peptide Institute (Herts.. UK). A stock solu-
tion of 4-AP was made by dissolving it in extracellular solution.
The pH was corrected, the solution divided into aliquots and deep-
frozen. Prior to the experiments aliquots were thawed and diluted
to the desired concentration.

Results

Undifferentiated ES cells exhibited no spontaneous elec-
trical activity, nor did depolarizing current injections
elicit action potentials (n=30, data not shown). This was
further corroborated by voltage-clamp experiments in
which only small-amplitude and linear current/voltage
(1/V) relationships were detected (#=30, data not shown).
These data indicated that voltage-dependent ion channels
are not expressed at the ES cell stage.
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In contrast, ES cell-derived cardiomyocytes, begin-
ning 2 days after plating (7+2 days), generated action
potentials of different shape, depending on the develop-
mental stage and the cell type, as reported before [21].
The average APD in spontaneously beating EDS (7+2-
4 days) and LDS (7+9-15 days) cardiomyocytes was
169£31.6 ms (n=21) and 82+11.7 (n=15) ms, respective-
ly. EDS cells had a RMP of -48+7 mV and action poten-
tial frequency of 1.32+0.41 Hz (n=21) whereas LDS
cells displayed a RMP of —54+5.2 mV and an action po-
tential frequency of 1.58+0.23 Hz (n=15).

To investigate the currents involved in determining
APD, RMP and spontancous clectrical activity, we investi-
gated the expression of outwardly rectifying channels at
various differentiation stages. The contamination of these
outwards currents by the activation of voltage-dependent
Ca?* currents and the Ca2'-activated, transient, outward
current [8, 19, 27, 41] or the activation of Na' currents was
excluded by addition of Cd>* and replacement of Na™ in
the extracellular solution. The known interference of Cd?*
with the biophysical characteristics of 7, [1, 34] and of Na*
[13] replacement with 7, density was not considered criti-
cal for the investigations performed in the present study.

Figure 1 shows current traces representative of the
functional expression of outwardly rectifying currents in
EDS (left) and LDS (right) ES cell-derived, spontancous-
ly contracting cardiomyocytes. As can be seen, 500-ms
depolarizing voltage steps ranging from test potentials of
0 mV (I/V, <40 mV) to +80 mV in 20-mV increments
(holding potential =80 mV) elicited outwardly rectifying
currents in both EDS and LDS cardiomyocytes. The cur-
rent densities of the transient and sustained current com-
ponents increased during development (see also below).
Wherecas in EDS cells the amplitude of the transient
component was larger than the sustained component at
the end of the 500-ms depolarizing voltage step, the lat-
ter represented the larger fraction of the aggregate,
whole-cell current in LDS cardiomyocytes. This can be
clearly seen in the //V relationship (Fig. 1, lower panels).
The threshold of activation for both current components
at cither differentiation stage was between —30 and
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Fig. 2 Pharmacological dissec-
tion of the outwardly rectifying
currents expressed ina LDS
cardiomyocyte using different
concentrations of the K* chan-
nel blocker 4-aminopyridine
(4-AP) The upper panels show
original currents under control

control

conditions (/eft, 1) and after ap- > 1
plication of 0.5 (middle, 2) or
10 (right, 3) mM 4-AP. The
difference current /-2 is the
rapidly activating, slowly inac-
tivating [, . (Teft-hand side,

subtracted currents

S

middle paiie]). The difference 12
current 2--3 is the characteristic 5y
rapidly activating and inactivat- e S

ing current component 7. The

remaining, 4-AP-resistant com-
ponent (upper right panel) is

I ;. The pulse protocol was
identical to the one used in Fig.
1, current traces and /1" curves
show step potentials ranging
from 20 to 80 mV
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Fig. 3 Dose/response curve for the inhibition of the outwardly
rectifying K+ currents /,, and Iy ., by 4-AP in EDS and LDS car-
diomyocytes in the voltage-clamp mode. The fines show the fit
with Langmuir’s isotherm (#=19)

~20 mV, similar to that for neonatal rat ventricular car-
diomyocytes [30]. In addition, the voltage dependence of
activation was almost identical for the transient and pla-
teau phases of the current at both differentiation stages.
To distinguish between the main components of rap-
idly activating outwardly rectifying currents in ES cell-
derived cardiomyocytes we used 4-AP, a known blocker
of K* channels [22]. Figure 2 shows the blocking effect
of different concentrations of 4-AP on outwardly rectify-
ing currents recorded from a LDS cardiomyocyte. Three
different components of rapidly activating outwardly
rectifying currents can be distinguished on the basis of
their inactivation characteristics and their sensitivity to-
wards 4-AP: a 4-AP-hypersensitive, slowly inactivating
component (/i ), a 4-AP-sensitive, rapidly inactivating
component (/,,) and a 4-AP-resistant current component
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Fig. 4 Current densities of the different outwardly rectifying K*
current components in EDS (leff) and LDS (right), ES cell-derived
cardiomyocytes. Most of the cells expressed only the /, and Iy .

components (upper panels), but about 25% of both EDS and LDS
cardiomyocytes also expressed /i . (lower panels)

with no inactivation during the depolarizing voltage step
(/...)- The biophysical characteristics with regard to acti-
vation and inactivation ar¢ shown more clearly in the
difference currents and in the corresponding //V curves
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Fig. SA,B Steady-state inactivation characteristics of [, in EDS
cells tested by applying 1-s prepulses from 90 to +30 mV in
10 mV increments followed by a 2-s depolarizing step to +40 mV
(HP —80 mV). A Pronounced inactivation of the rapidly mactivat-
ing current component. However, even at positive prepulse poten-
tials a small inactivating component was present (dotted line indi-
cates zero current). B Mean data from seven EDS cardiomyocytes
as shown in A. The /ine shows the fit of a Boltzmann function

of Fig. 2. A quantitative estimate of the sensitivity of
Ix s and [, to 4-AP was obtained by constructing con-
centration-response curves for EDS and LDS cardiomyo-
cytes (n=19). I, was equally sensitive towards 4-AP at
both stages. As depicted in Fig. 3, 4-AP depressed /,,
with a half-maximal inhibitory concentration (ICsy) of
1.7 mM and /i ., with an ICy;, of 29 pM.

The functional expression and current density of the
three outwardly rectifying current components was in-
vestigated, using their sensitivity to 4-AP as the distin-
guishing characteristic, in a large number of EDS and
LDS cells (see also Fig. 2). In 75% of EDS cells (n=72),
two components of outwardly rectifying currents were
found: /,, (current density 10.3+2.1 pA/pF) and 7 (cur-
rent density 3.6+0.8 pA/pF). Iy o, the slowly inactivat-
ing, 4-AP-hypersensitive component (complete block by
0.2 mM 4-AP) was observed with a current density of
3.5£0.9 pA/pF in only 25% of these cells (Fig. 4). In
69% of LDS cardiomyocytes (n=35) I, (current density
13.742.2 pA/pF) and .. (8+1.1 pA/pF) were detected.
Iy o could also be detected (current density 8.3+1.1
pA/pF) in 31% of cells tested (Fig. 4).

Since /,, was the predominant K* outward current com-
ponent in EDS cells, the steady-state inactivation of /,

to

EDS

Control

4-AP (0.5 mM)

500 pA

100 ms

900

600 /e Control

L.(pA)

© 4-AP (0.5 mM)

o

0 20 40 60 80
Step potential (mV)

Fig. 6A—C LS cell-derived cardiomyocytes express an outwardly
rectifying current (Jg ) characterized by 4-AP hypersensitivity.
Iy ., was separated from /,, in an EDS cardiomyocyte by applying
a 300-ms depolarizing prepulse (from HP) of =20 to +40 mV, fol-
lowed by a 20-ms repolarization to HP and a subsequent 300-ms
step from —10 to +80 mV in 10-mV increments. A Representative
experiment showing the rapidly activating, slowly inactivating cur-
rent. B Inhibition of a fraction of the cumulative, inactivation-resis-
tant current by 0.5 mM 4-AP (dotted line indicates zero current),
C [/V relation for peak /i in absence (A) and presence (B) of 4-AP

was characterized at this developmental stage [32] (Fig.
5A). The voltage-dependent inactivation of I, was less
pronounced than in atrial human cardiomyocytes. Fitting a
Boltzman function to the steady-state inactivation curve
obtained from scven representative EDS cells yielded a
mid-point of —31=4 mV and a slope factor K of 25.9£5.7
mV (Fig. 5B). Because /,, is subject to pronounced, use-
dependent inactivation, recovery from inactivation was es-
timated by applying prepulses at varying intervals to a test
potential of +40 mV from a HP of —80 mV (n=3). A sin-
gle-exponential fit of these data yiclded a [l of 2.7 s (data
not shown), close to the value estimated for Kv1.4 [25].
The presence of a 4-AP-hypersensitive current compo-
nent (/g ) was further confirmed by applying double-
pulse protocols leading to inactivation of 7, [32]. As de-
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Fig. 7 Effect of 4-AP on action potential frequency and resting
membrane potential (RMP) in a representative EDS cardiomyo-
cyte in the current-clamp mode using the perforated-patch-clamp
technique

picted in Fig. 6A and C, an outwardly rectifying current
component was identified upon applying depolarizing pre-
pulses from a HP of —20 mV. In addition, application of
500 uM 4-AP resulted in a partial block of peak outwards
currents (28+8% at 0 mV, 32+12% at +50 mV, »=3) at all
potentials tested (Fig. 6B and C). In contrast to 4-AP. ap-
plication of charybdotoxin (CHTX, 25-200 nM), a block-
er of Kvl.2, Kv1.3 [15] and large-conductance, Ca2*-acti-
vated K (K-,) channels [7], did not block outwards cur-
rents at either differentiation stage (n=4, data not shown).
Similarly, application of margatoxin (5-20 nM, »=2, data
not shown), a blocker of Kv1.2, Kv1.3 and Kv1.6 chan-
nels [15], also failed to block outwards currents.

Because of the prominent expression of 7, and the
low current density of /g, [16] at the EDS cell stage we
investigated whether this K* current plays a role in set-
ting RMP and determining APD. For this purpose the in-
fluence of different concentrations of 4-AP on action po-
tential frequency, APD and RMP of spontancously beat-
ing cells was examined in the current-clamp mode. In
EDS cells the spontaneous electrical activity proved to
be dose-dependently sensitive to 4-AP (Fig. 7). Indeed,
the application of 10 mM 4-AP almost doubled AP fre-
quency (Fig. 7, lower panel, increase by 83+8.8%, n=7);
with 0.5 mM 4-AP a positive chronotropic effect was
noted. In contrast, in LDS cells even 10 mM 4-AP did
not change the action potentials significantly (increase of
frequency by 10+3%, n=9, Fig. 8). The action of 4-AP

LDS
0.8 Hz
40 -
mV
0
control
-40
.80 J
0.8 Hz
40
MY 0.5 mM
4-AP
-40
-80
0.9 Hz
40
mV
0 10 mM
5 4-AP
-80
2s

Fig. 8 Effect of 4-AP on action potential frequency and RMP in a
representative LDS cardiomyocyte in the current-clamp mode us-
ing the perforated-patch-clamp technique

EDS

MP (mV)

=20 ~
10 mM
4-AP

/
A~ \ v
W‘/‘/ \:\-/W/;\I\NV"N\A\N

200 ms control

Fig. 9 Effect of 4-AP (10 mM) on spontaneous electrical activity
and action potential duration in an EDS cardiomyocyte in the cur-
rent-clamp mode using the perforated-patch-clamp technique

was fully reversible by washout. In both differentiation
stages high concentrations of 4-AP (3—-10 mM) slightly
depolarized the RMP by 6+1.2 mV (n=14) (Figs. 6 and
7, lower panels). Moreover, in EDS cells 4-AP induced a
dose-dependent increase in the rate of the diastolic depo-
larization (Fig. 9). At 10 mM, 4-AP changed the latter
from 53.28+5.49 to 92.09+14.62 mV/s (n=3). Wherecas
10 mM 4-AP did not alter the APD of terminally differ-
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Fig. 10 Dose/response relation for the eflect of 4-AP on action
potential frequency, tested in the current clamp mode (n=7). The
frequency in the presence ol 10 mM 4-AP was taken as 1. The
continuous line 1s the fit of Langmuir’s 1sotherm
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Fig. 11 The inwardly rectifying K- cuirent /., 1s not involved m
the control of the spontancous electrical activity in EDS cardio-
myocytes. Long-term current-clamp recordings, using the perfo-
rated-patch-clamp technique, of the spontaneous electrical activity
(second panel [rom top) of an EDS cardiomyocyle upon addition
of 50 or 100 uM Ba?*. Top panel: Action potential frequency. The
lower three panels show action potentials recorded in the absence
(third panel trom top) or presence of Ba2* (100 pM, fourih panef)
and afler washoul (last panel). Note the extended fime scale in
these three panels. For clanty, the display of the experiment (sec-
ond panel from top) was only started 200 s afier mitiation of the
recordings
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Fig. 12A-D Sensitivity of I, in EDS cells to low extracellular
[Ba*]. A Iy, recorded by applying voltage steps to test potentials
ranging from —130 to —60 mV (1IP —80 mV). B The /1 relation-
ship showing a reversal potential close to the K~ equilibrium po-
tential and pronounced inward rectification. € Inhbation of £, by
extracellular Ba2' (100 uM) and its partial reversal by wash out
(test potential —100 mV, IIP=-80 mV, (dotted lines indicate zero
current). D Effect of Ba?' (100 uM) on /i, density al a test poten-
tial of =100 mV (IHP=-80 mV)

entiated cells (data not shown), it prolonged the latter in
EDS cardiomyocytes by 11+0.8% (n=5, Fig. 9). CHTX
(10-300 nM) altered neither APD nor RMP significantly
in cither differentiation stage (n=7, data not shown).

We next examined the role of 7y, in determining
RMP and action potential frequency at both differentia-
tion stages. For this purpose the action of 4-AP
(100 uM) on APD and RMP was tested in cells in which
the Iy . contributed 30-50% of the aggregate, whole-
cell current. In these cells the 4-AP-induced block of
Ix s markedly prolonged APD by 42+7.6% (n=3) but
had no significant cffect on the spontancous action po-
tential frequency (data not shown). The quantitative
changes of action potential frequency upon addition of
increasing concentrations of 4-AP was investigated in
EDS cardiomyocytes (Fig. 10). The maximal frequency
obtained after application of 10 mM 4-AP was taken as
reference value for the normalization of frequencies re-
corded under control conditions and under increasing



concentrations of 4-AP. This analysis yiclded a half-
maximal cxcitatory concentration (ECs,) for 4-AP of
0.45 mM (Fig. 10).

Since Iy, plays an important role in determining the
RMP and APD in terminally differentiated cardiomyo-
cytes [38], we investigated next whether this current is
involved in setting the RMP in EDS cardiomyocytes. As
depicted in Fig. 11 application of BaZ' (50-100 uM), a
known blocker of 7, prolonged APD by approximately
10%, (n=3) but had no relevant effect on frequency. This
is further corroborated by the aforementioned observa-
tion, that fi; density is low in EDS cardiomyocytes [16]
compared with LDS cells [21]. Voltage-clamp experi-
ments were performed to demonstrate further that the
chosen |Ba”?| blocked a substantial fraction of Iy;. As
scen in Fig. 12, EDS cells functionally cxpress /i, (Fig.
12A, B) and application of 100 uM Ba2* depressed this
current (Fig. 12C). At a test potential of —100 mV [y,
was blocked by 56+5% (n=7) (Fig. 12D) and even at
—~40 mV, a potential positive to the K' reversal potential,
I, was blocked by 62+7% (#=7, data not shown).

Discussion

Three components of outwardly rectifying currents could
be identified in ES cell-derived cardiomyocytes during
carly and late stages of development: a rapidly activating
and inactivating, [ -like, 4-AP sensitive (ICs, 1.7 mM)
component, a rapidly activating, slowly inactivating,
4-AP-hypersensitive (IC5; 29 uM) component (/i ) as
well as a rapidly activating, 4-AP-insensitive component
(/) that displayed no inactivation during depolarizing
voltage steps. Although the nature of /., was not investi-
eated 1n detail its activation kinctics. threshold of activa-
tion and outward rectification indicatc it as a possible K*
current. Indeed, in ecmbryonic day E11-E13 murinc atrial
and ventricular cardiomyocytes three distinct outwardly
rectifying K' channels with characteristics similar to
those in ES cell-derived cardiomyocytes are detected
[10]. Whereas I, is the major portion of the aggregate,
whole-cell current in our EDS cardiomyocytes 7., be-
comes the predominant component in LDS ES cell-de-
rived cardiomyocytes. An increase in current density of
outwardly rectifying currents during postnatal develop-
ment has been reported previously for mouse [31] and rat
|36, 39| cardiomyocytes. In the present study we investi-
eated their expression during early embryonic develop-
ment. These carly stages are particularly interesting since
cardiac development is already finalized around E15. At
the early developmental stage 7, is the predominant K'
conductance, in particular because i, expression is still
low. The biophysical characteristics of 1, appeared simi-
lar to thosc in adult cardiomyocytes, however cven at
strongly depolarized prepulse potentials a small inactivat-
ing component was observed and the midpoint of the
steady-state inactivation was shifted to more depolarized
potentials. This may be due to different biophysical char-
acteristics of /,, during early stages of cardiomyogenesis,
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the presence of a small component of /i ..., which docs
not display usc-dependent inactivation and cxtraccllular
Cd?7, which is known to alter the biophysical characteris-
tics of /,, [13]. The functional expression of /i ., which
has been reported in human atrial cardiomyocytes [32]
and murine embryonic [10] and adult ventricular cardio-
myocytes | 14| was confirmed by pharmacological dissec-
tion of the 4-AP-sensitive current components and exami-
nation of their biophysical characteristics using a double-
pulse protocol. Thus. the 4-AP-hypersensitive current
component was similar to that in adult mice (14.5 pM)
[14] and human atrial cardiomyocytes (49 uM) [32] and
indicates that the encoding gene is Kv/.5. As reported for
E17-E20 murine ventricular cardiomyocytes [10], [y o
could not be identified in most LDS cells, possibly point-
ing towards pronounced up-regulation after birth. Since
CHTX and MTX blocked neither outwards currents nor
electrical activity, Kv1.2, Kv1.3 and Kv1.6 subunits do
not appear to be expressed functionally at this embryonic
stage. Similar observations have been made in rat ventric-
ular cardiomyocytes, in which a pronounced increase in
Kv1.2 channels starting 10 days after birth is observed
[39]. Interestingly, in the same study a postnatal decrease
of Kv2.1 channcls was rcported. It remains unclear
whether Kv2.1 (a non-inactivating, but 4-AP-sensitive
current) or another K' channel subunit may encode the
prominent, 4-AP-inscnsitive plateau phase in the LDS
cells. Its postnatal down-regulation may explain the APD
prolongation obscrved in adult murine ventricular cardio-
myocytes with 4-AP [14].

The observed changes in ion channel expression dur-
ing development were accompanied by changes in the
spontaneous electrical activity. The increase in current
density, in particular for /., and lg, |21]. most likely un-
derlics the pronounced reduction of the APD and the
morc negative RMP in terminally differentiated cardio-
myocytes. In EDS cclls 4-AP induced a concentration-
dependent increase (ECsy 0.45 mM) of the spontaneous
action potential frequency, APD and depolarization of
the RMP. This ECs, does not differ greatly from our ICs,
for 7, (1.7 mM) measured under voltage-clamp condi-
tions. The discrepancy may be related to the fact that a
fraction of 7, is already inactivated due to the relatively
depolarized RMP in EDS cardiomyocytes. These data
suggest unequivocally that / is an important determi-
nant of electrical activity during early cardiomyogenesis.
Future studies should be aimed at elucidating the precise
mechanism of how /, affects these parameters. Due to
the known short time constants of deactivation, the main
action of /;, probably occurs during the plateau phase. In
contrast to the effect of 4-AP on EDS cells, ES cell-de-
rived veniricular-like cardiomyocytes [21] and adult,
murine ventricular cardiomyocytes [14], in our LDS
cclls 4-AP did not result in a pronounced incrcase of
APD. This may be due to several reasons including, (i)
differences in the cell population studied, since the pres-
ent study investigated exclusively spontaneously beating
cardiomyocytes, and (ii), the prominent expression of the
4-AP-insensitive component /. (see also above) and of



Ig; [16, 21]. The present findings arc consistent with a
recent report on fetal rat ventricular cardiomyocytces, in
which /i, expression is low [38]. An important role for
outwardly rectifying K= currents in the control of RMP
is presumably related to the more depolarized RMP, dur-
ing which channel open probability is higher. Besides /;,,
the adenosine 5’-triphosphate (ATP)-sensitive, inwardly
rectifying K' current (/i ;) is believed to be involved
in the regulation of spontancous electrical activity in
both fetal rat ventricular cardiomyocytes [38] and carly-
stage ES cell-derived cardiomyocytes [16]. This is par-
ticularly important in the light of the observation that
hypoxic conditions depress I, [24, 28].

The low expression of RMP-stabilizing currents in
EDS cardiomyocytes |10, 18, 21, 38| may underlic their
vulnerability towards different pharmacological agents.
Indeed, substances that block K+ channels, such as class
III antiarrhythmic agents [33] or other ion channel
blockers such as antiepileptic drugs [9], have a pro-
nounced teratogenic potential at the embryonic stage.
The critical time window is E9—E15 of embryonic devel-
opment, when, as pointed out above, carly cardiomyo-
genesis occurs. Changes of the cardiac output duc to bra-
dycardia, ncgative inotropy and low-output failurc may
result in hypoxia leading to haemorrhage and ultimately
to a variety of severe malformations.

Our data further support the importance of the investi-
gation of membrane proteins involved in the establish-
ment and regulation of the electrical activity in heart dur-
ing embryonic development. Our studies may therefore,
provide a better understanding of the cellular defects
governing disorders such as cardiomyopathies and cardi-
ac failure, since early onlogenelic slages are probably re-
capitulated under pathological conditions.
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SUMMARY

Single, murine embryonic stem cell-derived early stage
cardiomyocytes  dissociated from embryoid bodies
expressed two inward rectifier K* channels, Ix; and the
ATP dependent Kt current. Ixi exhibited low density in
early stage cardiomyocytes, but increased significantly in
late stage cells. In contrast, the ATP dependent K™ current
was expressed at similar densities in early and late stage
cardiomyocytes. This current was found to be involved in
the determination of the membrane potential, since
glibenclamide depolarized early cardiomyocytes and
exerted a  positive  chronotropic  effect.  Some
cardiomyocytes displayed a bursting behavior of action
potentials, characterized by alternating periods with and
without action potentials. During the phases without action
potentials, the membrane potential was hyperpolarized,
indicating the involvement of K* channels in the generation
of this bursting behavior. Extracellular recording
techniques were applied to spontaneously contracting areas
of whole embryoid bodies. In 20% of these bursting
behavior similar to that seen in the single cells was

observed. In regularly beating embryoid bodies, bursting
could be induced by reduction of substrates from the
extracellular medium as well as by superfusion with the
positive chronotropic agents Bay K 8644 or isoprotercnol.
Perfusion with substrate-reduced medium induced
bursting behavior after a short latency, isoproterenol and
Bay K 8644 resulted in a positive chronotropic response
followed by bursting behavior with longer latencies. The
spontancous bursting was blocked by glibenclamide. These
experimental results suggest that intermittent activation of
ATP dependent K channels underlies the bursting
behavior observed in single cardiomyocytes and in the
whole embryoid body. Conditions of metabolic stress lead
to the rhythmic suppression of action potential generation,
Qur data indicate that ATP dependent K* channels play a
prominent role in the cellular excitability of early
cardiomyocytes.

Key words: Embryonic stem cell-derived cardiomyocyte, Tk arp,
Bursting

INTRODUCTION

ATP-dependent inwardly rectifying K channels (Ik_arp) which
were [irst detected in the heart (Noma, 1983; Trube and
Hescheler, 1984) consist of two subunits, the inward rectifier
channcl (KIR 6.2; Babcnko ct al., 1998b) and the
sulphonylurea receptor (SUR) (Inagaki et al., 1995). Although
the function of this channel became evident in pancreatic !l -
cells coupling the metabolic staie with cellular excitability
(Meissner and Preissler, 1979; Henquin et al., 1982; Ashcroft
ctal., 1984), there is still discussion whether such a link is also
of relevance for the heart. It has not been demonstrated
conclusively, that under physiological conditions, the ATP
concentration in the vicinity of Karp channels can drop down
to a low cnough level to activate Ik arp. This is different under
hypoxic conditions where evidence for an upregulation of
Ik arp was reported (Noma, 1983; Weiss and Lamp, 1989;
Benndorf ct al., 1992; Nichols ct al., 1991: Geschwind ct al.,

1989). In a report by O'Rourke ct al. (1994) Ixarp was
suggested to underlie the cyclic changes of action potentials
(APs) observed in guinea pig ventricular cardiomyocytes. The
changes of Ik arp activily were linked (o a primary glycolytic
oscillator as already described in skeletal (Tornheim and
Lowenstein, 1975) and cardiac muscle (Frenkel, 1966).

We here investigate whether ATP-sensitive K™ channels (i)
are already expressed in early stages of cardiac development
and (i1) have a [unctional role in these early cardiomyocyles.
The expression and the biophysical propertics of Tx arp during
development have been recently reported in rat cardiomyocytes
(Xie et al., 1997). Our examinations are based on murine
pluripotent embryonic stem (ES) cells, widely used for the
generation of transgenic and knockout mice (Bradley et al.,
1984). ES-cclls can also be differentiated in vitro as ecmbryoid
bodies (EBs), which produce among others murine embryonic
cardiomyocytes (Doetschman et al., 1985; Wobus et al., 1991).
Since cardiomyocytes of carly stages (E8.5-E10.5) cannot be



obtained in vivo (Davics ct al., 1996), EBs provide a unique
model for the investigation of early stage cardiomyocytes (7+2-
4 days of cultivation) (Maltsev et al., 1993, 1994). The validity
of the model (Mueller-Klieser, 1997) has been demonstrated
by several groups using electrophysiological (Wobus et al.,
1991), histological (Hescheler et al., 1997), ultrastructural
(Westfall et al., 1997) as well as molecular biological
techniques (Miller Hance et al., 1993). After longer cultivation
of the EBs. differentiated late stage cardiomyocytes (7+>9
days of cultivation) can be obtained recapitulating the difTerent
cardiac phenotypes of the native heart (Maltsev et al., 1994),

We here report that ATP-dependent K' channels are
expressed in carly stage cardiomyocytes. We demonstrate the
functional involvement of these channels in the generation of
rhythmic bursts of actions potentials and by this in the early
sctting of cellular excitability.

MATERIALS AND METHODS

Production of EBs

ES cells of the line D3 were cultivated and differentiated into
spontaneously beating cardiomyocyles as previously described
(Maltsev et al., 1994). Brielly, cells were cultivated 1n hanging drops
(ca. 400 cells per drop) for 2 days, afterwards kept in suspension for
5 days and finally plated on gelatinized, single culture dishes and
multiwell culture plates for extracellular and patch-clamp recordings,
respectively. Two (7+2d) to four days (7+4d) after plating,
spontancously contracting cell clusters could be observed. The culture
medium consisted of DMEM supplemented with 20% fetal calf
serum, penicilline/streptomycine, glutamax (a glutamate analogue).
MEM (all from Gibco, Fggenstein, FRG), and [/ -mercaptoethanol
(Serva, Heidelberg, FRG).

Extracellular recordings

For long-term field potential recordings from cardiomyocyte clusters,
EBs were plated on 30 mm culture dishes (Nunc, Roskilde, DK) with
2-3 EBs per dish. Extracellular electrodes were permanently placed
onto the tissue after the appearance of spontancously contracting
areas. The electrodes were prepared from Teflon-insulated 125 mm
thick silver wire (A-M Systems, Everett, WA, USA). The different
electrode was mnsulated except for the blunt tip whereas the indiflerent
clectrode was free of insulation on a length of about 10 mm. The dish
was placed into an incubator at 37°C, 5% COz, 100% humidity. The
culture medium was renewed every 2 days and with each washout of
a test subslance.

For application of test substances, 2-20 ml of a stock solution were
pipetted into the medium, and the culture dish was gently swirled for
approximately 5 seconds. Applications of substances were preceded
by control swirls without application. For washout of test substances,
the medium was replaced three times. For the experiments with
substrate reduction, the culture medium was replaced by the following
solution (denoted as substrate deprived saline, in mmol/l): NaCl 135,
KCI 5, MgClz 2, CaClz 2, glucose 10, TTepes 5, pH 7.4 (NaOII). In
some experiments the possible involvement of CI~ channels was tested
by using the following solutions (in mmol/1): NaCl 110 (reduced to
40), Na-glutamate 0 {elevated to 70) NaHCO3 45, KCIL 5, MgCl> 2.
CaCl 2, glucose 10, NalloPOy 1, pH 7.4 (NaOH).

All recordings were performed with the EBs inside the incubator.
The signals were amplified with Grass PS11K amplifiers (Grass,
Qumey, MA, USA), digitized with a CED1401 mterface (Cambndge
Electronic Design (CLD), Cambridge, UK) and continuously stored
on computer disk using SPTKE2 software (CED). The analog signals
were band-pass filtered from 1 Hz to 30 Hz and digitized at a sample
rate of 100 Hz. Simultaneously, the signals were fed to threshold
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discriminators which delivered a single evenl lor each spike 1o the
computer.

Patch-clamp recordings

lor patch-clamp recordings, beating arecas of 20-30 LIBs were
dissected and isolated by enzymatic dispersion, using collagenase B
(Boehringer, Ingelheim, FRG), as described in more detail by Maltsev
et al. (1994). The solution used for the dissociation of the dissected
areas was the [ollowing (in mmol/1): NaCl 120, KCl 5.4, MgS0O4 5,
CaCl> 0.03, Na pyruvate 5, glucose 20, taurine 20, Hepes 10,
collagenase B 0.5-1 mg/ml, pll 6.9 (NaOll). The dissociated material
was plated onto glass coverslips and stored in the incubator. Within
the first 12 hours, cells attached to the glass surface and spontancously
beating cardiomyocyles could be observed. For electrophysiological
recordings, glass coverslips were transferred to a temperature-
controlled recording chamber and superfused with extracellular
solution. Only spontaneously beating cells were selected for the
experiments. The clectrical activity of the cells was recorded using
the perforated (amphotericin B) patch-clamp configuration (Kom and
Horn, 1989) and standard whole cell recording techniques (Hamill et
al, 1981). lonic currents were recorded using an Axopatch 200A
amplifier (Axon Instruments, Foster City, USA). Data were acquired
using the Iso2 software package (MFK, Niedernhausen, FRG). Data
were sampled at 2 kl1z and stored on hard disk.

All patch-clamp experiments were performed at 35°C. Pipettes
were made on a DMZ. Universal Puller (DMZ, Miinchen, FRG) from
1.5 mm borosilicate glass capillaries (Clark Electromedical
Instruments, Reading, UK).

The composition ol the different recording solutions used was the
following (in mmol‘1): Pipette solution for voltage- and current-clamp
recordings: KCI 55, MgCh 7, KaSO4 70, Hepes 10, pH 7.4 (KOH).
Extracellular solution for current-clamp recordings: NaCl 135, KCl
5.4, MgClz 2, CaClz 1.8, glucose 10, Hepes 10, pII 7.4 (NaOII).
Extracellular solution for vollage-clamp recordings: KCI 140, NaCl
5, MgCla 2, CaCl> 1.8, glucose 5, Hepes 5, pH 7.4 (KOH).
Amphotericin B (Sigma, Deisenhofen, FRG) was dissolved in DMSO
at a concentration of 60 mg/ml, frozen in aliquots and thawed prior
to use. The tip of the pipette was filled with normal recording solution
and then backfilled with the amphotericin B containing solution,
yielding a final amphotericin B concentration of 500 [1 g/ml.

Test substances

Glibenclamide (Sigma, Deisenhofen, FRG), cromakalim (Sigma) Bay
K 8644 (Bayer, Wuppertal, I'RG) and thapsigargin (Molecular Probes,
Leiden, Netherlands) were dissolved in 100% DMSO, diluted in
extracelllar solution or culture medium to the final concentration for
superfusion of the recording chamber (patch-clamp) or added to the
bath/culture dish by a pipette (patch-clamp, extracellular recordings).
‘The final concentration of the solvent was below 0.05%. Isoproterenol
(Sigma), charybdotoxin (Scientific Marketing Associates, Herts, UK)
and 2 4-dinitrophenol (Sigma) were prepared in extracellular solution
or culture medium as stock solution. Stock solutions were frozen,
defrosted and diluted to the desired concentration prior to the
experiments. Averaged data are expressed as mean £S.E.M.

RESULTS

First, the electrical activily of spontaneously beating, ES cell-
derived cardiomyocytes was monitored by recording
extracellular ficld potentials. In 20% of EBs (n=153) a bursting
behavior of the spontancous clectrical activity was observed as
exemplified in Fig. [ A. The bursting behavior proved stable up
to several days and was characterized by intervals with action
potentials (APs) intercalated by silent intervals without APs.



The mean duration period amounted to 49+9 scconds (n=14)
and was composed of a burst duration of 28+5 seconds and an
interburst interval of 21+6 seconds (Fig. 1B). Thus, the relative
burst duration amounted to 58+4% of the period duration. At
the beginning of the bursts, the instantaneous AP frequency
(reciprocal of the interval length) rapidly increased to a
maximal level of 2.4+1.4 Hz within 27+5% of the entire burst
duration (data from Fig. 1B, mean values not shown). Then,
the AP frequency slowly declined until a sudden stop of the
spontaneous electrical activity occurred (Fig. 1A).

A similar pattern of electrical activity has previously been
described for pancreatic -cells and corrclated with T arp
activity (Henquin and Meissner, 1984; Ashcroft et al., 1984;
Corkey ct al., 1988; Jonas ct al., 1998). Therefore, the nature
of the spontaneous bursting behavior in early cardiomyocytes
was further investigated by blocking Ik arp with glibenclamide
or by increasing Tg arp by the agonist cromakalim. As shown
in Fig. 2A, addition of glibenclamide (1 mmol/l final
concentration) to an EB resulted in suppression of the bursting
behavior for more than 20 minutes (Fig. 2A.B). During this
time, the EB displayed regular APs at a frequency of 4-5 Hz,
thereafier the bursting behavior slowly reappeared presumably
due to a binding of glibenclamide to extracellular proteins
(Coppack et al., 1990). Repetitive glibenclamide application
yiclded reproducible cffects as obscrved in all EBs tested
(n=37). An increase of the glibenclamide concentration led to
a prolongation of the suppression of the bursting behavior (data
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Fig. 1. Spontancous bursting behavior recorded with extracellular
electrodes in beating areas of whole EBs. (A) Typical recording of
the field potential (I'P) and instantaneous frequency, illustrating the
different phases of the bursting behavior: The behavior was
characterized by alternating bursts (b) and electrically silent intervals
(int). The bursts consisted ol an initial phase with increasing action
potential frequency (fi) followed by a phase with decreasing
frequency (fd). (B) Relationship between burst (= fi + fd) and
interval duration in 14 IBs. Ilach column represents a single LB,
showing mean values calculated from 10-15 successive burst periods.
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not shown). High concentrations of glibenclamide (100
mmol/l, n=5), which presumably blocked Ix arp completely,
suppressed bursting for about 20 minutes and then led to a
complete breakdown of the spiking activity (Fig. 2C) probably
due (o membrane depolarization and Ca*' overload.
Glibenclamide (2 or 10 [Imol/l) evoked in regularly beating
(non-bursting) EBs a strong positive chronotropic response
(n=2, data not shown). To exclude the known action of
glibenclamide on CI~ channcls we tested their possible
involvement on steady-state spontancous electrical activity of
EBs by partial replacement of CI™ by glutamale. In bursting as
well as non-bursting EBs no cffect was observed (data not
shown, n=9),

Application of cromakalim (100 [Imol/l, n=13), a known
opener of ATP sensitive K™ channels, to spontaneously
bursting EBs resulted in a reduction of the bursting duration
from 47+7 scconds to 244 seconds and a lengthening of the
interval from 2446 seconds to 4443 scconds (#=6). The
response (o cromakalim varied between cells. In two
experiments the period duration increased and the spontaneous
activity stopped completely (Fig. 3), in two the period duration
remained unaliered whereas it increased in the other two.
Therefore it is unclear whether the oscillator itself was
influenced by increased Ik arp activity. The abrupt halt of
beating in the two cxperiments was probably duc to membranc
hyperpolarization (see Fig. 8B). The effect of cromakalim was
reversible upon washout.

Since I arp is closely linked 1o the metabolic state of the
cell, the next set of experiments was designed to obtain more
information about the mechanisms inducing the bursting
behavior in EBs. Fig. 4 demonstrates that bursting could be
induced by reduction of fueling substrates from the
extracellular medium (see Malterials and Methods). Afier
addition of the substratc deprived saline a stable bursting
behavior was evoked after approximately 5 minutes (#=3, Fig.
4A). The bursting behavior could also be induced by increasing
the cnergy consumption, Isoproterenol and Bay K 8644 arc
well known for their positive inotropic and chronotropic effects
which will raise the fueling substrate demand of
cardiomyocytes. Isoproterenol (3-10 [Imol/l) caused an
immediate increase in the beating [requency by
1124£20%.(n=32). Tn 5 out of 23 investigated EBs, bursting
behavior appeared within 5-20 minutes. The effect of
isoproterenol was [ully reversible upon washout (data not
shown). Application of 1-10 1 mol/1 Bay K 8644 induccd an
increase of the AP frequency by 100=14% (#=20). During
transition to bursting. irrcgular oscillations of the AP frequency
occurred (Fig. 4B,C) in 5 out of these 20 experiments, which
developed over time into the typical bursting behavior (Fig.
4B). The cffect of Bay K 8644 was fully reversible after
washout.

In order lo investigate the spontaneous electrical activity and
the functional expression of Ig arp and other inward rectifier
K* currents in single ES-cell derived cardiomyocytes,
perforated patch clamp recordings were performed. In current
clamp recordings a bursting behavior identical to that observed
in the whole EB was detected (Fig. 5A). This behavior was
scen in about 5% of the single cells investigated. The bursting
was characterized by intervals of APs lasting for 266 scconds
interrupted by 21+5 second long intervals without APs (n=12
periods) which is similar to the [indings in extracellular
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recordings in EBs. During the bursting, a stcady
hyperpolarization and decline of the AP frequency occurred
(Fig. SD). A more detailed analysis of this experiment showed
that during a single burst the frequency diminished steadily
from a maximal frequency of about 3 Hz to about 1.5 Hz; the
rate of the frequency decline was 0.0520.006 Hz/sccond (n=10
periods). The action potential duration (APD) did not change
significantly between the beginning (134=1 milliseconds) and
the end of a burst (13644 milliseconds, =12 periods) (Fig.
5D). To rule out a possible involvement of cyclic changes of
the intracellular free Ca?' concentration [Ca2']i and the
possible activation of large-conductance Ca®*-activated K*
current (Ixca), we tesied whether the bursting behavior could
be altered by application of thapsigargin (Tg), a selective
inhibitor of the sarcoplasmatic Ca>'-ATPase. In Ca®' imaging
experiments we previously have found that application of Tg
leads 1o a fast rise in [Ca®"]; (Kolossov et al., 1998). As shown
in Fig. 6, Tg (0.5 1 mol/1) did not significantly alter the bursting
behavior (27+5 second long bursts, 2143 second without APs.,
n=12 periods after Tg application). Moreover, charybdotoxin
(100 [ mol/1), a blocker of T ca did not block outward currents

in voltage-clamp recordings (n=4, data not shown). Therefore,
in agreement with the extracellular recordings it was assumed
that Ix arp is preferentially involved in the generation of the
bursting behavior.

The functional expression of inward rectifier K™ channels
was investigated with wvoltage clamp recordings on
spontaneously beating early (7+2-4d) and late stage (7+9-
12d) ES cell-derived cardiomyocytes. Symmetrical high K'
containing solutions were used (o increase the amplitude of
the inward rectifier K™ currents. Currents were evoked by 150
millisecond lasting voltage steps, applied from a holding
potential (HP) of 0 mV to potentials ranging [rom =160 mV
10 +40 mV in 40 mV increments. This pulse protocol revealed
the inward rectifier current (Igy) in late stage cells (Fig.
7A.C), which was blocked by extracellular Ba?* (2 mmol/l,
Fig. 7B). Ik displayed fast inactivation at step potentials
negative to =40 mV (Fig. 1A). The Ba?" resistant current
component (Fig. 7B) was identified as the hyperpolarization
activated non sclective cation current (If) based on I/V-curve,
Cs" sensitivity and slow activation kinelics (data not shown).
In order to evoke Igarp, the metabolic uncoupler 24-
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dinitrophenol (DNP), a known activator of Ik arp (Wilde et
al., 1990) was applied at a concentration of 1 mmol/l. Afier
superfusion with DNP, a pronounced increase of the inward
current at negative potentials was noted (Fig. 7D). The DNP
effect occurred within 1-5 minutes of application (n=15). The
DNP-activated current was blocked by glibenclamide. In
order to obtain an instantaneous block of Ix arp a relatively
high concentration of glibenclamide (100 [l mol/l, n=4) was
chosen (Fig. 7E). In the presence of glibenclamide, the
sustained component of the inward current was reduced (Fig.
7C,E), suggesting that Igatp was open at rest. For the
isolation of the DNP-evoked current, traces in the presence
of glibenclamide and DNP (Fig. 7E) were subtracted from the
current traces in the presence of DNP alone (Fig. 7D). The
difference currents were inward currents at negative
potentials with fast activation kinetics, time-dependent
inactivation at the most negative step potential of =160 mV

and non-inactivaling currents al more positive potentials (Fig.
7F). The current-voltage (I/V) relationship of the difference
currents displayed inward rectification, with a reversal
potential close to 0 mV as expected for a K'-selective
conductance in symmetrical K' solutions (Fig. 7G). Thus,
several lines of evidence indicated that the DNP-induced K*
currents shown in Fig. 7 were Ig arp: (i) as it showed fast
activation kinetics, (ii) displayed inwardly rectifying 1/V-
behavior, (1i1) was evoked by DNP, and (iv) was blocked by
glibenclamide.

Ig1 density increased significantly during development with
a current density of 45.1H0.2 pA/pF (n=21) in carly slage
cardiomyocytes and of 90.945.3 pA/pF (n=21) in late stage
cardiomyocytes. In contrast, there was no significant difference
in T arp density between carly and late stage cardiomyocytes.
As shown in Fig. 7H Ix atp density at both differentiation
stages was around S0 pA/pF. This suggests that Ix arp is a
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functionally rclevant current which is alrcady expressed carly
during cardiomyogenesis.

The possible role of Ix arp in the regulation of the resting
membrane potential and in the spontancous electrical activity
of ES cell-derived cardiomyocytes was investigated in the
current clamp mode. Application of glibenclamide o a
spontaneously beating, early stage cardiomyocyte depolarized
the membrane potential and led to an increase in the beating
frequency (Fig. 8A) similar as scen in the extraccllular
recordings of whole EBs. Furthermore, superfusion of DNP (1
mmol/l) caused a sudden decline of the action polteniial (AP)
frequency shortly after drug application (4 out of 4 cclls
tested). The spontancous APs stopped completely and a
hyperpolarization of thc membrane potential was observed
(4.1£1 mV, n=4, Fig. 8B). Afller DNP washout, the
spontaneous electrical activity reappeared and the membrane

>
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potential returned to control values (Fig. 8B). These results
suggest that Ix atp is involved in the control of the membrane
potential and that further activation by DNP leads lo
hyperpolarization of the membrane potential and block of AP
generation, as observed during bursting,

DISCUSSION

We demonstrate the pivotal role of ATP-sensitive K*'-channels
in the control and metabolic modulation of cellular excitability
in carly stage cardiomyocytes. In extracellular recordings from
beating EBs as well as in patch-clamp studies we show a
prominent bursting of action potentials in murine. ES cell-
derived cardiomyocytes. Our hypothesis that Ix arp underlies
the bursting behavior is supported by several lines of evidence:
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Fig. 5. Spontancous bursting behavior in an ES cell-denved carly
stage cardiomyocyte (743 d) recorded with the perforated patch-
clamp technique in the current-clamp mode. (A) Instantancous AP
frequency (A) and membrane potential (B-D). This cell displayed
APs at decreasing frequency interrupted by intervals without APs.
The transition from a period with APs to a silent period was sudden
and accompanied by a prominent membrane potential
hyperpolarization. (C,D) Segments of B displayed in a more
extended time course.

(i) Application of the Ix atp blocker glibenclamide (1 ! mol/l)
converted bursting into regular beating, In single cells it
depolarized the membrane potential. (if) The Ik arp agonist
cromakalim resulted in a decrease of the bursting duration and
an increasc of the bursting interval. (iii) Reduction of metabolic
subslrates in the culture medium induced bursting behavior. In
parallel, a metabolic uncoupler, DNP, hyperpolarized the
membrane polential and decreased AP [requency in single
cells. (iv) Increased demand of fucling substrates by the
positive inotropic and chronotropic agonists, isoproterenol and
Bay K 8644 also evoked bursting. These substances are known
to raise the cellular energy demand by increasing [Ca®']; and
conscquently the ratc of membranc pumps and cxchangers.
Isoproterenol had an immediate positive chronotropic effect
and bursting occurred shortly after application. The positive
chronotropic response of Bay K 8644 had a longer latency and
therefore bursting appeared later. (v) In single cell experiments,
the interburst interval showed hyperpolarization suggesting the
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Fig. 6. Application of 0.5 0 mol/l thapsigargin (1g), a known
inhibitor of the sarcoplasmatic Ca*-ATPase, did nol allter the
bursting behavior (same cell as in Fig. 5). The instantaneous
frequency is shown in the upper panel, the membrane potential in the
lower panel.

activation of K* channels. Finally, (vi) ATP-dependent K*
channels were expressed at a higher densily as compared (o Ik
in early stage cardiomyocytes. The primary involvement of
other channels in the bursting behavior can be excluded since
CI™ replacement cxperiments did not alter the stecady state
membrane excitability, Na = channels are not [unclionally
involved in the APs of these carly stage cardiomyocytes
(Maltsev et al., 1994) and Ix ca was excluded in experiments
using Tg and charybdotoxin.

Oscillatory changes but not a bursting behavior of membrane
excitability have been previously shown in guinea pig
ventricular cardiomyocytes (O'Rourke et al., 1994). In this
study cyclic changes of ATP and NADPH activitics altcred
membrane excitability by influencing Ik arp. It is also known
that the activity of Ik arp is critically dependent on ADP.
Recent experiments have shown that the ADP binding site is
located on SUR and that ADP binding interferes with the ATP
block, which may occur directly at the KIR 6.2 channel (Shyng
et al., 1998a; Shyng and Nichols, 1998b; Ueda et al.. 1997,
1999). It has been suggested that ATP-requiring processes at
the cardiomyocyte membranc arc preferentially supported by
ATP produced via glycolysis (McDonald and MacLeod, 1973;
Bricknell and Opie, 1978: Weiss and Hiltbrand, 1985).
Moreover, a close link between ATP-generating glycolytic
cnzymes and ATP-scnsitive K* channcls has been suggested
(Weiss and Lamp, 1987, 1989). The different latencies of burst
induction between isoproterenol and Bay K 8644 may be
related o their different mechanisms of action and thus energy
consumption. The direct or indirect involvement of
mitochondrial oscillations (Aon et al., 1991) cannot be ruled
out completely for our system but appears unlikely since
bursting occurred spontaneously and could be induced in the
presence of extracellular glutamate and pyruvate, substrates
which can be used by the mitochondria for the oxidative
metabolism,

Similar (o the [indings of O’Rourke et al. (1994), an
oscillatory behavior of membrane excitability prior to bursting
was observed in experiments using Bay K 8644, Differences in
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Fig. 7. Perforated patch-clamp recordings in the voltage-clamp
mode trom ES cell-derived, spontancously beating, late stage
cardiomyocytes (719 d) in equimolar K™ solution. (A) Tnward
rectifier currents (Ix;): 150 milliseconds lasting voltage steps
were applied [rom a holding potential of O mV to step potentials
ranging from =160 mV to <40 mV in 40 mV 1ntervals. Ik
displayed a time dependent fast imactivation al negative step
potentials. (B) Ix; was blocked by application of extracellular
Ba2* at a concentration of 2 mmol/l. The Ba®* insensitive inward
current detected at negative step potentials was Ir. (C) ATP
sensilive K' current (Ig arp) expression in LS-cell denived
cardiomyocytes: Similarly to the cardiomyocyte in A, time-
dependent inactivating Tg| were observed al negative step
potentials (same voltage protocol as in A). (D) Application of |
mmol/l 2.4-dinitrophenol (DNP) induced with a short delay an
increase of currents displaying less time-dependent inactivation at
negative potentials. (E) Application of 100 [l mol/l glibenclamide
blocked DNP-evoked currents. Note the reduction of the Ig)
amplitude. (F) The subtraction of the currents in presence of
glibenclamide from the currents in presence of DNP yielded
mward rectifier non inactivating currents with fast activation
kinetics. (G) I/'V relationship of peak Ik arp obtained from D.
(H) T _arp density in early (7+2-4 d) and late (7+9-12 d) stage
cells. The current densities were similar at both stages.
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Fig. 8. L:flect of glibenclamide (glib) and DNP on resting membrane
potential and chronotropy of spontaneously beating, early stage ES
cell-derived cardiomyocytes (74+2d. 7+4 d) recorded with the
perforated patch-clamp technique. Note the relatively depolarized
membrane potential, characteristic for carly stage L'S cell-derived
cardiomyocytes. (A) Application ol 100 [ mol/l glibenclamide iduced
depolarization of the membrane potential and positive chronotropy.
(B) Application of 1 mmol/l DNP caused hyperpolarization of the
membrane potential and negative chronotropy. The APs halted nearly
completely, three APs of smaller amplitude were still observed during
the hyperpolanized period. Washout of DNP induced a recovery of the
spontaneous electrical activity.

energy balance and supply may explain the individual
spontancous electrical behavior of EBs in culture medium and
of EBs exposcd to extracellular solution or positive chronotropic
substances. In single cell recordings, however, the bursting
behavior was only rarely observed (5% of cells) and was not
induced upon application of DNP or withdrawal of metabolic
substrates. Thus, the conditions required for the entrainment of
the primary oscillatory rhythm generator, which in case of the
glycolytic pathway is critically dependent on substrate influx
(Boiteux et al., 1975: Markus et al., 1984), may be difficult to
maintain with patch-clamp recordings in single cells.

Ik arp probably plays an important role during the initial
period of ischemia and hypoxia in the adult heart (Thierlelder
et al., 1994a). 1t is not yet clear though, if Ixarp has a



cardioprotective (reduction of contractile work) (Cole et al.,
1991; Grover et al., 1989: Gross and Auchampach, 1992) or
proarrhythmic cffects (shortening of the action potential
duration) (Janse and Wit, 1989; O’Rourke et al., 1994) under
conditions of metabolic stress. Ik displays a partial run-down
under hypoxic conditions, which makes the role of Ik arp in
the control of the resting membranc potential (Noma and
Shibasaki, 1985; Trube and Hescheler, 1984; Xic et al., 1997)
even more important. Moreover, the low Ig; densities in ES
cell-derived cardiomyocytes detecled in the present study
favors prominent changes of the membrane potential upon
further closing or opening of ATP-sensitive K' channels, as the
current clamp experiments with glibenclamide or DNP
demonstrate. This is in line with findings in fetal ventricular
cardiomyocytes of the rat, where higher densities for Ix arp
than for Ig ) were reported (Xie et al.. 1997). Furthermore, a
prominent expression of Ix arp was also detected in embryonal
murinc cardiomyocytes (Davies ct al., 1996). The relevant role
of Ikarp in the control of resting membrane potential in
particular under conditions of metabolic siress is further
underlined by the observation that at this early stage the
transient outward rectifier potassium current T, plays an
important role in regulating the membrane potential (O.
Gryshchenko and B. K. Fleischmann, unpublished results) and
that this current is depressed by hypoxia (Thierfelder et al.,
1994b).

In a recent report mice deficient of the KIR 6.2 gene (Miki
etal., 1998), known to encode among others the ATP sensitive
channel in heart muscle (Babenko et al., 1998a.b), are not
sulfering of a major pancreatic and/or cardiac defects. This
indicates either that Ik _atp is not initially important role during
embryonic cardiogenesis or thal compensatory mechanisms
may arise due to the general nature of the knock out.

We conclude that Ik are is in contrast (o the adull heart a
major determinant for cellular excitability during early
cardiomyogenesis. Due to this important role metabolic
oscillations can directly be translated into bursting of APs.
These cyclic changes of electrical activity may reduce the
workload and increase Ca?' extrusion through the forward
mode of the Na*-Ca®" exchanger, Thus, bursting behavior may
serve as a cardioprotective mechanism under conditions of low
O; saturation in the embryo.

We thank Dr A. M. Wobus [or supplying us with the Oz ES cell
line. We thank Marianne Faulhaber, Birgit Hops and Claudia
Maychrzak for cell culture work and Dr Susanne Ullrich for critically
reading the manuscript. We acknowledge the electronic and mechanic
workshop of the institute for their skillful technical support. Bay K
8644 was a pift from Bayer (Wuppertal, Germany).

REFERENCES

Aon, M. A, Cortassa, S., Westerhoff, H. V., Berden, J. A., Van Spronsen,
E. and Van Dam, K. (1991). Dynamic regulation of yeast glycolytic
oscillations by mitochondrial functions, J. Cell Sci. 99, 325-334.

Ashcroft, F. M., Harrison, D. E. and Asheroft, 8. J. (1984). Glucose mnduces
closure of single potassium channels in 1solated rat pancreatic beta-cells.
Narure 312, 446-448.

Babenko, A. P, Aguilar-Bryan, L. and Bryan, J. (1998a). A view of
sur/KIR6.X, KATP channels. dnmu. Rev. Physiol. 60, 667-687.

Babenko, A. P., Gonzalez, G., Aguilar-Bryan, L. and Bryan, J. (1998b).
Reconstituted human cardiac KATP channels: functional identity with the

43

native channels from the sarcolemma of human ventricular cells. Cire. Res
83, 1132-1143.

Benndorf, K., Bollmann, G.. Friedrich, M. and Hirche, H. (1992). Anoxia
induces time-independent K™ current through KATP channels in 1solated
heart cells of the guinea-pig. J Physiol. Lond. 454, 339-357

Boiteux, A., Goldbeter, A. and Iess, B. (1975). Control of oscillating
glycolysis of yeast by stochastic, periodic, and steady source of substrate: a
model and experimental study. Proc. Nat. Acad. Sci. USA 72, 3829-3833.

Bradley, A., Evans, M., Kaufman, M. H. and Robertson, E. (1984).
Formation of germ-line chimaeras from embryo-denived teratocarcinoma
cell lines. Nature 309, 255-256.

Bricknell, O. L. and Opie, L. II. (1978). Lffcets of substrates on tissue
metabohic changes in the isolated rat heart during underperfusion and on
release of lactate dehydrogenase and arrhythmias during reperfusion. Cire.
Res. 43, 102-115,

Cole, W. (., McPherson, C. D. and Sontag, D. (1991). ATP-regulated K*
channels protect the myocardium against ischemiareperfusion damage.
Cire, Res. 69, 571-581.

Coppack, S. W., Lant, A. F,, McIntosh, C. S. and Rodgers, A. V. (1990)
Pharmacokinetic and pharmacodynamic studics of glibenclamide in non-
insulin dependent diabetes mellitus. Br: J. Clin. Pharmacol. 29, 673-684.

Clorkey, B. E., Tornheim, K., Deeney, J. T., Glennon, M. C., Parker, 1. C.,
Matschinsky, F. M., Ruderman, N. B. and Prentki, M. (1988). Linked
oscillations of free Ca> and the ATP/ADP ratio in permeabilized RINmSF
insulinoma cells supplemented with a glycolyzing cell-free muscle extract,
J Biol. Chem. 263, 4254-4258.

Davies, M. P., An, R. II., Doevendans, P., Kubalak. S., Chien, K. R. and
Kass, R. S. (1996). Developmental changes in jonic channel activity in the
embryonic murine heart. Cire. Res. 78, 15-25.

Doetschman, T. C., Eistetter, H., Katz, M., Schmidt, W. and Kemler, R.
(1985). The in vitro development of blastocyst-derived embryonic stem cell
lines: formation of visceral yolk sac, blood islands and myvocardium. J.
Embryvol. Exp. Morphol. 87, 27-45.

Frenkel, R. (1966). Reduced diphosphopyridine nucleotide oscillations in
cell-free extracts from beel heart. Arch. Biochem. Biophys. 115, 112-121.
Geschwind, J. ¥, Hiriart, M., Glennon, M. C., Najalfi, II., Corkey, B. E.,
Matschinsky, F. M. and Prentki, M. (1989). Selective activation of Ca’'
influx by extracellular ATP in a pancreatic beta-cell line (HIT). Biochim.

Biophys. Acta 1012, 107-115.

Gross, G. J. and Auchampach, J. A. (1992). Role of AIP dependent
potassium channels in myocardial ischaemia. Cardiovasc. Res. 26, 1011-
1016.

Grover, G. J.. McCullough, J. R., Henry, D. E., Conder, M. L. and Sleph,
P. G. (1989). Anti-ischemic effects of the potassium channel activators
pinacidil and cromakalim and the reversal of these effects with the potassium
channel blocker glvburide. J. Pharmacol. Exp. Ther. 251, 98-104.

Hamill, O. P., Marty, A, Neher, E., Sakmann, B. and Sigworth, F. I. (1981).

Improved patch-clamp techniques for high-resolution current recording

from cells and cell-frec membrance patches. Pflugers Arch. 391, 85-100.
quin, J. C., Mei r, II. P. and Schmeer, W. (1982). Cyclic variations

of glucose-induced electrical activity in pancreatic B cells. Pflugers Arch.

393, 322-327.

Henquin, J. C. and Meissner, H. P. (1984). Significance of ionic fluxes and
changes in membrane potential for stimulus-secretion coupling in pancreatic
B-cells. Experientia 40, 1043-1052.

Hescheler 1., Fleischmann B. K., Lentini S., Maltsev V. A., Rohwedel J.,
Wobus A. M. and Addicks K. Embryonic stem cells: & model to study
structural  and  [unctional properties  in  cardiomyogenesis  (1997)
Cardiovasc. Res. 36, 149-162.

Inagaki, N.. Gonoi, T., Clement, J. P. 4., Namba, N., Inazawa, J., Gonzalez,
G., Aguilar Bryan, L., Seino, S. and Bryan, J. (1995). Reconstitution of
IKATP: an inward rectifier subunit plus the sulfonylurea receptor. Science
270, 1166-1170.

Janse, M. J. and Wit, A. L. (1989). Electrophysiological mechamsms of
ventricular arrhythmias resulting from myocardial ischemia and infarction.
Physiol. Rev. 69, 1049-1169.

Jonas, J. C., Gilon, P. and Henquin, J. C. (1998). Temporal and quantitative
correlations between insulin secretion and stably elevated or oscillatory
cytoplasmic Ca®~ in mouse pancreatic beta-cells, Diabetes 47, 1266-1273.

Kolossov, E.. Fleisch B. K.. Liu, Q., Bloch, W.,, Viatchenko-
Karpinski, S., Manzke, O., Ji, G. J.,, Bohlen, H., Addicks, K. and
Hescheler, J. (1998). Functional characterisites of ES cell-derived cardiac
precursor cells identified by tissuc specific expression of the Green
Fluorescent Protein, J. Cell Biol. 143, 2045-2056




Korn, S. I and Horn, R. (1989). Influence of sodium-calcium exchange on
caleium current rundown and the duration of calcium-dependent chloride
currents i pituitary cells, studied with whole cell and perforated patch
recording. J. Gen. Physiol. 94, 789-812.

Maltsev, V. A., Rohwedel, J., Hescheler, J. and Wobus, A. M. (1993).
Embryonic stem cells differentiate in vitro into cardiomyoeytes representing
sinusnodal, atrial and veatricular cell types. Mech. Der. 44, 41-50.

Maltsev, V. A., Wobus, A. M., Rohwedel, J., Bader, M. and Hescheler, J.
(1994). Cardiomyocytes differentiated in vitro from embryonic stem cells
developmentally express cardiac-specilic genes and ionic currents. Cire
Res. 75, 233-244.

Markus, M., Kuschmitz, D. and Hess, B. (1984). Chaotic dynamics in veast
glycolysis under periodic substrate input flux. FEBS Lerr. 172, 235-238.
McDonald, T. I. and MacLeod, D. P. (1973). Mclabolism and the clectrical

activity of anoxie ventricular muscle. J. Physiol. Lond, 229, 559-382

Meissner, H. P. and Preissler, M. (1979). Glucose-induced changes of the
membrane potential of pancreatic B-cells: their significance for the
regulation of insulin release. Advan. Exp. Med. Biol. 119, 97-107.

Miki, L., Nagashima, K., Tashiro, K, Kotake, K., Yoshitomi, H.,
Tamamoto, A.. Gonoi. T., Iwanaga, T., Miyazaki, J. and Seino, S. (1998).
Defective insulin secretion and enhanced nsulin action in KATP channel-
deficient mice. Proc. Nat. Acad. Sci. US4 95, 10402-10406.

Miller Hance, W. C., LaCorbiere, M., Fuller, S. J., Evans, S. M., Lyons,
G.. Schmidt, C., Robbins, J. and Chien, K. R. (1993). In vitro chamber
specification during embryonic stem cell cardiogenesis. Expression of the
ventricular myosin light chamn-2 gene 1s independent of heart tube formation.
J. Biol. Chem. 268, 25244-25252.

Mucller-Klieser, W. (1997). Three-dimensional cell cultures: from molecular
mechanisms to clinical applications. Am. J. Phvsiol. 273. C1109-1123.

Nichols, C. G., Ripoll, C. and Lederer, W. J. (1991). ATP-sensitive
potassium channel modulation of the guinea pig ventricular action potential
and contraction. Circ. Res. 68, 280-287.

Noma, A. (1983). ATP-regulated K* channels i cardiac muscle. Nafure 305,
147-148.

Noma, A. and Shibasaki, T. (1985). Membrane current through adenosme-
triphosphate-regulated potassium channels in guinea-pig ventricular cells. J.
Physiol Lond. 363, 463-480).

O’Rourke, B., Ramza, B. M. and Marban, E. (1994) Oscillations of
membrane current and excitability driven by metabolic oscillations in heart
cells. Science 265, 962-966.

Shyng, S. L., Ferrigni, T., Shepard, J. B., Nestorowicz, A., Glaser, B.,
Permutt, M. A. and Nichols, C. G. (1998a). Functional analyses of novel
mutations in the sulfonylurea receptor 1 associated with persistent
hyperinsulinemic hypoglycemia of infancy. Diabetes 47, 1145-1151.

44

Shyng, S. L. and Nichols, C. G. (1998h). Membrane phospholipid control of
nucleotide sensitivity of KATP channels. Science 282, 1138-1141.

Thierfelder, 5., Doepner, B., Gebhardt, C., Hirche, H. and Benndorf, K.
(1994a). ATP-sensitive K' channels in heart muscle cells first open and
subsequently close at maintained anoxia. FEBS Leit. 351, 365-369.

Thierfelder, S.. Hirche, H. and Benndorf, K. (1994b). Anoxia decreases the
transient K' outward current in isolated ventricular heart cells of the mouse.
Pflugers Arch. 427, 547-549.

Tornheim, K. and Lowenstein, J. M. (1975). The purine nucleotide cyele.
Control of phosphofructokinase and glycolytic oscillations in muscle
extracts. J. Biol. Chem. 250, 6304-6314.

Trube, G. and Hescheler, J. (1984). Inward-rectifying channels in isolated
patches of the heart cell membrane: ATP-dependence and comparison with
cell-attached patches. Pflugers Arch. 401, 178-184.

Ueda, K., Inagaki, N. and Seino, S. (1997). MgADP antagonism to Mg?*-
independent ATP binding of the sulfonylurea receptor SURL, J. Biol Chem.
272, 22983-22986.

Ueda, K., Komine, J., Matsuo, M., Seino, S. and Amachi, T. (1999).
Cooperalive binding of ATP and MgADP i the sulfonylurea receptor is
modulated by glibenclamide. Proc. Nat. Acad. Sci. USA 96, 1268-1272.

Weiss, J. and Hilthrand, B. (1985). Functional compartmentation of
glycolytic versus oxidative metabolism in isolated rabbit heart. J. Clin.
Invest. 7S, 436-447.

Weiss, J. N. and Lamp, S. T. (1987). Glycolysis preferentially inhibits ATP-
sensitive K™ channels in isolated guinea pig cardiac myocytes. Science 238.
67-69.

Weiss, J. N. and Lamp, S. T. (1989). Cardiac ATP-sensitive K' channels.
Evidence for preferential regulation by glycolysis. J. Gen. Physiol 94, 911-
93s.

