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AHOTALUS

Hlxpune B.M. PianoauH penenTop onocepeakoBaHa KalbIli€Ba CUTHAI3AIlls B M SI30BUX 1
HEpBOBUX KIIITHHAX. - KBami(ikauiiiHa HayKkoBa Mpaus Ha MpaBax pyKONUCY 3a CYKYIHICTIO

HayKOBHMX CTaTeM.

JucepTaitist Ha 3100y TTsI HAYKOBOTO CTYMEHS JOKTOpa O10JIOTIYHUX HAYK 32 CHEI1aTbHICTIO
03.00.02 — 61odizuka — [HctutyT (dizionorii im. O.O. boromonbsus HAH Vkpainu, Kuis,
2024.

Y poboTi mpeAcTaBieHI pe3yJbTaTH KOMIUIEKCHOTO JOCHIKEHHS KIITUHHUX Ta
MOJEKYJISIPHUX MEXaHI3MIB, SKi OepyTh yd4acThb Yy PEryJjsiiii BHYTPIIIHbOKIITUHHOI
KaJIbI[IEBOI CHUTHANI3alll y M S30BUX 1 HEPBOBUX KIITUHAX IIJIIXOM BHUBYEHHS POJi
pianoauHOBUX perentopiB (RyRs). Ii perienTopu BiANMOBIIat0Th 32 BUBUILHEHHS KaJIbIIiIO
3 CapKO/€HAO0IIa3MaTUYHOTO PETUKYJIYMYy B IIUTO30b. [Ipoliec BUBLIbHEHHS KaJblilO 3
JIENIO Ma€ BEJIMKE 3HAUYCHHS JJIsI PYHKIIIOHYBaHHS M'sI31B 1 HEPBOBOI CUCTEMU.

Ha nokanpHOMYy piBHI akTUBHICTh RyRs peecTpyeThcs sk KalbIli€BI cnajaxu, sKi
PO3TIANAINCS SIK JIOKAJbHI 3MIHM KOHIIEHTpAIlli KaJbIIIO IMiJ 9ac WOro BUBIJILHEHHS 3
capKoIlIa3MaTUYHOTO peTukyaymy (CP) BHacnilok OJHOYACHOTO BIIKPUTTS JIEKIIBKOX
RyRs. Posyminns aunamikn Ca’?' cmanaxiB € BaXJIMBOIO [JIsl KaNbLi€BOi CHIHAIII3AILi.
UucneHH1 eKkciepuMeHTallbHi, KOMIT I0TepHI Ta 610 13UYH1 JOCIIJKEHHS OyJIU CIpsIMOBaH1
Ha BHUBYEHHS MEXAHI3MIB IHIIIaIli, NPUNUHEHHS Ta PEryJsiil KaJblIEBUX CIajaxiB.
Po3yminHs podi Ak craaxiB, Tak 1 poOoTH 3anyuyeHnx RyRs Ha piBHI peryisiii Ta AMHAMIKA
KaJIbI[IEBOIO CHUTHAIYy y HOPMI Ta TMATOJ]OrIi CIYrye OCHOBOK sl 3 sCyBaHHS
¢ynkmionansaux 3min Ca’’ cMrHaTy Ha KIITHHHOMY a60 CyOKJIITHHHOMY PiBHSIX.

AKTYyaJIbHICTh JOCII/P)KEHb PIAHOJUHOBHUX PEIENTOPIB B Kajbli€BId CUTHATI3ALIT
MOJISITa€ B TOMY, 10 BOHU € MOTSHI[IMHUMU MIIICHSIMU JIJI1 PO3BUTKY HOBUX JIIKIB B/l pI3HUX
3aXBOPIOBAaHb, IOB'SI3aHUX 3 TIOPYIICHHSM KaJbI[IEBOT KOHIIEHTpAIlli B KIIITHHAX.
Hanpuxknaa, neski XxBopoOu M'si3iB, Taki K AUCTPO(]is CKENETHUX M S30BUX BOJIOKOH,
apuUTMIi cepliis, a TaKOXX HEWPOJEreHepaTUBHI 3aXBOPIOBAHHS, MOXXYTh OyTH MOB'A3aHI 31

3MiHOIO0 PyHKIIOHAIBHOCTI RyRs.
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JInst etanbHOrO JOCHIPKEHHS PIaHOAWH PELEenTOop OMOCEePENIKOBAHOI KalbIIEBOT
curHamizamii OyJ0 3aCTOCOBAaHO HACTYIHI O10(13MYHI METOJIUKHU: emi(IyopecleHIlis] Ta
KOH(OKaJbHAa MIKPOCKOIISI 3 BHKOPUCTAHHSM KalbLINH-4yTIUBUX (DIIyOpECIEHTHUX
OapBHHKIB IS BU3HAUYCHHS AWHAMIKH KOHIICHTpAIll KaJbI[il0; METOJ MEeTY-KJIEMIT I
peectpanii Tpancmembpanaux Ca’* cTpyMmiB; IOKaIbHE BUBLILHEHHS 3B'I3aHOTO KabI[iIO
i 4ac (OTONI3HOrO cnanaxy 3 KalblieBOro Oydepa; KOMI'IOTEPHE MOJIETIOBAHHS Ta
00po0OKa KaNbIIEBUX CUTHAIIIB JJIsl PO3PAaXyHKY KaJbll1€BUX MOTOKIB; CTATUCTUYHA 0OpOOKa
OTPUMAaHUX PE3yJIbTaTIB.

Y naHoMy AOCHIDKEHHI BIIACTUBOCTI KaJbIIEBUX CIAllaXiB Yy Kapa10MiOIUTaxX
nepeacepap Oyau BIepIe JOCTIIKEH1 3a JOMOMOTrOI YOTHUPUBHUMIPHOT KOH(POKAILHOI
Mikpockomii. Byau 3ampomnoHoBaHi anroputmu s BHsiBIeHHsA cnanaxis Ca’t y wicmi
BUBLIbHEHHS. [lomepennbo mig yac KOH(OKAIBHOTO CKAaHYBAaHHS JiHIM ab0 TMIIOUIMHU
xiiTnan cnontanHi Ca?' cmamaxu peectpyBamucs po3(pOKyCOBAaHMMH, OCKIIBKH Micie
iXHbOrO BUHMKHEHHS HEBiioMO. B naHiit poOOTI 3apeecTpoBaHi criajiaxu, K1 3HaXOIUITUCS
B MICIll BUBUIBHEHHS, MM BUILY aMIUIITYJy HOPIBHSHO 3 1HIIKUMH PpOo3(dOKYCOBAHUMU
cnanaxamu. Byno mokaszano, mo ammiTyga Ca?' cmamaxiB 3apeecTpoBaHMX y MicIi
BUBUIBHEHHS MaJd MOAAIbHUM po3noain. CTpyM BUBIILHEHHS Ca?", mo neXuTh B OCHOBI
TaKOTo crajiaxy, CTaHOBUB npuOau3HOo 11 A, 1o cBiAYuTh NMpo akTUBHICTH Mixk 20 Ta 30
BiakputuMu RyRs. Ils metonuka no3Bossie nociimkyBatd RyRs, Bu3HauaTu moTik
BUBUIBHEHHS 3 BEJHUKOI JOCTOBIPHICTIO, IO Ja€ MOXKJIMBOCTI BHUKOPHCTATH il JJIs
(hapMaKkoJIOTTYHUX JOCII/KEHb PIaHOJIMHOBUX PELIETITOPIB.

JIns geTanbHOTO BHUBYEHHS JAWMHAMIKM KalbI[ll0 B KapA1OMIOIUTaX 13 BHCOKOIO
YacOBOIO PO3AIIBHOIO 3JaTHICTIO Oyja 3acTOCOBaHa METOJMKA HAJIIBUIAKICHOI
KOH(oOKaNnbHOI Bizyanizamii. [le 103BOJIMIIO BUSIBUTU CTYMIHYACTY KIHETHKY 3pPOCTaIO4oi
(asu cnanaxis Ca?’, Ta migTBepaUTH yuacTh rpynu kKaHauis RyRs. JIBoBuMipHa peecTparis
tpansicHTiB Ca’" B MionMTax HUIyHOYKa IEMOHCTPYE ACHMHXPOHHY AaKTHBAIilO CAHTiB
BUBLILHEHHS, IpH BIAKpUTTI RyRs. 3 maTeHTHICTIO B 2.5 MC Michs Mojadi e1eKTPUYHOTO
cTEMyly crocrepirases Bxim Ca’!, sxuii cynpoBomkyBascs BubinbHenHsaM Ca’* 3 CP 3
JI0JIATKOBOKO 3aTpUMKOIO B 3 Mc. Ilik BuBinsHenHs Ca®' cmocTepirases uepes 4 mc micis

Moro nouartky. [lokazaHo, 110 qUHAMIKY 301IbIIEHHS Ca?", aKxuif BXOJUTH y Kap/110MiOLUT
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Ta KaJIbI[1i-1HTyKOBAaHOTO BUBIIbHEHHSI KaJbII1I0 MOXKJIMBO IOCTOBIPHO PO3AUTUTH Ha PiBHI
OKpPEMHX IIEHTPIB BUBUIbHEHHS KaJIbLIIO SK y KIITUHAX NepeAcepls, TaK 1 y HUIYHOUYKIB
MiOKap/a, K y 4aci, TaK 1 IpocTopl.

Byno orpumano mepmii npsmi JI0Ka3d TOTO, 10 B MIOIUTAaxX IMepencepap 3MiHa
KIHETUKH pecTuTynii BuBinbHeHHsS Ca?t 3 capKOMIa3MaTHYHOTO PETUKYIyMY Bill CTHMYIy
0 CTUMYJy € KIHOYOBMM IIPUYMHHHAM MeEXaHi3MoM BuHuKHeHHs Ca’'-anpTepHanii, sk
BAXKJIMBUN MEXaHI3M yTBOpPEHHS cepleBoi aputMii. [lokazaHo, 1110 mpocTopoBO 0OMexKeHe
¢orosusineHenns Ca’" Ta iHO3uTON-3-PoCchaTy N03BONSAE PEryNIOBATH aKTUBHICTH RyRs
yepe3 MEXaHi3M Kajblii-iHaykoBaHoro BuBUIbHeHHs kaibliio (CICR). Ile momatkoBo
MOX€ JOMOMOITH BUBUMTHU aJIbTEPHAIlll Ceplisd, Ta HAJAa€ MOXIHUBOCTI PO3POOKU HOBUX
CTpaTeriil IIKyBaHHS apUTMINA cepls.

B naniit po60oTi Oyn0 11eHTH(IKOBAHO MIKPOJIOMEHHU B CKEJIETHUX M's3aX, 1€ KaJbIlIH,
110 BUBLIBHAETHCS 3 CP, Mae npsamMuii 1octyn 10 MITOXOHApid. Byna BusiBIeHa KOPEsIis
MDK akTuBHICTIO RyRs Ta oOKuCIIOBaIbHO-BITHOBHUM IOTEHIIIAJIOM MITOXOHAPIN ¥y
KIITHHAX CKEJIETHUX M'A31B, SIK (DaKTOp MOSIBU CHOHTAHHUX KaJbI1€BUX CIaJjaxiB.
BCTaHOBIIEHO, IO AKTUBHI ()OPMH KHCHIO MOKYTh perymosat RyRs Ta Businsnenns Ca?*
i3 CP. Hagmipae yrBopenns ROS Ta anomanbai curaanu Ca®" B 1UCTpOQIYHUX CKETETHUX
M'si3aX € B3a€MOMOB'SI3aHUMHU SIBUIIIAMU, YTBOPIOIOYH MOPOYHE KOJIO MIKIITMBUX MOJIIN, SIK1
CIPUSIOTh AHOMAaIbHIA YYTIHUBOCTI MPU OCMOTHYHOMY CTpeci. byjao BHSBIEHO 3HAYHO
30ubiieHy ekcrpecito NAD(P)H-okcunasu y ckeneTHux M's3ax Mulli JiHii mdx, 1o
crpusiio TmigBuIleHOMY YTBopeHHI0O ROS. Ilpu ocMOTHYHOMY WIOI, JOJATKOBO
BiIOyBAa€ThCSL 30UIBIICHHS MITOXOHAPIAIBHOTO KaJblil0 Ta IOCUJIEHHS YTBOPEHHS
MiToxoHapianpbHOr0o ROS B mdx ckeneTHMX M’SI30BHX BOJOKHAX TMOPIBHSIHO 3
HOPMAaJIbHUMH.

Kanbiii-in1ykoBane BUBUIbHEHHS KaJbllil0, IKE BIAOYBa€eThCA uepe3 akTuBailito RyRs
KajibllieM, OyJ0 JOCHIPKEHO 3a JOMOMOTOK METOAY MITYYHOI'O JIOKajli30BaHOTO
MiABUIIEHHS KOoHIeHTparlii kanbilio (SLICs) Ha Mm'a30BuX BosiokHax aMmi0iii Ta ccaBiliB. B
CKeJIeTHUX M'a30BuX kiiTuHax xkabu SLICs ingykyBanu CICR-BiANOBIAI 3 HOPOrOBUM
3HA4YECHHSIM [Ca”] Juts 1Himianii peakuii Ha piBHi 0.5 MkM, niaTBepkyroun posib CICR 3a

(1310JI0TIYHUX YMOB y CKEJIETHUX M'a3ax am}i0iil. [IpoTe y ckenmeTHUX M'sI30BUX BOJIOKHAX
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muuii Oyno 3adikcoBano, 1o RyRs He akTUBYIOThCS MpU KOHLIEHTpaLIi KaJbLII0 aX A0 8
MKM. Ile, pa3oM 3 BUCOKHUM MOPOTOBUM 3HAUYC€HHSIM akTuBallii RyRs, Moxe mosicHioBaTH
c1abKy peakxilito BUBUTLHEHHS KaJbI[i10, HABITH 32 YMOB, [0 areHTH, 5Kl aKTUBYIOTh RyRs,
OyJii IPUCYTHI B BEIMKHUX KOHILIEHTpalisx. e cynepeuuts rinoresi mpo (i310710r14Hy poiab
CICR y MexaHi3Mi 30yI>KEHHSI-CKOPOUYCHHS Y CKEJIETHUX M S3aX CCaBIIIB.

JlocniipkeHHsT poJil plaHOAMHOBUX PELIENTOPIB Y PEryJsisilii BHYTPIIIHBOKIITUHHOTO
KaJbI[IEBOTO CHUTHANTY B MipaMiIHUX HEHWpOHAx TIMOKaMITy ITOKa3aJio, IO BIAMOBIAI Ha
€JEKTPUYHY CTUMYJIAIIIO0 BKJIIOYAIOTh B ce0€ Kajblli€Bl CUTHAIM, MOAIOHI 10 THUX, IO
CIIOCTEPIraloThCs B MIOIUTAX Mepesicepb. AHaml3 MOKa3aB aCHHXPOHHUM Ta 3aTpUMaHUN
pICT KOHIEHTpallll BUIbHOTO KaJbllil0 B OKpeMHUX AUISTHKaxX HelpoHa. byno 3adikcoBaHo
3aTPUMKY y 3pOCTaHHi KOHIeHTpauii BisHoro Ca** B meHTpanbHill JiNSHII TOPIBHAHO 3
NMpUMEeMOpaHHUMH JUISHKAMHA Ta JEHJIPUTHOTO JepeBa. AKTHBAIlS PlaHOIUMHOBUX
peLenTopiB 3a JOIOMOroK Ko(eiHy Hpu3BoAMIa 10 MBUAKOro 30impmenHs [Ca’'] y
npuMeMOpaHHil 30HI, JEHAPUTHOMY JI€peBl Ta LEHTpaibHIM AUISHIL. biabm kopoTka
eJCKTPHYHA CTHMYJIAILisS He BUKIMKana 30imbmenHs curHany Ca?’ uepes Kanbliiii-
1HyKOBaHE BUBLIBHEHHS Kaybllito. J[Ji1 BUBUIBHEHHSI KaJbIiI0 3 €HJOIJIa3MaTUYHOTO
petukynymy yepe3 RyRs Oyna HeoOxiJlHa TpuBasia eIeKTPUYHA CTUMYJISIIIS.

[Mopymiennst perynsuii ¢yskuii RyRs mop'sizane 3 pi3HUMH 3aXBOPIOBAHHSIMH, 1
PO3YMIHHSI MEXaHI3MIB, K1 PETyJIOI0Th aKTUBHICTh RyRS, Mae BupimanbHe 3HAUEHHS IS
pO3pOOKHK TEepaneBTUYHMX CTparerii. Pe3ynbTaT LBOTO JOCHIIKEHHS HE TIIbKU
NOrIMONATE HALIE PO3YMiHHA (yHIAAMEHTAIbHUX NPMHIMUIIB BHYTPiMHLOKIiTHHHOI Ca?*
CUTHaII3allll, ale HaJaloTh YSIBICHHS MPO MOJEKYJSPHY OCHOBY PI3HUX 3aXBOPIOBAHb,
noB'si3aHuX 3 nucyHkiiero RyRs.

byB 3ampomoHoBaHMI HOBHUW METOJ MPOCTOPOBOI, CKJIAAHOI, AH(PaKIIiHO-
obmexeHoi (¢oToakTuBallli Ta (OTOBUBUILHEHHS B JKUBUX KIITHHAX. Taka MeETOJMKa
JI03BOJISIE JIOKAJIbHO aKTUBYBATH OKpEMi CalTH BUBUIbHEHHS Kajbllilo abo rpymy RyRs
KaHaIIB Y )KMBUX KJIITUHAX, 1110 MOK€ OYyTH BUKOPUCTAHO JJIsl BABYEHHS iIXHIX CTPYKTYPHHUX
1 QYHKIIOHATBHUX JETanell 3 BUCOKOI TOYHICTIO.

Takox Oyna aganTtoBaHa Ta MoaudikoBaHa gopmyna ['piHkeBUYa I8 BU3HAYEHHS

BMICTY BIJBHOTO Kajbllil0 B KIITHHI TIPH JBOX XBWUJIbOBOMY METOM1 30y/KCHHS
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(dbayopeciieHTHOTO OapBHUKA, TP BUKOPUCTAHHI 1 peecTpallii curnaiis 1133 kameporo.
Apnanrariiss BKIIOYae B ceOe KOpeKuito (PoTo3HeOapBHEHHS Ta BUIPABICHHS MOMUIKU
BimHIMaHHS (oHy. Takox OyB po3poOneHud MiAXiA, SKUH PO3LIUPIOE YYTIUBICTH
KUIBKICHOT KOHIIEHTpaliiHoi Bizyanizamii a0 npubnu3zno 1000-kpaTHOTO Alana3oHy
KOHIICHTpAI[ii 1 3 HEOOXITHUMH pPIBHSHHSIMU JUIsl 1HTepnpeTauii (QyopeciueHTHUX
300paxeHb, OTPUMAHUX 3a JIOMOMOTOI0 Mapu (IyopecleHTHUX OapBHUKIB 3 OJHAKOBUM
bayopodopom, ajie pi3HOIO KOHCTAHTOIO JUCOIIAIIIT AJIS KAJIbLIO.
OTpuMani AaHi 11010 3MIH BHYTPIIIHBOKIITUHHOI KOHIIEHTpPALlli KaJIbIiI0 B M S30BUX
1 HEpBOBHX KIITHHAX, BKa3ylOTh Ha CKIJIAJIHUM MpPOLIEC PEryJisiilii KalbI[lIEBOTO CUTHAIY.
MitoxoHapis, 3aJIe’KHO Bif ii (yHKIIOHATRHOI Onu3bkocTi 10 CP, 6epe akTUBHY y4acTh Y
peryJiilii BHyTPIIIHbOKIITUHHOI KOHIIEHTPAIlli KaJIbIIiI0 1 MOXXE MOJIYJIIOBaTH aKTUBHICTh
RyRs uepe3 mexanizmu, mo BkiIo4atoTh AT® 1 ROS. Perynsiis kanblieBOro CUrHaiy
B110yBa€THCS 3aBJIKM 3MIHAM aKTUBHOCTI P1aHOJAMHOBUX PELENTOPIB, SKI MOAUPIKYIOThH
cBO€ (hYHKIIIOHYBaHHS Yepe3 3MIHY OKHCIIIOBAIBLHO-BITHOBHOT'O TTOTEHITIATY MITOXOH/PIH,
BIUIUBY akTUBHUX (GopMm kucHioo, NAD(P)H-okcunasu, a TakoK B 3aJ€XKHO Bl iXHBOTO
(YHKIIIOHAIBHOTO pO3TalllyBaHHA Ha nepudepii a00 B IIEHTP1 KIITUHHU, 1 MOTYJISIIIIO CAMUM

KaJIBIIEM.

Knwuoei cnosa: xanvyiti, MemMOpanHuti mpaHcnopm, piaHOOUHO8I peyenmopu, Kalbyicsi
xananu L-muny, mimoxonopii, AT®, Ca’t ma Mg**-ATPase, axmusui popmu Kuchio,

OKUCHIOBATILHULL CIpec, M '3, Kapoiomioyumu, HeUpoHU, nemy-KiemMn, MIKPOCKONIs.
SUMMARY

Shkryl V.M. Ryanodine receptor-mediated calcium signaling in muscle and nerve cells. —

Collection of scientific manuscripts.

The thesis focuses on conducting a comprehensive investigation into the cellular and
molecular mechanisms involved in the regulation of intracellular calcium signaling in
muscle and nerve cells by examining the role of ryanodine receptors (RyRs). These
receptors are responsible for the release of calcium from the sarco/endoplasmic reticulum
into the cytosol. The process of releasing calcium from the store is essential for the

functioning of muscles and the nervous system.
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At the local level, RyRs activity visible as calcium sparks, which are regarded as
localized fluctuations in calcium concentration resulting from its release from the
sarcoplasmic reticulum (SR) due to the simultaneous opening of multiple RyRs.
Understanding the dynamics of Ca?" sparks is crucial for comprehending calcium signaling.
Numerous experimental, computational, and biophysical studies have been conducted to
investigate the mechanisms underlying the initiation, termination, and regulation of calcium
sparks. Understanding the role of both sparks and the involving of RyRs in regulating the
dynamics of calcium signaling in both normal and pathological conditions provides a
foundation for elucidating functional changes in Ca®" signaling at the cellular or subcellular
levels.

The relevance of research on ryanodine receptors (RyRs) in calcium signaling lies in
their potential as targets for the development of novel drugs aimed at treating various
diseases linked to disrupted calcium concentration within cells. For instance, conditions
such as muscle fiber dystrophy, cardiac arrhythmias, and neurodegenerative diseases may
be associated with alterations in RyRs functionality.

To address these research objectives, a range of biophysical techniques were employed.
These methods include epifluorescence and confocal microscopy, employing calcium-
sensitive fluorescent dyes to monitor changes in calcium concentration. Additionally, the
patch clamp method was utilized for recording transmembrane Ca?" currents. Localized
calcium release from calcium buffers was induced through flash photolysis. The research
also involved computer modeling and calcium signal processing to calculate calcium fluxes;
the numerical results underwent statistical analysis and processing.

In the present study, the properties of calcium sparks in atrial cardiomyocytes were
first investigated using four-dimensional confocal microscopy. Algorithms have been
proposed to detect Ca®" sparks at the site of release. Previously, during confocal scanning
of lines or planes, Ca>" sparks obtained almost unfocused because their origin was unknown.
In the present study, the recorded sparks located at the site of release of calcium had a higher
amplitude compared to other unfocused spikes. It was shown that the amplitude of Ca*"
sparks recorded in focus had a modal distribution. The underlying Ca*" release current was

approximately 11 pA, indicating activity between 20 and 30 open RyRs. This technique
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enables the precise study of RyRs and the determination of release flux with high accuracy,
thereby facilitating its application in pharmacological investigations of ryanodine receptors.

For a detailed investigation of calcium dynamics in cardiomyocytes with high temporal
resolution, we employed the technique of ultrafast confocal imaging. This method enabled
us to uncover the stepwise kinetics of the rising phase of Ca®" sparks, confirming the
involvement of RyRs channel groups. Two-dimensional recording of Ca*" transients in
ventricular myocytes demonstrates asynchronous activation of release sites upon opening of
RyRs. Ca?* entry occurred with a latency of 2.5 ms after the electrical stimulus, followed by
Ca®" release from the SR with an additional delay of 3 ms. The peak of Ca?" release was
noted 4 ms after its initiation. It has been shown that the dynamics of Ca*" influx into the
cardiomyocyte and calcium-induced calcium release (CICR) can be reliably separated at the
level of individual calcium release sites in both atrial and ventricular myocardial cells, both
in time and space.

Furthermore, we obtained the first direct evidence that the state of ryanodine receptors
in atrial cardiomyocytes influences calcium alternans. Our findings demonstrated that beat-
to-beat alternation of the time-dependent restitution properties and refractory kinetics of the
SR Ca?' release mechanism represents a key mechanism underlying cardiac alternans. The
spatially limited photorelease of Ca?* and inositol 3-phosphate allows the regulation of RyRs
activity through the CICR mechanism. Additionally, it can help to study cardiac alternatives
and provides opportunities to develop new strategies for the treatment of cardiac
arrhythmias.

In this study, we have identified microdomains within skeletal muscle where calcium
has direct access to mitochondria upon release from the SR. We found a correlation between
the activity of RyRs, as evidenced by the occurrence of spontaneous calcium sparks, and the
mitochondrial redox potential in skeletal muscle cells. Our investigations revealed that the
appearance of calcium sparks in permeabilized muscle fibers is contingent upon the balance
between mitochondrial production of reactive oxygen species (ROS) and the cellular
scavenging mechanisms for these species.

Further studies have demonstrated that ROS can induce aberrant RyRs activity in intact

skeletal cells, leading to the emergence of calcium sparks at the cell's periphery under
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osmotic stress. Excessive production of ROS and abnormal Ca?* signaling in dystrophic
skeletal muscle are interconnected, forming a vicious cycle of harmful events that contribute
to abnormal sensitivity during osmotic stress. A significantly increased expression of
NAD(P)H oxidase was found in the skeletal muscles of mdx mice, contributing to elevated
ROS production. Under osmotic shock, there is an additional increase in mitochondrial
calcium and heightened mitochondrial ROS production in mdx skeletal muscle fibers
compared to normal ones, which amplifies abnormal Ca?" signaling.

We investigated CICR, which occurs when RyRs are activated by calcium, using the
synthetic localized increase in calcium concentration (SLICs) method in both amphibian
and mammalian skeletal muscle fibers. In frog muscle cells, SLICs induced CICR responses
with a threshold [Ca?"] value of 0.5 uM, confirming the role of CICR under physiological
conditions in amphibian skeletal muscle. However, in mouse muscle fibers, we observed
that RyRs were not activated even at a concentration of up to 8 pM. This high threshold
value for the activation of RyRs by Ca?" suggests a limited calcium release response unless
agents capable of activating RyRs are present in substantial concentrations. These findings
raise questions about the hypothesis concerning the physiological role of CICR in the
excitation-contraction mechanism in mammalian skeletal muscle. In summary, calcium-
induced calcium release appears to contribute to the physiological release of calcium ions
in frog but not in mouse skeletal muscles.

In hippocampal pyramidal neurons, Ca?* responses to electrical stimulation were found
to be similar to those observed in atrial myocytes. Our analysis revealed an asynchronous
and delayed increase in free calcium concentration in specific areas of the neuron. The
central area exhibited a delay in the rise of free Ca®>" concentration compared to the
membrane areas and dendritic tree. Activation of ryanodine receptors by caffeine resulted
in a rapid increase in [Ca*'] in the membrane zone, dendritic tree and central region.
Additionally, we identified conditions that promote the release of calcium from the
endoplasmic reticulum through the CICR mechanism. It was observed that short-term
electrical stimulation did not enhance the Ca*" signal through calcium-induced calcium
release, while longer stimulation was sufficient to trigger calcium release from the

endoplasmic reticulum via RyRs.
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Dysregulation of RyRs function is implicated in various diseases, emphasizing the
importance of comprehending the mechanisms governing RyRs activity for the development
of therapeutic interventions. The findings of this study will not only enhance our
understanding of the fundamental principles of intracellular Ca** signaling but also shed
light on the molecular underpinnings of diverse diseases linked to RyRs dysfunction.

A novel method for spatially complex, diffraction-limited photoactivation and
photorelease in living cells has been introduced. This innovative technique enables the
localized activation of individual calcium release sites or a cluster of RyRs channels within
living cells, facilitating the study of their structural and functional intricacies with
exceptional precision.

The Grynkiewicz formula for determining the free calcium concentration within a cell
through the two-wave method of fluorescent dye excitation has been adapted and refined to
image by a CCD camera. This adaptation incorporates corrections for photobleaching and
addresses errors in background subtraction. Furthermore, an approach has been devised to
extend the sensitivity of quantitative concentration imaging across an approximately 1000-
fold concentration range. Equations necessary for interpreting fluorescence images acquired
using a pair of fluorescent dyes with identical fluorophores but differing dissociation
constants for calcium have also been provided.

The data obtained regarding changes in intracellular calcium concentration in muscle
and nerve cells indicate a complex process of calcium signal regulation. Mitochondria,
depending on their functional proximity to the SR, actively participate in the regulation of
intracellular calcium concentration and modulate ryanodine receptor activity via
mechanisms involving ATP and ROS. Regulation of calcium signaling is attributed to
variations in the activity of ryanodine receptors, which adapt their functionality in response
to alterations in mitochondrial redox potential, the influence of reactive oxygen species,
NAD(P)H oxidase, and their specific subcellular localization—whether in the periphery or
at the center of the cell. Furthermore, calcium itself plays a modulatory role in their function.
Keywords: calcium, membrane transport, ryanodine receptors, L-type of Ca’* channels,
mitochondria, ATP, Ca’* and Mg**-ATPase, reactive oxygen species, oxidative stress,

muscle, cardiomyocytes, neurons, patch-clamp, microscopy.
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HEPEJIIK OCHOBHUX YMOBHUX IIO3BHAYEHDb TA CKOPOYEHDb

ATO® — agenozunTprudochopHa KucioTa

AR — koediIieHT anpTepHaIii

BAPTA — 1,2-bis(o-aminophenoxy)ethane-N,N,N',N'-tetraacetic kucnora
Ca’" — ioHH KaJIbITi0

[Ca®"] — BHYTpIIIHBOKTITHHHA KOHIIEHTPALIis 10HIB KAIIbIIiIO

[Ca®"]m — KoHLEHTpaNii KaubLilo B MITOXOHIPIi

[Ca®"]SR — KOHIEHTpAaLlii KaJbL{il0 B CAPKOIUIA3MATHUYHHUI PETUKYIIyM
CICR — kanbIliii-1HyKOBaHE BUBIIbHEHHSI KaJbIIiI0

CP — capkomiazMaTUYHUAN PETUKYIIYM

CRU — okpeMa OIUHUIIS BUBIILHEHHS Ca*"

DHPRSs — nurigponipuauHoOB1 pelienTopu

DCF — ¢ayopecuentauii 6apsauk CM-H2DCFDA

ECC — npotiec cipsikeHHS 30yI)KEHHS] B CKOPOUEHHS

EDL — noBruit M'si3-po3ruHad najbliiiB

EP — enpomnazmMaTiyHuN pETUKYIIYM

EFS — ctumynsiiisi e1eKTpUYHUM MOJIEM

EGTA — ethylene glycol-bis(-aminoethyl ether)-N,N,N',N'-tetraacetic kuciora
F340 — dbmyopecuenitis adbo iHTeHCUBHICTH Tpu 340 HM.

F3s0 — himyopecuienitis adbo iHTeHcuBHICTH mpu 380 HM.