Westfall, M. V., Pasyk, K. A., Yule, D. 1., Samuelson, L. C. and Metzger,
J. M. (1997). Ultrastructure and cell-cell coupling of cardiac myocytes
differentiating in embryonic stem cell cultures. Cell Mord. Cyroskel. 36.
43-54.

Wilde, A. A., Escande, D., Schumacher, C. A., Thuringer, D., Mestre, M.,
Fiolet, J. W. and Janse, M. J. (1990). Potassium accumulation in the
globally ischemic mammalian heart. A role for the ATP-sensitive potassium
channel, Cire. Res. 67, 835-843.

Wobus, A. M.. Wallukat. G. and Ilescheler, J. (1991). Pluripotent mouse
embryonic stem cells are able to differentiate into cardiomyocytes
expressing chronotropic responses (o adrenergic and cholinergic agents and
Ca®* channel blockers. Differentiation 48, 173-182.

Xie, L. H., Takano, M. and Noma, A. (1997). Development of mwardly
rectifving K' channel family in rat ventricular myocytes. Am. J. Physiol.
272, H1741-50.




45

1.3. BuyTpimnbokaiTunni koausannsa Ca?" BUKJIMKAIOTH CIOHTAHHI
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ABSTRACT Activity of cardiac pacemaker cells is caused
by a balanced interplay of ion channels. However, it is not
known how the rhythmic beating is initiated during early
stages of cardiomyogenesis, when the expression of ion chan-
nels is still incomplete. Based on the observation that early-
stage embryonic stem cell-derived cardiomyocytes continu-
ously contracted in high extracellular K* solution, here we
provide experimental evidence that the spontaneous activity
of these cells is not generated by transmembrane ion currents,
but by intracellular [Ca?*]; oscillations. This early activity
was clearly independent of voltage dependent L-type Ca®*
channels and the interplay between these and ryanodine
sensitive Ca** stores. We also show that intracellular Ca2*
oscillations evoke small membrane depolarizations and that
these can trigger L-type Ca?* channel driven action poten-
tials.

It is postulated that the heart is contracting because of the
electromechanical coupling. First, an action potential (AP) is
evoked leading to the opening of voltage-dependent L-type
Ca’" channels (VDCCs). Second, the Ca®" entering into the
cardiomyocyte through VDCC triggers the release of Ca®'
from the ryanodine-sensitive Ca®* stores [Ca®'-induced Ca®*
release (CICR)], leading to a marked increase of the [ree
cytosolic Ca?* concentration ([Ca®" ];) (1-4). This mechanism
raises [Ca**]; high enough to initiate the interaction of the
contractile filaments and subsequent contractions. Additional
confirmation of this hypothesis has been provided by the
finding of Ca®* sparks (5).

In the sinus node and the cells of the conduction system,
VDCCs are rhythmically activated by diastolic depolarizations
and related APs (6-9). The hyperpolarization activated non-
selective cation current (I;) underlying these spontancous
diastolic depolarizations (10) has rccently been cloned
(11-13).

The rhythmic APs, CICR, and contractions require the
functional expression of a variety of membrane ion channels
and intracellular Ca®" release sites (14), as well as Ca’"
extrusion mechanisms (15). Previous studies showed, however,
that murine embryonic cardiomyocytes do not express the full
ensemble of ion channels and that some channels are ex-
pressed at lower densities (16, 17, 17, 18). Therefore, we
wondered whether these cells displayed already spontaneous
clectrical activity and CICR.

Cardiomyocytes before day embryonic day 11 post coitum,
cannot be obtained from the embryo because the heart is too
small to be subjected to single cell preparations (17). Recent
work has established the embryoid body (EB) cell system as a
tool for the investigation of early cardiomyogenesis (18-20).
Ultrastructural (18), molecular biological (21), and electro-
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physiological (16, 22) studies have demonstrated that, within
the EB, the various stages of cardiomyogenesis parallel the
murine heart development.

Here, we provide evidence that spontaneous contractions of
early cardiomyocytes ditferentiated within EBs do not require
CICR but are triggered by [Ca®'], oscillations. We further
show that these [Ca**]; oscillations, rather than CICR, induce
the earliest APs in these cardiomyocytes.

MATERIALS AND METHODS

Cell Preparation. Cardiomyocytes were derived from the
pluripotent embryonic stem (ES) cell line D3 (19, 20). The
differentiation protocol was similar, as described before (16,
20). In brief, undifferentiated ES cells were cultivated on
feeder layers and, for passaging. were dispersed with trypsin.
Embryoid bodies (EBs) were generated by cultivating the ES
cells first for 2 days in hanging drops (400 cells/20 pl), then for
5 days in suspension, and finally by plating for 1-15 days on
gelatin-coated glass coverslips. About 12-24 hours affer plat-
ing, spontaneously contracting cell clusters appeared. For the
preparation of isolated stage-1 (differentiated for 9 days),
stage-2 (differentiated for 10-11 days), and stage-4 (differen-
tiated for 17-22 days) cardiomyocytes, beating areas of 20-30
EBs were dissected and isolated by enzymatic dispersion by
using collagenase B (Boehringer Ingelheim), as described in
more detail by Maltsev er al. (16). The solution used for
dissociation of the dissected areas contained (in mM): NaCl
120, KC1 5.4, MgSO, 5, CaCl; 0.03, Na pyruvate 5, glucose 20,
taurine 20, Hepes 10, collagenase B 0.5-1 mg/ml, pH 6.9
(NaOH). The dissociated material was plated onto glass
coverslips and was stored in the incubator. Within the first 12
hours, cells attached to the glass surface.

Electrophysielogy. For clectrophysiological recordings, the
glass coverslips were transferred 1o a temperature-controlled
recording chamber and were superfused with extracellular
solution. Only spontancously beating cells were selected for
the experiments. Cellular electrical activity was recorded in the
current-clamp and voltage-clamp mode (23) by using the
perforated patch-clamp configuration (24). lonic currents
were recorded by using an Axopatch 200 A (Axon Instruments,
Foster City, CA) or an EPC-9 amplifier (HEKA Electronics,
Lambrecht/Pfalz. Germany). Data were acquired by using the
180 2 (MFK, Niedernhausen, Germany) or the PULSE (HEKA
Electronics) software package. Data were digitized at 10 kHz
and were filtered at 1 kHz.

Pipettes (3-4 megaohms) were prepared on a DMZ Uni-
versal Puller (DMZ, Miinchen, Germany) from 1.5-mm bo-

Abbreviations: AP, action potential; VDCC, voltage-dependent L-
type Ca?' channels; CICR. Ca?'-induced Ca?* release; EB, embry-
onic body; ES cell, embryonic stem cell: CLSM. confocal laser
scanning microscopy.

*S.V.-K. and B.K.F. contributed equally to the manuseript.
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rosilicate glass capillaries (Clark Electromedical Instruments,
Reading, U.K.). The composition of the different recording
solutions used was the following (in mM): Extracellular solu-
tions: NaCl 140, KC15, CaCl; 2, MgCl; 2, Hepes 5, and glucose
10: high K* solution: NaCl 5, KCI 140, CaCl, 2, MgCl; 2, Hepes
3, and glucose 10; low Na* solution: NaCl 15, KCI 5, CholineCl
120, CaCl, 2, MgCla 2, Hepes 5, and glucose 10; low Na*-, high
K" solution: NaCl 15, KCI 140, MgCl, 2, Hepes 5, and glucose
10, pH 7.4 (NaOH); intracellular solution: KCI 55, K,SO4 70,
MgCl 7, and Hepes 10, pH 7.4 (KOH). Amphotericin B
(Sigma) was dissolved (7.5 mg) as stock solution in 125 ul of
DMSO. The pipette was backfilled with amphotericin con-
taining intracellular solution, and the pipette tip was shortly
put into amphotericin free intracellular solution. The final
concentration of amphotericin B in the pipette solution was |
mg/ml. The series resistance reached a steady-state level of
10-20 megaohms within 5-15 min after obtaining a gigaohm
seal. All experiments were carried out at 35-37°C. Data are
given as means + SEM.

[Ca**]; Measurements with the Photomultiplier Tube. Cells
were loaded for 12-15 min in DMEM with the cell-permeable
dye fura-2AM (1 pM, Molecular Probes) at 37°C. Then,
coverslips were transferred to a temperature-controlled re-
cording chamber and were perfused for 10 min with extracel-
lular solution before the start of the experiments. Superfusion
was performed by gravity at a rate of 1 ml/min. A 90% volume
exchange was achieved within =10 sec. Monochromic excita-
tion light (340, 380 nm) was generated by a monochromator at
a frequency of 50 Hz (TILL Photonics, Planegg, Germany).
The monochromator was coupled to the epifluorescence at-
tachment of an inverted microscope (Zeiss, 135M) through a
small quartz light guide. The excitation light was dirccted to the
objective (40X, Zeiss) via a dichroic mirror (TILL Photonics).
The emitted fluorescence from the fura-2 loaded cells was
monitored through a 470-nm interference filter by using a
photomultiplier attached to the anterior port of the micro-
scope. Spontaneously beating cardiomyocytes were investi-
gated. The cell of interest was identified before the experiment,
and other cells were excluded from the visual field with an iris
mounted on the epifluorescence attachment. Fluorescence
intensities were stored on a videotape by using a pulse-code
modulator (VR 100, Instrutech, Mineola, NY). Background
fluorescence was determined at the end of the experiments by
removing the cell of interest from the visual field and deter-
mining the remaining fluorescence. The fluorescence of un-
loaded cardiomyocytes was negligible. For analysis, data were
downloaded from the videotape via pulse-code modulator into
an Axon software program (Axon Instruments) at a sampling
rate of 250 Hz and were filtered at 100 Hz. Files in ASCII
format were imported into a spreadsheet program (SIGMA
pLOT, Jandel Scientific, Erkrath, Germany), and background
intensities were subtracted at both wavelengths individually.
The data are displayed as 340/380 ratios.

Confocal Laser Scanning Microscopy (CLSM). [Ca*" ], was
monitored in whole EBs as well as in single cardiac cells by
using the fluorescent dye fluo-3, AM (Molecular Probes).
Cells were loaded for 15 min in DMEM with 10 uM fluo-3,
AM and were dissolved in dimethyl sulfoxide (final concen-
tration 0.1%) and pluronic F-127 (Molecular Probes, final
concentration <<().025%). Then, the coverslips were rinsed in
the standard extracellular solution and were transferred to the
recording chamber. Fluo-3 fluorescence was monitored by an
inverted CLSM (LSM 410, Zeciss) using a 25X objective
numerical aperture 0.80 (Neofluar, Zeiss). For fluorescence
excitation, the 488-nm band of an argon laser was used.
Emission was recorded by using a longpass LP 515 filter set.
Pixel images (265 X 265 and 128 X 100 images) were acquired
every 0.36 and 0.15 sec, respectively. To determine contrac-
tions of cardiomyocytes, transmission images and fluorescence
images were recorded simultancously by using the overlay
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option of the confocal setup. Contractions of cardiomyocytes
caused changes in light diffraction in the transmission image
and were monitored as deviations from the basal gray level.
Processing of images was carried out by using the time-
software facilitics of the confocal sctup. Images were acquired
and stored to 16-megabyte video memory of the confocal setup
at the selected time intervals indicated. Each series of images
was scaled between pixel intensity 0 (background fluores-
cence) and 255 (maximum fluorescence in that series). The
pixel values in a region of interest (selected by using an overlay
mask) were analyzed by using SIGMA PLOT. The {luorescence
changes occurring within single cells during the time course of
the experiment were individually recorded, and the data were
presented in arbitrary units as percentage of fluorescence
variation F with respect to the resting level Fq.

Test Substances. Bay K 8644 and nisoldipine (kindly pro-
vided by Bayer AG, Leverkusen, Germany) were dissolved in
ethanol (final concentration <0.192) and thapsigargin (Mo-
lecular Probes) was dissolved in DMSO ({inal concentration
<0.1%). All remaining substances used were purchased from
Sigma, were dissolved to the final concentration in extracel-
lular solution, and were applied by gravitational flow. Caf-
feine was applied through a puffer pipette (General Valve,
Fairfield, NJ).

RESULTS

Pluripotent, murine ES cells of the cell line D3 were differ-
entiated as EBs to investigate stage-1 (differentiated for 8-9
days) and stage-2 (differentiated for 10-11 days) cardiomyo-
cytes corresponding to a stage before embryonic day 11 post
coitum of the murine embryonic heart. Terminally differen-
tiated (stage 4) cardiomyocytes (diffcrentiated for 16-22 days)
resembled the different cardiac cell phenotypes of murine
neonates (16, 19, 20).

Our study was initiated by the observation that stage-1 and
-2 cardiomyocytes stably contracted for hours under condi-
tions in which the membrane potential was depolarized by
superfusion with 140 mM K™. A similar contraction frequency
of =1 Hz occurred in the presence of physiological saline
solution and high K*. This feature was not observed in stage-4
ES cell-derived cardiomyocytes. which, similarly to adult car-
diomyocytes, showed hypercontraction and cell death within
seconds of exposure to high K*.

Because omission of extracellular Ca** did not stop con-
tractions immediately, we examined whether rhythmic changes
of [Ca?"]; generated these contractions in stage-1 and -2
cardiomyocytes. By using CLSM as well as photometry, [Ca**];
was measured under physiological conditions, in the presence
of 140 mM K', and after pharmacological intervention. As
seen in Fig. 14, [Ca®']; oscillations were observed with the
cells in normal extracellular solution. Application of high K'
led to a transient rise of [Ca®*|;, presumably because of the
activation of VDCC. During the declining phase rhythmic,
large-amplitude [Ca**]; oscillations occurred. These were
time-locked with the spontaneous contractile activity (n = 3),
indicating that they were driven by the [Ca®"); oscillations.
Spontaneously contracting fura-2 loaded stage-1 and -2 car-
diomyocytes displayed deflections of 340/380-nm signals in
opposite directions. This excluded that the observed changes
of [Ca*"]; were evoked by movement artifacts. To further
confirm that [Ca*]; oscillations are unrelated to membrane
channels, different pharmacological agents were tested in
regard to their efficacy in interrupting the oscillations (Fig. 1
B-D). The persistence of [Ca**|; oscillations and contractions
under high K* made the involvement of VDCC unlikely. This
was corroborated by the observation that [Ca®' |; oscillations
continued in the presence of the selective VDCC blocker
nisoldipine (2 uM) (Fig. 1B, n = 5). The significantly faster
decline of the 340/380 ratio in normal extracellular solution as
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Fic. 1. (A) Effect of high K™ on [Ca®']; oscillations and contractions observed with CLSM in a single stage-2 cardiomyocyte. Depolarization
resulted in a transient rise of [Ca®™];, presumably because of the activation of VDCC channels and in an alteration of the amplitude and frequency
of oscillations. The insct shows ccll contractions time-locked with [Ca* |; oscillations during superfusion with high K*. Cell membrane
depolarization resulted in an initial discontinuation of contractions, which resumed with the decline of [Ca®*]i. F/Fo indicates the ratio between
the actual and the initial intensity of the fluorescent dye. Grey-levels represent the intensity of the transmitted light, which varied with cell
contraction. (B-D) Effect of different pharmacological agents on 340/380 ratios in fura-2AM-loaded spontaneously beating stage-2 cells. (8) The
VDCC blocker nisoldipine (2 M) did not impair [Ca®*|; oscillations but lead to a lowering of steady-state [Ca?*]; levels. (C) Similarly, Ni>* (2
mM), known to block the Na“-Ca?" exchanger, did not interrupt [Ca?']; oscillations. (D) The Ca?*-ATPase inhibitor thapsigargin (100 nM) led
to an abrupt halt of the [Ca®~]; oscillations and a concomitant increase of the resting [Ca~].

compared with high K* solution indicated the functional
expression of the Na*-Ca’* exchanger in stage-1 and -2
cardiomyocytes (n = 11) (25, 26). However, it is unlikely that
the Na'-Ca’" exchanger evoked the [Ca®']; oscillations
through its backward mode (27) or its reduced activity in high
K" (28) because these persisted even after addition of 2 mM
Ni**, a known blocker of the Na*-Ca>* exchanger (Fig. 1C;
note the slowing of the decline of the 340/380 ration, n = 2)
or Ni** plus nisoldipine (n = 3, data not shown). In contrast,
thapsigargin, a sarcoplasmic Ca’®'-ATPase inhibitor, led 1o a
rise in [Ca?"]; and an abrupt halt of [Ca®']; oscillations (Fig.
ID, n = 7), showing that these intracellular [Ca®*]; oscillations
drive spontancous contractions in stage-1 and -2 cardiomyo-
cytes.

To examine whether the [Ca** |; oscillations translated into
changes of the membrane potential, current clamp experi-
ments were performed. Stage-1 cells were characterized by a
depolarized resting potential (minimal diastolic potential,
=56 = 14 mV, n = 14) and APs of small amplitude (=30 mV,
Fig. 24). Most of the stage-2 cells also showed depolarized
resting potentials (=62 = 10 mV, n = 9) but already displayed
APs of larger amplitude (=30 mV. Fig. 2 B and C). Stage-1 and
most of the stage-2 cardiomyoctes were characterized by small
fluctuations of the membrane potential intercalated between
the APs (Fig. 2 A-C). These fluctuations occurred at a
frequency of 1.3 £ 0.5 Hz (n = 18), were associated with
spontancous contractions of the cells, and proved to depend on
the resting potential. In cardiomyocytes with resting potentials
negative to —40 mV, the average amplitude amounted to 17 =
1mV (n = 19), and, in those with resting potentials positive to
—40 mV, the amplitude was 9 = 2 mV (n = 8). Stage-4
sinusnodal-like cardiomyocytes displayed diastolic depolariza-
tions (Fig. 2D). These cells are known to express Iyand Ix acn
(16). In contrast to stage 1 and 2, stage-4 cardiomyocytes did

not display the small fluctuations (see Fig. 2D), suggesting a
correlation between the [Ca®* | oscillations and the membrane
potential fluctuations. Therefore, the origin of these was
further investigated by pharmacological tools. Superfusion
with 140 mM K* depolarized the resting potential of stage-1
and -2 cells close to 0 mV and interrupted both APs and
membrane potential fluctuations (Fig. 34, n = 4). However,
the cardiomyocytes continued to display spontaneous contrac-
tions (microscopic observation). Addition of the VDCC
blocker nisoldipine (S0 nM, n = 4) interrupted the generation
of APs but not the membrane potential fluctuations and the
accompanying contractions (Fig. 3B). APs and membrane
potential fluctuations as well as contractions were completely
blocked by addition of thapsigargin (Fig. 3C, 100 nM, n = 3).
These data indicate that (/) the membrane potential fluctua-
tions do not trigger the [Ca®* |; oscillations, (if) the fluctuations
depend on the filling state of intracellular Ca”* stores. (#i) the
fluctuations are independent of the opening of VDCC. and (iv)
the APs are triggered by the fluctuations. Hence, Ca®" imaging
and patch-clamp experiments in the current clamp mode
demonstrate that spontaneous contractions of cardiomyocytes
during early development depend neither on the membrane
potential nor on the transmembrane L-type Ca®* current but
are governed by [Ca®"|; oscillations.

Because early APs are not required for the generation of
contractions, they must serve another function in the early
embryonic heart. It is known that ES cell-derived cardiomy-
ocytes express connexin, forming functional gap-junctions very
early during development (29). Hence, we wondered whether
the early APs are required to provide synchronization of
contractions between cardiomyocytes. Therefore, isolated
clusters of cardiomyocytes were loaded with the cell permeable
dye fluo3-AM. CLSM revealed Ca’" waves propagating with
avelocity of 300 = 64 pm/sec (n = 3). Waves synchronous with
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FiG. 2. Electrical activity recorded in spontaneously beating ES
cell-derived cardiomyocytes in the current clamp mode. (A4) Typical
recording from a stage-1 cell with depolarized resting potential and
APs of small amplitude. Membrane potential fluctuations (marked by
an asterisk) shown at extended scales (vertical calibration bar repre-
sents 10 mV) on the right were intercalated between APs. (B) Stage-2
cells displayed typically depolarized resting potentials but larger APs
than stage-1 cells. The membrane potential fluctuations were still
observed. (C) Transitional stage (stage 2) cell, which displayed a more
negative resting potential and small diastolic depolarizations betore
the generation of APs. Membrane potential fluctuations were still
present. (D) Stage-4 pacemaker-like cells were characterized by an
unstable resting potential and the typical diastolic depolarization.

cell contractions were observed in single cells as well as in
beating foci in plated EBs, excluding Ca®" overload caused by
cell damage by enzymatic dissociation as the underlying mech-
anism. Fig. 4 shows recordings of [Ca®"]; in normal extracel-
lular solution (Fig. 44) as well as on superfusion with high
K*-solution (Fig. 4B). Under control conditions, the Ca**
wave spread in a coordinated manner, indicating an electrical
coupling between the cardiomyocytes through gap junctions.
The initiation site and the direction of propagation of the
waves remained unaltered during the course of the experi-
ment. In high K*-solution, the [Ca®"]; oscillations persisted
but occurred in a desynchronized manner. No initiation site or
direction of propagation could be identified. Further, the
frequency and amplitude of the [Ca*"]; oscillations differed
markedly between individual cells (Fig. 4B).

DISCUSSION

The heart is the first organ to form during embryonic devel-
opment. The autonomic rhythm can be observed as early as in
embryonic day 9.5 of murine embryonic development (30).
The major finding of our study is that contractions of the heart
during early development are not evoked by transmembrane
ion currents resulting in APs but by intracellular [Ca’*];
oscillations. Further, CICR is not required for functioning of
the early embryonic heart because ES cell-derived stage-1 and

48

A. 20+

0 -
220+
-40-
-60-

140 mM KCL

V(mV)

0 2 4 6 8 21 22 23 24 25

50 nM nisoldipine

B. S
0 -
= =20+
= 4
=
-80- -
0 2 4 6 8 94 96 98 100102
¢ 100 nM thapsigargin
0
=
£ -20
> R e g P
-40
0 5 10 375 380 385
time (s)
F16. 3. Pharmacological characterization of the APs and mem-

brane potential fluctuations in spontaneously beating stage-1 and -2
cells measured under current clamp. (A) Superfusion of 140 mM K™
led to depolarization of the resting potential close to 0 mV and halted
both APs and small membrane potential fluctuations. (B) Superfusion
of the VDCC blocker nisoldipine (50 nM) interrupted the APs but not
the small membrane potential fluctuations. (C) Application of the
sarcoplasmic AT Pase inhibitor thapsigargin (100 nM) to a stage-1 cell
blocked both APs and membrane potential fluctuations and led to a
depolarization of the resting potential.

-2 cardiomyocytes continued to contract under high K* when
the membrane potential was depolarized. These findings differ
from those suggesting that electromechanical coupling in the
fetal heart depends largely on trans-sarcolemmal Ca’* influx
rather than Ca®* released from the sarcoplasmic reticulum
(31-34). However, these studics were performed at late em-
bryonic stages whereas the work presented here investigates
early embryonic cardiomyocytes. Membrane potential-
independent contractions are in complete contrast to the
functioning of the adult heart, where incubation of heart tissue
in high extracellular K* solution (cardioplegic solution) is used
as standard procedure to prevent contractions.

Thus, the present findings envision intracellular Ca®* stores
as the primary rhythm generator in murine cardiomyocytes
carly during development wherecas VDCC may serve primarily
for store refilling (35). The increase of [Ca?"]; leads to
activation of a Ca**-activated conductance (nonselective cat-
ion current and/or Na'-Ca®* exchanger), resulting in the small
depolarization of the resting potential and the occasional
generation of APs via activation of VDCC, similar to obser-
vations made on cultured cardiac cells (36). Preliminary ex-
perimental results on the nature of this Ca®’ activated con-
ductance under a [Ca®"]; increase induced by caffeine point
toward a nonselective cation current because the reversal
potential of this current was close to 0 mV and shifted to more
negative potentials on replacement of extracellular Na* by
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Fic. 4. CLSM images of [Ca®*[; oscillations in a spontaneously contracting area of cardiomyocytes isolated from a stage-2 EB. (4) Control
conditions. A [Ca?*[; wave spread with a velocity of =400 pmescc™! from the initiation site (cell 1) to the termination site (cell 4). The tracings
of [Ca’"|;changes in different cells (cell 1-4) demonstrate the synchronization of the [Ca®" |; signal, indicating clectrical coupling between adjacent
eells. (B) [Ca?'; oscillations recorded in the same area of cardiomyocytes after superfusion with high K*. The images were recorded after decline
toward resting [Ca’*|; of the initial transient [Ca®* |; rise after switching to high K*. The initial [Ca>*]; increase was caused by the activation of
VDCC. Note that, under high K' [Ca? ' |;, oscillations in cells 1-4 are desynchronized and differ in amplitude and frequency.

choline. This behavior is clearly different from the character-
istics of the Na' -Ca®* exchanger-mediated current (25, 26, 37,
38). In contrast to ecarly-stage cardiomyocytes, terminally
differentiated pacemaker cells were characterized by mem-
brane driven events. In these cells, interplay between different
ion channels, in particular VDCC, K™ channels, and Ty, allows
the gencration of spontancous activity, governing the heart
beat (6, 8, 9, 39).

Because we clearly demonstrated that APs do not translate
into CICR, we investigated whether they serve to synchronize
the heart beat. In multicellular preparations, the cardiomyo-
cytes were electrically coupled by gap junctions, even at this
early developmental stage (29). The pacemaker cell with the
highest frequency of [Ca’*J; oscillations (internal oscillator)
determined the contractile activity of the whole cardiomyocyte
cluster. Application of high extracellular K* caused the car-
diomyocytes to electrically uncouple and contract again under
control of their internal oscillator (40). It is tempting to
speculate that this very early motif is even found in cardio-
myocytes before the onset of spontancous APs. Indeed, an
oscillatory behavior of the resting potential at this very early
stage was observed by using membranc potential-sensitive dyes
in combination with photodiode arrays (41). Subsequently,
APs coupled with contractions were observed in the embry-
onic rat heart at embryonic day 9.5 (42).

There is evidence that mechanisms important during carly
embryonic development may remain dormant in terminally
differentiated cells but may assume de novo significance in the
case of pathological cell transformation. It can be speculated
that, in certain pathological conditions, the internal oscillator

(40) again becomes predominant and induces cardiac arrhyth-
mias, as suggested for ouabain intoxication or extended g-ad-
renergic stimulation. The resemblance between embryonic
and pathologically transformed cells may be related to the
functional expression of Ca®" activated conductances (36,
43-45). Thus, Ca®" overload associated with spontaneous
Ca?" release from intracellular Ca’® ' stores (46, 47) may result
in the generation of arrhythmias: i.c., delayed after depolar-
izations (44, 48).
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Abstract Three-dimensional cell aggregates (embryoid
bodics, EBs) containing clusters of spontancously beat-
ing cardiomyocytes were derived from permanent mouse
embryonic stem (ES) cells. Extracellular recordings of
the population action potentials of cardiomyocyte clus-
ters were made using permanently mounted silver wire
electrodes and microelectrode arrays integrated into the
bottom of the culture dish. These techniques allowed
long-term recordings (for up to several weeks) [rom indi-
vidual EBs under cell culture conditions. The normal
clectrical activity consisted of regular spiking with a fre-
quency of 0.5-5 Hz. However, most EBs (87%) sponta-
neously developed temporary or persistent complex ac-
tivity patterns because of intermittent block of action po-
tential propagation at narrow pathways connecting larger
beating areas. Similar propagation blocks could also be
reversibly induced in regularly spiking EBs by nimodi-
pine (NDP). In addition to a slowing of pacemaker activ-
ity, NDP (20-200 nM) induced a stepwise decrease ol
the action potential frequency at the recording site. Per-
forated patch-clamp recordings [rom enzymatically iso-
lated ES-cell-derived cardiomyocytes showed that simi-
lar activity pattcrns do not occur at the single-cell level.
We suggest that this novel approach may provide a usc-
ful tool for in vitro studics of chronotropy and phenome-
na of propagation [ailure similar to AV block.
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Introduction

Although the gencration of arrhythmias in the native
heart has been investigated widely, only a few in vitro
models are currently available for studying the underly-
ing mechanisms. For instance, Rohr and coworkers [21]
introduced two-dimensional patterned growth cultures of
neonatal rat ventricular myocytes. Using optical record-
ing techniques and geometrically defined cultures, they
could quantitatively demonstrate the dependence of ac-
tion potential propagation on the architecture of the ex-
citable tissue (e.g. [4, 20, 22]). De Haan and coworkers
investigated the role of electrical coupling in action po-
tential propagation and synchronization using pairs of
spherical aggregates of chick embryonic heart cells [1,
30]. Electrical coupling between cardiac cells can be fur-
ther investigated using preparations such as pairs of iso-
lated ventricular [9, 24, 26] or sinoatrial nodal cells [25].

These and other in vitro cardiac models [11, 13, I8,
27] are based on only one phenotype of cardiomyocyle,
mostly ventricular cells. In the present study, we intro-
duce a different approach using extracellular recordings
of the spontancous clectrical activity of cardiomyocytes
within three-dimensional cell aggregates (embryoid bod-
ies, EBs) derived from murine embryonic stem (ES)
cells [2, 7, 14, 15, 28]. In contrast to the other cardiac
cell models, beating EBs appear to be organized into ar-
eas of primary pacemaking cells as well as areas contain-
ing ventricular myocytes | 7]. Up to now, cardiomyocytes
in this model have been electrophysiologically investi-
gated only with patch-clamp recordings from isolated
cells [14, 15, 28, 29]. Here, we characterize the electrical
population behavior of these multicellular aggregates by
recording extracellular field potentials from spontane-
ously beating cardiomyocyte clusters in EBs. Extracellu-
lar silver clectrodes as well as microclectrode arrays
(MEAs) allow long-term (scveral wecks) clectrocardio-
gram-like recordings from populations of cells, provid-
ing information aboul the activity of single pacemaker
cells, action potential propagation, and interactions be-
tween different pacemakers.



With extracellular and patch-clamp recordings, re-
spectively, we investigated the spontancous clectrical ac-
tivity of cardiomyocyte clusters in EBs, of small groups
of cells, and of single cardiomyocytes, and we tested the
effect of the L-type Ca?' channel antagonist nimodipine
(NDP). Our results provide evidence for spontaneously
occurring arrhythmias caused by action potential propa-
gation failures at structural discontinuities in multicellu-
lar cardiomyocyte clusters. Applying NDP to regularly
beating EBs induced similar propagation failures that
could cause beating arrest even before the frequency of
the pacemaker was alfected. We suggest that this new
approach may be useflul for investigating the arrhythmo-
genic potential of drugs.

Materials and methods

Production of embryoid bodies

I:'mbryonic stem cells of the line D3 |2 were cultivated on a layer
of murine fibroblasts (feeder layer) and differentiated into sponta-
neously beating cardiomyocytes as previously described [14, 15,
28]. Briefly, the ES cells (without feeder layer cells) were cultivat-
ed in hanging drops (approx. 400 cells per 20 ul) for 2 days, then
they were kept in suspension for 5 days and [inally they were plat-
cd on gelatinated single culture dishes and microelectrode arrays
(MEAs) for extracellular recordings, on multiwell culture plates
for patch-clamp recordings, and on glass coverslips for confocal
microscopy (Fig. 1). Spontaneously contracting cell clusters could
be observed 2-4 days after plating (7+2d to 7+4d).

The culture medium consisted of Dulbecco’s Modified llagle’s
Medium (DMEM) supplemented with 20% fetal calf serum, 1%
Minimal Essential Medium (MEM), 2 mM Glutamax, 50 units/ml
penicillin and streptomycin (all from Gibeo, Fggenstein, Germa-
ny), and 5%10-* M (| -mercaptoethanol (Serva, Heidelberg, Germa-
ny).

Extracellular recordings

For long-term field potential recordings [rom cardiomyocytes,
EBs were plated on 30-mm culture dishes (Nunc, Roskilde, Den-
mark) with two to three 1'Bs per dish. Iixtracellular electrodes
were permanently placed onto the tissue alter the appearance of
spontancously contracting areas. The electrodes were prepared
from Teflon-mnsulated 125-pm-thick silver wire (A-M Systems,
Iiverett, Wash., USA). The different electrode was insulated ex-
ceplt for the blunt tip, whereas the indilTerent electrode was free ol
insulation for a length of about 10 mm. Both clectrode wires were
mounted to a glass plate (40 mm*10 mm), previously formed ac-
cording to Fig. 1, with a tip distance of 5-10 mm, and sterilized
with ethanol. With the aid of the microscope, the glass plate was
glued to the culture dish with the different electrode placed next
(<100 pm) to a contracting area. The whole assembly was en-
closed in a larger culture dish for sterility, only the two silver
wires protruding under the cover, and the whole system was
placed into an incubator (Unilncu 150, UniEquip, Martinsried,
Germany) at 37°C, 5% CO,, 100% humidity. The medium was re-
newed every 24 days and with each washout of nimodipine
(NDP).

In some experiments, single EBs were plated on MEAs for
multiple recording from several locations of individual EBs (Fig.
1). The clectrode matrix of the MEASs consisted of 60 TiN-coated
gold electrodes with a diameter ol 10 or 30 um, arranged in eight
columns and eight rows with a distance of 100 or 200 um between
adjacent electrodes (see Figs. 4, 5). Stable recordings without deg-
radation were possible for up to 8 days. The MEAs were provided
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Fig. 1 Procedure of formation and electrophysiological investiga-
tion of embryoid bodies (£B8s) containing spontancously beating
cardiomyocyles (see text): example of extracellularly recorded ac-
tion potential (filter 1 11z to 1 kIlz, sample rate 5 kI1z)

by Dr. H. Hammerle {Naturwissenschaftlich-Medizinisches Insti-
ulu (NMI) at the Universitit Tubingen, Reutlingen, Germany; see
also [17]}.

To apply nimodipine (NDP) (Bayer, Wuppertal, Germany), the
mcubator was shortly opened, and 2-20 pl of a stock solution |20
PM NDP in 10% dimethylsulfoxide (DMS0)/90% culture medi-
um] was pipetted into the medium. and the culture dish was gently
swirled for approximately 5 s. Since swirling alone transiently in-
creased the beating frequency of the EBs, applications of NDP
were preceded by control swirls without application. For washout
of NDP, the culture dish was taken out of the incubator. and on a
sterile bench the medium was replaced three fimes. Application
and washout procedures disturbed the recordings for about 10-20
s and 24 min. respectively. For most experiments a final NDP
concentration of 50 nM was applied. Tn some EBs, depending on
the reaction to the first NDP application, a subsequent application
was carried out, using a higher concentration.

All recordings were performed with the EBs inside the incuba-
tor. The signals were amplified with Grass P5S11K amplifiers
(Grass, Quincy, Mass., USA) and fed to threshold discrimimators
which delivered a single event for each spike. Both continuous



and event data were continuously stored on computer disk using a
CED1401 mterface [Cambridge Electronic Design (CED), Cam-
bridge, UK] with the SPIKE2 software (CED). To limit the size of
the data files, the analog signals were band-pass filtered from 1 11z
to 30 11z and digitized with a sample rate of 100 llz, il not other-
wise indicated. The strong low-pass filtering largely depressed the
fast component of the population action potentials but the slow
component was only little affected (see Figs. 2, 5, 9). In some ex-
periments, the sample rate and the low-pass filter setting were
temporarily elevated in order to visualize the fast spike compo-
nents (see Figs. 1, 7). To correlate the clectrical and mechanical
activity, field potential recordings were stored on video tape (111
audio channels) together with the video signal from the micro-
scope. For on-line control, the analog field potential data as well
as the [requency of instantaneous beats, based on the triggered
events, were continuously displayed. Por olf-line analysis, data
were semi-automatically processed in SPIKE2 using self-wrilten
macro scripts. To analyze arrhythmias, it was essential to rid the
data ol trigger errors. Therefore, new event channels were created
olf-hne on the base of the respective waveform data, taking the
minimum or maximum of a spike as the event time. To compen-
sate for the low sample rate, the event time was mterpolated by fit-
ting a parabola to the peak and the two adjacent points of the
waveform data. Although the calculated event times do not repres-
ent the time of activation of the cells, they are an exact baseline
[or calculating the interval lengths. All relevant recordings were
controlled by comparing the cvent channels with the analog data
at an highly extended time scale on the computer screen. Remain-
ing trigger errors were corrected manually with the SPIKE2 pro-
gram.

Patch-clamp recordings

For patch-clamp recordings. beating arcas of 20-30 EBs were dis-
sected and 1solated by enzymatic dissociation, using collagenase B
(Bochringer, Ingelheim, Germany). The dissociation solution con-
tained (in mM): NaCl 120, KC1 5.4, MgSO, 5. CaCl, 0.03, Na py-
ruvate 5, glucose 20, taurine 20, HEPES 10, collagenase B 0.5-1
mg/ml. pH 6.9 (NaOLI).

The dissociated material was plated onto glass coverslips and
resuspended in culture medium and stored in the incubator, Within
the first 12 h, cells attached lo the glass surface and spontancously
beating cardiomyocytes could be observed. For electrophysiologi-
cal recordings, the glass coverslips were transferred 1o a lempera-
ture-controlled recording chamber and perfused with extracellular
solution. All patch-clamp experiments were performed at 35°C.
Only spontaneously beating cells were selected for the expen-
ments. The electrical activity of the cells was recorded using the
amphotericin B technique of the classic whole-cell configuration
[6. 12]. Ionic currents were recorded using an Axopatch 200A am-
plifier (Axon Instruments, Foster City, Calif., USA). Data were
acquired using the Iso 2 software package (MFK. Niedernhausen,
Germany). Data were sampled at 2 kHz and recorded on-line onto
a VR-3200 tape (Bell and Howell, Friedberg/H, Germany); some
of the data were stored directly to the computer hard disk. Data
were downloaded from tape into SPIKE2 softwarce at a digitization
rate of 100 Hz and analyzed as mentioned above. Averaged data
are expressed as mean +SEM.

Pipettes were made using a DMZ Universal Puller (DMZ, Mu-
nich, Germany) from 1.5 mm borosilicate glass capillaries (Clark
Electromedical Instruments, Reading, UK). Amphotericin B (Sig-
ma, Deisenhofen, Germany) was dissolved in DMSO at a concen-
tration of 60 mg/ml, frozen in aliquots and defrosted prior to use.
The tip of the pipette was filled with normal recording solution
and then backfilled with the amphotericin-B-containing solution,
yielding a final amphotericin B concentration of 500 pg/ml. The
compositions of the different solutions used were as follows (mM)
— pipette solution: KCI 55, MgCl, 7, K,S0, 70, HEPES 10, pH
7.4 (KOH); for recording Ca?* currents (/.,), the same solution
was used, but K~ was replaced by Cs*; external solution for cur-
rent-clamp recordings: NaCl 135, KCI 5.4, MgCl, 2, CaCl, 1.8,
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glucose 10, HEPES 10, pH 7.45 (NaOH); for voltage-clamp ex-
periments: MgCl, 1, CaCl, 1.8, choline chlonide 140, glucose 10,
HEPES 10. pH 7.45 (KOH).

Confocal microscopy

To visualize ventricular myocytes, EBs were grown from ES cells
that were stably transfected with the pGNA/MLC-2.1 reporter
construct [5], containing the /ucZ gene under the control of a 2.1-
kb fragment from the ventricular myosin light chain-2 (MLC-2v)
promoter and the neomycm-resistance gene under control of the
Rous sarcoma virus long terminal repeat (RSV-LTR) [29]. Report-
er gene activity was evaluated using the TmaGene Red C,RG
lac?. gene expression kit (Molecular Probes, Fugene, Ore.. USA).
T'his kit permits the detection of /acZ expression in single hiving
cells by imaging the highly {luorescent product 2-dodecylresorufin
which arises from dodecylresorufin 1 -p-galactopyranoside
(C,,RG) by enzymatic hydrolysis. In brief, EBs outgrown on glass
coverslips were washed three times in DMEM. To inhibit endoge-
nous 1-n-galactosidase, they were subsequently incubated for 1 h
at 37°C in DMEM supplemented with 300 uM chloroquine. The
chloroquine-containing DMEM was removed and DMEM con-
taining 33 uM C,RG was added. Afler a 2-h incubation with the
1 -palactosidase substrate. FEBs were washed twice and subsequent-
ly inspected using a confocal laser scanning microscope (1.SM
410, Carl Zeiss, Jena, Germany) supplemented with a 25%, N.A.
0.83 objective (Plan Neofluar, Zeiss). Image acquisition was per-
formed by simultancously recording fluorcscence and transmis-
sion using the overlay option ol the conlocal setup. For excitation,
the 543-nm band of a helium/neon laser of the conlocal setup was
used. Emission was recorded using a long-pass LP590-nm filter
sel. Transmitted light was recorded using the transmission light
photomuliiplier tube of the confocal setup.

Results
Extracellular recordings

Spontaneously contracting arcas developed 24 days afl-
ter plating the EBs (7+2d-7+4d). A single EB usually
contained one to three contracting areas with diameters
of 100-500 um, beating with individual rhythms or syn-
chronized. During further development, beating arcas
clongated (>1 mm) and often formed clusters of cells
connected by narrow strands of contracting cells (see
Figs 3, 4, SF). With extracellular electrodes placed close
to or inside a contracting area, the activity of the cells
very near the electrode (<100 um) could be recorded.
Recordings from approximately 120 individual EBs last-
ed up to 42 days. In the different EBs, population action
potentials occurred with [requencies of 0.5-5 Hz. Simul-
taneous observation through the microscope and of video
recordings confirmed that the population action poten-
tials arc time-locked with the contractions. The popula-
tion action potentials consist of a fast component lasting
approximately 5 ms and a slow component lasting
50-300 ms (Fig. 1). The amplitude of the population ac-
tion potentials ranged between 20 uV and 2 mV. The fast
component could be blocked by 10 M tetrodotoxin (not
shown), indicating that this component is caused by the
opening of Na' channels.

Examples of the spontancous clectrical activity of dif-
ferent EBs are demonstrated in Fig. 2. The most com-
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Fig. 2A-D Recordings from various EBs showing different
rhythm patterns. A—-C a Field potential (#7) and instantaneous
spike [requency (f; calculated as the reciprocal of the interval be-
tween two population action potentials) shown for a time window
of 20 s. b Distribution of interval durations for 500 successive in-
lervals. ¢ Phase plane histograms depicting the spike interval n
versus interval #+1, thus displaying interrelations between succes-
sive intervals. Same data as in b. A Rhythm with regular spike in-
tervals. B Rhythm with two different interval lengths presumably
produced by two pacemakers. C Rhythm with two different inter-
val lengths presumably produced by activity of a single pacemaker
and sporadic single propagation failures. D Rhythm with multiple
propagation failures. a Field potential and instantaneous [requency
of large spikes (dots) and small waves (circles). The spikes are
closely phase-locked to the waves, with one spike occurring most-
ly afier two to four waves. The irregular spike intervals are pro-
duced by action potential propagation failures between the pace-
maker area and the recording site. The waves are interpreted 1o re-
present the ongoing pacemaker rhythm. The arrows indicate time
points when spike intervals were as short as wave intervals, ie..
two successive action potentials were conducted without propaga-
tion latlure. b, ¢ Phase plane histograms of the inlervals between
waves (b) and between spikes (¢). The area containing the wave
intervals is marked by a circle in b and c. The variability of the
spike amplitude within one recording 1s an artilact caused by the
low sampling rate (50 Hz in A, D, 100 Hz in B, C). Age of EBs:
7+11d (A), 7+12d (B), 7+17d (C), 7+30d (D)

mon firing pattern, which appears in virtually cvery EB
at lcast for some of its lifctime, is homogencous spiking
with a single frequency (Fig. 2A). Tn 21 out of 25 EBs
(84%) analyzed, we observed periods of irregular activi-
ty lasting for several hours or days, characterized by two

or more preferred frequencies (Fig. 2B-D). Microscopy
observation and combined video and field potential re-
cording reveal thal this irregularity is based on intermit-
tent propagation [ailure: regular contractions were ob-
served distant from the recording site while the contrac-
tions were irrcgular close to the recording site. The irreg-
ular activity was phasc-locked to the distant rcgular beat-
ing but showed contraction failurcs. The irregular con-
tractions were tightly coupled to the recorded action po-
tentials. Activity with sporadic 2:1 propagation block
has two preferred interval lengths and appears with three
spots of high density in the phase plane histograms, as
shown in Fig. 2C. Variable sequences of 2:1 to 5:1 prop-
agation failures result in a higher number of preferred in-
terval lengths between the action potentials and more
complex patterns in the phase plane histograms, as
shown in the example of Fig. 2D. In this recording (Fig.
2Da), the pacemaker rhythm is visible through the clec-
trotonically propagated small waves appearing in the
pauscs between the large spikes (sec also Figs. 5A, 9). It
should be noted that the small waves may be generated
by cardiac lissue driven by the pacemaker rather than by
the pacemaker itself.

As previously reported (e.g. [4, 19, 20, 22]), propaga-
tion failurcs may be related to discontinuitics in the ar-
chitecture of the conducting structurces. In order to visu-
alize the clustering of cardiac phenotypes within the
beating arca of EBs, we used confocal laser scanning mi-
croscopy in combination with vital [ -galactosidase stain-



Fig. 3 Localization of ventricular cardiomyocytes n an EB
(7+4d), visualized by a l-galactosidase reporter gene assay. The
false-color image shows an overlay ol 2-dodecylresorufin fluores-
cence (red) and transmission (green). Note the clustering of ven-
tricular cardiomyocytes and the formation of a thin connecting
strand between larger areas. The bar represents 100 pm

Fig. 4A, B Spatial characterization of the activity ol an KB
(7+7d) grown on a microelectrode array (MEA). The 60 clectrodes
were arranged as indicated by the dofs in B and 17 numbered ac-
cording to the gray numbers in the corners. The gray areas indi-
cate the spatial distribution of spontaneous conlracting tissue as
revealed by video microscopy. A Examples of the field potential
recordings at the different clectrodes (filter 1 Hz—100 Hz, sample
rate 500 Hz). B Latency of the population action potentials rela-
tive to the origin [(ms), numbers without brackets] and propaga-
tion velocity in the dilTerent regions [(mm/s), numbers in brack-
efs]. Action potentials usually originated near electrode E54 and
propagated in two directions. The propagation velocity varied be-
tween 6 and 80 mmy/s in the different regions, presumably depend-
mg on the extent of the conducting tissuc. Recordings from elec-
trodes E54, E65, and E76 (marked by circles in B) are further ana-
lyzed in Fig. 7
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ing |16]. Experiments were performed on EBs derived
from a transgenic ES cell line, where lacZ gene expres-
sion was under control of the ventricular-specific myosin
light chain (MLC-2y) promoter [29]. The staining clearly
showed that ventricular cardiomyocytes within the EBs
are not distributed at random but are aggregated in clus-
ters (Fig. 3). Apart from the positively stained beating
clusters, beating was also observed in unstained arcas
presumably representing non-ventricular cardiomyo-
cytes, including pacemaker cells.

In order to correlate the architecture of beating areas
with the electrical activity, we used MEAs [or multiple
recordings from individual EBs. In cight EBs, spontane-
ous activity was recorded for up to 8 days. As revealed
with combined video and ficld potential recording, the
clectrical activity was tightly restricted to contracting ar-
cas (Fig. 4A). The conduction velocity, extrapolated
from the latency between two electrodes, correlated with
the width of the contracting tissue (Fig. 4B) and was
least (approximately 6 mm/s) in regions containing nar-
row strands of contracting tissue. However, the precise
site of the deerease in conduction velocity could not be
resolved because of the relatively large interclectrode
distance. It is most likely that the propagation failures
occurred in EBs where the tissue contained a narrow
strand between two larger contracting areas. Such a situ-
ation is shown in Fig. 5. Here, recordings from two sepa-
rate electrodes directly demonstrate propagation failures
similar to the behavior shown in Fig. 2D.

A statistical evaluation of the complex beating pat-
terns recorded with extracellular electrodes is shown in
Fig. 6A,B for 28 recordings (21 EBs) which contained
two or more clearly distinguishable [requencies. In order
to quantitatively characterize the propagation blocks, the
respective frequencies (f;,) were normalized to the high-
est frequency (/). As depicted in Fig. 6A, the relative
frequencies (f,/f;) varied between 0.14 and 0.8. The dis-
tribution histogram (Fig. 6B) indicates a clear maximum
at the bin f/f;=0.5-0.55,! suggesting that the recorded

! In most of these cases, /1 is slightly greater than 0.5. The de-
viation is presumably caused by [aster action potential propaga-
tion after longer intervals (compare l'ig. 9D).
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Fig. SA-F Action potential propagation block, shown by double
recording from an EB (7+8d) grown on a microelectrode array
(MEA). A Simultancous recordings from two clectrodes (E54 and
:83). B, C Instantaneous action potential frequency at the two
electrodes (B) and latency between the action potentials at E83
and E54 (C) over a 5-min period. The horizontal bar in B indi-
cates the section shown in A. D, E Phase plane histograms of the
data shown in B for E83 (582 intervals) and E54 (138 intervals),
respectively. The circle in D and E marks the position of the activ-
ity at E83. F Location of the contracting tissue (gray areq, truncat-
ed at the upper end) and the recording electrodes in the MEA
(numbered according to the numbers in the corners). Data were re-
corded from E83 and 1154 as marked by cirefes (distance 316 pm).
Action potentials at E83 appeared with a regular frequency of
2 Hz while the frequency at 1:54 was lower and rather variable.
Action polentials at ES4 were strongly coupled to action potentials
at E83 with a latency of 100-200 ms. In the phase plane histogram
(E), the intervals at 54 consistently appeared as multiples of the
interval at E83, a situation which is similar to that shown in Fig.
2D

activity results from a single pacemaker, with a 2:1 prop-
agation block or sporadic single propagation failures
(this type of activity is shown in Fig. 2C). Higher de-
grees of propagation blocks, 1.e. 3:1. 4:1, 5:1, and 6:1
blocks (as shown in Figs. 2D, SE) produce complex pat-
terns with relative frequencies /,/f; of 0.33, 0.25, 0.20,
and 0.17, respectively (Fig. 6A).

In 17 out of the 28 recordings containing 2 or more
preferred [requencies, f5/f; was clearly higher than 0.5
(Fig. 6A; an example is shown in Fig. 2B). Microscopic
obscrvation revealed that, in these cases, different beat-
ing intervals arc associated with different origins and
propagation dircctions of the contraction wave, which
can only be explained by the existence of at least two
pacemakers. With the MEA technique, the activity of
various pacemakers can be directly demonstrated. As
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Fig. 6 Statistical evaluation of complex beating rhythms occur-
ring spontancously (A, B) and induced by nimodipine (NDP) ap-
plication (C). The vanous frequencies (f,) recorded simultancous-
ly (within some minutes) from a beating area were related to the
highest frequency (f|) measured in this area in the same time win-
dow. A, C The relative [requencies (f,/7,) as a [unction of f,. Re-
cordings with two preferred frequencies are depicted by a single
dot representing f./f,. recordings with multiple trf:quenc:cs are de-
picted by multiple dots (f./f;) connected by a veriical dashed line.
B The distribution of the values included i A. A, B Twenty-eight
records from 21 EBs (7+4d-7+30d). C Ten experiments from
4 EBs (7+3d-7+16d) where the NDP-induced stepwise decrease
could be quantitied without major distortion by the eficct on pace-
maker activity
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Fig. 7 A Synchronous recordings [rom electrodes ES4, E65, and
[E76 of the MIEA preparation shown in Fig. 4, 1 day later (age
7+8d). Distance E34-E65=E65-176=283 pm. Filter 1 Hz=300 17,
sample rate | kHz. B Instantancous frequency (f). C latency be-
tween E54 and E65. and D latency between E65 and E76. The
variability of the latencies between different electrodes reveals
that the origin of the action potentials varied between several de-
fmed sites. In general, the action potentials at electrode E54 pre-
ceded those at E65 by 5 ms (Aa, C). Sometimes, however, the ac-
tion potentials originated near EGS and propagated to 54 and E76
(Fig. 6Ab, C, D). Finally, the action potentials could sporadically
originate near E76, leading to a reversal of the latency between
E65 and E76 (Ac, D)



1l |

o—=NwhaOO N
l‘*
z
=]
T
(S RERENYS X B
gII
-
-~

>
frequency [Hz|

u,‘%
ULRLAE RRE RS ARARER N T

5

1

. k
¢ 5 10 15 20 25 30 22 24 25 28

]
Iy
BS
3
&=
5
Ta ‘NDP 4 —
E 3 ! 3_.' F‘ TR
C§ 278 2 el . |
L - e
g 14 % 1 s e
" ¥ sampling
[o NN R e R AR AR EARA R RRA RS ()--—r—-T —_—
0 5 10 15 20 25 30 0 2 4 6
time [min] time [min]

Fig. 8 Discontinuous depression of spiking activity by 50 nM ni-
modipine (NDP) in three different EBs (A=C). Overview (/eff) of
the instantancous beating frequency and detatled view of the final
reaction with extended time scale (right). NDP was added to the
medium with a pipette, and the culture dish was slightly swirled.
During this time, data collection was shortly interrupted. In A.
NDP first induced a slow decline of the frequency. After 20 min, a
second frequency band appeared which also declined continuously
until beating stopped completely. The relative frequency (/,//)) of
this band was 0.57-0.52. We interpret this pattern as a supcrposi-
tion of slowing down ol pacemaker activily and a block ol action
potential propagation. In B, 12 min passed before any depressive
elfect of NDP was obvious. Then, a second frequency band with

primary frequency. After a further stepwise drop (/3//,=0.24), the
[requency declined continuously to zero. In C, rapid stepwise de-
cline to /,//;=0.66, 0.45, and 0.36 occurred immediately after NDP
application. In both examples, B and C, failures of action potential
propagation appeared before slowing down of the pacemaker ac-
tivity was observed. Age of the EBs: A 7+16d, B 7+4d, C 7+9d

shown in Fig, 7, the origin of the action potentials can
vary between different sites even in regularly beating
EBs.

Effect of NDP on beating arcas in EBs

During extracellular recordings of the beating activity,
NDP (20-200 nM) was applied in 38 experiments (14
EBs). In all cases, NDP reversibly reduced the beating
frequency and finally blocked beating. Complete arrest
was achieved after variable latencics of 2-30 min. There
was no corrclation between the latency of the block and
the NDP concentration, nor between the latency of the
block and the age of the EBs (7+4d-7+42d). In 14 out of
29 quantitatively analyzed experiments,? the spiking fre-
quency was continuously reduced by NDP until a sudden
stop occurred. In the other 15 cases, however, the fre-
2 Nine of 38 experiments were not analyzed mn this report because
ol large-frequency scatter.
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Fig. 9 Effect of nimodipine (NDP) on pacemaker activity and ac-
tion potential propagation. Five-second periods of the field poten-
tial recorded from an LB (7+10d) before (A) and during applica-
tion (B-F) and after washout (G-J) of 25 nM NDP. A quantitative
analysis of the data is shown in Fig, 10. Under control conditions,
this I:B produced population action potentials which were compa-
rable to the P wave and the QRS complex of electrocardiograms
(A). Le., the population action potential consisted of a small (P-
like) spike [ollowed by a larger (R-like) spike. The latency be-
tween the P- and R-like spike was constant (A, I'ig. 10C), indicat-
ing that the P-like spike represents the aclivity ol the primary
pacemaker and the R-like spike the activity of a driven arca. With
application of NDP, the frequency of both the P-like and the R-
like spikes at first mereased due to the wnspecific effect of swirl-
ing the culture dish (B, Fig. 10A, B). Then the frequency of the P-
like spikes returned to the control level and was relatively stable
for about 20 min (B-E. Fig. 10A) before declining to zero (G).
The R-like spikes, in contrast, were immediately affected by NDP.
The first sign of NDP's action was an increase of the latency be-
tween the P-like and the R-like spikes from about 60 to 75 ms (B,
Iig. 10C). Then propagation failures occurred with increasing
number (C-E, Fig. 10B) developing into a stable 2:1 block (Fig.
10A, B). During this transition time, Wenckebach-like periods ap-
peared, as known from second-order AV propagation failures in
the native heart, i.e., the latency between P-like and R-like spikes
increased in successive beats and recovered afler a single failure
of the R-like spike (C, D).* In the [urther course, the latency in-
creased to about 130 ms (Fig. 10C), and finally the R-like spikes
were completely blocked after 26 min while the P-like spike activ-
ity continved for several minutes (F). After washout of NDP. the
activily was resumed in the reverse order (G-J)

washout 27 min

quency of the recorded signals decreased in a stepwise
manner, caused by intermittent block of action potential
propagation which occurred at the same time as or even
before the slowing of the pacemaker (Fig. 8). These dif-
ferent cffects of NDP on pacemaker activity and action
potential propagation arc directly demonstrated in Figs.
9 and 10. The propagation block was preceded by a de-
crease in the conduction velocity (Fig. 10C). Figure 6C
shows the statistical evaluation of the NDP-induced step-
wise reductions of frequency. Relative frequencies of

* Because of the unknown phenotype of the cells, these data do not
imply identical mechanisms to those mvolved m AV nodal dys-
function 1n the heart,
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Fig. 10A—C Quantitative analysis of the data shown in Fig. 9.
Time course of the instantaneous frequency of the small P-like
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spikes (C). The time ol addition of NDP to the culture dish is indi-
cated by arrows. During the times marked by horizonial bars, the
recording was interrupted by artifacts due to substance application
and cable connection problems. For further explanation, see leg-
end to I1g. 9

Sf1720.5 in Figs. 6C and 8C reveal the existence of sec-
ondary pacemakers, which in the absence of propagation
blocks were overdriven by the first pacemaker, similar to
the data in Figs. 2B, 6A.

Patch-clamp recordings
In order to compare the effects of NDP on the population

activity of whole beating areas with the effects on small
conglomerates of cardiomyocytes and single cclls, patch-
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clamp experiments were performed on spontancously
contracting cclls obtained by cnzymatic dissociation
from EBs. The cffcct of NDP on action potentials and /-,
was investigated using current- and voltage-clamp re-
cordings.

The conglomerates consisted of three to ten cells,
which, in current-clamp mode, displayed regularly
shaped action potentials with a frequency of 2-4 Hz (not
shown). Stable action potentials could be recorded for up
to 1 h; the minimal diastolic potential remained stable
during the recordings and was between —65 and —55 mV,
with the peak of the depolarization around +30 mV. The
action potential duration (APDg,) amounted to 41.4+5.3
ms (7=11). In contrast to the action potential frequency of
conglomerates of cells, that of single cells varied more
during the experiment. Morcover, the minimal diastolic
potential was quite depolarized in some cells, probably
caused by the somewhat varying cell quality, as a result
of the enzymatic isolation procedure. For this reason, on-
ly cells with a minimal diasiolic potential more negative
than <40 mV (-52.8+3.9 mV, n=6) and a stable action po-
tential frequency (1.8+0.3 Hz, n=6) were chosen.

In the experiments with groups of cells, bath applica-
tion of 30-40 nM NDP caused a depression and com-
plete stop of spontancous electrical activity (not shown).
Usually, a decrease in the action potential frequency and
intermittent irregular beating could be observed within
the first 100 s of drug application. Complete arrest oc-
curred after a latency of 200-800 s (n=I1), which is
within the range of the latencies measured with extracel-
lular electrodes in intact EBs. Concomitant with these
changes, a depolarization of the minimal diastolic mem-
brane potential by 2.3+0.8 mV occurred. There was no
indication of a propagation block as scen in the multicel-
lular ficld potential recordings. Spontancous clectrical
activity could be recovered upon washout of NDP with
action potential frequencies close to control values. Sim-
ilar to the experiments with intact EBs, there was no cor-
relation between the sensitivity of the cells to NDP and
their age (n=4 cell groups of age 7+2d-7+4d, n=7 cell
groups of age 7+9d-7+12d).

In four out of six single-cell recordings, 10 nM NDP
stopped the beating of the spontancously contracting car-

Fig. 11 Lffect of nimodipine 4 — T
(NDP) on the clectrical activity % lNDP ‘ @
of a single cardiomyocyte . A e
(7+9d). Addition of 10 nM I A R

NDP (arrow) resulted in a de- = “ﬁw&uﬁ&w .

cline of the action potential fre- B 7

quency (/) until complete ar-

rest. After washoul, there was a
slow recovery of the spontane-
ous activity. (MP Membrane
potential)

MP [mV]




time [s]
g 0 100 200 300 400 500

2
-50+ ') 3

1001 * o0

les [pA]

1501 “NDP

-200+

Fig. 12 Effect of nimodipine (NDP) on I-type Ca?* currents in a
single cardiomyocyte (7+4d). Currents were evoked by 150 ms de-
polarizing voltage steps from a holding potential of —50 mV to a
test potential of +10 mV (frequency: 0.2 Hz). The lower panel dis-
plays the Ca?* currents (/). Every single point represents the
peak current amplitude evoked by a depolanizing voltage pulse.
This demonstrates a fast but incomplete block of I, by 10 nM
NDP and the reversibility during washout

diomyocytes. The time lag between drug administration
and the cessation of beating varied from 200 to 500 s
(n=4). Approximately 60 s after bath application of NDP,
a decrease in the frequency and/or the amplitude of the
action potentials could be observed. Moreover, with the
onset of the drug effect a depolarization of the mem-
brane potential by 542 mV could be seen in three cells.
In five out of six cells, the NDP effect was reversible up-
on washout. However, the frequency of the beating prior
to the drug application did not fully recover (Fig. 11).

In order to demonstrate the effect of NDP on L-type
Ca?" channels, voltage-clamp experiments were per-
formed on single cardiomyocytes. As for current-clamp
recordings [rom single cells, the low concentration of
10 nM NDP was chosen. The average peak current
cvoked by depolarizing voltage steps from a holding po-
tential of =50 mV to a step potential of +10 mV was
128+24 pA (n=6, Fig. 12). Application of 10 nM NDP
reduced the peak amplitude by 62.4+6.7% (n=6). In most
of the cells, the depression of the current started about
20 s after addition of the drug to the bath, and achieved
maximal values about 1 min after NDP application. The
cffect of NDP was reversible upon washout. /-, recov-
ered to the full amplitude after perfusion with normal ex-
tracellular solution.
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Discussion

In the present paper, we introduce a novel techique
allowing the long-term recording of the electrical field
potential generated by synchronously beating cardiomyo-
cyte clusters in murine ES cell-derived EBs. This in vitro
model is unique since it contains all the different cardiac
phenotypes |7, 14, 15]. In line with ultrastructural studies
[7] we demonstrate, using vital staining of ventricular
myocytes |5, 29] and confocal microscopy, that ventricu-
lar myocytes are tightly clustered within the beating ar-
eas. This and the MEA-recordings suggests also clusters
of the other cardiac phenotypes, e.g. sinusmodal-like and
atrial-like cclls. Futurc development of cardiac pheno-
type-specific reporter genes will provide detailed infor-
mation on the spatial distribution of cardiac phenotypes.

By recording population action potentials from the
beating arcas, we obtained insight into the electrical in-
teraction between cardiomyocytes. As well as the regular
beating activity, most EBs intermittently produced more
complex rhythms with two or more preferred interval
lengths. Our data show that this is due to propagation
[ailures between the primary pacemaker and the record-
ing site. In many EBs, these propagation failures resulted
in a temporary ltakeover of the spontaneous action poten-
tial gencration by a sccondary pacemaker.

At lcast four different mechanisms may account for
propagation failures: (1) impedance mismatch at struc-
tural discontinuities in the cardiac tissue, (2) changes in
cell-to-cell coupling, (3) changes in the steepness of the
diastolic depolarization, and (4) Ca?' channel blockade
in situations of impedance mismatch or during a reduc-
tion of the fast Na' inward current. MEA recordings
combined with microscopic and video observation sug-
gest that, in our experiments, spontancous propagation
failures arc mainly due to the first alternative, i.c., struc-
tural discontinuitics. They occur in structures where a
pacemaker area is connected to the area of recording via
a narrow pathway. Our results are in line with the well-
known fact that structural discontinuitics can play an im-
portant role in thc gencration of cardiac arrhythmias
(c.g., |8]). The rclationship between the tissuc architec-
ture and aclion potential propagation in cardiac tissue
has been investigated by Rohr and colleagues in elegant
experiments with patlerned growth cultures (e.g., [4, 20,
21]). Ventricular cardiomyocyles were grown on a cul-
ture substratc which contained regions that cither prevent
or support attachment of cells, conditioning the geometry
of the resulting tissue. By investigating this model with
multiple-site optical recording of transmembrane volt-
age, 1l was quantitatively demonstrated that expansions
of the excitable tissue (i.e., transitions from narrow
strands to larger areas) cause propagation delay and uni-
directional propagation block [4, 20]. Unidirectional
propagation block has similarly been demonstrated in
asymmetrical pairs of isolated ventricular cells [9]. In
both situations, a small current source is connected to a
large current load, resulting in a current-lo-load mis-
match.