FCCP — Carbonyl cyanide-p-trifluoromethoxyphenylhydrazone

FDB — M'3 ni101110BHOT YaCTUHU CTOMHU

FRAP — BigHoBieHHs (iiroopectieHIli miciist poTo3HeOapBICHHS
FWHM — noBHa mupuHa Ha MOJIOBUHI MAKCUMYMY

ICa — TpancMemMOpaHHUl CTPYM Uepe3 KalbllieBI KaHATU

IP3Rs — inHo3uTON-3-(hocdaTHUX perenTopiB

J-SR — 3’eanani CP po3raioBaHi mo0Iu3y MOBEpXHEBOI MEMOpaHU
Kd — xoncTanTa nucoriaiii

Ma?" — ionu Maruio

MJIJ1 — m*s30Ba auctpodis Jromena
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MnTBAP - manganese(I1]) tetrakis(4-benzoic acid)porphyrin

Mn-cpx 3 - Mn(III) meso-tetrakis(N-ethylpyridinium-2-yl)porphyrin
NAD(P)H — HikotunaminaneHinaunykieotuadocdar

NADH — HiKOTHHaMIIaIeHIHIUHYKICOTH /T

NMDA — kaHaniiB 10HOTPOIHUX PELENTOPIB IITyTaMaTy

NCX — HaTpii-KanbIieBUil 0OMIHHUK

NDBF-EGTA — nitpoauben3opypan-EGTA

NOXs —okcunaza NAD(P)H

NOS — cuHTa3a OKCuay a3oTy

NP-EGTA - nitpodenin EGTA

nj-SR — He3’eanani CP, 1110 3HaXO0ASITHCS B TIMOIIUX AUISHKAX KIITHHA

[T — moTenmiam mii

133 — nmpucTpiii 3 3apsI0BUM 3B'SI3KOM

PICR — BuBinbnenns Ca**, ingykosane GoTomizom

PICR. — BuBinbnenns Ca**, ingykoBane GOTOMI30M, MiCIIs BENMKOTO TPAH3I1EHTY
PICRs — BuBinsHenns Ca®’, ingykoBane (hOTOI30M, ICIIS MAIOTO TPAH3IEHTY
ROI — o6macTs iHTEpECY

ROS — aktuBHI POopMH KHUCHIO

RyRs — pianoanHOBI penentopu

RyR,RyR> Ta RyR3 — pianonunoBi penentopu 1, 2 ta 3 tumny

SERCA — capkomiasMaTuuHuii/eHaomiasymaTnuamii petukynyma Ca?-AT®dasza
SLICs — mTy4He JioKani30BaHe MiABUILEHHS KOHIeHTpalii [Ca2+]

SOD — cynepokcuaaucMyTasu

Soleus — kamOanonogiOHUI M's13

T-TpyOouka — nonepedna Tpyoouka

TIRON — 4,5-Dihydroxy-1,3-benzenedisulfonic kucnora

TG — rancuraprin

TRPV-kananu — kaHajau TpaH31€EHTHOTO PEIENTOPHOTO MOTEHIIATY

VGCC — noreHIiian-KepoBaHUX KaJbIIEBUX KaHAIIB

4-CMC — 4-Chloromethcathinone
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BCTYII

AKTyaJabHicTh JgaHoi poGotu. PianomuuoBi penentopu (RyRs) € BaximnBumu
KOMITOHEHTaMHM KaJIbI[I€BOI CUTHAJ13allil B M'I30BHX 1 HEPBOBUX KJIITUHAX. BoHM € oTHUMU
3 OCHOBHUX CTPYKTYp, SIKI KOHTPOJIIOIOTh BUBUIBHEHHSI KaJbIiI0 3 CapKO(€HJ0)Iia3Ma-
TUYHOI'O PETUKYIYMY B IUTOILIa3My. L{i perienTopu yHiKadbHI TUM, IO iX aKTUBHICTh MOXKE
OyTu  peryiapoBaHa  SK  IIJABUIICHHSM, TaK 1  3HWKGHHSAM  KOHIIEHTpaIlii
BHYTPIIIHbOKIITHHHOTO KanbIlito (Woll and Van Petegem, 2022).

Ionn kanenio (Ca’") € nomMpeHrM BTOPUHHUM HOCEPETHUKOM, PETYJIALIS IKOTO B
30yUIMBUX KJIITHHAX KOHTPOJIOE€ 0arato (pi3iofOTiYHUX NUISXIB, TAKUX SIK 30YKEHHS,
M’SI30B€ CKOpPOYCHHS, BUBIIBHEHHS MEIIaTOPIB, CHMHANTHYHA IIJIACTHYHICTh, CEKPEIlis,
3aruTiIHEHHS, TPAHCKPUIILS TeHiB Ta anonto3y toio (Pozzan et al., 1994, Berridge et al.,
2000, Eisner et al., 2023). IIporec BUBUIBHEHHS KAJIBIIIIO 3 JIETIO MA€ BEJIMKE 3HAUYCHHS TS
(yHKI[IOHYBaHHSI M's131B 1 HEPBOBOI1 CUCTEMH.

Ha nokanpHOMYy piBHI akTUBHICTh RyRs peecTpyeThcsi sk KalbIli€BI cnajaxu, sKi
PO3TIANAI0OTHCS K JIOKAJIbHI 3MIHM KOHIICHTpAIlll KajbIlil0 IMijJ Yac WOro BUBUILHEHHS 3
CapKoIlIa3MaTUYHOTO peTukyaymy (CP) BHacHilok OJHOYACHOTO BIJKPUTTS JIEKIIBKOX
RyRs. Posyminns aunamikn Ca’?' cmanaxiB € BaXJIMBOIO [JIsl KaNbIi€BOi CHIHAIII3AILi.
UucneHH1 eKCiepuMeHTallbHi, KOMIT I0TepHI Ta 610 13UYH1 AOCIJKEHHS OyJIU CpsIMOBaHi
Ha BUBYCHHS ME€XaH13MiB 1HII[1allii, IPUIUHEHHS Ta peryJsiii KanbllieBux cnanaxiB (Hoang-
Trong et al., 2015). Po3yMiHHs podi sk crianaxis, Tak 1 po6oTu 3anyueHnx RyRs Ha piBHI
peryJidilii Ta AMHAMIKK KaJIbI[IEBOIO CUTHANy Y HOPMI Ta MAaTOJOri CIIyI'Ye OCHOBOIO st
3’sacyBanHs (yHkmioHansHux 3MiH Ca’’ curHaly Ha KIITHHHOMY a60 CyOKIITHHHOMY
PIBHSIX.

AKTYyalIbHICTh JOCII/I)KEHb PIAHOJUHOBHUX PEIENTOPIB B Kajbli€BId CUTHATI3ALI]
MOJISITa€ B TOMY, 110 BOHU € MOTEHI[IMHUMU MIIICHSIMU JIJIs1 PO3BUTKY HOBUX JIIKIB BiJl pi3HUX
3aXBOPIOBaHb, MOB'SI3aHUX 3 TMOPYIICHHSM KaJbI[l€EBOI KOHIIEHTpalli B KJIITHHAX.
Hanpuknan, neski xBopoOu mM's31B, Takl sIK AUCTPOPis M’ A30BUX BOJIOKOH, apUTMII ceplis, a
TaK0X HEUpPOJACTeHEPATUBHI 3aXBOPIOBAHHS, MOXKYTh OyTH TIOB'A3aHI 31 3MIHOIO

¢yukiionansHOCTI RyRs.
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XapakTepuCTUKH  KaJIbLIEBUX  CHUTHAIIB  BU3HAYAIOThCA  (YHKLIOHYBaHHSAM
CKJIQJIHOTO KOMIUIEKCY MOJICKYJISIPpHUX MEXaHI3MIB — 10HHUX KaHajiB, KaJbIlii-
3B'I3yBAJIbHUX OUIKIB, KAHAJIB BUBIJIBHEHHS KaJbIII0 3 BHYTPIIIHbOKIITHHHHUX [EIO, a
TaKOX y4acTh OOMIHHUKIB a00 MOMII, K1 3a0€3MeUyI0Th BUBEACHHS KAJIBIIIO 3 IIUTO30JI0
KIITUHU. Y 30yJIMBUX KIITUHAX (HEPBOBHUX, M'SI30BUX 1 CEKPETOPHUX) 3yMOBJICHUU
JETIOIAPU3AIIEI0 BX1 KaJbI[iI0 COIPUYMHSIE JOJATKOBE 30LIbIICHHS KOHIIEHTpAIlll IIbOTO
10HY 3aBJISIKM BUBLUIBHEHHIO 3 KaJbII€BUX JICNO, IO 3A1MCHIOE PEryJAiiiHuNA BIUIMB Ha
BiAMoBiAHI KiTHUHHI (GyHKIIT (Augustine et al., 2003, Endo, 2009, Dewenter et al., 2017).

VY Haif3araJibHIIIOMY BHIJISAl KalbLiil 4acTO PO3IJSAJAIOTh SIK MOCEPEIHHKA, 0
BIUIMBA€ HA BHYTPIIIHBOKIITUHHI TMPOUECH MIIAXOM 3MIHM BHYTPIIIHHOKIITUHHOI
KOHLIEHTpaLii i0Hi30BaH0i popmu 1poro enemenTa ([Ca?]). Leli moka3HUK 3MIHIOETBCS Bij
50 HM vy craHi cnokoro g0 61u3bko 10 MkM Ha mikax HU3KK (Di310JOT1YHUX CHUTHAIIIB
(Berridge et al., 2000). Bxig Ca?' i3 no3aKkIiTHHHOTO cepeoBHINA 3IHCHIOCTECS IIijl 4ac
aKTHBallll MOTeHIald-KkepoBanux KanblieBux kaHaniB (VGCC), kaHaliB 10HOTPOIHUX
peuenrtopiB rmyramaty (NMDA) Ta aneTwixodaiHOBUX PELENTOpPiB, a TaKOX KaHaJIB
TpaH3ieHTHOTro penentopHoro noreHmiany (TRPV-kananiB) mnasmaTuyHOi MeMOpaHH.
OCHOBHOIO BHYTPIIIHBOKJIITUHHOIO CTPYKTYPOIO, SIKa CIpuiiMae Ta oOpoOJisie Kalblli€Bl
CUTHAIM, III0 HAAXOJATh BIJ KaJbI[IEBUX KaHAIIB IJIJa3MaTUIHOI MeMOpaHU, €
enjoriazMarnuanii  petukynaym (EP); BigmoBigHa cTpykTypa B M'S30BUX BOJIOKHAX
BU3HAauCHa K capkorasmatuyHuii  petukynym (CP). BuBiibHEHHS Kalbllilo 3
BHYTPIITHBOKIITUHHUX JIETI0 MA€ BUTJISA OCHMIISIIIN 1 3a71€KUTh Bl aKTUBHOCTI KaHAJIB Y
MeMOpaHax Kalblii-3B’s13ytounx KmTuHHUX opranen (EP abo CP, mitoxonapiii, anapary
Tlonbxi, siapa). JogaTkoBe 301IbIIEHHS UTO30JbHOI KOHLIEHTPAIIil KalbI1l0 32 PaxXyHOK
BuBiUtbHeHHS 3 EP/CP BinOyBaeTbcst 3a paxyHOK BiKpPUBAHHS KaHaJIiB 1HO3UTOJ-3-
docdaruux penenrtopis (IP3Rs) Ta/abo pianonuaoBux penentopiB (RyRs).

V¥ ccauiB Oyno inentudikoBano tpu i3opopmu RyRs (RyR1, RyR2 i RyR3), ski
KOJIYIOThCSl TpbOMa PI3HUMHU TeHaMu Ha pi3HuUX Xpomocomax. RyR1 i1 RyR2 3naiineni
MEPEBAXKHO B CKEJIETHUX 1 CEPIIEBUX M's3aX BIAMOBIIHO, /€ BOHU BIIICPAIOTh LIEHTPAIbHY

pouib y 3B's13Ky 30ymkeHHs-ckopoueHHs (Fill and Copello, 2002). RyR3 OyB BusBienuit y
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nipamigaux Heilponax CA1 30HM rimokamity, 10 OPHU3BOIATH A0 CHEUMIYHUX 3MIH Y
CUHANTHUYHIN TuiacTuyHOoCTI rinokamity (Balschun et al., 1999).

[cHy10Th BUCOKOCENEKTUBHI MpenapaTH, siKi 34aTHI akTUBYBaTH a00 iHri0yBaTu RyRs
B 30y1iMBUX KiiTUHAaX. HailOuib1 BiToOMUMH 3 HUX € KOQEiH, piaHOJIUH, 4-XJIOP-M-KPE30J1
(4-CMC), nantpoJsieH, pyTeHI€BUI 4YepBOHUM, TeTpakaiH 1 mpokain (Viero et al., 2012).
Kodein € aronictrom RyRs i BukopuUCTOBYyeThCS K (DapMakoOJIOTIUHUM 1HCTPYMEHT st
BHBYEHHS OIIOCEPEIKOBAHOTO pPIiaHOJMHOBMMH pELENTOpaMHu BubinbHeHHs Ca’™ 3
BHYTpimHbOKIITHHHUX Jeno (Kong et al., 2008, Porta et al., 2011). Kodein cencubinizye
RyRs 1o Ca*" i cipusie Bupinsnenno Ca?' 3 EP npu 6a3ansHOMY piBHI uTo30mbHOr0 Ca?’,
[HmuMm npenaparom - 1Hri6iTopom RyRs € gantposnen (Fruen et al., 1997, Fill and Copello,
2002), sxuit y xoHuentpamii 10 MkM 3HMKYy€e UMOBIPHICTH BIAKPUTTS KaHaliB RyRs Ha
~50% (Diszhazi et al., 2019).

OCKUIBKM KaJbI1€Bl CUTHAJIM Ha miepudepii Ta B LHEHTP1 KIITUHU MOXYTh 3HAYHO
PI3BHUTHUCA, TO Jy’KE€ BaXJIMBO HE TUIBKM BU3HAYATH KOHIICHTPAIIO KaJIbI[II0 B TOMY YU
1HIIOMY JIOKYCI, a 1 3'sICOBYBaTH IPOCTOPOBI Ta YACOBI XapAaKTEPUCTUKH BIAMOBITHUX 3MIH
uiei BenuunHu. [Ipu 1boMy HEOOX1AHO HE TUIBKU PO3AUISATH KaJbIIEBUNM CUTHAN HA TOTOKU
KaJbllif0, M0 WAYTh MDK PI3HUMHU KIITHHHUMH KOMIIAPTMEHTAMH, a ¥ BHU3HA4YaTH
XapaKTePUCTUKHU 3a3HAYECHUX MTOTOKIB.

OnHuM 13 3py4YHUX 00'€KTIB 1711 BUBUCHHS 3MIHU BHYTPIIIHHOKIITUHHOI KOHLIEHTPALI11
KaJIbI[I}0, OIMOCEPEIKOBAHOI PIaHOAMHOBUMHU pELENTOPAMH, € KapAlOMIOIUTH. Y LHX
KIITAHAX, 3a (i310JOTIYHMX YMOB, pEai30BAaHO MEXaHi3M KaJbIii-1HIYKOBAHOTO
BHUBIJILHCHHS KAJIBI[iI0, KOJIM 301IbIIEHHS KOHIIEHTpaIlii Kaubiito Oi1s RyR2 cnpomorkue
Binkputu cam kaHain (Liang, 2008, Dewenter et al., 2017).

Busineaenns Ca?* 3 CP cknamaeTbes i3 AMCKPETHUX NOXil BubinbHenHs Ca?’, axi
MalOTh CTEPEOTUITHUI BUTJISI, Ta MOXKE OyTH Bi3yalli30BaHO 3a JOIOMOT0I0 KOH(POKAIbHOI
¢ayopecrenTHOT Mikpockomii Ta (ayopectentarx Ca?’-ayTnuBuX GapBHMKIB i OTpUMAaIn
na3By Ca®" cnanaxis (Ca?" sparks; (Cheng et al., 1993, Nelson et al., 1995, Tsugorka et al.,
1995)). lle cykynHe siBuiie, cTBopeHe rpynoio RyRs kaHaiiB, BU3HAYEHUX SIK KJAacTep
KaHAIiB BUBiLIbHEHHs a00 oxununi BubinbHeHHs Ca?’ (CRU; (Franzini-Armstrong and

Jorgensen, 1994)).
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Busineaenns Ca®" 3 CP € 0608’ 13K0BMM KPOKOM B IIPOLEC] CIPSKEHHS 30y IKEHHS-
ckopoueHHst (ECC) ckenernoro m’si3a. Tak mij yac aenossipusaliii nornepeyHoi TpyoyacToi
MeMmOpanu Ta aktuBaiii DHPRs (me Bigomi sik L-tun kanbiiieBux kaHaiiB) Ta RyRs
BinOyBaeThcsa BuBinpHeHHs Ca®" 3 CP (Nakai et al., 1996, Rios et al., 1993, Schneider and
Chandler, 1973). B3aemonmis DHPR Ta RyRs B ckemerHoMy M’s31 ajocTepuyHa, 3a
JIOTIOMOTOX0 IaTYMKy Hampyru Ta aktupamii RyRs me Bumarae Ca®* 3asnaxu CICR (Rios
and Pizarro, 1988, Shirokova et al., 1996). 3a ¢izionoriuaux ymos Ca**-cnanaxu maiixe He
3a(hIKCOBAHO B IHTAKTHUX CKEJIETHUX M'S30BUX BOJIOKHAX Jopociux ccaBiiB (Conklin et al.,
1999). Kinbka MaHInyJIs11i MOKYTh YCyHYTH (i3ionoriyne ranbmyBaHHs CICR y M’ s130BHuX
KIITHHAX ccaBliB. Taki BTpy4yaHHs gk nepmeabinizamis memoOpanu (Kirsch et al., 2001,
Lamb, 2002), nopymenns ¢ynkiii mitoxonapii (Isaeva and Shirokova, 2003) Ta
OCMOTMYHMI LIOK BUKIHMKAIOTh mosBy Ca’' crmanmaxiB B iHTAKTHHX M’S30BHX BOJOKHAX
(Wang et al., 2005). Taki mexanizmu BusasienHs CICR (ta i Ca?* cnanaxiB) y M’s13ax ccaBIliB
JI0C1 HEBU3HAYEHI, & PO3YMIHHS TAKUX CKIATHUX O10(pI3UYHUX MPOIECIB € BAKIUBOIO
3aJ1a4yelo.

MITOXOHAPIST € OJIHIEI0 3 OCHOBHUX CYOKJITUHHHUX CTPYKTYpP Y CKEJIETHUX M f3aX
ccaBiiB. KirouoBa posib IuX oOpraHen MOJSra€ y BUPOOHUIITBI €HEPrii MUIAXOM
reHepyBanHs AT® (Gillis, 1997, Madsen et al., 1996, Sembrowich et al., 1985). Takox
MEPEKOHIIUBO TE 1110 MITOXOHJIpi MPUHMAE y4yacTh Y BHYTPIIIHOKIITUHHOMY TOMEOCTa31
Ca®*, mo rpae BaIMBY POJb IIiJl 9ac LIUKIY CKOpOYeHHs-po3cnabnenns (Bruton et al.,
2003).

Baaxaetbes, mo Kd a1a mitoxonapiansaoro nornuaanas Ca®’ € HAATO HU3EKUM, 110
MITOXOH/PIsT He3JaTHA OMpallOBaTH MIBUAKY TpaH3i€HTy 3MiHy Kanbllito (Brini, 2003).
Pangoned Ta 1H. mokaszaju, 10 MITOXOHIPIs 3JaTHA IIIBUAKO 3MIHIOBATH BMICT KaJIBIIIIO 111
yac He TUIbKM TE€TaHIYHMX, a 1 TOOJUHOKUX ckopoueHb M’s31B (Rudolf et al., 2004). Mix
MiToxoHpiero 1 CP mae OyTu TiCHUH 3B'S30K, 1MI00 3a0€3MEUUTH MIBUAKE IMOTTMHAHHS
KaJIBI[IFO TIJT Yac 3B'A3KY 30y/HKEHHS 31 CKOPOUEHHSAM, 1[0 MOTPIOHO MEPEBIPUTH B HAIIUX
EKCIIEPUMEHTAX.

MitoxoHApii BUKOHYIOTh HE Jiuile (YHKII0 1Mo BUpOoOHUUTBY AT®, ame Takox

IPalOTh KJIKOYOBY POJb y IHIIMX KIITUHHUX Mponecax. 30UIbIICHHS KOHLIEHTPAIIl1 KaJIbIIiI0
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B MITOXOHIPIT ([Ca2+]m) MOCUJIIOE BHUPOOHUIITBO HIKOTMHAMIAAACHIHIUHYKICOTULY
(NADH), TpaHcmopT e€neKTpOHIB, 3MIHIOE BMICT MPOTOHIB, Ta CIpUsSE BUPOOHUIITBY
aktuBHUX PopM kucHio (ROS; (Duchen, 2000, Hajn6czky et al., 1999, Rizzuto et al., 2004)).
Tomy BaxxJIMBO 3’5ICYBAaTH BIUIMB MEPEPaXxOBaHUX BUIIE MPOIIECIB HA 3MIHY KOHILIEHTpAILIil
KaJIBI[IIO Ta IX B3a€EMO3B'sI30K 3 BUBUILHEHHAM 3 CP.
ROS 6epyTh yuacTs y peryJsilii pi3HUX CUTHAJIBHUX MOJIIM y CKeJIETHUX M 33X, TAKHX
sk romeoctas Ca®* ta ckopodenHs M’3iB (Andrade et al., 1998, Pattwell and Jackson, 2004,
Posterino et al., 2003). Beaxkaerbes, mo ROS BmBaroTs Ha BHYTpimHboKIiTHHHY Ca?*
CHUTHAJI3AIII0 4Yepe3 PeJOKC MOLYJALI KilbKoX OocHOBHMX Ca’’ curHambHUX OiNIKiB,
Bitouaroun RyRs (Feng et al., 2000, Trimm et al., 1986). Byno noka3ano, 1110 OKUCIEHHS,
abo HiTpo3aruBHa Moaudikanis RyRs dyepe3 OKHCIEHHA BHYTPIIIHbOKIITHHHOIO
cepesIoBHINa MOXKE, IMIPHHANMHI YaCTKOBO BIJMOBIJaJbHA 3a TOSBY Ca’ cnanaxiB (abo
CICR) mpm ctpeci M’s3iB. BaxmuBo mnepeBiputd, uyud ROS-3anexHi MexaHI3MHU
BiqnoBianeHi 3a po3BuTok Ca’’ cnanaxiB y ckeleTHHX M'sA3ax.

M‘s3oBa guctpodis J[omena (M) € oaHuM 3 HaWTSDKKUX —CHAJIKOBUX
3aXBOPIOBaHb M ‘s131B. BBaXkaeThCs, 1110 HecTaya AUCTPOPiHY pOOUTH CApKOJIEMY CKEIETHUX
M ‘S30BUX BOJIOKOH OUIBII BPA3IMBOIO 0 MEXAHIYHUX HaBaHTAXEHb I11]1 4aC CKOPOUYEHb a00
exkcienTpuuHoro po3raryBanHs (Ervasti and Campbell, 1993, Hoffman et al., 1987).
[cHy10TH 03HAaKM TOTO, IO OKUCTIOBAIBHUN cTpec (OKpeMo abo MO€gHAHI 3 MEXaHIYHUM
HaBaHTAXEHHSIM) MOKe crpuatu po3BuUTKy auctpodinonatii (Tidball and Wehling-
Henricks, 2007). SIx y M*s30BuX BoJiokHax maiieHTiB 3 M/I/], Tak 1y mutii jgiHii mdx piBeHb
OLIBIIOCTI AaHTUOKCUAAHTHUX (DEPMEHTIB Ta aHTUOKCHAAHTIB 3HaYHO 301ibIeH] (Austin et
al., 1992, Dudley et al., 2006). bazansHa abo ¢poHoBa renepaiiss ROS, sk nmpaBuio, Takox
ninBuiieHa (Whitehead et al., 2008). ITotpiOno 3’sicyBatu yu ROS cripusie BUBLIIbHEHHIO
Ca** 3 CP wuepes RyRs, ski MOXyTh IiANagaTH OKMCIIOBAILHAM/ HITPO3UTUBHHM
Mmoaudikamism (Marks et al.,, 2009, Stamler and Meissner, 2001), Ta miacuIOBaTUCS
OKHCITIOBAJILHUM CTPECOM OKpeMO a00 B MOEJHAHHI 3 MEXaHIYHUM HAaBAaHTAKCHHSIM.

Sk 3a3HAYanoCs BHIIE, JOCI 3aIMINAETHCS cynepewinBuM, 0 RyRs 3a paxyHok
CICR cmpusic Qisionoriunomy BubinbHeHH0O Ca’" y ckenmeTHmx M’s3ax ccaBuiB. Sk

nepekonsiuBo copmyBaB Enpo (Endo, 2009), 1Ba OCHOBHI CIIOCTEPEKEHHS CylepeyaTrhb
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LIEOMY: OJHE 3 HHUX IOJIATac B TOMYy, 10 iMoBipHO Ca’* moTtoku 3a (i3i0n0rivHux yMmoB,
BUMIPSIHI B IHTAKTHUX KJIITHHAX a00 KIIITHHAX Mpu (ikcaiii notenmiany (Royer et al., 2008)
Habarato mnepeBuinye 3HaueHHS CICR, BuUMIpsiHI B BOJOKHAax 13 3HSATOI0 MEMOpaHOIO
(Murayama et al., 2000). Inme crnocrepexeHnHs crocyerbcsa Toro, mo CICR mae Oytu
3M1MCHEHO TIIBKHU 3aBASKHU KaJbllilo, 0€3 OJHOYACHOIO 3aJy4eHHS IHIIUX MpolneciB. Tak,
nanpukiaza, Ca? cmanaxu, sxi B cepueBoMy M’s3i BBaxkaeThes o3Hakoo CICR (Cheng et
al., 1993), B ckeneTHUX M’s13aX He MOXYTh OyTu yuctuM nposiBoM CICR, ockinibku BOHU
HIII0I0ThCA JaTyukoM Hanpyrd DHPR, a Takox MOXyTb NPUIIUHITUCS PENOJISIPi3alli€ro
(Lacampagne et al., 2000). Curnanom Jjsi CKOPOYEHHSI CKEJIETHUX M'A31B € IIBHJKE
301IBIICHHS IIMTO30JbHOI KoHLEeHTpauii Ca?’, mo BMMarae KOOPAMHOBAHOTO BiIKPUTTS
KaHAJIIB PIaHOJAMHOBHUX PELENTOPIB Yy CApKOIUIa3MaTUYHOMY pPETUKYIyMi. Binkpurrs
KaHaIIB KOHTPOJIIOETHCA AUTIAPONIPUIMHOBUMHU PELENTOPAMHU, SIKI € YYTJIUBUMH JO
MOTEHLIATy T1a3MaTu4Hoi MeMOpaHu Ta T-TpyOouok. Un mOCHIIIOEThCS TaKUW CUTHAT 3a
paxynok Ca?’-innykoBanoro BupinsHeHHs Ca2’, 3anMIIaeThes qUCKYCIHHUM.

B kapaiomionurax mosisa Ca®* cnanaxis Bin0Oysaethbes 3a paxyHok CICR He Tinbku s
Himianii, ane 1 a5 nomupenHs B kinactepi (Cheng et al., 1993, Endo et al., 1970, Fabiato
and Fabiato, 1978). Ca®" canmaxu BUHMKAIOTh y MiOIMTaX ILTyHOUKiB Miokapay (Niggli and
Shirokova, 2007), a Takox y mionutax nepeacepab (Blatter et al., 1997, Kockskamper et
al., 2001, Sheehan et al., 2006). ¥ Miouurtax HUTYHOYKIB JI0Ope PO3BHHYTa TPUBUMIpHA
Mepexa monepeunux (T) Tpybouok (Soeller and Cannell, 1999) sika 3abe3neuye mBuaKe
PO3MOBCIOJKEHHS TMOTeHLiany aii mo Bcbomy 00’emy kimituHu (Cheng et al., 1994).
Hapnaku, y miounurax mnepeacepab mepexa T-TpyOouok cinabo po3BuHyTa abo 30BCIM
BiacyTHsa (Huser et al., 1996, Mackenzie et al., 2001), a 6iu3bke po3tanryBanus DHPRs Ta
RyRs icuye nuire Ha nepudepii kaitunu. [Ipu npomy CP nommpenuii no BCiid KIITHHI Ta
mictuth RyRs, 3nathi BupineHroBatn Ca®’ i remepysatu Ca’?’ cmamaxm (Sheehan et al.,
2006). Taka pi3HOMaHiITHa OyJI0Ba MIOIIUTIB POOUTH JIykKe 3pYyYHUM 00’ €KTOM JIOCIIKEHb
smin Ca?* curHanis y GpyHKIIOHYBaHHI KIIITHH.

Kinpkicte 3amyuenux kaHaniB RyRs, wacoBi BiIacTMBOCTI MOOJMHOKOI TMOAIi,
TPUBAIICTh BIAKPUTTA OKPEMUX KaHAJIB y KjacTepl, MEXaHi3MH, IO JieXKaTh B OCHOBI

3akpuTTa RyRs, cTynens nokanbHO BHYTPIIIHBOTO BUCHAKeHHS CP, BeIu4uHu cTpyMy Ta
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yacy 10 miky cnanaxy Ca®’, 3alIMImaroThCs HEBH3HAYeHMMH a00 TIABKU IIOYMHAIOThH
3’acoByBarucs. CrnoHraHHicTh cmanaxiB Ca’' Ta HeBM3HAYeHICTh MiCIS BUBIILHEHHS
YCKIIJHIOIOTh TOYHE BU3HAUYEHHS napameTpis cnanaxis Ca’" Ta morpebyroTh IoimmueHHs
METO/11B BUBHAYEHHS LIUX SBUIL. J[0AaTKOBO, Cy4acH1 MOKIMBOCTI IIBUAKOI KOH(POKAIBHOL
MIKPOCKOITi HaJalTh 3MOTY JAETAJbHINIE AOCIXKYBATH 3MIHM BHYTPIIIHBOKIITUHHOI
KOHIIEHTpAIlli KaJbIll0 y MIOIUTAaX MIOKapay SK Ha JIOKAJIbHOMY, TaK 1 Ha PIBHI IJIOi
KJIITHHH.

[Mopymenns Mexanismy subinbHeHHsS Ca’' 3 CP aGo 3minu BigHOBIEHHS RyRs
MOXYTh BHUKJIMKATH 3MIHM KOHLEHTpAIll Kaiblilo 30yJIMBOi KIITUHH Ta ii
¢byHkIioHyBaHHS. 3 01013UYHOT TOUYKU 30DPY, MNOCHIKEHHS IUX SBUI € JIyKE LIKaBUM.
AnbTepHallii cepis — MOPYIICHHS CKOPOTIMBOI (PYHKIII cepls, MO0 MPOSBISIETBCA B
peryiasipHOMYy YepryBaHHI BITHOCHO CHJIBHUX CKOPOYEHD 31 CTAOKUMU. ATTbTEpHAIlIS] CEPIIS
€ BU3HAHUM (DAKTOPOM PU3UKY CeplEeBOi apuTMii Ta panToBoi cepieBoi cMmepti (Ter Keurs
and Boyden, 2007, Walker and Rosenbaum, 2005). Ha kiniTuHHOMY piBHI ajbTepHAIlil
IPOSBIAETLCA y BUIVISAA Bapianiii muro3onsHux Ca’*-TpaH3ieHTIB 3MIiHHOI aMILLITYad 3
PETYJIIPHOIO YaCTOTOK CUMYJISIIINA Kap110MIOIHUTa.

Ha mizgcrasi Teopii nukiry 3min konnentpanii Ca** y kapaioMionuTi, KOMIT FOTEPHHUX
TOCHIKEeHb Ta ekcriepuMeHTanbHuXx nanux (Weiss et al., 2006, Weiss et al., 2011), 6ymno
BHSBIICHO JIBA IIAPaMETPU SKi KPUTHYHI IIPU CTHUMYJI-cTEMYI perymsuii [Ca®'] ta mossu
anbpTepHallii, ue: ¢pakuiline BupinbHeHHs Ca’* Ta eeKTHBHICTH IIMTO30JHEHOIO
CEKBECTPYBaHHs Kalbllito. B CBOIO uepry, BOHM MOXYTh 3aje€XaTH BiJl BJIACTUBOCTEH
pecTUTyILii Ta pepakTOpHOI KiHeTHKU MexaHi3my BubinbHenHs Ca’* 3 CP, mo notpi6HO
TOCIIIIUTH.

Inma xapruna Ca®" curmamizanii crocrepiracTbesl y HEHpOHAX TOJOBHOTO MO3KY.
Tak, RyRs y mnepudepuyHux 1 LHEHTpAIbHUX HEHpPOHAX MOXYTh MIJACUIIOBATH 1
nonos:xysaru Bxigni Ca?* curmamm 3a paxynox CICR (Holliday et al., 1991, Kano et al.,
1995, Llano et al., 1994). Jlesiki nocniKeHHs MOKa3aliy, [0 BUCHAXKEHHS a00 OJIOKyBaHHS
pianoguauyTaueux Ca’* neno cyrreso He 3MmiHIOE ammuniTyxay i popmy Ca®* Tpamsienty
iHIyKOBAHOIO JENOJIAPU3Alil0 Ta HE BHOCATh CYTTEBOro BHecKy y Ca’* Tpamsicnrw,

BUKJIMKAaHUX HU3bKOUYacTOTHOIO akTuBHICTIO (Garaschuk et al., 1997). Opnak, Oyno
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BCTAHOBJIEHO, [0 y COMI TMipaMilaiIbHUX HEWPOHIB € peTuKylsipHa Mepexa EP, ska
MOIIUPIOETHCS. HA JICHIPUTH Ta Ha BCIO JIOBXKMHY aKCOHA, BKJIIOYAIOYM MPECUHANTUYHI
oytonu (de Juan-Sanz et al., 2017). Kpim Toro, moBiIoMJIsLIOCS, 11O TTOBTOPHA TETaHIYHA
CHUHAINTHUYHA CTUMYJISALIS ipaMiianbHuX KIITUH CA 1 30HM Ha 3pi3ax rinokamiy iHIyKyIOTh
suBinbHeHHs Ca’' 3 nenapuTHMX a00 NpecMHANTHYHUX piaHoguHuyTiuBux Ca?t memo
(Alford et al., 1993, Tran and Stricker, 2021). Takum YuUHOM, POJb PiAHOJUHOBUX
pELEeNnTopiB Y peryisilii BHYTPIIIHbOKIITUHHOI KOHIIEHTpallli Kajbllil0 B HEHpOHaX
noTpedye MoJaIbIINX AOCIIKeHb. OCOOIUBO aKTyaJIbHUM € BCTAHOBIICHHS BIUIUBY PIBHS
€JIEKTPUYHOTO CTUMYJIFOBAaHHSI HEPBOBUX KIIITHUH HA MPOLIEC BUBLILHEHHS KaJbIIIIO.