Effects of NDP

In addition to the known negative chronotropic effect of

dihydropyridines |14, 28], about 50% of our experiments
revealed action potential propagation failures in response
to NDP application. In many EBs, this developed prior
to the negative chronotropic effect. Patch-clamp record-
ings excluded the possibility that complex rhythm pat-
terns induced by NDP are gencrated at the single-cell
level. Therefore, these arrhythmias in the EBs cannot be
explained by a simple drug effect on the L-type Ca’*
channel (I,) of the primary pacemaker cell, but by the
effect on the properties ol excitable cells belween the
rhythm-generating cell and the rccordmg clectrode. This
is in line with the findings that Ie, is of crucial impor-
tance for action potential propagation at abrupt structural
discontinuitics in patterned growth cultures [19] and in
asymmetrical pairs of cardiac cells [10]. In addition, ex-
periments with cell pairs [10, 24| as well as computer
simulations of ionic mechanisms of propagation in cardi-
ac tissue [23] revealed a major role for /-, in sustaining
conduction in situations of reduced intercellular cou-
pling. Although we do not know the exact location of the
block in our experiments, these studies as well as our
MEA recordings of spontaneous propagation failures
support the interpretation that NDP-induced propagation
block occurred at transitions from narrow pathways to
larger areas of cardiomyocytes.

In conclusion, our results suggest that field potential
recordings from clusters of ES cell-derived cardiomyo-
cytes within EBs provide a useful tool for studying in
vitro chronotropy and action polential propagation, and
thus phenomena of propagation failure similar to AV
block. Although at present scveral features may appear
disadvantagcous (c.g., the unpredictable gcometry of the
beating clusters, undefined coupling characteristics) we
see upon further investigation clear advantages as com-
pared to the already established cardiac cell culture mod-
els: (1) in contrast to other multicellular preparations,
EBs are composed of all different phenotypes of cardio-
myocytes; (2) the model allows long-term recordings in
combination with histological analysis; and (3), most im-
portantly, it allows mvestigation of genetically altered
ES cell-derived cardiomyocytes. This is particularly in-
teresting for knock-outs resulting in lethal mutations.
The differentiation of genetically altered ES cells into
EBs allows the functional investigation of cardiomyo-
cytes containing lethal mutations, for example [ inte-
grin deficiency [3].
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Myofilament Ca sensitization increases cytosolic Ca binding
affinity, alters intracellular Ca homeostasis and causes pause-
dependent Ca triggered arrhythmia
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Abstract

Rationale—Ca binding to the troponin complex represents a major portion of cytosolic Ca
buffering. Troponin mutations that increase myofilament Ca sensitivity are associated with
familial hypertrophic cardiomyopathy and confer a high risk for sudden death. In mice, Ca
sensitization causes ventricular arrhythmias, but the underlying mechanisms remain unclear.

Objective—To test the hypothesis that myofilament Ca sensitization increases cytosolic Ca
buffering, and to determine the resulting arrhythmogenic changes in Ca homeostasis in the intact
mouse heart.

Methods and Results—Using cardiomyocytcs isolated from mice expressing troponin T (TnT)
mutants (TnT-179N, TnT-F1101I, TnT-R278C), we found that increasing myofilament Ca
sensitivity produced a proportional increasc in cytosolic Ca binding. The underlying causc was an
increasc in the cytosolic Ca binding affinity, whereas maximal Ca binding capacity was
unchanged. The effect was sufficiently large to alter Ca handling in intact mouse hearts at
physiological heart rates, resulting in increased end-diastolic [Ca| at fast pacing rates, and
enhanced sarcoplasmic reticulum Ca content and release after pauses. Accordingly. action
potential (AP) regulation was altered, with post-pause AP prolongation, afierdepolarizations and
triggered activity. Acute Ca sensitization with EMD 57033 mimicked the effects of Ca sensitizing
TnT mutants and produced pause-dependent ventricular ecctopy and sustained ventricular
tachycardia after acutc myocardial infarction.

Conclusions—Myofilament Ca sensitization increases cytosolic Ca binding affinity. A major
proarrhythmic consequence is a pause-dependent potentiation of Ca release, AP prolongation and
triggered activity. Increased cytosolic Ca binding represents a novel mechanism of pause-
dependent arrhythmia that may be relevant for inherited and acquired cardiomyopathics.
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Familial Hypertrophic Cardiomyopathy (FHC) is a heterogeneous disease resulting [rom
autosomal-dominant mutations in genes encoding cardiac contractile proteins.! Sudden
cardiac death (SCD) is the main culprit for the mortality in FHC patients.? with ventricular
tachycardia (VT) and/or ventricular fibrillation as the underlying mechanism for the SCD.?
Even though, in gencral, the degree of cardiac hypertrophy is an important risk factor for
SCD,* certain mutations in thin filament proteins confer a high risk of SCD even in the
absence of marked cardiac hypertrophy.? In particular, mutations in troponin T (TnT) are
responsible for approximately 7% of FHC cases,® bul represent a major proportion of (hose
referred for tertiary care.> 7 For these mutations, the risk of SCD seems to be less dependent
on structural remodelling like hypertrophy and fibrosis.® ? suggesting that other mechanisms
importantly contribute to arrhythmia susceptibility. In vitro, FHC-linked TnT mutations
frequently increase myofilament Ca sensitivity of force development.'? We previously
demonstrated that myofilament Ca scnsitization increases the susceptibility for ventricular
arrhythmias, and found a dircct correlation between the degree of Ca sensitization and the
risk for ventricular arthythmias in TnT mutant mice.!! However, the underlying
mechanisms remain unknown, 2

The troponin complex represents a substantial portion of cytoplasmic Ca buffering, binding
approximately 50% of Ca released from the sarcoplasmic reticulum (SR) during a typical
heart beat.!* The effect of a TnT mutation on myofilament Ca sensitivity is likely due to an
indirect action of TnT on Ca binding by troponin C (TnC), which is possible because TnT,
TnC and troponin I (Tnl) form a trimeric protein complex.'* Hence, we hypothesize that
increased myofilament Ca sensitivity alters cytoplasmic Ca buffering. Based on experiments
that introduced exogenous Ca buffers into myocytes, ' increased cytosolic Ca buffering
should lead to reduced systolic Ca transient with a slow rate of decay and increased
cytosolic |Ca| at the end of diastole.!® As the heart rate increases further, Ca may stay partly
bound even at the end of diastole. On the other hand, when heart rate slows, or during a
pause, the excessive Ca bound to the myofilaments during the preceding rapid beats may get
mobilized and taken up into the sarcoplasmic reticulum (SR). Thus, we further hypothesize
that as a consequence of increased cylosolic Ca buffering, Ca release after a pausc will be
increased. Increased Ca release after a brief pause is a phenomenon also observed in normal
myocardium (the resulting increased contraction is often referred to as post-rest
potentiation), but this process may be abnormally cnhanced in the sctting of incrcascd
cytosolic Ca buffering, Intracellular Ca regulates membrane currents and directly alters the
membrane potential via the electrogenic Na Ca exchanger (NCX).? Hence, an increased
post-rest potentiation of Ca-sensitized hearts may cause pause-dependent action potential
(AP) prolongation, aflerdepolarizations and (riggered activily.

To test these hypotheses, we examined the effect of both acutely and chronically increasing
myofilament Ca sensitivity on myocyte Ca buffering, Ca cycling and action potential (AP).
As chronic model we used transgenic mice expressing the Ca sensitizing human TnT mutant
TnT-T179N. Tn FHC patients, this mutation is associated with a high rate of SCD at young
age.!” This group was compared to mice expressing either the human wild-type TnT (WT)
or the TnT-R278C mutant. TnT-R278C does not increasc myofilament Ca sensitivity'® and
is associated with a better prognosis.”'? We also used a FHC-linked TnT mutation that
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RESULTS
Myofilament Ca sensitization increases cytosolic Ca binding by altering its apparent Ky

causes intermediate Ca sensitization (TnT-F1101).!! As an acute model, we used the Ca
sensitizer EMD57033, which has relatively specific myofilament Ca sensitizing
properties 2% 2!

As hypothesized, we find that Ca sensitizing TnT mutations increase cytosolic Ca binding
and alter myocyte Ca handling with increased end-diastolic |Ca| at fast pacing rates and
enhanced SR Ca content and release afler pauses. AP regulation is altered with post-pause
AP prolongation, afterdepolarizations and triggered activity. Acute Ca sensitization of non-
transgenic hearts with EMD mimics the effects of Ca sensitizing TnT mutants and produces
pausc-dependent ventricular cctopy and sustained VT in mouse hearts with acutc myocardial
infarction (MI). Our findings suggest a novel mechanism of pause-dependent arrhythmia
that could be relevant for inherited and acquired human cardiomyopathies with increased
myofilament Ca sensitivity.

METHODS

A detailed methods scction describing the mouse models, intracellular Ca, AP and ECG
measurements, and data analysis is available online.

To test the hypothesis that increased myofilament Ca sensitivity changes cytosolic Ca
binding, we quantified cytosolic Ca buffering in ventricular myocytes [fom transgenic mice
with varying levels of myofilament Ca sensitivity.'" '¥: 22 To measure cytosolic Ca
buffering, caffeine was rapidly applied to relcase Ca from the SR (Figure 1A, upper trace).
Integration of the NCX current (Figure 1A, lower trace) yiclded the total amount of Ca
released from the SR.2* We did not block cytosolic Ca removal via mitochondrial Ca uptake
or sarcolemmal Ca-ATPase and therefore somewhat underestimate | Caog. Importantly
though, the rates of non-NCX mediated Ca removal were not different between the
mutations (Online Figure I) and are not expected to bias the result. SR Ca content was
reduced by pretreatment with a low concentration of caffeine?* (o achieve calfeine transients
that match the amplitude of the Ca transient during a typical myocyte contraction.>> The rise
in free cytosolic Ca was significantly smaller in myocytes expressing the Ca sensitizing
TnT-179N mutant compared to W', cven though the total amount of Ca rcleased from the
SR was the same (Figure 1A). On average, the ratio between the total amount of Ca released
from the SR and the resulting peak change in [Ca|gee (FA]Caliom/ AlCafee) Was
significantly higher in TnT-179N myocytes (Figure 1B-D), indicating that significantly
more Ca was bound in TnT-179N compared to WT myocytes and myocytes expressing the
non-sensitizing TnT-R278C mulant. Myocytes expressing the TnT-F1 10l mutant that has
intermediate Ca sensitizing effects'! exhibited also an intermediate effect on cytosolic Ca
binding (Figure 1D). At the same time, the concentrations of key Ca binding proteins
SERCA, calsequestrin, phospholamban, NCX and calmodulin were not significantly
different among the groups (Online Figure II).

We also used an independent method to confirm the efTect of the TnT-179N mutation on
cytosolic Ca buffering (Online Figure I11).26 Compared to non-transgenic myocytes (NTG),
Ca-sensitized TnT-179N myocyies exhibited much smaller rises in [Ca]g,, in response (o
approximately the same amount of total Ca influx into the cytosol. which was calculated by
integrating the Ca current (Online Figure I1IA, middle trace). As before, we calculated the
ratio between the increase in [Calygay and the resulting change in [Ca| e for cach myocyte.
On average, cytosolic Ca binding capacity was significantly higher in TnT-I79N compared
to NTG myocytes (Online Figure 111B).
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We next examined how sensitizing TnT mutants increase cytosolic Ca binding by
calculating cytosolic Kg and By, for each myocyte using the protocol by Trafford et al.23
as illustrated in Figure 2A. Both the Ca sensitizing TnT-I79N and TnT-F110I mutants
significantly lowered average Ky (Figure 2B), but did not change maximal cytosolic
buffering capacity (Byax). The Ky of the non-sensitizing TnT-R278C mutant was not
significantly different from that of WT myocytes. Taken together, these data demonstrate
that Ca sensitizing Tn'T mutants incrcasc Ca buffering by lowcering the apparent Ky for
cytosolic Ca binding (presumably to TnC).

A potential limitation is that cytosolic Ca buffering could be measured experimentally only
at resting diastolic [Ca]ee, which was on average 0.13 + 0.08 M, and not significantly
different between the four groups of myocytes. To examine the effect of the Tn'T mutations
on cytosolic buffering at different diastolic | Ca e, we first modeled full buffering curves
for all groups (Figure 2D) based on the average Kg and B, obtained experimentally
(Figure 2B & C). Note that initially, the buffering curves of Ca-sensitized myocytes are
much steeper compared (o those of WT and R278C myocytes. Hence, more Ca can be
buffered when end-diastolic [Calse. is low. However, since the total number of Ca binding
sites (Byyax) is unchanged, Ca binding will saturate more rapidly in Ca-scnsitized compared
to non-scnsitized myocytes. As a result, the amount of Ca that can be bound by sensitized
myofilaments is expected to diminish more rapidly than that of non-sensitized myofilaments
as steady-state end-diastolic | Ca|gee rises. To quantify this phenomenon, we next calculated
[or each genotype their capacity to bufler systolic Ca transients during a myocyte twitch as a
function of end-diastolic [Ca]fee (Figure 2E). Consistent with the experimental results of
Figure 1D. cytosolic Ca buffering is increased in I79N and F110I myocytes at resting
diastolic [Calsee values (Figure 2E, points a & b). However, as steady-state end-diastolic
[Calfree rises (i.c., during rapid stimulation), the difference in buffering power between the
groups is progressively reduced and may cven reverse at high end-diastolic [Calgee (Figure
2E). Taken together, the modcling results suggest that the net effect of changes in
myofilament Ca binding affinity (Kg) on the Ca transient amplitude during a twitch will
depend on the level of end-diastolic [Ca|fee.

To test whether acute myofilament Ca sensitization can reproduce the effects of Ca
sensitizing Tn'T mutants, we uscd the Ca sensitizer EMD57033 (Online Figure IVA),
Mecasurements of the intracellular Ca buffering using the Trafford method?? yielded results
that were comparable to TnT-I79N: significantly more Ca was bound in myocytes treated
with EMD compared to vehicle-treated myocytes (Online Figure [VB). The increased
buffering capacity can be atiributed to an increased cytosolic Ca binding alfinity (Ky),
whereas maximal Ca binding capacity (By,,x) was unchanged (Online Figure IVB).

Ca sensitization prolongs Ca transients, increases end-diastolic [Ca] and potentiates post-
pause SR Ca content and release

Increased cytosolic Ca buffering can be predicted to change intracellular Ca cycling during a
twitch. 16 We first studied the effect of Ca sensitization in field-stimulated intact myocytes.
Consistent with their increased cylosolic Ca bullering (Figures 1 & 2), TnT-179N myocyles
exhibit depressed systolic Ca transients with slowed decay rates when paced at 1 Hz (Figure
3A,C,D). End-diastolic [Ca]gee was modestly but significantly increased (Figure 3A.E). Ca
transients of myocytes expressing the non-sensitizing TnT-R278C were not different from
WT myocytes. At a faster pacing of 5 Hz, decay kinetics of TnT-I79N myocytes remain
slower and end-diastolic [Ca] further increased compared to both WT and TnT-R278C
(Figure 3B,D,E). Ca transient amplitude remained the same in TnT-WT and TnT-R278C,
but increased significantly in the TnT-179N group. As a result, I79N Ca transient amplitude
was only modestly lower compared to the non-sensitized myocytes at 5 Hz, a difference that
was no longer statistically significant (Figure 3B,C). The latter result is consistent with

Cire Res. Author manuseript; available in PMC 2013 July 06.
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modelling predictions that the effect of the TnT-179N mutation on cytosolic buffering is
reduced when end-diastolic |Ca|p.. is increased (Figure 2E, points a and c).

We next determined the effect of increased Ca binding affinity on intracellular Ca cycling in
the intact heart at physiological heart rates. Hearts were subjected to pacing trains at cycle
lengths ranging from 150 to 80 ms, which correspond to physiological heart rates o[ mice in
vivo. To esl the effect of a sudden change in heart rate, we introduced a 1000 ms pause
followed by an extrastimulus (S2) and recorded Ca fluorescence (Figure 4A). Similar to the
results in isolated myocytes, Ca removal from the cytosol is slowed and end-diastolic
[Calfree during the pacing train arc significantly increased in TnT-179N compared to WT
and TnT-R278C hearts (Figure 4B,C). The systolic Ca transients during the pacing train (S1)
were not statistically different among the groups (Figure 4D), but TnT-179N hearts showed
significantly increased S2 Ca transient amplitudes afier the pause (Figure 4E). This post-
pause polentiation of SR Ca release is even more eviden( when plotting the ratio of S| and
S2 (Figure 4F). Importantly. pretreatment of hearts with the myosin inhibitor blebbistatin,
which both de-sensitizes and uncouples myofilaments,'! prevented the aliered Ca handling
in TnT-T179N hearts (Online Figure V).

L-type Ca currents that are responsible for triggering SR Ca release are not significantly
different in TnT-179N compared to TnT-WT myocytes.” Hence, we hypothesized that
increased SR Ca content may be the underlying cause for the pause-induced large Ca
transient in the Ca-sensitized hearts. To test this hypothesis, voltage-clamped myocytes were
stimulated from a holding potential of =70 mV with brief membrane depolarizations to 0
mV at 0.5 s cycle length (2 Hz). To measure steady-state SR Ca content during the pacing
train, caffeine was applied 0.5 s (= pacing cycle length, [PCL]) after the last pacing stimulus
(Figure 5A). To measurc post-pausc SR Ca content, caffcine was applicd 4 s after the last
stimulus (Figure SA). SR Ca content was determined by measuring the NCX current integral
in response to the caffeine application (Figure 5B). End-diastolic SR Ca content was not
statistically different between TnT-179N and TnT-WT myocytes during steady-state pacing
(Figure 5C). Afier the pause, SR Ca content was significantly larger in TnT-179N myocyles
compared to TnT-WT myocytes (Figure 5C)

Taken together. these data demonstrate that the main consequences of increased
myofilament Ca binding affinity during physiological heart rates are an increased end-
diastolic [Calgee and a pause-dependent increase of SR Ca release.

Increasing Ca sensitivity causes action potential prolongation, early afterdepolarizations
(EADs) and triggered activity after pauses

Since the myocyte membrane potential is closely linked to intracellular [Ca |, via the
electrogenic NCX, we nex!( examined the effect of enhanced posi-rest potentiation of SR Ca
release on the cardiac AP in the intact heart at physiological heart rates. Monophasic action
potentials (MAP) were recorded using a pacing protocol analogous to the Ca transient
mcasurements presented in Figure 4. TnT-179N hearts were susceptible to induction of VT,
which can be triggered after a pause (Figure 6A). Figure 6B shows representative examples
of MAP recordings. Consistent with previous studics,” 1! the S1 AP during steady-state
pacing had a triangular shape in TnT-I79N hearts, but the overall action potential duration
(measured as the duration at 90% repolarization, APD90) was not different among the
groups (summary data not shown). On the other hand, the post-pause beat (S2) had a trend
towards longer APD90 in TnT-179N at normal pacing rates with a PCL of 150 ms. Al fast
pacing rates, the AP prolongation was more pronounced and reached statistical significance
(Figure 6C). This post-pause AP prolongation became cven more apparent when comparing
the relative APD changes after every pause (Fig 6D), i.c. the relationship between the S1
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and the S2 beat. Similarly, an acute increase in Ca sensitivity with EMD also resulted in 4
striking post-pause AP prolongation compared to both WT and TnT-R278C (Figure 6E F).

Prolonged APs can cause EADs and triggered arrhythmias.2” Thus, we investigated whether
the post-pause AP prolongation in Ca-sensitized hearts increases the rate of EADs. Figure
7A shows a typical example of an EAD. Chronically increased Ca sensitivity in TnT-I79N
resulted in an increased occurrence of EADs at fast pacing rates (Figure 7B). The mean
takeofT potential of the EADs was around 80% repolarisation level (81% &+ 2%, n=17).
There was no difference in the incidence of EADs between TnT-R278C and WT.
Application of EMD caused a significant increase in post-pausc EADs alrcady at normal
heart rates with a PCL of 150 ms, at faster pacing rates this increasc was even more dramatic
(Figure 7C).

EADs were frequently followed by triggered activity (Figure 7A). Hence, we examined the
occurrence of triggered beats following the post-pause beat. Triggered beats occurred more
frequently in TnT-179N at fast pacing rates (PCL 100 ms), while TnT-R278C was not
statistically different from control (Figure 7D). Likewise, EMD significantly increased the
incidence of triggered beats (Figure 7E) compared to baseline and washout recordings.
Taken together, these results demonstrate that myofilament Ca sensitization increases the
rate of EADs and triggered beats afier pauses.

Increasing Ca sensitivity renders hearts with acute M| susceptible to pause-dependent
ventricular ectopy and sustained VT

To explore the relevance of myofilament Ca sensitization as an arrhythmogenic mechanism
in acquired heart disease, we next tested the effect of EMD in isolated hearts after inducing
an acute MI by coronary ligation (Figure 8). Ca transients were recorded from the non-
ischemic area al the base of the lell ventricle. Analogous o the effects of Ca sensitizing
TnT-mutants (Figure 4), EMD (reatment slowed cylosolic Ca removal and caused an
increase in end-diastolic [Cal .. (Figure 8A—C). Post-pause Ca transients were significantly
larger in EMD-treated compared to vehicle-treated MI hearts. The large S2 Ca transient in
EMD-treated hearts was frequently followed by cither a single triggered premature beat or
sustained VT (Figure 8A, lower pancls). Compared to non-ischemic NTG control hearts, all
MI hearts exhibit an increased incidence of ectopic beats during steady-state pacing (Figure
8D). Interestingly, EMD had no effect on the rate of ventricular ectopy during steady-state
pacing (Figure 8D). Rather, we find that EMD selectively increased the incidence of post-
pause ventricular ectopy (Figure 8E) and caused sustained VT in 5 out of 7 MI hearts
examined (Figure 8F).

DISCUSSION

We report three major [indings: (1) Both chronic and acute increases in myofilament Ca
sensitivity (caused by TnT mutations or the drug EMD57033, respectively), produce a
proportional increase in cytosolic Ca binding affinity (Figures 1 & 2, Online Figure V). (2)
The increased myofilament Ca binding results in increased end-diastolic [Calfee during
steady-state pacing and potentiates SR Ca release after bricf pauses (Figures 3-5). (3) Ca-
sensitized hearts exhibit altered AP regulation characterized by post-pause AP prolongation,
aflerdepolarizations and triggered activity (Figures 6-7), likely as a result of excessive post-
rest potentiation of Ca release generated by cylosolic Ca accumulation during physiologic
heart rates. Taken together, these observations suggest a novel mechanism for triggering
ventricular cctopy that occurs as a direct consequence of increased myofilament Ca
sensitivity. If a substrate able to support recntrant excitation is present, i.c., induced by rapid
pacing (as reported previously!!) or in the sctting of an acute MI (Figurc 8), the triggered
beats can initiate sustained VT. Hence, our results are likely relevant for the pathogenesis of
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ventricular arrhythmia in inherited and acquired cardiomyopathies associated with increased
myofilament Ca sensitivity.

Mechanism of increased cytosolic Ca buffering caused by myofilament Ca-sensitization

Since TnT by itsclf does not bind Ca in amounts sufficient to alter Ca buffering, finding
increased Ca buffering in myocytes expressing TnT mutants may seem surprising, However,
protein conformation changes in TnT can change Ca binding to TnC.2® Given the polymeric
nature of the thin filament, even mutations in other thin filament proteins®” or changes in
cross-bridge activity?? alter myofilament Ca sensitivity and likely change the Ca binding
affinity (=Kg) of TnC in intact fibers. Given the [ixed cytoplasmic volume of intacl
myocytes and the fact that TnC binds close to 50% of Ca released during a typical heart
beat,'? even a small change in the Ky of TnC should result in a significant change in
cytosolic [Ca]g.e during a physiological Ca release in the beating heart. On the other hand,
the total number of Ca binding sites in the cytosol (=maximal buffering capacity, By,ax) did
not change (Figurc 2). This rcsult is consistent with the finding that protein expression levels
of TnT, TnC or Tal are not affected by the investigated TnT mutations.!®: 3° The hypothesis
that myofilament Ca sensitization can increase myofilament Ca binding is further supported
by our experiments with EMD57033 (Online Figure IV). EMD binds to the C-lobe of TnC
in a region that interacts with Tnl as well as TnT with a Ky of approximately 8 puM.?!
Previous reports did not show significanily increased TnC Ca binding in response to
EMD,2 but differences in the experimental approach (e.g. equilibrium vs. dynamic) as well
as the possibility that EMD only incrcascs Ca binding at physiological [Ca]ge. may explain
the different results.

Increased myofilament Ca buffering alters myocyte Ca homeostasis

In the intact myocytes, |Ca|gee is determined at any given time point by the rate of
sarcolemmal and SR Ca fluxes and the Ca buffering properties of the cytosol. 3! As long as
the net rate of Ca flux into the cylosol remains unchanged, systolic [Cals.. Will be decreased
in the context ol increased Ca bufTering. Other groups have shown that increasing maximal
Ca binding capacity (Bp,.) by Ca chelators can reduce Ca transient amplitude.!6 Here we
dircctly demonstrate that increasing cytosolic Ca binding affinity (= lower Ky) without
changing B,,,,, was similarly ablc to reduce Ca transient amplitude. The increased net Ca
buffering is sufficient to lower systolic [Ca]j. (Figure 1) and likely contributes to the
decreased Ca transient amplitude in TnT-179N cardiomyocytes at slow pacing rates (Figure
3A). Assuming that the increased myofilament Ca sensitivity affect TnC Ca “on” rates as
well as “ofl” rates, the other consequence is slower Ca dissociation [rom the sensitized
myofilaments during diastole. Consistent with this theory, we observed slow Ca transient
decay rates in Ca-sensitized hearts, both in isolated cells and in whole hearts (Figures 3 and
5). Next, slow Ca decay rates can be predicted to lead to increased diastolic [Caly,.. once
the diastolic interval is not sufficiently long to allow for complete cytosolic Ca removal.
Again, our obscrvations agrec with this notion. Diastolic [Ca |, 15 incrcased both in
isolated myocytes and in intact heart at physiological heart rates. A possible limitation is that
the Ca indicators used to measure | Ca | introduce exogenous cytosolic buffering that will
further slow the Ca decay kinetics and will exacerbate the rate-dependent increase in end-
diastolic [Ca]ge.. However, we previously reported that rapid pacing causes an excessive
increase in end-diastolic pressure in indicator-free TnT mutant hearts 3% suggesting that the
presence of Ca indicators was not responsible for this phenomenon.

A surprising [inding was that increased myolilament buffering did not reduce Ca (ransient
amplitude at physiological heart rates (Figure 3B and 4D). While we cannot exclude that
other factor such as differences in sarcomere length!? or RyR2 SR Ca release channel
activity*? arc contributory, our modeling studics provide a plausiblc explanation:
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Myofilament Ca sensitization only changes Ky but not B« (Figure 2). Modeling the effect
of an altered K, predicts that the differences in cytosolic buffering are progressively reduced
and may even reverse as end-diastolic [Ca| rises (Figure 2E). Since end-diastolic [Ca] o
is increased in Ca-sensitized muscle during steady-state pacing, finding unchanged Ca
transient amplitudes suggests that the extra cytosolic Ca buffering provided by myofilament
sensitization is largely saturated at physiological heart rates. This situation is illustrated in
Figure 2E by the points a and ¢. On the other hand. the increased myofilament Ca
accumulated during steady-state pacing is likely responsible for the exaggerated post-rest
potentiation of Ca release (Figure 4).

Post-rest potentiation is a physiological phenomenon observed in mammalian cardiac
muscle that describes a larger contraction upon restimulation of isolated myocardium after
short periods of rest.** The major underlying mechanisms are a shift of Ca from the cytosol
into the SR resulting in larger SR load and also a more complete recovery of L-type Ca
current and RyR2 refractoriness, together leading to enhanced Ca release after a pause.™?
Post-rest potentiation is enhanced with faster pacing rates* and can be abolished by
pretreatment with ryanodine, 3% Our findings support the hypothesis that an increased SR
load was responsible for the enhanced post-rest potentiation of Ca-sensitized hearts: While
SR load was the same during steady state, the SR load was significantly increased after a
pause in Ca-sensitized TnT-I179N compared to WT myocytes (Figure 5). We interpret this
result as follows: In a situation where cytosolic Ca affinity (i.e., Ky) is increased by
myofilament sensitization, the extra Ca accumulated in the cytosol during the pacing (rain
and bound to the myofilaments can be mobilized during a pause, of which a large fraction
will be pumped into the SR.3? In addition, the increased end-diastolic [Ca]gee found in Ca-
sensitized cardiac muscle (Figures 5 & 8) will further increase post-rest potentation.

Myofilament sensitization as a cause of pause-dependent EADs and triggered arrhythmia

In mousc modcels expressing human TnT mutations associated with hypertrophic
cardiomyopathy, the degree of Ca sensitization corrclates with the risk for VT2 11 We
reported previously reentrant activation pattern, likely produced as the result of increased

CV dispersion and AP alternans.'' However, an additional triggering mechanism is still
required to initiate VT. Here, we [ind that that Ca-sensilized hearts exhibit pause-dependent
AP prolongation, EADsm and triggered activity (Figures 6-7). Cardiac AP repolarization is
highly interconnected with intracellular [Calgee.>> 37 Hence, the large post-pause S2 Ca
transients found in Ca-sensitized hearts (Figure 4) presumably activate inward NCX
current,*® thereby causing the striking AP prolongation shown in Figure 6. Prolonged AP
durations and clevated intracellular [Ca] arc also well-recognized mechanism for late
EADs.?

Another form of pausc-dependent arrhythmia is torsades de pointes that occurs in paticnts
with the long QT syndrome (LQTS).3? A bricf pause or slowing of the heart rate in the
setting of baseline APD prolongation leads to an increased incidence of EADs and possibly
torsades if the substrate is sufficiently primed.**~*? In LQTS, the physiologic post-pause
APD prolongation in the setting of already prolonged APs causes triggered activity. In the
case of increased myolilament Ca sensitivity, APD and QT are normal during steady-slate
pacing!! or in vivo.” 22 Rather, as we show here, the APD prolongation afier a pause is
abnormally enhanced, Icading o post-pause EADs and potentially VT, As increased
myofilament Ca sensitivity is frequently found in hypertrophic cardiomyopathy,'° such a
triggering mechanism could be life-threatening when paired with structural remodelling of
the heart.
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Potential implications

In this study, we present a new mechanism of how increased myofilament Ca sensitivity can
render hearts susceptible to ventricular arrhythmia: increased cytosolic Ca buffering lcads to
pause-dependent increased SR Ca load and triggered activity. In addition to inherited cardiac
discascs such as TnT-linked FHC, our findings have implications for more common
acquired human cardiomyopathics. Increased myofilament Ca sensitivity is also found in
animals post-myocardial infarction®? and in humans with heart failure;** which are heart
diseases with a high incidence of ventricular arrhythmias and sudden death.** In both cases,
the pathophysiology is extremely complex, but altered myocyte Ca regulation with increased
end-diastolic [Ca| is one of the central findings.
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Figure 1. Ca*t sensitizing troponin T (TnT) mutants increase apparent cytosolic Ca?t binding
Cytosolic Ca2" fluorescence was recorded from voltage-clamped myocytes loaded with the
fluorescent indicator Fluo-4 (25 wM). A, Representative examples of mice expressing cither
human wild-type cardiac TnT (WT) or mutant TnT (TnT-R278C, TnT-F110I, TnT-I179N).
Myofilament Ca?' sensitivity was altered in the following order; TnT-R278C<TnT-
WT<TnT-F110I<TnT-I79N. Upper trace: Rapidly applied caffeine was used to release
Ca®* from the sarcoplasmatic reticulum (SR). Lower trace: Integration of the Na* Ca2"
exchanger current vielded the total amount of Ca®* released from the SR. B-D, Myocytes
expressing the Ca>™ sensitizing TnT mutants show a higher net cytosolic Ca®~ binding
calculated by a smaller rise in ICaz‘lfmc and an higher A[Caz’*]loml. n=11-13 myocytes per
group. **p<0.01 vs WT and TnT-R278C
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Figure 2. Ca?* sensitizing TnT mutants alter the apparent Kq of cytosolic Ca?* buffering
Cytosolic buffering parameters (Kg and Byyy) were determined using the Ca2* binding data
presented in Figure 1. A|Ca?* |, was plotted as a function of A|Ca®"|g.. fitted to a
modified Michaclis-Menten equation and B, and Ky calculated for cach myocyte. A,
Representative buffering plots. B-C, Ca®" sensitizing TnT-I79N and TnT-F110I mutants
show significantly lowered average Ky, bul did not change maximal cylosolic bulfering
capacity (Byay). The non-sensitizing TnT-R278C mutant was not different from wild-tvpe
(WT) myocytes. n=9-10 myocytes per group. **p<0.01 vs TnT-R278C and WT. D,
Cytosolic buffering curves calculated from experimental K4 and B, obtained in B and C.
E, Predicted cytosolic buffering capacity as a function of steady-statc end-diastolic

[Ca?' |gee. A simulated twitch Ca?' increase of 30 pM (= A[Ca?' ]i1a1) Was used to compare
buffering capacity in the four groups based on the buffering curves from D. The cylosolic
buffering capacity decreases as end-diastolic [Ca?" |, increases. Note that at the same low
diastolic Ca*" this results in increased buffering capacity in the TnT-I79N (a vs. b) and
therefore expected decreased systolic Ca2'. But buffering capacity can be the same in T79N
and WT when diastolic [Ca?'] is diffcrent (a vs. ¢).
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Figure 3. Ca2* sensitized TnT-179N myocytes exhibit prolonged Ca2* transients and increased
end-diastolic Ca®* concentrations

Ca?' (ransients were measures in field-stimulated ventricular myocytes, loaded with
fura-2AM. A-B, Representative traces from three myocytes stimulated at 1 Hz (A) and S Hz
(B). C-E, Average data. At 1 Hz, Ca®" transients from the Ca* sensitized TnT-179N
myocytes have smaller amplitudes, slow decay kinetics and increased end-diastolic [Ca>'].
At a faster pacing rate of 5 Hz, the amplitude is ncarly normalized, but decay kinetics
remain significantly longer and end-diastolic [Ca?'] is further increased compared to both
TnT-WT and TnT-R278C. *p<0.05, **p<0.01 compared to WT and R278C, n = 39-63
myocytes from 6-7 mice per group. Except for WT and R278C amplitude, all other
parameter means measured at 5 Hz were significantly different from those measured at 1 Hz
for each genotype (p<0.01, not indicated in the [igure).
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Figure 4. TnT-179N hearts have increased Ca2' transients in response to an extrastimulus after
a pause

Ca?! transicnts were measured from intact hearts using ratios of rhod-2 fluorescence. Hearts
were subjected to rapid pacing at different pacing cycle length (S1), followed by a 1 sccond
pause and an extrastimulus (S2 pulse). A, Representative trace demonstrating the pacing
protocol, pacing cycle length 100 ms. B-F, Average data. Ca?' removal from the cytosol is
slowed (B) and end-diastolic Ca®" concentrations are significantly increased in TnT-I79N
(C). Ca*" transients of TnT-I79N hearts have unchanged amplitude at steady state pacing
(D), but show a significantly enhanced Ca®" release after a pause (E, F). n=8-10 mice per
group. *p<0.05, **p<0.01 TnT-I179N vs wild-type (WT).
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Figure 5. SR Ca?* content is increased in TnT-179N myocytes after a pause

A. Experimental protocol. Voltage-clamped myocytes were stimulated with a pacing train (2
Hz, 20 s) of brief membrane depolarizations (0 mV, 50 ms) from a holding potential of — 70
mV. To measure end-diastolic SR Ca2™ content during steady-state pacing and afier a pause,
caffeine (10 mM) was applied cither 0.5 s (= pacing cycle length) or 4 s following the last
pacing stimulus. B, Representative NCX current records elicited by cafleine application. SR
content was calculated from (he NCX current integral. C, SR Ca?' content is significantly
increased in TnT-179N vs TnT-WT myocyles only afier 4 pause. N = 8—12 myocytes from
3—4 animals per genotype, *p<0.05.
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Hearts were subjected to rapid pacing (S1) at different pacing cycle length (PCL), followed
by a 500 ms pause and an extrastimulus (S2). A, Example of spontancous ventricular
tachycardia (VT) in a TnT-179N mouse after a pause following [ast pacing. B,

Representative examples of monophasic action potentials

recorded during the stimulation

protocol, PCL 100 ms. C and D, Ca®* sensitized TnT-179N hearls show rate-dependent AP
prolongation after the pausc. Pancl D shows the relative post-pause APD90 (S2) compared

to pre-pause APD90 (S1). N=5-8 mice per group. E and

F, Acutely increased Ca®*

sensitivity with EMD (3 pM) also causes rate-dependent AP prolongation after pauses. n=4—

11 mice per group. *p<0.05, **p<0.01.
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A, Pacing train with an extra stimulus (S2) after a 500 ms pause. Example record from a
NTG heart treated with EMD (3 M) shows an EAD followed by a triggered beat. Pacing
cycle Iength (PCL) 100ms, B, At fast pacing rates, the incidence of EADs is incrcased in the
Ca?" sensitized TnT-179N hearts. n = 4—11 mice per group. C, NTG hearls treated with
EMD exhibit an increased rate of EADs compared to vehicle (VEH) treated NTG hearts and
recordings after washout (WASH). n = 7-10 mice. D, In TnT-I79N hearts, the S2 beat
frequently triggers premature beats. n = 4-11 mice per group. E. The incidence of triggered
beats is increased by acute Ca" sensitization with EMD, n = 11-14 mice. *p<0.05,

#p<(.01.
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Figure 8. In hearts with acute MI, Ca2* sensitization with EMD 57033 enhances post-pause Ca®*

transients and triggers sustained VT

A, upper panels: Representative examples of simultaneously recorded ECG and Ca?'
fluorescence (races in the presence of EMD (3 pM) or vehicle (VEH). Lower panels:
Pausc-dependent triggered beats and sustained VT in EMD-treated MI hearts. B-C, EMD
slowed cytosolic Ca*" removal and increased post-pause Ca?" release. D, Compared (o non-
ischemic hearts (NTG), MI hearts exhibil an increased incidence of ectopic beats during
steady state pacing, which is not affected by EMD. E, Acute MI by itself does not increase
the occurrence of post-pause cctopic beats compared to NTG: MU hearts treated with EMD
exhibit a 3-fold increase in post-pause triggered beats. F, EMD causes pause-triggered
sustained VT in MI hearts. Black arrows: pacing stimuli. *p<0.05 compared to NTG+VEH,
# p<0.05 and # p<0.01 compared to both MI+VEH and NTG+VEH, n = 7-9 hearts per

group.
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Impaired calcium-calmodulin-dependent inactivation of Ca,1.2
contributes to loss of sarcoplasmic reticulum calcium release
refractoriness in mice lacking calsequestrin 2
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Abstract

Aims—In cardiac muscle, Ca®" release from sarcoplasmic reticulum (SR) is reduced with
successively shorter coupling intervals of premature stimuli, a phenomenon known as SR Ca?*
releasc refractoriness. We recently reported that the SR luminal Ca2* binding protein calscquestrin
2 (Casq?2) contributes to release refractoriness in intact mouse hearts. but the underlying
mechanisms remain unclear. Here, we further investigate the mechanisms responsible for
physiological release refractoriness.

Methods and Results—Gene-targeted ablation of Casq2 (Casq2 KO) abolished SR Ca*
release refractoriness in isolated mouse ventricular myocytes. Surprisingly, impaired Ca?"-
dependent inactivation of L-type Ca?' current (I¢,), which is responsible for triggering SR Ca?’
release, significantly contributed to loss of Ca®" release refractoriness in Casq2 KO myocytes.
Recovery from Ca?'-dependent inactivation of L, was significantly accelerated in Casq2 KO
compared to wild-type (WT) myocytes. In contrast, voltage-dependent inactivation measured by
using Ba”" as charge carrier was not significantly different between WT and Casq2 KO myocytes.
Ca?'-dependent inactivation of I, was normalized by intracellular dialysis of excess apo-CaM
(20 uM), which also partially restored physiological Ca?' release refractoriness in Casq2 KO
myocyles.

Conclusions—Our findings reveal that the intra-SR protein Casq2 is largely responsible for the
phenomenon of SR Ca?' release refractoringss in murine ventricular myocytes. We also report a
novel mechanism of impaired Ca**-CaM-dependent inactivation of Ca, 1.2, which contributes to
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the loss of SR Ca?' release refractoriness in the C asq2 KO mousc model and, therefore, may
further increase risk for ventricular arrhythmia in vivo.

Keywords

Calsequestrin: calmodulin; calcium release restitution; L-type calcium channel; sarcoplasmic
reticulum

1. Introduction

Precise control of the release of Ca®* from intracellular stores of sarcoplasmic reticulum
(SR) in cardiac myocytes is important for normal contractility and functioning of cardiac
muscle [2]. On the other hand, spontaneous Ca?' release from ryanodine receptor (RyR2)
SR Ca®" release channels is thought to be one of the underlying mechanisms responsible for
ventricular arrhythmia and sudden cardiac death. Both acquired (such as acute myocardial
infarction and heart failure) and inherited (c.g. catecholaminergic polymorphic ventricular
tachycardia) arrhythmia syndromes are accompanied by abnormalities in Ca>* handling in
cardiac myocytes [2]. Published reports suggest that spontancous Ca®* release from the SR,
particularly due to alterations in RyR2 activity, may serve as a trigger for ventricular
arrhythmia in heart failure [3-6]. Moreover, interventions that decrease sudden cardiac death
and increase survival in patients with heart failure also normalize cardiac Ca2* handling [7,
8]. In aggregate, these data suggest that altered myocyte Ca?' release and ventricular
arrhythmias are closely linked.

Calsequestrin 2 (Casq2) is a high-capacity Ca?*-binding protein located in the junctional
sarcoplasmic reticulum (jSR) of cardiac muscle [9-11]. Casqg2 binds to the RyR2, either
directly or via two other jSR proteins, junctin and triadin [12, 13| which together form the
SR Ca®" release unit (CRU) [14]. This protein complex is responsible for Ca®* release from
the SR, triggered by increase in cytosolic Ca%~ concentration due to activation of L-type
Ca?' channels (Cay1.2), also known as Ca®'-induced Ca?" release (CICR) |15, 16]. In this
way, CRUs are responsible for the precise control of Ca®* release during excitation-
contraction coupling in cardiac tissue [17]. Functionally, Ca®* entering through Ca, 1.2
during an action potential triggers Ca2' releasc from the SR [15]. In case of two consecutive
stimuli, the amplitude of the resulting Ca?* transient depends on the diastolic interval that
preceded the second stimulus — a phenomenon known as Ca?™ release refractoriness [18].

Casq2, the major intra-SR Ca2* buffering protein [ 18], has been suggested to modulate
activity of RyR2 Ca?'-release channels [ 19, 20] regulating its sensitivity to intra-SR luminal
Ca?*. We recently found that Casq2, acting both as intra-SR Ca®~ buffer and as a regulator
of sensitivity of RyR2 to luminal Ca%*, importantly governs Ca>" transient restitution in
intact mousc hearts | 1]. Here, we further investigate the role of Casq?2 in regulating SR Ca?'
release refractoriness in isolated ventricular myocytes under experimental condition that
allow control of the physiological trigger of Ca®* releasc, the Ca, 1.2 current.
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2. Methods

2.1. Ethics

All experiments were approved by the institutional animal care and use committces at
Animal Care and Use Committees of Vanderbilt University and performed in accordance
with NIH guidelines. Mouse heart harvest was performed under general anesthesia
(inhalation of 3% isoflurane vapor) and animals euthanized by exsanguination.

2.2. Restitution protocols

Restitution curves were obtained by introducing an additional stimulation pulse (S2) at
different time intervals (S1-S2 coupling intervals) with respect to the regular pacing pulscs
(S1) as shown in Fig. 2A. The same experimental protocol was used in all the experiments
studying refractoriness of either cylosolic Ca=" transients or Ca,1.2 currents. To analyze the
kinctics of the recovery of cytosolic Ca** transients, recovery ratios were calculated from
the amplitudes of S2 (extrasystolic) and S1 (regular baseline pacing) beat. To plot restitution
curves, we expressed either the S2 Ca?' release transient or the amplitude of Ca,1.2 currents
during S2 stimulus as a function of the S1-S2 coupling interval, using the following
formula:

| S1-82

Sl x 100%

Our approach for analyzing SR Ca?" restitution is different from the one that was used in
our previous reports | 1]. To better reflect that Ca®' reuptake is not complete and hence the
SR is still depleted during the very premature S2 beats, we use the value of the peak of the
S2 transient rather than the S2 transient amplitude (see Fig. 1 for details). This approach
takes into account the Ca?' in the cytosol that is not yet taken up when the premature S2
stimulus is delivered and obviously cannot be released. We posit that this is a more accurate
approach for measuring RyR2 releasc refractoriness in the intact myocyte.

2.3. Myocyte isolation and cytosolic Ca?* transient measurements

Ventricular myocytes from 12 to 16 weeks old male and female Casq2 KO or wild-type
(WT) mice from the same C57BL/6 strain were isolated using a modified collagenase/
protease method as previously described [21]. All experiments on field-stimulated myocytes
were conducted in Tyrode’s solution (TS) containing (in mM): NaCl 134, KCI1 5.4, MgCl, 1,
CaCl; 2, glucose 10, HEPES 10, adjusted to pH 7.4 with NaOH. Afier isolation, myocyles
were loaded with Fura-2 acetoxymethyl ester, Fura-2 AM as described previously [22].
Briefly, myocytes were incubated with 2 uM Fura 2 AM for 6 minutes at room temperature
to load the indicator in the cytosol. Myocytes were then washed twice for 10 minutes with
TS containing 250 puM probenecid to retain the indicator in the cytosol. A minimum of 30
min was allowed for de-esterification before imaging the cells.

Fura-2-loaded healthy rod-shaped isolated ventricular myocytes were placed into the
experimental chamber, ficld stimulated, and superfused with TS. Intracellular Ca?*
transients were measured using a dual-beam excitation fluorescence photometry setup
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(TonOptix Corp.) utilizing the protocol shown in Fig. 2A. After that, myocytes were exposed
for 4 scconds to TS containing 10 mmol/1 caffeine using a rapid concentration-clamp
system. The amplitude of the caffeine-induced Ca®™ transient was used as an estimate of
total SR Ca%* content [18]. All experiments were conducted at room temperature (~23°C).
Ca®' transients were analyzed using specialized data analysis software (TonWizard,
IonOptixCorp.). Excitation wavelengths of 360 and 380 nm were used (o monitor the
fluorescence signals of Ca?'-bound and Ca?'-free fura-2, and [Ca?']; measurements are
reported as [Tuorescence ratios (Fratia)-

For the measurements of cytosolic Ca?' transients in voltage-clamp mode, cclls were loaded
with fluo-4 pentapotassium salt (final concentration 100 pM), added into pipette solution
from stock. Pipette solution contained (in mM): CsCl 125, MgATP 5, MgCl; 1, glutathione
(GSH) 5, cAMP 0.05, HEPES 20, adjusted to pH 7.25 with CsOH. External K-free solution
contained (in mM): NaCl 134, CsC1 5, MgCl, 1, CaCl, 2. glucose 10, HEPES 10, adjusted
to pH 7.4 with NaOH. The same S1-S2 stimulation protocol. only applied in voltage-clamp
mode, was used. Fig. 3A demonstrates representative examples of membrane currents and
corresponding [Ca2*); transients from the cytosol in response to S1 and S2 voltage stimuli.
Again, in the end of experiment each cell was exposed to TS containing 10 mmol/l caffeine
{o estimate total SR Ca?" content. All chemicals, unless otherwise specified, were obtained
from Sigma (St. Louis, MO).

2.4. Measurements of Ca,1.2 current

For mcasurements of Ca, 1.2 current, freshly isolated murine ventricular myocytes were
whole-cell paiched in Tyrode’s solution and then solution was changed to K™-free solution
(described above) containing either 2 mM CaCl, or 2mM BaCl,. In all experiments,
myocytes were pre-incubated for 30 min in 50 uM Ryanodine + 10 pM Thapsigargin + 30
1M TTX to eliminate SR Ca?" release and block sodium currents. The pipette solution
contained (in mM): CsC1 110, MgCl, 1, MgATP 5, cAMP 0.2; EGTA 14; Fluo-4 0.1, Hepes
20; pH=7.25 (CsOH). For experiments testing effect of calmodulin (CaM) on inactivation of
I¢a. CaM purified from bovine testes (Sigma) was added into pipette solution for a final
concentration of 20 uM. All experiments were carried out at room temperature.

2.5. Western Blot

Ventricular cardiomyocytes obtained from wild-type and Casq2 KO mice were
homogenized and centrifuged at 100 g for 1 min at 4°C to climinate the cellular debris. The
supernatants were used [or immunoblotting. The extracted proteins were separated on SDS-
PAGE gels and transferred (o polyvinylidene difluoride membranes. The membranes were
blocked with 5% milk and incubated overnight with primary antibodics: Calmodulin (Cell
signaling antibodies) and GAPDH (Ambion). Specific bands were detected using Pierce
ECL protein detection system. Western blot analyses were performed using Imagel sofiware
(NIH).

2.6. Statistical analysis

Differences between groups were assessed using a one-way analysis of variance (ANOVA),
If statistically significant differences were found. individual groups were compared with
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3. Results

Student’s two-sided 7 test. Results were considered statistically significant if the 2 value was
<0.05. Unless otherwise indicated, results are expressed as arithmetic means = SE.

3.1. Refractoriness of SR Ca?* release is eliminated in ventricular myocytes lacking Casq2

Previous studics have shown that ventricular myocytes isolated from Casq2 KO mice exhibit
elevated rates of premature spontaneous Ca®* releases, delayed afler depolarizations and
triggered bealts, and catecholamine-induced ventricular arrhythmias in vivo |21, 22]. We
hypothesized that the arrhythmogenic potential of loss of Casq2 may be related to how
quickly a sccondary Ca?’ release can be clicited in cardiac myocyte. To investigate this
hypothesis, we compared refractoriness of SR Ca?" release in intact ventricular myocytes
from WT and Casq2 KO mice using a ficld stimulation protocol (Fig. 2A). Under these
conditions, myocytes from WT mice exhibit robust time-dependent refractoriness of Ca>'
release from the SR, i.c., the cytosolic Ca?" transients in response to premature S2 stimuli
were significantly smaller compared to the transients clicited during regular S1 pacing,
especially at the shortest S1-S2 interval (Fig. 2B). Unlike WT, myocytes from Casq2 KO
animals exhibited near complete absence of SR Ca?' release refractoriness, even at very
short S1-S2 coupling intervals (Fig. 2C).

Avcragc restitution curves were plotted for cach group (Fig. 2D), demonstrating an almost
complete lack of SR Ca?' release refractoriness in Casq2 KO myocytes. At the same time,
SR Ca*" content. estimated by the amplitude of Ca?" (ransient as response (o rapid
application of caffeine (10 mM/L), was similar for both modcls (Fig. 2E). Our results
indicate that Casq2 protein is responsible for SR Ca®* refractoriness observed in isolated
ventricular myocytes. Our data are in agreement with our previous report, where dramatic
acceleration of Ca?” release recovery was found at the whole heart level [17].

3.2. Accelerated recovery of Cay1.2 current contributes to the loss of SR Ca2* release
refractoriness in Casq2 KO myocytes

Therc are several factors that may contribute to the refractoriness of SR Ca?' release in
cardiac muscle. Since Ca, 1.2 current serves as the trigger for Ca®* release from the SR
during the cardiac action potential, refractoriness of Ca, 1.2 channels can be one of potential
contributors to SR Ca?" relcase refractoriness. To test this hypothesis, we next used an
experimental protocol in which voltage clamp was used instead of field stimulation (Fig.
3A). Ca, 1.2 tail currents were used to activate Ca" release from the SR. This approach
allows maintaining the Ca2" current trigger essentially constant and hence climinating
possible refractoriness of Ca,, 1.2 chamnels. Fig. 3B and C demonstrate representative
recordings from voltage-clamped WT and Casq2 KO myocytes in response to the S1-S2
protocol shown above. Comparison of respective Ca2' transient records from (wo
approaches (ficld stimulation vs. voltage clamp) demonstrates the importance of Ca, 1.2
refractoriness for SR Ca* release, because refractoriness of SR Ca®" release was
accelerated substantially in voltage-clamped compared to field-stimulated cells for both WT
and Casq2 KO myocytes.
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Next, we compared the restitution kinetics of Ca, 1.2 currents in WT vs Casq2 KO myocytes
(Fig. 4 A). Myocytes were pre-incubated with ryanodine (S0 yuM) and thapsigargin (10 pM)
for 30 min to eliminate SR Ca?* release. 200 pM cAMP was present in the pipette solution
to fully phosphorylate the channels and to model conditions of adrenergic stimulation under
which CPVT-related arrhythmias usually occur. Both groups had decreased I¢, at short S1—
S2 intervals, but surprisingly, l¢, recovered significantly faster in Casq2 KO vs WT
myocyles. At the same time, current-voltage relationships were not significantly different
between the two groups (Fig. 4 B). Thus, recovery ol Ca, 1.2 in mice lacking Casq?2 is
accelerated and could contribute to loss of SR Ca?’ release refractoriness in this model.

3.3. Ca?*-dependent inactivation of Ca,1.2 to cytosolic Ca?* is suppressed in Casq2 KO

myocytes

Ca,1.2 channels exhibit both voltage- and Ca**-dependent inactivation [23, 24]. A plausible
explanation for the accelerated recovery of I, in Casq2 KO myocytes is that Ca, 1.2 channcl
inactivation is impaired. Therefore, we next investigated the rate of decay of I, using a
longer depolarizing step of 200 ms. The declining phase of I, (=inactivation) was well
fitted by a single-exponential function. The rate of inactivation was substantially slower in
Casq2 KO myocytes (1=93=11 ms, n=10) compared to WT (1=45+4 ms, n=10, p<0.005), as
shown in Fig. SA. To distinguish between voltage- and Ca?'-dependent inactivation, we
next replaced Ca?* in the external solution with equimolar Ba®*. Ba2" currents are nearly
insensitive to Ba>"-dependent inactivation of Ca, 1.2 channels [25]. Consequently,
inactivation of Iz, was much slower than that of I, (compare Fig. SA and 5B). Importantly,
the difference in t between WT and Casq2 KO myocytes was eliminated (WT: 1=145£19
ms, Casq2 KO: 7=145+20 ms, n=10 for each group). Morcover, substituting Ba>" for Ca>*
also abolished the differences in the Cay 1.2 current restitution curves in Casq2 KO and WT
myocyles (Fig. 5C). Taken together, these results indicate that Ca**-dependent inactivation
of Cay1.2 is defective in Casq2 KO myocytes, which is responsible for the difference
between Ca, 1.2 current restitution curves of WT and Casq2 KO myocytes.

3.4. Apo-Calmodulin rescues the inactivation defect of Ca,1.2 current and partially
recovers refractoriness of SR Ca?* release in Casq2 KO myocytes

The Ca?'-free form of CaM (apo-CaM) is tightly bound to the C-terminus of Ca, 1.2
channels and serves as Ca>* sensor for Ca>*-dependent inactivation [26, 27]. To test if CaM-
dependent regulation of Ca,, 1.2 channels was altered, we added apo-CaM (20 pM) to the
pipette solution and repeated the I, measurements. Apo-CaM significantly aceelerated
inactivation of I, in Casq2 KO myocytes (Fig. 6A), rendering the I, inactivation kinetics
almost identical to that of WT myocytes (Casq2 KO + CaM: 1=46=+3 ms, n=7, vs. WT:
1=45=4 ms for WT, n=10, p=0.8). In contrast, adding CaM had no significant effect on the
rate of I, inactivation in WT myocytes (Fig. 6B). Fig. 6C and Table 1 compare tau values
for all the experiments. Addition of CaM also normalized the I¢, restitution curve of Casq2
KO (Fig. 6D). At the same time, the total amount of CaM protein was not different between
WT and Casq2 KO myocyies (Supplemental Fig. 1).

Finally, we studied the effect of apo-CaM on refractoriness of SR Ca®" release in Casg2 KO
and WT myocytes. For these experiments. we used the S1-S2 protocol in voltage-clamp
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mode, similar to that used in Fig. 3, but L-type Ca?' currents were clicited by 30-ms
depolarizing step to OmV from holding potential of =70 mV rather than using tail currents to
activate SR Ca2* release (to allow physiological Ca?t-induced inactivation of L-type Ca**
channcls). ATP (1 uM) was added to intracellular solution to prevent CaMKIT activation by
CaM, because activated CaMKIT will phosphorylate RyR2 and could accelerate SR Ca?'
release refractoriness | 28). Under these conditions, addition of CaM resulted in a partial
restoration of SR Ca?' release refractoriness in Casq2 KO myocytes (Fig. 7). Ca2' transicnt
decay during the S1 beat was significantly slower in Casq2 KO compared to WT myocytes,
which was completely normalized by adding CaM in Casq2KO myocytes (WT + CaM:
1=226=25 ms; Casq2 KO + CaM: 1=201=11 ms; Casq2 KO: 1=425=78 ms, p< 0.05 vs. both
CaM groups; n=9-14 cells per group). This result suggests that impaired CaM-dependent
Ca, 1.2 inactivation contributes to cxcess Ca** influx in Casq2 KO myocytes. Furthermore,
because CaM addition completely normalizes LTCC Ca®* refractoriness in Casq2 KO
myocytes but has no effect on WT myocytes (Fig. 6). the results of Fig. 7D also indicate that
the Cay1.2 inactivation defect is responsible for approximately 50% of the loss of Ca?’
release refractoriness found in Casq2 KO myocyles.

4. Discussion

4.1. Casq2 - a critical determinant for physiological SR Ca2* release refractoriness

Structurally, the CRU of cardiac myocyte includes Ca, 1.2 channels located in the
sarcolemma and juxtaposed RyR2 SR Ca“" release channels in the junctional SR. RyR2
channcls are associated with other SR proteins like triadin and junctin, and through them
also with Casq2. During action potential, Ca®* influx via Ca, 1.2 causes much bigger amount
of Ca®* being released from the SR. The amplitude of the resulting cytosolic Ca2* transient
depends on the diastolic interval between two stimuli (normally, the amplitude of the second
Ca®* release is lower when the diastolic interval is short — Fig. 2 and 3), a phenomenon
described as Ca2" release restitution. Release restitution is regulated and affected by number
of different voltage-, time- and Ca?'-dependent processes such as refractoriness (recovery
from inactivation) of Ca, 1.2 channels, recovery of RyR2 channels and SR Ca* uptake
kinetics [29]. Two previous studies have reported that accelerated restitution of SR Ca?*
relcase is associated with human arrhythmia discases: Our carlier report demonstrating
accelerated Ca®" transient recovery in intact Casq2 KO hearts [1], which are a model of a
rare genetic form of catecholaminergic polymorphic ventricular tachycardia (CPVT,
discussed in more detail below), and a study in the canine model of post-myocardial
infarction ventricular fibrillation |30]. The later study by Belevych et al. demonstrated that
acceleration of Ca2™ release restitution of post-MI myocytes was attributable to RyR2
phosphorylation and oxidation. In current study, we investigate in more detail the role that
Casq2 plays in Ca®" release restitution in isolated ventricular myocytes, and also test Ca,1.2
as one of potential contributors to the restitution of SR Ca2* release. We show that not only
is Casq2 a critical determinant for the restitution of Ca®* release from the SR but also
recovery of I, is accelerated in mice lacking Casq2 and this, along with loss of intra-SR
Ca?" buffering and altered sensitivity of RyR2 to luminal Ca2" [1], contributes to the loss of
SR Ca?" release restitution in Casq2 KO mice. We further demonsirate that accelerated
recovery from inactivation of I, in Casq2 KO model is due to impaired sensitivity of
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Ca,1.2 channcl to intraccllular Ca®* and this altered Ca®' sensitivity can be recovered by
application of excess apo-CaM.

4.2. SR Ca?* release refractoriness and ventricular arrhythmia

CPVT is a highly lethal form of inherited arrhythmogenic disease characterized by
adrenergically mediated polymorphic ventricular tachycardia caused by mutations in genes
that encode CRU-composing proteins [31, 32]. The most common form is caused by
mutations in RyR2 [31, 33]. Much lcss common, CPVT can be caused by mutations in
Casq?2 [32, 34/, triadin or calmodulin [35]. Unlike CPVT caused by RyR2 mutations, CPVT
linked to Casq2 mutations is usually autosomal recessive, with complete absence of Casq2
predicted for patients homozygous for Casq2 nonsense mutations. Despite this fact, they
display surprisingly normal cardiac contractile fimction [34]. £x vivo, isolated veniricular
myocytes from Casq2 KO mice display normal SR Ca?* release and contractile function
under basal conditions, but exposurc to catecholamines causes increased diastolic SR Ca?'
leak, resulting in premature spontancous SR Ca®* releases and triggered beats [21], which
are considered major hallmarks of CPVT phenotype and a culprit for arrhythmia onset in
vivo. Even modest reduction in Casq?2 is able to increase diastolic SR Ca?" leak and cause
spontancous SR Ca2" release [22]. Unlike Casq2 KO [21], heterozygous Casq2 +/— mice
have normal level of all the other CRU-composing SR proteins (namely, triadin-1 and
junctin), which makes Casq2 the prime candidate responsible for arrhythmogenic phenotype
in this model. On the other hand, triadin is crucially important for maintaining the structural
and functional integrity of the cardiac CRU, and its ablation reduces SR Ca®" release and
impairs negative feedback of SR Ca?' release on Ca, 1.2 currents [36]. Recently, junctin
itself, without (or in addition t0) involvement of Casq2, was reported as one of important
modulators of RyR2 sensitivity to luminal Ca?* [37].

Studies have shown that altered Ca?* handling and, in particular, premature spontancous
Ca?" releases [rom the SR serve as a culprit for CPVT |38]. Our data demonstrate that in
Casq2 KO murine ventricular myocytes refractoriness of Ca®* release from the SR is
accelerated compared to myocytes from WT animals, and this acceleration is not
accompanied by alterations in SR Ca?" content (Fig. 2 E). These results confirm on a
cellular level the accelerated recovery of Ca?” transicnts previously reported from the same
mouse model on a whole-heart level [1]. Unchanged SR Ca** content despite dramatic loss
of SR Ca?" buffering might be explained by substantial increase in SR volume of Casq2 KO
myocytes, which effectively compensates for the absence of Casq2 [21].

4.3. Accelerated Ca,1.2 recovery from inactivation importantly contributes to loss of Ca?*
release refractoriness in Casq2 KO myocytes

Our study shows that, surprisingly, recovery from inactivation of Ca, 1.2 current is
accelerated in Casq2 KO mouse model (Fig. 4A), providing enhanced triggering for CICR
during premature stimulation. Along with faster rise in free intra-SR Ca2" |1, this creates a
potential for much more massive, compared to WT, SR Ca?' release at very short S1-S2
intervals. What are the possible mechanisms for the accelerated recovery of Ca, 1.2 currents
produced by ablation of Casq2? We found no difference in Ca, 1.2 current density (Fig. 4B),
hence, it is unlikely that the difference in recovery from inactivation is due to changes in
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Ca, 1.2 expression level. On the other hand, substituting Ca2" with Ba®" as charge carrier
abolished the differences in Ca, 1.2 current inactivation and restitution (Fig. 5), suggesting
that difference in Ca2*-dependent inactivation (CDI) of the channel is the most likely
culprit.

We reported previously that inactivation of Ca, 1.2 is also impaired in ventricular myocytes
lacking triadin [36]. Since cxpression of triadin is decreased in Casg2 KO micc [21], one
could suggest that loss of triadin contributed to the accelerated recovery of Ca,1.2 from
inactivation. Howcver, in triadin null myocytes, the difference in inactivation rate of Ca, 1.2
current was abolished by blocking RyR2 Ca®' release with ryanodine [36]. Since all our
Cay 1.2 measurements in Casq2 KO myocyles were done in presence of ryanodine and
thapsigargin, it seems unlikely that decrcasc in triadin can explain the accelerated recovery
from inactivation of Cay 1.2 in Casq2 KO myocytcs.

4.4. Defective regulation by CaM mediates accelerated recovery of Ca,1.2 in Casq2 KO

myocytes

Studies have shown that Ca>* binding to CaM is responsible for CDI [26, 27]. Acute
overexpression of engineered, Ca®*-insensitive mutant CaM in rat ventricular myocytes can
efficiently displace endogenous CaM on native Ca, 1.2 channels, resulting in strong
inhibition of CDI without perturbation of other gating functions, such as voltage-dependent
inactivation [27]. Since apo-CaM, the Ca**-free form of CaM pre-associates with target
moleccules [39] such as L-type Ca2' channels, whose function is subscquently modulated
when an elevation of Ca2* calcifies the associated CaM [26, 40, 41]. any reduced
availability of apo-CaM could contribute to impaired CDI, as has been shown
experimentally for Ca, 1.3, where lack of pre-associated apo-CaM rendered Cay 1.3 channels
incapable of CDI while still being able to open normally [42]. Since there is extensive
competition for CaM in the intracellular milieu (only one out of 100 is free), it seems
possible that due to the increased SR Ca®" Icak and clevated diastolic Ca®* in Casq2 KO
myocyles |21, 22] available apo-CaM is reduced. Moreover, in Xenopus oocyles, injection
of excess purified CaM protein was able to reduce dramatically the inhibitory effect of
mutant, Ca2" -insensitive CaM 34 on CDI of Ca, 1.2 channels [43]. This effect presumably
is based on the competition for the same binding site located in the proximal C terminus of
the a ¢ subunit of Ca,1.2 that both “normal” CaM and mutant CaM, 34 share. In brain,
there is another Ca* sensor protein known to have overlapping binding sites with CaM in
pCT of Ca, 1.2 — Ca-binding protein 1 (CaBP1) [43]. CaBP1 is structurally related to CaM
but its effect on Ca, 1.2 is opposite to that of CaM: Addition of CaBP1 slows down CDI [44]
and CaBP1 competes with CaM for aforementioned binding sites in Ca, 1.2 [43]. However,
CaBP1 is not expressed in the heart [45]. hence its involvement in attenuation of CDI in
Casq2 KO ventricular myocytes scems doubtful. Another possibility would be that CaM
protein expression is reduced in Casq2 KO myocytes. But our experiments show no
difference in CaM protein between Casq2 KO and WT myocytes (suppl. Fig. 1).

4.5. Implication of defective Cay1.2 regulation by CaM for arrhythmogenesis

How could the impaired Ca?'-dependent inactivation of Cay 1.2 and faster recovery of Ca?’
cutrent contribute to the arrhythmogenesis in Casq2 KO mice? The impaired Ca/CaM-
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dependent inactivation of Ca, 1.2 will result in greater Ca2* influx during cach beat, Icading
to further Ca? ' loading of the myocytes especially during catecholaminerge stimulation,
which, in turn, increases the probability of spontaneous diastolic Ca>* releases. Premature
spontancous Ca?' relcase from the SR is generally accepted as the culprit for CPVT [38,
48]. Interestingly, it was reported that Ca>* channel blocker verapamil provides added
benefit in CPVT patients when administered along with -blockers |46, 47|, a finding that is
consistent with our hypothesis that enhanced Ca®* influx via Ca, 1.2 contributes to excess
myocyte Ca loading and arrhythmogenesis in Casq2 KO myocytes. Analogous to CPVT,
increased SR Ca2" leak and DADs have also been observed in animal models of heart
failure [48, 49]. It is intriguing to speculate that impaired CaM dependent Ca, 1.2 may also
contribute to arrthythmogenesis in heart failure and other heart diseases associated with
increased SR Ca?' leak, a hypothesis that should be tested in future studics.

One could argue that excess CaM used in our voltage clamp experiments can also inhibit
RyR2 and in this way restore refractoriness of SR Ca®‘release. While CaM is a
physiological inhibitor of RyR2, it binds with high affinity to RyR2 and the CaM inhibitory
action on RyR2 is saturated at physiological free concentrations of 100nM. As such, excess
CaM will not further inhibit RyR2 channels and hence is not expected to contribute to the

ek o

normalization of Ca=" release refractoriness.

5. Summary and Conclusions

In the presented study we investigated mechanisms responsible for SR Ca2" release

refractoriness in cardiac muscle. We find that gene-targeted ablation of Casq2 results in
complete loss of SR Ca?™ release refractoriness (Fig. 2&3). Surprisingly, accelerated
recovery of I¢, (Fig. 4) also contributed to the loss of SR Ca?' release restitution in mice
lacking Casq2. We found that the faster recovery of [, in Casq2 KO mice is due to
impaired Ca2'-dependent inactivation of Ca, 1.2 (Fig. 5), which could be reversed by excess
apo-CaM (Fig. 6). Because excess CaM also partially restored release refractoriness in
Casq2 KO myocytes (Fig. 7). these results suggest (hat impaired Ca**-CaM-dependent
inactivation of Ca, 1.2 independently contributes to loss of SR Ca2’ release refractoringss in
Casq2 KO mice. We conclude that impaired CaM-dependent Ca, 1.2 regulation may
independently contribute to arrhythmogenesis in CPVT, a new concept that could also be
relevant in other heart discascs (c.g. heart failure) associated with increased SR Ca?' leak.
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Fig. 1. Calculation of S2 amplitude

To calculate the restitution curve of Ca®" release. we included the Ca®" that still remains in
the cylosol for measuring the amplitude of the premature S2 beal (A), because that Ca" has
not been taken up into the SR and henee cannot be relcased. Previous approaches [ 1]

measured S2 as the height of the premature S2 (B), which results in a restitution curve that
mostly reflects the rate of SR Ca?" uptake, and not the intrinsic refractoriness of the RyR2

Ca?' release channel complex.
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Fig. 2. Refractoriness of SR Ca?* release in field-stimulated myocytes
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A - Experimental protocol used to assess refractoriness of SR Ca?" release in a cytosol of
murine L'V myocytes using electric field stimulation. Premature extra stimuli (S2) were
applied at successively shorter S1-S2 coupling intervals following a 1 Hz conditioning train

(S1 stimuli). B and C - representative examples of Ca2' transient recorded in WT and Casq2
KO myocytes, respectively in response to the S1-82 protocol shown in A. Note the
complete loss of Ca?' release refractoriness in the Casq2 KO myocyte. D — Average S2
Ca”" release fraction plotted as a function of varying the S1-S2 coupling interval (n=7 for
WT, open diamonds; n=6 for Casq2 KO, black diamonds; **P<0.005. *P<0.05). E - SR
Ca?* content measured by rapid caffeine application (n = 5-6 myocytes per group).
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Fig. 3. Refractoriness of SR Ca?* release in voltage-clamped myocytes

A —voltage clamp protocol (bottom tracc), corresponding membrane currents (middle trace)
and [Ca*]; (top trace) during an S1 and S2 stimuli used to assess Ca®* release refractoriness
in voliage-clamped myocytes. To maintain constant Ca>* trigger, SR Ca** release was
activated with I¢, tail currents that elicited maximal Ca®” release during the S1 train. B and
C - representative examples of Ca?* transients recorded in WT and Casq2 KO myocytes,
respectively, in response to the S1-S2 voltage clamp protocol shown in A. D - S2 Ca>*
release fraction changes as a result of varying the S1-S2 coupling interval (n=12 for WT,
open circles and Casq2 KO, black circles; **P <0.005, *P <0.05). E — SR Ca?* content
measured by rapid caffeine application (n = 8 myocytes per group).
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Fig. 4. Restitution of Ca1.2 current is accelerated in Casq2 KO myocytes

A — Average Ca, 1.2 current restitution curve for WT (white circles, n=12) and Casq2 KO
(black circles, n=12) myocytes. Inset shows representative examples of Ca, 1.2 current
records [or each group and the voltage protocol. Ca, 1.2 currents were elicited by a 50-ms
depolarizing steps to OmV from holding potential =70 mV. Myocytes were pre-incubated in
50 pM Ryanodine + 10 pM Thapsigargin + 30 uM TTX for 30 min to deplete the SR and
climinate Iy,. **P <0.005, ¥P<0.05. B — current-voltage relationships of Cay 1.2 peak
currents of WT (white circles, n=6) and Casq2 KO (black circles, n=6). There was no
significant difference in voltage dependence or Ca, 1.2 current density between the two
mousc models.
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Fig. S. an+-dcpcntlcnt inactivation of Cay1.2 current is defective in Casq2 KO myocytes

A — Representative Ca, 1.2 current for WT (light gray) and Casq2 KO (black) myocytes
clicited by 200-ms depolarizing step to 0 mV from holding potential =70 mV in bath
solution containing 2 mM Ca?'. To illustrate the difference in Cay, 1.2 current inactivation,
current traces were normalized to peak amplitude value for cach myocyte. B — Ca, 1.2
currents recorded in bath solution containing 2 mM Ba?™. Note that substituting Ca®™ with
Ba?" completely abolished the difference in Ca, 1.2 current inactivation. C — Average
restitution curves and representative records (inset) of Ba®' current for WT (white circles,
n=13) and Casq2 KO (black circles, n=13) myocytes. The same experimental conditions and
voltage protocol as in Fig. 4 were used.
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Fig. 6. Apo-CaM accelerates inactivation kinetics of Cay1.2 current only in Casq2 KO myocytes
A— Addition of apo-calmodulin (CaM, 20 uM) to the intracellular dialysis solution
accelerated inactivation of Ca, 1.2 Ca?* currents in Casq2 KO myocytes. B — Addition of
CaM had no effect on inactivation kinetics of Ca, 1.2 in WT myocytes. Voltage protocol is
shown below. The declining phase of Ca, 1.2 current was well fitled by a single exponential
function. C — Average inactivation time constant (tau) for all 4 groups (n=7-10 cells per
group, **<0.005). D — Average restitution curves of Ca, 1.2 currents for WT (white circles,
n=12) and Casq2 KO myocytes in the presence (black/white circles, n=6) and absence
(black circles, n=12) of CaM (20uM) in the pipette solution. Myocytes were pre-incubated
in 50 pM Ryanodine + 10 pM Thapsigargin + 30 pM TTX for 30 min. **/ <0.005, *P <0.05
for Casq2 KO compared to Casq2 KO + CaM.
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Fig. 7. Apo-CaM partly restores SR CaZ* release refractoriness in Casq2 KO myocytes
Representative examples of Ca2' transient restitution in Casq2 KO myocytes in the absence
(A) and in the presence of CaM (20puM) in the pipette solution (B), as well as in WT
myocytes in the presence of CaM (C). D - S2 Ca?' release fraction plotted as a function of
the S1-S2 coupling interval (n=8-10; Casq2 KO w/o CaM - black circles; Casq2 KO+CaM
- grey circles, *P <0.05 (vs. Casq2 KO w/o CaM); WT+CaM - light-grey diamonds, #P
<0.05 (vs. Casq2 KO+CaM)). E - No significant difference in SR Ca®* content was detected
between three experimental groups.
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Table 1
Tau values for I, and I, inactivation.
N Current density (pA/pF) | Tau (ms) | P-value (for tau vs WT)
WT 10 | 15.8 45
Casq2 KO 10 | 148 93 0.002 (vs. WT)
Casq2 KO +CaM | 7 17.9 46 0.002 (vs. Casq2 KO)
0.8 (vs. WT)
WT + CaM 7 154 41 0.4 (vs. WT)
WT (Ba®) 10: | 312 145
Casq2 KO (Ba?") 10 | 9.2 145 0.99 (vs. WT (Ba®"))
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Ischemia alters the electrical activity of pacemaker
cells isolated from the rabbit sinoatrial node
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Gryshchenko, O., J. Qu, and R. D. Nathan. [schemia
alters the electrical activity of pacemaker cells isolated from
the rabbit sinoatrial node. Am .J Physiol Heart Cire Physiol
282: H2284-H2295, 2002. First published February 7, 2002;
10.1152/ajpheart.00833.2001.—The purpose of this study
was to investigate the mechanisms responsible for ischemia-
induced changes in spontaneous electrical activity. An ische-
mic-like Tyrode solution (pH 6.6) reversibly depolarized the
maximum diastolic potential (MDP) and reduced the action
potential (AP) overshoot (OS). We used SNARF-1, which is
an indicator of intracellular pH (pH;), and perforated-patch
techniques to test the hypothesis that acidosis caused these
effects. Acidic but otherwise normal Tyrode solution (pH 6.8)
produced similar effects. Basic Tyrode solution (pH 8.5) hy-
perpolarized the MDP, shortened the AP, and slowed the
firing rate. In the presence of “ischemic” Tyrode solution,
hyperpolarizing current restored the MDP and OS to control
values. HOE-642, an inhibitor of Na/H exchange, did not
alter pH; or electrical activity and did not prevent the effects
of ischemic Tyrode solution or recovery after washout. Time-
independent net inward current but not hyperpolarization-
activated inward current was enhanced by ischemic Tyrode
solution or by 30 uM BaCl,, a selective blocker of inward-
rectifying K currents at this concentration. The results sug-
gest that 1) acidosis was responsible for the ischemia-induced
effects but Na/H exchange was not involved, 2) the OS was
reduced because of depolarization-induced inactivation of
inward currents that generate the AP upstroke, and 3) re-
duction of an inward-rectifying outward K current contrib-
uted to the depolarization.

electrophysiology; Na/H exchange; perforated-patch tech-
niques; SNARF-1 fluorescence; HOE-642

AN ESTIMATED 70-80% of all electronic pacemakers
(~500,000 in the US as of 1999) are implanted in
patients 65 years of age and older (16). Abnormalities
of sinoatrial (SA) node impulse generation as well as
conduction disturbances are common in these patients
and constitute much of the need for permanent pace-
makers. For example, disruption of the blood supply of
the SA node (ischemia) is responsible for some arrhyth-
mias that occur shortly after orthotopic heart trans-
plants and inferior wall acute myocardial infarctions
(1, 35). Several multicellular models have been used to
investigate the mechanisms responsible for ischemia-
induced arrhythmias in the SA node. For example,
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Dept. of Physiology, Texas Tech Univ. Health Sciences Center. 3601
Fourth St., Lubbock, TX 79430 (E-mail: Richard Nathan@ttuhse.edu).

H2284

0363-6135/02 $5.00 Copyright © 2002 the American Physiological Society

occlusion of the SA node artery markedly slowed the
firing rate of blood-perfused canine right atrial prepa-
rations (20). Similar effects were seen in rat hearts just
after Langendorff perfusion was interrupted (2). In
rabbit right atrial preparations, exposure to hypoxia
reduced the concentrations of ATP and creatine phos-
phate (45), depolarized the maximum diastolic poten-
tial (MDP), and decreased the action potential (AP)
overshoot (OS) and upstroke velocity as well as the
slope of diastolic depolarization (25, 31, 45). Removal of
glucose from the bathing solution potentiated these
effects (31), and metabolic inhibitors such as cyanide
and 2,4-dinitrophenol produced similar but more rapid
effects (25).

In comparison with right atrial preparations, iso-
lated SA node pacemaker cells have both advantages
and disadvantages. One advantage is that electrophys-
iological and fluorescence techniques can be employed
simultaneously to correlate changes in electrical activ-
ity with the loss or gain of intracellular ions such a
Ca®?" and H'. Another advantage is that whole-cell
patch-clamp techniques can be used to investigate the
changes in ionic currents that underlie ische-
mia-induced alterations of spontaneous electrical ac-
tivity. On the other hand, the disadvantages include
the absence of a restricted extracellular space sur-
rounding the cells where metabolites can accumulate
and the absence of other cell types such as neutrophils,
which release oxygen radicals. Despite these disadvan-
tages, Han and coworkers (18) observed marked reduc-
tions of the amplitude, duration, and frequency of
spontaneous APs when rabbit isolated SA node cells
were exposed to cyanide or 2,4-dinitophenol for 5-10
min. Even these brief exposures activated ATP- and
glibenclamide-sensitive K channels (Karp) (19) and re-
duced L-type Ca currents (Ic.)), delayed-rectifier K
currents (/x), and hyperpolarization-activated inward
current (Iy) (18).

During acute myocardial ischemia, the extracellular
environment is characterized by hypoxia, acidosig, and
increased levels of K (for reviews, see Refs. 9 and 10).
In preliminary experiments, we observed a gradual
depolarization of the membrane potential and slowing
of the firing rate when rabbit isolated SA node pace-

The costs of publication of this article were defrayed in part by the
payment of page charges. The article must therefore be hereby
marked “advertisement” in accordance with 18 U.S.C. Section 1734
solely to indicate this fact.
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maker cells were exposed to a glucose-free hypoxic
Tyrode solution (34). Because these effects were accel-
erated by the reduction of extracellular pH (pH,) to 6.8,
and because a pH, of 6.5 had altered the electrical
activity of rabbit right atrial preparations in a similar
fashion (37), we decided to test the hypothesis that
acidosis was responsible for the “ischemia”™induced
alterations we had observed previously. In the present
study, we exposed SA node pacemaker cells to a glu-
cose-free bathing solution that was titrated to pH 6.6
and bubbled with 100% N». A pH of 6.6 was chosen
because Yan and Kleber (44) measured a pH of 6.6 in
the perfusate of rabbit papillary muscle after no-flow
ischemia. Intracellular pH (pH;) is also important be-
cause it influences the rate of anaerobic glycolysis, the
development of active tension, and the functions of ion
channels and exchangers (9, 44). Therefore, we used
SNARF-1, a fluorescent indicator of pH; (3, 8), and
perforated-patch recordings of spontaneous electrical
activity to test our hypothesis.

MATERIALS AND METHODS

Isolation of SA node pacemaker cells. As approved by this
institution’s Animal Care and Use Committee, male New
Zealand White rabbits (body wt 1.0-1.5 kg) were stunned by
a blow to the junction of the head and neck, and the heart was
rapidly removed. A small hole was cut in the right atrium
and infused with a HEPES-buffered salt solution (HBSS),
which contained 20 mM 2.3-butanedione monoxime (BDM;
Sigma-Aldrich Chemicals) to remove blood from the right
atrium and eliminate its contraction (24, 39). After its exci-
sion, the right atrium was pinned to the bottom of a Sylgard-
coated petri dish and immersed in fresh HBSS with BDM.
The entire SA node was removed, trimmed of pericardium
and fat, and cut into several pieces. Single cells were isolated
as described previously (30) but with the following modifica-
tions. The pieces were digested at 37°C during 4—6 exposures
(5—-10 min each) to the solutions as follows: 7) 5 ml of a
nominally Ca- and Mg-free buffer containing protease (P-
8038, 2.8 U/ml; Sigma) and 0.1% BSA (A-2153, Sigma); 2)
same as solution 1, but the enzyme buffer contained 20 p.M
CaClz and was stirred at 200 rpm; 3) same as solution 2, but
the enzyme buffer contained 30 pM CaCl; and the protease
was replaced by type II collagenase (122—-243 U/ml; Worth-
ington Biochemicals); 4) same as solution 3, but with 50 pM
CaClg; 5) and 6) same as step 4 if necessary. BDM (20 mM)
was included sometimes with one or both of the enzymes to
prevent contracture of the isolated pacemaker cells (24, 39).
Its effects on contraction and spontaneous electrical activity
were reversed completely after washout and by the time the
cells were studied. After each of steps 3-6, freed cells were
transferred to a centrifuge tube containing either HBSS and
1.0% BSA at room temperature or a cold modified Kraft-
Briihe (KB) solution. Both solutions also contained a mixture
of protease inhibitors (P-2714; Sigma). After centrifugation
(180 X g for 10 min at room temperature), the cells were
resuspended in culture medium or maintained in cold KB
solution for 45 min and then plated on small pieces of no. 0
glass (—~3 X 3 mm and coated with laminin; 1-2020; Sigma)
in 35-mm plastic petri dishes. “Freshly isolated” cells were
kept in KB at 4°C for up to 24 h, and “cultured” cells were
maintained in an incubator (95% air-5% CO.) at 37°C for up
to 4 days.

Electrophysiology. A perforated-patch technique (22) was
employed to record spontaneous electrical activity or ionic
currents in freshly isolated or cultured pacemaker cells. The
patch pipette contained (in mM) 75 K.SOy, 55 KCI, 7 MgCl.,
and 10 HEPES; and 300 pg/ml nystatin. pH was adjusted to
7.2 with KOH. A small amount of this solution without
nystatin was drawn into the tip of the pipette just before a
gigaohm seal was made with the cell membrane. Even
though monovalent cations and anions are permeable
through nystatin-induced channels, divalent ions are not;
therefore, K>SO, was included in the pipette solution to
minimize the development of a Donnan potential due to
impermeant anions in the cytoplasm (22). Because this tech-
nique prevents washout of important molecules such as
cAMP, “rundown” of spontaneous electrical activity in rabbit
SA node pacemaker cells can be avoided (30). This was
verified in the present study because the changes in electrical
activity were completely reversible after washout of the is-
chemic Tyrode solutions. The pipette resistance was ~5 M(},
and electronic compensation was used to minimize the series
resistance that remained after membrane perforation was
complete. We included whole cell currents only if the mem-
brane potential was well controlled during their acquisition.
Pacemaker cells were superfused with normal Tyrode solu-
tion containing 10 mM HEPES (Table 1). HEPES, rather
than NaHCO3/COsz, was better able to hold the pH constant
over the course of each experiment. Experiments were per-
formed at 35 = 1.0°C (model TC-1 temperature controller;
Cell MicroControls, Virginia Beach, VA). In most experi-
ments, membrane potentials were corrected by —2.7 mV for
the calculated pipette-to-bath liquid-junction potential. After
obtaining a pipette-to-membrane seal, we waited 10—-20 min
for patch perforation before recording the spontaneous elec-
trical activity. Complete exchange of superfusion solutions
required 1-2 min.

Measurements of pH; A xenon arc lamp and a Zeiss in-
verted microscope provided 485-nm excitation, and a filter-
based photometer system (Photon Technology International)
allowed simultaneous acquisition of SNARF-1 fluorescence at
580 nm (Fss0) and 640 nm (Feyo). A shutter limited the
duration of illumination to 1 s, thereby minimizing photo-
bleaching of the dye and damage to the cells (3). Light
collected by the photomultipliers was restricted by an adjust-
able mask to an area the size of the cell. Pacemaker cells
were incubated with the acetoxymethyl ester (AM) form of
SNARF-1 (2.5 pM) at room temperature for only 15 min to
minimize its entry into cytoplasmic compartments (5). The
cells were then superfused with normal Tyrode solution for
15-30 min to eliminate extracellular dye. Background Fssn
and Feq0. which were collected from a cell-free area the same
size as the cell, were <1% of the SNARF-1 fluorescence;

Table 1. Experimental solutions

Glucose, Bubbled with 100%

Tyrade Solution mM Air or Na* pH
Normalf 55 Air 7.4
pH 6.8 5.6 Air 6.8
pH 8.5 55 Air 8.5
pH 7.4 1schemic 0 N2 7.4
pH 6.6 ischemic 0 N, 6.6

“When solutions were bubbled with 100% N, Pos measured in cell
chamber averaged only 8% below ambient level. {Normal Tyrode
solution contained (in mM) 130 NaCl, 5.4 KCl, 1.8 CaCly, 0.6 MgCly,
0.6 NaHPO,, 1.0 or 0 NaHCOj3, 5.5 glucose, and 10 HEPES; pH was
titrated to 7.4 with NaOH.
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therefore, they were neglected in calculations of the Fss0/Fo40
ratio. Compared with SNARF-1-loaded cells, the autofluores-
cence of unloaded cells was ~1% of Fzso and <1% of Feqo:
therefore, it too was neglected in calculations of the Fsso/Feao
ratio.

In situ calibration of SNARF-1 fluorescence. Cells were
loaded with 2.6 p.M SNARF-1 at room temperature for 15
min and then rinsed in Tyrode solution for at least 15 min.
After the Fs30/Fsso ratio had stabilized in normal Tyrode
solution, the cells were exposed to several high-K concentra-
tion ([K]) buffers at 35°C. Each buffer contained (in mM) 125
KC1, 5 NaCl, 1.1 MgCls,, 2.7 CaCls, 5.0 EGTA, 10 MES [acidic
dissociation constant (pKa) = 6.1 at 25°C|, 10 HEPES (pK., =
7.5), and 10 N,N-bis(2-hydroxyethyl)glycine (bicine, pK., =
8.3); pH was titrated with 6 M KOH. Nigericin (9.6 pM) and
valinomycin (6.4 pM) were also included to collapse the ionic
gradients for K* and H™ (5, 28). They were dissolved in 100%
EtOH, prepared as 33.5 and 22.5 mM stock solutions, respec-
tively, and then aliquoted and frozen until the day of the
experiment. The final concentration of EtOH in each high-K*
buffer was 0.6%. We were careful to rinse the cell chamber
and tubing with EtOH and water after each experiment to
remove any remaining trace levels of nigericin or valinomy-
cin (4). Several pacemaker cells were exposed consecutively
to seven high-K* buffers with pH ranging from 5.86 to 8.75
(Fig. 1A). At the end of this procedure, a repeat measurement
of the Fs0/Fs40 ratio at pH 6.82 was quite similar to the one
obtained 1 h earlier, which confirms the stability of the cells.
The mean values + SE for eight cells were plotted versus pH
and fit by Eq.  (Fig. 1B). The in situ pK value for SNARF-1
was calculated using Eq. 2 (3, 5)

R = (Ryjo* 1071 P8’ 4 R (1 + 100H ~ PRerw) (1)
pK = pK,, + log, (2)

where R = Fss0/Fss0, pKapp i1s the apparent pK, and g =
Fesaounax/Feaocmin). The following are the best-fit parameters
for Eq. I: Rymax = 6.96 = 0.10, Ry, = 1.04 = 0.12, and
pKapp = 7.46 = 0.04. Using pKupp, the average § (1.31 =
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Fig. 1. In situ calibration of SNARF-1 fluorescence at 35°C. A: after
a control period in normal Tyrode solution, a 3-day cultured pace-
maker cell was exposed consecutively to high K-concentration buff-
ers with pH ranging from 5.86 to 8.75. B: means = SE for ratios of
SNARF-1 fluorescence at 580 nm (Fsxo) and 640 nm (Feio). Frso/Fs10
values are plotted vs. pH; note that all the error bars are within the
solid circles. Measurements were made from eight pacemaker cells
except at pH 8.75, where only five cells were employed. Equation 1
(see text) was used to obtain a best fit of the mean values.

0.16), and Eq. 2, we obtained a pK of 7.58 + 0.04. This value
is consistent with other SNARF-1 pK values measured in
situ: 7.4-7.6 for lens epithelial cells (3), 7.6-7.8 for carotid
body type 1 cells (8), and 7.6 for rat cardiac myocytes (5).
Values for the F5s0/Fgqo ratio and the best-fit parameters
above were employed in Eq. 3 to calculate the pH in each of
the experiments described in the RESULTS

PH = pKop;, +10810[(Rpyas — RMR — Ryio)] (3)

Solutions. The compositions of the cell-isolation solutions,
culture medium, and HBSS have been described (30). The
modified KB solution contained (in mM) 70 L-glutamic acid,
25 KCI, 10 KH.PO,, 3 MgCl., 20 taurine, 10 dextrose, 0.3
EGTA, and 10 HEPES, and the pH was titrated to 7.4 with
KOH. SNARF-1-AM (50 p.g; Molecular Probes) was dissolved
in 10 pl of anhydrous dimethylsulfoxide (DMSO:; Sigma), 10
pl of Pluronie F-127 (25% wt/wt in anhydrous DMSO), and
17.6 ml of normal Tyrode solution (see Table 1). Aliquots (0.5
ml) of this solution were frozen at —80°C, thawed just before
use, and added to 0.5 ml of Tyrode solution to yield a final
concentration of 2.5 pM SNARF-1-AM. Table 1 lists the
solutions used in the various experiments. HOE-642 (caripo-
ride) was a gift of Aventis Pharma in Frankfurt, Germany.

Data analysis. Analog data were digitized at 12- or 16-bit
resolution using Labmaster DMA boards, which were con-
trolled by FeliX (Photon Technology International) and
pClamp 8.0 (Axon Instruments) software. For measurements
of pH, FeliX was employed to acquire SNARF-1 at Fszo and
Fesa0 at a rate of 200 points/s and to average the raw data over
1-s periods. Periods of 10-20 s were used by pClamp to
acquire spontaneous electrical activity. The MDP, OS, dura-
tion (Dur) at —20 mV, and frequency of APs (beat rate, BR)
were measured from several APs and averaged. These pa-
rameters are presented as means * SE for those cells ex-
posed to a particular condition. Two-tailed paired Student’s
t-tests were used for statistical analyses. Differences between
means were considered significant if P < 0.05.

RESULTS

We use the terms ischemic, ischemia, and reperfu-
sion to denote experimental conditions that simulate
ischemia and reperfusion in vivo (Table 1). In our
preliminary studies (34), the MDP depolarized signifi-
cantly in seven pacemaker cells exposed to ischemic
conditions for 5—-10 min; however, during reperfusion,
the MDP did not recover to control levels in some of
these cells. To rule out the possibility that this depo-
larization resulted from increased leakage current or
rundown of ionic currents during the perforated-patch
recordings, we limited exposures in the present study
to 3—5 min and included in the averaged results (Table
2) only cells in which the MDP recovered to within 5
mV of the control value during washout of the “test”
solution. The averaged difference between control and
washout MDPs was 1.4 = 0.2 mV (n = 40). The results
for freshly isolated and cultured pacemaker cells were
combined because their electrophysiological properties
did not differ significantly. For example, under control
conditions, the MDP values were —66 = 1 mV for
cultured cells (n = 26) and —63 = 1 mV for freshly
isolated cells (n = 12); and the pH; values were 7.26 =
0.02 for cultured cells (n = 86) and 7.23 + 0.06 for
freshly isolated cells (n = 9). At the end of each perfo-
rated-patch recording, the presence of Iy was used to
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Table 2. Alterations of pacemaker cell
electrical activity

Beat
Rate,
MDP* OS* beats/
Condition mV mV Dur, mg min
Control (n = 12) 65+1 24+2 243+25 59+6
pH 6.6 ischemic Tyrode
solution —-bp3*+2% 20*2f 268*18 H8*6
Control (n = 10) -67+2 20+3 230+21 65+3
pH 7.4 ischemic Tyrode
solution —66+£2 20x3 224429 60%3
Control (n = 10) -63+2 32+2 305+43 61x4
pH 6.8 Tyrode solution 52+3% 27+3% 336+38 61+6
Control (n = 7) -64+2 25*x1 188*16 813
pH 8.5 Tyrode solution —69+2% 25+1 177x16% 78x3+
Control (n = 7) —70+3 252 190+18 686
5-10 mM NH,CI -65+3% 25+2 202+19 67+6
Control (n = 8) -63x2 262 209x11 716
pH 6.6 ischemic Tyrode
solution + HOE-642 —54+2F 242t 22T+14 67x5
Control (n = 4) 654 285 19715 59:*8
Normal Tyrode
solution + 30 pM
HOE-642 —64+4 29+5 206+20 63+4
Control (n = 7) -62+1 26+2 211+18 66=*5
pH 6.6 ischemic Tyrode
solution -52+1% 2227 212+20 73+7
pH 6.6 ischemic Tyrode
solution + injection of
hyperpolarizing
current -61+x1 27x1 213+16 44 +57

Values are means = SE; n, no. of freshly isolated and/or cultured
pacemaker cells. *Membrane potentials were corrected by ~2.7 mV
to account for calculated liquid-junction potential between patch
pipette and bath. MDP, maximum diastolic potential; OS, action
potential overshoot; Dur, action potential duration measured at —20
mV, A two-tailed Student'’s ¢-test for paired variants was used to
determine whether differences in mean values were statistically
significant (P < 0.05); 1P < 0.05, 1P < 0.001.
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confirm the identity of pacemaker cells. Although data
were collected from pacemaker cells that had been in
culture for 1-4 days, 2- and 3-day cells were employed
most often because these cells provided the most con-
sistent results. Nevertheless, there were no significant
differences among the results obtained from 1-, 2-, 3-,
and 4-day cells. For example, the pH; values among
2-day cells (7.24 =+ 0.03, n = 37), 3-day cells (7.26 +
0.04, n = 35), and 4-day cells (7.33 = 0.07, n = 14) did
not differ significantly.

pH 6.6 ischemic Tyrode solution. The purpose of
these experiments was to simulate ischemic conditions
in vivo. Nevertheless, even though myocardial ische-
mia is characterized by increased levels of K (9, 10),
we decided not to include elevated [K| in the pH 6.6
ischemic Tyrode solution (see Table 1), because the
strong K depolarization of the MDP would mask the
unknown effects of the remaining components (reduced
pH, hypoxia, and the absence of glucose). For example,
normal Tyrode solution that contained 10-13 mM KCI
depolarized the MDP by 17 = 4 mV (range = 11-24
mV, n = 4), Figure 24 illustrates the effects of pH 6.6
ischemic Tyrode solution on spontaneous electrical ac-
tivity. After only 3 min, the MDP had depolarized by 14
mV, the OS had fallen by 3 mV, and the Dur had
shortened by 9 ms; there was no change in BR. As
shown in Fig. 2B, there was essentially complete re-
covery during washout. Of the twelve pacemaker cells
exposed to pH 6.6 ischemic Tyrode solution for up to 4
min, twelve exhibited depolarization of the MDP and
nine exhibited reduction of the OS. On average, the
MDP depolarized from —65 + 1to —53 + 2 mV (P <
0.00001), and the OS declined from 24 * 2 to 20 + 2
mV (P < 0.05). The Dur and BR were not altered
significantly (Table 2), and both the MDP and OS
recovered completely during washout of pH 6.6 ische-
mic Tyrode solution (data not shown). In the cell shown

Fig. 2. pH 6.6 ischemic Tyrode solution alters
intracellular pH (pH;) and spontaneous electrical
activity. A: a 2-day pacemaker cell was exposed
to pH 6.6 ischemic Tyrode solution for only 3

| control -60_ control min. B: recovery of electrical activity was com-
T\ ISP [P SR RO | gob—t 1 i ' L | plete 9 min after washout of ischemic Tyrode
00 02 04 06 08 10 00 02 04 06 08 1.0 solution. C:in another 2-day cell, the maximum
Time (s) Time (s) diastolic potential (MDP) depolarized and repo-
7.4 (& pH 6.6 ischemic Tyrode larized concomitant with the fall and partial
- 00, 54 = recovery of'p]-h: Iq this and subsequent figures,
o \-/I\./\,'.\ o X E horizontal line indicates the period when the cell
- o \ /I/\\ = was exposed to a test solution. Complete ex-
7.3 a2 %, [’. I/'\I 60 &  change of bathing solutions required 1-2 min.
om® %o.. =
6 o
ho | ~0-%~0-0

12 16 20
Time (min)
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in Fig. 2C, pH; began to fall ~4 min after normal
Tyrode solution was replaced by pH 6.6 ischemic Ty-
rode solution. Complete exchange of solutions was
achieved in 1-2 min. A reduction of pH; was confirmed
in another 7 pacemaker cells.

Role of pH. To explore the mechanisms responsible
for ischemia-induced reductions of the MDP and OS,
we tested the components of pH 6.6 ischemic Tyrode
solution (see Table 1). “Hypoxic” Tyrode solution,
which contained glucose (5.5 mM) but was bubbled
with 100% Ng, reduced pH; very little and had no
significant effect on the MDP, OS, Dur, or BR of 4
freshly isolated pacemaker cells (data not shown). This
lack of effect was probably because the Pos of hypoxic
Tyrode solution flowing through the cell chamber was
only 8% below the ambient level. Figure 3A illustrates
the effects of ischemic Tyrode solution with normal pH,
(7.4). Although the Dur decreased from 336 to 313 ms
and the MDP depolarized by 2 mV in this cell, the
changes in Dur, MDP, OS, and BR for 10 pacemaker
cells were not significant (Table 2). As indicated in Fig.
3C, the pH; fell slightly in 4 of 7 cells, but it did not
change in the other 3. Unlike pH 7.4 ischemic Tyrode
solution, the reduction of pH of normal Tyrode solution
from 7.4 to 6.8 did depolarize the MDP and attenuate
the OS significantly. Of 10 pacemaker cells, 10 exhib-
ited depolarization of the MDP and 8 exhibited reduc-
tion of the OS. On average, the MDP depolarized from
—63 = 2 to —52 = 3 mV (P < 0.00001), and the OS
declined from 32 *= 2 to 27 = 3 mV (P < 0.05). In the
example illustrated in Fig. 3B, the MDP depolarized
from —69 to —60 mV, but there was no change in OS.
An increase in Dur, which was only 9% in this experi-
ment, was observed in 8 of 10 pacemaker cells. Never-
theless, on average the Dur values for normal Tyrode
solution (305 * 43 ms) and pH 6.8 Tyrode solution
(336 = 38 ms) were not significantly different. In 8 cells

mbrane potential (mV)

Fig. 3. Role of pH in the changes produced by
pH 6.6 ischemic Tyrode solution. A: a 2-day
pacemaker cell was exposed to pH 7.4 ische-

-80 -

exposed to pH 6.6 Tyrode solution, however, the in-
crease in Dur (from 248 *= 24 to 284 + 34 ms) was
significant (P < 0.05). Figure 3C illustrates the rela-
tionship between the MDP and pH;. When this pace-
maker cell was exposed to pH 7.4 ischemic Tyrode
solution, pH; decreased little (from 7.38 to 7.34) and
there was no significant change in the MDP. In con-
trast, when the same cell was exposed to normal Ty-
rode solution titrated to pH 6.8, the MDP depolarized
11 mV in parallel with a decline in pH; from 7.36 to
7.20. Similar reductions of pH; were seen in another 4
cells. Taken together, these results suggest that the
significant depolarization of the MDP and decline of
the OS induced by pH 6.6 ischemic Tyrode solution
(Table 2) resulted from the acidic pH of the solution
and not from hypoxia or the absence of glucose.

To further explore the role of pH, we exposed pace-
maker cells to otherwise normal Tyrode solution but
with the pH titrated to 8.5. In the example illustrated
in Fig. 44, the MDP hyperpolarized (from —68 to —71
mV), the Dur was shortened by 5%, and the BR was
slowed by 5%; there was no change in the OS. Recovery
wag essentially complete after washout of pH 8.5 Ty-
rode solution (Fig. 4B). Of the 7 pacemaker cells ex-
posed to pH 8.5 Tyrode solution, 7 exhibited hyperpo-
larization of the MDP, 6 exhibited shortening of the
Dur, and 5 exhibited slowing of the BR. On average,
the MDP hyperpolarized from —64 = 2 to —69 = 2 mV
(P <0.0001), the Dur decreased from 188 = 16 to 177 =
16 ms (P < 0.05), and the BR slowed from 81 + 3 to
78 = 3 beats/min (P < 0.05); there was no change in the
OS (Table 2). The slower BR could have been due to the
longer time to reach threshold from a hyperpolarized
MDP. An increase in pH; after extracellular alkalosis
(Fig. 4C) was confirmed in another 6 pacemaker cells.
These results and those obtained with pH 6.8 Tyrode

B
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solution support the hypothesis that pH alone can by 7%. Recovery was almost complete after washout of
modulate spontaneous electrical activity. NH,Cl (Fig. 5B). On average, during alkalosis the

To investigate the role of pH; with pH, fixed at 7.4, MDP depolarized from —70 £ 3to 653 mV(n =T,
we briefly (2-4 min) exposed pacemaker cells to P < 0.001). In contrast, there was no significant change
NH4CI. This common protocol first increases pH; as in OS, Dur, or BR (Table 2). In 3 simultaneous record-
NH; enters the cells and then decreases pH; during ings of SNARF-1 fluorescence and electrical activity,
washout of NH4CI as long as NH;™ remains in the the MDP depolarized in parallel with alkalosis; how-
cytoplasm (6). The results of these experiments were ever, in another 3 cells, the depolarization preceded the
unexpected: the MDP depolarized not while pH; was increase in pH; as in Fig. 5C. Recovery of the MDP
falling but when pH; was rising. In the example illus- occurred during acidosis in 3 of the cells (Fig. 5C), but
trated in Fig. 54, during alkalosis the MDP depolar- the MDP did not recover in the other 3. In contrast, all
ized from —76 to —66 mV, the OS increased from 28 to 7 of the cells reported in Table 2 exhibited recovery of
29 mV, the Dur increased by 8%, and the BR increased the MDP after washout of NH4Cl. A mechanism for
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Fig. 6. Both pH 6.6 Tyrode solution and HOE-642 (cariporide) slow
the recovery of pH; from acidosis. A: a 1-day pacemaker cell was
exposed in 2-min periods to 5 mM NH,Cl in normal Tyrode solution
(pH 7.4). During its second recovery from acidosis, the cell was
exposed to pH 6.6 Tyrode solution; this increased the time constant
for recovery (1) from 1.7 to 7.1 min. B: in another pacemaker cell,
exposure to 10 pM HOE-642 in normal Tyrode solution increased +
from 5.1 to 10.9 min. Origin software (OriginLab) was used to fit the
time course of recovery by a single exponential.

NH.Cl-induced changes in the MDP is deseribed in the
DISCUSSION.

Role of Na/H exchange. It has been suggested that
ischemia-induced intracellular acidification activates
Na/H exchange and leads to increased intracellular Na
(Na;) and then to intracellular Ca (Ca;) overload as a
result of reduced Na/Ca exchange (38). More recent
studies, however, have come to a different conclusion
(36). Because pH was an important factor in the ische-
mia-induced changes in electrical activity described
here, we tested the hypothesis that Na/H exchange also
played a role. Previous studies have shown that extra-
cellular acidosis attenuates Na/H exchange, thereby
resulting in a reduction of pH;. For example, Vaughan-
Jones and co-workers (41) found that when pH, was
reduced from 7.5 to 6.5, net acid efflux during recovery
from acidosis [calculated as buffering power X d(pH;)/

Fig. 7. HOE-642 does not modify spon- f A
taneous electrical activity or prevent 201
the effects of pH 6.6 ischemic Tyrode LpH ?'.er:)%ceheml

solution or its recovery. A: a 2-day
pacemaker cell was exposed for 4 min
to pH 6.6 ischemic Tyrode solution con-
taining 256 pM HOE-642. B: a 4-day
pacemaker cell was exposed for 5 min
to pH 6.6 ischemic Tyrode solution con-
taining 20 pM HOE-642. Replacement
of this solution by normal Tyrode solu-
tion containing 30 pM HOE-642 did
not prevent recovery of the electrical 80
activity after 4 min (compare with con- L
trol). C: a 3-day pacemaker cell was 1 I { I |

of * HOE 642

Membrane potential (mV)
N
o
T

\

control

dt] was reduced by 65%. We observed qualitatively
similar effects in SA node pacemaker cells. For exam-
ple, the recovery of pH; after NH4Cl-induced acidosis
was slowed markedly when a cell was exposed to pH
6.6 Tyrode solution: the time constant for recovery
increased from 1.7 to 7.1 min (Fig. 6A). On average, the
time constant for recovery increased from 3.2 = 0.7 to
8.2 + 1.6 min (n = 8; P < 0.005). To complement these
experiments, we used HOE-642, a potent and selective
inhibitor of the Na/H exchanger isoform 1 (NHE-1; see
Ref. 36), to test the hypothesis that the reduction of pH;
and concomitant depolarization of the MDP induced by
pH 6.6 ischemic Tyrode solution were due to inhibition
of Na/H exchange. At a concentration of 30 pM, HOE-
642 blocked the recovery of pH; in 2 cells after NH4CI-
induced acidosis, which confirms that, like amiloride
(7), HOE-642 can block Na/H exchange in rabbit SA
node pacemaker cells. At a concentration of 10 pM,
HOE-642 blocked the recovery of 1 cell and slowed the
recovery of 5 others. For example, the time constant for
recovery from acidosis was increased from 5.1 to 10.9
min when HOE-642 was present (Fig. 6B). On average,
10 M HOE-642 increased this time constant from
3.2 +0.6t06.9 * 2.0 min (n = 5; P < 0.05). However,
compared with pH 6.6 ischemic Tyrode solution and pH
6.8 Tyrode solution (see Figs. 2 and 3), HOE-642 had a
smaller effect on normal pH;. In the presence of pH 7.4
Tyrode solution, 30 pM HOE-642 reduced pH; by <0.05
pH unit in 4 cells and had no measurable effect in 4
others. Taken together, these results suggest that the
reduction of pH; by pH 6.6 ischemic Tyrode solution
(see Fig. 2) cannot be explained by blockade of Na/H
exchange.

Although blockade of Na/H exchange was not re-
sponsible for the reduction of pHj, did this intracellular
acidosis stimulate Na/H exchange? Such stimulation
would have increased Na; and then Ca; via Na/Ca
exchange. Could this enhancement of Na; and Ca; have
depolarized the MDP and reduced the OS? If these
ideas are correct, blockade of Na/H exchange would
have prevented the changes in MDP and OS. Never-
theless, addition of HOE-642 to pH 6.6 ischemic Tyrode
solution did not prevent depolarization of the MDP and
reduction of the OS (Fig. 7A). In fact, the MDP changed

B [ &
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from —63 = 2to —54 = 2 mV (P < 0.00001), and the OS
changed from 26 = 2 to 24 = 2 mV (P < 0.05) in 8
pacemaker cells. These effects were not significantly
different from those produced by pH 6.6 ischemic Ty-
rode solution or pH 6.8 Tyrode solution (Table 2).
Again, neither the Dur nor BR was changed signifi-
cantly. Even though HOE-642 slowed the recovery of
pH; from acidosis (see Fig. 6B), the drug had no effect
on recovery of the MDP and OS when pH 6.6 ischemic
Tyrode solution was replaced by normal Tyrode solu-
tion containing HOE-642 (Fig. 7B). Similar results
were obtained in 6 of 8 pacemaker cells. Finally, HOE-
642 itself had no effect on electrical activity. As illus-
trated in Fig. 7C, the MDP and OS were unchanged
during an 8-min exposure to 30 pM HOE-642, a con-
centration 30-fold greater than that used to block
NHE-1 in isolated rat ventricular myocytes (36). On
average, the MDP changed from —65 * 4 to —64 * 4
mV (P > 0.05) and the OS changed from 28 + 5 to 29 +
5 mV (P > 0.05) when 4 pacemaker cells were exposed
to 30 pM HOE-642 (Table 2). Taken together, these
results suggest that although pH 6.6 ischemic Tyrode
solution reduced pH;, Na/H exchange played no role in
the concomitant depolarization of the MDP and reduc-
tion of the OS.

Role of ion channels. In contrast to a direct effect of
acidosis, reduction of the OS when pacemaker cells
were exposed to pH 6.6 ischemic Tyrode solution or pH
6.8 Tyrode solution (Table 2) could have resulted indi-
rectly from depolarization-induced inactivation of in-
ward currents that generate the upstroke of the AP. To
test this hypothesis, we injected hyperpolarizing cur-
rent after pacemaker cells had been depolarized by pH
6.6 ischemic Tyrode solution. As illustrated in Fig. 8,
when the MDP was forced back to the control level, the
BR slowed and the OS recovered completely in 5 of 7
pacemaker cells. On average, when these cells were
exposed to pH 6.6 ischemic Tyrode solution, the MDP
depolarized from —62 = 1 to —52 = 1 mV (P < 0.001)
and the OS decreased from 26 = 2t0 22 = 2 mV (P <
0.05; Table 2). While cells were exposed to pH 6.6
ischemic Tyrode solution, injection of hyperpolarizing
current repolarized the MDP to —61 + 1 and increased
the OS to 27 = 1 mV, both of which are consistent with
the control values. Hyperpolarizing current also slowed
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the BR significantly, from 66 = 5 to 44 *= 5 beats/min
(P < 0.05). We observed similar changes in 2 pace-
maker cells exposed to pH 6.6 Tyrode solution.

These results support the idea that reductions of the
OS, when cells were exposed to pH 6.6 ischemic Tyrode
solution, were due to acidosis-induced depolarization of
the membrane potential. But what caused this depo-
larization? One possibility is enhancement of an in-
ward current. A small hyperpolarization-activated in-
ward current (/5) has been observed at the MDP of some
cultured (27) and freshly isolated SA node pacemaker
cells (46); therefore, we tested the hypothesis that I¢
was enhanced by our ischemic conditions. Neverthe-
less, with I; defined as the time-dependent inward
current during hyperpolarizing voltage steps, we found
no significant increase in its amplitude when cells were
exposed to pH 6.6 ischemic Tyrode solution (Fig. 9,
A-C). In fact, there was little difference in the current-
voltage (I-V) relationships for Iy (Fig. 9D). For example,
mean values of Ir in 9 pacemaker cells exposed to
normal Tyrode solution (—16.6 = 4.7 pA) and then
exposed to pH 6.6 ischemic Tyrode solution (=17.1 +
3.8 pA) did not differ significantly at —70 mV, a poten-
tial reached by some of the pacemaker cells. In con-
trast, the initial (time-independent) net inward cur-
rent (Iinitiat), which preceded the onset of I did
increase in 7 of these cells (Fig. 9B). On average, linitial
increased significantly at —70 mV from —24 * 12 to
—40 = 12 pA (P < 0.05). This increase was not due to
a gradual increase in leakage current, because initial
decreased during washout and after 5 min its mean
(=25 * 16 pA) did not differ from the control. To
investigate [, further, we used additional test po-
tentials to cover the diastolic range between —60 and
—40 mV. As illustrated in Fig. 9E, pH 6.6 ischemic
Tyrode solution reversibly increased Linitial by 2-5 pA
at those potentials. Similar results were obtained in
another 5 pacemaker cells.

Finally, we exposed pacemaker cells to normal Ty-
rode solution containing 30 pM BaCl; to investigate
the nature of Ii,iq. Like pH 6.6 ischemic Tyrode solu-
tion, this concentration increased Iinitiai by 2-5 pAin 4
pacemaker cells. Again, like pH 6.6 ischemic Tyrode
solution, normal Tyrode solution containing 20-50 p.M

Fig. 8. Injection of hyperpolarizing
current repolarizes the MDP and re-
verses the reduction of overshoot (OS)
produced by a pH 6.6 ischemic Tyrode
solution. A: a control recording was ob-
tained from a 1-day pacemaker cell. B:
same cell was exposed to pH 6.6 ische-
mic Tyrode solution for 3 min. C: while
the cell was exposed to pH 6.6 ischemic
Tyrode solution, injection of hyperpo-
larizing current through the recording
pipette slowed the firing rate of the cell
from 100 to 40 beats/min, repolarized
the MDP to the control level, and in-

+ hyperpolarizing current
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creased the OS above the control level.
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5 C Washout

pH 6.6

FFig. 9. pH 6.6 ischemic Tyrode solution in-
creases the initial (time-independent} net in-
ward current (Ziyitin) but not the hyperpolar-
ization-activated inward current (fp). A:
voltage steps (3 8) from —70 to — 120 mV were
applied from a holding potential of —50 mV
while a 1-day pacemaker cell was exposed to
normal Tyrode solution. B: same cell after 5
min in pH 6.6 ischemic Tyrode solution. C:
same cell after 5 min in normal Tyrode solu-
tion. D: current-voltage (I-V) relationships for

Current (pA)

ischemic Tyrode L'

I, which was defined as the difference be- -t
tween the end and beginning of time-depen- 0
dent inward current (see arrows in B). E: [-V

relationships for Linitiat, which was measured - D
in another cell as the current just before the
onset of Ir(top arrow in B). In D and E, there
were no corrections for the pipette-to-bath
liquid-junction potential, and the conditions
were as follows: normal Tyrode solution (U}, 5
min in pH 6.6 ischemic Tyrode solution (a),
and 5 min after washout of pH 6.6 ischemic
Tyrode solution (©).

Current (pA)
i i
g 8 o

8
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I g o
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1
-120
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BaCl, reversibly depolarized the MDP by 11 = 2 mV
(n = T7; P<0.001).

DISCUSSION

The purpose of this study was to investigate, in
isolated SA node pacemaker cells, the mechanisms
responsible for ischemia-induced changes in spontane-
ous electrical activity. The most important findings are
1) pH 6.6 ischemic Tyrode solution reversibly de-
creased the OS and depolarized the MDP; 2) similar
changes were produced by normal Tyrode solution if
the pH was titrated to =6.8; 3) increasing pH, to 8.5
hyperpolarized the MDP, shortened the Dur, and
slowed the BR; 4) although HOE-642 slowed or blocked
the recovery of pH; after NH,Cl-induced acidosis, this
inhibitor of Na/H exchange did not prevent the changes
induced by pH 6.6 ischemic Tyrode solution or the
recovery during washout; 5) in the presence of pH 6.6
ischemic Tyrode solution, injection of hyperpolarizing
current restored the MDP and OS to original values; 6)
pH 6.6 ischemic Tyrode solution increased time-inde-
pendent, net inward current (Ij,;jia) but not Iy in the
pacemaker range of potentials; and 7) BaCl, (20-50
pM) in normal Tyrode solution reversibly increased
L and depolarized the MDP.

Ischemia-induced changes in pH. The reduction of
pH, during ischemia is partially due to hampered re-
moval of extracellular CO5 and lactate when blood flow
is diminished (10). For example, after 10 min of global
ischemia, pH, was reduced to 6.54-6.66 (12) in the
isolated, perfused rabbit interventricular septum and
to 6.86 in blood-perfused rabbit papillary muscle (44).
In the present study, we titrated the pH of ischemic
Tyrode solution to 6.6 to approximate global ischemia

3
-100 -80 -70 -60 -50 -40
Membrane potential (mV)

in situ. The sources of intracellular acidosis during
ischemia are controversial but most likely are due to
the retention of H™ from glycolytic ATP turnover, CO»
accumulation, and eventually, net ATP breakdown
(14). Furthermore, extracellular acidosis inhibits Na/H
exchange (41), thereby hampering the removal of ex-
cess H' in the cytoplasm. Because of these multiple
factors, the extent of acidosis is quite variable. For
example, pH; fell from 7.0 to 6.6 after only 4 min of
global ischemia in rabbit hearts (29), but to only 6.89
after 12 min of global ischemia in perfused rabbit
papillary muscles (44). By comparison, pH; fell from 7.2
to 6.5 in isolated rat ventricular myocytes exposed to
simulated ischemia for 30 min (glucose-free anoxic
Tyrode solution with pH titrated to 6.4) (26). To insure
complete recovery of the electrophysiological proper-
ties, we exposed isolated pacemaker cells to pH 6.6
ischemic Tyrode solution for only 4-5 min. During this
period, pH; fell by only 0.06-0.15 unit. Still, this brief
treatment was sufficient to depolarize the MDP by 12
mV. The following are two possible explanations: 1)
pH,, not pH;, was responsible for the depolarization;
and 2) the changes in pH; were actually much greater
at the sarcolemma, where they could influence ion
channels; however, we could not detect them by observ-
ing whole cell-averaged SNARF-1 fluorescence. This
problem could have been particularly severe in our
experiments with NH4Cl, when pH; was constantly
changing and therefore even more likely to be nonuni-
form.

Ischemia-induced changes in SA node electrical ac-
tivity. In the rabbit right atrium, which contains the
SA node, hypoxia (Tyrode solution was bubbled with
95% N4-5% COy,) depolarized the MDP and reduced the
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0OS, AP upstroke velocity, and slope of diastolic depo-
larization (25, 31, 45); removal of glucose potentiated
these effects (31). Metabolic inhibition with cyanide or
2,4-dinitrophenol (25) produced similar but more rapid
effects.

In freshly isolated rabbit SA node pacemaker cells, 5-
to 10-min exposures to cyanide or 2.4-dinitrophenol
markedly reduced the amplitude, duration, and fre-
quency of spontaneous APs and attenuated Icar, Ik,
and Iy (18). Han and co-workers (19) have also shown
that cyanide activates Kapp channels in these cells. In
contrast, we did not observe shortening of the AP when
pacemaker cells were exposed to pH 6.6 ischemic Ty-
rode solution. Such a shortening would be expected if
Igiarp) were activated. This discrepancy might be due
in part to the much shorter duration (4-5 min) and
therefore less metabolic blockade produced by pH 6.6
ischemic Tyrode solution in our experiments compared
with the 60-min exposures to cyanide employed in the
previous study. Another difference between our study
and previous ones is that pH 6.6 ischemic Tyrode
solution did not slow pacemaker activity, possibly be-
cause this treatment was too brief to activate Ixate).
In comparison, Posner and co-workers (33) found that
the mean BR of isolated right atria was slowed signif-
icantly from 173 to 129 beats/min when rabbits were
raised in a hypoxic environment (Pog = 65 mmHg) for
3 wk. They also showed that acidosis alone could slow
BR dramatically (on average, from 173 to 18 beats/
min). Nevertheless, an important difference between
their experiments and ours is that they exposed the
atria to pH 6.5 Tyrode solution for 1 h, whereas we
exposed SA node pacemaker cells to pH 6.6 or 6.8
Tyrode solution for an average of only 4.1 = 0.2 min
(n = 18).

pH-induced changes in SA node electrical activity.
There is little information about pH-induced changes
in SA node electrical activity and the underlying mech-
anisms. In small pieces of rabbit SA node tissue, re-
duction of pH, to 6.5 depolarized the MDP, slowed the
BR, and reduced the OS and maximum upstroke veloc-
ity, but had no effect on Dur (37). Opposite effects were
seen when pH, was increased to 8.5. Some of the
present results are similar: exposure of pacemaker
cells to pH 6.8 Tyrode solution for 4 min produced an
11-mV depolarization of the MDP and a 5-mV reduc-
tion of the OS, but no significant effect on Dur; expo-
sure to pH 8.5 Tyrode solution hyperpolarized the MDP
by 5 mV. In contrast to the previous study, increasing
pH, to 8.5 shortened the Dur and had no effect on the
0OS. In SA node tissue, the BR was slowed (by 6.6%) 10
min after pH, was reduced to 6.5 and BR was acceler-
ated (by 10.1%) 10 min after pH, was increased to 8.5.
In contrast, we observed no change in BR 4 min after
pH, was reduced to 6.8 and a significant slowing of BR
(by 3.7%) 4 min after pH, was increased to 8.5. Unfor-
tunately, Satoh and Seyama (37) did not mention
whether any of the changes they observed were statis-
tically significant. Although some of the results of the
two studies differ, this is not surprising because the
extracellular environments of isolated pacemaker cells

and pacemaker cells within SA node tissue are so
different.

Role of Na/H exchange. Na/H exchange contributes
to the maintenance of H' homeostasis in rabbit SA
node cells (7), and extracellular acidosis attenuates
Na/H exchange in sheep Purkinje fibers (41). There-
fore, we tested the hypothesis that pH 6.6 ischemic
Tyrode solution inhibits Na/H exchange, thereby re-
ducing pH; in SA node pacemaker cells. We found that
the time constant for recovery of pH; from NH,Cl-
induced acidosis was increased significantly (from 3.2
to 8.2 min) by pH 6.6 Tyrode solution, which suggests
that acidic pH, does indeed attenuate Na/H exchange.
Nevertheless, in the presence of pH 7.4 Tyrode solu-
tion, 30 pM HOE-642, a potent inhibitor of NHE-1 (36),
which also significantly increased the time constant for
recovery of pH; from NH;Cl-induced acidosis (from 3.2
to 6.9 min), reduced pH; by <0.05 pH unit in 4 cells and
had no measurable effect in 4 others. These results
suggest that Na/H exchange plays no role in the reduc-
tion of pH; in response to extracellular acidosis. Fur-
thermore, HOE-642 did not alter spontaneous electri-
cal activity, did not prevent the changes in electrical
activity induced by pH 6.6 ischemic Tyrode, and did not
prevent recovery of electrical activity after washout of
pH 6.6 ischemic Tyrode solution. Thus we conclude
that Na/H exchange does not contribute to these
changes nor does it facilitate recovery from such ef-
fects.

Ionic mechanisms. The results of previous investiga-
tions can suggest which currents might have been
altered to produce the observed changes in spontane-
ous electrical activity. For example, reducing pH, to 6.5
decreased the rapid component of Ik (Ik,), whereas
increasing pH, to 8.5 enhanced Ik, in rabbit ventricu-
lar myocytes (42). In SA node pacemaker cells, Ix was
reduced by cyanide (18) or by acidosis (pH, = 6.5) (37),
and partial blockade of Ik, by E-4031 depolarized the
MDP and reduced the OS (43). These results suggest
that in the present study, depolarization of the MDP by
pH 6.6 ischemic Tyrode solution or by pH 6.8 Tyrode
solution, and hyperpolarization of the MDP by pH 8.5
Tyrode solution could have been due to reduction and
enhancement of Ik, respectively. Cyanide (18) and
acidosis (pH, = 6.5; Ref. 37) also reduced ¢, 1, in SA
node pacemaker cells, and such a reduction could have
attenuated Ix and thereby depolarized the MDP if the
peak of the AP were reduced sufficiently. Although we
cannot rule out a direct effect of acidosis on the L-type
Ca single-channel conductance, inactivation of Zc. 1. by
a depolarized membrane potential is sufficient to ex-
plain the reduction of OS in the present study, because
even in the presence of pH 6.6 ischemic Tyrode solu-
tion, injection of hyperpolarizing current and the con-
sequent recovery of MDP to a more negative potential
returned the OS to its original level. On the other
hand, the OS did not increase when pacemaker cells
were exposed to pH 8.5 Tyrode solution and the MDP
hyperpolarized. Nevertheless, this result might be ex-
plained by the fact that the original MDP (—64 + 2
mV) was already sufficiently negative to remove any
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inactivation of I, 1. (15). Hyperpolarization of the MDP
when pacemaker cells were exposed to pH 8.5 Tyrode
suggested that we would see a similar effect when
NH,CI increased pH;; however, the MDP depolarized
significantly during this period. Such a depolarization,
which has been observed previously under similar con-
ditions (6, 41), has been attributed to the reduced
electrochemical gradient for Ix when NH,Cl-contain-
ing Tyrode solution is first introduced because NH; " is
permeable through K channels (6).

Finally, our voltage-clamp recordings suggest that
even though ischemic conditions have no significant
effect on Iy, they do enhance time-independent /4. in
the pacemaker range of potentials (=70 to —40 mV).
This increase is more likely to result from reduction of
an outward current than from enhancement of an
inward current, because acidic pH reduces the single-
channel conductance and open probability of most ion
channels (9). Therefore, acidosis-induced enhancement
of sustained inward current (17) or TTX-sensitive “win-
dow” current (30) is unlikely. Because 30 pM BaCl; in
normal Tyrode solution increased Ii,iia in 4 pace-
maker cells and because concentrations =50 pM are
selective blockers of inward-rectifying K currents in
ventricular myocytes (21) and cardiac Purkinje fibers
(11, 40), we speculate that BaCl, blocked an inward-
rectifying K current in our experiments. Although we
have no information on the identity of this current, we
speculate that it might be ACh-activated K current
(Ix,acnh), because this current is activated in rabbit SA
node pacemaker cells even in the absence of ACh (23),
whereas Ik: is rarely found in these cells (32). Never-
theless, the actual identity of the ischemia-sensitive
current is unknown. Therefore, additional voltage-
clamp measurements of time-dependent and -indepen-
dent currents, fluorescence measurements of Ca;, and
models of isolated SA node pacemaker cells (e.g., Ref.
13) will be necessary to fully understand the mecha-
nisms responsible for the ischemia-induced changes.
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Alcohol-related acute pancreatitis can be mediated by a combina-
tion of alcohol and fatty acids (fatty acid ethyl esters) and is
initiated by a sustained elevation of the Ca’* concentration inside
pancreatic acinar cells ([Ca’*])), due to excessive release of Ca’*
stored inside the cells followed by Ca>* entry from the interstitial
fluid. The sustained [Ca®*]; elevation activates intracellular diges-
tive proenzymes resulting in necrosis and inflammation. We tested
the hypothesis that pharmacological blockade of store-operated
or Ca’* release-activated Ca?* channels (CRAC) would prevent sus-
tained elevation of [Ca®*], and therefore protease activation and
necrosis. In isolated mouse pancreatic acinar cells, CRAC channels
were activated by blocking Ca** ATPase pumps in the endoplasmic
reticulum with thapsigargin in the absence of external Ca’*. Ca®*
entry then occurred upon admission of Ca?* to the extracellular
solution. The CRAC channel blocker developed by GlaxoSmithKline,
GSK-7975A, inhibited store-operated Ca** entry in a concentration-
dependent manner within the range of 1to 50 uM (ICso = 3.4 uM),
but had little or no effect on the physiological Ca®* spiking evoked
by acetylcholine or cholecystokinin. Palmitoleic acid ethyl ester
(100 pM), an important mediator of alcohol-related pancreatitis,
evoked a sustained elevation of [Ca®'],, which was markedly re-
duced by CRAC blockade. Importantly, the palmitoleic acid ethyl
ester-induced trypsin and protease activity as well as necrosis
were almost abolished by blocking CRAC channels. There is cur-
rently no specific treatment of pancreatitis, but our data show that
pharmacological CRAC blockade is highly effective against toxic
[Ca®*}; elevation, necrosis, and trypsin/protease activity and there-
fore has potential to effectively treat pancreatitis.

capacitative Ca”* entry | alcohol metabolite | pancreas |
hepatocyte Ca” entry | AR42)

Acutc pancreatitis is a human disease mostly caused by al-
cohol abusc or complications from biliary discasc. In this
disease, against which there is currently no effective therapy,
digestive proenzymes arc prematurely activated inside the acinar
cclls leading to autodigestion and nccrosis (1-3). Intracellular
Ca*" plays a critical role in the initiation of this disease process
(2-4), but intracellular Ca®* also plays a critical role in the
physiological regulation of the normal exocytotic secretion of the
digestive proenzymes (5).