OTxe, akTyaJdbHICTh I1i€] POOOTH BHU3HAYAETHCS MNOTPEOOI0 B TEOPETUUYHOMY
y3arajlbHeHHI Ta EKCIEPUMEHTAIbHOMY BHPIIICHHI HAYKOBOI MpoOJjeMu  podi
PlaHOJMHOBUX PELIENTOPIB Y Kalbli€BIA CUTHAMI3ALIT B M SI30BUX 1 HEPBOBUX KIIITHHAX, a
TaKOX y PAl KIITUHHUX MexaHi3MiB (akTuBailii RyRs; miToxoupis sik padbpuka ATD Tta
ROS; 3miHa MOTOKY Kanblito; 30yIxkeHHs a00 1HriOyBaHHS AaKTUBHOCTI KIITHHHU) 3a
JOTIOMOT010 010(p13MYHUX METO1IB. MeTO0 HAIKMX JOCTIIKEHb OyJ10 BU3HAUYCHHS MTPOIECY
PO3IOBCIOJKEHHST KajblicBoro curHany Ha piBai Ca’’ cmamaxi, a TakoX IMHAMIKH
KOHIIEHTpAIlli IIbOTO 10HY Ha PiBHI 1101 KJIITUHU Ta ii OpraHels y BIAMNOBIIb HA HOPMaJbHI
260 3MiHM (PYHKIIOHAIBHOTO cTaHy KiiTuHH (anbTepHanii Ca’") Ta maTomoriuaux ymoB
(aputmii cepus abo M’sa30Biid nuctpodii [lromena). biodi3uunHi BIacTUBOCTI, 1110
OOyMOBIIIOIOTh TOHKY PEryJifllil0 BHYTPIIIHBOKIITUHHOTO KAJIBI[II0O Yepe3 3MIHU
akTUBHOCTI RyRs Ta BpaxoByrOTh (PakTOpu MITOXOHIpPIadbHOI PEryJdiii, Jii BIUIbHUX
pagukaniB kucHio, akTuBHICTH NAD(P)H okcupasu Ta BIJIMB caMOro KalbIlito, € BKpau
BAKJIMBUMU [JISI PO3YMIHHSI KJIITUHHOTO TOMEOCTa3dy Ta (YHKI[IOHAJIbHOI aKTHUBHOCTI
KJIITHHH.
3B’5130K po00TH 3 HAYKOBMMH NPOrpaMaMu, IJIaHAMM, TeMaMu. /{ucepraiiiiina pobora
BUKOHAHA 3T1JIHO JIaHY HAYKOBO-J0CIIIHOI TEMATUKHU BIAALTY 010(13UKHA 10HHUX KaHaJIB
[acturyty @izionorii iM. O.0. boromonbiss HAH VYkpainu Ta iHIIUX mOporpam, IIo
BUKOHYIOTbCS B1AJIUIOM (HOMep aepskaBHOI peectpamii 0118U007344, 0116U004470 Ta
0120U001281). Yactuna poOoTu Oyjia BHUKOHAHa B paMKax MporpaM MIKHAPOIHOTO

criBpoOiTHHNTBA “KITITHHHI CUCTEMH B HOPMIi Ha maToJiorii” B YHIBepcUTEeTI MeauIMHA Ta
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Cromaronorii Hero-/xxepci, CILIA ta Mennunomy Llentpi YHiBepcurery Pam, Ywukaro,

CIIIA.

Mera 10oc/iIKeHHs: TI0JIsIraia y 3’siCyBaHH1 poJIl plaHOAMHOBUX PELIETITOPIB Y (pOpMyBaHHI Ta

MOJIYJISALIIT KOHIICHTpAIIi] 10HIB KaJIbLIII0 Y M SI30BUX 1 HEPBOBUX KJIITUHAX HA PIBHI KJIITUHU, YU

OKpPEMOT 1i JTUISHKH.

3aBIaHHA TOCHiIKeHH. 3T1THO 3 L1€I0 METO0 OyJIM MOCTaBJICHHI HACTYIMHI 3aBAaHHS:

1. JlocniguTy NpoCTOPOBO-YaCOBI BIACTUBOCTI 3MiH KOHIIEHTpAIlli 10HIB KaJbIIil0 HA PIBHI
€JIEMEHTApHUX Ta TJI00AJIbHUX KaJbI[IEBUX CHUTHANIB 3a Y4yacTi pPlaHOJUHOBUX
pELENnTOopiB B MIOIIUTAX NEPEACEPIb Ta IITYHOUKIB.

2. JlocniuTu aKTUBHICTh PIaHOJUHOBUX PELIENTOPIB K MOOJUHOKUX MO BUBUIbHEHHS
Ca®" 3 capkonIa3MaTUYHOTO PETUKYIyMy — cranaxu Ca’* 3a [omoMororo 6araToMipHoi
KOH(OKaJIbHOI MIKPOCKOITI.

3. B mionurax nepeacepab IOCHIAUTH anbTepHAIli KalbI[il0 MPU MOCTIHHIN YacTOTI
CTUMyJIslii  Miomura. 3’scyBaTd  ponb  moTeHuian-keposanux Ca’*  kamanis
IJIa3MaTHYHOI MEMOpaHM Ta KiHIEBOro, faiacroiignoro pisua Ca** 8 CP mix wac Ca®*
anpTepHAIlld B MmioluTax mnepenacepas. [IpoananizyBaTu BIUIUB pedpakTepHOCTI IO
suBinbHenHs Ca’* i3 CP, 3a paxynok RyRs, Ik MOKIMBOrO YMHHKMKA BUHMKHEHHS Ca®’
anbTEpHAIIH.

4. JlocniIUuTH MOKJIMBICTh MITOXOHJAPIN CEKBECTPYBATH KaJbI[iM SIKUH BUBUIBHIOIOTHCS 3
CP 3a paxyHok RyRs B ckeneTHMX M’S30BHX BOJOKHAX. BUBYNTH (yHKIIIOHAJIbHE
po3rairyBaHHsi MiToxoHapii Ta CP.

5. BcTaHOBUTH BIUIMB MITOXOHAPIAIIBHOTO OKHUCIIOBAJIBHO-BITHOBIIOBAJIBLHOIO CTaHy Ha
perynsnito BupinbHeHHs Ca?* i3 CP 3a ywacti RyRs Ta mossy Ca** cmamaxis y
nepMeadiTi30BaHUX CKEJIETHUX M'SI30BUX BOJOKHAX CCaBIIiB.

6. BusiBUTH B3a€MO3B'SI30K MDK OallaHCOM aKTUBHHUX (OPM KHCHIO Ta aHOMAJIbHUM
cmeckom Ca?’ cmanaxiB y CKeJETHMX M'S30BHX BOJIOKHAX JiHiI mumi mdx micns
MEXaHIYHOTO CTPEeCy Yy BHUIJISJI OCMOTHMYHOIO HIOKY Ta MOPIBHATH 3 HOPMAJIbHUMU
TBapuHaMu. BcTaHoBUTH, UM MOXKyTh noriauHaui ROS i1HridyBatu crpec-1HIyKOBaH1
Ca’" cmanaxu. BusHauwnru 3anissi mkepena ROS y ckeneTHUX M'S30BHX BOJOKHaX mdx,

[IPU OCMOTUYHOMY CTPECI.
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7. BU3HAYWTH, YM NPHU3BOAUTE INTY4HE JOKATi30BaHE IiABUIIEHHS KoHUeHTpanii Ca?’ B
CKEJICTHUX M'S30BHX BOJIOKHAX MHUIII Ta >kabW 10 BUBUIbHEHHS 1boTo 10HA 3 CP mpu
aktuBalii RyRs. U BinOBI1al0Th OTpUMaH1 peakxiiii XapaKTepUCTUKaM '"KIIaCUHYHOT0"
KaJIbI[1M-1HTyKOBAaHOTO BUBUIBHEHHS Kaiblil0? 3’dCyBaTH BIJIMIHHOCTI Yy BEJIHUYHHI
MOTOKY BUBLIbHEHHS Kaubllito 3 CP Ta nmopir aktuBaiii RyRs kanbiiem Mixk M'si30BUMU
BOJIOKHAMH >ka0u Ta MUIII.

8. HocmiauTu mpocTOPOBO-YACOB1 BJIIACTUBOCTI KaJbLIIEBOTO CUTHAIY B MipaMiJaIbHUX
HelipoHax rimokammy mypis. Bussutu pons RyRs B mogymsanii Ca?" curmany mix gac
KOPOTKOYACHO1 a00 TpUBAIOi CTUMYJISIIIT B PI3HUX YaCTUHAX HEHpPOHA.

O0’exkT JOCTiIKeHHSI: PEryJdiis KOHIIEHTpallli 10HIB KAaJbI[i0 PIaHOJUHOBUMU

pelenTopaMu y M’sI30BUX 1 HEPBOBUX KIIITHHAX.

IIpeamert gocaigskeHHs : 3MiHU Ta POpMyBaHHS BHYTPIIIHLOKIITUHHOT KOHIIEHTPAIIli 10HIB

KQJIBI[II0 B KapJlOMIOIUTAX, CKEJIETHUX M S30BUX BOJIOKHAX Ta MipaMiHUX HEWpoHax

rinoKamIy 3a paXyHOK 3MIHM aKTUBHOCTI PlaHOAMHOBUX PELENTOPIB.

MeToau noc/iIzKeHb: BKJIIOYAOTh 010p13MYHI MIAXO0U, TakKi sIK emi(roopecieHTHa Ta

KOH(OKaJbHAa MIKPOCKOMIsl, 3 BUKOPUCTAHHSIM KaldbLIW-UYyTIMBUX (DPIIyOpECIEHTHUX

OapBHUKIB, NI BUBHAUYCHHSI 3MIH KOHIIEHTpAIlil KaJIbI[il0; METOJ METY-KIEMIT peecTparlii

tpancmMeMOpannux Ca?' cTpymiB; IOKanbHE BMBLILHEHHS 3B’S3aHOTO KalbLiK 3a

nonomoror (e doTonizy; KOMII'IOTEpHE MOJEIIOBaHHA Ta OOpOOKa KallbI[IEBOTO

CUTHAIY JUIsl PO3PaXyHKIB MOTOKIB KaJbI[1}0; CTATUCTUYHA 00pOOKA YUCIIOBUX PE3YJIbTATIB.

HaykoBa HOBH3HA 0/1ep:KAHUX Pe3yJIbTATIB

BHKOpHCTaHHS HaJIBHAKICHOT KOH(OKaNbHOI Bisyamizamii munamiku Ca®’ B cepueBHX

MIOLMTaX JO3BOJMJIO BUSBUTH CTYIIHYACTy KiHETHKY 3pocrarouoi dasu Ca’' cmamaxy.

[Tokazano, mo aumHaMiky 36inbmenns Ca®’, sSkuil BXOAWTH y KIITMHY Ta KaJbIIili-

1HTyKOBAHOTO BUBIJIbHEHHS KaJbI[II0 MOKJIMBO JOCTOBIPHO PO3AUIUTH HA PIBHI OKPEMHUX

LEHTPIB BUBUIBHEHHS KAJIBIIIIO SIK Y KJIITUHAX NEpPEeACEPs, TaK 1 y ILTyHOUKIB MioKapaa, K

y 9aci, TaK 1 MpocTopi.

Brepie Oyno BuBueHO BrnacTmBocTi Ca®’ cmamaxis, IO 3apeecTpoBaHi y wmicui

BUBUJIBHEHHS Kalbllito Bia rpynu kaHaiaiB RyRs. Bonum manm Ounblly amrmiTtygy Ta

MOJAIBHUI PO3IOIN AMILIITYAU 3 0fHOK Moxot. CTtpyM BubinbHeHHa Ca!, skuii nexkaB
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B OCHOBI Takux crajnaxiB, ctaHoBuUB 11 mA. i AOCSTHEHHS LILOTO CTPyMy HOTPiOHO
aktuByBatu Big 20 10 30 BinkpuTux kaHaiiB RyRs.

[Ipssmo moKa3zaHO, IO B MIOIHUTaX IEepeAcCepaAb 3MiHA KIHETUKH PECTUTYINI
BuBinbHeHHS Ca?! 3 capKomIa3sMaTHYHOTO PETHKYJIyMy BiJl CTHMYIY [0 CTUMYJIy €
KJIIOYOBMM IIPUYUMHHMM MEXaHi3MOM BHMHMKHeHHs Ca’'-anpTepHaniii, Sk BaKIMBUiA
MEXaHi3M YTBOPEHHS CEPLIEBOI apUTMIi.

Byno inenTndikoBano cyOKmiTHHHI Mikpomomenu, B sxux Ca’* mae mepepaxHwmii
JOCTYII 10 MITOXOH/IpIH Y (yHKIIOHAJIBHIN Ta CTPYKTYpHIN 05n3bKOCTI 10 CP y ckeneTHux
M'si3ax. Bylo BUSIBIEHO HAasIBHICTH JIBOX TPyN MITOXOHJIPiH, OJIHA 3 HUX PO3MIIIEHA
oesnocepennbo 6inma CP, ne Ca?" mornMHaeTbcs MITOXOHAPIAMH 3aBASKH BiJKPHTTIO
kaHaiiB RyRs.

Po3kpuTi HOBI acmeKkTH peryislii MITOXOHAPIAIBHOTO  OKHCIIOBAJIIBHOTO-
BiHOBJIIOBAILHOTO CTaHy LIOAO peryianii suBinmpHeHHs Ca’' i3 capkomazMaTHYHOrO
KaJIBI[IEBOTO JIEMO HA MpUKIaal akTUBHOCTI rpynu RyRs B ckemernux m’sizax. ROS
CIPUYMHSIOTh AHOMaJIbHY aKTUBHICTh RyRS B IHTaKTHUX CKEJIETHUX BOJIOKHAX (TOSIBY
KaJIbI[IEBUX CMAJIaXiB) IPU OCMOTUYHOMY cTpeci. B qucTpodiuHUX BOJOKHAX CKENETHUX
M'sI31B MiJI BIUIMBOM OCMOTHYHOIO CTpecy, po3banaHcoBaHicTb B ROS curnamax
MPU3BOAUTH 10 TOTO, IO Ca’" cnamaxu 3’sSBISUIHCS HE TiTBKU HA nepudepii KIITHHH, a
TaKOX MOIIUPIOBANIUCA B LEHTp KIITUHM, a 1HTi0iTopr NAD(P)H-okcunasu edekTuBHO
MPUTHIYYBAJIU CTPEC-1HAYKOBaHY AaKTHUBHICTh PIAHOJMHOBUX pPELENTOpiB. 30UIbIICHHS
MITOXOHAPIAIBHOTO KaJlbI[lI0 Ta MOCHJICHHS YTBOPEHHsI MiToXoHApianbHOro ROS B mdx
BOJIOKHAX Hifcumoe anomanbhi Ca’" curaanm.

I[Tokazano cynepeuwuBy poib Ca?*-ingykosanoro susinsaenns Ca?* 3 CP 3a paxyHok
BIIKpUTTA KaHaiiB RyRs B ckeneTHux m’s3ax. 3a (i310J0TIYHUX YMOBax y CKEJIETHUX
M'sI30BUX KJITUHAX xabu Oynu 3apeectpoBaHi CICR-Bimmosimi. IlpoTe, y ckeneTHux
M'sI30BUX BOJIOKHAX Muilli, RyRs He pearyroTh Ha CTUMYJ KalbIiio 10 8 MKM, Ta MarOTh
3HAYHO HWXXYUU MOTIK BUBUIBHEHHS, IO Pa3oM 13 3HAYHO BHUILIKUM IMOPOTOM AaKTUBAIlli
pEeLenTopiB MOSICHIOE HE3HAYHY BIAMOBIIb P BIACYTHOCTI MpenapariB, M0 BIAKPUBAIOTH
KaHaM, Ta Bkazye Ha BijicyTHIcTh CICR y mporeci 30y5KeHHA-CKOPOUYEHHS Y CKEJETHUX

M’sI3aX CCaBIIiB B HOPMI.
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Otpumani HOBi JaHi mpo posib RyRs y kanbIlieBiil curnanizaiii B mipaMiaJbHUX
HellpoHaX TiMoKaMIy IMypiB. 3pOCTaHHS KOHUEHTpauii BinsHOro Ca®’ € acMHXpOHHUM i
3aTPUMY€ETHCS B IEHTPaAJIbHIM IISHII MOPIBHAHO 3 NMpUMEMOpaHHUMHU AUISTHKaMu abo
NiISHKaMM JEHIPUTHOTO IEpeBa, [e CIocTepiracThes mBummui po3sutok Ca?t curnany.
KopoTkouacHa enexkTpuyHa CTUMYJSIIS HEAOCTaTHA JMJIsi TOTO, I100 BUKIUKATH
BuBinbHeHHS Ca?’ 3 eHJOIIa3MAaTHMYHOIO PETHKYJIyMYy uepe3 KalbLii-iHIyKoBaHe
BUBUIbHEHHS Kaibllito. HaTomMicTs, 11 akTuBamii RyRs Ta BHUBIIbHEHHS Ca’" HeoOXximHa
TpUBaja CTUMYJISALIS.

Pe3ynbTaTu AOCHIKEHHS € BHECKOM Y KOMILUIEKCHE PO3YyMiHHSI P1aHOJIUH PELENTOP-
OMOCEPEIKOBAHOI KaJbl1€BOI CUTHANI3aIli B M SI30BUX 1 HEPBOBUX KJIITHHAX y HOpPMI Ta
MaTOJOrI.

TeopernuHe Ta NpAKTHYHE 3HAYEHHHA POOOTH.

[IpencraBiena poOOTa € BaXKIMUBOI B rany3i 01013MKH, OCKUIbKH PO3IIMPIOE Cy4acHI
YSBJICHHS IOA0 (PYHKIIIT PlaHOJUHOBUX PELENTOPIB Y MOAYJIALIT KIITUHHOT KOHIIEHTpAIii
KaJIbI[I}0 B 30yIJIMBUX KIITHUHAX, K 3 TEOPETUYHOI, TaK 1 3 MPAKTUYHOI TOYKHU 30py. Y
poOOTI AeTaTbHO PO3TISHYTI 010()13UUHI BJIACTUBOCTI KaJbI[I€EBOI CUTHAII3AIlll M’ S30BO1 1
HEPBOBOi KJIITHH, SIK Ha PIBHI OKPEMHUX OpraHel: CapKOIUIa3MaTUYHOI'O PETUKYIYyMY Ta
MITOXOHAPII, TaK 1 MIKPOKJIIITUHHUX JOMEHIB Ta IIEHTPIB BUBUIbHEHHS KaJlbIII0, ILUIIXOM
peryJifilii OKUCIIOBAIbHO-BIAHOBIIOBAIBHOTO CTaHy KIITHHH, MiTOXOHApianibHOro NADH
curHany abo 3a ydacti TpancmembOpannux Ca’" kamamis L-Tumy Ta akTHMBHOCTI
PlaHOJMHOBUX PELENTOPIB 32 PAXYHOK KalbI[1i-1HAYKOBAHOT'O BUBLIBHEHHS KaJIBIIO.

Pe3ynbTaTé 1bOr0 NOCHIKEHHS € 3HAYHUM KPOKOM BIIEpE]l Y HAIIOMY PO3YMiHHI
MEXaHi3MiB, 110 JIeXKaTh B OCHOBI aJbTEPHYIOUOTO CEpPUEOUTTA, Ta HAJa€ MOMIMBOCTEH
PO3pOOKM HOBHUX CTpATErii JIKyBaHHS apUTMIiil.

[Mopymienns: perynsnii ¢yHkiii RyRs npu3Boauts 10 pi3HUX 3aXBOPIOBaHb. ToMy
PO3YMIHHS MPOLECIB, AKI PETYIIOIOTh aKTUBHICTh RyRs, mae BupimianbHe 3HAUEHHS AJis
pPO3pOOKHK TEpaneBTUUYHHMX CTpaTerid. Pe3ynbTaT HBOTO JOCHIIKEHHS HE TUIBKU
HOrIMOIATE HALIE PO3YMiHHA (yHIAMEHTAIbHUX NPHHIMUIIB BHYTPIMHLOKIiITHHHOI Ca’
CUTHaII3allll, alle HaJaloTh YSBICHHS MPO MOJEKYJSPHY OCHOBY PI3HHUX 3aXBOPIOBaHb,

noB'si3aHuX 3 nucyHkKiiero RyRs.
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Brepiue 3ampornoHOBaHO METOAWYHI miaxomu mochimxenns Ca’' chnamaxis y micii
BuBUIbHEHHS 3 CP, TpyHTOBaHi Ha TPUBUMIPHOMY KOH(OKaIbHOMY CKaHYBaHHI
(dbayopecueHIii, mo Mae OyTH BUKOPUCTAHUM i AociiKeHHs RyRs, BU3HauaTu motik
BUBUIBHEHHS KalbI[il0, Ta HAJAa€ MOXKJIMBICTh BHKOpPHUCTATH 1i I (apMaKOJOTTIHUX
JOCJTII)KEHb P1aHOJAMHOBUX PEIIENTOPIB.

3anponoHOBaHO METOANYHI M1IXOAM JIsl BABYEHHS 010(p13MYHUX MTPOILIECIB 30y JIUBUX
KJIITHH, 0a3ylO4YuCh Ha IIBUAKICHIA KOH(OKaIBHIM Bizyamizamii I JOCITIIKEHHS Ca*"
CUTHAIIB 3 YaCOBOKO PO3JILHOIO 3JaTHICTIO, MOAIOHOIO A0 METOJy MEeTY-KIEMIl, ajie y
MEHIII IHBa3UBHUM METO/I, 3 MOKJIUBICTIO PO3JILICHHS IO BC1M KJIITHHI.

By 3amponoHoBaHWii HOBHII METOJ MPOCTOPOBOI, CKIAAHOI, JUDPaKIIAHO-
oOMexxeHo1 ¢oToakTuBalli Ta (HOTO3HEOAPBICHHSI B KUBUX KiIITHHax. Taka MeToJMKa
JI03BOJISI€ JIOKAJIbHO aKTHMBYBATH OKpEMi CalTH BUBUIbHEHHS Kajblliio abo rpymy RyRs
KaHaIIB Y )KMBUX KJIITUHAX, 1110 MOK€ OYTH BUKOPUCTAHO JJIsl BABYEHHS iXHIX CTPYKTYPHHUX
1 QYHKIIOHATBHUX JE€Talel 3 BUCOKOI TOYHICTIO.

Takox Oyna agantoBaHa Ta MoaudikoBaHa ¢opmyina ['piHkeBUYa 111 BU3HAYCHHS
BMICTY BIJBHOTO Kajbllil0 B KIITHHI TPH JBOX XBUJIBOBOMY METOA1 30y KCHHS
dayopecuenTHoro 6apBHuka npu Bukopucrtasi [133 kamepu. Ananraiiis BKIto4ae B cede
KOpekiiro (oTo3HEOapBICHHS Ta BUIPABICHHA TOMUIKH BigHiMaHHA ¢ony. La
Moaudikaris HeoOXiTHA I BU3HAYCHHS KOHIICHTPAITli KaIbIlif0 TBOX XBUILOBOMY METO/II
30ymKeHHsT (IIyOpEeCIeHTHOr0 OapBHUKA M TOBMHHA BHKOPUCTOBYBATHCS B TMOJAIBIINX
JIOCHIHKEHHS.

[IpencraBiieHi pe3yabTaTH MalTh 3arajibHe 010J0TIYHE 3HAYCHHS 1 TMOTJIUOIIOIOTH
HaIlle PO3YMIHHS KaJbIi€BOi CUTHAI3aIlii B M S30BUX 1 HEPBOBUX KIITHHAX. 3 MPAKTUYHOI
TOYKH 30py, OTPUMaHI JaHi € OCHOBOIO JUIsl MOJAIBIIOTO BHBYCHHS MOJIEKYJISPHUX
MeXaHI13MiB MPOIIECY MEPETBOPEHHS 30y IXKEHHS B CKOPOUYEHHS AK y KapAiOMIOIUTAaX, TaK 1
B CKEJIETHUX M’ SI30BUX BOJIOKHAX, a TaKOX PO3KPHBAIOTH PO3YyMIHHS POJI KaJlbIii-
3aNIeKHUX (PYHKIIA y HEPBOBHX KIIITUHAX.

Oco0ucrtuii BHecok 3100yBava. Jlucepraiiitna po6ota € 0cOOMCTOO Tpariero 3100yBaya.
Merty, 3aBmaHHsS POOOTH, METOJIM JOCHTIKEHb, aHA3 JITepaTypHUX Ta OTPUMAaHHUX

MarepiajiiB  poOOTH TIPOBEJEHO, OMYyOJIKOBAaHO Ta BHKJIAJACHO B IMpEJCTaBIICHIN
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IucepTaliiHiil po6oTi 0cOOMCTO. ABTOPOM MPOBEACHO HAYKOBHUH MOILIYK Ta KPUTUUHUN
aHami3 HassBHUX JaHUX  JITeparypu 1010 OOIpyHTYBaHHSI perymisuii
BHYTPIIIHbOKJIITUHHOTO KaJlbI[1I0 32 PaXyHOK piaHOAMHOBUX perienTopiB. [Ipu nmpoBeaeHH1
JIOCJIII>KEHb aBTOPOM OCOOMCTO BUKOHAHO OCHOBHY YAaCTUHY €KCIIEPUMEHTAIBHOT pOOOTH,
aHaji3 OTPUMAHUX pe3yJbTaTiB, IX HAyKOBY IHTEpIpETalil0 Ta Yy3arajlbHEHHS,
(dhopMyITtOBaHHS BUCHOBKIB Ta HalmMCaHHs cTareil. JIeski ekcriepuMeHTH OyJy MpoBeACHI 31
CIiBaBTOpamMu OIyOiikoBaHUX poOIT. JlOCHIJPKEHHSI ydacTi MITOXOHApPIi B peryJssiil
KaJIbI[IEBOTO TOMeocTa3y Inpu ioro BuBuibHEHHI 3 CP nemno 3a yyacti RyRs B M’s130BHX
BOJIOKHAX Ta BIUIMB MITOXOHAPIAJIBHOTO OKHCIIOBAJIbHOIO-BIAHOBIIOBAIBHOTO CTaHy Ha
suBinbHenHs Ca®" i3 CP meno 3a yuacti RyRs, Ta BUABIEHHS peryJIsii OKUCIIOBAIBLHOTO-
BIIHOBJIIOBAJIHOTO CTaHY B AUCTPO(PIYHUX M’A30BHUX BOJIOKHAX MUl JiHIT mdx Oyio
npoBeneHo Ha 0a3l lllkonu Menunuau Hbro-/xepci YHiBepcuTeTy MEIUIIMHU Ta
cromatosnorii Hero-/Ixepci (Heroapk, CIIA; nmpod. H. Illupoxosa). Excnepumentu 3
BUBYEHHS MPOCTOPO-YAaCOBUX BJIACTUBOCTEM 3MIH KOHIIEHTpAIlli 10HIB KaJbllil0 Ha PiBHI
€JIEMEHTAPHUX; TJI00ATBHOTO KAJIBI[IEBOIO CUTHATY 3a YYacCTIO PIaHOJMHOBHUX PELENTOPIB
B Ipolieci mnepenayi 30y/IKEHHS Ta CKOPOUEHHS KIITHUH TMepelcepls Ta UUIYHOYKIB
Miokapay; BuBueHHs Ca’’ anpTepHaliil B MiOIMTaX Iepeacepab Ta IUIYHOYKIB AK i Ha
pedpakrepricth BuBinbHeHHA Ca’’ 3 CapKOIIa3MAaTHYHOTO PETHKYJIYMY; MOKIHBOCTI
HOBOT'O METOJYy MPOCTOPOBO CKIAAHOI IU(paKiiiiHO-OOMekeHOi (QOoToakTUBaAIlli Ta
(OTOBIJTHOBIICHHSI B KUBUX KIITHHAX OyiM mpoBeleHi Ha 0a3i kadenpu ¢izionorii Ta
610¢13uku, Meauunoro nentpy YHiBepcutety PAIIl (Uukaro, CIIA; npod. bratep JI.).
JoCIiu 110 BU3HAYEHHIO PO3NOALTY AMILIITYIU €IeMEHTAPHUX MO/il BuBinsHenHs Ca?' 3a
yyacTi Jekiibkox RyRs mpu Bukopucranni 6aratoMmipHoi KOH(OKaIbHOI MIKPOCKOMIT;
BU3HAUYCHHS SIKIM YMHOM BiOyBaeThcs peryisiis RyRs kanbiiiem Ha 30BHI pelentopy;
e()eKT KanbLiii-iHAyKOBAHOTO aKTUBALii JaHKMX perentopis Ta BuBinbHeHHs Ca’" i3 CP neno
B CKEJIETHOMY M’$si31 Ha JIOKaJibHE 30UJIbIIICHHS! KOHIIEHTpAallll Kalblil0 OyJIM MpOBE/ICH] Ha
6a3i kadeapu ¢izionorii Ta 6i0¢p13uku, Meauunoro uentpy Yuisepcurery PAI (HYukaro,
CHIA; npod. Pioc E.). ABrop mupo Basunuii npod. H. Illupokora lkonun Meauumau
Hero-JIxxepci YuiBepcutery meauiuau ta cromaroiorii Heto-/[xepci (Horoapk, CIIA),

npod. JI. bnatepy ta npod. E. Piycy Meauunoro nentpy YuiBepcutety PAIIl (Hukaro,



35

CHIA) 3a muniaHy croiBmnpaio. YacTuHa eKCEepUMEHTIB Oylia MpoBelieHa Yy CIHiBIpali 3
1.0.H. Onenoto IcaeBoro, PhD Figueroa L., PhD Maxwell J.T., PhD Domeier T.L., PhD
Martins A.S., k.6.H. Hartanieto PozymHoro ta k.6.H. Bitoro ["anxxoro. Bonu € cniBaBropamu
BIIMOBIAHUX CcTaTeil. ABTOp IIUPO BHUCIOBIIOE TMOASKY HAyKOBOMY KOHCYJIBTaHTY,
npodecopy O. O. Jlyk’sHenp, 3a HEBUMOBHY MIATPUMKY Ta LIHHI MOpaau IMijJ Yac
HaMMUCaHHs JUCEPTAIMHOI pOOOTH, Ta BUCIOBIIOE IIUP1 MOJSKU CIIBPOOITHUKAM BIAALTY
010(13uku 10HHUX KaHauiB [HcTUTYyTy (izionorii iM. O.O. boromosnbls 3a MATPUMKY Y
HaMMUCaHH1 JUCEPTALIMHOI pOOOTH.

AnpoOauia pe3yabTaTiB aucepraunii. OCHOBHI TOJIOKEHHS MaTepiaiiB AucepTali
noknaganucs Ha ceminapax [Hctutyty iM. O. O. boromonbist HAH Ykpainu, a Takox Ha
HAaCTYMMHUX MDKHApPOJHMX cUMIO3iymax 1 3’i3gax: AmepukaHcbkoro biogizuunoro
ToapuctBa (Jlonr biu, 2005, Cont Jletix Citi, 2006, baatimop 2007, Jlonr biu 2008,
bocrton, 2009, Can ®panuucko, 2010, bantimop 2011, Can iero, 2012); Beceykpaincbkoi
koHpepenuii ToBapuctBa Heitponayk (KwuiB, 2017, 2022 Vkpaina); YkpaiHCbKOTO
®izionoriudoro ToBapuctBa (Kui, 2019, 2021, Vkpaina) ta XI 3’i3q YkpaiHCbKOro
0io¢13uunoro ToBapuctsa (Kuis, 2023 Ykpaina).