The pancreatic acinar cells are capable of generating multiple
patterns of cytosolic Ca®* signals depending on the type and
concentration of the stimulating agent (5). The physiological Ca**
signals regulating secretion—evoked by the neurotransmitter ace-
tylcholine (ACh) or the hormone cholecystokinin (L(K)—consm
of repetmve short-lasting rises in the cytosolic Ca®* concentra-
tion ([Ca**];). These are mostly confined to the apical area, in
which the secretory (zymogen) granules (ZGs) are concentrated,
by a belt of perigranular mitochondria operating as a firewall
against the globalization of the Ca® signals (6). Rapid Ca**
uptake mlo the perigranular mitochondria followmg local cyto-
solic Ca®* signals also plays a crucial role in activating local
mltochondnal ATP production, which is essential for the
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exocytotic secretion process (5-9). At suprapl'nyﬂiol()gical con-
centrations of ACh or CCK, or in response to various types, of
pathological stimulants, sustained global elevations of [Cd'*],
occur (2. 4). Such signals initiate trypsinogen activation in the
apical region of the pancreatic acinar cells as well as vacuole
formation (10, 11). Both the trypsinogen activation and the in-
tracellular vacuolization can be prevented by mlraca.llular Ca™
chelation or simply by removal of extracellular Ca®* (10).
Unlike nerve and endocrine as well as muscle cells, exocrine
cells do ot possess voltage-gated Ca” ** channels and the cyto-
solic Ca™* signals governing pancreatic acinar secretion are pri-
marily generated by release of Ca®* from intracellular stores,
prmmp'lllv the endoplﬂsmlc reticulum (ER) (5, 12, 13). How-
ever, the intracellular Ca®* stores are by definition hmu. Ca®
ATPase pumps in the pl&smd membrane are activated to in-
crease extrusion of Ca®* whenever [C'\“"], increases and there-
fore pancreatic acinar cells would run out of (‘a‘* in the ER if
there were not a mechanism of compensatory Ca®* upmke from
the external solution (3) This uptake mechanism is known as
store-operated or Ca* release-activated Ca®t entry (CRAC) and
CRAC channels in the plasma membrane have gem,rdlly been well
characterized (14). The molecular nature of these channels (Orail)
is now also known (15) and the link between Ca®* depletion of the
ER and ()pcnmg of the CRAC channels has been established: A
reduction in the Ca** u)nccntmuon in the ER ([Ca™]gr) causes
translocation of a Ca’ “-sensing protein, called STIM, widely dis-
tributed in the ER membrane to so-called puncta in the ER close
to the plasma membrane, where it can interact with and open
Orail channels (16-18). This mechanism also operates in the
pancreatic acinar cells, because stimulant-clicited relcase of Ca™
from the ER results in translocation of STIMI to puncta close to
the basolateral plasma membrane, specifically at locations where
the ER is devoid of ribosomes and where interaction between
STIMI1 and Orail therefore occurs (19). Despite this, electro-
physiological investigations of the currents evoked by Ca* store
depletion have so far failed to provide evidence for the existence
in pancreatic acinar cells of Ca™-selective currents of the CRAC
type (20-22) originally discovered in mast cells (23), although
activation of nonselective currents were shown (21, ”2) There-
fore, although the linkage between cmmm -evoked Ca>* release
from the ER and store-operated Cd entry, through STIMI
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and Orail, is established for the pancreatic acinar cells (19).
there is uncertainty about the blophyelcal nature of the principal
Ca®* entry channcls. Enducyuc Cast uptake (24) could also be
important and does occur in pancreatic acinar cells (75) It is
also the case that there are |mporlant intracellular Ca** stores
(acid) outside the ER (4, 26-29). Ca** release from acid stores—
located in ZGs, endosomes, and lysosomes—plays a crucial role
in intracellular trypsinogen activation elicited by alcohol and
fatty acid ethyl esters in experiments on permeabilized pancre-
atic acinar cells (28, 29), and trypsinogen activation induced by
hyperstimulation occurs in postexocytotic endocytic (and acid)
s(ruclurea (25). In view of the complexities of panuedllc acinar
cell Ca** signaling in physiology and palhology and, in pamcular
the uncertainty about the nature of the Ca®* entry pathways, it is
unknown whether blockade of Ca**-sclective CRAC channels
could in principle be effective as therapy against acute pancre-
atitis. With the availability of relatively specific CRAC channel
blockers (30-34) there is now an opportumty to test the hy-
pothesis that one type of Ca®* entry channel is so important that
pharmacological blockade could afford effective protection
against toxic Ca®* signal generation and its consequences in in-
tact pancreatic acinar cells. Given the current absence of any
specific therapy against pancreatitis, a demonstration that
pharmacological blockade of CRAC channels could prevent the
dangerous necrosis evoked by agents known to initiate pancre-
atitis, would be a proof of principle that a specific therapy could
be developed. In this study we have therefore tested the effect of
the CRAC channel blocker developed by GlaxoSmithKline,
GSK-7975A (33, 34) on store-operated Ca*t entry, induced by
inhibiting spccnﬁcally the Ca**ATPase pumps in the ER, as well
as on Ca’* signal generation elicited by palmitoleic acid ethyl
ester (POAEE), onc of the mediators of alcohol-related pan-
creatitis (26, 35-38). As p(m of this investigation we also provide
a characterization of Ca®*-sclective CRAC currents in pancre-
atic acinar cells. We show that pharmacological CRA( channel
blockade prevents the sustained toxic elevation of Ca“’]l which
is induced by severe depletion of intracellular Ca™" stores or by
POAEE. In contraﬂ such a blockade has little effect on the
physiological Ca®* spiking (oscillations) cvoked by ACh or CCK
and has only minor or no effects on Ca®* entry in hepatocytes
and the pancreatic acinar cell line AR42). Importantly, the
CRAC blocker is also effective against the intracellular protease
activation and necrosis induced by POAEE. We conclude that
pharmacological CRAC blockade has potential for effective
treatment of acute pancreatitis.

Results

GSK-7975A Blocks Store-Operated Ca’* Entry in Normal Pancreatk
Acinar Cells. Our standard protocol for store-operated Ca™ en-
try investigations consisted of first cmptymg the ER store of Ca’*
by Applymg the specific ER Ca’* pump blocker thap\lgargm
(TG) in the absence of external Ca®*. This caused a transient risc
in [(,a'*], (Fig. 14). After [Ca®*]; had returned to near its normal
resting level, Ca>* was admitted to the external solution and this
resulted in a substantial rise in [Ca®*];, which was sustained as
long as Ca®* was present outside the cell (Fig. 1L4). When the
CRAC blocker GSK-7975A was applied before the admission of
Ca®* to the external solution, the subanuml rise in [Ca®*]; was
markedly reduced (Fig. 1 B-D). As seen in Fig. 1D, the effect of
GSK-7975A was maintained after washout of the compound at
least for the first 10-15 min. As summarized in Fig. 1E, the in-
hibitory effect was already marked 5 min after start of exposure
to GSK-7975A and after 10 min exposure there was very little
Ca®* cntry. Ten minutes after the start of washout of GSK-
7975A, there was still no recovery of Ca** entry (Fig. 1E).
Importantly, GSK-7975A had no influence on the thapsigargin-
evoked Ca'* mobilization from the ER store (Fig. 1D). GSK-
7975A also had little or no effect on the Ca** spiking responses
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Fig. 1. CRAC channel blocker inhibits Ca®* and Ba?' influx. (A-C) Effects of
different periods of incubation [5 min, n = 5 (8) and 10 min, n = 14 (C)] of
pancreatic acinar cells with GSK-7975A (10 uM) compared with control (A,
n =5) (15 min incubation did not significantly further increase the degree of
blockade, n = 3). (D) Washout of GSK-7975A did not result in recovery of
the Ca?* signal within ~10 min. (£) Summary of results shown in A-D. Mean
[Ca®*}; amplitude change (AF/Fg) due to Ca®" influx (n = 5, example trace in
A) was dramatically reduced after 5 min with GSK-7975A (n = 14, *P < 1075,
example trace in B) and reduced further after 10 min with GSK-7975A (n =
14, **P < 107", example in C). Inhibition was effectively irreversible (after
washing out for 10 min) as amplitude remained very low (n =7, ***P < 107%,
example trace in D). As seen in E, there was no significant difference in
averaged amplitudes from experiments of the type shown in Cand D (P >
0.69); whereas the averaged amplitudes from the type of experiments
shown in B and C are significantly different (P < 10~-%). Data presented as
mean + SEM (F and G) GSK-7975A inhibits Ba®* influx in pancreatic acinar
cells. Representative traces of changes in [Ba®'); (using Fura-2) due to Ba**
influx in cells exposed to GSK-7975A (10 M) for 10 min (G) compared with
control untreated cells (F).

to low (physiological) concentrations of the normal stimulants of
pancreatic secretion, namely ACh (50 and 100 nM) or CCK
(5 pM) (Fig. S1 A-F) but reduced the late elevated [Ca™*);
plateau phase following stimulation with a high concentration
of ACh (1 pM) (Fig. S1 G and H).

Inhibition of Unidirectional Ba** Influx. Net CA'+ lranbporl ACTOSS
the pldsma membrane dcpcnds not only on Ca®* influx, but also
on Ca”" extrusion and in the pancreatic acinar cdls. extrusion is
mediated cxclusnvcly by the plasma membrane Ca®* pump, ac-
tivated by a rise in [Ca™]; (39). To assess changcs in unidirec-
tional Ca”* influx, we used measurements of [Ba™];, because
Ba’* can easily pass through CRAC channcls (40), but cannot be
extruded by the plasma membrane Ca® pump (39, 40). As scen
in Fig. 1 F and G, preincubation wilh GSK-7975A for 10 min
markcdly reduced store-operated Ba®™ entry into the pancreatic
acinar cells, Our data on the inhibition of Ba®* entry by the
CRAC blocker are summarized in Fig. S1 /-K.

Concentration Dependence of the Acute Effects of GSK-7975A on Ca®*
Entry. We also inveﬂligdtcd the acute effect of the CRAC
blocking agent. As seen in Fig. 24, apphcanon of 10 uM GSK-
7975A soon after admission of Ca®* to the external solution
resulted, after a delay of a few minutes, in a sharp reduction of
[Ca**]; which, in the continued presence of external Ca®*, fell to
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Fig. 2. Concentration dependence of the inhibitory effect of GSK-7975A on
the elevated [Ca’*] following readmission of external Ca®™ after thapsi-
gargin treatment. (A-C) Effects of acute application of GSK-7975A in dif-
ferent concentrations [10 uM (4), 5 uM (B), 1 uM (C)] on the elevated [Ca®"],
plateau in the presence of 5 mM CaCl,. (D) Summary of the results of the
experiments on the concentration dependence of the inhibitory effect of
GSK-7975A normalized to the inhibitory effect of 50 uM (100%).

near the normal resting level within 5-10 min. The relatively slow
time course of the GSK-7975A-induced reduction in [Ca™];
is not necessarily a reflection of a slow action of the CRAC
blocker, but may reflect the time it takes for the plasma mem-
brane Ca™" pump to extrude the excess of Ca”" in the cytosol.
We also tested the effects of different CRAC blocker concen-
trations. As scen in Fig. 2 A and B, the cffects of 5 and 10 pM
GSK-7975A were very similar, indicating that the maximal cffect
had already been attained at 5 pM. A small reduction in [Ca®*];
was seen at 1 pM (Fig. 2C). Fig. 2D shows the relationship be-
tween CRAC blocker concentration and the degree of reduction
in [Ca®*];. ICs, was calculated to be 3.4 pM. The estimated t1/2
was 292.8 + 88.3 s. Even the highest concentration of GSK-
7975A tested (50 uM) did not abolish C “a’* entry into pancreatic
acinar cells, at the external [Ca®*] ([Ca®*],) of 5 mM, but dra-
matically inhibited it by 87.6 + 1.9% (n = 10).

Inhibition of Store-Operated Ca>* Current. Application of 2 uM TG
activated a slowly developing inward membrane current (Fig. 3
A, i) with a maximal amplitude of 8.4 + 0.6 pA (n = 35, or (.349
pA/pF; Cm =223 + 1.7 pF) at a membrane potential of —50 mV
and [Ca’™*], = 10 mM. Replacement of extracellular Na* by N-
methyl-D- g,lucammu (NMDG™) had little or no effect on the
current (Fig. 3 4, i, n = 8), whereas a reduction in [Ca**], from
10 to 1 mM caused a marked decrease in the maximally de-
veloped inward current (n = 7) (Fig. 3 A, ). The store-operated
inward current was blocked by 100 pM 2-Aminoethoxydiphenyl
borate (2-APB) (n = 7) (Fig. 3 A, i), a well-known (but not
specific) blocker of CRAC channels (14). The current-voltage
relationship showed clear inward rectification (Fig. 3B). We
recorded the storc-operated Ca®* current_in experiments in
which we also monitored changes in the Ca®* concentration in-
side the stores (41). The TG-induced inward current developed
with a delay after the reduction in the store Ca** concentration
(Fig. 3C) (n = 9). GSK-7975 (10 pM) evoked a marked reduction
(by 83.0 + 4.1%) in the TG-induced inward current in each of
the six experiments carried out (Fig. 3D).

The Effect of Blocking CRAC Channels on [Ca®*]; (hmges Evoked by
Palmitoleic Acid Ethyl Ester. Elevation of [Ca*], in pancreatic
acinar cells can be induced by either alcohol or fatty acids (42,
43). but in combination—as fatty acid ethyl esters—they are
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much more powerful Ca>* releasers (37) and are recognized as
important mediators of alcohol-induced pancreatitis (35-38, 42).
We therefore tested the effects of blocking CRAC channels on
the changes in [Ca”"]; induced by palmitoleic acid ethyl ester
(POAEE). As previously shown, POAEE evokes substantial and
sustained elevations of [Ca®*], in normal isolated pancreatic
acinar cells, initiated by release of Ca** from the ER (37, 42) as
well as acid stores (28). Fig. 44 shows the substantial and sus-
tained rise in [Ca®*); elicited by 100 uM POAEE as well as the
much diminished cytosolic Ca®* signal evoked by the same
concentration of POAEE in the presence of GSK-T975A. Fig. 48
shows the mean values of all of the data from this series of
expenmems It is clear that GSK-7975A very markedly inhibits
the [Ca®]; elevation normally evoked by 100 uM POAEE.

Inhibition of CRAC Channels Protects Against POAEE-Induced Trypsin
and Protease Activation. It has been shown previously that hy-
perstimulation-induced trypsinogen activation and vacuolization
can be prevented by intracellular Ca®* chelation or simply by
removal of extracellular Ca®* (10). Preincubation (1 h) of pan-
creatic acinar cells with POAEE (100 pM) induced a substantial
increase of protease activity (from 6.8 + 1.3% of cells in control
to 31.2 + 1.6% of cells, Fig. 4C). Pretreatment of cells with
10 pM GSK-7975A for 10 min before POAEE application reduced
protease activity to levels relatively close to control (Fig. 4C).
Similar levels of inhibition by GSK-7975A were observed in
experiments assessing trypsin activity, using the specific trypsin
substrate BZIPAR (10, 28, 29). Preincubation of pancreatic ac-
inar cells with POAEE (100 uM for 1 h) induced substantial
increase of trypsin activity (from 3.4 + 0.5% of cells in control to
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Fig. 3. Store-operated lonic currents, developing after thapsigargin treat-
ment, recorded with the whole cell patch clamp configuration. The in-
dividual traces shown were all recorded at a holding potential of =50 mV
and with an external [Ca®*] of 10 mM. To prevent activation of the large
Ca’*-dependent ion currents in acinar cells (13), patch clamp pipettes
were filled with a solution containing a mixture of 10 mM BAPTA and 2 mM
Ca?". (A, /) Inward current induced by bath application of 2 yM TG to empty
the ER Ca’* content. Replacing Na* with NMDG* had little effect on the
inward current, but 100 uM of 2-APB practically abolished the current. This
effect was rapidly reversible. (A, if) Reducing the external Ca’* concentration
from 10 to 1 mM (replacement of CaCl, by MgCl,) reduced reversibly the
stable maximal plateau amplitude of the inward current during TG expo-
sure. (B) Representative W curve obtained using a voltage ramp pmtocol
(0.4 Vfs) from —100 mV to 40 mV (difference b ramp reg d
before and after 2-APB application). (€) Simultaneous measurements of
changes in the intrastore [Ca®*] and the membrane current following TG
application. The Upper red trace shows the gradual reduction of the intrastore
Ca*' concentration recorded by changes of Fluo-5N fluorescence. The Lower
black trace shows the development of the inward current. (D) GSK-7975 (10 pM)
Inhibits markedly the inward current evoked by application of 2 yM TG.
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Fig.4. GSK-7975A dramatically reduces Ca>* overload and necrosis induced
by the fatty acid ethyl ester POAEE. (A) Representative traces of changes in
[Ca®]; in response to 100 uM POAEE in the absence (n = 8) and presence of
GSK-7975A (10 M) (n = 12). (B) Quantitative analysis of experiments of the
type shown in A by comparing the integrated [Ca’'], elevation above the
baseline (area under the curve) recorded during the first 10 min of POAEE
application. Blue bar represents the control (without GSK-7975A), whereas
the red bar represents the test results (cells pretreated with 10 uM GSK-
7975A for 10 min before application of POAEE). The mean values (+5EM) are
significantly different, P < 0.0002. (C) Pretreatment of cells with 10 yM GSK-
7975A for 10 min inhibited by 64% (green bar) protease activation induced
by POAEE (100 uM) (purple bar) as measured with generic protease substrate
bis--aspartic acid amide rhodamine 110 (D2-R110). Blue bar represents the
results from control (not exposed to POAEE) cells. The mean values (+SEM) in
control and GSK-7975A plus POAEE treatment are not significantly different,
P = 0.05; n = 4, >200 cells in each group. (D) POAEE (100 pM)-induced ne-
crosis was dramatically reduced in cells treated with 1 uM, 3 M, 5 uM, and
10 uM GSK-7975A for 10 min. In the control series of experiments (no POAEE
treatment), the level of necrosis was low (n = 3 series of experiments with
number of tested cells in each group >350). Inhibition of necrosis was sig-
nificant for 3 pM GSK-7975A (**P < 0.02) and highly significant for 5 and
10 pM GSK-7975A (***P < 0.003 and ****P < 0.001). (F) Necrosis was visu-
alized by staining cells with propidium iodide (Pl). All experiments were
performed in the presence of 1 mM CaCl,.

15 £ 1.1% in the POAEE-treated groups). Pretreatment of cells
with GSK-7975A (10 pM for 10 min) before POAEE application
substantially reduced trypsinogen activation (6.9 + 0.7% of cells,
P <0.0009, n = 4 series of experiments with number of cells >150
in each group).

Blockade of CRAC Ch Is Protects A t POAEE-Elicited Necrosis.
It has pr;vnously been shown that POAEI:. clicits Ca**-dependent
necrosis of pancreatic acinar cells (37, 42). Because GSK-7975A
protects against the POAEE-induced [Ca®™); rise, as well as
against protease activation, we tested whether it would also pro-
tect against necrosis. As seen in Fig. 4 D and E, GSK-7975A did
indeed provide a concentration-dependent protection against the
development of POAEE-induced necrosis. There was a protective
ceffect already at 3 pM and at 10 pM the percentage of necrotic
cells was only slightly higher than the control value (without
POAEE) (Fig. 4D).

GSK-7975A Protects Against Necrosis Solely by Inhibiting Ca™* Entry.
Allhuubh GSK-7975A inhibits markedly both Ca® cntry and
necrosis, it is theoretically possible that the prmccuon against
necrosis could be due to an effect other than on Ca™" entry. To
test this point, we exploited the ability of 2-APB—a well- known
CRAC blocker (14) (Fig. 3)—to also elicit cytosolic Ca®* signals
in pancrcduc acinar cells (44). At 100 pM, 2-APB induced sub-
stantial rises in [Ca”]; and also induced marked necrosis (Fig.
S2), but in this situation (where the CRAC channcls are already
blocked by 2-APB) GSK-7975A was unable to inhibit necrosis
(Fig. S2B). We also carricd out an experiment in which we
counteracted the inhibitory effect of GSK-7975A by increasing
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[Ca®*], (Fig. $3) and tested the effect on necrosis. At [Ca**], = 1
mM, POAEE evokes a mgmﬁcanl increase in [Ca®*] (Fig. 44)
and a substantial increase in the percentage of necrotic cells (Fig.
4D) which is markedly inhibited by GSK-7975A (Fig. 4D).

Raising [Ca®™], to 10 mM in the presence of inhibitor restored
the POAEE-induced [(d“*], elevation (Fig. S34) and increased
the POAEE-induced rise in the percentage of necrotic cells to the
level seen without GSK-7975A at [Ca™'], = 1 mM (Fig. S3B).
These experiments (Figs. S2 and S’r) indicate that the protective
effect of GSK-7975A against necrosis is solely due to inhibition of
Ca®* entry.

The Effects of Blocking CRAC Channels on [€a**); Changes Evoked by
Acetylcholine. We tested whelher CRA( blockade would also
prevent the normal eytosolic Ca”™ spiking, clicited by ACh or
CCK. As scen in Fig. Sl. a low ACh concentration (50 or 100 nM)
evoked repetitive [Ca®*]; spikes and this spike generation was
hardly affected, at least for the first ~15 min, by application of
10 uM GSK-7975A (Fig. S1 A, B, and D-F). Likewise, the Ca?t
spiking evoked by 5 pM CCK was only affected to a minor de-
gree by CRAC blockade (Fig. S1C). A lugh ACh concentration
(1 pM) evoked a large initial rise in [Ca®*];, followed by a slow
decline toward a sustained quasiplateau at a slightly clevated
[Ca®*}; (Fig. S1G). In this case, blockade of CRAC channels
markedly reduced or even eliminated the sustained plateau
phase and during continued exposure to the high (1 pM) ACh
concentration, [Ca®*]; returned to the prestimulation resting
level (Fig. S1 G and H). Because CRAC blockade markedly
reduced the sustained phase of Ca®* entry, during prolonged
supramaximal stimulation, we tested to what an extent this
would have an effect on the intraccllular Ca®* stores. A 1-h
preincubation of the acinar cells with 10 pM GSK-7975A had
very little effect on the rise in [(a"] in response to a supra-
maximal ACh stimulus (10 pM) in the presence of thapsigargin
(Fig. 84 4 and B) To assess the potential effect of CRAC
blockade on Ca®* store reloading, we compared the magnitudes
of the [Ca®*]; response to a second stimulation with a high
concentration of ACh (10 pM), after a long period of rest, under
three different conditions, namely control, absence of external
Ca**, and in the presence of both Ca** and the CRAC blocker
(Fig. S4C). In the pancreatic acinar cells, full reloading of vir-
tually empty ER stores is a very slow process (45, 46) and, as seen
by comparing Fig. S4 A4 with C, a second supramaximal ACh
stimulus, even after a substantial interval during control con-
ditions, only evoked a much diminished response. Even in the
absence of external Ca®™, there is a tiny rise in [Ca**); following
the second ACh apphcanon most likely due to a small reuptake
of Ca™ into the ER before all of the released Ca™ had been
extruded across the cell membrane. In the presence of 10 pM
GSK-7975A with external Ca™, there is a significant reduction in
the amplitude of the sccond response to ACh compared with the
control situation, but this reduced response is nevertheless sig-
nificantly larger than the one seen under Ca”*-free conditions
(Fig. S4 C and D). This is consistent with our finding that store-
operated Ca’* entry is not abolished by 10 pM GSK-7975A,
although very markedly diminished (Fig. 1).

Effect of CRAC Blockade in Other Cell Types. We have also tested
whether CRAC channel blockade in other cell types would have
effects on \tore—operated Ca®* entry. In freshly isolated mouse
hcpatocylcs, using the classmal thapsigargin protocol for exam-
ining storc-operated Ca’* entry, we only found a relatively
modest inhibitory effect of GSK-7975A (P < 0.042, Fig. S5 A-C)
compared with what was observed in pancreatic acinar cells (Fig.
1). We also tested the pancreatic acinar cell line AR42J, which
has a ncuronal phenotype (47). As scen in Fig. S6, GSK-7975A
had little effect on store-operated Ca®* entry in these cells, in
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marked contrast to what we show for the real pancreatic acinar
cells (Fig. 1).

Discussion

The results presemed here indicate that blockade of store-op-
crated Ca”*- sclective entry channels effectively prevents an
important mediator of alcohol-related pdncrt_dll(lb. POAEE,
from evoking sustained elevation of [Ca*], protease activation,
and pancreatic acinar cell necrosis. This indicates that pharma-
cological CRAC blockade has therapeutic potential as a unique
rational treatment against severe acute pancreatitis, a life-
threatening human disease that at the moment is untreatable.
Our result, showing that a CRAC channel blocker markedly
reduces the suslamcd [Ca**); elevation that normally follows
depletion of the Ca** store in the ER (Figs. 1 and 2), pmvndcs
fresh evidence for the lmpommcc. of storc-operated Ca®*
channels in this phase of Ca®* signaling, which has already been
identificd as crucial for the initiation of acinar cell injury (10).
Although it has been known for 40 years that cytosolic Ca™
signals in pancreatic acinar cells are initiated by release from
internal stores (5), it has also been recognized for a long time
that following the initial release from the intracellular stores
there is an important Ca’* entry phase that is essential for
refilling the stores and indeed for stimulant-evoked enzyme se-
cretion (48-50). Previous investigations have demonstrated that
the most important mediators of acinar cell damage, namely
alcohol, fatty acids, fally acid cthyl esters, and bile acids all
primarily release Ca®* from various internal stores (28, 29, 37,
42, 43, il) but that this initial phase is followed by store-oper-
ated Ca®* entry, which plays a crucial role in the destruction of
the cells (2, 4, 5, 10). Our electrophysiological data (Fig. 3) show
that in the pancreatic acinar cells this store-operated inward
current is relatively insensitive to removal of external Na*, but
sensitive to changes in the external Ca®* concentration, It is
therefore not a Transient receptor potential (TRP)-type non-
selective cation current, but a Ca®*-selective CRAC-type cur-
rent, consistent with the very marked current inhibition evoked
by GSK-7975A (Fig. 3D), a relatively selective CRAC channel
blocker with almost no inhibitory cffect on TRP-channel cur-
rents (with the exception of those mediated by TRPV()) (33).
This agent has recently been shown to block Ca** currents
through CRAC channels in human lung mast cells, T cells, and
platelets (31-34). The CRAC channel is emerging as a poten-
tially important therapeutic target in a number of human dis-
eases (52, 53) and could also be important for pancreatitis (54).
We have thut.fon. used GSK-7975A (33 34), to inhibit store-
operated Ca®* entry in pancrcallc acinar cells, GSK-7975A
markedly inhibited Ca®* and Ba®* entry elicited by releasing Ca*"
from the ER (Figs. 1-3) as well as the late phase Ca”* entry in
response to stimulation with a high ACh concentration (Fig. SI).
These results indicate therapeutic potential for curbing excessive
Ca’* entry in the early phase of pancreatitis.

We have specifically investigated onc pathophysiologically
relevant situation, namely the acinar cell injury initiated by
POAEE, one of the known mediators of alcohol-related pan-
creatitis (35-37, 42). These data (Fig. 4) show not only that GSK-
7975A markedly reduces the POAEE-evoked [Ca™*]; elevation,
but—even more importantly—also markedly inhibits the extent
of the protease activation and necrosis induced by this fatty acid
cthyl ester. The GSK-7975A CRAC channel blocker did not
inhibit completely the unidirectional Ba® inflow evoked by ar-
resting the ER Ca™* pump (Fig. S1 /-K) and this inability to
abolish storc-operated Ca®* entry (also refiected in Fig. 1 A-E)
may be the reason that GSK-7975A has so little effect on the
repetitive Ca>* spiking clicited by a low ACh concentration or
a physiological CCK concentration (Fig. S1). Although Ca®*
spikes are due to release of Ca** from intracellular stores, lhc
cell should eventually run out of Ca®* in the absence of Ca®*

13190 | www.pnas.org/cgi/doi/10.1073/pnas. 1300910110

entry because every time |Ca‘*]. goes up there will be activation
of the plasma membrane Ca®* pump and therefore loss of Ca**
to the external environment (5). However, because the loss of
Ca** during short spikes of the type shown in Flg, S1 is relatively
small (5), even a severely reduced level of Ca™ entry may be
sufficient to prevent depletion of the intracellular stores, This
point is also relevant with regard to another potential concern,
namely the apparent irreversibility of the effect of GSK-7975A,
at least for ~10 min following start of washout (Fig. 1). Because
of the incompleteness of the CRAC blockade in the acinar cells
(Fig. 1 and Fig, S1 7 and J), this may turn out not to be a serious
problem for potential therapeutic use. Resting pancrcauc acinar
cells appeared to have unchanged levels of Ca® in the ER store
after 1 h of incubation with GSK-7975A (Fig. S4 A and B). Al-
though reloading of the intracellular stores after strong stimu-
lation with ACh was reduced by the CRAC blocker, there was
still a significant level of sture refilling, compared with condmons
when there was no Ca®* entry due to absence of external Ca®*
(Fig. S4 C and D).

CRAC channels are widely distributed in many different cell
types and effective CRAC blockade might therefore also have
effects on other organ systems. However, the effects are likely to
be strongest in those cell types (like the pancreatic acinar cells) in
which other types of Ca® entry pathways are not quantitatively
important, unlike the many types of electrically excitable cells.
Mast cells and T cells, for example, will be affected by CRAC
blockade (31, 34, 52, 53), but this will be advantageous in the
treatment of acute pancreatitis, where the initial damage of the
acinar cells leading to necrosis is followed by a strong in-
flammatory response, which is known to cause very significant
further damage (1). CRAC blockade would have the mo'st pro-
nounced effect on cells with the most strongly activated Ca** entry
channels, which, in cases of life-threatening severe pancreatitis,
would be the pancreatic acinar cells. With regard to organ selee-
tivity, it is interesting that CRAC channel blo«.kade was much less
effective in inhibiting storc-operated Ca®* entry in hepatocytes
and in the neuronal-like AR42]J cell line (compare Fig. 1 with Figs.
S5 and $6), probably reflecting a more complex situation in these
cells (47, 55).

Although CRAC channel inhibition will very effectively re-
duce cytosolic Ca>* overload, it will not prevent the depletion of
intracellular Ca®* stores evoked by POAEE. It could therefore
be potentially advantageous to combine CRAC blockade with
inhibition of Ca®* release from the internal stores using a syn-
thetic membrane permeable calmodulin activator (29). Overall,
our data provide a unique proof of principle that pharmacolog-
ical CRAC channel inhibition could become an effective tool for
reducing the cellular Ca® overload that is such an important
feature of the changes occurring in the initial phase of acute
pancreatitis. Specifically, our finding that GSK-7975A markedly
inhibits not only the excessive [Ca"[. clevation evoked by POAEE,
an important mediator of alcohol-related pancreatitis, but also
markedly reduces the extent of the associated protease activation
and necmsls—although it has little or no effect on the repetitive
short-lasting Ca®" spikes evoked by the physiological neurotrans-
mitter ACh—is promising.

Materials and Methods

Full methods are provided in 5/ Materials and Methods. Details about iso-
lation of pancreatic acinar cells were described previously (56). GSK-7975A
was provided by GlaxoSmithKline (31). Fluorescent measurements were
performed with Fluo-4 or Fura-2 (39), whereas necrosis was assessed with
propidium iodide (39) and trypsinogen activation with trypsin fluorescent
substrate (10, 29). Hepatocytes were isolated according to a protocol de-
scribed previously (57). AR42) cell protocols are described in refs, 39, 47
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Ca%™ signals mediated by bradykinin type 2 receptors in
normal pancreatic stellate cells can be inhibited by specific
Ca%* channel blockade

Oleksiy Gryshchenko'?, Julia V. Gerasimenko', Oleg V. Gerasimenko' and Ole H. Petersen’

! Medical Research Council Group, Cardiff School of Biosciences, Cardiff University, Cardiff CF10 3AX, Wales, UK
? Bogomoletz Institute of Physiology, Kiev 01024, Ukraine

Key points

¢ Bradykinin may play a role in the autodigestive disease acute pancreatitis, but little is known
about its pancreatic actions.

* In this study, we haye investigated bradykinin-elicited Ca*" signal generation in normal mouse
pancreatic lobules.

» We found complete separation of Ca’* signalling between pancreatic acinar (PACs) and stellate
cells (PSCs). Pathophysiologically relevant bradykinin concentrations consistently evoked Ca”*
signals, via B2 receptors, in PSCs but never in neighbouring PACs, whereas cholecystokinin,
consistently evoking Ca’~ signals in PACs, never elicited Ca’* signals in PSCs.

e The bradykinin-elicited Ca’t signals were due to initial Ca®" release from inositol
trisphosphate-sensitive stores followed by Ca** entry through Ca®" release-activated channels
(CRACs). The Ca** entry phase was effectively inhibited by a CRAC blocker.

® B2 receptor blockade reduced the extent of PAC necrosis evoked by pancreatitis-promoting
agents and we therefore conclude that bradykinin plays a role in acute pancreatitis via specific
actions on PSCs.

Abstract Normal pancreatic stellate cells (PSCs) are regarded as quiescent, only to become
activated in chronic pancreatitis and pancreatic cancer. However, we now report that these cells in
their normal microenvironment are far from quiescent, but are capable of generating substantial
Ca®* signals. We have compared Ca’* signalling in PSCs and their better studied neighbouring
acinar cells (PACs) and found complete separation of Ca’* signalling in even closely neigh-
bouring PACs and PSCs. Bradykinin (BK), at concentrations corresponding to the slightly elevated
plasma BK levels that have been shown to occur in the auto-digestive disease acute pancreatitis
in vivo, consistently elicited substantial Ca*" signals in PSCs, but never in neighbouring PACs,
whereas the physiological PAC stimulant cholecystokinin failed to evoke Ca®" signals in PSCs.
The BK-induced Ca’* signals were mediated by B2 receptors and B2 receptor blockade protected
against PAC necrosis evoked by agents causing acute pancreatitis. The initial Ca** rise in PSCs
was due to inositol trisphosphate receptor-mediated release from internal stores, whereas the
sustained phase depended on external Ca’* entry through Ca’* release-activated Ca>* (CRAC)
channels. CRAC channel inhibitors, which have been shown to protect PACs against damage
caused by agents inducing pancreatitis, therefore also inhibit Ca*" signal generation in PSCs and
this may be helpful in treating acute pancreatitis.
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Introduction

It has been known for more than 40 years that pancreatic
enzyme secretion is regulated by Ca’" signals in the
pancreatic acinar cells (PACs) and that the primary event is
acetylcholine- (ACh) or cholecystokinin- (CCK) elicited
intracellular Ca®* release followed by Ca®>" entry (Case
& Clausen, 1973; Matthews et al. 1973; Kondo & Schulz,
1976; Petersen & Ueda, 1976). The ACh-evoked intra-
cellular Ca®* release is mediated by inositol trisphosphate
(IPz) (Streb et al. 1983; Wakui et al. 1990), whereas
the CCK-elicited Ca’" release is mediated by nicotinic
acid adenine dinucleotide phosphate (Cancela et al. 2000;
Gerasimenko et al. 2015). As high K™ depolarization of
the PAC membrane does not evoke enzyme secretion or
Ca’™ movement (Argent et al. 1971; Matthews et al. 1973),
the Ca’* entry does not occur through voltage-gated
channels (Petersen, 1992), but is due to opening of
Ca’" release-activated Ca’t (CRAC) channels (Parekh
& Putney, 2005; Gerasimenko et al. 2013). The acinar
Ca’" signals also regulate acinar fluid secretion via
Ca*"-activated CI- and K' channels (Petersen, 1992;
Park er al. 2001). However, the major component of
pancreatic fluid secretion is contributed by the ducts
and this is regulated by secretin-elicited intra-ductal
cyclic AMP formation controlling cystic fibrosis trans-
membrane conductance regulator (CFTR) channels
(Argent, 2006), whose openings are also regulated by the
Cl™ concentration in the luminal fluid (Broadbent et al.
2015).

The often fatal human disease acute pancreatitis, in
which the pancreas digests itself and its surroundings,
is initiated by excessive intracellular Ca®* release in the
PACs followed by excessive Ca’* entry, mostly elicited
by combinations of alcohol and fatty acids or by bile
acids (Petersen & Sutton, 2006; Gerasimenko ef al. 2014),
Pancreatitis-inducing agents also inhibit ductal fluid and
bicarbonate secretion, exacerbating the disease (Pallagi
ef al. 2011; Maleth et al. 2015).

We have extensive knowledge of the mechanisms
generating Ca’" signals in the PACs, which has been
built up over many decades (Petersen & Tepikin, 2008;
Gerasimenko et al. 2014). In contrast, the more recently
discovered pancreatic stellate cells (PSCs) (Watari et al.

1982), located in the peri-acinar space — with elongated
processes around the base of the acinus — have received
much less attention and it has essentially been the
functional properties of cultured cells that have been
investigated (Apte er al. 1998, 2012; Bachem et al
1998; Wells & Crawford, 1998). The prevailing, and so
far unchallenged, view has been that normal PSCs are
quiescent and the focus in all published studies has been
on the activation of PSCs and their role — in the activated
state — in chronic pancreatitis and pancreatic cancer
(Bachem et al. 1998; Wells & Crawford, 1998; Sherman
et al. 2014). Activation of PSCs— during pancreatic injury
or culturing of quiescent PSCs — induces proliferation
as well as secretion of extracellular matrix components,
thereby playing an important role in the fibrosis that
occurs in chronic pancreatitis and pancreatic cancer
(Sherman er al. 2014). Work on the so-called quiescent
PSCs in culture has shown that they can generate sub-
stantial cytosolic Ca’" signals in response to stimulation
with high concentrations of the blood pressure-lowering
nona-peptide bradykinin (BK) and some other substances
(Won et al. 2011).

Because BK has long been known as an important player
in inflammatory disease, including acute pancreatitis
(Ryan et al. 1964; Hirata et al. 2002), we have now
investigated BK-induced Ca’* signal generation, and its
underlying mechanism, in normal PSCs in their normal
microenvironment. We find that normal PSCs are much
more sensitive to BK than PSCs in culture, generating sub-
stantial Ca’* signals in response to a BK concentration as
low as 100 pm, with maximal effect at 1 nm, orders of
magnitude lower than what has been observed in cultured
cells (Won et al. 2011), This has important implications,
as the threshold for activating normal PSCs (100 pa)
is close to the normal plasma level of BK (40-70 pm)
(Blais et al. 1999; Hirata et al. 2002) and any increase
in the plasma or tissue BK levels, which occurs under
several conditions — including acute pancreatitis and use
of angiotensin-converting-enzyme (ACE) inhibitors (Liu
et al. 1997; Blais et al. 1999; Tsutsumi et al. 1999; Hirata
et al. 2002; Su, 2014) — would therefore elicit Ca**
signals in PSCs. We have explored the Ca’' signalling
events and their underlying mechanisms in normal PSCs
and show that BK activates bradykinin type 2 (B2)

© 2015 The Authors. The Journal of Physiclogy published by John Wiley & Sons Ltd on behalf of The Physiological Society



receptors, which causes primary Ca’" release from inter-
nal stores. This effect can be abolished by phospholipase C
inhibition or blockade of IP5 receptors (IP3Rs). Following
the initial intracellular Ca** release, there is opening of
conventional CRAC channels (Parekh & Putney, 2005;
Parekh, 2010) and we show that a recently employed
CRAC channel inhibitor, which was protective against
the destruction of PACs evoked by agents inducing
pancreatitis (Gerasimenko et al. 2013, 2014), also reduces
BK-induced Ca’' signal generation in PSCs. We show
that B2 receptor blockade protects against the necrosis
evoked by pancreatitis-inducing agents and suggest that
the protective effect of CRAC channel blockade against
pancreatitis may in part be due to inhibition of Ca*"
signal generation in PSCs. Overall, our new data indicate
that the so far generally accepted notion of normal PSCs
being quiescent is potentially misleading as they are in
fact exquisitely sensitive to relatively small changes in BK
concentrations found in vivo.

Methods
Ethical approval

All procedures were carried out in accordance with UK
Home Office regulations.

Preparation of pancreatic lobules

Pancreatic lobules and big clusters were isolated from
the pancreas of adult C57BlI/6 male mice. Animals
were killed according to UK Schedule 1 regulations.
The pancreas was rapidly dissected, transferred to
collagenase Na-Hepes-based solution (Sigma, Poole, UK)
and incubated at 37°C for 5-6 min. After digestion, the
tissue was kept in Na-Hepes-based extracellular media,
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containing (in mm): NaCl, 140; KCl, 4.7; Hepes (KOH), 105
MgCl,, 1; glucose 10; CaCl, 1; pH 7.2. Pancreatic lobules
were then incubated with fluorescent dye following the
manufacturer’s description. All experiments were carried
out with freshly prepared pancreatic lobules, attached
to the coverslip of the perfusion chamber at room
temperature (23°C). Penetration of various substances
deep into the pancreatic lobule was highly dependent
on the distance from the surface (Fig. 14, B). It was
therefore necessary, in several cases, to use relatively high
concentrations (up to 5-fold higher than would have been
necessary in experiments on isolated cells or very small
cell clusters) and relatively long pre-incubation times.

[Ca?*] measurements in intact cells

Intact cells were loaded with 5 M Fluo-4 acetoxymethyl
ester (AM), for 10 min at room temperature. Cells were
transferred to a flow chamber and perfused with the
Na-Hepes-based extracellular solution as described above.
Cells were visualized using a Leica SP5 MPII two-photon
confocal microscope, with a 63x 1.2 NA objective lens.
Fluo-4 was excited with a 488 nm Ar laser, at 1-4% power,
and emitted light was collected at 510-580 nm. Generally,
aseries of images was recorded at 512 x 512 pixel resolution
(at a speed of 0.3 frames s™'), and analysed using
Leica Confocal Software (Leica, Mannheim, Germany).
Fluorescence signals were plotted as F/F (I is the initial
level of fluorescence). Statistical analysis was performed
using ANOVA or Student’s t-test.

Measurements of necrosis level in pancreatic lobules

Pancreatic lobules were exposed to 350 mwm ethanol, or
500 M palmitoleic acid ethyl ester (POAEE) or 0.5%
sodium choleate for 2 h in the presence or absence of
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Figure 1. Pancreatic lobule preparation: penetration of applied substances into deep layers

Experiment illustrating the difficulties of attaining the full concentration level deep inside the parcreatic tissue
of substances applied to the surface of a lobule, A, [Ca®"] traces obtained from PACs at different depths from
the surface of the lobule (signposted by the colour coding shown). Responses to ACh (10 wM), carbachol (CCh)
{10 pm) and CCK (10 nm) are shown. B, transmitted light image of the lobule from which the recordings shown
in A were obtained. The different recording positions are indicated using the colour coding shown in A.
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0.5 uM or 10 v WIN 64338, Ethanol- or bile-induced
pancreatic necrosis was visualized by staining the lobules
with propidiumiodide (PI) and compared with the control
necrosis level (without any treatment). Simultaneously
lobules were stained with the nuclear dye Hoechst 33342
to enable cell counting. Both stainings were performed
according to the manufacturer’s protocols. Fluorescence
of Hoechst 33342 and PI was recorded using confocal
microscopy, with a 63 1.2 NA objective lens (excitations
355 and 543 nm; and emissions 390480 and 570-650 nm,
respectively).

Immunocytochemistry

Immunocytochemistry in pancreatic lobules and big
clusters was performed as described by Lur et al
(2009) with some modifications. Following blocking with
1% BSA and 10% goat serum, the isolated pancreatic
lobules were incubated for 1 h at room temperature
with primary antibody (CCK-AR) in 5% goat serum in
PBS. The pancreatic lobules were subsequently incubated
with CruzFluor (CFL) 594-conjugated secondary anti-
body for 30 min at room temperature. Cells were
attached to the glass coverslips covered with poly-L-lysin.
For immunochemical staining with desmin antibody,
pancreatic lobules were fixed with 4% paraformaldehyde
followed by permeabilization with Triton X100, blocking
and incubation with primary (desmin) and then with
secondary (CFL) antibodies as described above.

Reagents

Chemicals, unless otherwise indicated, were obtained
from Sigma or Calbiochem (Merck, UK). BK, R-715
and WIN64338 were purchased from Tocris Biosciences

Desmin-CFL 594
10 um

Vitamin A
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(Bristol, UK). Fluo-4 AM, PI and Hoechst 33342 were
purchased from Invitrogen (Life Technologies, Carlsbad,
CA, USA). Antibodies against CCK-A (CCK1) receptor
(sc-16172), desmin antibody (sc-7559) and donkey
anti-goat IgG-CFL 594 (s¢-362275) were from Santa Cruz
Biotechnology (Santa Cruz, CA, USA).

Results

Separate Ca’t signalling events in neighbouring PSCs
and PACs

It has been shown that desmin is a good marker for PSCs
(Apte et al. 1998) and we found that immunochemical
staining with desmin antibody identified small elongated
cells situated at the periphery of the dominant acinar cells
(Fig. 2A-C). The presence of vitamin A in lipid droplets is
another characteristic of PSCs (Bachem et al. 1998) and we
could visualize this by intrinsic multiphoton fluorescence
(Fig. 2D, E).

Cells situated in the position characteristic of
desmin-containing cells (Fig. 2C) took up the
Ca’" -sensitive fluorescent probe Fluo-4 much more avidly
than PACs (Fig. 3A—C). In large lobules stained with Fluo-4
(Fig. 34, B), it was often possible to observe PSCs as bright
‘strings’, whereas in smaller cell clusters, they typically
appeared as individual bright cells at the periphery of
acinar units (Fig. 3Ca).

Cultured PSCs produce cytosolic Ca’t signals in
response to a micromolar concentration of BK (Won et al.
2011). In our experiments, normal PSCs in their normal
micro-environment typically responded to a short-lasting
exposure to a much lower BK concentration (1 nm)
with a sharp transient rise in [Ca%t];, quickly followed
by a longer lasting (plateau) phase of elevated [Ca®'];
(Figs 3Cb and 4A). Neighbouring PACs never displayed

Figure 2. Identification of PSCs in
lobule preparation

A, localization of nuclei is shown by
staining with DAPI. B, staining with desmin
antibody, visualized with conjugated
secondary antibody 1gG-CruzFluor 594 (CFL
594). C, overlay of transmitted light image
with DAPI and desmin antibody (n = 6). D,
visualization of lipid droplets containing
vitamin A by multiphaton intrinsic
fluorescence (n = 6). E, transmitted light
image of the pancreatic lobule shown in D.
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any change in [Ca’"]; during the BK-induced PSC Ca’*
signals (> 100 experiments) (Figs 3Cb and 4A), indicating
lack of functional BK receptors on PACs and lack of
direct communication between neighbouring PACs and
PSCs. The typical, and physiologically important, PAC
stimulants ACh and CCK evoked Ca®* signals in PACs
(Petersen & Tepikin, 2008}, which were not transmitted
to the neighbouring PSCs (n = 14 and 17, respectively)
(Figs 3Cband 4A). ATP (100 M) elicited Ca’* signalsina
proportion of PSCs (41 of 107 cells), but failed to do so in
many others (Fig. 4A4). When ATP evoked a [Ca**; rise in
a PSC, it was never transmitted to the neighbouring PAC
(Fig. 4A).

Phillips et al. (2010) have suggested that CCK-evoked
release of ACh from PSCs could in turn activate PACs and
they proposed that this could be the normal mechanism
for CCK-elicited secretion from human PACs. However,
we did not find any evidence for this hypothesis as CCK
never evoked any Ca®' signals in PSCs in our preparations
(n = 17; at [CCK| = 10 nMm) and Ca’" signals in PSCs
consistently failed to be transmitted to neighbouring PACs
(Fig. 4A). Furthermore, although a fluorescent antibody
to CCK1 receptors clearly identified the presence of CCK1
receptors on PACs, it failed to do so with regard to PSCs
(four experiments) (Fig. 4B).

Figure 3. Complete separation of Ca?*
signalling in neighbouring P5Cs and
PACs

A, transmitted light image of live mouse
pancreatic lobule. 8, fluorescence image of
the same lobule (Fluo-4). The small
elongated cells with long processes (PSCs)
are much better loaded with Fluo-4 than
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BK evokes Ca?* signals in PSCs at pico- and low
nanomolar concentrations

It seemed important to explore the levels of BK needed to
evoke Ca’" signals (Fig. 5) in relation to what is known
about BK concentrations in plasma. From measurements
in humans and rats, it is known that normal plasma
BK concentrations are in the range 40-70 pm (Blais
et al. 1999; Hirata et al. 2002). However, in a bile duct
obstruction model of acute pancreatitis induced in rats, it
has been shown that the BK plasma concentration rose to
~140 p™ (Hirata et al. 2002). As the BK release in acute
pancreatitis primarily comes from the pancreas, the local
(intra-pancreatic) BK levels could be higher (Ryan et al.
1964; Schachter, 1969). We found that a BK concentration
as low as 100 pMm (1 = 14) could elicit PSC Ca** signals
and that maximal responses were obtained at 1 nm (=9,
in the series of experiments represented by Fig. 5C). Over-
all, in the course of this investigation, BK responses to
1 nM have been observed in >100 experiments. At the
low BK concentrations we used, there was no sign of
desensitization (Fig. 5A). Within the time frame of our
protocols, the [Ca’* |; elevation was maintained as long as
the stimulus was maintained (n = 19) (Fig. 5A). It would
thereforeappear that normal PSCs are sufficiently sensitive

the larger PACs. C, [Ca?!], measurements

in neighbouring PSCs and PACs in a small (6
cell cluster. a, fluorescence image of the
live small cell cluster from which recordings
were made. A highly fluorescent PSC is
signposted by the white arrow outlined in
red, whereas the much less fluorescent
neighbouring PAC is signposted by the
white arrow with blue outline. b, [Ca%T];
traces from the two cells signposted in a.
Red trace from the PSC and blue trace
from the PAC. BK (1 nm) evokes a typical
biphasic Ca?t signal in the PSC but not in
the neighbouring PAC, whereas ACh

(10 i) and CCh (10 M) evoke Ca+
signals in the PAC but not in the PSC.
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to BK to be able to sense relatively small increases in the
surrounding BK level.

Although the PSCs in our lobule preparation were much
more sensitive to BK than those previously studied in
culture (Won etal. 2011), they do have some characteristics
in common with quiescent PSCs in culture which, unlike
activated PSCs, do not respond to trypsin and thrombin.
As seen in Fig. 6 there was no response to thrombin
(n = 6) (Fig. 6A) or trypsin (n = 18) (Fig. 6B) in cells
that responded to BK with a clear Ca>* signal.

The BK-elicited Ca?* signals in PSCs are due to
activation of B2 receptors

The BK receptor sub-type responsible for generating Ca*"
signals in PSCs has not previously been investigated.
We employed the B2 receptor blocker WIN64338 (Hu

5 min

Biii

A cok BK ATP Bi
<t
S -
u_"l PSC
5
'R
T
[aY]
3 J/”‘\ PSC
=l £ CCK-AR-CFL 504
PAC

129

et al. 2004) and showed that this agent reversibly blocked
BK-elicited Ca’" signal generation (n = 27) (Fig. 7A).
In contrast, the Bl receptor blocker R-715 (Abdouh
et al. 2008) failed to inhibit BK-induced Ca’" signalling
(n = 8) (Fig. 7B). Furthermore, the specific Bl agonist
Sar-des-Arg-BK did not evoke any changes in [Ca®"]; of
PSCs (n = 8) (Fig. 7C). It would appear that the plateau
phase of the BK-induced response to some extent depends
on continued B2 receptor activation, because application
of WIN64338 immediately after the initial BK-elicited
Ca®>* spike shortened the duration of the plateau phase
(Fig. 7D).

As a previous study showed that BK levels increase
in acute pancreatitis and that blockade of B2
receptors attenuated the cellular changes underlying the
development of acute pancreatitis evoked by obstruction
of the pancreatico-biliary duct in rats (Hirata et al. 2002),
our results raise the possibility that B2 receptor-mediated

Figure 4. BK, but not CCK, evokes Ca?*
signal in PSCs

A, simultaneous [Ca?*]; traces from two PSCs
and one PAC in the same cell cluster CCK

(10 nw) only evoked a Ca®~ signal in the PAC
but not in the two PSCs, whereas BK {1 nm)
elicited Ca?* signals in both PSCs but not the
PAC, ATP (100 um) evoked a response in one
PSC but not in the other and not in the PAC. B,
immunaostaining of CCK receptorsin a
pancreatic lobule. 7, a PSC identified by bright
staining with Fluo-4. The response to BK (5 nm)
is shown in the inset (amplitude scale bar 1
F/Fp, time scale bar 2 min). #, visualization of
CCK1 receptors by antibody against the CCK1
receptor with subsequent application of
secondary antibody (CFL 594). i, overlay of 7
and /i showing the localization of CCK1
receptors on the surface of PACs, but not the
PSC.
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Ca’" signals in PSCs contribute to the negative outcome
of this disease. We therefore tested whether B2 receptor
blockade could protect against cellular changes relevant
to the development of acute pancreatitis, which is
most frequently related to alcohol abuse or biliary
disease (Petersen & Sutton, 2006). In alcohol-related
acute pancreatitis, the pancreas is exposed not only to
alcohol, but also to fatty acid ethyl esters (non-oxidative
combinations of alcohol and fatty acids), which have been
shown to be particularly effective releasers of intracellular
Ca’t (Criddle et al. 2006; Gerasimenko et al. 2009).
In biliary disease, the pancreas will be exposed to high
concentrations of bile acids, which have also been shown
to be effective liberators of stored Ca** (Voronina et al.
2002; Gerasimenko et al. 2006). We therefore tested the
effects of B2 receptor blockade on the level of necrosis
elicited by alcohol, POAEE and a bile acid mixture. As
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Figure 5. BK concentration—response relationship

A, [Ca2*]; trace from PSC showing that 5 nv BK evokes maximal
sustained response, which is not enhanced by increasing the BK
concentration to 50 num. B, family of [CaZ*]; traces all abtained from
the same PSC, showing respanses to BK concentrations from 0.1 to
3 nm, €, BK concentration—response (amplitude of plateau phase)
relationship. Half-maximal response is at a BK concentration of

200 pwt. A very similar relationship was obtained for the initial peak
response.
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seen in Fig, 8, B2 receptor blockade markedly reduced
the extent of acinar cell necrosis induced by either a
high alcohol concentration (350 mm), POAEE (500 zm)
or bile acids (0.5% sodium choleate: a crude ox bile
extract which contains the sodium salts of taurocholic,
glycocholic, deoxycholic and cholic acids).

BK-elicited Ca?t signals in PSCs are primarily due to
release of Ca?* from internal stores, but is followed
by store-operated Ca’* entry

As shown in Figs 3-5, the BK-elicited Ca®" signals consist
of a brief transient rise in [Ca’" |;, followed by a prolonged
plateau phase of elevated [Ca’'];. Acute removal of
external Ca’™ did not reduce the initial phase of BK-evoked
Ca** signals, but eliminated the following plateau phase
(Fig. 94, B). Re-admission of Ca** resulted in a trans-
ient increase in [Ca’*]; and enabled a subsequent BK
application to evoke a normal response (Fig. 94, B). We
tested the ability of PSCs to generate store-operated Ca®"
entry, by using the now ‘classical’ protocol for assessing
this phenomenon (Fig. 9C), employing cyclopiazonic acid
(CPA) to block the Ca*" pumps in the endoplasmic
reticulum (ER). Asshown in Fig. 9Band C, re-admission of
external Ca’" after a period of external Ca’" deprivation,
and BK stimulation, resulted in a transient rise in [Ca®"];,
but, if the Ca** re-admission occurred after and during a
period of continued ER Ca’* pump inhibition, the [Ca®*];
elevation was sustained (Fig. 9C). In this situation, Ca®’

entering store-operated Ca’* channels cannot be taken up
into the ER, but will only slowly be extruded by the plasma
membrane Ca*" pumps.

We tried to block the store-operated Ca’' entry
pharmacologically. 2-APB, a well-known, but relatively
unspecific, blocker of CRAC channels (Parekh & Putney,
2005), abolished BK-induced Ca*' signal generation
(Fig. 9D), which may be due to blockade of IP;Rs (Ma
et al. 2000). We also used a more specific CRAC channel
blocker, GSK-7975A, which has recently been shown to
block CRAC channel currents in PACs (Gerasimenko
et al. 2013). In these experiments, we were able to show
that GSK-7975A reversibly blocked the plateau phase of
the BK-induced [Ca®*]; elevation, without affecting the
initial spike (n=9)(Fig. 9E). GSK-7975A also blocked the
Ca’" entry normally occurring when external Ca’* was
re-admitted after a period of external Ca’* deprivation
(n=14) (Fig. 9F).

Finally, we examined the mechanism underlying the
initial Ca>* spike in response to BK stimulation. Having
established that it is due to release of Ca®>" from internal
stores (Fig. 9A), we tested the hypothesis that this Ca®’
liberation occurs through IPsRs. It is now well stablished
that caffeine inhibits opening of 1P3Rs (Wakui et al. 1990;
Ehrlich et al. 1994; Foskett et al. 2007). As seen in Fig. 9G,
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caffeine did reversibly block BK-elicited Ca™" signalling
(n = 29). BK probably activates phospholipase C, as
U73122 (Bleasdale er al. 1990; Smith er al. 1990) blocked
the ability of BK to evoke Ca’t signals (n = 14) (Fig. 9H).

Discussion

Our results demonstrate for the first time that BK, in
concentrations close to those measured in normal plasma
(Blais et al. 1999; Hirata et al. 2002), elicits substantial
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cytosolic Ca’t signals in normal PSCs in their normal
micro-environment and therefore cast doubt on the
hitherto prevailing concept of the quiescent PSC (Apte
et al. 1998, 2012; Sherman et al. 2014).

Given that an important role for BK in the development
of acute pancreatitis was proposed by Ryan et al. (1964),
that there is an increase in the plasma level of BK in acute
pancreatitis (Hirata et al. 2002) and that a number of
studies have shown that pharmacological blockade of B2
receptors is helpful in suppressing the cellular changes
in several pancreatitis disease models (Griesbacher &
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Figure 6. Thrombin and trypsin do not evoke Ca?* signals in PSCs

A, thrombin {10 mU ml~1) does not evoke a Ca%* signal in a PSC, but a subsequent BK application {1 nm) evokes
the usual response. B, trypsin (20 um) fails to evoke a Ca?* signal ina PSC, but a subsequent BK application (1 nu)
does so. The apparently delayed and somewhat smaller response to BK (although still within the normal range) in
B {as compared to A} is probably due to the fact that the cell cluster in this case was relatively large and the PSC
deep in the tissue (see Fig. 1).
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Figure 7. BK receptor pharmacology

A, the B2 receptor antagonist WING4338 (10 ) reversibly and completely blocked the BK- {1 nw) elicited Ca?*
signal, both peak (P < 0.000003) and plateau (P < 0.00004)}. B, the B1 receptor antagonist R-715 (10 ) failed
to block the BK- (1 nm) elicited Ca?* signal. C, the B1 receptor agonist Sar-des-Arg-BK (Sar-Des-BK) (1 uM) does
not evoke a Ca?* signal in a PSC, whereas a subsequent application of BK (1 nm) elicits such a signal. D, the B2
receptor antagonist WIN64338 applied after the initial BK-evoked Ca?! spike reduces markedly the length of the
plateau phase.
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Lembeck 1992; Griesbacher et al. 1993; Hoffmann er al.
1996; Bloechle et al. 1998; Hirata et al. 2002), it would
seem important to identify the target for the action of BK
in the pancreas and its mechanism of action.
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Figure 8, The extent of PAC death elicited by
pancreatitis-inducing agents is markedly reduced by B2
receptor blockade

A, treatment of pancreatic lobules with ethanol (350 mn) for 2 h at
room temperature increased significantly the percentage of PAC
necrosis from the control level of 5.47 £ 0.54% (n = 7)to 17 £ 1%
(n = 7) and this was significantly reduced to 7.85 + 1.3% (n = 3) by
10 M WIN64338 and to 7.84 £ 0.25% (n = 4) by 0.5 um
WIN64338 (*P = 0.0025 and **P = 0.00043, respectively, >1500
cells in each experimental group). B, treatment of pancreatic lobules
with POAEE (500 pw) for 2 h at room temperature increased
significantly the percentage of PAC necrosis from the control level of
5.46 = 1.25% (n= 3) to 18.96 + 1.76% (n = 3) and this was
reduced to 7.15 £ 0.67% (n = 3) by 0.5 umM WIN64338 (*F = 0.003,
=990 cells in each experimental group). C, treatment of pancreatic
lobules with 0.5% sodium choleate for 2 h at room temperature also
increased significantly the percentage of PAC necrosis from the
control level of 6.1 + 0.85% (n = 3)to 14 + 1% (n = 3} and this
was significantly reduced to 7.8 + 0.8% (n = 3) by 0.5 um
WINB4338 (*P = 0.0087, >1600 cells in each experimental group).
Necrosis was measured by staining of lobules with Pl Cell count was
perfarmed using nuclear staining with Hoechst 33342, Bars
represent =SEM.
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Won et al. (2011) demonstrated that BK - in
high (micromolar) concentrations — evoked trans-
ient Ca’" signals in quiescent and activated PSCs in
culture. We focused our attention on the effect of low
quasi-physiological concentrations of BK on normal PSCs
in their normal micro-environment, the mechanism of
action and its consequence. Our results show that whereas
BK consistently evokes bi-phasic Ca’" signals in PSCs, it
consistently fails to do so even in closely neighbouring
PACs (Figs 3 and 4). We have therefore now identified
a specific cellular site for the action of BK, which may
partly or fully explain its importance in pancreatitis.
Furthermore, we have established that the BK-elicited
Ca®* signals in PSCs are due to activation of B2 receptors,
providing a plausible explanation for the suppressive effect
of B2 blockade on the development of acute pancreatitis
(Griesbacher & Lembeck 1992; Griesbacher et al. 1993;
Hoffmann et al. 1996; Bloechle et al. 1998; Hirata et al.
2002). We have also shown that PAC necrosis elicited by
alcohol, POAEE or bile can be significantly reduced by B2
receptor blockade (Fig. 8).

We failed to observe any effects of CCK on PSCs,
although this hormone evoked its usual effect (Petersen &
Tepikin, 2008) on neighbouring PACs (Fig. 4A). Therefore,
our results do not provide support for the hypothesis that
CCK acting on PSCs will increase ACh secretion from
these cells, which in turn would activate PACs (Phillips
et al. 2010). We worked on normal mouse pancreatic
tissue, whereas Phillips et al. (2010) studied ACh secretion
from cultured human PSCs. Cultured PSCs clearly have
different properties from normal PSCs, because in the
normal mouse pancreas we have observed Ca** signal
generation in PSCs in response to 0.1 nm BK (Fig. 5),
whereas micromolar BK concentrations were required to
obtain such responses in cultured mouse PSCs (Won et al.
2011). With regard to the mechanism of CCK action in the
human pancreas, the simplest hypothesis remains direct
action on PACs, as shown in isolated acinar cell clusters
from human pancreas (Murphy et al. 2008).

Although  the initiating event elicited by
pancreatitis-inducing agents in PACs is Ca’" release
from intracellular stores (Gerasimenko et al. 2014), we
have previously shown that the cellular damage only
happens if there is secondary Ca’! entry from the
extracellular fluid (Raraty et al. 2000). We have recently
shown that the CRAC channel blocker GSK-7975A
markedly inhibits the store-operated Ca’* entry that
sustains the [Ca’']; elevation in PACs evoked by a
pancreatitis-inducing agent (Gerasimenko et al. 2013,
2014), a finding recently confirmed by Voronina et al.
(2015). We have previously shown that the CRAC channel
blockade by GSK-7975A provides effective protection
of the PACs from alcohol-related intracellular protease
activation and necrosis (Gerasimenko et al. 2013) and
these results have also very recently been confirmed in
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a study employing three different in vivo mouse models
of acute pancreatitis (Wen et al. 2015). The BK-elicited
Ca** signal generation in PSCs is due to initial release
of Ca** from internal stores followed by activation of
Ca’" entry via store-operated channels. Our new results
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show that GSK-7975A is also effective in reducing the
plateau phase of the BK-elicited [Ca’']; elevation in
PSCs (Fig. 9E). Given that B2 receptor blockade protects
against pancreatitis-like cellular changes (Fig. 8), the
inhibitory effect of GSK-7975A on BK responses in PSCs
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Figure 9. Mechanisms of BK-elicited Ca* signal generation in PSCs

A and B, removal of external Ca?! has no effect on the initial [Caz‘ ] rise evoked by BK (1 nm, P = 0.7), but
abolishes the following plateau phase (P < 0.0003). Readmitting external Ca?~, in the absence of BK stimulation,
causes a transient rise in [Ca2*+];. C, when the SERCA pump inhibitor CPA (20 pm) is present, the [CaZ* ] rise upon
readmission of external Ca?* is prolonged. D, 2-APB (100 ) (IP3R antagonist and inhibitor of CRAC channels)
blocks Ca®* signalling elicited by BK (1 nm). £, the CRAC channel blocker GSK-7975A (10 jem) reduces marked|y
the plateau phase of the BK- (1 nw) elicited response (P = 0.0015). Washout of GSK-7375A partially restored
the response (P <= 0.009). F, GSK (10 M) does not inhibit the initial BK-elicited Ca®* signal occurring in the
absence of external Ca" but prevents the [Ca®']; rise normally occurring upon external Ca?* readmission. G,
caffeine (30 mw) reversibly blocks BK- (1 ni) elicited Ca?t signal. H, the phospholipase C inhibitor U73122 (30 um)
abolished Ca?* signal generation elicited by BK (1 nm), both peak (P < 0.0002) and plateau (P < 0.00001).