IMyoaikauii. Pesynprat quicepraiii BukimaneHo y 12 crarrsx (omy0diKoBaHUX y BUJAHHSX,
BiJIHECEHUX A0 meprioro i apyroro kBapTwiiB; Q1 1 Q2) Ta 5 crarTsax BiHECEHUX 0
TpeThoro i uerBepToro kBapTuiiB (Q3 1 Q4) BiamoBimgno a0 kinacudikaiii SCImago Journal
and Country Rank a6o Journal Citation Reports, omauM po3ainom y HelipodizionoriaHOMy

HApHCl, MTATEHTOM Ha KOPUCHY MOJIENb Ta 27 Te3aX Mi>KHApOIHUX KOH(DEpeHIlii Ta 3 i3/11iB.
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PoJib i0HIB KaJbLIK Y CHPSKEHH] 30y1:KeHH S
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B.M. llIkpunasn
Inemumym gizionoeii im. O. O. Bocomonvys HAH Yxpainu, Kuis; e-mail: slava@biph.kiev.ua

Kanvyiii € sascnusum cuenanbHum enemenmom ma yHieepcaioHUM 8HYMpIiHbOKATMUHHUM NOCEPEOHUKOM,
a MAKOMHC BUBHAYATLHUM [OHOM ) CHpAdCceHHi 30Y0xcenns i ckopoyenns. Lleti oenad npuceaueno onucy
Kanbyiesux peyenmopia y ybomy npoyeci y mioyumax mioxkapoa. OcrogHumu odxcepenamu nioguuyeHHs
BHYMPIUHLOKTIMUHHOT KOHYeHMPayii I0HI8 Kanbyiio € 1l020 HAOX0O0HCEHHS 3 NO3AKAIMUHHO20 Cepedosuyd
3d PAXyHOK OU2iOPONIpUOUHOBUX peyenmopis i BUBITbHENHS 3 GHYMPIUHIX 0eno CapKONIa3MamuiHo2o pe-
MUKYIYMa yepes akmusayito pianoounosux peyenmopis. Biocymuicmo cucmemu nonepeunux mpyoouox y
Mioyumax nepedcepos pobums npoyec susinvrenns Ca’* cneyugbiunum nopieHsaHo 3 MioyUmMamiL WIyHOUKie
miokapoa. Y mioyumax nepeocepob, aie He WIYHOUKIB, eKCNPeCcyIombCs MAKoX4C iHo3umoampugochammui
peyenmopu, sxi donoenioioms peayrayiio Ca’’-cuenany. Onucani 6 yoomy o210i ocmanni 0ani wo0o
SHYMPIUHLOKTTMUHHUX KATLYIEGUX peyenmopie po3Kpuearomy 0inviu 0emanbHo CHpANCeH sl 30Y0XCeHHS
i ckopouenns ma demanizyromn Ca’* - sanesciy pezynsyito kapoiomioyumie.

Kniouoei crosa: Ca’™; pianoounoeuti peyenmop; kapoiomioyum, KanbyiliiHOyKoeane 6UsinbHeHHs. Katbyilo;

OuioponipuouUHosuUll peyenmop.

YV kapaioMionuTi CHpsKEHHS 30yIKEHHS 1
CKOPOYCHHS CYIPOBOIKYETHCSI HU3KOIO Oe€3-
MEePEPBHUX, MOCTITOBHAX 1 MOB’SI3aHUX MiX
00010 TIPOIIECiB: BiI €NEKTPUIHOTO 30Y/IKCHHS
MIOIUTA 1 KaJbIlieBoi MOO1Ii3aIii 70 PO3BUTKY
ckopouenHs B Miokapai [1]. [lorenmian mii (IT/1),
10 3’ IBISETHCS MPU 30YIHKCHHI CepIIeBOiT KITITH-
HH, AeTOJsApu3ye capkoieMy. lle cipuunnse no
BiJIKpMBaHHS MOTEHIIIAJIKEPOBAHUX KaJIbI1EBUX
KaHaiB L-Tumy (IUTiapomipuANHOBUX peIlet-
topiB, DHPR) i pi3koro minBHINEHHS JTOKaIbHOT
KOHIICHTpaIlii 10HIB KalbI[if0 MOOIN3Y Iia3ma-
JIeMH Ta 01151 capKOIUIa3MaTUYHOTO PETUKYITyMa
(CP). Ca®", mo BBiiIIOB 10 KJIiTHHH, aKTHBYE
KaHaJlu BHUBIJIPHEHHS KaJbllito (piaHOIAHHOBI
peuentopu; RyRs) y CP, mo npu3BoauTh 10
noaarkosoro suxonay Ca’" 3 memo i pizkoro
301IBIICHHS WOTO KOHIEHTpAalii B IIUTO30Ji
[1]. Y upomy mporieci i0H KajbIlil0 € BTOPUH-
HUM IT0CEPEIHUKOM, 3aITyCKaOYU BUBIIbHEHHS
© B.M. lkpuib
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kanbito 13 CP, 1o HacaMKiHEIb 1 3yMOBIIFOE JIO
CKOpOYeHHS. JeTanpHO OMHUIIeMo i IpoIecH.

CnpsizkeHHs 30y/1KEHHS i CKOpOYeHHs

Miokap/ CKJIaJaeThCs 3 PI3HUX THITIB KIITHH,
SKi MOXHA MOJUIUTH HAa CEpIeBi BOIOKHA —
KapJiOMIOIUTH 1 KJIITHHH CTOIYyYHOI TKAHUHU
— ¢ibpobnactu. OcTaHHi, Ha BIAMIHY BiJ Kap.i-
OMIOIIUTIB, € €JICKTPUIHO HE30YIITMBUMH KJIiTH-
HaMH, 10 MOKYTh YTBOPIOBATH IIUTHHHI KOHTAKTH
3 MmionutaMu. KapioMionuTu BiApi3HAIOTHCS 32
CBOIMH CTPYKTypamHu i (yHKIisMHu. IX MoxHa
MOAITUTH Ha KJIITHHHU IINTYHOYKIB 1 mepeacepb,
KOTP1 BUKOHYIOTh CKOPOTIHMBY (DYHKIIiI0 MiOKap-
Jla, Ha KJIITHHH CHHOATPIaIbHOTO Ta aTPiOBEH-
TPUKYJISIPHOTO BY3JIiB CEPIIEBOTO PUTMY, TYYOK
lNica, a Takok Ha BOJOKHA MPOBITHOT CUCTEMHU
[UTYHOYKIB, SIKi TaKO)K Ha3WBAIOTH BOJOKHAMH
[Mypkinbe. Bonu 3a0e3medyioTh MONIUPEHHS
30y/KEHHS MO MioKapay ILTYHOYKiB. Po3mip
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KJIITHH MiOKap/ja MOXe CTAaHOBHTH BiJl IEKIITBKOX
MIKpOMETpiB y JiaMeTpi i COTeHb MiKpoMe-
TpiB y noBxuny. KiiTuHu mepencepas MaioTh
MEHIIY TUPUHY MOPIBHSIHO 3 MIOIUTaAMU MILTY-
HOYKiB. OCHOBHUMH BHYTPIITHbOKIITHHHUMH
KOMITOHEHTAaMH KapJioMionuTa € Miohidopunu
(ckopoTnuBuii anapar), mitoxouapii Ta CP [1].
KniTuHH BY3JiB CEepeBOro pUTMy T'e€HEPYIOTh
3aMmyCKaruni iIMIYIIbC, IKHH CIPUYUHIOE IITBHI-
KE BIAKpUBaHHS HaTPi€BHX KaHaJiB (2 Mc), 1 10HU
HaTPIfo, 10 BXOAATH Y KIITHHY, ACTIOJSIPU3YIOTh
CapKoJIeMy MiOLIUTA, 1[0 MPU3BOAUTH 0 [10YAT-
Ky CKOPOYEHHSI Kap/JiOMiOIUTIB. Y Hepioa Mix
CKOpOYEHHSIMU (ZliacToia, po3cnabieHnii cTaH)
capkojeMa goOpe MpOHUKHA I KaJiio, aje
HEMPOHUKHA IS HATpito [2].

[Ipu nemonspu3arii KapaioMionura y cap-
KOJIEMi1 BIIKPUBAIOTHCS TMOTCHIIAJIKEPOBaHI
KaJbl1€B1 KaHAJIHW L-TUy, 1110 3yMOBIIIO€ 301J1b-
MIEHHIO JIOKAJBHOI KOHIEHTpAIlil KaIbIlii0 Y
HITHHHOMY MPOCTOPi Oifs yCTS BIAKPUTUX
KaHaIiB, Mixk capkoinemoro Ta CP [3]. Kanpmii,
10 BXOJIWTH Yy IMIIMHHUW TpocTip, nudyHayE
JI0 CapKOIUTa3MaTUIHOI MEeMOpaHU PETHKYIyMa,
aktuByouHM RyRs 3a nomomororo kanpmidinmy-

koBaHoro BuBimbHeHHS Kanbiito (CICR; [4]),
[0 MPHU3BOAUTH O TIO0ATEHOTO BUBUIBHCHHS
KaJbllito 3 Aerno i qudy3ii Horo g0 CKOPOTIU-
BOTO amapata. YacTka Kaiblliio, 1[0 BXOJUTH Y
kiiTuHy yepe3 DHPR-kanaau, Habarato MeHIIa
BiJ Tiel, sika BUBLIBHAEThCS 3 Aerno (CP) [5].
Komm xanpiieBi kaHanu L-tuny BiIKpurTi, y
IIIMHHOMY TIPOCTOP1 JIOKaJlbHA KOHIICHTpAaIlis
Ca®" pi3zko 36inbmyeThes 10 10 — 20 MKMOJIB/II.
Liei koHIIEHTpAIli] JOCTAaTHBRO, II00 aKTUBYBATH
pianogmuOoBHI penentop (RyR) i BuBinbHHUTH
3HaYyHy 4YacTUHY KanbIlito 3 CP [6]. IIpu BU-
BinbHenni Ca?" 3 jemo #oro koHueHTpawis y
IIJTMHHOMY TpocTOopi 30inbmyetrhess 1o 100
MKMOJNB/T [7]. loHu kanpiiro TUGYHIYIOTH 3
UITMHH, aKTHBYIOYH CKOPOTIMBY CUCTEMY, THM
CaMUM CIPUSIOYH CKOPOYCHHIO KIITHHH, IO
3a0e3nedye HeoOXiHy CHITy CKOPOYECHHS CepIs
JUIsL TIepeKadyBaHHsI KPOBI 10 OpraHi3my.
CxopoueHHsI MiOIIUTa BiAOyBA€ThCS IIHU-
kiniyHo. Cnodarky kananu RyRs sHaxonmsThcs
mepeBakHO y 3akpuToMy cTaHi. [Ipu memons-
pu3alii i 3HaYHOMY BXOJIi KaJIBI[II0 Y IIITHHHHH
MPOCTIip, KaJbIiil 3B’SA3YETHCS 3 MUTO30JIBHUM
Miciiem aktuBailii RyR, mo npusBonuth 10

Na" Ca?" Na*

Ca?*

T-tpybouka

AW S
R

Al AT®

. N
IIITMHHUH IPOCTIp o . 4

CapKOIUIa3MaTHYHUH PETHKYITYM

K+

=S

capkosieMa

SERCA Varto

a2t

AT® i Ca**

. KaJbLi€BUI 10H

' PpiaHONMHOBHIA perenTop

KaHall

\

CKOpPOTJIMBHIA anapar

CxeMaTuuHe 300pa)KeHHs CIIPSDKEHHS 30yIKEeHHS 1 CKOpoueHHs (3 Moaudikaiero 3 [1])
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BiIKpUBaHHS KaHATY i BUKHAY Kaibllito i3 CP.
[Ipu 1bOMY KabIlil TAKOK MOYMHAE 3B’ I3y €E€THCS
3 MicueMm RyR, BigmoBinanbHUM 32 iHAKTHBAIIIIO
KaHaJIy, epeBOSYN HOTO 3 BIIKPUTOTO CTaHY 10
1HAaKTUBOBaHOTO. [licis TOro sik KOHIIEHTpAIlis
KaJlpIIifo 3MeHIIyeThcsl RyR-kanan mepexonuts
3 IHAKTUBOBAHOTO Yy 3aKPUTHH CTaH Ta TOTOBUH
JI0 TOBTOPHOTO BigkpuBaHHA [1, §].

CymapHa KiJbKICTh KaJbIlilo, IO YBIHIIOB
yepe3 DHPR ta BUBiNBHHUBCS TIpU BiIKPUBaHHI
RyRs y CP, ctanoBHUTH 3HaUeHHs, HEOOXiaHE
JUI aKTHBAIlli CKOpodyBalbHOTO amapary [9].
JoHM KaJIBIII0 HAIXOMSATH 10 AaKTHH-M1031HOBOTO
KOMIIJIEKCY, 3B’ A3yIOThCsl 3 TpomoHiHoM-C 1 3a
HasgBHOCTI AT® 3amyckatoTh CKOpoUYeHHS (BeCh
Ipolec CXeMaTHYHO MOKa3aHo Ha pUCYHKY). [1o
3aBEpIICHHI CKOPOUYCHHS 10HW KaJIBI[iI}0 3BOPOT-
HO TepPEepO3NOAIIAIOTECS Y KIITHHI 32 PaxXyHOK
AKTUBHOCTI capko/eHaoruasMarnyHoi ATdazu
(SERCA) i kanmpmieBoro yHirmoprepa MiTOXOH-
Ipiil Ta BUBOASTHCS 3 KIITHHHU 3a JOMOMOTOI0
Na*/Ca?"-o6minnuka i AT®as3u capkonemu. I1po-
1eC 3aKiHYy€eThCs THM, 110 K™ MacHBHO BUXOISATH
3 KIIITHHH, penoiaspu3yodn ii memopany [1].

Jnsa 3abe3meyeHHs] TPaH31€HTHOI 3MIHHU
KaJIBI[I€BOTO CUTHAIY, B CEKYHIHOMY YaCOBOMY
iHTepBaJli 1 aMIUTITYlli, TOCTATHBOI I CKO-
pOYCHHSI, B MiOIIMTax MioKapja Ma€ iCHyBaTH
BHCOKA i BOHOYAC THyYKa cuctema Oydepu3artii
Ca?". V uuromia3Mi BiH 3a3BUYall 3HAXOIUTHCS
y 3B’s3aHOMY cTaHi y cmiBBigHomeHHi 100:
1 no BimbHOTO. Ilig Yac cKOpOYECHHS BOHO Bi-
apa3y 3MiHIO€eThCs npubmmsno go 10: 1 [10].
Bydepusanis kansiito 3a0e3neyye onTUMaibHe
BHAaNeHHs BitbHOTO Ca2™ 3 mUT030:110, 1100 3a-
Oe3meynTH MOTPiOHY KiJIBKICTh, JOCTYIIHY IS
CKOPOYCHHS B HACTYNMHOMY puTMi [11].

[Iponec axrtuBamii RyRs mo Bciif kimiTnHI
BIZPI3HIETHCSA MIXK MIOIUTAaMH Mepeacepap i
HUTYHOYKIB cepud. Lle 3yMoBIeHO BiAMiHHO-
CTSIMHU CTPYKTYPH KIIITHH, OCKIIBKH Y MIOIIUTax
nepejacepab BiCYyTHI CHCTEMHU TOMEPEYHUX
Tpybouok (Transverse tubule; T-tpybouox).
Cuctrema T-Tpybouok 3abe3rnedye OJIU3bKICTh
posramysanns Ca’'-kananis L-tumy 10 kiac-
TepiB RyRs 1o BcboMy 00’ e€Mi KITiTUHH.
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Cucrema nomnepe4Hux Tpydo4ox

Cuctrema T-TpyOOYOK CKIIaJa€ThCA 3 BY3bKUX
Tpy6OUOK, 110 NPOHU3YIOTH KIITHHY BIIMO. Ix
BHYTPIIIIHS YaCTHHA CTIONYYA€ETHCS 13 30BHIIIHIM
MPOCTOPOM KIITHHU. BMicT Takux TpyOodox
MOMIOHUM 10 MO3aKJIITUHHOTO PO3YHMHY 1 Mae
BHCOKY KOHIICHTPAIIiI0 HATPIIO 1 HU3BKUI BMiCT
Kaniro. SIk 1 capkonema, cuctema T-TpyOodok
Oepe ydacTs y nepenadi noteniiany aii. I[TJ] po3-
MOBCIO/KY€EThCs T T-Tpy0Oourti, mo 3abe3nedye
HIBUJKE MOMIMPEHHS NPOLECY CKOPOYCHHS IO
BchboMy 00’emy wurituaH. [Ipu mpomy I1J] mo-
MIMPIOEThCS HabaraTo MIBUAINE, HIXK AUQY3iHHI
MIPOIECH 3 IUISTHOK 3 BUCOKOI KOHIICHTPAIlI€r0
KaJybIlito [12].

CapkomazmaTuuHuii peruxkyiaym (CP)
Cucrtema opraHen Malioro po3mipy, 1o MiCTATh
Ca?’, po3TalOBaHMX MPAKTHYHO IO BCii Kili-
TUHI, Ha3uBaeThess CP. Y cTaHi cOKOIO BiJIbHA
KOHIIEHTPAIisl KaJbIil0 Y HbOMY CTAaHOBHUTH 1
MMoJe/i [13, 14], ne #ioro yacTuHa 3B’sA3aHa
Oy epoM 3 BUCOKOIO EMHICTIO i 3 HU3bKOIO adiH-
HicTio 10 Ca?* [13]. CP MoHa NOiNNTH Ha JBa
HNiATUIU: IUCTEPHH, IO NPWIATAIOTH 0 cap-
KOJIEMH, 1 CapKOTpyOOUYHA Mepexka, MO OTOUYE
cKopoTIMBi Oiku. IlucTepHn peTuKyiIyma KOH-
TaKTYIOTh 5K 3 CAPKOJIEMOIO, TaK i 3 CHCTEMOIO
nonepeyHux Tpyobouok, npu mpomy CP merro
CILTIOCHYTHH TaKUM YHHOM, 110 HOTO MeMOpaHa
Ta cucteMa T-TpyOOYOK € mapayieTbHUMHU OJHH
Jlo ojHOTO. Taka crijibHa CTPYKTypa 3 MeMOpaH
CP i T-tpybouok oTpumana Ha3By niagun. Y
CKeJIETHOMY M’ si31 opraHi3ailis MeMOpaHu Je1o
ckimanmima: a8i muctepau CP mpunsraiots 10
onHiei T-TpyOouku 3 1BOX OOKiB 1 YTBOPIOIOTH
CTPYKTYDpY, III0 OTpHUMalia Ha3By TPialaH.

Oco0auBOCTI YyJIbTPACTPYKTYPHU PiaHOIUHO-
BHX i IMTiIpONipuAMHOBUX pelenTopiB

RyRs rpynyrmoTecsa y knactepu y MemOpaHi
CP ta yTBOPIOIOTH OKpeMi Micus Bukuay Ca’*
abo knactepu [15]. Bigcranp Mik OKpeMUMHU
perienTopaMu y Kjiactepi CTaHOBHTH 10 30 HM.
OCKITBKH PO3MIp caMOTO KjacTepa OJU3BKO
250 HM, Ue Jae 3MOTy pO3TallyBaTH y HbOMY
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no 100 RyRs. Kiacrepu RyRs 3Haxopsitbes y
OesmocepeaHil OIM3BKOCTI MO capkojieMu abo
T-tpy6ouxwu, 3 miinumao0 y 10 — 12 HM. RyRs i
Ca’*-kaHanu L-Tumy 4acTo pO3TaIlOBYIOThCS
MOPsZI, yTBOPIOIOYN (PYHKIIIOHATBHUN €IEMEHT
cucteMu 30y/IKCHHSI Ta CKOPOUYCHHS, TKHH OT-
pHUMaB Ha3By €JIEMECHT BUBIJIbHEHHS KalbIlil0
(EBCa?*, Ca?" release unit; [16]). Ca*'-kananu
L-tuny i RyRs mMarTh Benuky WMOBIPHICTB
xosokanizanii B EBCa?* i yrBoprooTs QpyHKIIio-
HanbHU# eneMeHT [ 17]. KymioHoM Ha3uBaroThCs
ysromxkeni aii Ca’*-kamanis L-tuny i RyRs y
¢yHKIiOHATBHOMY enemeHTi [16, 18]. [Hmumu
CIIOBaMH, KyTUIOH € ()yHKI[IOHAJIBbHOK TPYIOH
CHHXPOHHO TIPAIIOI0YUX KaHAIIB 1 CIIONYYHHUX
0inkiB CP. AxtuBanis ogHOro abo AEeKiIbKOX
RyRs B EBCa’" npu3BoauTh 10 MBUIKOTO
MiIKTIOYEHHS IHIIUX PEIENTOPiB, aKTUBYIOUU
iX MPOTIATOM KUIBKOX MIiJIICEKYHJI, IO MOXKHA
0auuTH B €KCIICPUMEHTI 3a JOMMOMOTOI0 pee-
cTpanii MiHIaTIOPHUX KallbI[IEBUX CUTHAIIB, SIKi
orpumanu Ha3By Ca’’-crianaxiB (JIuB. HUXKYE).

VabpTpacTpyKTYpHI HOCHIJPKEHHS MOKa3a-
7, 10, 3aJIEKHO BiJ BHAY TBAapHH, PO3MipH
KJacTepa MOXYTh BapiloBaTH BiJl MEKiJIbKOX
necsatkiB mo 200 xananiB RyRs [16, 19]. Tak, 3a
JIOTIOMOTOI0 IMyHO(IIYOPECIIEHTHOI MiKPOCKO-
mii Oyio BUSBJICHO, IO KapJiOMIOMHUTH IIypa
MicTaTh 40 — 60 RyRs y nainsuni EBCa?" npu
OinpII HIIBHIM yrmakoBii abo x 30 — 40 mpu
menm minbHil [20]. Mponopuis Ca’*-kananis
L-timy y cepreBomy M’si3i Bapiroe Bin 10 o 100 %
Bix 3aranpHOTO umcna RyRs [21]. bamssko 90 %
ycix DHPR kapaiomionura 3HaXoasThes Oins
crnony4Hoi minuHu y micusax sukuay Ca®’
[22]. HemomaBHO Oyio moka3aHo, 110 MaJCHb-
kuii po3mip kiactepiB RyRs (10 — 50 ox.) nae
3MOTy 3a0€3IEYNTH MMOBHOPO3MIPHY BEIHUHHY
monii BuBinpHeHus Ca?t 3 CP (3a 10TIOMOTOO
aktuBaiii DHPRs), ane He 3maTHuit 3a0e3meunT
crnouTanuuii Ca?f-cnamax abo XBWIIO Mia 4yac
niactonu. 301IbMICHHS pO3Mipy Kiactepa (> 75)
MOCTYIIOBO IABHUILY€E WMOBIPHICTB criocTepe-
seHb cionTanuux Ca’'-cnanaxis, 30iAbL1yr0un
MOJTMBICTE MOABM apuTMinonionoi Ca’*-akrus-
HocTi [23]. TakuM 4MHOM, BEIMYHMHA KlacTepa
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RyRs Bigirpae BaxauBy poib y pyHKIIIOHYBaHHI
EBCa?".

PianoanHoBuii penentop

RyR € kananom BuBinbHeHHS Kajbiito 3 CP .
CBorto Ha3By BiH OTpHUMaB BiJI alKaixoiga piaHo-
JIMHY, KWW € cienupIYHUM 1 CEJIEKTUBHUM JIi-
TaHJOM IIBOTO perentopa. PiaHoguH y HU3BKUX
koHIeHTpamiax (1 — 1000 HMOJIB/1T) MPHUCKOPIOE
BTpaTH Kanbllito Be3ukynamu CP, ase y BHCOKHX
KoHIeHTpamisx (> 100 MkMonb/i) GIOKye BH-
BiJIbHEHHSI KaJlbIlit0, TOOTO OJIOKye kKaHan RyR
[24]. Cam kaHal € TeTpaMepoM PO3MipOM B
560 x/la Ta ckmamaeThes 3 4 0OIHAKOBUX Cy0O-
IUHUIE [25]. Y KIiTHHAaX CCaBIiB iCHYE TpH
i3opopmu RyRs: RyR1, RyR2, RyR3 [26].
RyR1 excnpecyeTbcs epeBaKHO y CKEJIETHUX
M’s3ax, RyR2 — y kapaioMionuTax i raieHbKIX
M’si3aX, RyR3 — y HelipoHaX rojloBHOTO MO3KY 1
JOpCaTbHUX TaHTIITB.

KanpmiiizanexHi micusa aktuBamii RyR
PO3MilIeHi 3 IUTO30IBHOTO, TaK 1 3 JTIOMiHATh-
Horo OOKy penenrtopa. L{i caiiTu cuHEepriuHO
JIOTIOBHIOIOTh MEXaHIi3M HOTO0 BiJKpUBaHHS 3a
JIOTIOMOTOI0 aKTHBAIlii KaHaTy JIOMIHAJIBHUM i
nuromnasmarnyaum Ca2t, RyRs Takox marorsb
JIBa MICIIs IHT1OyBaHHS B CBOTX IIUTOTLIa3MaTH Y-
HUX JoMeHax 3 adinnicTio 10 Ca’" Gnuspko 1
MKMOJIB/J i | MMOJIB/71. MarHiii koukypye 3 Ca>*
Ha mux Mmicisx iHrioyesanHst RyR, mo Bigirpae
BaXIUBY posib B Moxynsauii Ca’’ - samexuoi
aKTUBHOCTI B MionuTax [27].

Axrusatis RyR2 i RyR3 e xanpuiiizanexanm
MPOIECOM 1 3aIyCKAEThCSA y KapaioMioIuTax
MIBUIIIEHHSM [IATOIIJIA3MaTHYHOT KOHIIEHTpaIlii
Ca®". Oxnak perynsauis RyR1 mae ocobnupocti
y CKENIEeTHUX M’ 532X, OCKUIBKH ILIeH MiATUII pe-
nentopiB Oe3mocepeaHro moB’si3anuit 3 DHPR
yepe3 Mosiekynu Oinka Hampyru CaVl1.1, mo
MIpH AeToNsIpr3aliii MPpU3BOAUTH 10 3MIHH HOTO
ceHcopa Hanpyru B MeMOpani T-tpy0Oouku [28].
[Ipu nubomy BigkpuBaHHs RyR perymwoerncs
0e3MoCepeaHBO ACTONISIPHU3AIIEI0 Ia3MaJIeMU,
1 €JIEKTPUYHUN CUTHAJ TIepelaeThes Bij L-Tumy
Ca’" kamany Gesnocepennbo Ha RyR-kanan 3a
JIOTIOMOTOI0 CEHCOpHOTO OiNka Hampyru [29].
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Taxwit Tun aktuBanii RyR orpumas HasBy nemno-
JASpU3alis iHAYKOBAaHOTO BUBIIBHEHHS KaJIbI[I0
13 CP. Bin € mpsmuM i He BUMarae BXOny Ca" ye-
pe3 DHPR-kanan. OnucaHuii MexaHi3M Mpairoe
y CKEJICTHOMY BOJIOKHI, ic RyRs BigkpuBaroThCs
HaBITh 32 BiZICYTHOCTI 30BHIIIHBOTO KaJbI[if0. Y
KapIiOMiOIUTI TaKoro He BigOyBa€ThCs, 1 30B-
HIMIHBLOKIITUHHAN KaJBIIH € HEOOXIJHUM I
aktuBaiii RyRs.

Knituan nepencepanb i IUTyHOUKIB cepisi: MOp-
(oJtorist i THI cCAPKOMIIA3MATHYHOTO PETHKYTyMa
Kapniomionutn, aKi BUKOHYIOTH CKOPOTIHBY
(byHKIII10, MOXKHA TIOAIIUTU HA J[Ba TUIU: KJIi-
THHU Tepencepapb i MUIYHOUKIB. Y MIiOIHUTaxX
IUTyHOYKIB I0Ope pO3BHHEHA TPUBUMIpHA Me-
pexa T-tpy6ouok [30]. CP posramoByeTbcs y
OesmocepeaHiil OIM3BKOCTI 0 HUX Ha BiJCTaHI
10 — 20 aM, yTBOpIOIOYM Tak 3BaHi mianu [31],
sk 3a3Havasocsa sume. CP, po3ramoBaHuii y
O0e3mocepeaniii 6ausbkocti 10 T-TpyOoUKH,
HazuBaeThes cunonyuyaum (c-CP). ¥V mionu-
Tax nepencepab cucrema T-TpyOoOYOK MOTaHo
po3BuHeHa abo HaBiTh BimcyTHs [32, 33]. VY
TaKUX KJIITHHAX MOKHA BUIIJIUTH JBAa TUIH
CP: capkonemuo-cnionyunuit CP (cc-CP), sxuit
3HaXOAWThCS Ha mepudepii krituan, ne CP
TICHO TOB’SI3aHUH 3 MOBEPXHEBOIO MEMOPAHOIO
mionuTa [34], i Hecnonyunuii CP (uac-CP), 10-
KaJli30BaHUH y ITMOMHI KIITHHU. TakuM 9iMHOM,
y MionuTax nepeacepas cc-CP TicHO cTUKaeThCA
3 L-THIIOM KaJipli€eBUX KaHaJIIB, BOAHOYAC HC-
CP ne no’s3anuii 3 DHPRs. Sk cc-CP, Tak i
Hc-CP OepyTp akTHBHY ydacThb y BHBIJIbHEHHI
KaJIBIIIFO 32 IOMTOMOTO0 BiikpuBaHHs RyRs [33-
35]. Acomianis RyRs 3 Ca?’-kananamu L-tumy
oTpHUMalia Ha3By «3’€JlHAHHA Ha mepudepii».
Ha nepudepii knitnunu EBCa?" pynkuionansno
OpraHi30BaHi K KJIACUYHUN KyIUIoH [36, 37], mo
CIIOCTEPITAETHCS y BOJIOKHAX CKEJIETHOTO M 32
a00 KapAiOMiOIUTaX MUTYHOYKIB.

IIpouec BUBiIbHEHHS Ca’'p KapaiomiouuTax
Benuky wactuny iHdopmarrii mpo mpoiec cups-
JKEHHS 30YIDKEHHS 1 CKOPOUCHHS OTPUMaHO Ha
KapAioMionHUTax IUIYHOUYKIB. Y HHMX KIITHHAX
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npu nosisi [1]] aktuByrothes Ca’’-kananu L-Tu-
nmy AK y capkojemi, Tak i B cuctemi T-Tpy6odox
Maibke CHHXPOHHO 110 BCiil kmituHi. [IpocTopoBa
i wacoBa cymais BuinbHeHHs Ca’’ 3 okpeMux
EBCa?" npu3BoauTh [0 MOSABU I106aabHOIO
xinituaHOoro Ca’’-curnany, sSKuii IpOCTOPOBO
JIOCUTh OJTHOPIIHUH 11O BCbOMY 00’ €MY.

VY xmiTuHax mepeacepas Iel mpoiec Bif-
PI3HIETHCS, IO 3YMOBJICHO BiJICYTHICTIO a0o0
c1a0KuM PO3BUTKOM cuctemMu T-TpyOodok [32,
33]. ¥V pesynbrari BUBiLIbHEHHS Kaibiito 3 CP
HE € OJJHOPIIHUM 1 CHHXPOHHHM TIPOIIECOM |2,
9, 32, 38]. I1J1 i Binkpusanus L-tuny Ca’*-xa-
HaJIiB 3a0e3reuye BXiJ MOTPIOHOTO KaJIbIliO Y
KIiTuHy ang aktuBanii RyRs 3a gmomomororo
CICR cmouarky surire Ha nepudepii KITiTaHu (y
cc-CP) [2, 34]. ITocTymoBo, 3 3aTPUMKOIO Y 2 MC,
Ca’'-curHaJ NOMHUPIOETHCS BCEPEANHY KITITHHH
i mounnaerscs BusinbHenns Ca’" 3 ne-CP [2].

BuBinpHEHHS Kaibllito Ha mepudepii KIiTH-
Hu 3a6e3nedye gocuth Bucokuii Ca®*-rpamienr,
mo0 MoJ0NIaTH €MHICTh €HIOTCHHOTO Oydepa
[39], i noctynoBo aktuBye RyRs, po3ramoBaHi
BcepenanHi kmiTuHU 3a gornomororo CICR mpn
nudy3ii 10HIB KaIbIlifo 3 mepudepii 10 MEHTPY.
IIpu upoMy BimOyBaeTbCs MOCTiTOBHE BUBLIB-
HeHHs i nomupenns Ca’’-curnany Bcepeauny
KJIITUHH 32 JJOTIOMOT'0F0 MEXaHi3My BUBiJIbHECH-
us-nudysis-suBinpHeHHs (BJIB) [2, 40].

3anumaeThCa BIAKPUTUM TUTAHHS MPO TeE,
SIKMM YMHOM IIEPIIOYEProBO akTUBYIOThCS RyRs 'y
MeMbOpanax He-CP. JIodpe Bigomo, mo RyR2 mae
HU3BKY Uy TMBicTh 10 Ca?" [41-43], mo BuKmOUae
MOXJIMBICTB X aKTHBYBaHHs 32 oromororo CICR
y ¢izionorivaux ymosax. Ha nmepudepii kinituan
KOHIIEHTpallist IUT03016H0ro Ca’, sKuil BXOIUTE
yepe3 DHPRSs, nenp nepeBuinye 1 MKkMOmb/1, 1m0
HE JOCTaTHHO Jis BinkpuBaHHsA RyRs mc-CP.
Anle B eKCIEPHMEHTI IPH PeryJspHiil 4acToTi
CTUMYJIALIT MiOINTIB niepeacepas OLTBIIICTh X
pelenTopiB aKTUBYIOTHCS HE JIMIIE Ha iepudepii,
a ity nentpi [39]. ToOTo cam MexaHi3M aKTHBAIIi1
RyR crienudivnmii.

Jns 6inpm AeTalbHOTO PO3YMIHHS BH-
BITPHCHHS KaJIBIII0 y MIONHTaX Mepenceps
OTHUIIIEMO XiJ TMOIIUPEHHS KaJbI[I€BOI XBHIII Y
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KIITHHAX NUIYHOYKa. BoHa momuproeThes 1mo
BCiif TOBEPXHI KIITHHU 1 CIIOCTEPIra€ThCs MPHU
nepe3aBanTaxkeHHi CP iomamu kxanpiiro. [Ipu
oMY 30iJbIIEeHHS KOHIEHTpamii BIIBHOTO
KaJbIIi 0 ([Ca2+]i) Ha NIepeIHbOMY (DPOHTI XBH-
Ji BUKJIMKA€E JIOKAJIbHE, 3BOPOTHE 3aXOTUICHHS
Ca’"y CP 3a nonomororo SERCA-nomnu. Take
301BIIEHHS KOHIEHTpAIii KaJbIlifo BCepeauHi
CP nigsumye uytnusicts RyRs no Ca?, 3a-
oesneuyroun CICR [44, 45]. Takum gyuHOM Yy
Kapa10MioIMTaX NUTYHOUYKiB 3MEHIIY€ ITOPIT aK-
tupanii RyRs Ca®" i nae 3Mory nomuproBarucs
Bix mepudepii 10 NEHTPY KIITHHH, aKTUBYIOUH
0inpIy YacTHUHY peluenTopiB KiaiTuHH. [le#
MexaHi3M OyB 3aIpOMOHOBAHWN Ha MiJIcTaBi
HEIPsSMHX NaHHX [46], TCOPETHUYHHUX MIPKyBaHb
[47, 48] 1 excriepuMEHTAIBHO MiATBEPKESHUH
NPSIMUMU BHMIPIOBAHHSIMH K ITUTO30JBHOTO,
Tak i mominansHoro Ca’* [49] .

Byno 3ampomoHoBaHO MeXaHi3M, IIO IOsC-
HIO€ BUBIJBHEHHSI KaJbIlil0 y KapaioMiomHuTax
nepeacepas st He-CP [50]. Sk Oymo omucano
BHIIE, y UX KiriTHHax [1/] Buknukae gemomnsipu-
3amiro capkosiemu i aktuye L-tun Ca’*-kanasis.
3a nonomoror CICR BUBLIBHIAETHCS Kanblil 3
cc-CP na mepudepii KIITHHA, CIPUINHSIE TOYAT-
xoBuii rpagient Ca’" y nuromnasmi. BusinbHe-
HAU Kanblii 3axormnrerbes SERCA-nommnoro
y npunerii oprarenn Hc-CP, mo cencubimisye
RyRs 3a nonomororo 36inbmenns smicty Ca’'y
ux opranenax. Lle, y cBoro gepry, 3HKYy€E Opir
aKTHBAIIl IUTO30JLHOTO CalTy peryismii RyRs
i, BKe npwu miaBuNIeHil konnentpanii Ca’* y nu-
TO30J11 BiH BUB1NBbHAETHCS 3 opranen He-CP. Ta-
KO T JIBUIIY€ThCS Horo BMicTy y CP, 110 B CBOFO
4epry MoJOBXKY€ 4ac BiakpuToro crany RyRs
[51]136inbmye Ca*"-moTik uepes penentopu, K
MO3UTUBHUI 3BOPOTHUH 3B’ 30K LILOTO MIPOLIECY.
[TocTynoBe momupeHHs CUTHAIY B IUTOTIa3Mi
MiIBUIIY€E KOHIICHTPAIII0 KAJBIII0 y CYCIIHIX
opranenax CP, 3a0e3ne4yyroun MoCTyNnoBe Horo
BUBUIBHCHHS 110 BCiH KJIITHHI Ta MPU3BOJUTH JI0
MOIIHMPEHHS CUTHANY SIK BcepeauHi mepexi CP
opraHel, Tak i B nutomiazmi. Takuii MexaHizm
OTPHMaB Ha3BY BHBIIbHEHHS-TIONINPEHHSI-3a-
xoreHHsA-BuBinbHeHHs (BII3B; [50]), skuii
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ONMCy€E Mpolec akTUBalii i BuBinbHenHs Ca"
BCEpeaMHI MIONMTIB mepencepan. Llei mporec
MoniOHUHN 10 BULICONMMCAHOTO MEXaH13MY ITOTIIH-
PEHHSI KaJbI[I€BOT XBUJII B MIOIIUTAX IITYHOYKA
npu nepe3aBanTaxeHHi CP kanbiiem.

Npununenns supinbHenns Ca’' i3 capko-
MJIa3MaTHYHOTO PETHKYJIyMa

OCKIUIBKY CKOPOYCHHS 1 pO3CIIabIeHHs MioKapaa
€ OUKIIYHUM, PETYISAis BUBITbHCHHS Ca?™ 3
JIeTI0 BUMara€e HasBHOCTI MEXaHi3My MPHIIU-
HEHHsI ioro BUBLIbHEHHA. [Ipu po3cnabieHHi
MIOIIMTA ITiJT 9ac JiacTOIU KOHIICHTPAIIis 10HIB
KaJbIIiI0 Y IIUTO30JI1 TOYMHAE 3HUKYBATUCS, 1110
Ja€ 3MOTY WOMY BiJ’€IHATHCS BiJ TPOIOHIHY.
[Ca%]i BIJJTHOBIIIOETHCS 10 HU3BKOIO 3HAYEHHS
uepes nosepuenns Ca’" no CP 3a 10moMororw
SERCA-moMnu, BUBEICHHS 10HIB 3 KIITHHU 32
paxynok Na*/Ca®"-o6minnuka i Ca>*-AT®asu y
capkoJjeMi Ta HOTo 3aXOIIEHHS MITOXOHPIsIMHU
3a gonomoror Ca’’-yninoprepa.

IcaHye mekinbka MPUHIIMIIOBO BiIMIHHHX
MeXaHi3MiB NpunuHeHHs BUBinbHeHHS Ca’' 3
CP. Bonn perymoeTsest TIOMiHATBHIMHI MeXa-
Hi3MaMH, [0 IPYHTYIOTHCS Ha Perynsiii Bil-
KpuBaHHA-3aKkpuBaHHI RyRs BiacHe kambiiem
Bcepenuni CP [51], qroMiHAIbHUM CEHCOPOM
crany [44, 52] abo 3a HOTIOMOI0I0 KaJCEKBIi-
CTpuHY (KaJIbIiW3B’A3yI090r0 OiIKa BCEpeAMHI
CP; calsequestrin, abo CASQ) [53, 54]. Takox
TepMiHAIlisl BUBIIBHCHHS Ca?" moxe BimOyBa-
THCS 3@ JIONIOMOTOI HETaTHBHOTO alloCTEepH4-
HOTO 3B’A3Ky Mik RyRs (3akpuBaHHS OIHOTO
RyR crmpusie 3akpuBaHHIO iHIINX KaHamiB [55,
56]), croxacTuyHOro BHCHa)KeHHs (stochastic
attrition), Ta icHye BeJIMKa MMOBIpPHICTh OIHO-
YacHOTO NEPEX0AY KaHAJTIB JI0 3aKPUTOrO CTaHy
[55], abo mMexaHi3My BUCHAXEHHS, IIPH SKOMY
3MeHIyeThes notik Ca’* Hukue Bi mopora s
nintpumku CICR [57, 58]. [Ipomec mokanbpHOTO
BucHakeHHss CP € BaXXJIMBUM IJIs peryssmii
MPUITMHECHHS BUBIJLHEHHSI 10HIB KaJIbIIIIO SK 32
HOPMAaJbHUX, TaK 1 MaTOJIOTIYHUX YMOB [59].

[IpunuHeHHS BUBUIBHEHHS Y MioKapji Ie-
pencepas BigpizaseTsest y cc-CP ta HC-CP. YV
meHTpi ux knituH CASQ mMae MeHITy KoJIoKa-
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mizamito 3 RyRs i Ginmpmr cnabxe ix iHriOyBaHHS,
x04a 30yIIUBICTh IeHTpalbHUX RyRs e 0ib-
moto [59, 60]. 3umxkena excnpecis 6inka CASQ
MIPU3BOANTH JI0 3MEHIIEHHS Oy epHOi EMHOCTI,
1, y CBOIO 4epry, — 10 3HWKEHHS KOHI[EHTpaIlil
3arajpbHOTO KaubIlito Bcepeauui CP [50]. ¥V mi-
oluTax nepeacepas Menuie sucHaxxenus CP Ha
nepudepii i Benuka ammurityna Ca®*-curnany B
[UTOIUIA3MI i€l TUISTHKH CBIAYUTH PO O1IBIITY
epextuBHicTs CICR s RyRs cc-CP. Takox
peaktuBanis RyRs-kananiB y Hc-CP moBisb-
Hima, Hik y cc-CP, mo moB’s3aHo 3 BiIMiHHO-
CTSIMU MeXaHi3MiB BUBUIBHEHHS Ha nepudepii i
BcepeauHi kinituay [2]. Cnenudika MexaHizmy
NPUTTMHEHHS BUBIIHHEHHS Ca?* y Hc-CP nae
3Mory mpu MeHmii ammiityai Ca’*-curmany
BuKIHKaTH Oinpme BucHaxkeHHs CP mpu CICR
i cipusie nomupennio Ca®! BecepeuHy KITiTHHH.
Ha nepudepii knituau Bid BUBinbpHIETHCS 3 CP
y MaJioMy 00’€Mi Ta 3 BEJIUKOIO HMOBIpHICTIO
axtuBye Bci RyRs B EBCa’". IIpu upomy KaHanu
MIPaKTUYHO OJTHOYACHO IHAKTUBYIOTHCS 32 JIOTIO-
MOTIOI0 KaJIbllil3alie)xHo1 1HakTuBawii. B mimsHl
Hc-CP 3aBasiky O1bII HOBIIBHIN aKkTHUBAIUl He
Bci RyRs-kanau Bifjpasy BiJKpHBAIOTHCS 1 CITiB-
BiHOIICHHS BiAKPUTUX-3aKPUTHUX IOCTYIIOBO
sminoeThes. Yepes ne Ca’’-curnan y nentpi
MMOMITHO IOJJOBXYETHCS MOPIBHAHO 3 TMEPH-
depicro. Taka 6inpm Tpusana po6ora EBCa*
st He-CP nmpu3BoauTh 10 O1IBIIOr0 BHCHA-
eHHs Kanbllifo i3 CP. Lle O6ymo migTBepmKeHO
eKCIIEPUMEHTAJIBHO 3a JOTIOMOTOI0 peecTparii
miniaTropaux Ca®'-curmanis (cnanaxis), Koau
iX aMIUTITYIM CHJIBHO BiJPI3HSJIUCS B IICHTI Ta
Ha niepudepii [2].

KaabuieBi cmajaxu

MeTtoau KaiTHHHOI enexTpodiziornorii Ta KOH-
(hokaIbHOT MIKPOCKOITIT 1aJlk 3MOTY 3’sCyBaTh
MEXaHI3MH eJIeKTPUYHOI i CKOPOTIMUBOT aKTHUB-
HOCTI MiOKapJa, a TaKoX JOCIIIUTH Horo dap-
MAaKOJIOT1YHY PeTryIsIiio K Ha PiBHI OKpemoi
KJIITUHH, TaK 1 IIJIOTO cepIlsi. Y KapaioMiomuTax
nepencepab 1 MIIyHOUKIB MioKkapaa Oynu 3apee-
CTpOBaHIi eJIeMEeHTapHi, CTEPEOTHITHI, JTOKaIbHI
npolecH BUBUIbHEHHS Kajibllito 3 CP 3a momo-
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MoToI0 BifikpuBaHHA RyRs, fxi oTprmMany Ha3By
kanplieBux cnanaxis (Ca®' spark) [61]. Taki
IIBUKI BUKUIU KaJbIIil0 MOXHA Bi3yalizyBaTu
3a JTOTIOMOTOI0 CKaHYI04Y01, KOHPOKAIbHOI Mi-
KPOCKOIIi1 3 BUKOPUCTAHHAM (PIIyOPECIIEHTHOTO
6apsamka. Ca’'-cnanaxu y KapaioMioIHTi Mo-
JKYTh CIIOCTEpIraTUCs y CTaHi Crokor (abo mpu
JIy’Xe HHU3BKiA 9acTOTi CTUMYINAIIi), a TaKOX
3 SBJSIOTBCS CTOXaCTHUYHUM YHMHOM HaBITh 3a
BIICYTHOCTi BXOZY Ca?*, KanplieBi crianaxu y
MiOIUTaX IIJIYHOYKiB CIIOCTEPIraloThCs 110 BCiH
KJIITHHI y MicIsx HaOnkeHHs T-Tpybouku 3 CP
[31, 61]. YV nux knitunax EBCa" (ne i 3’aBus-
101bea Ca’'-cnanaxm) Mo3UIIOHYIOTHCS OIMH
BiJ ogHOTO Ha BincTaHi 1 MKM pamianpHO abo 2
MKM TIO3/TOBXKHBO [6], a B MiOIIUTaX Mepencepas
EBCa?" pO3TamoBaHi Ha BiCTaHi 2 MKM OIHH
Big oHoro [34]. Y nux knitunax Ca'-cnanaxn
CIIOCTEPIraroThCs K Ha nepudepii, Tak i B eH-
TpaNbHUX MUISHKAX KIiTHHY [32, 35, 62], omHak
nepmri BUHHKaTh dactime [35]. Cnanaxu y
MiOIHTaX HITYHOYKIB IIPOCTOPOBO aCHMETPHYHI;
BOHU Ha 18% Oi7bII B MO310BXKHBOMY HANIPSMKY
[35] (xoua Banyasz ta ciBaBt. [63] criocTepira-
JIM TIPOCTOPOBO CUMETPpUYHI Toii). CuMeTpu4Hi
criajaxu OyJIM 3apeeCTPOBaHI TAKOXK Y CKEJIET-
HUX M’s3ax jkaOu, aje BOHU TOJOBXKYBAIHCS
y MONEpPEYHOMY HANpPsIMKy TPU TONEpenHii
aktuBamnii RyRs 3a momomororo xodeiny [64].
Ananiz Ca?’-cnianaxis Mae BaKJIMBE 3HAYEH-
HS JUTsL pO3yMiHHS podii 1nudy3ii i0HIB KaJbIliio B
Micisax Bukuay 3 CP y crpspkenHi 30ypKeHHS 1
ckopoueHHs. Tak, mpu OinbIn BupaskeHi audysii
Ca’" B 0IHOMY HaNPAMKY, clajax iIMOBIPHO TEX
TTOBUHEH 301JIBIITYBATHCS Y IIbOMY K HAIIPSMKY.
AcCHMETpUYHUN crajiax MoXe OyTH MOsSCHEHO
TaKOXX 0COOJUBOCTSAMU CHPSIKCHHS 30yIKSHHS
i ckopodeHHs abo ymoBaMu peectpariii. Gon-
zalez 1 cmiBaBT. [65] MOSCHIOBAIM 1€ SBHUIIE
ydJacTio 1eKinpkox RyRs, 3anisHuX B yTBOpeHHS
cnajaxy. OomexeHicTb nudysii y Oyap-skoMy
HampsIMKy MOK€ OOYMOBIIOBATHCS HAsSBHICTIO
MEeBHUX MEXaHIYHHX 0ap’epiB, IO TraJbMyIOTh
nomupeHHs ioHis [66]. Tak, akmo Ca”" nounHae
audyHIYyBaTH OTHOPIAHO BiJl CHMETPUYHOTO
kiactepa RyRs, ane moTiM csrae mepemkonw,
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TO TOYMHAE MONIMPIOBATHCS aHI3OTPOMHO. Y
TaKoMy pasi i KaJbIi€BUI (IIyOpeCeHTHUH CUT-
HaJ Oy/e BKOPOYCHHI y IbOMY HanpsaMKy. Taka
acumerpis Ca’’-cnanaxiB MOKe 3yMOBIIOBATH-
Cs aHI30TPONHICTIO PO3TANTyBaHHS KJIITHHHHX
opranen abo MiodiTaMeHTIB y KapAiOMiOIHUTI.
[Mepemxooro 1o audy3ii Ca>" € Takox MiTOXOH-
Iipii [67], 110 BiAIrparoTh aKTUBHY POJIb Y TIOTIIH-
HaHHI KaJIbIIi10, SIK I1e OyJI0 3aIIPOIIOHOBAHO IS
KIITUH cepus [68] Ta inmmux opranis [69, 70].

Koxen Ca’’-cnanax siBase co60r0 BHBiJb-
HEHHs Kalbllifo 3 kiactepa RyRs mpu cun-
XpOHHIN aKTUBHOCTI Bix 6 mo 20 xanamnis [5]. YV
MIOIUTAaX MUIYHOYKIB MI0O0aNbHUHN KaIbI[i€BUN
CHUTHAN, Mo BUKIHKaeThes 1], yrBoproeThbes
MPOCTOPOBUM CYMYBaHHSIM OKPEMHX ClajaxiB
[3, 71]. A y xmiTuHax mepeacepapr BiH SBISE
co6or0 crodatky cymyBanHs Ca’’-cnanaxis y
30HI capkoyiemu (mepudepiiiHe MiIBUIICHHS),
a TOTIM BijJloOpakae MoAambIly iX MOSBY 1 TO-
CTYTIOBE IOIMIMPEHHS CHUTHANy BINIHO KIITHHHU
[32, 34].

ITno3uToarpudocharni peunentopu
JlomoMi>KHIM MEXaHi3MOM peryisiii CKOpoueH-
HS MIOIUTIB TEpeacepIb € MPOIEC MOMYIISIIi
BUBIJIIbHEHHS Kanblio i3 CP 3a momomoroxo
inosurontpudpocharuux peuentopis (IP,Rs).
Bonn ticHo moB’s3ani 3 poauHoio RyR, posmi-
JISTFOYU 3 HIMHU BUCOKY CTPYKTYPHY TOMOJIOTIFO
[72]. IP,Rs excrpecyroTcs y MionMTax Mepes-
ceplist 3 BUCOKOK miyibHICTIO [11]. ¥V kiTHHAX
IUTyHOYKIB BOHHM BiacyTHi [73]. IP;Rs 3a3Bu-
Jail aKTUBYIOTHCS CYJUHOAKTHBHUM arOHICTOM
aHrioreH3uHoM-II, eHAOTETIHOM Ta IHIIUMU
i1 yac TyMOpalibHOT peryJsilii, 1o MiJCUITI0E
MOXKJIHBOCTI MOAYJISIIIIT MTPOIECiB CKOPOUCHHS.
I[P, - omocepenxkoBaHe BUBIILHEHHS KalbIIikO
MOKE€ MOJIYJIOBATH MPOIEC BUBIILHEHHS Kallb-
1110 B MiomuTax nepenacepas [74]. Bruous IP,Rs
O0inpIn BUpakeHWil Ha mepudepii KIITHHHU 1
MPAaKTHYHO BiACYyTHIN y 11 enTpi. Takum anHOM,
BUBUIBHCHHSI KaJbIlil0 Ha mepudepii MiouTa
mae ponarkoBy IP;Rs, 3ymoBieHy perynsuiro
CKOPOYCHHS KJIiTHHH.
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Crucno yzaransHuMo neit ormsax. Ilponec
BUBIUIHCHHS 10HIB KaJbIII0 Y KapIiOMiOIHTaX
BiAPI3HIAETBCA Y KIITHHAX MEPEeACepab 1 MUTy-
HOYKIB. BiH 1HIIIIOETHCSA BXOIOM 30BHIIIHBOTO
kaiplio 3a gornomororww DHPRs. V kimitunax
IUTYHOYKIB 3 PO3BHHEHOIO cHCTEMOI0 T-Tpy0o-
YOK, JCTOApU3aIlisa CapKoJeMH 1 BIAKpUBAHHS
L-tunty Ca?*-kananis 3a6e3medye KOHIEHTPAIIIIO
10HIB KaJbllif0, TOTPiOHY I akTHBallii RyRs 3a
noromoroto CICR mo BckoMy 00’€My KIIITHHH.
VY MiomuTax mepeacepib, A¢ BIACYTHs CHCTeMa
T-TpyOoUOK, aemonspu3allis CapKoJIeMH MpU3-
BOAUTH 10 BiakpupaHHs L-tuny Ca’’-kaHaiis
1 aktuBye RyRs crovatky nuimie Ha nepudepii
kiaiTuHE. Yepes mgexinbka MITICEKYHIT Ca?*
noyuHae TUPyHAYBATH BCEPEAUHY KIITHHH i
akTuByBaTH RyRs 3a momomororo MexaHi3MiB
B/IB y nuroruiasmi ta UTO30IHHO-TIOMiHAIb-
Horo BII3B. ¥V wmionmTax mepeacep/b, aje He
IIUTYHOYKIB, €KCTIpeCyroThes Takok IP;Rs, sxi
NOMOBHIOWTE perynauniro Ca?’-curnany, sk
nosutuBHUH [P Rs-omocepenkosannii edekr,
1 TyMOpalibHa PeTyIsLis MPoIecy CKOPOYCHHS
cepus. Taka cmenudigaa perymismis mpoiuecy
BuBinbHeHHs Ca®' B kapaiomionuTax 3abesneuye
BHOIPKOBICTH 1 YHIKAIBHICTH ITiABUIIECHHS HOTO
BHYTPIITHBOKJIIITHHHOTO BMICTY, Ja€ MOTPi0-
HY KOHIICHTpAIIIO Il CKOPOUCHHS KIITHH SIK
nepeacepab, Tak i MUIYHOUKiB. BUBITEHEHHS
KaJbIiI0 Y IIUX KIITHHAX 0XapaKTePU30BaAHO SIK
Ha robaneHoMy piBHi Ca’’-Tpan3sientis, Tak
i Ha nokansHoMy — Ca’"-cnanaxis. Onucani
mexanismMu Ca’'-curmanizanii 1aroTh 3Mory
y3araJlbHUTU MPOIECH CIPSIKCHHS 30YIKEHHS
1 CKOPOYEHHS Y KapaiOMiOlHTax.

3a IOIIOMOIrOK OIMCAHUX MEXaHi3MIB BU-
BinbHenna Ca’' B mpoueci cpskeHHs 30yIKeH-
HS 1 CKOpOYEHHS JOIOBHIOE Halle PO3yMiHHSA
¢izionorii ckopoueHHs KapaiomionuTa. Kapruna
akTHBaIlii 1 TepMmiHamii BUBITbHEHHS Ca%?" B
mijoMy 3’sicoOBaHa. X0Y 3aJUIIAIOTHCS JEAKI
MOMEHTH CTOCOBHO: aKTHBAIii 1 MPUIIWHEHHS
suBinbpHeHHs Ca”’ 3 CP; TouHoi KinbkocTi RyRs,
mo 6epyTh yuacts y Ca’’-cnanaxy; piBHs BUC-
Ha)keHHsI KanbIlifo B CP; Mopdonorigdaux oco-
OnuBOCTEl; TOUHOT ToKamizamii RyRs 3 iHImuMu
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pereniTopaMu 1 KaHamamu. JlocaimKeHHs, K Ha
PiBHI OKpeMUX KaHaJIiB, TaK 1 BChOTO IIPOIECY B
L[IJIOMY, BaXKJIUBI I pO3YMiHHS HE TUIBKH (yH-
JaMEHTaJIbHUX OCHOB (hizioyorii ckopodyeHHs
cepiis, aje 1 mMaToJOTIYHUX CTaHiB, HAIIPUKIA]
cepueBoi HemoctatHOCcTi. [losBa HOBHX (uryo-
PECLEHTHHUX CUCTEM peecTpallii 31 301JIbIICHOIO
9acOBOIO 1 MPOCTOPOBOIO 3IAaTHICTIO, 1 HOBUX
Ca’'-4yTIMBHUX 30HJIB Ta KOMI IOTEPHOTO
MOJENTIOBAaHHS, MacTh 3MOTY AeTalli3yBaTH
MPUXOBAaHI MEXaHi3MU BUBIILHEHHS KaJIBI[IIO B
KapaioMioluTax.

The author of this study confirm that the research
and publication of the results were not associated
with any conflicts regarding commercial or
financial relations, relations with organizations
and/or individuals who may have been related
to the study, and interrelations of co-authors of
the article.

B.M. llIkpbLIb

POJIb HOHOB KAJILIMSI B CONPSIKEHUU
BO3BYKJIEHUS 1 COKPAIIIEHUS
B KAPIMOMHMOIIUTAX

Kanpuuil sBAsSeTCS Ba)KHBIM CUTHAJIBHBIM 3JIE€MEHTOM U
YHUBEPCAJIbHBIM BHYTPUKJICTOUYHBIM IIOCPEIHUKOM, H OIIpE-
JETSIOINM HOHOM B IPOLIECCE COMPSIKEHUS BO3OYKICHUS U
cokpaieHus. JJaHHblil 0030p MOCBSIIECH OMUCAHUIO KaJIbIIH-
€BBbIX PELENTOPOB B ATOM IIPOLIECCE B MUOLMTAX MUOKApJa.
OCHOBHBIMHM HCTOYHMKAMH IIOBBIIICHUS BHYTPUKICTOUHOH
KOHLEHTPALUH KaJIbLHsl IBJISIOTCS €0 MOCTYILIEHUE U3 BHE-
KJIETOYHOII Cpefibl 3a CYeT AUTUIPOIUPUIMHOBBIX PELIEITOPOB
1 BBICBOOOK/ICHUE U3 BHYTPEHHUX JICTIO CapKOIJIa3MaTHye-
ckoro perukynyma (CP) myTeM akTHBamuM PHAHOTHMHOBBIX
peuentopoB (RyR). OrcyTcTBue cucTeMbl MOTEPEUHBIX
TpyboueKk B MUOLMTAX NPEACEpAus JeaeT BLICBOOOKICHUE
Ca’" ciienm(rYeCcKUM B CPABHEHNH C JKEITYI0YKAMU MHOKAPIa.
B muonurax npezncepanii, HO He XKeNyA0UKOB, IKCIIPECCUPY-
I0TCS TaKKe MHOZUTOATpUGOCGhATHBIE PELENTOPbL, KOTOPbIE
JOMONHSTOT perysimto Ca?’-currana. ONMMCaHHBIE B TAHHOM
0030pe mocieqHne JaHHBIC OTHOCHTEIBHO BHYTPHUKIIETOU-
HBIX KaJIbLIUEBBIX PELENTOPOB PACKPHIBAIOT O0JIee JETAIBHO
CONpsKEHHE BO30YKICHUS M COKPALIEHUS U AETaIU3UPYIOT
Ca’" - 3aBHCHMYIO PETYIISIMIO KapIHOMHOIUTA.

Kimrouenbie cosa: Ca?’; pHaHOMMHOBBIN PELENTOP; KAPAMOMUO-
LUT; KaJIbLUHUHYLIHPOBAaHHOE BEICBOOOKACHUE KaIbLIUs;
JUTHAPOINMPUANHOBBINA pelenTop.
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V.M. Shkryl

ROLE OF CALCIUM IONS IN EXCITATION-
CONTRACTION COUPLING IN
CARDIOMYOCYTES

Calcium is an important signaling element and universal
intracellular messenger and the determining ion of Excitation-
Contraction Coupling. This review describes calcium receptors
at this process in cardiomyocytes. The main sources of increase
of intracellular calcium level is entry from extracellular
medium by dihydropyridine receptors and release from internal
stores, in particular, from the sarcoplasmic reticulum (SR) via
activation of ryanodine receptors. The absence of a transverse
tubular network in the atria myocytes makes the Ca®* release
process specific to the ventricular cells of the myocardium.
Atrial myocytes, but not ventricular, also express inositol
triphosphate receptors that complement the regulation of Ca?*
signal. Described in this review the latest data on intracellular
calcium receptors disclosed in more detail of Excitation-
Contraction Coupling and details Ca?*-dependent regulation
of cardiomyocyte.

Key words: Ca?"; ryanodine receptor; cardiomyocyte; calcium
induced calcium release; dihydropyridine receptor.

Bogomoletz Institute of Physiology National Academy of
Sciences of Ukraine; Kyiv, e-mail: slava@biph.kiev.ua
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1.2 Peecrpaunisn mpouecis BuBiabHennss Ca?" B kapaiomionuTax 3a 1010MOroI0

BHCOKOIIBHAKICHOI KOHPOKAIBLHOI MIKPOCKOIIil

Kapniomionutu € 3py4HuM O0’€KTOM JJisi BUBYEHHSI 3MiH BHYTPIIIHBOKJIITUHHOI
KOHIICHTpAIlli KaJbI[II0 3a pPaxXyHOK 3MIH aKTHUBHOCTI pPIaHOAMHOBUX perenTopis. B
KapJioMiolMTax 3a (i310JIOTIYHUX YMOB peaji30BaHO MEXAHI3M KaJbl1i-1HIYKOBAHOIO
BHUBIJILHEHHS KaJIbI[i}0, KOJM 30UIbIICHHS KOHIIEHTpAIlli KadbIil0 OUIS PlaHOAMHOBOTO
peLenTopy CIpOMOKHE BIAKPUTH CaM KaHaJl.

I[Ipoctoposa i wacosa cymauis Ca’* moniii 3 oxpeMux omuHULL BHBiTbHeHHS Ca®’
(CRU), sKi peecTpyloTbCcsl SIK CHallaxd KaJbI[il0, MPU3BOAUTH JO BUHUKHEHHS
saranpHoKIiTHHHOrO Ca’*-Tpamsienty (Cheng et al., 1994). YV wmionmTax HIIyHOYKIB
suBinbHeHHs Ca®') imgykxosane I1]], € BUCOKOCHHXPOHI30BAHUM i IPOCTOPOBO BiJHOCHO
onHopigHuM. Ha npoTtuBary npoMy, B KIITUHAaX nepeacepib T-TpyOoukoBa cuctema € abo
MoraHo po3BHHEHa, a00 moBHICcTIO BijacyTHs (Huser et al., 1996, Smyrnias et al., 2010). B
KJIITHHAX Mepesicepab BUALUIAIOTE ABa Tunu CP, Buxosa4u 3 ix po3ranryBaHHs: 3’ eqnani CP
(J-SR) posrarmoBaHi moOJIM3y MOBEPXHEBOT MEMOpaHu mepeacep/ib, To1 K He3 eqHanl CP
(nj-SR) 3HaXonAThCS B IMIMOMIMX JUISHKAX KIITHUHU 1 HE aCOIIIOIOTHCS 3 MOBEPXHEBOIO
MemOpanor. Oounsa tunu CP mictare RyRs (Smyrnias et al., 2010, Kockskamper et al.,
2001, Woo et al., 2003), sxi opranizoBani y 3D macuB RyRs-knacTepiB 1 3/1aTHI aKTUBHO
suBinbHATH Ca?". 3aBsgkm Takill yJIBTPACTPYKTypHil opramizamii, I1J[-iHmykoBaHe
suBinbHeHHs Ca’t y kIiTHHAX mepeacepas € mpocToposo Heoanopinaum (Huser et al., 1996,
Blatter et al., 2003). II/I-ingykoBana aenonspusaiuis aktuye Bxim Ca®" uwepes L tumn
xanpuiesux kananmis ta CICR uwepes RyRs j-SR. 3pocramns nepudepiitnoro [Ca?']
pukiankac Ca’’-XBUIIO B JIOUEHTPOBOMY HANpPSAMKY dYE€pe3 MEXaHi3M "BHBiIbHEHHS-
mudysis-suBinpHeHHs" (Blatter, 2017)." ¥V wiomuTtax nuUlyHOYKIB Mepexa T-TpyOouyok
3a0e3neuye MIBUAKE PO3MOBCIOKEHHS MOTEHI1ay Jii 1o BcboMy 00’ eMy kiiTuHU (Cheng
et al., 1994) ta maiike oJHOUYaCHE BUBUILHEHHS KaJbIlifo 10 BCii kmiTuHi (Bers, 2002).