© 2015 The Authors. The Journal of Physiclogy published by John Wiley & Sons Ltd on behalf of The Physiological Society



may represent an additional potential benefit of treating
cases of severe acute pancreatitis with a CRAC channel
blocker. The inhibitory action of GSK-7975A on the
BK-induced plateau elevation of [Ca’']; in PSCs may
well have contributed to the impressive protective effects
of this agent against acute pancreatitis i vivo (Wen et al.
2015).

Our new data are also relevant when considering the
now widespread use of ACE inhibitors in the treatment
of hypertension because ACE inhibitors inhibit the break-
down of BK, causing an increase in the tissue and plasma
levels of BK (Israili & Hall, 1992; Liu et al. 1997; Tsutsumi
et al. 1999; Su, 2014). Previous studies have shown that
use of ACE inhibitors is associated with a significantly
increased risk of developing acute pancreatitis ( Tilkemeier
& Thompson, 1988; Eland et al. 2006), but the mechanism
was unknown. As we have now shown that any increase
in the BK level will elicit Ca®* signals in the PSCs via B2
receptors and that blockade of these receptors protects
against acute pancreatitis, it is likely that Ca’t signal
generation in PSCs mediated by BK is at least in part
responsible for the increased risk of developing acute
pancreatitis during ACE inhibitor treatment.
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Our work indicates that bradykinin-elicited Ca>" signals in pancreatic stellate cells may influence
negatively the outcome of acute pancreatitis. We tested the hypothesis that blockage of bradykinin
type 2 (B2) receptors would offer protection against the pancreatic acinar cell necrosis caused by
pancreatitis-inducing agents, such as alcohol, fatty acid ethyl esters or bile acids. The results showed
that specific B2 receptor blockade markedly reduced the extent of necrosis observed after treatment
with ethanol, POAEE or a mixture of bile acids. This suggests that B2 receptor blockade in the early
stage of acute pancreatitis may be helpful in reducing the severity of the disease. We also show that the
bradykinin-elicited sustained elevation of the cytosolic Ca’* concentration in pancreatic stellate cells
can be inhibited by a specific inhibitor of Ca’t release — activated Ca’" (CRAC) channels. We have
recently shown that CRAC inhibition in PACs offers remarkable protection against necrosis induced
by fatty acid ethyl esters. In the intact pancreas, CRAC inhibition would reduce excessive Ca’ " signal
generation both in the acinar cells (brought about by, for example, fatty acid ethyl esters) and in the
stellate cells (brought about by bradykinin). Both effects would be beneficial. Our work therefore
indicates that combined treatment with a CRAC inhibitor and a B2 receptor — blocking agent should
be tested in vivo as a potentially useful therapy against acute pancreatitis.

© 2015 The Authors. The Journal of Physiolegy published by John Wiley & Sons Ltd on behaif of The Physiclogical Society



137

Cell Calcium 59 (2016) 140-144

Contents lists available at ScienceDirect

ceII 2
Cell Calcium calcium

@ CrossMark

journal homepage: www.elsevier.com/locate/ceca

Review

Calcium signalling in pancreatic stellate cells: Mechanisms and
potential roles

Oleksiy Gryshchenko®", Julia V. Gerasimenko?, Oleg V. Gerasimenko?, Ole H. Petersen-*

I Medical Research Council Group, Cardiff School of Biosciences, Cardiff University, Cardiff CF10 3AX, Wales, UK
b Bogomoletz Institute of Physiology, Kiev 01024, Ukraine

ARTICLE INFO ABSTRACT

Am‘c(e history: Hepatic and pancreatic stellate cells may or may not be regarded as stem cells, but they are capable of
Received 2 February 2016 remarkable transformations. There is less information about stellate cells in the pancreas than in the liver,
Accepted 5 February 2016 where they were discovered much earlier and therefore have been studied longer and more intensively

Available online 28 February 2016 than in the pancreas. Most of the work on pancreatic stellate cells has been carried out in studies on cell

cultures, but in this review we focus attention on Ca?* signalling in stellate cells in their real pancreatic
environment. We review current knowledge on patho-physiologically relevant Ca?* signalling events
and their underlying mechanisms. We focus on the effects of bradykinin in the initial stages of acute
pancreatitis, an often fatal disease in which the pancreas digests itself and its surroundings. Ca®* signals,
elicited in the stellate cells by the action of bradykinin, may have a negative effect on the outcome of the
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Bradykinin receptors acute disease process and promote the development of chronic pancreatitis. The bradykinin-elicited Ca%*
Kallikrein signals can be inhibited by blockade of type 2 receptors and also by blockade of Ca?'-release activated
Kininogen Ca? channels. The potential benefits of such pharmacological inhibition for the trearment of pancreatitis

are reviewed.
© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Stellate cells were discovered in the liver in 1876 by Carl von
Kupffer, who called them ‘Sternzellen’ (star cells)[1,2], but similar
cells were only discovered in the pancreas more than 100 years
later [3]. The hepatic stellate cells (HSCs) play a key role in the
development of hepatic fibrosis [2] and, similarly, the pancreatic
stellate cells (PSCs) are the key elementsin the process of pancreatic
fibrosis [4].

Molecular markers of stem cells are present in HSCs |5]. Fur-
thermore, the space of Disse, where HSCs reside in the liver, has
similarities with known stem cell niches [5]. Certainly, HSCs are
characterized by considerable plasticity [2] and, given that HSCs
and PSCs share many homologies—but are distinctly different from
fibroblasts [4]—it is not surprising that PSCs can also undergo dra-
matic changes in structure and function depending on the stimuli
they receive [4]. Nevertheless, it is not clear whether PSCs can
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UK.
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truly be regarded as stem cells, although they do possess certain
progenitor cell characteristics [6].

From studies of HSCs, we know that cytosolic Ca?* signals, medi-
ated by phospholipase C—induced inositol 1,45-trisphosphate
(IP3) production, play a key role in the proliferation and activa-
tion of these cells [7-9]. In what follows, we shall review what is
known about Ca?* signalling mechanisms in PSCs and discuss the
roles such signals may play.

2. Localization of stellate cells in the normal pancreas

In the normal pancreas, PSCs are seen as small elongated cells,
which are situated at the periphery of acinar cells (PACs). Immuno-
chemical staining with an antibody against desmin (a cytoskeletal
protein thatis not present in PACs) is particularly helpful in demon-
strating the position of PSCs (Fig. 1A). The typical location of PSCs
showninFig. 1A can also be seen with nonlinear optical microscopy,
using two-photon excited fluorescence or second harmonic genera-
tion [11]. PSCs contain lipid droplets with vitamin A [ 12] and these
can be visualized by intrinsic multiphoton fluorescence (Fig. 1B).
The location of PSCs between acinar cells (Fig. 1B) and the peri-
acinar capillaries (not visualized in Fig. 1) could be regarded as
somewhat similar to the situation of HSCs in the space of Disse,
where the HSCs are placed between the endothelial cells of the



138

1
0.8 -

Amplitude of 0.6 -
Ca?* signal
(normalized) 0.4

0.2 -

2 F/Fo, Fluo-4

BK ACh th
‘m PSC
2+
[Ca**];
<1 PAC
S min

- 1
[BK]

Fig. 1. Location of stellate cells in the pancreas and the effect of bradykinin (BK) on [Ca®* |; in these cells (PSCs). (A) Localization of PSCs (identified by desmin antibody) at the
periphery of acinar unit (pancreatic acinar cells—PACs). Nuclei are green. (B) PSC with lipid droplets containing vitamin A (identified by multiphoton intrinsic fluorescence)
located in ‘niche’ between PACs. (C) Simultaneous recordings of [Ca** |, in neighbouring PSC and PAC. (a) Fluorescence image of small acinar cluster with two cells specifically
signposted, a bright PSC (white arrow outlined in red) and a neighbouring PAC (white arrow outlined in blue ), from where recordings of [Ca?' |, were made, (b) Simultaneous
recordings of [Ca?*|; from the two cells identified in (). BK evokes a clear Ca?~ signal in the PSC but not in the PAC, whereas ACh and CCh elicit Ca?* signals in the PAC, but
not in the PSC. (D) Concentration-response relationship for BK-elicited Ca®* signals in PSCs, The inset shows the results from a single PSC, Adapted from Gryshchenko et al.
| 10}. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

sinusoid capillaries and the hepatocytes [2,5]. This arrangement
has been described as a stellate (stem) cell niche [5]. With regard to
Ca?* signalling studies on PSCs, it is advantageous that PSCs take up
fluorescent probes (for example, the Ca?*-sensitive Fluo-4) much
more avidly than PACs. An example of this is shown in Fig. 1Ca, in
which bright stellate cells are seen at the periphery of acinar units.

3. Ca?* signalling in stellate cells in their normal
environment

PSCs do not display Ca?* signals when stimulated with acetyl-
choline (ACh) or cholecystokinin (CCK) [10], the physiologically
important activators of acinar fluid and enzyme secretion [13].

As seen in Fig. 1C, ACh evokes a substantial increase in the
cytosolic CaZ* concentration ([Ca2'];) of a PAC, but does not elicit
such a response from the closely neighbouring PSC. Another acti-
vator of muscarinic receptors, carbachol (CCh), also fails to elicit a
Ca?* signal in the PSC, while causing a major rise in [Ca*]; in the
neighbouring PAC (Fig. 1C). CCK also fails to elicit Ca?* signals in
PSCs under conditions where it evokes clear elevations of [Ca*]; in
neighbouring PACs [ 10]. On the other hand, bradykinin (BK) con-
sistently evoked Ca®* signals in PSCs, but had no effect on [Ca?*]; in
closely neighbouring PACs (Fig. 1C). Pharmacological studies show
that the BK-elicited Ca?* signals are mediated via bradykinin type 2
receptors (B2 receptors) | 10]. As seenin Fig. 1C, the BK-elicited Ca?*
signal consists of two components, a rapid and partially transient



[Ca?*]; elevation followed by a prolonged plateau phase. The initial
component is due to IP3-mediated Ca%* release from internal stores,
whereas the subsequent plateau phase is completely dependent
on store-operated Ca* entry through conventional CRAC channels
[10]. ATP, which very rarely evokes changes in [Ca?*]; in PACs fre-
quently, but not always, elicits Ca?* signals in PSCs [10]. Thus we
have complete separation of Ca2* signal mechanisms in PACs and
PSCs and there is no functional evidence of gap junctional commu-
nication between these two cell types [10].

4. Where is bradykinin generated and what are the
physiologically relevant concentrations?

Kinin peptides {including BK) are released from kininogens,
which are plasma proteins, by tissue or plasma kallikreins. In the
pancreas, most of the kallikrein is present in the zymogen granules
as an inactive pre-cursor—pre-kallikrein—as are many of the other
pancreatic enzymes | 14]. Under pathological conditions, for exam-
ple acute pancreatitis, active kallikrein, like many other proteases,
would be released from necrotic acinar cells resulting in enhanced
BK formation [15]. The basic BK concentration in plasma is 40-70
PM [16,17], but in acute pancreatitis it increases to ~140pM [ 17].

5. Are bradykinin-elicited CaZ* signals in stellate cells of
physiological or pathophysiological significance?

In an earlier study of Ca%* signalling in PSCs, an example of a
transient rise in [Ca2*]; elicited by 50 nM BK was observed [ 18], This
BK concentration is way above the plasma values measured in vivo
as mentioned above. In the study of Won et al. | 18], concentration-
response curves were not explored, so it was unclear whether
BK-evoked CaZ* signals could play any role in physiology or patho-
physiology. However, the more recent study of Gryshchenko et al.
[ 10] shows that PSCs are much more sensitive to BK than hitherto
realized. As shown in Fig. 1D, BK at a concentration as low as 100
pM, within the range that has been measured in plasma in vivo in
acute pancreatitis [ 17], elicits a clearly observable rise in [Ca2*];.
The BK concentration-response curve (Fig. 1D) is particularly steep
in the BK concentration range 100-200 pM, which means that any
rise in the plasma [BK] from the basic level (40-70 pM), to that
seen in acute pancreatitis (~140 pM) would elicit a rise in [Ca?*];
in PSCs. At these patho-physiologically relevant BK concentrations,
there is no sign of the Ca* response becoming desensitized [ 10].
These data are compatible with the hypothesis that BK, via actions
on PSCs, plays a role in the pathophysiology of acute pancreatitis.

6. What are the potential consequences of PSC Ca2* signal
generation?

Given that intracellular Ca2* signals can drive numerous cellu-
lar processes | 19], including gene expression [20], secretion [21],
contraction [22], cell division [23,24] and cell death [25], there are
many possibilities. As already mentioned, there is evidence indi-
cating that Ca2* signals in HSCs are important for proliferation and,
similarly, this may also be the case for PSCs |18]. In the normal
healthy pancreas, the PSCs only make up a small proportion of the
pancreatic mass (Fig. 1), but in the transition from acute to chronic
pancreatitis there is a marked increase in the PSC population and
the PSCs also undergo dramatic changes in structure and function,
allowing them respond to stimuli — for example, trypsin and throm-
bin — that have no effect in their normal state [4,10,18|. There is
clear evidence indicating that the activated PSCs secrete excessive
amounts of the extracellular matrix proteins that are responsible
for pancreatic fibrosis and may be cancer promoting |4]. The trans-
formed PSCs are commonly referred to as activated PSCs [4]. The
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Fig. 2. Schematicdiagram, illustrating potential mechanism for activating PSCs dur-
ing attack of alcohol-related acute pancreatitis. EtOH, ethanol; FA, fatty acid; FAEE,
farry acid ethyl ester. For derailed explanation see rext,

activation process has mostly been studied in cell cultures and a
number of factors have been identified [4], but the nature of the
patho-physiologically important initiation signal in the pancreas is
not entirely clear.

Given that plasma [BK] increases in acute pancreatitis and that
the levels attained will induce Ca2* signals in normal PSCs, it does
not seem unreasonable to speculate that it may be the BK-elicited
Ca?* signals in the PSCs that initiate the process that ultimately
results in the activation of the PSCs. A possible sequence of events
is illustrated in Fig. 2. Acute pancreatitis typically occurs as a con-
sequence of excessive intake of alcohol or complications of biliary
disease, In both cases the disease process is initiated by exces-
sive release of Ca2* from intracellular stores, which is primarily
due to the Ca2*-liberating action of a combination of alcohol and
fatty acids (FAs)—fatty acid ethyl esters (FAEEs)—or bile acids [26].
This is then followed by a particularly damaging store-operated
Ca?* entry [26]. In severe cases of acute pancreatitis (~20%), this
leads to intracellular protease activation, extensive acinar necro-
sis with release of many activated proteases, including trypsin and
kallikrein, into the interstitial fluid. In that environment, kallikrein
acts on kininogens to release BK and BK in turn elicits Ca2* signals in
the PSCs leading to activation and proliferation. The more numer-
ous and activated PSCs secrete excessive amounts of extracellular
matrix proteins. For the sake of diagrammatic simplicity, Fig. 2 only
illustrates the case of alcohol-related pancreatitis.

It is also possible that the BK-elicited Ca* signals in PSCs could
have an effect on the acinar cells. Clearly such an effect would not
be the result of induction of Ca2* signals in PACs, since it has been
clearly shown that BK-elicited Ca?* signals in PSCs do not cause
any change in [Ca?*]; in neighbouring PACs (Fig. 1). This, how-
ever, does not exclude other types of signal generation. It has been
shown that pharmacological blockade of B2 receptors is helpful in
suppressing the cellular changes in the pancreas that are charac-
teristic for pancreatitis [17,27-30]. However, it cannot be excluded
that the beneficial effect of B2 receptor blockade was mostly due
to suppression of the classical effects of BK on the vasculature,
namely vasodilatation and increased capillary permeability [ 14,31},
rather than suppression of the Ca2* signals in the PSCs. There is
now evidence indicating that the vascular effects are not the only
ones evoked by BK, since it could be shown in an in vitro model
of isolated pancreatic lobules that B2 receptor blockade markedly
reduced the extent of acinar necrosis induced by ethanol, FAEEs
or bile acids [10]. This suggests that the Ca?* signals in the PSCs,
via a still unknown mechanism, have a negative influence on the
survival of PACs during the acute phase of pancreatitis.
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Fig. 3. Effect of CRAC channel blockade on [Ca?' |; changes evoked by BK. (A) In the
absence of external Ca** and irrespective of the presence or absence of the CRAC
channel blocker GSK7975A, BK only evokes a short-lasting rise in [Ca?* ;. Admission
of external Ca®* causes a renewed major rise in [Ca** J;, but only in the absence of the
CRAC channel blocker, (B) The elevated [Ca®"|; plateau phase following the initial
[Ca?'), rise after BK stimulation is abolished by GSK7975A, The effect is partially
reversible after wash-out of the drug. Adapted from Gryshchenko et al. | 10].

7. How can we suppress the BK-elicited Ca?* signals in the
PSCs?

Although not investigated in the same detail as in the PACs, the
available evidence from studies on PSCs strongly suggests that fol-
lowing BK-elicited release of Ca?* from intracellular stores, there is
opening of CRAC channels and that it is the inflow of Ca?* through
these channels that is responsible for the plateau phase of the Ca?*
signal [ 10]. There has been increasing interest in recent years in the
CRAC channel as an important therapeutic target in several human
diseases [32,33] and in PACs it has been shown that the sustained
phase of the [Ca2']; elevation evoked by FAEEs can be reduced or
abolished by a CRAC channel blocker [34]. It has also been demon-
strated that CRAC channel inhibition can prevent FAEE-induced
acinar necrosis [34].

As seen in Fig. 3A, BK only elicits a transient rise in [Ca?']; in the
ahsence of external Ca**, but when Ca?* is subsequently readmit-
ted to the external solution there is a second [Ca?*]; response due
to store-operated Ca” entry. In the presence of the CRAC blocker
GSK-7975A, this second phase isalmost completely absent (Fig. 3A).
In the presence of external Ca%*, BK evokes the usual biphasic
response, but when the CRAC blocker is present, the plateau phase
is absent (Fig. 3B). The effect of the CRAC blockade is at least
partially reversible (Fig. 3B). Thus we now have evidence demon-
strating that inhibition of Ca?* inflow through CRAC channels will
not only reduce the deleterious effects in the PACs of all the known
agents promoting acute pancreatitis [34-36], but will also reduce
the plateau phase of the BK-elicited rise in [Ca?*]; in the PSCs [10].
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8. Conclusion

Given that B2 blockade prevents much of the necroticdamage to
PACs in response to pancreatitis promoting agents [ 10/, it is likely
that the inhibition of BK-elicited Ca?* signal generation caused by
CRAC blockade will have contributed to its remarkable therapeu-
tic effect against acute pancreatitis in a recent in vivo study [36].
Furthermore, if—as suggested in Fig. 2—it turns out that the BK-
elicited Ca2* signals in PSCs have a key role in the activation and
proliferation of PSCs, then CRAC blockade would also be helpful in
combatting the transition from acute to chronic pancreatitis and,
by inhibiting the ability of PSCs to produce the cancer promoting
extracellular matrix, also potentially afford some protection against
the development of pancreatic cancer. On the basis of recent work
on the effects of CRAC channel blockade in PACs and PSCs [10,34],
Hegyi [37] has suggested that CRAC blockade may turn out to be
the first pharmacological intervention that offers the potential of
specific therapy in acute pancreatitis.
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Biliary disease is a major cause of acute pancreatitis,
In this study we investigated the electrophysiological
effects of bile acids on pancreatic acinar cells. In perfo-
rated patch clamp experiments we found that tauro-
lithocholic acid 3-sulfate depolarized pancreatic acinar
cells. At low bile acid concentrations this occurred with-
out rise in the cytosolic calcium concentration. Meas-
urements of the intracellular Na® concentration with
the fluorescent probe Sodium Green revealed a substan-
tial increase upon application of the bile acid. We found
that bile acids induce Ca®'-dependent and Ca®'-inde-
pendent components of the Na* concentration increase.
The Ca®*.independent component was resolved in con-
ditions when the cytosolic Ca®* level was buffered with
a high concentration of the calcium chelator 1,2-bis(o-
aminophenoxy)ethane-N,N,N',N'-tetraacetic acid
(BAPTA). The Ca**-dependent comp t of intracellu-
lar Na* increase was clearly seen during stimulation
with the calcium-releasing agonist acetylcholine. Dur-
ing acetylcholine-induced Ca®" oscillations the recov-
ery of cytosolic Na* was much slower than the recov-
ery of Ca®*, creating a possibility for the summation of
Na* transients. The bile-induced Ca®"'-independent
current was found to be carried primarily by Na* and
K*, with only small Ca®* and CI~ contributions. Meas-
urable activation of such a cationic current could be
produced by a very low concentration of taurolitho-
cholic acid 3-sulfate (10 pm). This bile acid induced a
cationic current even when applied in sodium- and
bicarbonate-free solution. Other bile acids, tauroche-
nodeoxycholic acid, taurocholic acid, and bile itself
also induced cationic currents, Bile-induced depolar-
ization of acinar cells should have a profound effect on
acinar fluid secretion and, consequently, on transport
of secreted zymogens.

Bile acids can get access to pancreatic acinar cells in certain
pathological conditions either as a result of bile reflux into the
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pancreatic duct (due to blocked ampulla of Vater) or via inter-
stitial leakage. Bile is considered a putative trigger of acute
pancreatitis (1, 2), although issue is still debated (3-6). Bile
acids have been shown to increase significantly the permeabil-
ity of the ductal mucosal barrier in the pancreas (7-9), and
recently two investigations demonstrated that bile acids are
able to induce prolonged toxic cytosolic caleium signals in pan-
creatic acinar cells (1, 10).

In our previous study we found that low concentrations of
taurolithocholic acid 3-sulfate (TLC-S)* produce preferentially
local apical caleium signals, whereas higher concentrations of
this bile acid produce sustained global calecium elevations.
Other bile acids, taurochenodeoxycholic acid (TC) and tauro-
cholic acid, also initiated cytosolic caleium responses (10). Sim-
ilar results were reported by Kim et al. (1). Furthermore, bile
acids have been shown to increase membrane permeability to
ions in a number of model cell lines (11-13).

The membrane potential of pancreatic acinar cells is depend-
ent on the activity of the Na /K’ pump and is influenced by
electrogenic transporters (e.g. Na™-amino acid co-transporters)
and ionic channels (14-18). The ionic channels expressed in
pancreatic acinar cells include Ca® -activated non-selective
cationic channels (permeable to Na' and K") (18-20) and
prominent Ca” -activated C1~ channels (18, 20-23).

Bile acids were reported to enter into pancreatic acinar cells
via an anionic HCO, -dependent exchanger and a Na' -depend-
ent co-transporter (1). The Na /bile co-transporters have been
shown to be electrogenic in hepatocytes (24) and ileal epithe-
lial cells (25). Therefore, bile acids could potentially affect
membrane voltage by activation/formation of ionic channels
and by activation of electrogenic bile transporters. Activation
of ionic conductances and the depolarizing effect on the trans-
membrane potential could be contributing factors to the path-
ological action of bile on panereatic acinar cells. The electro-
physiological effects of bile have not been characterized
before in pancreatic acinar cells. This became a focus of our
study. The largely unexpected results of this investigation
are described below.

EXPERIMENTAL PROCEDURES

Cell Preparation—Pancreata were obtained from adult mice (CD1)
killed by cervical dislocation in accordance with the Animal (Scientific
Procedure) Act of 1986. Pancreatic acinar cells were prepared by inject-
ing 1 ml of 200 units ml ' collagenase (Worthington Lakewoad, N.J) and
digesting for 16-17 min at 37 °C with constant agitation. After diges-
tion the pancreas was agitated manually to release single cells or small

P TLC-S, taurolithocholic acid 3-sulfate; TCDC, taurochenodeoxy-
cholic acid; TC, taurocholic acid; NMDG, N-methyl-D-glutamine;
BAPTA, 1,2-bis(2-aminophenoxylethane-N NN’ N'-tetraacetic  acid;
Ach, acetylcholine; DIDS, 4,4'-diisothiocyanostilbene-2,2’-disulfonic
acid, 2 Na; [Ca®'|,, eytosolic Ca®' concentration; [Na '], eytosolic Na'
concentration.
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clusters in solution. Cells were washed three times by centrifugation
in standard Na-HEPES buffer. All experiments were performed at
room temperature (22-25 °C), and cells were used within 3—-4 h after
isolation.

Solutions—The standard extracellular solution (Na-HEPES buffer)
used for cell preparation and for perfusion of cells during experiments
contained 140 my NaCl, 4.7 my KC, 1.13 my MgCl,, 1 mu CaCl,, 10
mM D-glucose, 10 mym HEPES, pH 7.4. Sodium and potassium-free
solutions contained 150 my N-methyl-p-glucamine (NMDG'). In some
experiments chloride was replaced by aspartate (Asp). During standard
whole-cell recordings, the pipette solution contained 140 mm KCl, 1.5
mu MgCl,, 2 mm MgATP, 10 mm HEPES, 0.1 mm EGTA, pH 7.2. In
some experiments calcium was heavily buffered by the addition of 10 or
20 mM BAPTA and 2 my CaCl,. In K'-free pipette solution, K' was
replaced by NMDG'; in Cl  low pipette solution KC| was replace by
K-Asp. For perforated whole-cell recordings, the pipette solution con-
tained 15 my KCl, 100 mMm K,80,, 10 mm NaCl, 7 mm MgCl,, 10 mm
HEPES, pH 7.2.

The cells were placed on a cover glass coated with poly-L-lysine
{0.01%), and the cover glass was attached to an open perfusion cham-
ber. Solutions were perfused using a gravity-fed system.

Patch Clamp Recording—The whole cell configuration of the patch
clamp technique was used to record currents from single pancreatic
acinar cells. Patch pipettes were pulled from borosilicate glass capil-
laries (Harvard Apparatus, Edenbridge, Kent, UK} and fire-polished.
The pipettes had a resistance of 3 to 5 megachms when filled with an
intracellular solution (containing 140 mm KCI). Whole cell currents
were sampled at 10 KHz using an EPS-8 amplifier and Pulse software
(HEKA, Lambrecht, Pfalz, Germany). In the standard protocol the
membrane voltage was clamped at —30mV, and voltage steps to
+10mV (test potential) were applied for 50-ms durations twice per
second, The averaged currents at the holding potential and the test
potential were calculated. For investigations of current-voltage rela-
tionships voltage ramps were applied from —50 to +40 mV (the slope
was 300 or 400 mV/s). In current clamp experiments we utilized
the perforated patch mode; in these experiments amphotericin B
was added to the patch pipette solution at a concentration of 300
pgml '

Measurements of Intracellular Sodium and Calcium Concentra-
tions—To monitor changes of sodium concentration in the cells we
initially attempted to use the cell-permeable forms of the indicators
Sodium Green (Sodium Green tetraacetate) and SBFI (SBFI, AM).
The intracellular distribution of the indicators in these experiments
was not uniform with patches of the indicators found in the peri-
granular area. With this loading we did not manage to obtain the
expected responses to applications of monensin, gramicidin, and oua-
bain. Loading of the cell-impermeant Sodium Green, tetramethylam-
monium salt (40-50 pa) through the pateh pipette was much better;
the distribution was uniform, and reasonable changes in fluorescence
were observed. The fluorescence was monitored using the Zeiss LSM-
510 confocal microscope. Sodium Green was exited by an argon laser
line at 488 nm, and fluorescence was collected using a BP 505-550
emission filter. Sodium Green was calibrated in separate experiments
conducted using a fluorimeter LS 50B (PerkinElmer Life Sciences),
The wavelengths of excitation/emission light were similar to that
used in confocal experiments. To increase the concentration of Na' in
calibration solutions, NaCl was introduced into the solution in ex-
change for KCI. Tn our experiments the estimated dissociation con-
stant of Sodium Green to Na' (K, = 23 mM) was similar to that
reported by Molecular Probes (K, = 21 mM) for the indicator in
K -containing solution (www.probes.com/media/pis/mp06900.pdf).

We also attempted intracellular calibration of Sedium Green in the
whole cell patch clamp configuration using gramicidin. In these exper-
iments we recorded the expected changes of Sodium Green fluorescence
but had difficulties in attaining a plateau of fluorescence for both
sodium-free and high sodium =olutions (posgibly due to diffusion of Na'
into the patch pipette). We, therefore, used the results of the cell-free
calibration for the estimations of rates of sodium change. The intracel-
lular calcium concentration was measured with Fluo-4 dye. 3 pm Fluo-4
AM was loaded into the cell for 20-25 min at room temperature. The
fluorescence of Fluo-4 was excited using the 488-nm laser line, and the
emitted light was collected using a LP505 filter.

Chemicals—Suodium Green tetramethylammonium salt and Fluo-4
AM were purchased from Molecular Probes, Inc. (Eugene, OR), 4.4'-
diisothiocyanostilbene-2,2"-disulfonic acid, 2 Na (DIDS) was purchased
from Calbiochem. TLC-S, taurochencdeoxycholic acid (TCDC), TC, =o-
dium salt of bile acid mixture from ox bile (BA), N-methyl-p-glutamine
(NMDG) and other chemicals were purchased from Sigma.
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Fic. 1. Effect of the bile acid TLC-S and the neurotransmitter
ACh on the membrane potential of single isolated acinar cells.
The figure shows the results of perforated patch clamp experiments
conducted in the current clamp mode. Agonists were applied by perfu-
sion in the extracellular solution. A, application of 25 um TLC-S depo-
larizes the membrane of a single acinar cell, suggesting activation of
bile-induced inward currents. ACh (50 nn) induces the opposite effect;
that is, a hyperpolarization due to activation of Ca*'-dependent Cl
current. B, simultaneous measurements of membrane potential (upper
trace) and normalized Fluo-4 fluorescence (F/F,, lower trace) in a single
acinar cell. The depolarization induced by TLC-S (25 un) was accom-
panied by only a very small increase of Fluo-4 fluorescence. Transient
hyperpolarizations triggered by ACh (50 nm) occur synchronously with
substantial Ca®" signals. €, a higher concentration of TLC-S (100 un)
induces a response composed of transient hyperpolarizations (most
probably due to calcium transients) superimposed on an elevated mem-
brane voltage. ACh (50 nM) induced transient hyperpolarizations.

RESULTS
Voltage Changes Induced by TLC-S

Fig. 1 shows an example of perforated patch clamp exper-
iments (current clamp mode) in which we observed voltage
changes induced by the bile acid TLC-S and by the calcium-
releasing secretagogue acetylcholine (ACh). Amphotericin B
was used as a perforating agent; this preserves the normal
composition of the cytosol of the intact cell, since only very
small molecules and monovalent ions can be exchanged
through amphotericin pores. The resting membrane potential
recorded from isolated acinar cells in our experiments ranged
from —16 to —30 mV (n = 26], values expected for single
isolated cells, that are usually somewhat depolarized (26),
The application of a low concentration of the bile acid (25 u)
induced a slow depolarization, whereas ACh applications pro-
duced oscillatory hyperpolarizations (Fig. 14). ACh-induced
hyperpolarizations are consistent with activation of the
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calcium-dependent chloride current (the reversal potential
for CI” under the condition of these experiments was approx-
imately —35mV). The TLC-S-induced depolarization implies
activation of Na® or Ca®'-conducting channels. In experi-
ments with a low concentration of TLC-S (25 pum) a slow
depolarization was observed in 22 of 24 cells tested. The
amplitude of TLC-S-induced depolarization ranged from 4 to
23 mV and tended to be higher in cells with a more negative
resting membrane potential. In one out of these 22 cells the
slow depolarization was preceded by an initial fast hyperpo-
larization (not shown), probably reflecting a cytosolic calcium
concentration rise that could be observed sometimes even at
this low concentration of the bile acid (10).

An example of the combined measurements of cytosolic Ca®*
concentration and membrane potential in the perforated patch
mode is shown in Fig. 1B (representative of four experiments).
The voltage change induced by the bile acid was clearly differ-
ent from that triggered by the calcium-releasing secretagogue.
Although ACh produced clearly-resolved calcium responses
and hyperpolarizations, a low dose of TLC-S most frequently
triggered depolarization and only a very small (if any)
calcium response.

We previously reported that higher doses of TLC-S induce
caleium signals in the majority of pancreatic acinar cells (10).
In a perforated patch clamp experiment, application of 100 pM
TLC-S triggered a complex response in which fast hyperpolar-
izing transients were superimposed on a slow depolarization
(Fig. 1C, n = 4).

We hypothesized that the bile-induced depolarization re-
flects calcium-independent activation of cationic, most proba-
bly Na ' -permeable channels. One way to verify this hypothesis
was to measure sodium changes induced by TLC-S.

Changes of [Na' |, Induced by TLC-S— [Na']_was measured
using the indicator Sodium Green. We loaded the indicator into
the cell through a patch pipette and conducted experiments in
the whole cell mode, since loading with a cell-permeant form of
this probe was ineffective (see “Experimental Procedures”). In
experiments where cytosolic calcium was not buffered with
BAPTA, we were able to record both current and sodium
changes induced by TLC-S and ACh (Fig. 2, A and B). In these
experiments we used equal C1~ concentrations in the patch
pipette and in the extracellular solution; the chloride equilib-
rium potential should, therefore, be close to 0 mV. The calcium
oscillations under this condition are reflected by transient ac-
tivations of an inward chloride current (currents were recorded
at —30mV).

In the experiment shown in Fig. 24, two components of the
bile-induced sodium increase can be seen. The addition of 50 M
TLC-8 induced a slowly developing inward current accompa-
nied by a slow sodium concentration increase. Increasing the
bile acid concentration to 100 pn produced oscillations of the
inward current (which reflects caleium oscillations) and step-
wise increases of [Na "] Sodium changes induced by ACh seem

A 100puM TLC-S
SOpUM  ee—
800
+ -100
700 4
g T -500
E 3
3 -
3 =
@ 600 4
w + -900
500 + T T T -1300
200 400 600 Time (s)
B 50 nM ACh
700 1 T 0
= -+~ .
U]
E —_
2 600 1 k400 3
[=3 -
@
'8
-+ .00
500 T T T T -800
0 100 200 300 400 Time (s)
C 100uM TLC-S
500 = — -0
6 _—
S 400 4 4 250 é
w
300 T T s T -500
0 100 200 300 400 Time(s)
FiG. 2. Simult ¥ ts of ch in [Na™]_ and

membrane currents stimulated by the bile acid TLC-S and by
ACh. Tonic currents were recorded using the whole cell patch clamp
configuration at a holding potential of —30mV., Sodium Green was
loaded inta the cells via the patch pipette (40 puM in the experiments
shown in A and B and 50 pn in the experiment shown in C). A, TLC-S
(50 M) activated an inward current (upper trace) accompanied by an
elevation of the Sodium Green fluorescence (lower trace, the arrow
points to the corresponding fluorescence intensity axis). Subsequent
application of 100 pM TLC-8 induced transients of Ca*'-activated Cl

current, superimposed on the plateau of inward current; the lower trace
shows stepwise increases of sodium concentrations during the inward
current transients. B, recording of Ca*'-activated Cl current (upper
trace) and changes of Sodium Green fluor (lower trace) induced
by application of 50 nM ACh. C, in this experiment the patch pipette

to follow ecalcium transients; each spike in [Ca” "l is pa-
nied by a stepwise increase in sodium (Fig. 2B).

It is interesting to note that during the ACh-induced oscil-
lations and after removal of the agonist, the recovery of [Na '],
was much slower than the recovery of the calcium-dependent
current. This provides an opportunity for the summation of
sodium responses (Fig. 28) and could result in sodium overload
(if the [Ca®"], spike frequency is too high).

The kinetics of the current transients and [Na™], changes
strongly suggest that the sodium responses induced by ACh
are calcium-dependent. The two components of the TLC-S
induced [Na™], changes could be interpreted as caleium-in-
dependent (the slow rise induced by a low dose of bile) and

contained 20 my BAPTA. The upper trace shows the development of the
calcium-independent inward current upon application of 100 un TLC-S.
The lower trace shows simultaneous changes of the Sodium Green
fluoreseence.

calcium-dependent (stepwise increases of [Na '], during cal-
cium transients). To reveal the calcium-independent compo-
nent of the bile-induced sodium changes, we conducted an
experiment in which [Ca?'], was effectively buffered by a
calcium chelator, BAPTA, added to the patch pipette solution
(and used at a very high concentration, 10 or 20 mwm). In this
condition application of TLC-S induce an increase in Sodium
Green fluorescence accompanied by an inward current in
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Fic. 3. Bile acid (TLC-S) induces calcium-independent cati-
onic currents in isolated acinar cells. To eliminate the activation of
Ca®'-dependent channels patch clamp pipettes were filled with a =olu-
tion containing 20 myM BAPTA. A, this part shows currents induced hy
increasing concentrations of TLC-S, The experiment was performed
using the whole-cell patch clamp configuration in voltage clamp condi-
tion. Inward current (lower trace) was recorded at —30 mV, and out-
ward current (upper trace) was recorded at +10 mV. The feft inset shows
the initial part of the inward current on an expanded current scale (the
time scale is the same as in the main figure), The right insei shows
averaged amplitudes (+S.E.) of currents (recorded at —30mV, n = 14)
induced by different concentrations of TLC-S. B, representative I/V
curves were obtained at different concentrations of TLC-S (shown on
the graph) using a voltage ramp protocol (0.4 V/s) from —50 mV to 40
mV. The time points of the voltage ramp experiments are indicated by
asierisks in panel A of this figure.

cells held at =30 mV (Fig. 2C). These experiments (n = 5)
strongly suggest the existence of calcium-independent so-
dium influx and a calcium-independent cationic current. The
properties of this TLC-S-induced calcium-independent cur-
rent were further investigated.

TLC-S-induced Currents in BAPTA-buffered Cells

Na'/K" Current—In the experiments described in this sec-
tion we used high concentrations of the calcium chelator
BAPTA (10 or 20 mMm) in the patch pipette (similarly to the
experiments described above and shown in Fig. 2C) to prevent
activation of calcium-dependent currents. Even a very low con-
centration of TLC-S (10 um) induced a measurable current
(22 = 5 pA, n = 14 recorded at —30 mV, see Fig. 3 and the left
inset of A). Subsequent increases of the bile concentration to 25
uM and then to 100 uM produced further slowly developing
inereases of currents (inward at —30 mV and outward at +10
mV). The averaged amplitude of currents induced by different
concentrations of TLC-S (recorded at —30 mV) are shown in the
right inset of Fig. 3A. Removal of the bile acid resulted in
recovery of the currents to the prestimulated values (Fig. 34).
The recordings at =30 and +10 mV were interrupted by ramp

A TLC-S 100 1M

100 pA

[Na*],;= 140 mM

B TLC-S 100 uM
—

100s

[K'];;=0 mM
Fic. 4. Effect of substitution of small monovalent cations with

NMDG" on bile-induced tr brane currents. The Patch pi-
pette solution contained 10 ma BAPTA to eliminate calcium-dependant
currents. A, in sodium-free (NMDG ' containing) solution, the hile acid
TLC-S induced only a small inward current, probably mediated by
NMDG" (lower trace). Substitution of bath NMDGCI with NaCl re-
sulted in a strong rise of the inward current ({ower trace) recorded at
—30mV but had only a small effect on the outward current measured at
+10mV (upper trace). B, comparison of TLC-S-induced outward cur-
rents (measured at +10 mV) in potassium-containing and potassium-
free intracellular solution. The current traces were recorded in different
cells. The upper irace shows the current recorded using standard patch
pipette solution containing 140 mym K'. The lower trace depicts the
outward current when K in the patch pipette solution was replaced by
NMDG'; only a very small current can be recorded in these conditions.

protocols at the indicated time points. The reversal potential
for bile-induced currents was close to 0 mV (Fig. 3B). The
current-voltage relationship was largely linear for the range of
voltages used in our experiments. The results shown in Fig. 3
suggest activation or formation of non-selective cationic chan-
nels. To verify this hypothesis we carried out substitutions of
Na' with NMDG" in the extracellular solution (Fig. 44) and
K' with NMDG' in the intracellular (patch pipette) solution
(Fig. 4B). In the NMDG "-containing extracellular solution,
application of TLC-S produced only a small inward current
(most probably carried by NMDG "), and the amplitude of the
inward current increased drastically when NMDG " was re-
placed by Na ' (Fig. 44, n = 15), suggesting that this current is
preferentially carried by Na'. Substitution of K' by NMDG"'
in the intracellular (pipette) solution largely abolished the out-
ward current recorded at +10 mV (Fig. 4B, n = 25), indicating
that the outward current is mainly carried by K'.

Ca”* and Cl~ Currents—The possible contribution of Ca®* to
the TLC-S-induced inward current was examined by compar-
ing the inward currents (produced in NMDG '-based solution)
in the presence and absence of calcium. In these experiments
we were able to resolve a small additional inward current (Fig.
5A) when an extracellular solution with a very high calcium
concentration (40 ma) was introduced (n = 7). In these exper-
iments we used a very high concentration of BAPTA in the
patch pipette (20 mM) to prevent any intracellular [Ca®'] rise

145

L00Z ‘6 Uplely uo Aq Bio'agl mmm woly papeojumoq



The Journal of Biological Chemistry

A [ Na [ NMDG™  [Na |
Tes TLes Tcs
1 cat bl 1ca
:
200s

NMDG* | Na'
TLes

B [Na' |

SmM CF 145mM Cr

200s

Fi6. 5. Contribution of Ca** and C1~ to the TLC-S-induced
current. A, Ca*" component of TLC-S-induced current. The intrapi-
pette solution was supplemented with 20 mn BAPTA to prevent acti-
vation of Ca®"-dependent currents, The bars in the upper part of the
figure show periods of TLC-S (100 um) applications, Na'/NMDG ™~ sub-
stitution, and changes of Ca®* concentration in extracellular solution.
In this experiment K was replaced by NMDG " in the patch pipette
solution. The bar labeled NMDG indicates the period of time when all
Na™ in the extracellular solution was substituted by NMDG™. The
figure shows the current recorded at —30 mV. The amplitude of the
TLC-S-induced inward current was compared in sodium-containing
extracellular solution, sodium-free extracellular solution (Na" substi-
tuted with NMDG", [Ca*'], = 1 mm), and sodium-free extracellular
solution with a high concentration of Ca*' (40 mm). B, CI component
of total current induced by application of the bile acid TLC-S. The
intrapipette solution was supplemented with 10 mm BAPTA to prevent
activation of Ca* -dependent currents. A change of [C] ], from 5 to 145
mM produced small changes of ionic current, recorded in Na'-free
(NMDG -containing) extracellular solution. The dashed line shows the
extension of the current plateau level, attained before the change in
chloride coneentration. At the end of the experiment the normal sodium
concentration (140 mm) in the extracellular solution was restored in the
continued presence of TLC-S. This resulted in a large increase of inward
current.

and activation of calcium-dependent currents. We were not
able to resolve changes of the current when the extracellular
calcium concentration was 10 mm (n = 6, not shown). TLC-S
also induced a small C1 current. Changes of Cl1 ™ concentration
from 5 to 145 mM resulted in only a small change (Fig. 5B,
representative of 14 cells) of the inward current recorded
at —30mV.

The notion that C1  makes only a minor contribution to the
bile-induced current was challenged when we found that DIDS
(usually considered an inhibitor of C1  currents) had a very
strong inhibitory effect on both inward and outward currents
triggered by TLC-S (Fig. 6A). However, TLC-S produced sub-

TLC-S

:

100s
DIDS

TLC-S
B —————

./\—-\—

100 pA

DIDS 2005

Fici. 6. Inhibition of TLC-S induced current by DIDS. A, DIDS
effect in Cl -containing solutions. A single cell was patched with a
pipette containing KCI and 10 mm BAPTA. 1 mM DIDS inhibited both
inward and outward currents stimulated by 100 pym TLC-S. B, DIDS
effect in low Cl solution. A single cell was patched with a pipette
containing a low Cl™ concentration (KCl in the pipette was replaced by
K-Asp and supplemented with 10 mn BAPTA), The bile acid TLC-S (100
un) was applied in a low C1™ extracellular solution (NaCl was substi-
tuted by Na-Asp). 200 pm DIDS inhibits inward and outward currents.

stantial currents in conditions when almost all C1  in the
intracellular and extracellular solutions was replaced by aspar-
tate, and DIDS strongly inhibited this Cl -independent bile-
induced eationic current (Fig. 6B).

Calcium-independent Currents Induced by
Other Bile Acids

Like TLC-S, other bile acids (TCDC and TC) induced calei-
um-independent currents (recorded using 10 myM BAPTA in
patch pipette), although at higher concentrations than TLC-S.
Fig. 7A shows currents induced by 100 pa and 250 um TCDC.
When added at a concentration of 100 upm, TCDC induced very
slowly developing calcium-independent currents, and a subse-
quent increase of the bile acid concentration to 250 pM resulted
in stronger activation of the currents (n = 4). TC applied at
relatively high concentrations (0.5 mm followed by 1 mm) also
induced calcium-independent currents (Fig. 7B, n = 5).

Finally, we tested the ability of bile (mixture of bile acids
extracted from crude ox bilel to induce calcium-independent
currents. In these experiments we sequentially tested concen-
trations of 0.1, 0.25, and 0.5 mg/ml. We found that bile at 0.1
mg/ml did not produce resolvable activation of currents, 0.25
mg/ml induced very small and slowly developing responses,
and a higher concentration (0.5 mg/ml) induced substantial
calcium-independent currents (Fig. 7C, n = 4).

DISCUSSION

We report that bile acids induce Ca®”-independent currents
mainly carried by Na” and K". The contributions of C1I”~ and
Ca”' to these currents are small. The activation of cationic
current explains the depolarization of the cells recorded in
current clamp experiments. The inward sodium current creates
Na' influx and increase [Na '], resolved in our experiments
with the fluorescent indicator Sodium Green. This should also
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Fic. 7. Currents induced by TCDC, TC, and bile. The current
were recorded at +10 mV and -30 mV. The intrapipette solution
contained 10 my BAPTA. A, inward and outward currents stimulated
by application of 0.1 or 0.25 mn TCDC. B, currents stimulated by
applications of 0.5 and 1 mm TC, C, currents induced by sequential
application of 0.1, 0.25, and 0.5 mg/ml. BA, bile acid mixture from ox
bile.

be accompanied by a loss of K* from the cytosol of the cell.

In a study on the T84 colonic cell line, Devor et al. (11)
characterized the electrophysiological effects of taurodeoxy-
cholate and taurocholic acid. The authors reported activation of
K' and Cl channels. These channels were Ca”®'-dependent;
incubation of the cells with BAPTA-AM eliminated the cur-
rents through these channels (11). The pathway leading to
activation of CI~ and K" currents involved taurodeoxycholic
acid-induced accumulation of inositol 1,4,5-trisphosphate and
calcium release from internal stores. Interestingly, this study
also described a taurodeoxycholic acid-induced nonselective
cation current that could be blocked by replacing Na™ in the
extracellular solution with NMDG ' . There are, however, some
differences between the nonselective cationic current charac-
terized by Devor ef af. (11) and the one found in our study. The
nonselective current described by Devor ef al. (11) in T84 cells
was mediated by infrequent openings of very high conductance
channels (channel openings were visible even in whole-cell
experiments). This is clearly different from the current found in
pancreatic acinar cells. There were other differences in kinetics
and relative amplitude of bile-mediated cationic currents in
T84 and pancreatic acinar cells (e.g. development of the cati-
oni¢ current was much slower in acinar cells, whereas the
amplitude was larger). An important finding in the study of
Devor et al. (11) that is in complete agreement with our work
(Ref. 10 and this study) is that bile acids do not induce a leak of

fluorescent indicators from the cytosol of the cells. Good reten-
tion of the small molecular weight fluorescent indicator in the
cytosol indicates that the detergent effect of bile acids is
minimal.

It is possible that activation of Ca”"-independent cationic
currents also occur in other cell types exposed to elevated
concentrations of bile in pathological conditions. We conducted
a preliminary investigation of the effect of TLC-S on voltage-
clamped and BAPTA-loaded rat hepatocytes. We resolved a
calcium-independent cationic current induced by application of
100 um of TLC-S but had difficulties reversing this current by
the removal of TLC-S (n = 4, not shown). The effect of TLC-S on
hepatocytes and other cell types that could be exposed to this
toxic bile acid deserves a separate detailed investigation.

Two types of bile acid transporters were recently described in
pancreatic acinar cells; they are a Na'-dependent co-trans-
porter and a HCO; -dependent exchanger. It is interesting to
note that the outward potassium current in BAPTA-buffered
cells develops effectively in a bicarbonate-free solution and in
the complete absence of extracellular Na'. This suggests that
Na"-dependent and HCOj; -dependent transports are not es-
sential for activation of nonselective currents by TLC-S.

In hepatocytes the amplitude of the current generated by the
Na “/bile exchanger is only a few pA at a physiological mem-
brane potential (24). This is much smaller than the amplitude
of currents induced by TLC-S and other bile acids in pancreatic
acinar cells. It is possible, therefore, that the small current of
the exchanger is masked in our experiments by the much larger
bile-induced cationic current. Our experiments also represent
an important warning regarding measurements of the electro-
physiological effects of the Na'/bile exchanger, since even
small activation of nonselective cationic channels by bile acids
could drastically affect such measurements.

The development of substantial non-selective cationic cur-
rents should result in changes of ionic concentration and would
inevitably put additional stress on the energy homeostasis of
the cells. The bile-induced Na ' flux is substantial. Our estima-
tions from experiments with Sodium Green show that the cal-
cium-independent sodium influx results in an increase of
[Na*], by a few mm/min (e.g. ~2 mu/min for the experiment
shown in Fig. 2A and 8 ma/min for the one shown in Fig. 2C).
Even more drastic sodium changes are observed during cal-
cium oscillations. We found that during a single calcium tran-
sient [Na ], can increase by more than 5 mum. Both the caleium-
dependent and the calcium-independent sodium influx induced
by bile acids should put a very considerable pressure on ATP
turnover in the acinar cell. A decrease of the transmembrane
sodium gradient could also have an adverse effect on sodium
dependent transporters responsible for delivery of amino acids
into the cell (27) or for regulation of ionic concentrations (28—
30). Tt is also interesting to note that for calcium-dependent
sodium responses, the recovery of sodium transients is much
slower than the recovery of the underlying caleium transients.
This creates the possibility for summation of sodium transients
and formation of a sustained elevated sodium level during
calcium oscillations. This phenomenon is, however, beyond the
scope of this paper and deserves a separate investigation. An-
other important effect of bile acids will be on fluid secretion.
Bile-induced depolarization of the plasma membrane of pan-
creatic acinar cells, due to increased Na' permeability, will
inevitably decrease the driving force for Cl efflux across the
apical membrane into the luminal space. The decreased C1~ exit
(and consequently water transport) into the luminal space will
suppress the initial stage of transport of secreted enzymes
through the pancreatic ducts. Retention of zymogens in the vi-
cinity of the acinar cells could increase the probability of inap-
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propriate activation of digestive enzymes within the pancreas.
It is important to emphasize that TLC-S induces activation
of Ca'- independent currents even when applied at a very low
concentration; 10 uM concentrations of this bile acid are suffi-
cient to produce measurable changes in current in the majority
of cells. This concentration is almost 2 orders of magnitude
smaller than that found in bile (31, 32). Therefore, even minor
reflux of this toxic bile component into the pancreas will most
probably have deleterious effects on pancreatic functions. The
low level of TLC-S, which has been found in this study to
activate the Ca®* -independent current, is close to the concen-
trations of sulfated lithocholic acid conjugates detected in se-
rum in different pathological conditions (33, 34). The concen-
tration of TLC-S necessary to induce cationic current is even
smaller than that required to trigger cytosolic calcium re-
sponses (in our previous work we found that a higher concen-
tration of TLC-S (25 pm) produced calcium responses in only
11% of the cells tested) and similar to the threshold concentra-
tion that has been reported to induce transient mitochondrial
depolarization (35). Therefore, activation of non-selective cal-
cium-independent conductances could be one of the primary
effects of bile on pancreatic acinar cells and could conceivably
oceur not only due to pancreatic reflux of the concentrated bile
acid but also due to the action of bile accumulated at a much
lower concentration in serum. The potency of bile acids in
terms of their ability to induce non-selective current in BAPTA-
loaded cells, decreased with increasing number of hydroxyl
groups and a decrease of hydrophobicity. TLC-S was more
effective than TCDC, which in turn was more potent than TC.
This suggests that the mechanism of activation of the non-
selective currents requires lipid partitioning of bile acids. How-
ever, trihydroxy (such as TC) and dihydroxy (such as TCDC)
bile acids are present in bile at higher concentrations than
monohydroxy bile acids (e.g. TLC-8) and could, therefore, make
a substantial contribution to the total non-selective currents
and membrane depolarizations in the case of interstitial leak-

age or hile reflux.
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Calcium signalling in the acinar environment of the
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Key points

e Ca’' signalling in different cell types in exocrine pancreatic lobules was monitored
simultaneously and signalling responses to various stimuli were directly compared.

e Ca’' signals evoked by K "-induced depolarization were recorded from pancreatic nerve cells.
Nerve cell stimulation evoked Ca’* signals in acinar but not in stellate cells.

o Stellate cells are not electrically excitable as they, like acinar cells, did not generate Ca* ' signals
in response to membrane depolarization.

® The responsiveness of the stellate cells to bradykinin was markedly reduced in experimental
alcohol-related acute pancreatitis, but they became sensitive to stimulation with trypsin.

e Qur results provide fresh evidence for an important role of stellate cells in acute pancreatitis.
They seem to be a critical element in a vicious circle promoting necrotic acinar cell death.
Initial trypsin release from a few dying acinar cells generates Ca*" signals in the stellate cells,
which then in turn damage more acinar cells causing further trypsin liberation.

Abstract Physiological Ca** signals in pancreatic acinar cells control fluid and enzyme secretion,
whereas excessive Ca** signalsinduced by pathological agentsinduce destructive processes leading
to acute pancreatitis, Ca>* signals in the peri-acinar stellate cells may also play a role in the
development of acute pancreatitis. In this study, we explored Ca®* signalling in the different cell
types in the acinar environment of the pancreatic tissue. We have, for the first time, recorded
depolarization-evoked Ca’" signals in pancreatic nerves and shown that whereas acinar cells
receive a functional cholinergic innervation, there is no evidence for functional innervation of the
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stellate cells. The stellate, like the acinar, cells are not electrically excitable as they do not generate
Ca’* signals in response to membrane depolarization. The principal agent evoking Ca** signals
in the stellate cells is bradykinin, but in experimental alcohol-related acute pancreatitis, these
cells become much less responsive to bradykinin and then acquire sensitivity to trypsin. Our new
findings have implications for our understanding of the development of acute pancreatitis and we
propose a scheme in which Ca®* signals in stellate cells provide an amplification loop promoting
acinar cell death. Initial release of the proteases kallikrein and trypsin from dying acinar cells can,
via bradykinin generation and protease-activated receptors, induce Ca*" signals in stellate cells
which can then, possibly via nitric oxide generation, damage more acinar cells and thereby cause
additional release of proteases, generating a vicious circle.
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Introduction

Ca’" signalling studies on isolated pancreatic acinar
cells (PACs) or small acinar cell clusters have led to a
detailed understanding of the mechanisms underlying
the primary intracellular Ca>" release elicited by physio-
logical and pathological agents as well as the subsequent
opening of store-operated Ca”" channels in the plasma
membrane that accounts for the secondary Ca’" entry
from the extracellular solution (Petersen & Tepikin, 2008;
Petersen et al. 2017). Physiological, short-lasting and
repetitive local Ca** signals control acinar fluid and
enzyme secretion (Petersen, 1992; Petersen & Tepikin,
2008), whereas sustained global elevations of the cytosolic
Ca®* concentration ([Ca?"];), elicited by pathological
agents, play a key role in the development of the acinar
cell damage and death leading to acute pancreatitis (AP)
(Gerasimenko et al. 2014). Most of the work on PAC Ca**
signalling has been carried out on isolated mouse cells, but
the key results have been confirmed in studies on isolated
human PACs (Murphy et al. 2008; Liang et al. 2017). A
limited amount of work on acinar cell Ca®* signalling in
pancreatic segments has confirmed that the basic character
of such signals, as established in isolated cell studies, is also
valid in the intact pancreas (Ashby et al. 2003).

PACs dominate the exocrine pancreatic tissue
(Bolender, 1974), but there are other important cell types.
In addition to the acinar fluid secretion, there is a ductal
secretion process whereby a HCO;™-rich fluid is pro-
duced, which is important for neutralizing in the gut the
acid secretion from the stomach (Hegyi & Petersen, 2013).
Ca’* signals in the pancreatic duct cells play an important
role in the control of HCO; ~ secretion, and excessive Ca**
signal generation, as in the acinar cells, causes Ca** over-
load and toxicity (Maleth & Hegyi, 2014).

More recently, Ca®* signalling and ion channels have
been studied in pancreatic stellate cells (PSCs) (Fels et al.
2016; Ferdek et al. 2016; Gryshchenko et al. 2016; Nielsen
et al. 2017; Storck et al. 2017). The role of these cells in

normal physiology is unclear, but they have long been
suspected of contributing to the fibrosis occurring in
chronic pancreatitis as well as pancreatic cancer (Ferdek
& Jakubowska, 2017; Pang et al. 2017). In the normal
pancreas, PSCs can be observed as thin elongated struc-
tures situated at the acinar periphery, very close to the basal
surface of the PACs (Gryshchenko et al. 2016). In spite of
the close proximity of PSCs and PACs, they are not directly
connected. Thus Ca®t signals specifically generated in
PACs are not transmitted to neighbouring PSCs and vice
versa (Gryshchenko et al. 2016). The principal physio-
logical agents cliciting Ca** signals in PACs are acetyl-
choline (ACh) and cholecystokinin (CCK), but they have
no effect on PSCs (Gryshchenko et al. 2016). Bradykinin
(BK) is the principal agent evoking Ca*™ signals in normal
PSCs (Gryshchenko et al. 2016), but this peptide has
no direct effect on PACs (Gryshchenko et al 2016).
Furthermore, PACs and PSCs possess different bile acid
transporters. Whereas taurocholate and cholate elicit Ca>*
signals in PSCs, because they are taken up into these cells by
Na*-dependent transporters, these bile acids hardly evoke
any Ca’ " signals in the PACs. On the other hand, the bile
acid taurolithocholic acid sulphate (TLC-S) evokes clear
Ca’* signals in PACs, but has no effect on PSCs (Ferdek
et al. 2016).

In spite of the absence of evidence for any direct
connection between neighbouring PACs and PSCs, there
is indirect evidence showing that Ca** signal generation
in PSCs can have profound eftects on PACs. Thus the
level of PAC necrosis evoked by the bile acid TLC-S,
which acts selectively on PACs, is markedly enhanced by
stimulation with BK, which only acts on PSCs (Ferdek etal.
2016). Furthermore, the level of PAC necrosis elicited by a
mixture of bile acids or by a fatty acid ethyl ester (FAEE),
is markedly reduced by a BK type 2 receptor antagonist
(Gryshchenko et al. 2016). Because Ca*t signals in PSCs
generate nitric oxide (NO), whereas this is not the case in
PACs, it is possible that the effects of PSC Ca** signals on
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PACs are mediated by NO diffusing from PSCs into PACs
(Jakubowska et al. 2016).

Early studies by Scheele and Haymovits (1978, 1980)
indicated that PACs are electrically excitable, as K* depol-
arization evoked Ca’* -dependent enzyme secretion from
guinea pig PACs, which could not be blocked by atropine.
However, it turned out that the secretory response was
due to the Ca**-dependent release of a non-cholinergic,
non-adrenergic neurotransmitter, probably vasoactive
intestinal polypeptide (VIP) and its action on the PACs
(Pearson etal. 1981a,b). It is now well established that PACs
are electrically non-excitable, as they cannot fire action
potentials, and do not possess voltage-activated Ca’'
channels (Petersen, 1992). The functional innervation
of PACs by parasympathetic nerves is physiologically
important and has been studied in some detail (Petersen,
1992), but it is unknown whether PSCs are functionally
innervated.

PSCs can undergo significant transformations and this
occurs in pancreatitis (Ferdek & Jakubowska, 2017; Pang
etal. 2017), but itis not known how this would affect Ca®*
signal generation in PSCs in response to various stimuli.

The aim of the study presented here was to provide
a more complete description of cellular Ca®" signalling
events in and around the acinar units in the normal
pancreas than has previously been available. Furthermore,
we were interested in comparing PSC Ca’* signalling
properties in the pancreas from mice with experimental
AP with those in the normal tissue, as any changes could
have implications for our understanding of the mechanism
underlying AP.

Our results demonstrate, that —in addition to observing
Ca** signals in PACs and PSCs — it is possible to record
Ca”" signals from nerve cells in the peri-acinar environ-
ment. However, in contrast to the clear evidence for
functional innervation of the PACs, we did not observe
Ca*" signals in PSCs in response to nerve stimu-
lation. Experimental AP caused major changes in PSC
Ca®* signalling. In alcohol-related AP, induced by intra-
peritoneal injections of ethanol and fatty acids, there was
a markedly reduced responsiveness to BK, but the PSCs
were now able to generate substantial Ca’* signals when
stimulated by trypsin. These results provide fresh evidence
for a significant role of PSCs in the destructive processes
leading to AP.

Methods
Ethical approval

All regulated procedures carried out on animals involved
in this publication were approved by Cardiff University’s
Animal Welfare and Ethical Review Body (AWERB), and
covered by a Project Licence granted by the Home Office
under the Animal (Scientific Procedures) Act, 1986. All
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animals were killed humanely according to the Schedule
1 protocol by cervical dislocation. Before and throughout
the experiment, mice were maintained in plastic cages
with corn cob bedding; tap water and commercial pelleted
diet were freely provided. The mice were killed before the
removal of the pancreas according to Schedule 1 of the
UK Animals Act. The investigators understand the ethical
principles under which The Journal of Physiology operates
and state that this work complies with these principles.

Induction of experimental AP

To establish AP in C57BL6/] mice (Charles River,
Wilmington, MA, USA), they received two intraperitoneal
injections of ethanol (1.35 g kg~') and palmitoleic acid
(POA) (150 mg kg '), at 1 h intervals, preceded by
injection of PBS, as previously described (Wen et al. 2015;
Huang et al. 2017). Because it has been established that
fatty acids and ethanol can react together inside cells to
produce FAEEs (Criddle et al. 2006; Huang et al. 2014),
we refer to this pancreatitis model as FAEE-AP (Wen et al.
2015; Huang et al. 2017). Control mice received injections
of the PBS solution alone, Humane killing was 48 h after
the last injection.

Histology

Pancreatic tissue was fixed in 4% formaldehyde and
embedded in paraffin, and histological assessment was
performed after haematoxylin and eosin staining of
fixed pancreatic slices (4 pm thickness). Evaluation was
performed on =10 random fields (magnification: x200)
by two blinded independent investigators grading (scale,
0-3) oedema, inflammatory cell infiltration and acinar
necrosis as previously described (Van Laethem et al. 1996;
Wen et al. 2015), calculating the means &+ SEM (n = 3
mice per group).

Lobule preparation

Pancreatic lobules were isolated from the pancreas of adult
normal mice (Gryshchenko et al. 2016) or from mice
in which AP had been induced as described above. The
pancreas was rapidly dissected, transferred to a collagenase
Na'-Hepes-based solution and incubated for 5-6 min
at 37°C. Thereafter, the tissue was kept in a standard
medium with the following composition (in mm): NaCl,
140; KCl, 4.8; Hepes (KOH), 10; MgCl,, 1; CaCb, 1;
glucose, 10; pH 7.3. In experiments where the effects of
omitting extracellular Ca** were investigated, CaCl, was
left out of the standard solution. In experiments where
the effects of membrane depolarization were investigated,
the medium contained 100 mm KCI and the NaCl
concentration was reduced to 44.8 mm. Pancreatic lobules
were then incubated with fluorescent dye following the
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manufacturer’s description. All experiments on normal
pancreaticlobules were carried out with fresh preparations
attached to the coverslip of a perfusion chamber at
room temperature (~23°C). In experiments on lobules
in which the effects of exposure to fatty acids and ethanol
were investigated, the lobules were exposed to a medium
containing POA (20 unm) and ethanol (12 mm) for 2.5 h
before starting the experiments.