Mu BUKOpUCTAIM WIBUJKY KOH(POKAIbHY MIKPOCKOIMIKO JJI JOCIIJIKEHHS
ingykoBanux I1J] Tpamsicurie Ca’* B miomurax nepeacepAb i IUIYHOYKIB, 3 METOIO
oTpUMaTu TJHOIIEe PO3YMIHHS 3MIH BHYTPIIIHBOKIITHHHOT KOHIIEHTpAIlll KaJbIIO0 3a

paxynok Bxoxy Ca®*, nokansHoro subinmbHeHHs Ca’" 3 CP Ta HOro KITHHHOIO
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posnoscromkenns mig yac ECC. JlonatkoBo Mu mocmimkysann Ca?t cnamaxu 3 BUCOKOIO
YaCOBOIO PO3JIUIBHOIO 3/IaTHICTIO JIJiIsi BUSIBIICHHS OCOOJMBOCTEH MpPOIIECiB BUBUIbHEHHS
Ca’" i KinbKiCHI XapaKTepUCTHKU KaHAJIB, 0 6EPYTh y9acTh Y IUX MOIisX.

VY mepurii cepii eKCIIEPUMEHTIB, MU 30CEPEAMIINCS Ha JOCIHIKEHHI MPOCTOPOBO-
gacoBoi perynsanii Ca®*-Tpansientis mix yac HopmansHoro ECC y mionurax mepencepib.
Jns uporo, I1J[-3anexni Ca®* TpaH31€HTU OyJIO BUKIHMKAHO 3a JOMOMOTOI0 CTUMYJISII
€JeKTPUYHUM 1oJeM npu yactoTi 0.7 '

Ha puc. 1.1A ta D npeacrasieHa mociioBHICTs ABOBUMIpHHX 300paxkeHs [Ca’']
panHboi (asu enexTpuuHo BuKIukaHoro Ca’* Tpamsienry. 3ammcu Oynam 3poOieHi mpu
gacTtoTi 1719 T'l y neHTpaipbHO-akcialbHOMY pO3pi3i, a caMe Ha pIBHIM BiJCTaHl BiJ
BEPXHbBOI Ta HUKHBOI MEXK KJITHHHU B aKCiaJIbHOMY (Z) BUMIp1 B KJIITHHAX NEpeAcepib 1
IIUTYHOUKiB, BianosigHo. Tak, B MionuTax nepeacepasr BuBinbHeHHs Ca?t 6yino mpoctoposo
HEOHOPITHUM Ta 1HILIIOBANOCS Y JUCKPETHUX AUISIHKaxX nepudepii, ne 3Haxoauthbes j-SR.
Kpim Toro, BusinbHeHHs Ca’* BHABMIIOCS aCHMHXPOHHMM Mik HepuU(epiiiHUMHU MiCLAMH
BUBLUIbHEHHS J-SR 1 3aiimano 3.0+0.1 mc (n = 7) nus akTuBallli ycix JIETEKTOBaHUX
nepudepiitnux caiTiB BuBiIbHEeHHS (nuB. puc. 1.1C). Sk moxxHa nodauutu Ha puc. 1.1B,
KOHIICHTpAITIS [Ca2+] B neHtpanbHid (CT) CyOKIITHUHHIA OUISHIN, SKa BiJJajdeHa Bif
KJIITUHHOT MeMOpaHu, MoYrHajia 3pOCTaTH 13 MEBHOK 3aTPUMKOI0. Y I[bOMY MICI, SKE
BiAnoBigae nj-SR, piBeHb [Ca2+] 301IbIIIyBaBCsA Ha0araTo MOBUIbHIIIE 1 1OCATaB MIKY, IKUN
OyB MEHIUI 32 MakcuManbHuil pisens [Ca’'], 3adikcoBannmii Ha nepudepii KIiTHHM.

[[[06 rmmbme 3po3ymiTh mpouec, akuii imimiroe Ca®" TpaH3ieHT y KIiTHHAxX
nepezacepib, MU BUBYany cnodtanni Ca®* cnanaxu. Jlansi nofii, Ha nepudepii KIITHHY, 110
BuHUKaOTh BiA J-SR CRU y mepencepnsx, MaroTh BUPAKEHY aHI30TPOIIIIO, MEPEBAXKHO
MOIIUPIOIOYKCH Y TIO30BKHEOMY HANPAMKY. Y TI03/I0BXXKHbOMY (X-BiCh) HAMPSMKY CEPETHE
3HaueHHss FWHM cknanae 2.50+£0.07 mxMm (n = 30 nmpoaHani3oBaHUX cHalaxiB), TOAl K Y

IIONIEPEYHOMY HANPSIMKY II€ 3Ha4eHHs CTaHOBUTH 1.511+0.05 MxM.
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Pucynok 1.1. TI/I-inagykoBani Ca?*-TpansieHTH B iHTAKTHHX MiONMTAX NMepeacepab Ta IJIYHOYKIB.
(A) Cepis xoH(pOKaTbHUX X-y 300pakeHb paHHbOi (asu Ca?’ TpaH3ieHTY B MIOUMTI HEpeacepib,
BUKJIMKAHOTO  CTUMYJIALier0  enexkTpuunum  mojem. (B) TlopiBusuus Ttpamsientis  Ca?" B
cyOcapkonemMManbHii oomacti (SS, acormiiioBaniii 3 j-SR) Ta B ienTpanpHiit obnacti (CT, acouiioBaHiit 3
nj-SR). (C) KymynsatusHe 3anydeHHs okpemux obnacreit BuBinbHeHHs Ca?" j-SR CRU. Ili oGmacri
BUSIBJICHI B CyOcapKosieMMalIbHIi 30H1 pO3MipoM 75 MKM Ha 2 MKM 1 HopMaii3oBaHi 1o kinbkocti CRU/100
mMkMm2. (D) Cepist koH(OKaIbHUX JABOBMMIpHUX 300paxkeHb paHHbOi (pasu Ca’' TpaHsieHTy B MioluTi
IUTYHOYKA. Bijli OBajiv Ta KpyKEUKH T03HAYAI0Th Micis nepioro susieiaenns Ca?" Businbuenns 3 CRU. t
= 0 Biznosinae yacy nepuioro susisnenns nogii CRU. (E) Hopmanizosani Tpansientu Ca?!, 3apeectposani
3 pi3Hux obnacreil: j-SR nutyHouka, nj-SR nepexncepns, i j-SR nepencepas. (F) Kymynarusue 3amydenss
okpemux obnacreii BuinpHenHs Ca®t j-SR CRU. 11i o6nacti Oysu BUSBIIEH] B AUISHII iHTEPECY PO3MIPOM

60 MxM Ha 7,5 MKM Ta HOpMastizoBani 10 kinmbkocti CRU/100 M2,

VY wmiomuTax MUTYHOUKIB CIOCTEPIraeThCs ACKUIbKA XapaKTEPHUX OCOOIUBOCTEH
Ca**-Tpansienry: nokanizosani curaany pusinbHeHHS Ca’* 3 okpemux CRU 3’gBIstroThCS
BUMAJKOBUM YMHOM IO BCiH KJIITHHI 0€3 YiTKOI CyOKIITUHHOI JIOKaTi3allil; peKpyTyBaHHs
CRU He € MOBHICTIO CHUHXpOHI30BaHUM. Sk 300paxkeHo Ha puc. 1.1F, KUIbKICTh
aktuBoBaHnXx CRU 3pocrana mocCTIMHO MpOTAroM HOpuOIuM3HO 4 MC. Y CepeaHboMy
aKTUBAIllA BCIX BHUABJICHUX IUISHOK BUBUIbHEHHs nocsramacs 3a 3.910.1 mc (n = 9).
JlokanbHi 36inbmenns [Ca’'] 3 nepudepuunnx i nenrpansaux CRU, ski pexpyTyBanucs

OJIHOYACHO, OYyJIM Maike 11CHTUYHUMU.
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3a BigcyTHOCTI cuctemu T-TpyOodok B Mionurax nepeacepab Ca?’ BXomuTh TinbKu
Oins capkonemu, aktuBye BuBimbHeHHS Ca’’ 3 npumemOpanrux CP Ta mocTymoBo
PO3IMOBCIOJIKYETHCS J10 LICHTPY 32 PAaXYHOK MEXaH13MY KaJbll1i-1HTYKOBAHOT'O BUBLIILHEHHS
KaJIBIIIO.

Ha puc. 1.1E mpexacraBineHo HopMaizoBaHi JoKanbHi TpansienTn Ca®’, orpumani 3
OKpEMHUX JAUISTHOK BUBUIbHEHHsI mnepencepaHoro j-SR (SS), mutyHoukoBoro j-SR Ta
nepenacepaHoro nj-SR (CT). YacoBa nuHamika (a3u MIBUAKOTO 3POCTAHHS CUTHAIIB
KaJIBIi}0 3 IIUTYHOYKOBHX Ta MEPeICepAHUX SS-AUISTHOK OyJia Mailke 17IeHTUYHA, Y TOM yac
sk auHamika 3poctanss [Ca?*] B o6nacti nepeacepanoro CT Oyia 3HAYHO MOBLIBHIIIOK.
TakuM 4YMHOM, 3 TOYKM 30py AMHAMIKM JIOKaJdbHOTrO BHBimbHeHHS Ca?', minsHkn
IIUTYHOYKOBOTO Ta MepeicepIHOro j-SR 1eMoHCcTpyBamu Iy ke CX01 XapaKTepUCTUKHU, TOI1
K BUBUIbHEHHs 3 mepeacepanux nj-SR CRUs manio Bupa3HO BIAMIHHUN NPOCTOPOBO-
4acoBUU MPOpiIib.

I'moGanbuuii Tpansient Ca’" BuHukae BHachmigok nortoky Ca’* wepes KiiTuHHY
MeMOpaHy, a Takoxk icrotHoro notoky Ca?" uepes RyRs min uac usinbuenns Ca?* 3 CP. B
HAaCTYIHUX €KCIEPUMEHTAaX HaMarajucs pO3JAUIUTA IIi JIBA KOMIIOHEHTH TOTOKY 3
BHKOPHMCTaHHSIM BHCOKOIIBUAKICHOT peectpanii Ca**. Ha puc. 1.2A 300paxeHo paHHio (asy
POCTY 3araabHOKJIITHHHOTO II06ansHoro Tpansieary Ca?* (AF/F), axuii ininiioBanuii I1]]
y MIOIHUTI IITYHOUKA, yCEPEAHEHUHM 10 00J1aCTi CHOCTEPEXKEHHST PO3MipoM mpudau3Ho 550
MEM? (200%31 mikcens) I OTPMMAHHS CHTHAJY 13 3MEHIIEHUM piBHeM mrymy. Mitka "1"
BKa3y€ HAa MOMEHT NPUKJIAJaHHS €IEKTPUUYHOTO CTUMYJTY. [[71s1 po3aiieHHsl Ha MOTOKH OYyJ10
OTPUMAaHO Mepuly MOXIAHY BiJ ILOIO CUTHANy, 110 300paxeHo Ha puc. 1.2B, sk nepiia
noxigua curnany [Ca®**] (d(AF/Fo)/dt). Ilepma a3za, Ky MOHA BH3HAUUTU 332 4aCOM
MPUKIIAIaHHS €NEeKTPUYHOr0 cTuMyny (Mapkep "1") 1 MOMEHTOM MOYaTKy 3pOCTaHHS
curHany d(AF/Fo)/dt (mapkep "2"), Bka3ye Ha JAaTEHTHUW MEpiOJ MIK EICKTPUUYHUM
CTHMYJIOM Ta akTuBauicro noroky Ca®*. JlarenTHuii nepion cknagas 2.5+0.3 mc (n = 9
MiOUUTIB HUTYHOUKIB). [IpoTsirom apyroi ¢dasu (Mixx mapkepamu "2" 1 "3") d(AF/Fo)/dt
YTPUMYBaBCSl HAa MOCTITHOMY piBHI, 30UIbLIYIOYMCH MOBUIbHO. Llel mepion, WMOBIPHO,
BinoOpaxae Bxix Ca?* B knituny. Ha wac t = 5.5£0.2 Mc (Mapkep "3"), LIBUAKICT IOTOKY

CTPIMKO 3pocia, nocarnyBid miky (Mapkep "4") mpubnusno B d(AF/Fo)/dt = 748+71 c-1,
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uepe3 9.9+0.7 mc micns mowarky crumyiy. Lls dasa smirm Ca?" mortoky BimoOpakae

BUBLIbHEHHS Kanbllito 3 CP 3a paxyHok BinkputTs RyRs kananis.
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Pucynok 1.2. Cyokairunni morokn Ca?" min wac ECC, inenTudikoBani 3a 10n0Mororw mBHIKoi
peecrpanii Ca?*. (A) T'moGambuuit Ca’"-tpamsienr (AF/Fo), iminiioBanuii CTUMYyJISII€I0 MioIUTa
IITYHOUYKA eJIEKTPUYHUM TojeM. Mapkep "1" Bif3Hayae MOMEHT 3aCTOCYBAaHHS €JIEKTPUYHOIO CTUMYITY.
Mapxkepu "2" 1 "3" poszramoBani BianmoBizHo 1o aHamizy Ha manem B. (B) Ilepma nmoxigna AF/Fo (c-1)
curHainy 3 nadeni A, sika Binoopakae notik Ca?". Mapkepu "2" 1 "3" 1eMOHCTPYIOTh Pi3Ki 3MiHH IIBUAKOCTI
nortoky Ca**, toxi sk mapkep "4" mosnauae makcumanbhuii motik Ca**. (C) IIpocTopoBo ycepeaHeHuit
notik Ca?" y koutponbuux ymosax (Ctl) Ta mix yac inriOysanss ¢yuxiuii CP 3a 10M0MOIrOK Tarncuraprity
(TG; 1 MM) i kodeiny (caff; 10 MM). (D) CyOkmitunni tpansientu Ca?" (AF/Fo), cipuuMHeH] CTUMYJIALICI0
CJIEKTPUYHUM TI0JIEM, 3apeecTpoBaHi B cyOcapkonemanbHiid (SS) j-SR Ta nenrtpanshiii (CT) nj-SR
obnactsax mionmta nepencepas. (E) Ilepmia noximua Bin curnanis SS i CT Ca?', npexacrasise piBeHb
cybkmituaroro moroxy Ca®". Mapkepu Big "1" go "4" taki x, sk Ha mameni B. (F) IIBuuakicts
cyoxnituaaoro nmoroky Ca?" (SS, CT) y KOHTPOJIBHUX YMOBaX Ta MiJ Ji€K0 KOMOIHAIlii Tarcurapriny ta

ko(einy. /[BoBuMipHi 300paskeHHsI OTPUMaHi 3 YaCOBOIO PO3IUTHHOIO 3MaTHICTIO B 1719 T'm.

Ha pucynky 1.2C npezacrasineno motoku Ca?" y KOHTPOILHUX MiOIMTAX ILTYHOUKIB
Ta B MIOLUTAX 3 NpUTrHIiYeHOt0 akTUBHICTIO CP. dyHKIlis BUBLIbHEHHS Kanbliito 3 CP Oyna
MPUTHIYEHA MUIAXOM ii MOBHOTO BHUCHa)xxeHHs kodeinom (10 mMM) Ta OiokyBaHHSIM

3BOPOTHOIO 3aBaHTaxxeHHs 3aBAsku Ail 6nokatopa SERCA - tancurapriny (TG; 1 MM).
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Ycynenns BupinbHenns Ca’* 3 CP 3ynuusio 3Ha4uHe 3poctanns notoky Ca!, sxe 3a3udaii
crioctepiraerbes micis Mapkepa "3". Onpnak matentHmit mepiox (2.1+0.1 mc; n = 11
MIOLIMTIB) Ta TNoAaibllie TMOBUIbHE 3pocTtanHs curHany d(AF/Fo)/dt 3amummnucs
He3minHuMu. [likose 3HaueHHst curnany d(AF/Fo)/dt nocarano 50+5 c-1 yepe3 7.7+0.7 mc
Hicasl eNeKTpuyHOro cruMyiy. OTxke, 1l JaHl MiATBEPKYIOTh TrinoTesy, mo ¢asza "1-2"
(JIaTeHTHICTBH) B1OOpaXkae yac, MOTPIOHUN NJi1 MOIIMPEHHS JIETOspU3allli Ta aKTUBAIlll
{0HHMX KaHAJiB MOBEpXHEBOi MemOpanu. Pasa "2-3" xapakrepusye Bximumii motik Ca®* i
Oylla 1IGHTUYHA SIK I8 KOHTPOJBHUX MIOLMTIB, TaK 1 IS KJIITHH 3 HNPUTHIYEHOIO
axtuBHIicTIO CP. @a3a "3-4" Bu3HAUeHa SK MOTIK, BiAMOBiganpHUIA 3a BUBLIbHeHHA Ca’’ 3
CP, ockinbku BoHA BiACYTHs npu OokyBaHH1 (pyHkIii CP.

AHasioriyHui aHai3 OyJio MPOBENECHO JIJIsl MIOLMTIB Mepencepab. Y HHUX KIITHHAX
noroku Ca** qna SS (j-SR) ta CT (nj-SR) perionis anamizysamucs okpemo. Ha puc. 1.2D
npencrasieno 3poctanns [Ca?*] (AF/Fo), iHZyKOBaHOTO CTHMYJISLIEI0 3a JOIOMOIOIO
€JIEKTPUYHOTO 0JIs, sike Oyio nmpukianeno y Touti "1". Ieit rpadik geMoHCTpy€ 3aTpUMKy
Ta nosinbHe 3pocTanns [Ca?*] B xinanni CT. Ha puc. 1.2E Bigo6paskeHo mepury MoXigHy
Bin AF/Fo, sixa xapakrepusye ocHoBHI notoku Ca?*. V ginsuni SS, aHanoriyno 10 KIiTUH
IUTYHOYKIB, TaTeHTHUH niepiof (3.6+0.7 Mc; n = 6 MIOLIUTIB NEpeACeP/ib) CYNPOBOIKYETHCS
MOCTYOBUM 3POCTAHHSM, SIK€ MOYMHAETHCS 3 Mapkepa "2", sike 3MiHIOBAJIOCS IIBUJIKUM
3pocTaHHAM micist 6.44+0.3 Mc B MOMEHTY 3aCTOCYBAHHSI €JIEKTPUYHOTO CTUMYITY (MapKep
"3"), nocararoun miky Ha piBH1 1183+180 c-1 uepe3 11.8+0.6 mc. HaTtomicTb A curHamy
CT d(AF/Fo)/dt nemae BupaxkeHoi (pa3u MOBILILHOIO 3POCTAHHS, 1 BIH MOYMHAE 3POCTATH
nuuie yepes 2.2+0.3 Mc micns nepuioi 3MiHd SS-curHany (Mapkep "2"). MakcumanbHuUi
noTik B obmacti CT OyB y 3,5+0,3 pa3u MeHmuil B MOPiBHIHHI 3 niepudepiero 1 Jocsiran
cBoro miky uepes 5.3+1.7 mc. Ha puc. 1.2F npencrasneni notoxu Ca?* qus obnacreit SS i
CT B Mmiouurtax mepeacepisl MiJi KOHTPOJIbHUMHU yMOBaMHM Ta NHpH HeakTuBHOoMmy CP
(TG+Caff). B ob6macti SS d(AF/Fo)/dt Bim 3poctae yepe3 2.1£0.1 mMc (n = 6) micas
3aCTOCYBaHHS €JIEKTPUYHOIO CTUMYJY 1 Jocsirae cBoro makcumymy (164+30 c-1) uepes
6.5+0.5 Mc. 3a 11eif yac y KOHTPOIBHUX KIITHHAX PO3IOYMHACTLCS IOTiK BUBiapHeHHs CaZ*

3 CP. Iorik BuBinbHeHHs Ca’* B o6macti CT y 4.0+0.7 pasu MeHImuiA, Hix B 001acTi SS.
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Y miomurax OUTyHOYKIB 3MiHa nmoTokiB Ca?* B mpumemOGpaHHOMY perioHi mionura
nepeacepar Oyya moaiOHOI K y KOHTPOJI, TaK 1 MPUTHIYEHOIO (PYHKIIIEI0 BUBUIBHEHHS
kaubIlito 3 CP. [IpoTe B 1ieHTpanbHIN IUIAHII MIOLIUTA TEPEACEPIb 3MiHA TOTOKY KaJIbI[IIO
novynHaia 3’sBIATHCS TUIBKU MICIs Mapkepa 3, 110 crae OuUIbIN SBHUM MpU OJIOKYBaHHI
¢yukiii BuBUibHEHHS CP, TOOTO TUIBKM MICAS MOYaTKy BHBIIBHEHHS KaJbllil0 B
npuMeOpaHHii, capKOJIEeMHIM AUISHINI KIITUHHU. 3a BIICYTHOCTI cucTteMu T-TpyOodok B
MIOIIUTax Mepeacep/ib MPU ACTOJSIpHU3aIii KIITHHA Ca’" BXOIUTP TUTBKH OiIs CapKOJIEeMHU
Ta akTuBY€ BUBLIbHEHHS Ca?’ B imx CP Ta mocTynoBo 1udyHIyr04H i aKTUBYIOUH BigaleHi
JUISTHKY MIOIIMTa 3 MOCTYMOBUM BUBUIBHEHHSAM KaJbI[iI0 Ta HOro AuQy3it0 10 LEHTPY

3aBasaku CICR.

Pucynok 1.3. BumipoBanus [Ca?*] i Ica.
[Ipencrasieno oxaHovacHi BumiproBanns [Ca’'] ta
ab Ica y wmiomumi mmyHouka mix dac  ikcamii
noTeHIliany B KoHQirypauii "mina kiituHa" MeToxy

netd-kiaemi. [1o mopsiiky 3BepXy BHH3 300paKeHO:

[Ca*] (AF/Fo), morik Ca*" (d(AF/Fo)/dt), Ica Ta

Ca?* flux

(norm.)

=)

L 1 1 N
\f »

/»
1o Kepytoua Hampyra. [lomani KpuBi BinoOpaXkaroTh
) 1 HAUYEHHS 1 [IOCJIIIOBHUX
_‘§3§ | 75 ms cepenH 3Ha4ye 5 OCJI1H0
£ JETONAPU3AIINHIX IMIYJIbCIB, NPUKIAJACHUX [0
0_
— 120 onHi€l W Ti€l X KIITHHH, HOPMATI30BaHUX [0
g >
> & 40/ L BIJIMOBIHOI MAaKCUMAJIBHOI aMILTITyId. Y JaHUX

EKCIIEPUMEHTAax ¢byopecueHiio Fluo-4

3aikcoBaHO 3a JOMOMOTO (HOTOETEKTPOHHOTO

nyn

IIOMHOXXYyBaya. MapKep a II0O3Ha4Ya€ I11049aToOK
JETIoNIIpU3aIlifHOr0 IMIyJIbCy; Mapkep "b" Bkazye
Ha 3MiHY B IIBHJAKOCTI IOTOKY, $Ka, HMOBIpHO,
kopenroe 3 aktuBaniero CICR 3i croponu CP.
Tak¥M 4MHOM, BUKOPUCTaHHS IIBMAKOI ABOBUMIpHOI Bisyamizauii Ca** mo3pommio
Ham Bu3HaunTH notoku Ca’*, acorniiioBani 3 Bxogom Ca’* Ta pusinsHennsam Ca?* 3 CP. lani
MU Hamarajucsl MiATBEPAUTH ONTUYHO BUMIPSHI CUTHAIU BXOAY Ta BUBLILHEHHS Ca**,
poBoasAuM oxHouacHe BuMiproBanusa [Ca’*] Ta memOpannux Ca**-crpymis (Ica) MeTogOM

netu-kinemn. IIpoctopoBo ycepenneni mani [Ca?*] ta Ica Oyam oTpumaHi 3 OKpeMHX
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MIOLUTIB NUTYHOUKIB (AuB. puc. 1.3). Miomut O0yB niaTpumanuii Ha noteHmian -40 MB 1
nepioguyHo JenoisipuzoByBaBcst 10 +20 mB  mporsrom 100 mc anst  akTuBaii
MaKCHMAaJILHOro cTpyMy udepe3 L-tumy Ca?' kamanis. Curman nmotoxy Ca’* mokasysas
MIOCTYIIOBE 3pPOCTAHHS Mailke onpa3zy MICis MOYATKy JCHOJIAPU3ALINHOrO IMITYJIbCY
(mapkep "a'"), sike pi3KO MEPEXOAWIO B MIBUAKE MiABHUIEHHS (Mapkep "b"). Llsg Bupaxkena
3MIHa IIBHAKOCTI TOTOKY (Mapkep "b") mama wmicme yepe3 5.7 McC TICIS CTapTy
NENONSAPU3ALIMHOro iMIyJIbCy 1 KOpemoBada 3 MOMeHToM BuBinmbHeHHs Ca** 3 CP,
BHSIBJICHOTO ONITHYHUMHM MeToaMu (Mapkep "3" Ha puc. 1.2A).

Jlani, mpencraBiieHi Ha pucyHkax 1.2 Tta 1.3, miaTBepAXylOTh, L0 IIBUIKA
JBOBHMIpHA KOH(OKaIbHA Kajblli€Ba MIKPOCKOMIS 13 4acTOTO Auckperu3auii 1-2 kI
MOKe HaJaBaTH BigoMocTi npo notoku Ca’*, aki € ocuosoro a1 ECC. Ii uacosa po3zineua
3IaTHICTh HAOJMMXKEHA JI0 TaKOi K 3[JaTHOCTI METOAY MeTu-kKiemn. BogHovac, e MeTon
Mae mepeBary B TOMY, IO BiH MEHIIE MOPYILIYE BHYTPIIIHHOKIITUHHE CEPEIOBHUILIE,
OCKUIbKH KJIITHHHA MeMOpaHa 3aIUIIa€ThCs HEYIIKOKEHOIO.

Yepes 2.5 Mc micns mojadi eJIeKTPHMYHOIO CTUMYJy BimOyBaerhes Bxim Ca®' y
kimitury. ITicns mogaTKoOBOi 3aTpMMKM B 3 MC BinOyBaeThes BupinbHeHHsam Ca®’ 3 CP.
Maxkcumansae BuBinbHeHHsS Ca®' 3 neno cnocrepiraerses me yepes 4 mc. Takuii geTanbHUM
pPO3AUT TMOTOKIB KajbLIl0 € BAXJIUBUM I PO3YMIHHA 3MIH BHYTPIIIHBOKIITUHHOI
KOHIIEHTpAIIli KaJbIIII0 B MIOLIUTaX MIOKapay.

3aransHo npuiiEATO, o crnanaxu Ca?t BUHMKAIOTH Yepe3 KOOPAMHOBAHE BiJIKPUTTS
oOMexeHoi KkinbkocTi RyRs kamamiB, ski BigmosimaroTe 3a BubinbHeHHs Ca?t, sxi
opraHi3oBaHi y kjactepu Ha MemOpani CP. OnHak, mUTaHHS MPO T€, CKUIBKH OKPEMHUX
KaHaJIIB BUBLIBHEHHS Oepe yuyacTb y (hOpMyBaHHI CUTHAIY CHaliaxy, J0CI 3aJUIIA€ThCS
MpPEAMETOM aKTUBHUX JTUCKYCIH.

3a3Buyaii, pu niHiiiHOMY ckaHyBaHHi cranaxis Ca’" BUKOPUCTOBYEThCS MIBUIKICTB
KOH(oOKanbHOro cKkanyBaHHs B aiama3zoni 0.5-1 xI'm. Taka wacoBa po3jiiabHa 3AaTHICTH
MOX€E CTaBUTH MEBHI OOMEKEHHS Ha TOYHICTh PEECTPAIlil MIBUIKUX KOMIIOHEHTIB ciajaxy
Ca**, mampuknag, iforo ¢asu 3poctanss. Lle MOXke YCKIaIHIOBATH iHTEPHPETALII0 TAKUX
CUTHAIIB, 0COOJIUBO 3 OTJISAly HA MEXaHI3MU POOOTH BOPIT KaHAy Ta KUIbKICTh 33 ITHUX Y

npoiieci kaHaniB. KopucTyrouuch nepeBaraMu BUCOKOI 4aCOBO1 po3AUIbHOI 3aaTHOCTI LSM
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5 LIVE, mu peectpyBanu cnanaxu Ca’*| B MionuTi mepencepib, y peXuMi JIiHIHHOTO
CKaHyBaHHS y yaci (X-t) 3 uactororo 40 kI'11 (25 MKC Ha JiH110), 5K 11€ TPEACTABICHO Ha PUC.
1.4A. ITpodins dayopeciieHii myupuHow B oauH mikcens (0.3 mxm) (AF/Fo), oTpumanuii 3
LEHTPY crajaxy, HaBeJeHo Ha puc. 1.4B (Bropi). Bin3Hauenuil cnanax Mae yac 3poCcTaHHs

(1o miky) O01IU3BKO 6 MC.

A Pucynoxk 1.4. YasrpamBuakuii 3amuc Ca?*
g “ e
B cnajaaxy. (A) 300paxkeHHs JTIHIHOTO CKaHyBaHHS
X
|_[ — x-t, 3pobnene i3 mBuakictio 40 000 miniit/c. (B)
B 2 ms

Bropi: mpogine AF/Fo mupuHOIO B OJUH HIKCENb
(0,3 Mxm) 3 meHrpy cnanaxy. g nmokpalieHHs
SKOCT1 cUrHaiy ioro Oyno ycepennero go 10 000
miHiif/c. YepBoHa IiHiA BimoOpaxkae 5-TOYKOBe
pyxome cepeaHe. BHu3y mpencraBieHa mepiia
noxigHa Bing curHany AF/Fo ¢asum 3pocranns
d(AF/Fo)/dt  (c-1).

BepTukanbHUMHU MyHKTUPHUMHU JIHISIMH BHIICHI

crajiaxy, IIO3HaueHa SK
makcumymu d(AF/Fo)/dt, sixi Bka3yloTh Ha MiKOBI
Ca*". Jlma
imeHTH(]iKaIii MUCKPETHUX 3pPOCTaHb B CHUTHAII
AF/Fo
d(AF/Fy)/dt,

3Ha4YCHHA IMMOTOKY BUBUILHEHHS

OynM BUKOPUCTAaHI TMIKOBI 3HAYCHHS

MO3HAYeHI TOPU30HTAIEHUMH
cyuutbHuMu JiHisiMH. Cipi 005acTi BKa3ylOTh Ha

d(AF/Fo)/dt.

Busnauenusa

d(AF/Fo)/dt

JTUCKpeTHI  piBHI

JUCKPETHOTO piBHS

BUKOPUCTOBYBAJIOCS, KOJIM MU CIIOCTEpIiraju He
MeHIIe JaBoX mikoBux 3HaueHb d(AF/Fo)/dt 3
OJTHAKOBOIO aMILIITYI0KO.

JleranbHuii aHanmi3 (asu 3poCTaHHS MOKAa3aB CTymiHdacTe 30inbmenns [Ca’'], mo
BKa3aHO TFOPU30HTAIBHUMHM JiHISIMU Ha puc. 1.4B. [Ins BUABIEHHS TaKUX CTYyNIHYACTUX
3MiH (ha3u 3pocTaHHs Oyio0 po3paxoBaHo nepiry noxiany curnainy AF/Fo (d(AF/Fo)/dt), sixa
npencTaBieHa Ha puc. 1.4B (Bum3y). 1lg moxigna BimoOpaxae ocHoBHi mortokm Ca?*

(Sheehan and Blatter, 2003). ITig yac ¢a3u 3poctanss Oyiu BUSBIIEHI JEKUJIbKA TUCKPETHUX

nikis B d(AF/Fo)/dt, Bka3ylounm Ha MakCUMyMHu TNOTOKY BuBinbHeHHs Ca®". Lli mikm,
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MO3HAYEH1 BEPTUKAIBLHUMU IMYHKTUPHUMHM JIHISIMU, OyJM BUKOPUCTAHI JJIsI BU3SHAUCHHS
JUCKPETHUX KpokiB y curHam [Ca®'], mo mokasano Ha puc. 1.4B cyLilbHUMH YOPHHMH
JiHISIMU. Y TIOJaHOMY MPUKIIal (MOA10H1 CIIOCTEPEKEHHS MMPOBOUIUCS HAa 7 MIOIIUTAX) 32
JIOTIOMOT 00 1ILOTO METOAYy Oyio BUSIBIEHO 9 nuckperHux piBHIB curHany AF/Fo, mo

CBIIUUTH MPO y4dacTh Tpynu RyRs kaHaniB npu BUBUIBHIO KaNbI[IIO IPH cHaiaxy.

JlBoBMMipHA peecTpauis Tpansicuris Ca’* 1eMOHCTpye ACHHXPOHHY AaKTHBALIIIO
caiitip BuBinbHeHHA. 1le 103B0MMIIO TOCHinOBHO (ikcyBatu Bxig Ca’' uepes moTenmian-
xepoBani Ca’’-kaHamu TOBEpPXHEBOI MeMOpaHHM, a TaKOXK MoAanbiny akTupamito Ca?'-
1HyKOBAHOTO BUBLIHHEHHS Ca?*. 3 mareHTHICTIO B 2,5 MC MiCIg momadi €JICKTPUYHOTO
cTuMyny crocrepiraBes Bxim Ca’t, sxuii cynpoBomkysascs BubinbHennsMm Ca** 3 CP 3
JI0JJATKOBOKO 3aTpUMKOIO B 3 Mc. Ilik BuBinsHenHs Ca®’ crmocTepirases uepes 4 mc micis
iioro mouarky. Yac Bxoay Ta BuBinbHeHHS Ca’" miATBEpIKEHO OJJTHOYACHUM BUMIpIOBAHHAM
[Ca®*] Ta MeMOpaHHOTO CTPYMy 3a JOMOMOIOK METOLY IIeTd-KJIeMN y KoHdirypauii "mina
xiiTuHa". YV KITUHAX Hepejceps akTHBALis OKPEeMUX IiIaHOK BuBinbHeHHs Ca?t 3 j-SR
BUKJIMKAla IIPOCTOPOBO JIOKami3oBaHi mnoxii BubinbHenHs Ca®', saxi  dopmysanu
nepudepiiine kinpue 3 migsuimeHuM pisHeM [Ca®'], M0 NOCTYHNOBO MOIIMPIOBAIKCS K
XBUJIS 10 NEHTPY KIITUHU. Y MIOLUUTAX IIUTYHOUYKIB ACHHXPOHHI CUTHAIU BUBLIbHEHHS Ca*"
3 OKpEeMHUX [JUISHOK, 0€3 JOMIHYIYOro CYyOKJIITUHHOIO pO3TallyBaHHS, I[epeayBalH
saranpHOKIMITHHHOMY ~ Ca?"  Tpamsienty.  KOpHCTyHOYMCH  BHCOKOIIBHIKICHOIO
KOH(OKaJTbHOIO MIKPOCKOTI€I0 Ta (PIIyOpECIIEHTHUMHU 1HIUKATOPAMU 3 BUCOKUM KBAHTOBUM
BUXOJIOM, MU JOCTIIUIN AUHAMIKY Ca’ ta nmerani (YHKIIIOHYBaHHSI OKPEMUX OJUHUIIb
suBiTbHeHHs Ca%t 3 CP 3a paxyHok RyRs. Ileit MmeToa 103BOJIMB HaM HAIITHO BIIOKPEMUTH
JTUHAMIKY BXOJY Ca”" ta CICR nHa piBH1 okpemux CRU B IHTaKTHUX KJIITUHaX. MM TakoX
nokazamy, mo: Ca’* chamaxu y MionmTax mnepeicepib MalOTh XapaKTEPUCTHKH, SKi
CIPUAIOTH JOLEHTPOBOMY IOIIMPEHHIO aKTUBallii. 3pocTaroua aza Ca?* cnanaxy npossise
CTYMHIHYACTy KIHETUKY, IO CBIIYUTH NpO y4yacThb rpynu RyRs kaHamiB mpu BUBLIbHEHHI
KaJIBI[IIO MU CIalIaxy, HaJal0uu MOTEHIIMHO HiHHY 1H(GOpMaLlli PO MEXaH13MU BIAKPUTTS

kaHaiiB Bcepeanni CRU.
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Ca*" Release Events in Cardiac Myocytes Up Close:
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Abstract

The spatio-temporal properties of Ca>* transients during excitation-contraction coupling and elementary Ca®* release
events (Ca®" sparks) were studied in atrial and ventricular myocytes with ultra-fast confocal microscopy using a Zeiss LSM 5
LIVE system that allows sampling rates of up to 60 kHz. Ca** sparks which originated from subsarcolemmal junctional
sarcoplasmic reticulum (j-SR) release sites in atrial myocytes were anisotropic and elongated in the longitudinal direction of
the cell. Ca®* sparks in atrial cells originating from non-junctional SR and in ventricular myocytes were symmetrical. Ca*
spark recording in line scan mode at 40,000 lines/s uncovered step-like increases of [Ca®'];. 2-D imaging of Ca®* transients
revealed an asynchronous activation of release sites and allowed the sequential recording of Ca®" entry through surface
membrane Ca”* channels and subsequent activation of Ca**-induced Ca®* release. With a latency of 2.5 ms after application
of an electrical stimulus, Ca®* entry could be detected that was followed by SR Ca** release after an additional 3 ms delay.
Maximum Ca" release was observed 4 ms after the beginning of release. The timing of Ca®" entry and release was
confirmed by simultaneous [Ca®*]; and membrane current measurements using the whole cell voltage-clamp technique. In
atrial cells activation of discrete individual release sites of the j-SR led to spatially restricted Ca** release events that fused
into a peripheral ring of elevated [Ca*']; that subsequently propagated in a wave-like fashion towards the center of the cell.
In ventricular myocytes asynchronous Ca®" release signals from discrete sites with no preferential subcellular location
preceded the whole-cell Ca®* transient. In summary, ultra-fast confocal imaging allows investigation of Ca*" signals with
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a time resolution similar to patch clamp technique, however in a less invasive fashion.

Citation: Shkryl VM, Blatter LA (2013) Ca®* Release Events in Cardiac Myocytes Up Close: Insights from Fast Confocal Imaging. PLoS ONE 8(4): e61525.

Received December 6, 2012; Accepted March 11, 2013; Published April 18, 2013

Copyright: © 2013 Shkryl, Blatter. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: This work was supported by the National Institutes of Health Grants HL62231, HL80101 and HL101235, and the Leducq Foundation (to LAB). The
funders had no role in study design, data collection and analysis, decision to publish, or preparation of the manuscript.

Competing Interests: The authors have declared that no competing interests exist.

Introduction

Excitation-contraction coupling (ECC) refers to the process that
links cell membrane depolarization to Ca”" mobilization and
development of contractile force in the heart [1]. Action potential
(AP) depolarization activates voltage-gated L-type Ca®* channels
(LCG; also referred to as dihydropyridine receptors) in the surface
membrane, resulting in localized (sub-membrane) increases in
cytosolic Ca?* ([Ca”];). Calcium that enters the cell activates
sarcoplasmic reticulum (SR) Ca®" release channels (ryanodine
receptors, RyRs) through a process known as calcium-induced
calcium release (CICR; [2]). RyRs and LCCs face each other in
the diadic cleft formed by the close approximation of surface and
SR membranes. RyRs assemble as clusters of channels in the SR
membrane and form individual Ca** release units (CRU; [3]).
Together with the diadic cleft and sarcolemmal Ca®" channels
CRUs are organized in discrete signaling domains or couplons [4].
In response to an AP hundreds of CRUs are activated essentially
simultaneously. The spatial and temporal summation of Ca”*
release from individual CRUs gives rise to the whole-cell Ca”*
transient [5,6,7]. Because of the extensive transverse (t) tubular
network - a 3-dimensional network of surface membrane
invaginations that assure physical proximity of surface membrane
Ca?* channels and CRUs throughout the entire cell volume [8] -
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AP-induced Ca®" release in ventricular myocytes is highly
synchronized and spatially rather homogeneous.

In contrast, in atrial cells the t-tubular system is poorly
developed or even entirely lacking [7,9,10,11,12]. In atrial cells
two types of SR can be defined, based on their location relative to
the surface membrane. Junctional SR (j-SR) is found in the cell
periphery where it is organized in peripheral couplings, i.e. the SR
membrane is found in close spatial association with the surface
membrane, similar to the diadic cleft in ventricular myocytes
[13,14]. In contrast, non-junctional SR (nj-SR) is found in deeper
regions of the cell and does not associate with the surface
membrane.  Both  j-SR and nj-SR possess  RyRs
[10,11,12,13,15,16,17] which are organized in a 3-dimensional
array of RyR clusters, and are capable of active SR Ca®" release.
As a consequence of these ultrastructural arrangements AP-
induced Ca®" release is spatially inhomogeneous (for review see
e.g. [7,18,19]): AP-induced membrane depolarization activates
Ca®* entry through LCCs and CICR through RyRs of the j-SR.
Elevation of peripheral [Ca”"]; propagates via CICR in a Ca”
wave-like fashion in centripetal direction by a diffusion-reaction
process or a ‘fire-diffuse-fire’ mechanism [20].

Elementary Ca®" release events, arising from the activation of
individual CRUs, have been termed Ca®* sparks ([21]; for a recent
comprehensive review see [22]), although Ca®* release events of
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smaller magnitude, possibly arising from single RyRs, have been
postulated [23,24,25]. To date Ca®" sparks have been detected in
a wide range of mammalian species (for review see [22]). In atrial
cells Ca®* sparks originate from j-SR and nj-SR, however with
a high prevalence for the cell periphery [7,16,26,27,28].

While sparks have been demonstrated in cardiac myocytes
already two decades ago [21], it has remained a matter of debate,
how many RyRs within a CRU contribute to a spark. Available
data on how many RyRs a CRU of a cardiac myocyte contains
vary widely and range from less than ten to several hundred RyRs
[29,30,31,32,33,34,35,36]. However, it is still not established
whether a fraction or all RyRs of a cluster are activated in a spark.
Indeed, published reports on how many channels contribute to
a cardiac spark vary widely and range from a single or only a few
channels to the whole CRU, thus possibly involving several
hundred channels [21,32,37,38,39,40,41,42].

The fact that such critical questions have remained inconclusive
is, at least in part, linked to methodological and technical
limitations hampering the recording of locally restricted and
rapidly changing subcellular Ca®" signals. The last two decades
have seen significant improvements in Ca?" indicator dyes that
have allowed the field to move forward at considerable pace [43].
Nonetheless, the vast majority of studies on local Ca®* signaling
have used line scan confocal microscopy in conjunction with
fluorescent Ca®" indicator dyes. While line scan imaging provides
a reasonable temporal resolution (typical sampling rates used are
in the 0.5-1 kHz range) it is severely limited by the fact that
a cellular event such as a Ca®" spark, a Ca®* wave or the whole-
cell Ca®* transient occurs in a 3-dimensional space, however its
optical recording by line scan imaging is reduced to one spatial
dimension. Therefore, line scan data notoriously suffer from out-
of-focus problems (the event of interest originates from a different
optical plane than the recording plane) and how reliably complex
3-dimensional spatial properties can be captured with this
approach. Recently, novel technical imaging tools, consisting of
a fast 2-D (or x-y) confocal scanning mechanism (LSM 5 LIVE slit
scanner) in conjunction with the ability to move the plane of focus
vertically in rapid and reproducible manner, have enabled us to
achieve x-y-z-t (or 4-D) imaging of sparks with a reasonable time
resolution und to gain novel insight into the properties of cardiac
Ca”" sparks [41]. With this technique we were able to determine
the true in-focus amplitude of Ca*" sparks and make the
observation that sparks had a modal amplitude distribution. Here,
we extended fast confocal imaging to the study of AP-induced
Ca®" transients in atrial and ventricular myocytes with the goal to
gain new insight into Ca”" entry, local Ca®* release and cellular
spread of activation during ECC, and to explore Ca®" sparks at
high temporal resolution to reveal the characteristics of the
underlying Ca** release and gating properties of the channels
involved.

Materials and Methods

Myocyte Isolation

Single myocytes were isolated from cat [26,44,45,46] and rabbit
[47] hearts as described previously. The investigation conforms
with the Guide for the Care and Use of Laboratory Animals of the
National Institutes of Health. All procedures and protocols for
animal handling and cell isolation were fully approved by the
Institutional Animal Care and Use Committee of Loyola
University Chicago (Permit number 05-016) and the Institutional
Animal Care and Use Committee of Rush University Medical
Center Chicago (Permit number 09-055). All efforts were made to
minimize suffering. Briefly, animals were anesthetized with
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thiopental sodium (50 mg kg~ ', L.P.). After thoracotomy, hearts
were excised, mounted on a Langendorff apparatus, and
retrogradely perfused via the aorta with oxygenated collagenase
(cats) or Liberase Blendzyme TH (rabbits) containing solution
(37°C). Myocytes were used for experimentation within 1-6 hours
after isolation.

Chemicals, Solutions and Experimental Conditions

Chemicals were obtained from Sigma-Aldrich (St. Louis, MO)
unless otherwise noted. During experiments myocytes were
superfused continuously with normal Tyrode solution (compo-
sition in mM: NaCl 135: KCI 4; CaCly, 2; MgCly, 1; D-glucose
10; HEPES 10; pH 7.4 adjusted with NaOH). All experiments
were performed at room temperature (22-25°C). APs were
elicited by electrical field stimulation by applying 1 ms voltage
pulses of suprathreshold amplitude through a pair of platinum
electrodes.

[Ca®*]; Measurements and Confocal Microscopy

Changes of [Ca®"]; were measured using fluorescence laser
scanning confocal microscopy. Intact atrial and ventricular
myocytes were loaded with the fluorescent Ca®* indicator Fluo-
4 by 20 min incubation in Tyrode solution containing 10 uM of
the membrane permeant acetoxymethyl ester form of the
indicator (Fluo-4/AM; Molecular Molecular Probes/Life Tech-
nologies, Grand Island, NY) at room temperature. 15-20 min
were allowed for de-esterification of the dye. Fluo-4 was excited
with the 488 nm line of an argon ion laser and emitted
fluorescence was measured at wavelengths >515 nm. Confocal
imaging at high temporal resolution was performed with a slit
scanning confocal microscope (LSM 5 LIVE; Carl Zeiss,
Oberkochen, Germany) equipped with a 63x, 1.20 n.a.
water-immersion objective (C-Apochromat; Carl Zeiss). High-
speed data acquisition was achieved by bi-directional scanning.
2-dimensional (2-D) imaging (also referred to as x-y imaging)
yielded images of 512x53 or 512x31 pixels (pixel distance of
0.3 um) recorded at 1038 and 1719 Hz, respectively. The x-
dimension is defined as the longitudinal axis of the cell. The y-
dimension refers to the transverse cell axis and the z-dimension
defines the axial (or vertical) cell dimension. The point-spread
function of the system had full-width at half maximum (FWHM)
values of 0.52, 0.46, and 1.25 pm, respectively, in the x, y, and
z directions [41]. Changes of [Ca®']; arc presented as
background-subtracted normalized fluorescence (AF/Fg) where
F is the fluorescence intensity, Fy is resting fluorescence
recorded under steady-state conditions at the beginning of an
experiment, and AF=F-F,. Average data are presented as
mean * SEM.

Electrophysiology

Experiments for simultancous [Ca*']; and membrane Ca**
current measurements were performed in rabbit ventricular
myocytes using the voltage-clamp technique in the whole-cell
ruptured patch configuration, using an Axopatch 200A amplifier,
the Axon Digidata 1440A interface and pCLAMP 10.2 software
(Molecular Devices, Sunnyvale, CA). The patch pipette solution
contained (in mM): 120 L-aspartate; 120 CsOH; 20 TEA-CI; 20
HEPES; 1 L-gluthathione (reduced); 1 DM-nitrophen (EMD
Chemicals, Philadelphia, PA); 4 ATP-Na, 0.25 CaCl, and 0.1
Fluo-4 pentapotassium salt (Molecular Probes); pH 7.2 adjusted
with CsOH). Currents were recorded at 100 kHz and low-pass
filtered at 5 kHz.
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Results

Spatio-temporal Characteristics of Ca®" Transients and
Ca** Sparks in Atrial Myocytes

In a first set of experiments we investigated the spatio-temporal
organization of Ca®" transients during normal ECC in atrial
myocytes. AP-dependent Ca?* transients were elicited by electrical
field stimulation (0.7 Hz). As shown previously cat atrial myocytes
are devoid of a t-tubular network [7], however RyR Ca** release
channels are present throughout the cell with the exception of the
nuclear region [13]. Fig. 1A shows a sequence of 2-D [Ca®'];
images of the early phase of an electrically evoked Ca”" transient
in an atrial cell, recorded at 1719 Hz from a central axial plan, i.e.
at equal distance from the top and bottom cell borders in the axial
(z) dimension. Ca®" release appeared spatially inhomogeneous and
initiated at discrete sites in the periphery where the j-SR is located.
Ca®" release was also found to be asynchronous among peripheral
j-SR release sites and required 3.0=0.1 ms (n =7 atrial myocytes)
for all detectable peripheral release sites to be activated (Fig. 1B).
This is likely an underestimation of the time required to recruit all
j-SR release sites because the appearance of new sites at later times
becomes increasingly obscured by the overall increase of [Ca®'];.
Fig. 1C shows a single peripheral release site at higher
magnification. The series of 2-D images reveals that from the
point source of Ca®* of the release site, Ca®" diffuses laterally (x-
dimension), and also centripetally (y-dimension). Fig. 1D shows the
time course of the increase of [Ca®']; at an individual j-SR release
site. and a peripheral subsarcolemmal (SS) non-release site at
a lateral distance of ~1 um, revealing a time delay that was
characteristic for subsarcolemmal Ca®" diffusion. Traces repre-
senting the SS j-SR region were recorded within <1 pum from the
edge of the cell. Ca®" release from peripheral j-SR sites eventually
gave rise to a rather homogencous elevation of [Ca®']; in the cell
periphery, obscuring individual release sites. On average this
homogeneous ‘ring’  of increased [Ca®"]; was complete
10.1£1.5 ms after application of the electrical stimulus. As shown
in Fig. 1E [Ca®"]; started to rise with a delay at a central (CT)
subcellular location distant from the cell membrane. At this
location, which corresponds to the nj-SR, [Ca**]; rose much more
slowly and peaked at a level that was below peak [Ca®"; in the cell
periphery. As previously established [13,26] activation of Ca®*
release from release units of the nj-SR in atrial cells occurs by
propagating CICR or a ‘diffuse-fire-diffuse’ mechanism where
Ca™ released from a peripheral release site diffuses over a short
distance (1-2 pm) to a neighboring more centrally located release
site. where it activates CICR. Through this sequence of events
activation of Ca®* release in atrial cells becomes spatially
inhomogeneous and propagates from the periphery to the center
of the myocyte in a Ca** wave-like fashion.

It is generally agreed that the AP-induced whole-cell Ca®*
transient is the result of spatial and temporal summation of
clementary Ca®" release events from individual CRU, termed
Ca”" sparks [21,22]. To gain additional insight into the process
that initiates the Ca®" transient in atrial cells we investigated
spontaneous Ca®" sparks from peripheral j-SR CRUs. Fig. 2A
shows a series of 2-D images of a spontancous peripheral Ca”*
spark. Images were recorded at a sampling rate of 1038 Hz.
Sparks in the cell periphery arising from atrial j-SR CRUs are
highly anisotropic with a preferential spread in the longitudinal
direction. FWHM in longitudinal (x-dimension) direction was
2.50%0.07 um (n=30 sparks analyzed), whereas the average
FWHM in transverse direction was 1.51%=0.05 um. Below the
panel of 2-D images, two line scan images (x-t- and y-t-images) are
shown that were constructed from the stack of 2-D images. For the
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x-t image a single line of pixels in the x-dimension was extracted at
a fixed value of y from each consecutive 2-D image and the lines
were stacked from left to right along the time axis. Analogously,
a single line of pixels in the y-dimension was extracted at a fixed
value for x. While the x-t-image shows a symmetrical spread of
[Ca®"]; from the site of initiation, the y-t-image clearly shows an
anisotropic spread. The degree of anisotropy was quantified as
eccentricity (e). Eccentricity was defined as the ratio of FWHM of
Ca”" sparks measured along two perpendicular axis within the
focal plane and by convention the larger value was divided by the
smaller measurement, or ¢ = FWHM,;q./FWHM, ;10w For pe-
ripheral j-SR Ca?' sparks in atrial myocytes the average
eccentricity was e=1.71%0.05, ie. peripheral sparks were
approximately 70% wider along the longitudinal cell axis with
all sparks analyzed extending more in the longitudinal dimension.

In contrast, sparks recorded from central (nj-SR) regions
revealed a different geometry (Fig. 2B). Sparks were essentially
symmetrical in x and y, with an average eccentricity of
e=1.12+0.03, ie. on average FWHM measured along two
perpendicular axes differed by 12% only with no preferential
direction.

The structural arrangements of surface cell and SR membranes
in the peripheral couplings of the j-SR can explain the preferential
spread of Ca®" when imaged in a single confocal plane cutting
across such a coupling. As discussed above, during ECC Ca”*
release propagates by CICR from the cell periphery to the center
of the cell. We therefore explored the spatio-temporal properties of
peripheral Ca®" sparks for patterns that indicate transverse or
centripetal spread of Ca®". For this purpose we determined frame-
by-frame the x-y-coordinates of maximal fluorescence which
identifies a point source of Ca?* release. As shown in Fig. 2C the
location of maximal fluorescence was stable in the longitudinal (x)
direction, arguing for a symmetrical lateral dissipation of Ca®* out
of the diadic cleft of the peripheral couplings. In contrast, in
transverse (y) direction the location of maximal fluorescence
shifted by ~0.5 wm from the cell membrane towards cell center
over the time course of 20 ms, thus facilitating the spread of
excitation in centripetal direction. This spatial pattern cannot be
explained by simple Ca*" diffusion away from a fixed point source
of Ca® and may suggest a preferential direction of Ca" release
propagation possibly within a peripheral CRU.

Spatio-temporal Characteristics of AP-induced Ca®*
Transients in Ventricular Myocytes

Ventricular myocytes are equipped with an extensive t-tubular
membrane system that is organized in a sarcomeric pattern and
functionally allows conduction of the AP into deeper regions of the
myocyte. Transverse tubules provide the structural basis that
CRUs are all in close contact with the cell membrane that hosts
voltage-gated Ca®* channels. Through this arrangement mem-
brane depolarization by an AP allows the synchronous delivery of
a triggering amount of Ca”" into the diadic cleft (formed by t-
tubular and SR membranes) to induce CICR. Because the t-
tubular system guarantees synchronicity for CICR activation, the
onset of Ca®" release appears spatially and temporally rather
homogeneous, although upon closer examination inhomogeneities
have been observed [7,26,48,49,50].

Fig. 3A shows high-resolution 2-D images of the early phase of
an AP-induced Ca?* transient from a ventricular myocytes. The
images were recorded from a central focal plane equidistant from
the bottom and the top of the cell at a sampling rate of 1719 Hz.
Several characteristic features of a ventricular Ca®* transient
become evident: (1) localized Ca®* release signals from individual
CRUs appeared randomly throughout the cell with no obvious
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Figure 1. AP-induced Ca®' transients in atrial myocytes. A, series of confocal 2-D images of the early phase of a Ca®* transient evoked by
electrical field stimulation. White ovals mark the first appearance of individual Ca* release sites of the j-SR in the SS region. t=0 indicates the image
frame where the first activated CRU was detected. B, cumulative recruitment of individual j-SR CRUs. CRUs were detected in a SS region of
75 umx2 um and normalized to number of CRUs/100 um?. €, Sequential 2-D images of an individual SS j-SR release site, marked by the white box in
panel A, recorded at 0.58 ms time intervals. D, Evolution of [Ca®']; at an individual S5 CRU and an adjacent non-release site at a distance of ~1 pum.
The traces were recorded from a 1 pixel sized regions (0.09 umz). E, comparison of SS (j-SR) and CT (nj-SR; recorded at a distance of ~4 um from the
cell membrane) Ca®* transients.

doi:10.1371/journal.pone.0061525.g001

preferential subcellular location; (2) recruitment of CRUs is not
entirely synchronized. As shown in Fig. 3B the number of
activated CRUs steadily increased over the course of ~4 ms. On
average, activation of all detectable release sites was reached after
3.9%0.1 ms (n=9 ventricular myocytes). (3) Local increases of
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[Ca**]; from peripheral and central CRUs that were recruited at
the same time, were essentially indistinguishable (Fig. 3C).

In atrial myocytes, the arrangement of surface membrane and j-
SR membranes of the peripheral couplings have a certain
resemblance with ventricular myocytes. The common features
are that the peripheral couplings form diadic clefts were both
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Figure 2. Ca®" sparks in atrial myocytes. A, Series of confocal 2-D images of a spontaneous Ca** spark originating from the SS j-SR, recorded at
0.96 ms intervals (top). Bottom: reconstructed line scan images (x-t and y-t) from the 2-D series. B, analogous to panel A: spontaneous Ca*" spark
recorded from a CT nj-SR Ca®* release unit. C, movement of the x-y -coordinates of maximal fluorescence during a SS Ca>* spark. Left: the spatial
coordinates of peak fluorescence intensity were recorded along the dashed lines in x- and y-dimension. Right: x-t and y-t plots of the location of
maximal fluorescence, indicating a preferential movement of the point source of Ca generating the spark in centripetal direction.
doi:10.1371/journal.pone.0061525.g002

membranes associate closely and voltage-gated Ca®* channels face approximately 2 um apart. Therefore, we reasoned that the
clusters of RyRs [13]. Peripheral couplings are found spaced spatio-temporal pattern of CRU activation by an AP would be

Figure 3. Ca®' release signals in ventricular myocytes. A, series of confocal 2-D images of the early phase of a Ca®* transient evoked by
electrical field stimulation in a ventricular myocytes. White circles mark the first appearance of individual j-SR Ca** release sites. t=0 indicates the
image frame where the first activated CRU was detected. B, cumulative recruitment of individual j-SR CRUs. CRUs were detected in a region of
interest encompassing the j-SR and measuring 60 im x7.5 um. Detected CRUs were normalized to number of CRUs/100 um?. C, evolution of [Ca*'];
at individual SS and CT j-SR release sites. The traces were recorded from a 1 pixel sized regions (0.09 um?). D, series of confocal 2-D images of the
early phase of a Ca®" transient evoked by electrical field stimulation in an atrial myocyte and recorded from a focal plane positioned in the SS j-SR
space at the bottom of the cell. E, normalized Ca?* transients recorded from ventricular j-SR (black), CT nj-SR atrial (blue) and SS j-SR atrial (red)
release sites.

doi:10.1371/journal.pone.0061525.g003
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distinctly different from the one shown in Fig. 1A if we would be
able to capture exclusively CRUs from the peripheral j-SR. For
this purpose we positioned the focal plane at the bottom of the cell
just above the bottom surface membrane. Fig. 3D shows
a sequence of 2-D images of the recruitment of j-SR release sites
induced by AP depolarization. Similar to ventricular myocytes, no
preferential subcellular locations where activation started could be
identified, recruitment of j-SR CRUs was temporally asynchro-
nous and it required ~10 ms for activation of all CRUs. Fig. 3E
shows normalized local Ca®* transients recorded from individual
release sites of the atrial j-SR (SS), ventricular j-SR and atrial nj-
SR (CT). The time course of the rapid rising phase of the
ventricular and the atrial SS signals were virtually identical,
whereas the rise of [Ca®]; at the atrial CT site was significantly
slower. Thus, in respect to the dynamics of local Ca®* release
ventricular and atrial j-SR sites behaved remarkably similar,
whereas release from atrial nj-SR CRUs revealed a distinctly
different spatio-temporal pattern.

Ultra-fast Line Scan Imaging of Ca®* Sparks

It is generally agreed that Ca®* sparks result from the concerted
opening of a finite number of RyR Ca®" release channels
organized in clusters in the SR membrane. It is, however still
a matter of debate how many individual release channels
contribute to a spark signal, and the reported numbers vary
widely, ranging from small numbers of less than a dozen to over
a hundred such channels (see Introduction and Discussion).

Conventional confocal line scan imaging of Ca®' sparks
typically employs scanning speeds in the 0.5—-1 kHz range. Such
time resolution can impose severe limitations for the fidelity of
recording of fast components of a Ca®" spark such as its rising
phase, and may hamper the interpretation of such signals in terms
of the underlying channel gating and number of channels
involved. Taking advantage of the high temporal resolution
capabilities of the LSM 5 LIVE, we recorded Ca®" sparks in line
scan (x-t) mode with an acquisition rate of 40 kHz (25 ps/line) as
shown in Fig. 4A. Fig. 4B (top) shows a single pixel-wide (0.3 pm)
fluorescence profile (AF/Fy) obtained from the center of the spark.
The spark shown had a rise time (time-to-peak) of ~6 ms. Detailed
analysis of the rising phase of the Ca*" spark revealed step-like
increases of [Ca®"]; (marked by horizontal lines in Fig. 4B). To
identify step-like changes of the rising phase of the spark the first
derivative of the AF/F signal was calculated (d(AF/Fy)/dt; Fig. 4B
bottom). The first derivative of the AF/F, signal represents an
approximation of the underlying Ca®" fluxes [26,51]. During the
rising phase of the spark the d(AF/F)/dt revealed several discrete
peaks identifying maxima of Ca** release flux. The timing of these
peaks (vertical dashed lines) was used to identify discrete steps in
the [Ca2+Ji signal marked by solid black lines in Fig. 4B. In the
example shown (similar observation were made in 7 myocytes) 9
distinct levels of the AF/Fy signal could be identified with this
approach. The improved temporal resolution of Ca®" spark
recording may open new avenues to investigate RyR gating within
a CRU in-situ by a non-invasive approach as will be discussed
below.

Ca** Fluxes During ECC Identified with High-speed
Imaging

During ECC AP depolarization enables Ca®* entry through
voltage-gated Ca®* channels that is followed by CICR from the
SR. Thus, the global Ca®" transient is the result of Ca®" flux across
the cell membrane and a much larger Ca®* flux through RyR SR
Ca?" release channels. In the next set of experiments we set out to
identify these two flux components with high speed Ca®* imaging.
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Fig. 5Aa shows a whole cell global Ca® transient (AF/F,) induced
by an AP in a ventricular cell and averaged over a region of
interest of ~550 wm? (20031 pixels) to obtain a low noise signal.
Marker ‘1’ identifies the time when the electrical stimulus was
applied to trigger an AP. Fig. 5Ab shows the first derivative of the
[Ca**]; signal (d(AF/F)/dt) representing the underlying Ca®* flux.
The first derivative signal revealed three distinct phases. The first
phase, defined by the time of application of the electrical stimulus
(marker ‘1°) and the begin of the rise of the d(AF/Fy)/dt signal
(marker ‘2°) was defined as the latency period between electrical
stimulus and activation of Ca®* flux, presumably resulting from
Ca”" entry. The latency period was 2.5+0.3 ms (n =9 ventricular
myocytes). During the following phase (between markers ‘2’ and
3°)  d(AF/Fg)/dt increased steadily at a slow rate. At
t=5.5%£0.2 ms (marker ‘3°) the flux rate rather abruptly increased
and peaked (marker ‘4’) on average at d(AF/Fp)/dt=748%71 s
9.9%0.7 ms after application of the electrical stimulus. Fig. 5Ac
compares the Ca®" fluxes in control ventricular cells and myocytes
with a disabled SR. The SR was disabled by complete depletion
with caffeine (10 mM) and prevention of refilling by treatment
with the SERCA blocker thapsigargin (1 pM). Elimination of SR
Ca”™ release abolished the large increase of Ca®* flux normally
observed after marker ‘3’, however the latency period
(2.1£0.1 ms; n=11 myocytes) and the subsequent slow rise of
the d(AF/Fy)/dt signal were preserved. The d(AF/Fy)/dt signal
peaked at 505 s, 7.7+0.7 ms after the electrical stimulus. In
conclusion, these observations are consistent with the hypothesis
that phase ‘1-2” (latency) marks the time interval that is required
for the spread of depolarization and activation of surface
membrane ion channels. Phase ‘2-3’ represents Ca®* entry flux,
and was identical in control myocytes and cells with disabled SR
function. Phase ‘3—4’ is identified as Ca®* release flux from the SR,
since it was completely abolished when the SR was eliminated.

Fig. 5B shows an analogous analysis of data obtained in atrial
myocytes. In atrial cells Ca®* fluxes were further analyzed
separately for SS (j-SR) and CT (nj-SR) regions. Fig. 5Ba shows
the time course of the increase of [Ca®]; (AF/Fy) induced by
clectrical field stimulation applied at marker ‘1’, revealing the
delayed and slower rise of [Ca®']; in the CT region. Fig. 5Bb
shows the first derivative of the AF/F, representing the underlying
Ca?" fluxes. In the SS region, similar to ventricular cells, a latency
period (3.6%0.7 ms; n =6 atrial myocytes), was followed by a slow
increase (starting at marker ‘2’) that changed to a fast increase of
d(AF/Fg)/dt at 6.4+0.3 ms after application of the electrical
stimulus (marker ‘3) and peaked at 1183+180 s ' after
11.820.6 ms. In contrast the CT d(AF/Fg)/dt signal did not
reveal an obvious slow rising phase and did not start to rise until
2.2%0.3 ms after the first change of the SS signal (marker 2°) was
observed. Maximal flux in the CT region was 3.5%0.3 times less
than in the periphery and peaked 5.3%1.7 ms later. Fig. 5Bc
shows regional (SS, CT) atrial Ca* fluxes in control and myocytes
with disabled SR (T'G+Cafl). In the SS region d(AF/Fg)/dt started
to increase 2.1+0.1 ms (n =6 atrial myocytes) after the electrical
stimulus was applied and flux reached a maximum (16430 s~ ")
after 6.5*0.5 ms, approximately at the time when in control cells
SR Ca®" release flux started. Ca®" release flux in the CT region
was 4.0+0.7 times smaller compared to the SS region.