The pancreas is dominated quantitatively by exocrine
cells, but also contains endocrine cells, in particular
insulin-secreting B-cells. The endocrine cells are found
in the islets of Langerhans and these can be identified
as dense and discrete spherical or ovoid structures
sharply delineated from the surrounding more translucent
exocring tissue (Dean & Matthews, 1970). We deliberately
did not focus on these structures as it was our objective
to specifically study Ca’* signalling events in the acinar
environment,

Ca?* measurements

Pancreatic lobules were loaded with 5 pem Fluo-4 aceto-
xymethyl ester (AM), for 20 min at room temperature.
The tissue was transferred into a flow chamber and super-
fused with the Nat-Hepes-based extracellular solution as
described above. Cells were visualized using a Leica SP5
MPII two-photon confocal microscope, with an x63 1.3
NA objective lens. Fluo-4 was excited with a 488 nm argon
laser, at 1-4% power, and emitted light was collected at
500-580 nm. Generally, a series of images was recorded at
512 x 512 pixels resolution (at the speed of 1 frame s '),
and analysed using Leica Confocal Software (Leica,
Mannheim, Germany). Fluorescence signals were plotted
as F/F, (F, is the initial level of fluorescence). In many
experiments three-dimensional recording in time have
been conducted (2-3 images per time point). Statistical
analysis was performed using ANOVA or Student’s
t-test.

Results
General approach

Our general aim was to simultaneously study signalling in
the various cell types to be found in the acinar environment
in a live pancreatic lobule preparation. Figure 1 shows
an example. As previously demonstrated (Gryshchenko
etal.2016), PSCs take up Ca** -sensitive fluorescent probes
much more avidly than PACs, so the initial assumption —
looking at the fluorescence intensity levels in the resting
situation (Fig. 1Aii) — was that the bright cells represent
PSCs. To check whether nerve cells were present and, if so,
to test whether nerve stimulation could elicit Ca’* signals
in PACs or other cells, a solution with a high (100 mm)
K™ concentration was introduced. As seen in Fig. 1Aizi,
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this caused a rise in [Ca’" J; in several relatively large cells,
which must be the always quantitatively dominant PACs.
Importantly, there was no rise in [Ca’"]; in the PSCs,
but in one cell — partly ‘hidden’ by a PSC — there was a
large Ca** signal. This cell is most likely a neuron (PN).
The apparently unprovoked short-lasting Ca** signal in
this cell occurring later in the experiment may be due
to a spontaneous action potential or a short burst of
action potentials. The assumption that the bright cells
seen in Fig. 1Aii were PSCs was confirmed when these cells
became significantly brighter, indicating rises in [Ca*' J;,
after stimulation with BK (1 nv) (Fig. 1Asv). Finally, the
lobule was stimulated by ATP (100 M), which caused
a rise in [Ca®>"]; in the PACs and in a cell (green in the
schematic diagram in Fig. 147) that had not reacted to
high K" or BK exposure. The nature of this cell is unclear
and it is therefore labelled X.

As mentioned in the Methods, the pancreas contains
insulin-secreting p-cells, in addition to the quantitatively
dominant exocrine cells. It has long been known that
PACs possess insulin receptors and that insulin can affect
PAC functions including Ca** signalling (Sankaran et al.
1981; Singh, 1985; Mankad et al. 2012; Samad et al.
2014). As described in the Methods, we did not explore
Ca’' signalling in or near the islets of Langerhans and
it would therefore seem very unlikely that any of the
cells in the acinar environment we investigated could
be insulin-secreting f-cells or would be influenced by
local insulin secretion. We nevertheless checked this by
using the standard protocol for eliciting Ca®* signals in
B-cells, namely by testing the effect of elevating the external
glucose concentration (Dean & Matthews, 1970) from 2 to
10 mm. As seen in Fig. 2, none of the peri-acinar cell types
generated Ca®" signals in response to glucose stimulation
(see also further details in the sections below on PNs and
X-cells).

Ca?t signals in pancreatic nerve cells (PNs)

It is clear from experiments of the type shown in Fig. 1
that there are cells other than PACs that respond to
depolarization with Ca®>* signals. One possibility is that
they are PNs and we therefore tested this hypothesis. The
fluorescent dye FluoroGold has been demonstrated to
undergo retrograde axonal transport and stains nerve cells
(Naumann et al. 2000). Figure 3A—-Cshows the results from
an experiment (n = 3) in which a FluoroGold-labelled
cell (Fig. 3B) responded to membrane depolarization,
elicited by a high-K* (100 mm) solution, with an increase
in [Ca’*]; (Fig. 34). A non-FluoroGold-labelled PAC
also produced a rise in [Ca®"];, presumably due to the
action of ACh released from nerve endings (see below),
whereas a PSC failed to respond (Fig. 3). We also under-
took experiments in which the ultra-sensitive Ca*" sensor
GCaMP6 was expressed in mice by intravenous injection

© 2018 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society



of adeno-associated virus AAV9.Syn.GCaMP6s targeted
to neurons (Chen et al. 2013). As seen in Fig. 3Di-iii,
a short-lasting high-K™* stimulation caused a substantial
transient increase in [Ca> |; (n=7).

Many of the pancreatic cells that have neuron-like
properties are located close to PSCs (see Fig. 1). In several
cases (1= 14) we could observe Ca®* signal propagation
in PNs along the bodies and elongated parts of PSCs as a
pathway through the lobules (Fig. 44, B).

The rise in [Ca’*]; in PNs, elicited by K*-induced
depolarization (Figs 1-5) could potentially be influenced
by release of neurotransmitters from nerve cells not
visualized in the segment under investigation and
we therefore tested possible effects of various neuro-
transmitters (Figs 4 and 5). Figure 4C and D shows
examples of Ca®* signals in a PN and a PAC generated
by exposure to a high-K" solution. The PAC signal,
as expected, was clearly not mediated by depolarization
of the acinar cell membrane as it was abolished by
atropine (7= 12), in agreement with the well-established
cholinergic innervation of PACs (Petersen, 1992), whereas
the Ca®" signal in the PN could still be observed in the
presence of this muscarinic antagonist (n = 17). ATP
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did not have any effects on PNs (n > 100; Fig. 4C, D),
whereas this agent could, in several cases, produce Ca’'
signals in PACs and PSCs (Fig. 1), although not in the
case shown in Fig. 4Cand D. Ca’" signals induced by the
high-K* solution in both PACs and PNs were reversibly
abolished by removal of external Ca*t (n=4) ( Fig. 4E, F).
Ca’" signals elicited by a high-K™ solution in PNs were
not inhibited by the non-selective purinergic antagonist
suramin (n = 5; Fig. 5B).

Several neurotransmitters elicited Ca®>* signals in PNs.
Adrenaline (20 M) evoked signals in 21 out of 35 PNs
tested (Fig. 5A). This response was mediated by «- rather
than B-receptors as the g-adrenergic agonist isoprenaline
had no effect (n = 10) whereas the a-receptor agonists
cirazoline (50 uM) and UK 14.304 (50 M) could mimic
the effect of adrenaline (n = 8). Ca’* signals in PNs were
also elicited by Substance P (10 p«M) in 4 out of 7 neurons
(Fig. 5C). Bombesin, which is known to elicit Ca*>* signals
in PACs by interaction with receptors that are distinct
from the CCK receptors (Deschodt-Lanckman et al. 1976;
Iwatsuki & Petersen, 1978), evoked Ca’* signalsin 7 out of
8 PNs (Fig. 5E). On the other hand, PNs did not respond
to BK (1 > 100; Fig. 5D) or VIP (n=4).

Time (min) 6 8 10

Figure 1. Simultaneous recordings of [Ca?*]; changes in response to various stimuli in four different

cell types in a mouse pancreatic lobule

Ai, sketch of location of different cell types in the lobule: blue, PACs; orangefred, PSCs; purple, PN; green,
unknown (X). Aii—v, fluorescence images in control and during stimulation with high K* (100 mwm), BK (1 nn) and
ATP (100 pen). As also seen in the [Ca?t] traces shown in 8, PN and PACs displayed rises in [Ca?t] in response
to membrane depolarization. PSCs responded to BK and both PACs and X responded to ATP. The colours of the

traces in B match the coloured arrows in Ai
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In the hypothalamus there are neurons responsive
to glucose (Burdakov et al. 2005) and in the pancreas
the insulin-secreting B-cells have long been known to
depolarize and fire action potentials when challenged
with glucose above a certain threshold concentration
(Dean & Matthews, 1970; Dean et al. 1975; Atwater et al.
1978). We therefore tested whether the PNs in our pre-
paration would be sensitive to changes in the extracellular
glucose concentration. In these experiments the glucose
concentration in the fluid surrounding the lobules was
kept low (2 mm) for a prolonged period (15-30 min)
before exposure to 10 mm glucose. As seen in Fig. 5C, a
PN in which a high-K* solution, as well as Substance P,
elicited Ca’* signals failed to respond to stimulation with
10 mm glucose (n= 13).

PSCs are not electrically excitable but respond to
some neurotransmitters

As previously described, PSCs consistently generate Ca**
signals when challenged with BK (Fig. 1; Ferdek etal. 2016;
Gryshchenko et al. 2016), but it is not known whether
they are functionally innervated. We never observed Ca**
signals in PSCs when lobules were exposed to high-K*
solutions (n > 100). Figure 4E shows the result of an
experiment in which a high-K* solution elicited Ca®*
signals in both a PN and a PAC without evoking a response
from two PSCs, which both subsequently generated Ca*"
signals when stimulated by BK.

As previously shown (Gryshchenko et al. 2016), PSCs
could (Fig. 5EF), but did not always (Fig. 1), generate
Ca’? signals in response to ATP (100 pM) stimulation.
Bombesin (1 M) elicited Ca>* signals in some PSCs (n=8

2 Glucose
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outof21 cells tested; Fig. 5E) and VIP (100 nm) could evoke
Ca’" signals in 37 out of the 78 PSCs tested (Fig. 5F).

X-cells

As shown in Fig. 1 there is an unknown (X) cell type
that generates a substantial Ca’" signal in response to
ATP stimulation (1 > 100). In these ATP-sensitive X-cells,
high-K* stimulation could in many, but notall, cases evoke
short-lasting Ca®* signals (Fig. 5D), but once these cells
had been challenged with a high-K™ pulse, they needed a
long recovery time (=30 min) before they could respond
again (n = 9). In these cells, adrenaline (20 pm) could
evoke Ca’t signals (Fig. 5B, n= 14 out of 33 cells tested),
but X-cells never responded to BK (n > 100) (Fig. 5D).
We also tested whether the X-cells were glucose-sensitive.
We used the same protocol as for the similar experiments
testing glucose sensitivity in PNs (Fig. 5C) (low — 2 mMm —
basal glucose concentration and then a test pulse of 10 mm
glucose). In five experiments, X-cells that responded to
ATP stimulation with Ca** signals failed to generate any
increase in [Ca’"|; in response to 10 mm glucose (Fig. 2).

Alcohol-related AP changes the responsiveness of
PSCs

As described in the Introduction, it is known that PSCs
undergo morphological and functional changes during
pancreatitis (Ferdek & Jakubowska, 2017; Pang er al.
2017) and we were therefore interested in exploring
whether their responsiveness to BK would also change as
a result of this transformation. We investigated this in two
different ways. In one type of experiment, we induced
changes in the pancreatic lobule preparation, similar to

2 Glucose

F/Fo. Fluo-4

10 Glucose. K"IOO

37 ATP K*100 BK
2
PSC

17 19 21 23 25 27

Tms (mln)

Figure 2. Elevating the extracellular glucose concentration from 2 to 10 mm has no effect on [Ca?*]; in

any of the peri-acinar cells

In this experiment the lobule preparatian was superfused with a solution containing 2 mM glucose, which then
only late in the experimental protocol was replaced by 10 mwm glucose for a few minutes. As shown in the green
trace, an X-cell responded to ATP (100 ) with a rise in [Ca2 ], but did not respond to subsequent challenges
with high K* (100 mm), BK (1 nim) or 10 mm glucose. In contrast, the PSC (red trace) did not respond to ATP or
high K*, but only to BK. The PSC also failed to respend to the stimulation with 10 mnt glucose. The PN (purple

trace) only responded, repeatedly, to the high-K* stimulus.
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those seen in AP, by exposing the tissue to a mixture of
ethanol and POA, which is known to generate palmitoleic
acid ethyl ester (POAEE) inside PACs (Laposata & Lange,
1986; Criddle et al. 2006; Huang et al 2014; 2017). In the
second type of experiment, we induced AP in mice in
vivo, by injections of ethanol and POA, and then removed
the pancreas to investigate Ca*™ signalling properties in
the lobule preparation.

Figure 6 summarizes the results from the #n vitroseries of
experiments. In the control lobules (no POA/ethanol) we
confirmed that PSCs respond to BK (1 nM) stimulation by
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generating substantial Ca** signals and also confirmed the
previously reported result that trypsin does not elicit Ca**
signals (Gryshchenko et al. 2016). However, following
exposure to POA/ethanol, the cells produced substantial
Ca’* signals in response to a concentration (50 nm) of
trypsin that had failed to elicit signals in the control
preparations (Fig. 6). As seen in Fig. 6, the effect of
trypsin was acute and reversible and could therefore not
be a consequence of cell death induced by digestion,
but must be a receptor-mediated (protease-activated
receptor) effect. Many PSCs may well have died during

B

Figure 3. K* depolarization evokes Ca?* signals in labelled pancreatic neurons

A, K* depolarization evoked a rise in [Ca?* ], in a FluoroGold labelled PN (8) as well as in a PAC. Ci~fi, fluorescence
images before (0 s) and during the high K* challenge (86 s) showing the evoked rise in [Ca?7]; in the PN as well
as the PAC, but with no change in the PSC. Cili, transmitted light image of the field, also showing location of the
different cells. Length of horizontal bar corresponds to 10 pm. D, ultrasensitive protein calcium sensor GCaMP6
was expressed in mouse pancreas by intravenous injection of adeno-associated virus AAVS.Syn. GCaMP86s (Penn
Vector Core at University of Pennsylvania) targeted to neurons. K' depolarization evoked a significant rise in
[Ca2t ] (D). As seen in Dii, at rest the PN had relatively low fluorescence (0 s) but this increased by a factor of
three after depolarization with high-K* solution (Diif, 135 s). Length of horizontal bars in Dii and Di# corresponds
to 5 um. No other cells in the field of view displayed any changes in fluorescence intensity. In this experiment the

only fluorescent probe present was GCaMPé.
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the exposure to POA/ethanol, but the cells from which
[Ca’"]; recordings were made were still viable, as seen
by their ability to bring [Ca®*"]; back to the control
level after a short exposure to trypsin (Fig. 68). The
proportion of PSCs responding to trypsin in the AP lobules
was markedly reduced by including the CRAC channel
inhibitor GSK-7975A in the POA/ethanol solution used to
generate AP (Fig. 6C). Because CRAC channel inhibition
has been shown to reduce store-operated Ca’' influx
in both PACs and PSCs, this supports the idea pre-
viously proposed (Ferdek et al. 2016; Gryshchenko et al.
2016) that excessive Ca’" signal generation in PACs as
well as PSCs play a central role in the development
of AP.

Control
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In the in vivo experiments, we verified that AP had
been induced by evaluating pancreatic histology sections,
comparing tissue from control mice with those that had
been injected with POA/ethanol. Figure 7A-F summarizes
these data. It can be seen that the overall histology score,
the degree of oedema, the level of acinar necrosis and
the extent of immune cell invasion were all markedly
increased in the pancreatic tissue from the mice that
had been injected with POA/ethanol as compared to the
normal tissue. As seen in Fig. 7H, J and L and M, the
PSCs in the AP mice, in contrast to the control mice
(Fig. 7G, I, K and M), hardly responded to 1 nM BK,
but in a number of PSCs Ca®" signals in response to
trypsin (10 nM) were observed (1= 8 out of 38 cells tested,
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Figure 4. K+ depolarization evokes Ca?* signals in PNs that depend on extracellular Ca* but, unlike
the signals in PACs, are not blocked by atropine

A and B, fluorescence images illustrating that PNs sometimes have elongated parts that seem very closely linked
to PSCs. The images show Fluo-4 fluorescence before (4) and during high-K* stimulation (8). Length of horizontal
bar in A corresponds to 10 zm. C, high-K™ induced Ca®t signals in a PN and a PAC, but subsequent stimulation
with ATP did not elicit any responses. D, in the presence of atropine {10 ), high KT still evoked a Ca** signal
in the PN, but no longer in the PAC. £, high KT elicited Ca?™ signals in PN and PAC, but not in two PSCs in
which subsequently Ca?™ signals were observed in respanse to BK stimulation. BK did not elicit Ca?™ signals in PN
and PAC. F, in the absence of external Ca?*, K* depolarization failed to elicit Ca?* signals in PN and PAC. After
reintroduction of the Ca®*-containing external solution, high K+ was again able to evoke Ca?' signals in PN and
PAC, but not in twa PSCs.
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Fig. 7H and N). Control PSCs did not respond to trypsin
Fig. 7G), as also previously reported (Gryshchenko et al.
2016). Similar to the effects of trypsin on PSCs in lobules
exposed in vitro to POA/ethanol mixtures (Fig. 6B),
the actions of this enzyme in this series of experiments
(Fig. 7H and N) were also acute and reversible, indicating
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a receptor-mediated (protease-activated receptor) effect
rather than a consequence of cell damage. Although
many PSCs may have been destroyed by the actions of
POA/ethanol in vivo, clearly those responding to trypsin
were intact. In a few cases (# = 3 out of 59 cells tested),
thrombin (5 mU ml '), another protease, evoked Ca’"
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Figure 5. The effects of various neurotransmitters on [Ca?*]; in the different cell types found in the
lobules

A, the PN, but not the PSC, produces a Ca®" signal in response to high-K* stimulation and subsequently generates
a Ca?t signal in response to stimulation with adrenaline (20 jm). B8, in the presence of the purinergic receptor
antagonist suramin, high-K* stimulation evakes a normal Ca?* signal in the PN and a very short-lasting signal
in the X-cell. The effect of ATP (100 M) on the X-cell in the presence of the purinergic antagonist is very
short-lasting compared to the effect of the same concentration of ATP later in the same cell after wash-out
of suramin. Adrenaline (20 jm) evoked a train of Ca’* spikes in the X-cell, but in this experiment only had a
questionable effect on the PN, C, high K+ elicited Ca* signalsin PAC and PN. Substance P (10 ) evoked a Ca*
signal in the PN, but not in the PAC. Glucose (10 mm) failed to evoke Cat signals in both the PN and the PAC
(in these experiments the standard solution contained only 2 mu glucose). D, ATP repeatedly evoked Ca®™ signals
in X-cell and small signals in PAC, but not in PN. High-K* stimulation evoked large Ca®* signal in PN, but only a
short-lasting signal in the X-cell. The ATP-elicited Ca®™ signal in the X-cell was not diminished during the period
of high-K* depolarization. BK did not evoke any effects in these three cells. £, ATP and bombesin {1 xm) evoked
Ca?' signals in a PSC and bombesin also elicited a Ca%! signal in a PN that responded to high-K' stimulation. £,
VIP (100 nm) evoked Ca2+ signals in two PSCs, but neither in a PAC nor in a X-cell, whereas ATP produced Ca?*
signals in all the cells (X, PAC and PSC). High K* evaked Ca?t signals in the X-cell and the PAC, but not in the
PSCs,
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signals in PSCs in lobules from FAEE-AP mice, whereas
this was not observed in control tissue, as also pre-
viously reported (Gryshchenko et al. 2016). Because Ca’"
signals in normal PSCs evoked by BK is due to activation
of type 2 BK receptors (Gryshchenko et al. 2016), the
desensitization to BK seen in AP (Fig. 7K-M) would
appear to represent a specific desensitization of the type 2
receptors. This is supported by the finding that although
PSCs in the FAEE-AP tissue failed to respond to a BK
concentration (1 nMm) that elicited a maximal Ca’* signal
in the control tissue, some PSCs from FAEE-AP lobules
could produce Ca** signals when stimulated with a high
concentration (1 pn) of a BK agonist specific for type 1 BK
receptors (S-BK) (Fig. 7J and N; 8 cells out of 101 tested).
In contrast, S-BK only evoked a Ca*" signal in one PSC
out of 118 tested in lobules from control mice. Figure 7N
summarizes the results of the experiments comparing the
responsiveness of PSCs to S-BK, thrombin and trypsin in
control and FAEE-AP.
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We evaluated quantitatively the reduced responsiveness
of the PSCs to BK in AP by comparing concentration—
response curves for BK-elicited Ca" signal generation
in control and AP (Fig. 7K—M). The results show that
the concentration—response curve was shifted markedly
to the right in AP, as compared to the control values. Thus
a BK concentration of 1 nM, which evokes a near-maximal
Ca*" signal in control PSCs (Gryshchenko er al. 20165
Fig. 7K and M, n = 11), hardly evoked any change in
[Ca’*]; in the PSCs from the AP lobules (Fig. 7L and M,
n=12).

Discussion

In this study of Ca’" signalling in the peri-acinar
environment of the exocrine pancreas, we have for the
first time been able to record Ca’* signals from PNs, and
demonstrated that PSCs are not electrically excitable and,
in contrast to the PACs, do not appear to be functionally

FiFo, Fluo-4
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PsSC

POA+EtOH

0 5 10
Time (min)

Figure 6. Exposure of pancreatic lobules to a mixture of POA and ethanol induces PSC responsiveness

to trypsin

In A and B, the effects of trypsin (50 nim) and BK (1 ni) on [Ca?*]; in PSCs in a control lobule are compared with
those in lobules that had been exposed to a mixture of POA (20 um) and ethanal (12 mm) for 2.5 h. In control
PSCs, trypsin (50 nm) only evoked a Ca?* signal in 2 cells out of 28 tested, and not in the case shown in A,
whereas the same concentration of trypsin evoked a clear Ca¢* signal in the PSC in a lobule that had been treated
with POA and ethanol (n = 14 out of 28 celis tested). C, summary of the results of the experiments illustrated in
A and B, showing the marked increase in the percentage of PSCs responding to trypsin with Ca* signals after
POA/ethanol exposure. In the presence of the CRAC channel inhibitor GSK-7375A (20 um), the percentage of
PSCs responding to trypsin in the POA/ethanol groups was markedly reduced (n = 12 of 71 cells tested).
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Figure 7. Functional changes in PSCs due to alcohol-induced AP (POA/ethanol in vivo mouse model -
FAEE-AP)

A-F, the successful induction of AP was investigated by histological assessments of fixed pancreatic slices.
Comparisons were made between pancreatic slices from control mice and FAAE-AP mice. Overall histology score
(A), degree of oedema (B), extent of necrosis (C) and degree of inflammation (D) were recorded (**P < 0.01).
Representative images of pancreatic histology sections from control (€) and FAEE-AP (F) mice are also shown (bars:
50 pum). In each case the number of independent experiments (from different mice) = 3 (but in each experiment
=20 sections were examined; typically ~1000-2000 cells in each experimental group). G-J, representative [CaZt];
traces from PCSs in lobules from a control mouse (G, /) and a mouse with AP (H, J). In the control lobules (G,
N, BK (1 nm) consistently evoked Ca?* signals, whereas trypsin (10 nm) and the selective BK 1 receptor agonist
Sar-[DPhe8]-des-Arg8-bradykinin (S-BK) (1 uum) failed to do so. In the lobules isolated from mice with FAEE-AP,
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BK (1 nw) failed to elicit Ca2* signals, but trypsin (10 nwM) and S-BK (1 jzM) were able to elicit such signals.
K-M, guantitative evaluation of the change in PSC sensitivity to BK following induction of FAEE-AP. K shows
traces of BK-elicited [Ca2*}; changes, all from one and the same PSC, in a control lobule, whereas L shows
the results, from one and the same PSC, in a lobule from an FAAE-AP mouse. The data from all experiments
are summarized by the concentration-response curves in M (n = 6-10 for each point}. N, comparisons of the
responsiveness of PSCs to S-BK (1 sm), thrombin (5 mU mi~') and trypsin (10 nw) in control and FAEE-AP

|obules.

innervated. We have also discovered a hitherto unknown
cell type (X) which is very responsive to stimulation with
ATP (Figs 1, 2and 5). Further investigations will be needed
to establish the character and function of this cell type.

Our new results show that experimental induction of
AP causes a major change in the responsiveness of PSCs
to BK. In the normal pancreas, PSCs generate small,
but clear, Ca** signals in response to stimulation with
0.1 nM BK, a concentration only slightly above the resting
plasma concentration of this agent (Blais et al. 1999;
Hirata et al. 2002), and near-maximal Ca’" signals at a
BK concentration of 1 nM. In contrast, PSCs in lobules
isolated from the pancreas in mice with FAEE-AP need
more than 1 nm BK to produce clear signals and require a
BK concentration of 30 nM to produce maximal Ca’*
signals. The BK concentration-response curve is thus
shifted markedly to the right by induction of AP (Fig. 7M).
This desensitization is probably due to BK liberation from
bradykininogen, as a result of kallikrein release from PACs
undergoing necrosis (Schachter 1969; Orlov & Belyakov,
1978; Griesbacher et al. 2003), causing a prolonged
exposure of the PSCs to an elevated tissue level of BK
(Griesbacher et al. 2003). These data in conjunction with
our recent demonstration that a BK receptor antagonist
markedly reduced the extent of PAC necrosis induced in
lobules by exposure to FAEEs or bile acids (Gryshchenko
et al. 2016) and our finding that bile-induced damage
to PACs can be markedly enhanced by BK stimulation
of PSCs (Ferdek et al 2016) suggest that PSCs may
be critically involved in a vicious circle promoting PAC
necrosis. Figure 8 shows a schematic model in which
initial damage to PACs would lead to release of activated
enzymes, including kallikrein, into the interstitial fluid,
causing an increase in the BK concentration, which
would then generate Ca’" signals in PSCs. These Ca®!
signals—via NO formation in PSCs and with NO diffusing
into adjacent PACs (Jakubowska et al. 2016) — would
contribute to further damage of PACs, which in turn would
cause further release of kallikrein leading to a further
increase in the BK level and thereby further stimulation
of PSCs acting to promote PAC necrosis. We have shown
that pharmacological inhibition of NO synthase provides
remarkable protection against necrosis (Jakubowska et al.
2016), but the mechanism by which NO exerts this effect
is unknown.

The BK-induced Ca** signals in PSCs are mediated by
BK type 2 receptors (Gryshchenko et al. 2016) and in

normal PSCs an analogue of BK that selectively interacts
with type 1 receptors does not elicit Ca*" signals. This
changes after induction of AP (Fig. 7), as PSCs can now
produce Ca** signals in response to a high concentration
of the BK type 1 receptor agonist S-BK (Fig. 7N). Given
that the concentration of the type 1 agonist that is required
to evoke a signal is very high, this may not in itself have any
functional significance, but the reduced sensitivity to type
2 receptor activation and increase in sensitivity to type
1 activation is a general feature of inflammatory diseases
(Petho & Reeh, 2012).

The decrease in PSC sensitivity to BK, induced by
ethanol and POA, takes time to develop. Thus the
exposure of pancreatic lobules to POA/ethanol for
150 min is insufficient (Fig. 6AB), whereas induction of
FAEE-AP over 48 h in vivo produces a clear reduction in
responsiveness to BK (Fig. 7). The relatively short period
(150 min) of exposure of pancreatic tissue to POA/ethanol
is, however, sufficient for a proportion of PSCs to become
sensitive to trypsin, an enzyme that has no effect on
Ca’" signalling in normal PSCs (Fig. 6). In the in vivo
FAEE-AP model there was also induction of sensitivity to
trypsin (Fig. 7). These results may indicate the existence
of a further necrotic amplification loop in which initial
damage to PACs, induced — for example — by FAEEs
or a bile acid, causes release of activated trypsin from
dying PACs, which in turn activates PSCs to produce Ca’"
signals, generating NO that may diffuse into neighbouring
PACs, thereby causing further cell death (Jakubowska
et al. 2016) and therefore further liberation of trypsin
and other proteases (Fig. 8). Thrombin may also have
a role in AP (Andersson et al. 2010) and this enzyme
sometimes induced Ca’" signals in PSCs from AP lobules,
but not in normal PSCs (Fig. 7). Thrombin would also act
via activation of protease-activated receptors (Coughlin,
2000). The responsiveness to trypsin, and to some extent
perhaps also to thrombin, highlights the importance of the
protease-activated receptors in FAEE-AP. We have recently
provided evidence for the importance of these receptors
in drug-induced AP (Peng et al. 2016).

Although PSCs have not traditionally been thought
to play a role in AP, our new results strengthen the
case for such an involvement that began to emerge
from our previous investigations of PSCs (Ferdek et al.
2016; Gryshchenko et al. 2016; Jakubowska et al. 2016).
Specifically, our new data indicate initial roles for BK,
followed by trypsin, generating Ca’" signals in PSCs
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(Fig. 8) and provide fresh evidence in favour of the
propositions made many years ago, but largely ignored,
that inhibition of BK receptors could have benefits in the
treatment of AP (Griesbacher er al. 1993; Hirata et al.
2002).

We have previously shown that CRAC channel inhibi-
tion markedly reduces the prolonged [Ca’*]; elevation
due to the store-operated Ca’" entry into the PSCs
that follows the initial BK-elicited intracellular Ca’"
release (Gryshchenko et al. 2016). Since then it has been
shown that PSCs possess Ca’"-activated K* channels
(Storck et al. 2017) and it is therefore likely that initial
Ca’* release from intracellular stores would activate such
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channels, promoting store-operated Ca** entry due to the
more favourable electrochemical gradient provided by the
hyperpolarized plasma membrane. Inhibition of excessive
Ca’* signal generation in PACs and PSCs by partial
blockade of CRAC channels is a promising therapeutic
avenue in many inflammatory diseases (Parekh, 2010;
Di Capite et al. 2011) including AP (Gerasimenko et al.
2013, 2014; Wen et al. 2015). Our new data (Fig. 6C),
showing that CRAC channel inhibition largely prevents
the increased responsiveness of PSCs to trypsin that occurs
in AP-like conditions, provides fresh evidence in favour
of CRAC channel inhibition as a potentially attractive
treatment for AP.

PAC I PSC
TLCS, FA + Ethanol BK, Taurocholate, FA + Ethanol
Emptying of Ca2+ stores Emptying of Ca2+ stores
followed by maximal followed by maximal
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Figure 8. Schematic diagram illustrating how the PSCs may participate in a vicious circle amplifying
necrotic PAC death in AP

In the PACs the initial damage leading to AP may be caused by a combination of fatty acids (FA) and ethanol
or by certain bile acids (for example, TLC-S). These agents generate excessive Ca’* signals in the PACs causing
mitochondrial depolarization and therefare reduced mitochondrial ATP production (Gerasimenko et af. 2014).
The excessive CaT signals also cause intracellular trypsin activation. Necrosis in at least a proportion of PACs
follows, releasing activated proteases, including trypsin and kallikrein into the interstitial fluid. Kallikrein catalyses
the formation of BK from bradykininogen and BK in turn acts on PSCs to generate Ca?* signals. Trypsin acts in the
same way. These actions would amplify the direct actions of certain bile acids (e.g. taurocholate) and possibly fatty
acids and ethanol on the PSCs. In these cells, Ca2+ signals activate the enzyme NO synthase, thereby producing
NO and this gas may diffuse into neighbouring PACs and there, by mechanisms not yet understood, promate
the necrotic process. This will then lead to additional protease release, further stimulating the PSCs, generating a
vicious circle.

© 2018 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiclogical Society



References

Andersson E, Axelsson ], Eckerwall G, Ansari D & Andersson R
(2010). Tissue factor in predicted severe acute pancreatitis.
World ] Gastroenterol 16, 6128-6134.

Ashby MC, Camello-Almaraz C, Gerasimenko OV, Petersen
OH & Tepikin AV (2003). Long-distance communication
between muscarinic receptors and Ca’" release channels
revealed by carbachol uncaging in cell-attached patch
pipette. J Biol Chem 278, 20860-20864.

Atwater I, Ribalet B & Rojas E (1978). Cyclic changes in
potential and resistance of the §-cell membrane induced by
glucose in islets of Langerhans from mouse. J Physiol 278,
117-139.

Blais C, Adam A, Massicotte D & Peronnet F (1999). Increase in
blood bradykinin concentration after eccentric weight-
training in men. ] Appl Physiol 87, 1197-1201.

Bolender RP (1974). Stereological analysis of the guinea pig
pancreas. ] Cell Biol 61, 269-287.

Burdakov D, Gerasimenko O & Verkhratsky A (2005).
Physiological changes in glucose differentially modulate the
excitability of hypothalamic melanin-concentrating
hormone and orexin neurons in situ. J Neurosci 25,
2429-2433.

Chen T-W, Wardill TJ, Sun Y, Pulver SR, Renninger SL, Bachan
A, Schreiter ER, Kerr RA, Orger MB, Jayaraman V, Looger
LL, Svoboda K & Kim DS (2013). Ultra-sensitive fluorescent
proteins for imaging neuronal activity. Nature 499, 295-300.

Coughlin SR (2000). Thrombin signalling and
protease-activated receptors. Nature 407, 258—264.

Criddle D, Murphy J, Fistetto G, Barrow S, Tepikin AV,
Neoptolemos JP, Sutton R & Petersen OH (2006). Fatty acid
ethyl esters cause pancreatic calcium toxicity via inositol
trisphosphate receptors and loss of ATP synthesis.
Gastroenterology 130, 781-793.

Dean PM & Matthews EK (1970). Glucose-induced electrical
activity in pancreatic islet cells. J Physiol 210, 255-264.

Dean PM, Matthews EK & Sakamoto Y (1975). Pancreatic islet
cells: effects of monosaccharides, glycolytic intermediates
and metabolic inhibitors on membrane potential and
electrical activity. J Physiol 246, 459-478.

Deschodt-Lanckman M, Robberecht P, De Neef ML &
Christophe ] (1976). In vitro action of bombesin and
bombesin-like peptides on amylase secretion, calcium efflux,
and adenylate cyclase activity in the rat pancreas. J Clin
Invest 58, 891-898.

Di Capite JL, Bates G] & Parekh AB (2011). Mast cell CRAC
channel as a novel therapeutic target in allergy. Curr Opin
Allergy Clin Iminunol 11, 33-38.

Fels B, Nielsen N & Schwab A (2016). Role of TRPC1 channels
in pressure-mediated activation of murine pancreatic stellate
cells. Eur Biophys ] 45, 657—670.

Ferdek PE & Jakubowska MA (2017). Biology of pancreatic
stellate cells — more than just cancer. Pfliigers Arch 469,
1039-1050.

Ferdek PE, Jakubowska MA, Gerasimenko |V, Gerasimenko
OV & Petersen OH (2016). Bile acids induce necrosis in
pancreatic stellate cells dependent on calcium entry and
sodium-driven bile uptake. J Physiol 594,

6147-6164.

162

Gerasimenko JV, Gryshchenko O, Ferdek PE, Stapleton E,
Hebert TOG, Bychkova S, Peng S, Begg M, Gerasimenko OV
& Petersen OH (2013). Ca’* release-activated Ca’* channel
blockade as a potential tool in antipancreatitis therapy. Proc
Natil Acad Sci USA 110, 13186-13191.

Gerasimenko JV, Gerasimenko OV & Petersen OH (2014). The
role of Ca>* in the pathophysiology of pancreatitis. J Physiol
592, 269-280.

Griesbacher T, Tiran B & Lembeck F (1993). Pathological
events in experimental acute pancreatitis prevented by the
bradykinin antagonist Hoe 140. Br | Pharmacol 108,
405—-411.

Griesbacher T, Rainer I, Titan B, Fink F, Lembeck F & Peskar
BA (2003). Mechanism of kinin release during experimental
acute pancreatitis in rats: evidence for pro- as well as
anti-inflammatory roles of oedema formation. Br ]
Pharmacol 139, 299-308.

Gryshchenko O, Gerasimenko JV, Gerasimenko OV & Petersen
OH (2016). Ca** signals mediated by bradykinin type 2
receptors in normal pancreatic stellate cells can be inhibited
by specific Ca®* channel blockade. J Physiol 594,

281-293.

Hegyi P & Petersen OH (2013). The exocrine pancreas: the
acinar-ductal tango in physiology and pathophysiology. Rev
Physiol Biochem Pharmacol 165, 1-30.

Hirata M, Hayashi I, Yoshimura K, Ishi K, Soma K, Ohwada T,
Kakita A & Majima M (2002). Blockade of bradykinin B2
receptor suppresses acute pancreatitis induced by
obstruction of the pancreaticobiliary duct in rats. Br J
Pharmacol 135, 29-36.

Huang W, Booth DM, Cane MC, Chvanov M, Javed MA, Elliott
VL, Armstrong JA, Dingsdale H, Cash N, Li Y, Greenhalf W,
Mukherjee R, Kaphalia BS, Jaffar M, Petersen OH, Tepikin
AV, Sutton R & Criddle DN (2014). Fatty acid ethyl ester
synthase inhibition ameliorates cthanol-induced Ca**-
dependent mitochondrial dysfunction and acute
pancreatitis. Guf 63, 1313-1324.

Huang W, Cane MC, Mukherjee R, Szatmary P, Zhang X,
Elliott V, Ouyang Y, Chvanov M, Latawiec 1D, Wen L, Booth
DM, Haynes AC, Petersen OH, Tepikin AV, Criddle DN &
Sutton R (2017). Caffeine protects against experimental
acute pancreatitis by inhibition of inositol 1,4,5-
trisphosphate receptor-mediated Ca’* release. Gut 66,
301-313.

Iwatsuki N & Petersen OH (1978). In vitro action of bombesin
on amylase secretion, membrane potential and membrane
resistance in rat and mouse pancreatic acinar cells. A
comparison with other secretagogues. J Clin Invest 61, 41-46.

Jakubowska MA, Ferdek PE, Gerasimenko OV, Gerasimenko
JV & Petersen OH (2016). Nitric oxide signals are interlinked
with calcium signals in normal pancreatic stellate cells upon
oxidative stress and inflammation. Open Biol 6, 160149.

Laposata EA & Lange LG (1986). Presence of nonoxidative
ethanol metabolism in human organs commonly damaged
by ethanol abuse. Science 231, 497—499.

Liang T, Dolai S, Xie L, Winter E, Orabi AL Karimian N, Cosen-
Binker LI, Huang Y-C, Thorn P, Cattral MS & Gaisano HY
(2017). Ex vive human pancreatic slice preparations offer a
valuable model for studying pancreatic exocrine biology.

J Biol Chem 292, 5957-5969.

© 2018 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiclogical Society



Maleth J & Hegyi P (2014). Calcium signalling in pancreatic
duct epithelial cells: an old friend or a nasty enemy. Cell
Calcium 55, 337-345.

Mankad P, James A, Siriwardena AK, Elliott AC & Bruce JIE
(2012). Insulin protects pancreatic acinar cells from cytosolic
calcium overload and inhibition of plasma membrane
calcium pump. J Biol Chem 287, 1823—-1836.

Murphy JA, Criddle DN, Sherwood M, Chvanov M, Mukherjee
R, McLaughlin E, Booth D, Gerasimenko JV, Raraty MGT,
Ghaneh P, Neoptolemos JP, Gerasimenko OV, Tepikin AV,
Green GM, Reeve JR Jr, Petersen OH & Sutton R (2008).
Direct activation of cytosolic Ca** signaling and enzyme
secretion by cholecystokinin in human pancreatic acinar
cells. Gastroenterology 135, 632—641.

Naumann T, Hartig W & Frotscher M (2000). Retrograde
tracing with Fluoro Gold: different methods of tracer
detection at the ultrastructural level and neurodegenerative
changes of back-filled neurons in long-term studies.

J Neurosci Methods 103, 11-21.

Nielsen N, Kondratska K, Ruck T, Hild B, Kovalenko I,
Schimmelpfennig S, Welzig J, Sargin S, Lindemann O,
Christian S, Meuth SG, Prevarskaya N & Schwab A (2017).
(2017) TRPC6 channels modulate the response of pancreatic
stellate cells to hypoxia. Pfliigers Arch 469, 1567-1577.

Orlov V & Belyakov N (1978). Blood kallikrein-kinin system in
acute pancreatitis. Am | Gastroenterol 70, 645—648.

Pang TCY, Wilson JS & Apte MV (2017). Pancreatic stellate
cells: what's new? Curr Opinion Gastroenterol 33,

366-373.

Parekh AB (2010). Store-operated CRAC channels: function in
health and disease. Nat Rev Drug Disc 9, 399-410.

Pearson GT, Davison JS, Collins RC & Petersen OH (1981a).
Control of enzyme secretion by non-cholinergic,
non-adrenergic nerves in guinea pig pancreas. Nature 290,
259-261.

Pearson GT, Singh J, Daoud MS, Davison ]S & Petersen OH
(1981D). Control of pancreatic cyclic nucleotide levels and
amylase secretion by noncholinergic, nonadrenergic nerves.
J Biol Chesm 256, 11025-11031.

Peng S, Gerasimenko ]V, Tsugorka T, Gryshchenko O,
Samarasinghe S, Petersen OH & Gerasimenko OV (2016).
Calcium and adenosine triphosphate control of cellular
pathology: asparaginase-induced pancreatitis elicited via
protease-activated receptor 2. Phil Trans R Soc B 371,
20150423.

Petersen OH (1992). Stimulus-secretion coupling: cytoplasmic
calcium signals and the control of ion channels in exocrine
acinar cells. J Physiol 448, 1-51.

Petersen OH & Tepikin AV (2008). Polarized calcium signaling
in exocrine gland cells. Annu Rev Physiol 70, 273-299.

Petersen OH, Courjaret R & Machaca K (2017). Ca** tunneling
through the ER lumen as a mechanism for delivering Ca®*
entering via store-operated Ca’" channels to specific target
sites. J Physiol 595, 2999-3014.

Petho G & Reeh PW (2012). Sensory and signalling
mechanisms of bradykinin, eicosanoids, platelet-activating
factor, and nitric oxide in peripheral nociceptors. Physiol Rev
92, 1699-1775.

163

Samad A, James A, Wong J, Mankad P, Whitechouse J, Patel W,
Alves-Simoes M, Siriwardena AK & Bruce JIE (2014). [nsulin
protects pancreatic acinar cells from palmitoleic
acid-induced cellular injury. J Biol Chem 289, 23582-23595.

Sankaran H, Iwamoto Y, Korc M, Williams JA & Goldfine ID
(1981). Insulin action in pancreatic acini from
streptozotocin-treated rats. 2. Binding of I-125-insulin to
receptors. Am | Physiol 240, G63-G68.

Schachter M (1969). Kallikreins and kinins. Physiol Rev 49,
509-547.

Scheele GA & Haymovits A (1978). Calcium-dependent
discharge of secretory proteins in guinea pig pancreatic
lobules. At NY Acad Sci 307, 648—652.

Scheele G & Haymovits A (1980). Potassium- and jonophore
A23187-induced discharge of secretory protein in guinea pig
pancreatic lobules. J Biol Chem 255, 4918-4927.

Singh J (1985). Mechanism of action of insulin on
acetylcholine-evoked amylase secretion in the mouse
pancreas. ] Physiol 358, 469-482.

Storck H, Hild B, Schimmelpfennig S, Sargin S, Nielsen N,
Zaccagnino A, Budde T, Novak 1, Kalthoff H & Schwab A
(2017). Ion channels in control of pancreatic stellate cell
migration. Oncotarget 8, 769-784.

Van Laethem J-L, Robberecht P, Resibois A & Deviere J {1996).
Transforming growth factor 8 promotes development of
fibrosis after repeated courses of acute pancreatitis in mice.
Gastroenterology 110, 576-582.

Wen L, Voronina S, Javed MA, Awais M, Szatmary P, Latawiec
D, Chvanov M, Collier D, Huang W, Barrett ], Begg M,
Stauderman K, Roos ], Grigoryev S, Ramos S, Rogers E,
Whitten ], Velicelebi G, Dunn M, Tepikin AV, Criddle DN &
Sutton R (2015). Inhibitors of ORAI prevent cytosolic
calcium-associated injury of human pancreatic acinar cells
and acute pancreatitis in 3 mouse models. Gastroenterolagy
149, 481-492.

Additional information
Competing interests

The authors declare no competing interests.

Author contributions

All experiments were carried out in the School of Biosciences
at Cardiff University. All authors jointly conceived the project.
OG and JVG carried out the experiments with help from SP, and
these were then also analysed by OVG. JVG created the figures
and OHP wrote the paper with significantintellectual input from
all the other authors. All authors have approved the final version
of the mansucript.

Funding

The work was supported by grants from the Medical Research
Council (UK) (MR/J002771/1 and G19/22/2).

© 2018 The Authors. The Journal of Physiclogy published by John Wiley & Sons Ltd on behalf of The Physiological Society



164

O. Gryshchenko and others J Physiol 596.14

Translational perspective

Our new data indicate that the pancreatic stellate cells play an important role in acute pancreatitis. They are
key amplifying elements in a process resulting in necrotic acinar cell death. Initial release of proteases—including
trypsin and kallikrein—from a small proportion of dying acinar cells generates Ca’* signals in the stellate cells
which then, probably via formation of the diffusible gas nitric oxide in these cells, causes more acinar necrosis
which, via release of proteases from the further damaged acinar cells, causes additional stellate cell stimulation,
thereby generating a vicious circle. These findings have potential therapeutic implications, as they indicate that
interventions that would break this vicious circle could be helpful in the treatment of acute pancreatitis, a disease
for which there is currently no authorized rational therapy. The key elements in the vicious circle promoting
acinar necrosis would appear to be the actions of bradykinin, generated by the action of kallikrein, and trypsin
on specific stellate cell receptors. These actions cause rises in the cytosolic Ca>* concentration in the stellate cells,
which activate the Ca®*-sensitive enzyme nitric oxide synthase, producing the very diffusible nitric oxide, which
in this situation appears to be toxic for the acinar cells. There are clear pharmacological interventions that could
prove effective. Bradykinin receptor antagonists, antagonists of protease-activated receptors and inhibitors of
nitric oxide synthase could all be helpful. Given that excessive Ca*" signal generation in both stellate and acinar
cells are critical elements, our previous proposal of treating acute pancreatitis with inhibitors of store-operated
Ca’" entry via the so-called CRAC channels, which has received further support from our new results, remains
valid. However, it may well turn out that combination therapy with Ca** channel inhibitors and, for example,
bradykinin receptor antagonists, could be particularly helpful and would allow relatively low doses of these
agents to be used, thereby minimizing potential side effects.
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Exocytotic secretion of digestive enzymes from pancreatic acinar cells is
elicited by physiological cytosolic Ca*" signals, occurring as repetitive
short-lasting spikes largely confined to the secretory granule region, that
stimulate mitochondrial adenosine triphosphate (ATP) production. By con-
trast, sustained global cytosolic Ca®' elevations decrease ATP levels and
cause necrosis, leading to the disease acute pancreatitis (AP). Toxic Ca?t sig-
nals can be evoked by products of alcohol and fatty acids as well as bile
acids. Here, we have investigated the mechanism by which L-asparaginase
evokes AP, Asparaginase is an essential element in the successful treatment
of acute lymphoblastic leukaemia, the most common type of cancer affecting
children, but AP is a side-effect occurring in about 5-10% of cases. Like
other pancreatitis-inducing agents, asparaginase evoked intracellular Ca*"
release followed by Ca®" entry and also substantially reduced Ca®" extru-
sion because of decreased intracellular ATP levels. The toxic Ca®" signals
caused extensive necrosis. The asparaginase-induced pathology depended
on protease-activated receptor 2 and its inhibition prevented the toxic
Ca®* signals and necrosis. We tested the effects of inhibiting the Ca"
release-activated Ca®* entry by the Ca™* channel inhibitor GSK-7975A.
This markedly reduced asparaginase-induced Ca®" entry and also protected
effectively against the development of necrosis.

This article is part of the themed issue ‘Evolution brings Ca®* and ATP
together to control life and death’.

1. Background

The importance of Ca** for the control of secretion has been known for a long
time [1]. However, it was only through a detailed analysis—using permeabilized
adrenal chromaffin cells—that the intracellular requirements for exocytotic
secretion were clarified [2]. This work established that secretion occurs when
the intracellular free Ca** concentration ([Ca®"),) increases from the basic level
(around 100 nM) to the low M range if, and only if, Mg-adenosine triphosphate
(ATP; 0.5-5 mM) is present [2]. Under physiological conditions, the rise in [Ca®');
that initiates secretion from intact chromaffin cells, as well as nerve endings, is
owing to Ca”' entering the cells through voltage-gated Ca®' channels [2-4].
This is, however, fundamentally different from what happens in the electrically
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non-excitable exocrine gland cells [5,6], where neurotrans-
mitter- or hormone-evoked enzyme and fluid secretion are
initiated by release of Ca®* from the endoplasmic reticulum
(ER) [7], mediated by the intracellular messenger inositol
1,4 5-trisphosphate (IP,) [8]. The primary intracellular Ca*’
release is followed by secondary Ca®' entry from the extra-
cellular solution, and this Ca*' influx does not occur through
voltage-gated Ca** channels, but via Ca®" release-activated
Ca®* (CRAC) channels [9].

The physiologically relevant Ca®>* signals that control
secretion in the pancreatic acinar cells occur as repetitive
local [Ca**]; spikes in the apical secretory granule region
[10,11], owing to primary Ca®" release from thin strands of
ER penetrating into this region [12,13], which is dominated
by zymogen granules (ZG). These ER strands are fully func-
tionally connected (ER tunnels) to the principal ER store
dominating the basal region [12,13]. The IP; receptors
(IP;Rs) are concentrated in the apical area [11,14,15] and the
functional ER tunnels effectively allow Ca®*' to be mobilized
from the main basal store into the apical secretory granule
area [12]. Plasma membrane Ca*' pumps, concentrated in
the apical (secretory) membrane [16], extrude Ca®" from the
cell during each Ca®* spike, and compensatory Ca”" entry
and uptake into the ER are therefore necessary. This occurs
through conventional [17] CRAC channels [9] localized in
the baso-lateral membrane [12,18], and Ca”' entering
through these channels is immediately taken up into the ER
by powerful Ca® pumps in the ER membrane [12]. The
physiological apical Ca®* release via IPaRs in that region
results in apically confined [Ca®']; spikes owing to the mito-
chondrial firewall separating the ZG-containing part of the
cell from the ER-dominated baso-lateral part [19]. During
each apical Ca?! spike, Ca®" is taken up into the peri-granu-
lar mitochondria and then slowly released [13,20]. This
mitochondrial Ca®' uptake, activating several Ca”'-sensitive
dehydrogenases in the Krebs cycle [21], results in an
increased cytosolic ATP level, despite the increased ATP util-
ization [22]. This is helpful for powering the exocytotic
secretory process.

Whereas the Ca®" release evoked by the neurotransmitter
acetylcholine (ACh) is primarily mediated by IP; acting on
1PaRs [23,24], the Ca®" release elicited by physiological concen-
trations of the hormone cholecystokinin (CCK) is primarily
mediated by the Ca*'-releasing messenger nicotinic acid ade-
nine dinucleotide phosphate (NAADP) [25-27]. The action of
NAADP depends on functional ryanodine receptors (RyRs)
and two-pore channels (TPCs) and also involves acid Ca®*
stores [27]. Physiological Ca®* spiking, irrespective of whether
itis evoked by ACh or CCK, depends on both functional IP;Rs
and RyRs [13,25].

Although the acinar cells in the pancreas are quantitatively
dominant and perform the most crucial physiological role in
the exocrine pancreas, by synthesizing and secreting the diges-
tive (pro-) enzymes that are essential for the digestion of food
in the intestine, there are other cells that need to be considered.
The acinar cells secrete fluid together with the enzymes [5], but
most of the fluid carrying the enzymes into the gut is produced
by the duct cells, principally regulated by secretin-evoked
cyclic AMP formation rather than by Ca®' signals [28,29].
The acinar—ductal system is functionally integrated and
regulation of one cell type has influence on the other [30].
The physiological role of the more recently discovered peri-
acinar stellate cells has not yet been fully clarified, but they

generate substantial Ca®* signals in response to concentrations
of bradykinin that have been measured in plasma during
exercise and pancreatitis [31,32]. They do not respond to the
principal controllers of acinar cell function, namely ACh or
CCK [31,32].

In the normal digestion process, the inactive acinar pan-
creatic pro-enzymes, which are secreted by exocytosis into
the acinar lumen, are carried into the gut by acinar and
ductal fluid secretion and then activated in the gut [33]. In
acute pancreatitis (AP), a potentially fatal human disease, the
inactive pancreatic pro-enzymes become active enzymes
inside the acinar cells, digesting the pancreas and its surround-
ings. The main causes of AP are biliary disease (gallstone
complications) and alcohol abuse [33]. More than 20 years
ago, it was proposed that AP is essentially a disease brought
about by excessive cytosolic Ca*" signals [34] and since then
a substantial amount of evidence in favour of this hypothesis
has accumulated [35-38]. Pathological stimuli—for example,
combinations of alcohol and fatty acids or bile acids—can
evoke excessive release of Ca> from internal stores followed
by excessive Ca>" entry through store-operated CRAC chan-
nels, resulting in sustained global elevations of [Ca®"]; [38].
This causes intracellular protease activation [38] and excessive
mitochondrial Ca*" uptake, leading to opening of the mito-
chondrial permeability transition pore (MPTP) [20,39]. The
MPTP opening causes depolarization of the inner mitochon-
drial membrane, resulting in failure of the normal
mitochondrial ATP production [20,39]. The lack of ATP pre-
vents the acinar cells from disposing of the excess Ca™" in the
cytosol and, in combination with the abnormal intracellular
protease activity, this leads to necrosis. It is the acinar necrosis
that generates the damaging inflammatory response [39-42],
Since the primary pathological event in AP is the excessive
and sustained [Ca®"|; elevation and as this depends on exces-
sive Ca”" entry through CRAC channels, it would be logical,
as a therapy, to target these Ca®* entry channels. Gerasimenko
et al. [9,38] demonstrated, in experiments on isolated mouse
acinar cell clusters, that the intracellular protease activation
and necrosis evoked by fatty acid ethyl esters—non-oxidative
combinations of ethanol and fatty acids, which are important
mediators of alcohol-related pancreatitis [33]—could be effec-
tively inhibited by specific pharmacological blockade of
CRAC channels. These results have recently been confirmed
in vivo, in three different mouse models of AP [43], giving
hope that CRAC channel blockade may become the first
rational and effective therapy against AP [44].

As both alcohol-related and bile-induced AP are owing to
toxic Ca®~ signal generation, it scems possible that all types of
AP are Ca*" toxicity diseases. We were therefore interested in
exploring the mechanism underlying pancreatitis caused by a
side-effect of L-asparaginase, which is used for the treatment
of acute lymphoblastic leukaemia (ALL). 1-asparaginase is a
well-known anticancer agent effective against lymphoid malig-
nancies. Since 1971, it has been an essential element in the
successful treatment of ALL, the most common type of cancer
affecting children [4546]. However, asparaginase treatment
can result in AP (asparaginase-associated pancreatitis (AAP).
This occurs in about 5-10% of cases and AAP is the most
frequent cause of discontinuing the asparaginase treatment
[47-50]. The mechanism underlying the development of AAP
has so far not been explored [48].

The aim of the present study was to define the mechanism
underlying AAP and then to identify potential steps for
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therapeutic intervention. As outlined above, the history of
our path to the current understanding of AP shows that
studies on isolated cells or cell clusters have been enormously
helpful and our approach has therefore been to study, for the
first time, the effects of asparaginase on isolated mouse acinar
cells or cell clusters. As in vitro results concerning the effects
of, for example, fatty acid ethyl esters or bile acids [9,38,43]
have turned out to be excellent predictors of the outcome of
studies of real AP in vivo [39,43,51], acute studies on isolated
cells are a natural starting point for investigations of the
mechanism of AAP.

QOur results show that asparaginase acts on protease-
activated receptor 2 (PAR2) to evoke sustained elevations of
[Ca®*); owing to release of Ca™" from internal stores, fol-
lowed by Ca*" entry from the extracellular solution. The
sustained [Ca®']; elevation reduces ATP formation. These
effects can be markedly reduced by specific pharmacological
blockade of CRAC channels, which also markedly reduces
the extent of necrosis.

2. Results
(a) Asparaginase increases [Ga>*]; in pancreatic acinar
cells

Pancreatitis-inducing agents, combinations of ethanol and
fatty acids or bile acids, are able to elevate [Ca®*]; in isolated
acinar cell clusters causing intracellular Ca** overload. This is
owing to Ca®* telease from internal stores triggering exces-
sive store-operated Ca”* entry [9,38]. To identify the
mechanism of action of asparaginase, we therefore started
out by testing the effects of asparaginase on [Ca®']; over a
wide concentration range. One of the challenges inherent in
this approach is that the time course needed for a study on
normal freshly isolated cells is quite different from that of
the development of AAP in the clinical situation. AAP typi-
cally develops several days after several injections (over
many weeks) of asparaginase [49], whereas studies on
isolated cells in the laboratory require observations of the
effects of asparaginase within hours. In the present study,
we have worked with the lowest concentration of asparagi-
nase that reliably evoked cellular changes that are similar to
those previously found to be associated with AP initiated
by alcohol metabolites or bile acids.

We found that only in some cells did a low concentration
of asparaginase (20 IUml ') induce [Ca®']; oscillations (9
out of 42 cells). Figure la shows a representative positive
trace with repetitive Ca®' spikes induced by 201U ml™!,
whercas figure 1b represents the more typical negative
response (33 out of 42 cells), in which the same concentration
of asparaginase failed to cause any change in [Ca®' ;. A higher
concentration of asparaginase (200 [U ml ™) elicited repetitive
[Ca® ' oscillations, mostly on top of a sustained elevated
[Ca®']; (43 out of 55 cells; figure 1¢). The development of a sus-
tained [Ca®']; elevation has previously been shown to be a
distinctive characteristic of [Ca®']; changes induced by patho-
logical concentrations of alcohol metabolites or bile acids
[9,38], and we found that an elevated [Ca2']; plateau, although
often small, was seen in the vast majority of cells (52 out of 55)
stimulated by asparaginase (200 [U ml ™). In some cases (12
out of 55), there were no, or very few, spikes superimposed
on the elevated [Ca®']; plateau (figure 1d).

(b) The asparaginase-elicited sustained increase in

[Ca”"]; depends on the presence of external Ca’"
Removal of external Ca** always terminated the elevated [Ca*;
plateau (figure 1¢,d), but did not significantly (p > 0.27) change
the amplitudes of the asparaginase-induced Ca®" spikes (7 =
28) within the time frame of our experiments (figure 1¢). Ca™*
entry clearly plays an important role in the formation of the
asparaginase-induced elevated [Ca**]; plateau and the role of
Ca’" entry was further demonstrated by increasing the external
Ca®" concentration to 2 mM during asparaginase stimulation,
which caused a marked and sustained increase in [Ca2+]i, n=
18; figure 1f). Subsequent removal of external Ca®* and addition
of the Ca*' chelator EGTA (200 M) abolished the elevated
ICaz"'], plateau, whereas the Ca®" oscillations continued for
some time (figure 1f).

Tt has previously been shown that the excessive Ca®'
entry into pancreatic acinar cells induced by alcohol metab-
olites or bile acids, as well as their pathological effects, can
be markedly inhibited by the CRAC channel blockers GSK-
7975A and CM-128 [9,43,52]. We have therefore tested the
effect of CRAC blockade (GSK-7975A, 10 uM) on the aspara-
ginase-induced sustained [Ca**]; elevation and found that it
was abolished in the presence of the inhibitor, although
repetitive Ca?t spiking was still observed within the time
frame of our experiments (figure 1g, n = 32). Figure 1/ sum-
marizes the degree of inhibition, caused by removal of
external Ca®' or by GSK-7975A, of the integrated Ca®'
signal evoked by asparaginase.

() Asparaginase-elicited Ca®" release involves inositol
1,4,5-trisphosphate receptors and ryanodine
receptors as well as nicotinic acid adenine

dinucleotide phosphate signalling
To investigate the involvement of intracellular Ca®" release
channels in asparaginase-induced [Ca®']; elevations, we
have used caffeine, a substance known to reliably inhibit
IP;-mediated intracellular Ca®* release in pancreatic acinar
cells [23]. Caffeine (20 mM) substantially reduced the
asparaginase-induced [Ca®']; elevations in a Ca®'-free
solution (n=3§; figure 2a; compare with figure l¢ as the
appropriate control). The phospholipase C (PLC) inhibitor
U73122 (10 pM) also significantly blocked the asparaginase-
induced Ca”" release as well as the response to 1 pM ACh
(n=11; figure 2b). Ryanodine (100 pM), inhibiting RyRs,
also substantially reduced the asparaginase-induced [Ca”"];
elevations (n = 13; figure 2c).

It has previously been shown that NAADP signalling in
pancreatic acinar cells can be inactivated by the cell-permeable
NAADP analogue, and selective antagonist, Ned-19 [27]. After
pre-treatment of cells with 100 pM Ned-19, the asparaginase
(200 1U ml™ ")-induced [Ca*']; elevations were profoundly
inhibited (virtually abolished; figure 24, 11 = 8), whereas ACh
(1 uM), eliciting Ca®" release via IPiRs independently of
NAADP [25], was still able to evoke a typical [Ca’']; rise
(n=8; figure 2d).

(d) Protease-activated receptor 2 is involved
PAR2 is widely expressed in human and animal tissues,
including the pancreas, and has previously been implicated
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Figure 1. Asparaginase (ASNase) induces cytosolic Ca®" signals in pancreatic acinar cells. A low concentration of asparaginase (20 IU ml™ ") induces repetitive Ca® "
spikes in a minority (9 out of 42) of experiments (a), but elicits no response in the majority (33 out of 42) of cases (b). A higher concentration of asparaginase
(200 IU ml ") elicits an elevated [Ca*" ], plateau in practically all cases (52 out of 55), often with repetitive Ca** transients on top of the plateau (43 out of 55) as
shown in the representative trace (c). An elevated [Ca* '], plateau is the main type of response to asparaginase (200 IU ml~'; 52 out of 55), but in some cases (12
out of 55) with no or very few spikes (d). The sustained [Ca>"]; elevation depends on the continued presence of Ca** in the external solution (¢,d). In the absence
of external Ga*", there is no elevated [Ca>"; plateau (e, n = 28). When the external Ca>* concentration is increased from 1 to 2 mM, there is a marked transient
[ca*! ], rise and a continuing elevated [ca*t ], plateau (). When external Gt is subsequently removed and a Ca*" chelator (FGTA) added, the plateau gradually
disappears (£ n = 18). In the presence of the CRAC channel blocker GSK-7975A (10 M), asparaginase (200 IU ml ") evokes repetitive Ca>* spikes without an
elevated [Ca®'], plateau (g, n = 32). Comparison of the integrated Ca®" signals (‘area under the curve’ from start of the Ca" signal until 1800 s later), in the
presence of 1 mM extemal Ca**, in the absence of external Ca* and in the presence of 1 mM external Ca®" with the addition of 10 LM GSK-7975A, shows that
the absence of external Ga* (n = 28) or the addition of the CRAC blocker GSK-7975A (n = 32) significantly (p <= 0.0001 in both cases) reduced the responses to
asparaginase (200 IU ml ; h). Bars represent mean + s.e.m. (Online version in colour.)

in the pathology of AP [53,54]. The activation of PAR family with the PAR2 blocker FSLLRY-NH, (10 pM) before the
members is coupled to multiple heteromeric G proteins that addition of asparaginase (200 TU ml '). The PAR2 blocker
lead to PLC activation and production of 1Py and diacyl- reduced significantly (virtually abolished) the asparaginase-
glycerol [55]. Therefore, we tested the possibility that induced [Ca®"]; oscillations as well as the sustained [Ca®*7];

asparaginase could activate PAR2 by pre-treating the cells elevation (figure 2¢; n = 32).
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Figure 2. The primary intracellular Ca®" release induced by asparaginase depends on IP; and NAADP signalling mechanisms. The IP;R blocker caffeine (20 mM)
inhibited very markedly the asparaginase-induced [Ca’ ], elevations in the absence of external Ca> " (a, averaged trace, n = 8). The PLC inhibitor U73122 (10 uM)
blocked the asparaginase-induced [Ca**]; elevation in the absence of external Ca** (b, averaged trace, n = 11). ACh (1 M) was applied at the end of each
experiment and, as expected, did not elicit any change in [Ga”"], (b) as its effect depends on IP, formation and IP receptors [23,24]. Ryanodine (100 p.M)
markedly inhibited the asparaginase-induced Ca®* signals in the absence of external Ca’* (¢, averaged trace, n = 13). Ned-19 (100 jLM) prevented the aspar-
aginase-induced [Ca>7J; elevation in the absence of external (a*" (d, averaged trace, n = 8). ACh (1 M) was applied at the end of each experiment and, as
expected, caused a major [Ca ], rise as its effect does not depend on NAADP receptors [25,27]. The asparaginase-induced Ca’ " signals were virtually eliminated by

the PAR2 inhibitor FSLLRY-NH, (10 .M; e, averaged trace, n = 32).

(e) @°" extrusion mechanisms are affected by

asparaginase

To study Ca®" movements in more detail, we have applied
a specific protocol routinely used to assess Ca’" entry and
extrusion [9,38]. In these experiments, Ca®" stores were emp-
tied using the ER ca®t pump inhibitor cyclopiazonic acid
(CPA) in a nominally Ca”'-free solution. Thereafter, 2 mM
of Ca*" was added to the external solution for a short
period and then removed (figure 3a4). In the presence of
asparaginase, the Ca®' entry following external Ca®" admis-
sion was significantly increased (figure 3a), assessed by
both amplitude of the [Ca*"]; change (figure 3b) and the
rate of [Ca® 'J; increase (half-time of the increase, figure 3c).
However, the quantitatively most important effect of aspara-
ginase was to slow down the rate of Ca®" extrusion after
removal of external Ca’' (figure 3a). The half-time of
[Ca**] recovery was more than three times longer than in
the control cells (figure 3d).

(f) Asparaginase depletes intracellular adenosine
triphosphate

Ca®" extrusion is an energy-demanding process and has pre-
viously been found to be abnormal in pancreatic acinar cell
pathologies owing to disruption of mitochondrial metabolism
and, therefore, reduction of ATP levels [42]. We have con-
ducted indirect assessments of intracellular changes in ATP
concentration, using Magnesium Green (MgGreen) fluor-
escence measurements. As most of the intracellular ATP will
be in the form of Mg-ATP, a red uction of the ATP concentration
will increase the fluorescence intensity of MgGreen owing to
the inevitable increase of [Mg>*], [56-58]. By this measure,
asparaginase induced a substantial reduction of intracellular
ATP levels (figure 4a) superseded only by the full ATP
depletion caused by a mixture of the protonophore CCCP,
oligomycin and iodoacetate [42].

Because the presence of external Ca’* was important
for the cytoplasmic and mitochondrial effects induced by
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Figure 3. Asparaginase accelerates Ca** entry and substantially slows down Ca** extrusion. (a) In the ahsence of extemal Ca’*, CPA, a spe«ific inhibitor of the
(a™* pump in the ER membrane, causes a modest and largely transient [Ca”*]; rise. When subsequently 2 mM Ca”* is added to the external solution, there is a
marked rise in [Ca®* ], which then dedlines after removal of external Ca®*. In the presence of asparaginase (red averaged trace, n = 32), the amplitude (b) and the
rate of rise of [Ca"J; (¢) are somewhat increased (p < 0.048 and p << 0.0001, respectively) when compared with control (g, blue averaged trace, n = 34). The
extrusion of Ca* by the plasma membrane Ca®* pumps, observed as the decline in [Ca**); following removal of extemal Ca>*, is very markedly and significantly
(p << 0.0001) reduced in the presence of asparaginase (a,d). (Online version in colour.)

asparaginase, we decided to check if inhibition of Ca**
entry channels [9,43] could affect the ATP loss evoked by
asparaginase. Blocking Ca®" entry by GSK-7975A (10 uM) sub-
stantially reduced the ATP loss evoked by asparaginase
(figure 4b).

(g) The effect of pyruvate

It has been shown previously that ethyl pyruvate (aliphatic
ester derived from pyruvic acid [59]) attenuates the severe
AP induced by sodium taurocholate in rats [59]. When we
included 1 mM pyruvate in the external solution, we found
that the asparaginase-induced ATP loss was substantially
reduced compared with control experiments (figure 4cd).
The protective effect was significant and similar to what
was achieved by GSK-7975A (figure 4b,d), although it did
not give complete protection.

(h) Necrosis

We have previously shown that the cytosolic Ca** overload and
ATP deprivation induced by fatty acid ethyl esters and bile
acids lead to necrosis [38], and we have therefore now tested
whether asparaginase can also induce necrosis, the hallmark
of AP [33,38]. The extent of necrosis induced by asparaginase
(200 1U ml ") treatment (17.4 + 0.4% of the cells; figure 5a)
was comparable to, but somewhat smaller than, the level
of necrosis induced by pamitoleic acid ethyl ester (POAEE;
29 + 3.1%) or the bile acid taurocholic acid sulphate (TLC-S;
27.6 + 1.9%; figure 51), whereas a lower concentration of aspar-
aginase (20 TU ml™ ") did not increase the level of necrosis above
that seen in control experiments (figure 5b). The CRAC channel

inhibitor GSK-7975A (10 uM) [9,43] reduced the asparaginase-
induced necrosis to the control level (4.5 + 0.7%; figure 5b).
Pyrazole compounds have generally been thought to inhibit
other types of cation channels, namely the relatively non-
selective TRP (transient receptor potential) channels, which
have significant Ca®' permeability [60,61], but pyrazole6
(Pyr6) has been shown to have more of an effect on the very
Ca”*selective CRAC channels [61], which are the ones specifi-
cally inhibited by GSK-7975A and CM-128 [943]. In our
experiments, Pyr6 partially inhibited asparaginase-induced
necrosis to 8.4 + 0.9%. Both caffeine and Ned-19 inhibited
asparaginase-induced necrosis to control levels (4.2 + 0.5 and
6.6 + 1.2%, respectively). A PAR2 inhibitor (FSLLRY-NH,) sig-
nificantly blocked asparaginase-induced necrosis (figure 5b).
We also tested the effect of pyruvate on asparaginase-induced
necrosis. As seen in figure 5b, this gave significant protection
against necrosis. Figure 5¢ shows representative images of
some of the cells under the treatment protocols, together with
the results of staining for propidium iodide (PI). It is seen that
asparaginase (200 IUml ') elicited strong intracellular PI
staining and that GSK-7975A provided protection against this,

Asparaginase kills lymphoblastic cells by depriving them
of asparagine, which they—unlike normal cells—cannot pro-
duce themselves [62]. The effects of asparaginase on normal
pancreatic acinar cells described in this study are therefore unli-
kely to be owing to asparagine deprivation. We tested whether
there was any difference between the ability of asparaginase to
induce necrosis in the absence or presence of asparagine. As
seen in figure 5d, there was no difference in the necrosis
levels evoked by asparaginase in the presence or absence
of asparagine.
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Figure 4. Asparaginase reduces intracellular ATP levels as assessed by increases in [Mg” 1., In these experiments, changes in [Mg” "], were assessed hy monitoring
changes in MgGreen fluorescence. Most of the Mg®* inside cells is bound to ATP, so when ATP declines—for example owing to interference with mitochondrial func-
tion—{Mg?"J; will increase. A rise in [Mg®* ], can therefore be taken to represent a reduction in the intracellular ATP level [58]. Asparaginase (200 IU ml ™) markedly
increased [Mg” "], and a further rise occurred after poisoning mitochondrial function with a cocktail of CCCP (5 nM), oligomycin (10 (LM) and sodium iodoacetate (2 mM;
a, averaged trace, n = 39). The asparaginase effect was markedly reduced by GSK-7975A (b: orange averaged trace, n = 21; blue averaged trace, n = 39) and was also
markedly reduced by supplementing the external medium with pyruvate (1 mM; ¢, n = 8). Comparisons of the integrated responses (‘areas under the curve’ from the
start of the responses until 1800 s later) show that GSK-7975A and pyruvate significantly reduced the asparaginase-induced ATP depletion (p < 0.0001 for both

treatments).

3. Discussion

The results presented here, on the asparaginase-elicited
injury to pancreatic acinar cells, provide fresh evidence for the
hypothesis that all types of AP are owing to toxic Ca>* signal
generation and explain how asparaginase could cause AP
(figure 6). Asparaginase, like fatty acid ethyl esters and bile
acids, can evoke sustained [Ca®']; elevation owing to release
of Ca®" from intracellular stores followed by store-operated
Ca*' entry through CRAC channels. Qualitatively, the effects

of asparaginase fit well with those induced by fatty acid ethyl
esters and bile acids, which we have described previously
[33,38]. However, the sustained [Ca®']; elevations evoked by
asparaginase are somewhat smaller than those evoked by bile
acids or fatty acid ethyl esters. Nevertheless asparaginase
evokes significant reductions in the intracellular ATP levels
and extensive necrosis. Further studies on mitochondrial Ca**
handling during the action of asparaginase are warranted
because the regulation of mitochondrial Ca>* uptake under
different conditions may be a critical issue [63,64].
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Figure 5. Asparaginase induces neaosis in pancreatic acinar cells. (a) The level of necrosis induced by 200 IU mi ™' of asparaginase (17.4 <+ 0.4%, eight series with n = 250)
is comparable with, but somewhat lower than, that caused by the alcohol metabolite POAEE (100 LM; 29 + 3.1%, three series of experiments with n = 100) or the bile acid
TLC-S (200 puM; 27.6 + 1.9%, three series of experiments with n = 120}, wheteas a lower concentration of asparaginase (20 U mi™") did not induce any significant change
in the level of necrosis (b) when compared with control (4.5 + 0.4 and 4.5 + 0.7%, respectively, p = 0.8, each test had eight series of experiments with n = 130 of tested
cells in each group). The CRAC channel inhibitor GSK-7975A (10 .. M) essentially abolished asparaginase-induced necrosis to a level not significantly different from control (p >
0.24), while significantly ( p < 0.0001, eight series, n > 70) lower than that caused by 200 IU ml ™" of asparaginase alone (5). The PAR2 inhibitor FSLLRY-NH, (10 M)
significantly blocked the asparaginase-induced necrosis (p << 0.0001; four series of experiments with n > 150 cells in each sample). Pyruvate (1 mM) reduced the aspar-
aginase-induced neqosis to near the control level (b; p << 0.0001, three series of experiments with the number of tested cells in each group more than 130). (¢) Representative
images of cells from some of the experiments shown in (b). Transmitted light images (upper row) and Pl-stained fluorescence images (lower row). (d) The presence or absence
of asparagine (50 M) made no difference to the level of asparaginase-induced necrosis (p = 0.75, three series of experiments with more than 70 cells in each sample).

The findings presented in this study provide the first
mechanistic insights into the process by which asparaginase
treatment of ALL may cause AAP (figure 6). These insights
also provide the first pointers to rational therapies (figure 6)
that may prevent the currently necessary cessation of

asparaginase treatment of ALL in cases of severe pancreatitis.
The most accessible therapeutic target is the Ca®' entry
route, namely the previously characterized CRAC channels
[9,43,44,65]. We have now shown that the asparaginase-
induced Ca®' elevations depend on CRAC-mediated Ca®'
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Figure 6. Schematic diagram illustrating the likely effects of asparaginase on pancreatic acinar cells, based partly on the new data shown in this study and partly on
analogy with processes identified in previous studies on the mechanisms by which fatty acid ethyl esters and bile acids cause AP [38]. Potential sites for therapeutic

intervention are also indicated.

entry and, therefore, are strongly inhibited by the CRAC chan-
nel inhibitor GSK-7975A and also that, consequently,
asparaginase-induced necrosis is dramatically reduced to
near control levels by GSK-7975A (figure 5b). On the basis of
the previously documented protective effects of Ca®" entry
channel inhibition against alcohol-related pancreatic pathology
in isolated cell clusters [9,38], the recent confirmation of its
effectiveness in vivo in three different mouse pancreatitis
models [43] and the very recently demonstrated inhibition of
prolonged Ca® signal generation in pancreatic stellate cells
[31,32], our new data indicate that this therapeutic approach
is also likely to be successful against asparaginase-induced
pancreatitis. Clearly, the next—but challenging—step would
be to test the effectiveness of CRAC channel blockade against
AAP in an in vivo mouse model.

The mechanism by which asparaginase induces pancreati-
tis is fundamentally different from its therapeutic action on
the lymphoblastic cells in ALL. The asparaginase effect
on cancer cells relies on depletion of asparagine, which the
malignant cells cannot produce themselves, in contrast to
normal cells [62], whereas the side-effect of asparaginase, indu-
cing pancreatitis, is owing to activation of a signal transduction
mechanism involving PAR2, the intracellular messengers 1P
and NAADP, and the intracellular receptors IPsRs, RYRs and
possibly TPCs (figure 6). The asparaginase effect on the pan-
creas is therefore independent of the presence or absence of
asparagine (figure 5d). This means that there are several poten-
tial intervention points available for treating the side-effect of
asparaginase (figure 6), without interfering with its primary
effect on the cancer cells. The primary site of action of

asparaginase on pancreatic acinar cells seems to be PAR2.
This receptor has previously been implicated in AP, although
its exact role is still debated [53,54]. Blocking PAR2 in our
experiments inhibited both the pathological [Ca**]; elevations
(figure 2¢) and the asparaginase-induced necrosis (figure 5b),
suggesting that PAR2 inhibitors in addition to, or in combi-
nation with, CRAC channel inhibitors could be a useful tool
to supplement asparaginase ALL treatment in AAP cases.

Both Ca**™ entry and extrusion are significantly affected by
asparaginase, leading to formation of the pathological elevated
[Ca®'); plateau, and this sustained elevation of [Ca®']; would
appear to be responsible for the necrosis. The demonstrated
reduction of the intensity of Ca®~ extrusion (figure 3q) is clearly
a key element, and the simplest explanation for this is the
reduction in the intracellular ATP level (figure 4a) limiting
the energy supply to the Ca®" ATPase in the plasma mem-
brane. When energy supply is partially restored by the
addition of pyruvate (figure 4d), it provides a similar degree
of protection against pancreatic necrosis to PAR2 inhibition
or GSK-7975A (figure 5b). Clearly, both Ca** and ATP play
key roles in pancreatic pathology, as indeed they do in physio-
logical regulation of secretion, and therapeutic strategies must
take both into account.

4, Material and methods

(a) Materials
All fluorescent dyes were purchased from ThermoFisher Scientific
(Invitrogen, UK), and CPA was from Merck Millipore (Calbiochem,
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UK). Collagenase was obtained from Worthington (USA), asparagi-
nase was from Abcam (UK), the PAR2 inhibitor FSLLRY-NH2 from
TOCRIS (UK) and GSK-7973A from GlaxsoSmithKline (UK). All
other chemicals were purchased from Sigma. C57BL/6] mice
were from Charles River UK Ltd.

(b) Isolation of pancreatic acinar cells

Pancreatic acinar cells were isolated as previously described [9].
Briefly, animals were sacrificed according to the Animal Scientific
Procedures Act, 1986 and approved by the Ethical Review
Committee of Cardiff University. After dissection, the pancreas
was digested using collagenase-containing solution (200 Uml ',
Worthington, UK) and incubated in a 37°C water bath for
14-15 min. The extracellular solution contained: 140 mM NaCl,
4.7mM KCI, 10mM Hepes, 1 mM MgCl,, 10 mM glucose, pH
7.2, and CaCl; (0-2 mM as described in the text).

(c) Fluorescence measurements
For measurements of [Ca®'], isolated pancreatic acinar cells
were loaded with Fluo4-AM (5 pM; excitation 488 nm) or
Fura-2-AM (2.5 uM; excitation 365 and 385 nm) following the
manufacturer’s instruction. The cells were then washed and
re-suspended in extracellular solution containing 1 mM CaCl,.
Measurement of intracellular ATP was performed with
MgGreen, which senses changes in [Mgz‘]i at concentrations
around the resting [Mgz' Ii (approx. 0.9 mM). This was used as
an indirect approach to detect cytosolic ATP depletion [58]. Pan-
creatic acinar cells were incubated with 4 pM MgGreen for
30 min at room temperature (excitation 488 nm). ATP depletion
mixture (4 pM CCCP, 10 pM oligomycin and 2 mM iodoacetate)
was applied for a final 10 min to induce maximum ATP depletion
[42].

Necrotic cell death was assessed with Pl uptake as previously
described [9].

All experiments were performed at room temperature using
freshly isolated cells attached to coverslips of the perfusion
chamber. Fluorescence was imaged over time using an Leica
TCS SPE confocal microscope.

(d) Statistical analysis

Data are presented as mean + SEM. Statistical significance and
p-values were calculated using f-test or ANOVA, with p < 0.05
considered significant.

tthics. All animal-related research was run according to the Animal
Scientific Procedures Act, 1986 and approved by the Ethical Review
Committee of Cardiff University.
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4.3. T'aakTo3a 3aXUIIA€ BiJl MOMKOIKEHHA KJIITHH NMPU rOCTPOMY NaHKpeaTHTi
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Galactose protects against cell damage in mouse

models of acute pancreatitis

Shuang Peng,"? Julia V. Gerasimenko,’ Tetyana M. Tsugorka,' Oleksiy Gryshchenlko,'? Sujith Samarasinghe,*

Ole H. Petersen,’ and Oleg V. Gerasimenko'

'Cardiff School of Biosciences, Cardiff University, Cardiff, United Kingdom. ‘Department of Physialogy, School of Medicine, Jinan University, Guangzhou, China. *Bogomaletz Institute of Physiology,
Kiev, Ukraine. ‘Great Ormond Street Hospital for Children, NHS Foundation Trust, London, United Kingdom.

Acute pancreatitis (AP), a human disease in which the pancreas digests itself, has substantial mortality with no specific
therapy. The major causes of AP are alcohol abuse and gallstone complications, but it also occurs as an important side effect
of the standard asparaginase-based therapy for childhood acute lymphoblastic leukemia. Previous investigations into the
mechanisms underlying pancreatic acinar cell death induced by alcohol metabolites, bile acids, or asparaginase indicated that
loss of intracellular ATP generation is an important factor. We now report that, in isolated mouse pancreatic acinar cells or cell
clusters, removal of extracellular glucose had little effect on this ATP loss, suggesting that glucose metabolism was severely
inhibited under these conditions. Surprisingly, we show that replacing glucose with galactose prevented or markedly reduced
the loss of ATP and any subsequent necrosis. Addition of pyruvate had a similar protective effect. We also studied the effect
of galactose in vivo in mouse models of AP induced either by a combination of fatty acids and ethanol or asparaginase. In both
cases, galactose markedly reduced acinar necrosis and inflammation. Based on these data, we suggest that galactose feeding

may be used to protect against AP.

Introduction

Acute pancreatitis (AP) is an inflammatory disease that originates
in the exocrine pancreas, where inactive pancreatic proenzymes
become prematurely activated inside the pancreatic acinar cells
(PACs), digesting the pancreas and its surroundings (1, 2). The
main causes of AP are excessive alcohol and fatty food intake
and gallstone disease, accounting for about 80% of all cases (3).
Stimulation of PACs with alcohol metabolites or bile acids (BAs)
leads to aberrant calcium signaling due to excessive release from
intracellular stores, followed by activation of massive Ca* entry
through store-operated Ca* release-activated Ca* (CRAC) chan-
nels, causing intracellular Ca*' overload (2, 4, 5).

Another cause of AP is the rL-asparaginase treatment of
acute lymphoblastic leukemia (ALL) (6, 7). According to Cancer
Research UK, there were 832 new cases of ALL diagnosed in the
United Kingdom in 2015. The incidence rates for ALL are highest
in children aged 0 to 4 (2012-2014). Antileukemic drugs based
on L-asparaginase are currently used in the clinic as an effec-
tive treatment for childhood ALL (8-12). However, in up to 10%
of cases, the asparaginase treatment has to be truncated due to
development of AP, a serious and incurable illness (6, 7, 13-17).
Although asparaginase-based drugs have been used in the clinic
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for many years (8), the mechanism of this side effect has not been
well explored and understood.

We have recently made progress in understanding the mecha-
nism of asparaginase-induced AP (AAP) (18). Our key findings
include the activation of protease-activated receptor 2 (PAR2) as
well as calcium overload and loss of ATP in PACs. We believe these
findings provide the first mechanistic insight into the process by
which asparaginase treatment of ALL may cause AAP. The aspar-
aginase effect on cancer cells relies on the depletion of aspara-
gine, which the malignant cells cannot produce by themselves, as
opposed to normal cells (19, 20). However, the AP-inducing side
effects of asparaginase do not depend on the presence or absence
of asparagine (18). In contrast, the AP-inducing side effect of aspar-
aginase is caused by the activation of a signal transduction mecha-
nism involving PAR2 that, via a number of steps, causes cytosolic
Ca* overloading and reduction in intracellular ATP levels. The
reduction of energy supply inhibits both the plasma membrane
Ca’ ATPase (PMCA) and the sarco/endoplasmic reticulum Ca*
ATPase (SERCA) (21-23). We have recently shown that restoration
of energy supply, by the addition of pyruvate, provides an astonish-
ingly high degree of protection against pancreatic necrosis (18).

We have now analyzed the role of glycolysis in AP in more
detail, in vivo and in vitro, and specifically compared the effects of
pyruvate, galactose (24}, and glucose on the functional and mor-
phological features of AP and AAP. Based on these data, we pro-
pose a simple and promising way to rescue intracellular ATP levels
in AP and AAP patients.

Results
ATP loss is the common hallmark of AP. It has been established
previously that ATP loss in AP is a critical part of the pathological
Volume 128 Number 9
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mechanism in PACs, irrespective of whether it has been initiated
by alcohol metabolites or BAs (1, 22, 25). As previously described
(18), we have assessed intracellular changes in ATP concentra-
tion by using Magnesium Green (MgGreen) fluorescence mea-
surements. As most of the intracellular ATP will be in the form
of Mg-ATP, a reduction of the ATP concentration will increase
the fluorescence intensity of MgGreen due to the increase in free
Mg?* concentration. We have studied the effect of asparaginase in
PACs and found that 30 minutes of exposure to this agent caused
a45.8% + 4.8% loss of ATP (Figure 1A).

‘The ATP reduction induced by asparaginase was very similar
to that elicited by exposure to the nonoxidative alcohol metabolite
palmitoleic acid ethyl ester (POAEE) (40.9% * 4.9%) and palmi-
toleic acid (POA) (66.9% *+ 4.9%) (26) or a BA mixture (51.6% *
3.3%) (Figure 1A), while removal of glucose for 30 minutes led to
a substantially smaller reduction (15.5% * 0.95%). Interestingly,
removal of glucose did not significantly increase ATP depletion
induced by POA or ASNase, but partially increased ATP depletion
induced by BA (Figure 1A).

Since the majority of cellular ATP is produced by glucose
metabolism, we compared the effect of a glucose-free medium
on necrosis to that induced by asparaginase, POAEE, POA, or BA
(Figure 1B). In these experiments, lasting 2 hours, we found that
removal of glucose produced a level of necrosis comparable to that
of all other pathological agents (14.8% + 0.5%, P < 0.0001), but
did not significantly exacerbate the effects of asparaginase (P >
0.059). It only marginally increased POA-elicited necrosis (from
20.0% * 0.3% to 22.2% * 0.7%, P < 0.01) (Figure 1B) and some-
what increased BA-induced necrosis (from 18.3% +1.1% t0 29.4 +
2.5%, P < 0.008). The fact that removal of glucose did not further
increase the extent of necrosis induced by asparaginase or POA
may suggest that glucose metabolism is already so strongly inhib-
ited by these 2 agents that removal of external glucose has practi-
cally no additional effect.
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Figure 1. Asparaginase, POAEE with POA, and BAs all induce substan-
tial ATP loss and cell necrosis. (A) Comparison of cellular ATP depletion

in PACs after treatment of cells for 30 minutes with or without glucose
(0Glu), or application of asparaginase (ASNase), POAEE, POA, or BA, Level
of ATP loss (measured by MgGreen) is shown as a percentage of full deple-
tion by a mixture of CCCP, oligomycin, and iodoacetate. Dots represent ATP
loss (%) in each cell. Data are shown as mean % SEM. Ctrl, control. (B) Sum-
mary of cell necrosis measurements in PACs treated with asparaginase,
POA, or BA for 2 hours in the presence or absence of 10 mM glucose as
compared with control. Removal of glucose had little effect on asparagi-
nase and POA, but increased BA-induced necrosis. Cells were stained with
Pl. Dots represent series of experiments with n > 100 cells in each sample.
Data are shown as mean + SEM. **P < 0.07; ***P < 0.001, 1-way ANOVA.

Pyruvate and galactose alleviate bile- and alcohol metabolite-
induced pathelogy. Tn our previous study into the mechanism by
which asparaginase evokes pathological changes in isolated PACs
(18), we showed that inclusion of pyruvate in the bathing solution
provided remarkable protection against necrosis. We further dem-
onstrated that the reduction in the intracellular ATP level caused
by asparaginase was significantly diminished when pyruvate was
present (18). In addirion to pyruvate, we decided to test galactose
forits effectiveness in protection against alcohol- and bile-induced
pancreatic pathologies. Galactose very significantly reduced the
ATP loss caused by the alcohol metabolite POAEE (Figure 2, Aand
B) and POA (Figure 2, D and E) and also essentially prevented the
necrosis induced by these agents (Figure 2, C and F). Pyruvate had
a very similar effect (Figure 2F). A comparable protective effect
of pyruvate was also found in the case of bile-related pathology.
Pyruvate substantially reduced the ATP loss elicited by BA (Fig-
ure 2, G and H), and both pyruvate and galactose almost entirely
eliminated BA-induced necrosis (Figure 2I).

Pyruvate and galactose protect against asparaginase-induced
necrosis. The ability of galactose to protect against necrosisinduced
by POAEE, POA, or BA (Figure 2, C, F, and ) has prompted us to
also test the effect of galactose on asparaginase-induced pathol-
ogy (18). Both, pyruvate and galactose, at either 1 mM (Figure 3, A
and B) or 10 mM (Figure 3C), had similar protective effects against
asparaginase-induced necrosis in PACs. Interestingly, the pres-
ence or absence of glucose made no difference in the extent of the
necrosis (Figure 1B). These data suggest that glucose metabolism
is severely affected by asparaginase, but that energy supply can be
replenished by galactose or pyruvate joining the glycolysis cycle.

Galactose and pyruvate, but not glucose, alleviate asparaginase-
induced pathology. With regard to the primary action of asparagi-
nase on PACs, we have previously shown that this agent evokes
a sustained elevation of cytosolic Ca* concentration ([Ca*])
due to interaction with PAR2 (18). Figure 4, A and B, shows that
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Figure 2, Pyruvate and galactose provide substantial protection against alcohol- and bile-induced ATP loss and necrosis in PACs. (A) POAEE-induced (500
uM) ATP depletion is markedly reduced by adding 1 mM galactose (Gal). Averaged normalized (F/F ) traces with error bars (POAEE, n = 8; galactose + POAEE,
n=11). (B) AUC comparison of traces shown in A, Calactose-reduced POAEE-induced ATP depletion (P < 0.0001, 2-tailed Student’s t test). (C) POAEE-
induced necrosis was significantly reduced by adding 1 mM galactose (P < 0.003, 1-way ANOVA,; 3 series of experiments with more than 100 cells in each
sample). (D) POA-induced (50 uM) ATP depletion is reduced by replacing glucose with 10 mM galactose. Averaged traces with error bars (POA, n = 24; galac-
tose + POA, n =17). (E) AUC comparison of traces shown in D. Galactose significantly reduced POA-induced ATP depletion (P < 0.0001, 2-tailed Student’s

t test). (F) POA-induced necrosis was reduced significantly by replacing glucose with either 10 mM pyruvate (Pyr) or 10 mM galactose (P < 0.0001in both
series, 1-way ANOVA; dots represents a series of experiments with more than 100 cells in each sample). (G) BA mixture-induced ATP depletion is reduced

by adding 1mM pyruvate. Averaged traces with error bars (BA, n = 8; BA + pyruvate, n = 6). (H) AUC comparison of traces shown in G. Pyruvate significantly
reduces BA-induced ATP depletion (P < 0.002, 2-tailed Student’s t test). (I) BA-induced necrosis is reduced to nearly control level by replacing glucose with 10
mM pyruvate (P < 0.00015, 1-way ANOVA; 5 series of experiments with more than 100 cells in each sample) or 10 mM galactose (P < 0,008, 1-way ANOVA; 4
series of experiments with more than 100 cells in each sample). **P < 0.01; ***P < 0.001, 2-tailed Student's t test (B, E, H); 1-way ANOVA (C, F, I).

both pyruvate and galactose very markedly reduced the increase
in asparaginase-elicited [Ca*]. In control experiments, pyruvate
and galactose did not change the frequency of Ca* oscillations
induced by either cholecystokinin (CCK) (P> 0.3, n =11 and P >
0.9, n=11respectively) or asparaginase (P> 0.1,n=33and P> 0.7,
n =17, respectively). There was also no significant difference with
regard to the amplitude of spikes induced by CCK (P> 0.8, n =157
and P> 0.8, n = 46, respectively). The amplitude of asparaginase-
induced oscillations was reduced by 20% (P < 0.0001, n = 39) in
the presence of pyruvate and by 15% (P < 0.02, n= 26) in the pres-
ence of galactose. These relatively minor effects are probably due
to the increase in the cytoplasmic ATP level and, therefore, Ca*
uptake after release. Previously, we have shown that asparaginase
inhibits Ca* extrusion from PACs, most likely due to the reduced
availability of ATP (18).

Although the asparaginase-elicited sustained elevation of
[Ca*], depends on increased Ca* entry (18}, this could be com-

pensated for by an increase in the rate of active Ca* extrusion if
an adequate supply of ATP were available. It would seem possible
that ATP supply is enhanced in the presence of pyruvate or galac-
tose and that this could be the mechanism by which toxic [Ca*],
increase is inhibited. We therefore tested this hypothesis by assess-
ing changes in intracellular ATP concentration (Figure 4, C and D)
as well as changes in NADH and flavin adenine dinucleotide (FAD)
(Supplemental Figure 1, A and B; supplemental material available
online with this article; hteps://doi.org/10.1172/]C194714DS1).
Asparaginase induced a substantial intracellular ATP loss (Fig-
ure 4, C-E), in line with reduction of NADH (Supplemental Figure
1A). Replacement of glucose with pyruvate or galactose (both 10
mM, Figure 4, C and D) or adding 1 mM pyruvate or galactose (Fig-
ure 4E) markedly reduced asparaginase-induced ATP loss. Replac-
ing glucose with pyruvate or galactose was very effective in protect-
ing against ATP loss, and we therefore compared our results for the
presence and absence of glucose and pyruvate (Figure 4, F-H). The
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ATP loss was substantially higher in the absence of pyruvate (red
and orange traces) regardless of the presence or absence of glu-
cose. Comparison of the AUC shows that 1 mM pyruvate (blue and
green traces) significantly reduced ATP loss (Figure 4G), whereas

the presence of 10 mM glucose did not (P > 0.05). Comparison of

the amplitudes (Figure 4H) showed very similar results, namely
that the glucose-independent ATP loss was markedly reduced by
1 mM pyruvate. Asparaginase also affected the mitochondrial
potential (Supplemental Figure 2, A-F) and the mitochondrial Ca**
levels (Supplemental Figure 3, A-F), but pyruvate and galactose
restored these parameters to near control levels.

Pyruvate and galactose increase intraceliular ATP levels. All the
3 AP-inducing factors that we tested substantially inhibited ATP
production, and both asparaginase and POA severely inhibited
glucose metabolism. Galactose can enter the glycolysis cycle, skip-
ping its first step, and does not depend on hexokinase (HK) activ-
ity. Our data may therefore indicate that glucokinase/HK activity
is inhibited during the induction of AP. Both galactose and pyru-
vate provide an additional source of ATP and increase intracellu-
lar ATP levels (Figure 5, A and B).

The glucose analogue 2-deoxy-p-glucose (2-DG) (27), which
inhibits glycolysis via its indirect actions on HK, induced a sub-
stantial ATP loss (Figure 5C), necrosis (Figure 5D), and [Ca*]
elevation (Figure 5, E and F); these effects are very similar to those
induced by asparaginase (Figure 4, A-D; Figure 3B; and Figure
5D). Pyruvate significantly reduced the 2-DG-induced sustained
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Figure 3. Pyruvate and galactose significantly reduce the level
of asparaginase-induced necrosis. (A) Representative images
of cells from experiments shown in B and C. Scale bars: 10 pym.
(B) In PACs, 1 mM pyruvate (5.4% % 0.5%, 3 series with 7 > 300,
P < 0.0002) or 1 mM galactose (6.5% + 0.7%, 3 seties with

n =300, P < 0.0004) reduce the asparaginase-induced necrosis
level as compared with asparaginase alone (17.5% + 0.4%, 6
series with n > 300). (C) Complete replacement of extracel-
lular glucose (10 mM) with pyruvate (10 mM) (5.6% + 0.6%,

3 series with n > 300, P < 0.0001) or 10 mM galactose {71%
+1.1%, 3 series with n > 300, P < 0.001) significantly reduces
the asparaginase-induced necrosis level as compared with the
control level (3.8% + 0.6%, 3 series with n > 300). **P < 0.01,
1-way ANOVA.

[Ca*'], elevation (Figure 5, E and F). The protective effects of
galactose were completely blocked by the glucose transport inhib-
itor phloretin (Supplemental Figure 1C), suggesting that only HK
inhibition could explain the ATP depletion observed in AP.

HK activity is inhibited in vitro by POA and BA. To test our
hypothesis that AP-inducing agents cause intracellular ATP loss
by reducing HK activity, we measured the activities of the 3 major
human HKs present in the pancreas in vitro (28, 29). We found that
POA markedly reduced the activity of HK1 and partially reduced
HK2 activity (Figure 6, A and B). Whereas POA had no effect on
glucokinase (HK4), BA markedly reduced HK4 activity (Figure
6C), but had no effect on HK1 and HK2 (Figure 6, A-C). In control
experiments, we found that the only other enzyme present in the
cuvette (glucose-6-phosphate dehydrogenase) was not affected
by either POA or BA (P > 0.6 and P > 0.4, respectively, as com-
pared with control; # = 5). We also measured the activity of HK3,
which has relatively low abundance in most tissues except myeloid
cells, but we did not find any significant inhibition by either POA
or BA as compared with control (1 = 5). POAEE partially, but sig-
nificantly, inhibited HK1 (P < 0.004, n = 3), but did not affect other
HKs. Western blot (Figure 6D) showed that HK1, HK2, and HK4
were all present in mouse PACs. We conclude that pathological
HK inhibition, particularly of HK1 by POA and HK4 by BA, plays a
key role in the ATP depletion that is such an important feature of
AP. In line with these data, a relatively high concentration of insu-
lin (100 nM) stimulated HKs and alleviated asparaginase-, POA-,
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Figure 4, Asparaginase-induced Ca®™ overload and ATP loss were substantial

Ily reduced by galactose or pyruvate, but not glucose removal. (A) Aspara-

ginase elicits elevated [Ca™*] plateau. Averaged traces with error bars shown (red, n = 35). Green trace shows reduced response in the presence of TmM
pyruvate (after 5 minutes of preincubation, n = 33). Purple trace shows reduced response in the presence of 1 mM galactose (15 minutes of preincubation,
n =17). (B) Comparison of AUC shown in A during first 30 minutes of [Ca’*] change in the presence of pyruvate (green) and galactose (purple) or asparagi-
nase alone (red) (P < 0.0001). (C) ATP loss was evaluated using MgGreen. Replacement of extracellular glucose (10 mM) with pyruvate (10 mM) (green, n =
19) or galactose (10 mM) (purple, n = 16) for 30 minutes markedly reduces [Mg*] change induced by asparaginase (red, n = 38). (D) Quantitative analysis of
experiments of type shown in € (AUC during 30 minutes; P < 0.0005). (E) Quantitative analysis of experiments as in C, but with 1 mM of either pyruvate
(green, nn = 14) or galactose (purple, n = 16). Bars show AUC recorded during 30 minutes of asparaginase application (P < 0.015). (F) Asparaginase induces

ATP loss irrespective of glucose presence (red, n = 21) or absence (orange, n =
(green trace, n = 16) or presence (10 mM) (blue trace, n = 14). (G) Quantitative

17). Pyruvate {1 mM) decreased ATP depletion irrespective of glucose absence
analysis of experiments shown in F by AUC during 30 minutes of asparagi-

nase application. Pyruvate (blue and green) was highly protected against ATP depletion (P < 0.0001) regardless of glucase (P > 0.05). (H) Amplitudes at
2,000 seconds shown in F. Pyruvate (blue and green) is protected against ATP depletion; P < 0.0001 regardless of presence (red) or absence of glucose

(orange). *P < 0.05; ***P < 0.001, 1-way ANOVA.

and BA-induced necrosis (Supplemental Figure 1D). An increased
glucose concentration (30 mM) only stimulated glucokinase and,
therefore, alleviated asparaginase-induced and POA-induced, but
not BA-induced, necrosis (Supplemental Figure 1D).

Galactose administration protects from alcohol-induced AP in
vivo. To determine whether our findings could lead to a rational
trearment of AP, we focused our attention specifically on the pos-
sibility that galactose might be helpful, as this sugar has already
been included as part of human trials for the treatment of glyco-
genstorage disease type 1b (Fabry’s disease), nephrotic syndrome,
and congenital disorders of glycosylation and has not been shown
to have any negative effects (30-33). Galactose, an essential com-
ponent of human breast milk (up to 70 mM during the first month;
ref. 34), is quite stable in solution, relatively slowly metabolized
compared with pyruvate, and has been administered both by i.p.
injections and feeding (drink) protocols (35-37). We tested the
protective effect of galactose in vivo in a realistic mouse model in
which APwasinduced by a mixture of POA and alcohol (FAEE-AP;

ref. 38). As shown in Figure 7, A-E, galactose significantly improved
the histology score (Figure 7E) and reduced the degrees of edema
(Figure 7B), inflammation (Figure 7C), and necrosis (Figure 7D).
Galactose also substantially reduced the alcohol-induced increase
inamylase activity (Supplemental Figure 4A), IL-6, (Supplemental
Figure 4B), and intracellular trypsin (Supplemental Figure 5, A-H).
Control glucose feeding did not affect amylase activity (Supple
mental Figure 44A), but was able to partially restore IL-6 levels. The
weight loss typically seen in AP was partially prevented by galac-
tose, but not glucose (Supplemental Figure 4, C and D). Overall,
palactose had a remarkable protective effect against experimental
alcohol-related AP.

Galactose administration inhibits AAP in vivo. The experiments
shown in Figure 3, B and C, indicate that it might be possible to use
galactose to boost energy production in vivo to counteract the toxic
effects of asparaginase. We have therefore developed a mouse mod-
el of AAP using an approach similar to that developed for studying
APinduced by alcohol metabolites, bile, and caerulein (38).
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Asparaginase injections resulted in significantly increased
histology scores and high degrees of edema, inflammation, and
necrosis (Figure 8, A-E) that were similar to those reported for oth-
er AP models (38). As shown in Figure 8, A-E, galactose significant-
ly reduced the histology score and the degrees of edema, inflam-
mation, and necrosis toward much lower values in both protocols,
feeding and a combination of injection and feeding, with similar
efficacy. The weight loss typical for AP was also partially reduced
(Supplemental Figure 4D). Therefore, we conclude that galactose
could become an effective supplemental treatment for AAP.

Discussion

It is well established that the initial stages of AP are characterized
by intracellular Ca* overload, causing inadequate function of the
mitochondria, leading to reduction of ATP production, premature
intracellular activation of digestive enzymes, and cell death, main-
ly by necrosis (1, 2).

Our new data reveal that AP-inducing agents, such as alcohol
and fatty acids, bile, and asparaginase, markedly reduce glucose
metabolism in PACs, leading to reduced ATP synthesis and, there-
fore, substantial ATP loss. The combination of cytosolic Ca* over-
load and ATP depletion leads to profound cellular necrosis that
could be avoided by ATP supplementation (22).

We have now shown that the addition of pyruvate or galactose
substantially reduces cell injury induced by all the principal agents
inducing AP. Removal of glucose from the medium does not signif-
icantly affect the ATP loss and necrosis induced by these agents,
indicating that glucose metabolism is severely inhibited. Phlor-
etin, the glucose transport inhibitor (39), also completely blocked
the galactose rescue effect (Supplemental Figure 1C). Glucose and

galactose are known to enter the cells by the same transporters
(40), but galactose is converted to glucose-6-phosphate by several
enzymes without involving HKs (41, 42). We therefore conclude
that HK inhibition is likely to play an important role in the ATP
depletion that is an important element in the development of AP.

Our in vitro experiments (Figure 6) suggest that both POA
and BAs directly affect HK enzymes, HK1 and HK4, respectively,
whereas the asparaginase effect is indirect (18). The direct inhi-
bition of HKs reduces, but does not abolish, ATP production
(Supplemental Figure 6, A-C), as there can still be some produc-
tion by a number of metabolic pathways. However, cellular ATP is
severely depleted, and at the same time, cells are overstimulated
by pathological substances, making recovery virtually impossible.
Galactose addition in vivo (as well as pyruvate in vitro) protects
the cells from ATP depletion and hence necrosis.

A relatively high dose (100 nM) of insulin reduced all POA-
(26), BA-, and asparaginase-induced necrosis (Supplemental Fig-
ure 1D), most likely by potentiating HKs (28, 29). An increased
glucose concentration (30 mM) potentiated glucokinase, which
has a low affinity for glucose (29), and also reduced both POA-
and asparaginase-induced necrosis (Supplemental Figure 1D).
However, such an increased glucose level failed to reduce BA-
induced necrosis (Supplemental Figure 1D). This is in line with our
data regarding the inhibition of glucokinase by BA (Figure 6C),
whereas both POA and asparaginase have striking similarities in
their pathological mechanisms, likely inhibiting HK1 (Figure 6A).
Although both insulin and high glucose levels were effective in
vitro, none of them could of course be employed in vivo. In con-
trast, galactose feeding, which appears to have no negative side
effects, would be a potentially valuable therapy against AP.



The Journal of Clinical Investigation

183

RESEARCH ARTICLE

HK1 B HK2 Figure 6. HK activity is significantly inhibited in
0.6 1.04 o 0 vitra by POA and BA. (A) HK1 activity is reduced
% ®o o: + significantly by 0.1 mM POA (n = 6, P < 0,0001),
*hk but not changed significantly by 0.05% BA (n = 4,
§ 0.4 " _4" 3 %— P >0.3) as compared with control (7 = 6). (B) HK2
g E 0.5- . activity is reduced significantly by 0.1 mM POA
S = S (n =8, P<0.000), but not affected by 0.05% BA
g 0.24 g (n =4, P>0.3) as compared with control (1 = 13).
% (€) HK4 activity is reduced significantly by 0.05%
e. BA (n = 8, P< 0,0001), but not affected by 0.1 mM
0.0 + . T 0.0 . . T POA (n = 4, P > 0.8) as compared with control
Control POA BA Control POA BA {n = 6). (D) Western blot analysis of the expression
levels of HK1, HK2, and HK4 in PACs (representa-
Cc HK4 D HIY Lo — tive case, repeated 3 times with similar results).
101 . o —_ **P 2 0.001, -way ANOVA.
-
g ° . e® *hk b
g 0.5 o* [=— — | p-Actin
2 - g
o0
0.0 T T T
Control POA BA

Galactose could also be used preventively, which could be
of particular importance in cases in which there is a significantly
enhanced risk of AP (43), for example, when treating ALL with
asparaginase. Our results indicate that galactose would be a valu-
able addition to the current asparaginase treatment protocol.
Substitution of drinking water in mouse models with a 100 mM
galactose solution markedly reduced all pathological scores in
both asparaginase- and alcohol metabolite-induced AP. Since this
approach has been successful in treating experimental AP induced
by several different agents, i.e., asparaginase and POA, and relies
on increasing intracellular ATP, preventing depletion of ATP, it
might also become useful for treating other diseases with ATP
loss and subsequent necrosis as well as counteracting similar side
effects of other drugs.

With regard to the clinical treatment of patients with AP, there
is currently a debate about high- versus low-energy administration
inthe early phase of AP (44). The protocol for a current multicenter,
randomized, double-blind clinical trial only deals with the question
of the potential merit of high-energy enteral tube feed versus zero-
energy enteral tube feed (44). Our new results now suggest a need
for clinical trials potentially using galactose instead of glucose in
enteral tube feeds for patients in the early phase of AP.

Methods

Chemicals and reagenss. Fluorescent dyes Fluo-4-AM, MgGreen AM,
and propidium iodide (PI) were purchased from Thermo Fisher Scien-
tific. Collagenase was obtained from Worthington, asparaginase was
purchased from Abcam, and POAEE was from Cayman Chemical. All
other reagents were purchased from Sigma-Aldrich. C57BL/6] mice
were obtained from The Jackson Laboratory.

Antibodies. Primary antibodies were as follows: anti-HK1 mouse
monoclonal antibody (clone 7A7, catalog MA5-15675, 1/500; Thermo
Fisher Scientific), anti-HK2 mouse monoclonal antibody (clone 1E8-
H3-F11, catalog ab131196, 1/500; Abcam); anti-HK4 (GCK) rabbit poly-
clonal antibody (catalog PA5-15072, 1/500; Thermo Fisher Scientific);

and anti-B-actin mouse polyclonal antibody (catalog sc-47778, 1/500;
Santa Cruz Biotechnology Inc.). Secondary antibodies were as follows:
Pierce goat anti-rabbit IgG, (H+L) peroxidase-conjugated antibody
(catalog 31460 1/5,000; Thermo Fisher Scientific); and goat anti-mouse
1gG-HRP {catalog sc-2005, 1/1000; Santa Cruz Biotechnology Inc.).

Isolation of PACs. Cells were isolated as previously described
(18). After dissection, the pancreas was digested using collagenase-
containing solution (200 IU/ml, Worthington) and incubated in a
37°C water bath for 14 to 15 minutes. The extracellular solution con-
tained the following: 140 mM NacCl, 4.7 mM KCI, 10 mM HEPES,
1 mM MgCl,, 10 mM glucose, pH 7.3, and 1 mM CaCl.. Osmolarity was
checked by Osmomat 030. All in vitro experiments were conducted
using this solution unless otherwise stated.

Fluorescence measurements. For measurements of [Ca® ], isolated
PACs were loaded with Fluo-4-AM (5 pM; excitation, 488 nm; emis-
sion, 510-560 nm) following the manufacturer’s instructions. Mea-
surement of intracellular ATP was performed with MgGreen, which
senses changes in [Mg*], at concentrations around the resting [Mg*],
(18). PACs were incubated with 4 uM MgGreen AM for 30 minutes at
room temperature (excitation, 488 nm; emission, 510-560 nm). ATP
depletion mixture (4 uM CCCP, 10 pM oligomycin, and 2 mM iodoac-
ctate) was applied for a final 10 minutes of each experiment to induce
maximum ATP depletion (21). Asparaginase was used in a concentra-
tion of 200 1U/ml, 500 uM POALE (from the stock solution in ethanol,
Cayman Chemical), 50 pM POA (from 30 mM stock in ethanol), and
0.06% sodium choleate (BA) unless stated otherwise.

Necrotic cell death was assessed with PT uptake as previously
described (excitation, 535 nm; emission, 617 nm) (4). The total num-
ber of cells showing PI uptake was counted in a series of 3 or more
experiments for each treated group (>100 cells per each sample} to
provide a percentage as the mean * SEM.

Allexperiments were performed at room temperature using fresh-
ly isolated cells attached to coverslips of the perfusion chamber. Fluo-
rescence was imaged over time using Leica SP5 2-photon, Leica TCS
SPE, and Zeiss spin-disk confocal microscopes.
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A Gal FAEE-AP Figure 7. Galactose protects against alcohol-induced AP in
vivo. (A) Calactose significantly improved the pathological
scores in FAEE-AP. Representative H&E images of pancreas
histology slides showing normal pancreatic histology (saline
injection), and typical histopathology from FAEE-AP without
or with galactose feeding (100 mM). Lower row of images
shows zoomed parts of the images above. Scale bars: 50 pm.
(B-E) Overall histopathological score (E) and components:
edema (B), inflammation (C), and necrosis (D). All detrimental
changes induced by POA and ethanol were significantly ame-
liorated by galactose (P < 0.007). Data are shown as mean +
SEM of 3 to 5 mice per group. **P < 0.0, 1-way ANOVA.
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In vive models of asparaginase- and fatiy acid ethyl ester-induced
AP. Before and throughout the experiment, unless otherwise noted,
mice were maintained in plastic cages with corn cob bedding; tap
water and commercial pelleted diet were freely provided. To establish
AAP, C57BL6/] mice received 4 daily (24 hours apart) L.p. injections of
asparaginase in PBS at 20 TU/g. Control mice received PBS-only i.p.
injections. Treatment groups were defined as follows: (a) galactose-
fed (100 mM in drinking water 24 hours before the first i.p. asparagi-
nase and all the following days during injections) followed by aspara-
ginase injection (20 IU/g) or (b) galactose-fed (100 mM galactose in
drinking water) with i.p. galactose (180 mg/kg/d) and asparaginase
(20 1U/g) (n = 5-8 mice/group). Mice were sacrificed 96 hours after
first injection, and pancreas was extracted for histology or isolation of
PACs. Blood was also collected for amylase and IL-6 measurements.

In the FAEE-induced AP (FAEE-AP) group, mice received 2 i.p.
injections of ethanol (1.35 g /kg) and POA (150 mg/kg) at 1-hour inter-
vals as previously described (38). The treatment group animals were
fed with galactose (180 mg/kg/d) as described previously. Animals
were sacrificed at 24 hours after the final injection.

Histology. Pancreatic tissue was fixed in 4% formaldehyde and
embedded in paraffin. Histological assessment was performed after
H&E staining of fixed pancreatic slices (4 um thickness). Evaluation
was performed on 10 or more random fields (magnification, x200)
by 2 blinded independent investigators grading (scale, 0-3) edema,
inflammatory cell infiltration, and acinar necrosis as previously
described (38), calculating the mean + SEM (n = 3-5 mice/group).

HK activity. 'To assay inhibitory effects of POA and BA on the
activity of HK1, HK2 (Novus Biological), and HK4 (Enzo Life Sci-

ences), NADH generated by glucose-6-phosphate dehydrogenase was
detected at 340 nm as described in the manufacturer’s protocols for
the Hexokinase Assay Kit (MAKO091, Sigma-Aldrich).

Wesiern blotting. Equal amounts of proteins were resolved by sodi-
um dodecyl sulfate-polyacrylamide gel electrophoresis (4%-12% SDS
Bis Tris gels, Thermo Fisher Scientific) and blotted; membranes were
probed with primary and then secondary antibodies.

Measurements of mitochondrial membrane potennal. For mea-
surements of mitochondrial membrane potential (Aym) in PACs,
we used the dequench mode, as previously described (25). Freshly
isolated pancreatic cells were loaded with 20 pM tetramethylrho-
damine methyl ester (TMRM) for 25 minutes at room temperature.
Cells were then washed and resuspended in extracellular solution.
Fluorescence was excited by a 535 nm argon laser line, and emis-
sion was collected above 560 nm. All experiments were conducted
by using a Leica TCS SPE confocal microscope with a x63 oil immer-
sion objective. The region of interest for analyzing the change of
Aym was the whole cell.

Measurements of mitochondrial Ca**. For mitochondrial calcium
|Ca?'| measurements {45), freshly isolated PACs were loaded with
10 uM Rhod-2-AM for 48 minutes at 30°C. After incubation, the cells
were centrifuged for 1 minute and resuspended in extracellular solu-
tion. The fluorescence of Rhod-2 was excited using a 535 nm laser line,
and the emitted light was collected above 560 nm.

Enzyme actwity and IL-6 measurements. Serum amylase was deter-
mined by spectrophotometer measurements at 405 nm (Jenway) using
the Amylase Activity Assay Kit (MAKOOQ9, Sigma-Aldrich) according
to the manufacturer’s instructions.
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Figure 8. AAP is substantially reduced by galactose in vivo. (A) Representative H&E images of pancreas from slides showing normal pancreatic histology
(saline), typical histopathology from AAP model (asparaginase 20 1U/g), and typical histopathology from treatment groups: galactose feeding (Gal F) and
combination of galactose feeding and galactose injection (Gal Fl). Lower row of images shows zoomed parts of the images above. Scale bars: 50 um. (B-E)
Edema (B), inflammation (C), necrasis (D), and overall histopathological score (E) in asparaginase-induced AP and the effects of the 2 different galactose
treatment protocols, All detrimental changes induced by asparaginase were significantly ameliorated by galactose (P < 0.004; data are shown as mean +

SEM of 3-5 mice per group). “*P < 0.01, 1-way ANOVA.

For visualization of trypsin activity, PACs were incubated in
extracellular solution containing 10 pM rhodamine 110, bis-(CBZ-
L-isoleucyl-L-prolyl-L-arginine amide) dihydrochloride (BZiPAR)
(Molecular Probes, Thermo Fisher Scientific) (4), according to the
manufacturer’s instructions. BZiPAR was excited with a 488 nm laser
line; emission was collected at 508-530 nm.

IL-6 levels were determined by enzyme-linked immunosorbent
assay (Abcam).

ATP measurements. Isolated PACs were incubated for 2 hours
with either POA, BA, or asparaginase with appropriate controls.
Cellular ATP was determined in a homogenized cell preparation
using the ATP Assay Kit (Sigma-Aldrich) according to the manufac-
turer’s instructions.

Statistics. Data are presented as mean £ SEM. Statistical signifi-
cance and P values were calculated using Student’s 2-tailed ¢ test or
ANOVA, with P< 0.05 and P < 0.01 considered statistically significant
and P < 0.001 considered highly significant.

Study approval. All animal studies were ethically reviewed
and conducted according to the United Kingdom Animal (Scien-
tific Procedures} Act of 1986, approved by the United Kingdom
Home Office. Animal procedures and experimental protocols were

approved by the Animal Care and Ethics Committees at the Cardiff
School of Biosciences.
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B pobGori Oynu mocimigkeHHI Ta MpOaHaIi30BaHI pi3HI JIAHKK MEXaHI3MY
KaJIBITIEBOI PETYIIAIIT B €JIeKTPUYHO 30yAJIMBUX Ta HE30YITMBUX KJIITHHAX, K1 OyiIH
HEJ0CTaTHbO BUCBITJEHI B CBITOBIH JiTeparypi. Lle Bxin Ca B KiTUHY ( Aeno3aJIeKHUN
Bxin Ca ), 3B’asyBamns Ca?* KalbLil3B’A3ylouMMH  OiIKaMM B IIUTO30I1
(CKOpOTJIMBUMU MOJIEKYJIaMU TPOIIOHIHY) Ta B PETUKYJIyMI (KaJbCEKBECTPUHOM) Ta iX
BHECOK y 3MiHM BHYTPIiIIHbOKIITHHHOI KoHIeHTpamii Ca’+ (KaJbllieBy PETYIAILIIO K
Taky). Onrcano HOBUM MEXaHi3M 1HAKTHBAIll] KaJIbII€BUX KaHATIB L-Tuty, 1mo cripusie
BTpaTi pedpakTepHOCTi BUBLIbHEHHS ioHIB Ca®" i3 capKOIIa3MaTUYHOTO PETHKYIIYMY

y Mutireit 3 mytargiero Casg2 (Casg2 KO).

Hopma
Kagiomioumtu | AuMHapHi KNiTMHWU
- .
e ~ | . i CRAC
\' C |
_Tn 0 :
' ' |
_ 2+

TnT-I79N wely A[Ca%]; :

VDCC

MaTonoria

Cxemamuune 300pasxceHHs OCHOBHUX NPOYECis, o Oepymsv yuacme y KOHMpPOi

.oe 2+ . .
konyeumpayii Ca”™" 6 yumosoni erexmpuuno 30y0aueux ma He30yOnUsUxX KIimuH.
Bepxusa uacmuna cxemu (bnaxumuui ¢)on) intocmpye npuHyun Kauvyiesoi peaynayii
HOpMI, 4 HUJCHA (4ep8oHUll Koip Gony) nio uac eunuxHeHHs namonociu. ILl]o6
Hazonocumu Ha GIOMIHHOCMAX MIdC 30VOnueuUMU ma He30VOIUeUMU KIITMUHAMU,

300padicents KIMUHHUX CMPYKMYp Kapoiomioyuma po3mauiosane J1ieopyd, d
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AYUHAPHOI KIIMUHU — NPABOPYY 8I0 NYHKMUPHOI 6epMUKAlbHOL NiHil. Kk Mymayii, mak
i Hoxaymu kanvyiuze asyouux oOinkie (InT-17T9N ma Casq KO), a makoorc
einepakmusayias CRAC-xananie nio odicro pewosuH, wo npuzeooams 00 GUHUKHEHHS
nankpeamumy (KK, POAEE, ASNase), suxiuxaiomv nopyuwenus KiimuHHOL

Kanovyiegoi pe2ynayii (6eauxi 4ep8ori CmMpiiKu), ujo 6ede 00 po38UMK) NAmMo02il.
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BUCHOBKH

VY nucepTariiitHiii poOOTi MPEACTABICHO PE3YIbTATH KOMILIEKCHOT'O TOCIIKCHHSI
MEXaHI3MIB KaJbIIEBOI Peryisiii B KapAlOMIONUTax Ta KIITUHAX IMiIUTYHKOBOI
3aJI031 32 HOPMaJIbHUX Ta MATOJOTTYHUX YMOB. KanbllieBa perynsiis B eeKTPUIHO
30yIJIMBHX Ta HE30Y/UIMBUX KIITHHAX MA€ SIK 3arajbHl PUCH, TaK 1 MEBHY CIEUIKY.
[leppunnuM mkepenaoM migsuinenHs [Ca?']; B enekTpo3OyIMBHX KIITMHAX €
MOTEHIIAJIKEPOBaH1 KAJIbIIIEB] KaHAH TIa3MaTUYHO1 MeMOpaHnu. 111 kaHanu 31aTH1 K
3alyCTUTU BUBUIBHEHHS 10HIB KaJIbLIIO 3 PETUKYJIyMy, TaKk 1 3a0€3MeYuTd HOro
Tepe3amnoBHEHHS caMe 3a paxyHok Bxony Ca?' i3 mosakigiTMHHOrO po3umHy. B
€JIEKTPOHE30YVIMBUX KIITHHAX 3a BIACYTHOCTI MOTEHILIAJIKEPOBAHUX KaJIbLIIEBUX
KaHATIB OCHOBHY ponb noctadands Ca?* B KIITMHY BifirparoTh J€NOKepOBaHi
KaJIBILII€B1 KaHAJIH.

3po0biieHi HaCTyITHI BUCHOBKH:

1. CxopoyeHHS KapIOMIOIIUTIB Ha PaHHIX CTaIIX eMOPIOHAILHOTO PO3BUTKY HE
MOB’s3aHI 3 TeHepalli€el0 TpPaHCMEMOpaHHUX CTPyMiB, a OOYMOBJICHHI
CIIOHTAHHMMH  KOJIUBAHHSIMU  BHYTPIIIHbOKJIITUHHOI ~ KOHLIEHTpalii 10HIB
KaJbIlito. L5 akTUBHICTH HE ONIOCEPEAKOBYETHCS KANbIIIEBUMH KaHajgaMu L—Tummy
Ta B3aEMOJIEI0 MK HHUMHU Ta PIaHOJUHOBUMHU KaJIbIIEBUMHU JEMO, SK I
CIIOCTEpPITaeThCsl 'y 3puIuxX KapaioMmionutax. Iloka3zaHo, 10 eJIEKTpUYHE
CIOJNYYEHHS MDK KIITHHAMH  4Yepe3 IIUIMHHI KOHTakTH  3a0e3redye
CUHXPOHI3alLl1}0 CKOPOUYEHb OKPEMUX HE3PUIUX KAPAIOMIOLIHTIB.

2. Ca?*-cencuOimizyroui Myranii TponoHiny T 3MiHIOIOTH LUTO30JbHY KaJbLicBY
Oy(epHy 3/1aTHICTh, YO0 JOCTATHBO JUIS 3MiHM ITI00AILHKUX IUTO301bHMX [Ca?*];
TPaH3IEHTIB, Taki MyTallli MOXYTh JIe)KaTH B OCHOBI YCIIQJIKOBaHUX
Kap/110M10TIaTii.

3.  BiakpuTo HOBHII 3aJIe)KHHH Bl €KCIIPECii KaJCEKBECTPUHY MEXaHI3M MOPYIITCHHSI
KaJIbMOAYJIIH3QJIEKHOT 1HAaKTHBalli KanblieBux kanamiB Cavl.2. Hokayr
KaJICEKBECTPUHY NIPU3BOAUTH 10 3HUKHEHHS pedpaKkTepHOCTI BUBLJILHEHHS 10HIB

KaJIBLIIO 13 CAPKOIUIa3MAaTUYHOTO PETUKYIYMY HITYHOUKOBUX MIOIMTIB MHUIII.
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Sk mokazaHO BIIEpIle, CITYCTOIIECHHS KaJbI[IEBUX JEMO AKTUBYE Kalbl1€BUIA
tpancMeMOpaHHuil cTpyM (lcrac) B KIITHHAX MiAIUTYHKOBOI 3aJ03W MHIIIL.
AKTHBaIliSI Ta PO3BUTOK IIHOT'O KaJbIEBOTO JETO3AJICKHOTO CTPyMY HAmpsMy
KOpPEJIOE 13 CIyCTOLIEHHSIM EHJOMJIa3MaTUYHOTO PETUKYIYyMY BHACTIIOK
0siokyBaHHs KanblieBoi ATda3zu ocTaHHBOTO.

BrnokyBannst Ca?'-CeNEeKTUBHMX iOHHMX JEMO3ACKHUX KaHATiB €()EKTHBHO
MEPEIIKO/KAE T1IBUIIICHHIO BHYTPIIIHbOKIIITUHHOI KOHIIEHTpAIIil 10HIB KaJIbIIiI0
Ta 3amo0ira€ pPO3BUHEHHIO HEKPO3y AallMHAPHUX KIITHH, 1[0 BUKIHUKAETHCS
eipamMu KUPHUX KHCIIOT (K1, 30KpeMa, € MeTabOIiTaMU €TaHOY).

JKoB4HI KHCIOTH, IO € OJHUM 3 TOJOBHUX YUHHHUKIB PO3BUTKY TOCTPOrO
NaHKPEATUTy, BUKIMKAIOTh HEKPO3 allMHAPHUX KJITUH B pe3yibTaTi aKTUBAIlli
KaTIOHHUX KaHaIiB IUIa3MaTUYHOI1 MeMOpaHu Ta MIBUILIEHHS
BHYTPIIIHbOKJIITUHHUX KOHLEHTpAL1i 10HIB HATPIIO Ta KAJIBLIIO.

3’dCOBaHI MEXaHI3MM T'€Hepallii KaJbI[IEBUX CUTHAIIB B 31pUacTUX KIITHHAX —
KOMITOHEHTaX CTPYKTYpH MAHKPEATUYHHX J00YII. 32 HOpPMaJIbHUX YMOB 31pYacTi
KIITHHA TEHEPYIOTh JBOGA3HI KaJblli€Bl TpPaH3IEHTH Y BIANOBIAbL HA
NpUKIaadds OpaJuKiHiHY, OCTaHHIA € OCHOBHUM (DakTOpoMm, IO 3ade3redye
BUHUKHEHHS  OONbOBMX  BINUYTTIB  Mpu  THaHKpeaTuTi.  biokyBaHHS
OpaauKiHIHOBHX perenTopiB TUITY B2 ycyBae KajbIli€BI TPaH31€HTH, CIPUYUHEH1
BK, Ta 3amnobirae po3BUHEHHIO HEKPO3y AllMHAPHUX KJIITHH, COPUYUHEHOMY SIK
€TaHOJIOM 1 HOro MeTadoJIiTaMH, TaK 1 >)KOBYHUMU KUCIIOTaAMHU.

MexaHi3MHU KaJlbLI1€BOT CUTHAMI3allli KIITHUH B JIOOYyJaX eK30KpPUHHOI YaCTHHU
MiNUTYHKOBOT 3271031, 30KpeMa B HEPBOBUX Ta IMyHHUX KIIITHHAX MAlOTh EBHY
cnenu@iky. B yMoBax po3BUTKY TOCTPOro MaHKPEATUTY UYTIUBICTh 31pUacCTUX
kiiTuH 10 BK 1cToTHO 3MeHIyeThes. B mankpeaTHuHUX J100y1ax HEPBOBI Ta
IMYHH1 KJIITHHU PO3TAIIOBaHI B MICIIX CKOTIMUCHHS 31pYaCTUX KIIITHH, IO
BKa3ye Ha BIPOTIHICTh OJTHIET TOC1 HEBIAOMOI POJIl 31pUacTUX KIITHH Y

G yHKITIFOBaHHI MiIIUTYHKOBOI 3aJI03H.

Acmaparinasa, sK 1 eTWIOBl eipH >KUPHUX KHUCJIOT Ta >KOBYHI KHCIIOTH, MOXE

BUKIMKATH cTilike migsuienns [Ca?'];, B HacmiiKy BMBIILHEHHS IMX IOHIB 3
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BHYTPIIIHbOKJIITUHHUX JENO Ta iX BXOJYy 4epe3 JernokepoBaHi KaHamu. Lle
I1ABUILEHHS MOKE IPU3BOJIUTH /10 PO3BUTKY HEKPO3Y allUHAPHUX KJIITHH.

[Manakro3a  edekTUBHO  3amo0irae  30UIBLIEHHIO  BHYTPIIIHbOKJIITHHHOI
KOHLEHTpAIIll 10HIB KaJlbI[iI0 Ta 3MEHIIYE HEKPO3 AlMHAPHUX KIITHUH B MOZEII

rOCTPOro MaHKPEaTUTy, BUKIMKAHOTO aclapariHasoro.
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