In summary, fast 2-D Ca®' imaging enabled us to identify
Ca®" fluxes associated with Ca?" entry and Ca®" release from
the SR. Next, we attempted to validate the optically measured
Ca®" entry and release signals (Fig. 5) with simultaneous
measurements of [Ca®']; and membrane Ca®* currents (I,)
recorded with the patch clamp technique. Spatially averaged
[Ca%]; and Ig, measurements were obtained from single

April 2013 | Volume 8 | Issue 4 | e61525

63



Fast Ca*" Imaging in Cardiomyocytes

Figure 4. Ultra-fast Ca>" spark recordings. A, x-t line scan image recorded at 40,000 lines/s. B, Top: one pixel-wide (0.3 um) AF/F, profile
recorded from the center of the spark. For noise reduction data were averaged to 10,000 lines/s. The red trace represents a 5-point moving average.
Bottom: d(AF/Fg)/dt (s~ "), first derivative of the AF/F, signal of the rising phase of the spark. Vertical dashed lines mark maxima of the d(AF/Fo)/dt
signal identifying maxima of Ca>* release flux. The discrete peaks of the d(AF/F,)/dt signal were used to identify step-like increases of the AF/F, signal
(marked by horizontal solid black lines). Grey bars indicate discrete d(AF/Fo)/dt levels. A discrete d(AF/Fy)/dt level was defined when at least two

d(AF/Fy)/dt peaks of the same amplitude were observed.
doi:10.1371/journal.pone.0061525.9004

ventricular myocytes (Fig. 6). Cells where held at —40 mV and
repetitively depolarized to +20 mV for 100 ms to elicit maximal
LCCs. Fig. 6 shows from top to bottom, [Ca®']; (AF/Fy), Ca®*
flux (d(AF/Fg)/dt), I, and the command voltage. The Ca**
flux signal showed a slow steady increase shortly after the begin
of the depolarization pulse (marker ‘a’). The slow increase of
Ca®" flux abruptly increased at marker ‘b’, giving way to a rapid
rise of the Ca® flux rate. The distinct change in flux rate
(marker ‘b’) occurred 5.7 ms after the begin of the depolariza-
tion pulse and correlated well with the begin of SR Ca®" release
determined by optical methods (marker ‘3’ in Fig. 5A).

In conclusion, the data presented in Figures 5 and 6 provide
evidence that fast 2-D confocal Ca®* imaging with sampling
rates in the 1-2 kHz range can generate information on Ca”*
fluxes underlying ECC with a time resolution that is approach-
ing the time resolution of the patch clamp technique, however
has the advantage of lesser perturbation of the intracellular
environment since the surface membrane of the cell remains
intact.
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Discussion

In this study, we investigated the behavior and interactions of
CRUs during electrically evoked Ca®" transients and individual
elementary Ca®" release events (Ca” sparks) in atrial and
ventricular myocytes with 2-D and line scan confocal imaging at
high recording speeds. The key findings of our investigation were
as follows:

First, the recruitment of individual CRUs by AP depolarization
was spatially inhomogeneous and temporally asynchronous.
Spatial inhomogeneity was particularly pronounced in atrial
myocytes that lack a t-tubular membrane system. Second, high-
speed confocal Cla®* imaging allowed to resolve a distinct sequency
of events during a Ca®" transient, consisting of a latency period,
Ca® entry and SR Ca” release, by an optophysiological
approach [22], that has a time resolution comparable to
electrophysiological recording (patch clamp) methods, however,
is considerably less invasive since the integrity of cell membrane
and cytosolic environment remains intact. Third, ultra-fast line
scan recordings revealed step-like changes of [Ca?']; during the
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Figure 5. Subcellular Ca®*" fluxes during ECC identified by fast Ca®* imaging. A, global Ca®* transient (AF/Fo) elicited by electrical field
stimulation of a ventricular myocyte (panel a). Marker 1" indicates the application of the electrical stimulus. Markers 2" and ‘3’ were positioned
according to the analysis in panel b. Panel b: first derivative of AF/F, (s~') from panel a, representing Ca®" flux. Markers ‘2" and ‘3’ indicate abrupt
changes in Ca* flux rate, and marker ‘4’ indicates maximal Ca*"* flux. Panel c: spatially averaged Ca®" flux under control conditions (Ctl) and during
inhibition of SR function with thapsigargin (TG; 1 uM) and caffeine (Caff; 10 mM). B, subcellular Ca?* transients (AF/F) elicited by electrical field
stimulation and recorded from subsarcolemmal (SS) j-SR and central (CT) nj-SR regions of an atrial myocyte (panel a). Panel b: first derivative of SS
and CT Ca®* signals representing subcellular Ca* flux rates. Markers ‘1’ to ‘4’ as in panel A. Panel c: subcellular (S, CT) Ca** flux rates in control and in

the presence of thapsigargin+caffeine. 2-D images were recorded 1719 Hz time resolution.

doi:10.1371/journal.pone.0061525.g005

rising phase of Ca?* sparks that may provide novel insights into
RyR gating properties within individual CRUs.

Activation of SR Ca** release in atrial myocytes was asynchro-
nous at two different levels. As has been described before
[7,10,13,26,52,53], due the lack (or poor development) of the t-
tubular system, subsarcolemmal Ca®" release originating at the
peripheral couplings of the j-SR preceded Ca** release from the
nj-SR in central regions of the cell, and peak CT [Ca*"]; lagged
behind by tens of milliseconds during AP-triggered Ca®" transients
(Fig. 1E). However, the initial activation of j-SR Ca** release in
the cell periphery was also asynchronous and spatially inhomo-
geneous (Fig. 1B). Recruitment of detectable peripheral CRUs
extended over at least 3 ms. A similar asynchronous activation
pattern was found in ventricular myocyes where recruitment of all
discernable CRUs required ~4 ms. These numbers are low-end
estimates. At later times the progressing global increase of [Ca'];
and Ca”" diffusion away from activated release sites starts to
obscure the recruitment of new sites and hampers their de-
tectability at later times. Using line scan imaging numerous studies
have found evidence for spatial inhomogeneities (e.g. [26,48,49])
that can be exacerbated in pathological conditions [50]. However,
it is difficult to discern whether in line scan data apparent
inhomogeneities arise from asynchronous activation of CRUs,
silent or missing CRUs, or are the result of the inherent
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shortcoming of this recording mode that the scanned line
potentially is missing CRUs (for example, when randomly placed
between 2 neighboring Z-disks that are typically spaced ~2 um
apart [13]). In 2-D imaging the problem is alleviated since the
radial distance (i.e. the distance within the plane of a Z-disk)
between CRUs is in the sub-micrometer range [29,30,32,33], i.e.
within the range of the spatial resolution of the microscope. In
other words, upon AP stimulation all events recorded in 2-D mode
originating from CRUs at the intersection of the focal plane and
the plane of the Z-disk or from CRUs located on the Z-disk at
distances that are within the point-spread function of the
microscope (see Methods) will be detected. Consequently, every
CRU that becomes activated during an AP within the resolved
volume surrounding the focal plane will be captured. Thus, delays
and asynchrony between activation of individual CRUs can more
reliably be recorded.

Fast 2-D Ca”" imaging allowed also to separate Ca®* entry from
SR Ca®" release during an AP-induced Ca®" transient by optical
methods (Figures 5 and 6). By analyzing the first derivative of the
Ca?" transient three distinct phases could be discerned during the
first ten milliseconds of the Ca®* transient. First, a latency period
of ~2.5 ms between stimulus application and the first indication of
an increase of [Ca®"]; was observed. The second phase,
characterized by a slow increase of [Ca®*]; and lasting until 5.5
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Figure 6. Simultaneous [Ca%'] and Ica measurements. Simulta-
neous measurements of [Ca®*]; and lc, from a voltage-clamped
(ruptured patch configuration) ventricular myocyte. Shown from top:
[Ca®*]; (AF/Fo), Ca** flux (d(AF/Fo)/dt), Ic, and the command voltage.
Traces represent averages of 15 successive depolarization pulses
applied to the same cell and were normalized to their respective
maximal amplitude. In these experiments whole-cell Fluo-4 fluores-
cence was recorded using a photomultiplier tube. Marker ‘a”: begin of
depolarization pulse; marker ‘b": change in flux rate, presumably
identifying activation of CICR from the SR.
doi:10.1371/journal.pone.0061525.9006

(ventricular) and 6.4 ms (atrial myocytes) after the begin of the
pulse, represents Ca™ entry across the surface membrane which
was confirmed with simultaneous patch clamp and [Ca®'];
measurements (Fig. 6). This conclusion was supported by the fact,
that the rise of [Ca®"]; was still observed when SR Ca®* release
was disabled, and the change in [Ca®]; coincided well with the
current recordings. The third phase, characterized by an abrupt
increase of release flux by approximately an order of magnitude,
peaked 10-12 ms after the pulse. Phase 3 was completely
abolished when the SR was disabled. The data indicate that 2-D
Ca” imaging with 1-2 kHz time resolution is capable of
distinguishing between trigger and released Ca®* in intact
myocytes by an optophysiological approach, with the advantage
that cell membrane and cytosolic environment are kept un-
disturbed.

Despite substantial progress made towards the understanding of
Ca?" release and ECC in atrial tissue, several key questions have
remained unanswered. For example, with the lack of t-tubules the
CRUs of the nj-SR (which account for a large majority of atrial
CRUs) do not have the characteristics of a typical couplon.
Specifically, the RyRs are not facing into a narrow diadic cleft
where upon activation of LCCs [Ca®']; rapidly increases to
concentrations that are several orders magnitude higher than
resting [Ca”'];. With the inherent low Ca**-sensitivity of the RyR
[54,55] it is difficult to reconcile how [Ca®']; can rise sufficiently
high in the vicinity of RyRs of the nj-SR to lead to channel
opening and Ca” release. Furthermore, it has even been
suggested that Ca®" sequestering mitochondria in the subsarco-
lemmal space of atrial myocytes constitute a Ca®" barrier [15],
making the propagation of CICR from peripheral j-SR to nj-SR

PLOS ONE | www.plosone.org

Fast Ca*" Imaging in Cardiomyocytes

even more problematic. As shown previously [41], atrial sparks
have a relatively large Ca®" flux (~11 pA) and large numbers of
channels involved (20-30 RyRs) with an enhanced propensity to
open and a diminished influence of negative feedback mechanisms
as well as an extended spatial spread (see also [40]). All these
features tend to facilitate propagation of release from nj-SR.
Interestingly, in contrast to Ca®" sparks recorded from nj-SR and
sparks in ventricular cells, the location of maximal fluorescence
identifying a point source of Ca®" release of peripheral atrial
sparks is not spatially fixed, but moves in centripetal direction
during the evolution of the spark (Fig. 2C). Thus, peripheral atrial
sparks reveal some inherent feature for directional propagation
that facilitates the saltatory advancement of activation from j-SR
to the nj-SR, although it remains to be determined what
constitutes the structural or functional basis of this special feature.

The question how many RyRs are found in an individual CRUs
has remained rather elusive. Earlier reports suggested the number
to be in the range of 50-250 RyRs [23,29,30,31,32,33,35].
However, novel advanced technologies, including super-resolution
imaging techniques [56] that go beyond diffraction-limited
resolution, and 3-dimensional electron microscopy tomography
[57], have revealed new aspects of the make up of the cardiac
CRU [36,58,59]: CRUs are variable in size, of irregular geometry,
lack the regular arrays of RyRs typical of skeletal muscle, and show
a smaller density of RyRs than previously assumed. Furthermore,
individual CRUs can assemble in groups to form ‘super-clusters’
resulting in variable degrees of coordination of Ca”* release from
sub-clusters. These recent studies that generated evidence of
incomplete packaging of CRUs with RyRs and the existence of
sub-domains of smaller sizes have corrected the number of RyRs
per CRU towards lower values in the range of a few tens to less
than ten RyRs [29,34,36]. While recent technological advances for
studying CRUs have generated valuable novel insights, it is still far
from being established how many RyRs actively contribute to
Ca®" release of a spark. The estimates, just for cardiac myocytes
alone, range from possibly only one or only a very small fraction of
the cluster (<10 RyRs), to whole-cluster activation with possibly
contribution from several hundred channels
[21,32,37,38,39,40,41,42]. The ionic current or ionic flux un-
derlying a spark is estimated to be in the range of 3-5 pA
[38,40,60,61,62,63], although it tends to be higher in atrial
myocytes (11 pA; [41]). Ca®* currents through single cardiac RyR
channels reconstituted in lipid bilayer and recorded under
physiological ionic conditions gave unitary current values of 0.3—
0.7 pA [64]. Based on these estimates only ~5-35 RyRs passing
current simultaneously would participate in a single spark. This
leads to the paradox that the estimated number of participating
channels is nearly an order of magnitude smaller than the higher
estimates for the number of RyRs per CRU. Recent results
indicate that the current underlying a spark is quantal in nature.
By using ‘sparklets’ - local Ca®" signals of known magnitude
arising from LCCs [39] - to calibrate Ca®" sparks, it could be
demonstrated that Ca®* sparks have a quantal substructure and
that Ca® spark release flux is made up of quanta of 1.2 pA.
Furthermore, the number of quanta in a spark varies dynamically
from one to =8 [62]. Whether single quanta reflect the opening of
a single RyR or a group of tightly coupled channels is unclear.
Cooperativity of activation and inactivation among release
channels or ‘coupled gating’ [65,66,67] could enable entire groups
of channel to generate a single quantum. In support of
multichannel quanta is also the observation that the measured
quantum size (1.2 pA) is larger than the estimates for RyR unitary
currents (~0.5 pA, lasting ~10 ms) under physiological ionic
conditions. Thus, quantal release with a low number of individual

April 2013 | Volume 8 | Issue 4 | e61525

66



quanta does not necessarily rule out the involvement of a larger
number of RyRs. In addition, the observation of RyR super-
clusters raises the possibility that quantal release reflects the
concerted activation of sub-clusters [56]. Since sub-clusters vary in
size and number of RyRs this model could explain quantal release
with quanta of variable sizes, however this would require a looser
definition of the term ‘quantal’ to avoid violation of a stricter
definition of ‘quanta’ which suggests entities of identical magni-
tude. Our data shown in Fig. 4 may point towards coordinated
gating of an entire RyR cluster with a high degree of cooperativity.
The d(AF/Fy)/dt signal shown in Fig. 4B, at first glance, is
reminiscent of single-channel gating with the peaks indicating
channel openings. On the other hand, we have shown previously
that in the same species atrial Ca®* sparks involve release from 20—
30 RyRs [41]. Coupled gating with a high degree of cooperativity
within a CRU, where the entire RyR cluster behaves essentially as
a single channel, could reconcile this apparent paradox. Upon
closer examination, in the d(AF/Fg)/dt signal in Fig. 4B at least
three distinct amplitude levels can be identified (grey bars). Thus,
the data could be consistent with coupled gating of the entire
cluster or a small number of subclusters, but do not exclude
a quantal nature of Ca®" release since quantal release consisting of
a small number of quanta (even 1 or 2 quanta only) has been
demonstrated [62].

While entirely speculative at this point, the progressive
activation of RyR sub-clusters within a CRU may also explain
the centripetal propagation of Ca®" release found in subsarco-
lemmal atrial CRUs (Fig. 2C). Furthermore, to reconcile the
paradox of a presumably small fraction of active channels and
a large number channels present in a CRU, several possibilities
need to be considered. For one, the unitary RyR current could be
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1.3 AKTHBHICThL PiaHOAMHOBHX peleNTOPIiB K MOOAMHOKHX MOl BUBiILHenHs Ca?*
3 CApKOILIA3MATHYHOIO PeTHKYJIymMy — cnagaxu Ca?’, BUSIBJIEHHX 32 J0NOMOIOI0

YOTHUPUBHUMIPHOI KOH(POKAJIBbHOI MiKPOCKOMII

Toune BusBnenns BusinbHenHsa Ca?" 3 CP uepes Binkputts rpynu RyRs, ki peecTpyroTbes
y BUIJISA1 KaJbIIEBUX CMaJlaXiB, YCKJIAJHEHO 4Yepe3 CIOHTAHHY MHPHUPOJY TAKUX SIBHIII.
Bukopucranns koH(GOKAIBHOTO CKaHyBaHHS JiHIT a00 IUIONII B 4Yacl MPU3BOJIUTH MO
HETOYHOCTI BHSBIICHHS MICIIb BHUBUIBHEHHS Kaibllifo. OTpuMaHl JaHl TakuxX TOIIN
XapaKTepU3yThCs BU3HAYCHUMHU ITapaMeTpamiu 13 neBHUMH noxuokamu (Rios et al., 1999).

Y nmaHoMy JOCHII)KEHHI BUKOPUCTOBYIOTHCS MOKIHMBOCTI JBOX 1HHOBAI[IMHHUX
IHCTPYMEHTIB: IIBUJKOIO CKaHyBaHHS B IUIONIMHI X-y 3@ JOMNOMOIOK IIUIMHHOTO
koH(oxkanbHoro ckanepa (LSM 5 LIVE; Carl Zeiss) Ta TeXHIKU MBUIKOTO MEpEeMillICHHS
(hoKycy B IUIOIINHI Z JJIsl OTPUMaHHS 300pakeHb B TPHOX MPOCTOPOBUX BUMipax Ta y yaci
(x-y-z-t) mna peectpauii cnanaxiB. Take ckaHyBaHHS €(QEKTUBHO YCyBa€ IOMMIIKU
po3dokycysanHs, Ta mos3ponse inenrtudikamiro Ca®’ cmamaxiB y (oKaNbHil IUIOIIUHI.
Bnaciaigok 1poro MM MaeEMO  MOMXIIMBICTH  XapakTepusyBaTh  MOphOMETpUYHI
XapaKTepUCTUKU BEJIUKOI TPyNu crhanaxiB, 3ocepemkenux y ¢okyci. [{i BumiproBaHHS,
BIIEpIlI€ TAK YITKO BU3HAYEHI, Oy BUKOPUCTAHO ISl AETAJIBHOTO BUBYEHHS MEXaHI3MiB
KOHTPOJIIO BUBinbHeHHS Ca?’,

Ca®" cnanax, Skuii 3apeecTpOBaHMI y MiCIi BUBLILHEHHS MIPEICTABICHO Ha puc. 1.5.
Yac ckaHyBaHHS 0JIHOTO 300paxkeHHs1 OyB 1.16 Mc (3 yacom ckanyBaHHs JiHIi 15.7 MKc), a
yac OTPUMAaHHS BCIX TPhOX 300pakeHb, 1o 3MmiHi z1, z2, zZ3 — 5.6 mc (nuB. puc. 1.5A). Ha
puc. 1.5B 300paxkeHo npodini IHTEHCUBHOCTI (IyopecueHiiii (IUpUuHOI0 2 MmiKcenl), siKi
MPOBEICHO Yepe3 IEHTPH CllaiaxXiB, 1 BC1 BOHU BIAMOBIAAIOTH OJJHOMY M TOMY K MICITIO Ha
NOCHIAOBHUX 300pakeHHsX (puc. 1.5A). 3ayBaxyeTbcs, II0 Ha JEKUIBKOX Tpiiikax
300paxkeHb MIKK (IyopecleHlli y IUIOMHUHI Z2 € OUIbIIUMH (BUIAUICHO 31POYKAMH)
MOPIBHSAHO 3 TIUIOmMAaMU zi Ta z3. llel KanbIieBHil crajax BiAMOBIAAE KPUTEPIIO

(dhoKycyBaHHS, KOJU y CEpEIHIH IOl CrajlaX Ma€ MAKCUMAJIbHY aMIUTITY Y.
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Pucynok 1.5. CkaHyBaHHsI Y TpbOX BHMipax mpocropy Ta 4acy. (A) Ksagpatui ¢parmeHTu

MOCIIJIOBHUX X-Yy 300paskeHb (IIyopecIieHIii KapaioMionuTa nepenacepas. SIK Mmoka3aHo, BEPTHKAIbHI
MIOJIOKEHHS BiMOBIIAIOTH PO3TAIIYBAaHHIO TPHOX IUIOIIMHAX CKaHyBaHHSA (z1 = -1 MKM, 2 = 0 MKM 1 73 =
+1 MkMm). Yac 3060py JaHuX Ui TPIO X-y CKaHYBaHb, K IMOKa3aHO TOPU30HTAIBHUMU CTPIJIKAMU, CTAHOBUB
5,6 mc. (B) IIpodini AF(x)/Fo(x) y ueHTpasibHiif 4acTHHI 300pakeHb 3 MIAMYHKTY A, KOJIbOPOBO KOJOBaH1
BIJIMIOBITHO JI0 3HAY€Hb Z. 3ipOYKaMU MO3HAYEHO TPIMKH MpoQisiB, e aMIUTITyJa BUSBUIACS HaBUIIIOIO
npu z2. (C) Ilpuknan cnanmaxy y ¢okyci. Ycepenneni 3o00paxenns 150 cnanaxiB y Qokyci 3 yacom
HapoctanHs cnanaxy T = 11.2 Mc, oTpuMaHi B pi3HUH Yac i IpH pi3HUX PO3TAITyBaHHAX z. [lo4aTok Bi/UIiKy
gacy (t = 0) BiAmoBigae yacy MepIIOro BUSBIICHHS, SIKe BIMOYBAa€ThCS 3HAYHO Mi3HIIIE MovaTky nouii. JliBa
KBaJ[paTHa MaHEb y PAIKY e 300paxye yCepeJHEHUH crajiax B MOMEHT IMIKOBOI aMIUTITY U y TOYL Z2 Y
BifTiHKax ciporo. I[IpaBa kBaapaTHa maHenb BimoOpakae o0MacTh X-y OUTHM KOJBOPOM, JIe CEpeIHE
3HavyeHHs F/Fo nepeBulye noioBuHy MakKCUMaJIbHOTO 3HAUCHHS.

Ha puc. 1.5C npeacraBneHo ycepennene 3HaueHHs 150 cnanaxiB, BUSBJICHUX Y
dokyci, siki MarTh crnubHUN napametrp T = 11.2 Mc, Ak yac HapocTaHHA cnanaxy. Yac

nepuioro BusBieHHs (t = 0) HacTae 3HAYHO Mi3HIIIE MOYaTKy noaii. [laHi mpo ui crnanaxu

TaKOk BUKOPMCTOBYBAIIUCH /ISl PO3PAXyHKY IIOTOKY BUBinbHEHHS Ca?’,
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AJITOPUTM aBTOMATUYHOTO JIETEKTYBaHHs, po3poOiIeHuit 1ist X-y 300pakeHs (Brum
et al., 2000), OyB 3actocoBanuii 10 34 000 x-y-z ckaHyBaHb (TOOTO TP1O X-y 300paKEeHb JIJIs
TPHOX 3HA4eHb z), orpuManux 3 34 xiitud (mo 1000 x-y-z a6o 3000 x-y ckaHyBaHb Ha
KOXKHY KJIiTUHY). 3 HuUX 6906 cnamaxiB Oyno BusIBIEHO, 1 767 3 HUX BH3HAHO
30cepeHKEHUMH Y (DOKYCI.

[NicTorpamu amrutity] (BU3HaueHi sk a = nikoBe 3HaueHHs AF/Fo) nns aBox rpyn
npeacTaBiieHi Ha puc. 1.6A. T'ictorpama s BCiX BUSBIEHUX cnanaxiB (puc. 1.6A,
MyHKTUPHA YOPHA JIiHIs ), MOHOTOHHO 3MEHIIYETHCS, 3 BUHATKOM J1alla30Hy NpH HU3BKUX
3HaueHHAX (a<0.4), ne BUsBIEHHS He BiOyBaeTbcs. HaTomicTh rictorpama amIuiiTy.l
cnanaxiB y ¢okyci (puc. 1.6A, cyuiibHa 3e1eHa JiHisl) Ma€e Moy 3 mikoM Oust a = 0.7.

Ha puc. 1.6B, ananoriudo puc. 1.6A, Mu MOPIBHIOBAJIM MPOCTOPOBY HIMPUHY MPHU
nosioBuHHIM amrityal (FWHM) BusiBieHux cnanaxiB. Y JaHOMY BUIMAAKY PO301KHOCTI
MDK MOKa3HUKaMU I ClajiaxiB y (POKYCl Ta AJid BCIX BUSIBJICHUX cHajaxiB BUSBUIUCS
MeHIll BupaxkeHuMu. OOuaBa po3noauin Oyad acUMETPUYHI, 30CEPEIKYIOUUCh HABKOJIO
3HAYEHHs OJMU3bKO 2.6 MKM, IPOTE PO3MOALT IJi crnanaxiB y (OKycl OyB TPOXHU BYKUUM.
BuaHo, 1o BUMIpPIOBaHHA MPOCTOPOBOI IIUPUHU MEHIIE MIIJAETHCA  BILUIMBY
po3(oKycyBaHHS, HI’K BUMIPIOBAHHS aMILTITY/IA CIIAJIaxy.

A B C

20 4 60 -

in focus

151 detected in line scans
——— Xy scans, no selection

45 4

30 4

density (% of total)
density (% of total)
density, (% of total)

=

0.0 0.5 1.0 15 2.0 0 1 2 3 4 5 6 0 10 20 30 40 50 60
amplitude (a) FWHM, pm rise time, ms

Pucynok 1.6. BracTuBocTti cnanaxiB y ¢gokyci. 'icrorpamu posnoziny amrutitya (A), MOBHA IIUPUHA
npu nonoBuHHIM ammityal (FWHM; B) ta yacy napocranus (C) ans BCix cranaxiB, BUSBICHHUX Ha X-y
CKaHyBaHHSX (YOpHUH, MyHKTHp), cHanaxiB y ¢okyci (3eneHuil) Ta crhanaxiB, BHABICHHX Ha

PEKOHCTPYHOBAaHUX JIHIHHUX CKaHYBaHHSX (U€PBOHUI).
Ha puc. 1.6C mpencraBineHo TiCTOrpaMH 4Yacy HapocTaHHs cnanaxy 7' (BiI MOMEHTY
MEepPUIOT0 BUSBJICHHS JI0 JOCSTHEHHS MIKOBOI aMIUIITyau). 7 3aBXKAW BUMIPIOBABCS Ha

HEHTPaJbHIN TomuHl (Z2), 3 5.6 MC Uil KOXXHOTO 300pa)K€HHS 1, BIAMOBITHO, OO
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TUCKpeTHOro po3noauty. Yacy HapocTaHHs cnanaxy 7' OyB MPakTUYHO OJIHAKOBHUH st
cpOKycOBaHMX Ta BCiX BHUABIEHMX chanaxis. J{us sremepoBanmx Ca’" cmamaxis, 1o
PEECTPYIOThCS MPU CKaHYBaHHI JIHISIMHU 11 MapaMeTpHU ICTOTHO BIAPI3HSUIUCH (YEPBOHI
KpuBl Ha puc.l1.6). Po3monin ammmiiTys, OTpUMaHUM Ha PEKOHCTPYHOBAHMUX JIHIMHHUX
CKaHYBaHHSX, CXWIbHUN JO HU3bKUX 3HA4Y€Hb. Y TOH 4ac, pO3MOAUIM IIMPUHU Ta 4Yacy
HApOCTAHHS BUSBIAIOTHCSA OUIBII JUCIEPCHUMH B TIOPIBHSAHHI 3 BIAMOBIIHUMU
MOKA3HUKAMU Ha X-y CKaHYBaHHSX.

OcHOBHa nepeBara BUZHAYEHHS TOTO, IO CHajax 3HAXOAUTHCS Y (OKYCl, MOJIATAE B
TOMY, 10 TIOTiK BuBinbHeHHA Ca’" Moye OyTH BU3HAYEHHIA 3 GiIBLIOK JOCTOBIPHICTIO. MU
pO3paxyBalii MOTIK BUBUILHEHHS, 3acTOCyBaBIu "3BopoTHUU" MeTon (Rios et al., 1999) no
CepeIHIX 3HaueHb crajiaxiB y (hOKyci 3 OJHAKOBUM YaCOM HApOCTAHHS (SIK MOKa3aHO Ha PUC.
1.5C, T = 11.2 mc). Po3paxyHok, sik onucaHo y po6oti Rios ta iH. (Rios et al., 1999),
MPUITYCKA€ pajiajdbHy cuMeTpito nofli. [le mpumnynieHHs 100pe BUKOHY€ETHCS 1 B HAILIOMY
BUNaAKY. [ padiuHe miaTBEpKEHHS LIOTO HAJAAHO JJISI CEPEAHBOT0 3HaYeHHs npu 7= 11.2
MC YOpPHHMH BCTaBKaMHU B PSAAKY e Ha puc. 1.5C, ne mokazaHo cepeHe 3HAYEHHS Ha MIKY
criajaxy B rpajalisx ciporo (JiBopyu) Ta MOro Macky (IpaBopyd), 110 CTBOPEHA KOHTYPOM
CepeAHBOT0 3HAUCHHSI B 00J1aCTI, /1€ KOTO (PIIyopecIeHIisI IEPEBUIIYE MTOJTOBUHY aMILTITY/IH.
Lleit KOHTYp Maiike KPYIIIHi, 110 CBIAYUTHh MPO CUMETPUYHICTh YCEPEAHEHOTO 3HAYEHHS,
X04a HE BUKJIIOUYA€ MOXKJIMBOT aCUMETPil B OKPEMUX BUIAJKAX.

Merton po3paxyHKy T[OTOKY BHBUIBHEHHSI BHUMAara€ BCTAHOBJICHHS 3HA4Y€Hb
KOHLIEHTPALisAM i KIHETHIHUM napameTpam Bianosigaux Ca?*-0ydepHux MoneKyl i cucrem
BHUBEJICHHS, 3T1/IHO 3 poboToro (Santiago et al., 2010).

Pe3ynbTaTi po3paxyHKy OpouttocTpoBaHo Ha puc. 1.7. Ha puc. 1.7A,a npencrasnena
(dbayopeclieHIlisl, ycepelHeHa Mo KyTy ¢ (SK cxeMaTHu4Ho 300paxkeHo Ha puc. 1.7A,b),
noOyaoBaHa K (QYHKIIIS pajiaJbHOI BIACTaHI 7 1 9aCy 3 MOMEHTY MEPIIOro BUusBiIcHHs. Ha
puc. 1.7A,c 300paxkeHo Ty camy GIyOpECIEHII0 B TICEBIOKOIbOpl. DIyopecieHIis
ycepenHeHa covaTky 3a 150 moaisiMu, a mOTIM 3a TOJSIPHUM KYTOM, IO MOSICHIOE Maiixke

MOBHY B1JICYTHICTh IIIyMY B pe3yJibTaTax.
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FLUX, M/

Flux, mM/s

— — — [calcium-bound dye], uM

r, distance from spark center, um

—— Flux, mM/s

—— Carelease current, pA

time from first detection, ms

Pucynok 1.7. ITorik BuBinibHenns Ca2* cmamaxy 3 7= 11.2 mc. (Aa) Hopmosana duyopecuentis F/Fo(r,
¢), OTpUMaHa IIISIXOM YCEpEAHEHHS 32 MOJSIPHUM KYTOM ¢ (K MoKa3aHo Ha puc. A,b) cmanaxy 3 7= 11.2
Mc (mpoinroctpoBano Ha puc. 1.5C). F/Fy(r, t) npeacTaBICHO B ICEBIOKOILOPI Ha pUCYHKY A, c. (B,a) [ToTik
BUBIJIbHEHHS, po3paxoBanuii 3 F/Fy(r, t), npeAcTaBiIeHU# y BUTIISAI OBEPXHI a00 B ICEBIOKOIBOPI (pHC.
B,b). (C) PanmianbHa 3anexuicts ¢ayopecuenuii (i mpomopuiiina il BenwumHa, KoHuenrparis Ca’*-
3B's3aHoro Fluo-4; mTpuxoBuil mpodisk) B MOMEHT MKy B IMOPIBHSHHI 3 pPO3PaXxOBaHUM ITOTOKOM
BUBIIbHEHHS 14 crianaxy 3 7= 11.2 mc. (D) YacoBuii mpodiib mpocTOpoBOro MakCuMyMy (ryopecueHIii
(3enenwuii), pospaxoBaHoro BimpHOro [Ca’'] (cuHill), MOTOKY BHBiNbHEHHsS (YEPBOHHMN) 1 CTPyMy

BUBIJIbHEHHS (YOPHMIA), BUMIPSHUX JIJIsl HACTYITHUX yCEepEeTHEHUX 300paxkeHHsX cnanaxis 3 7= 11.2 mc.

Po3paxoBanuii TOTIK BHBUILHEHHS KalbIlll0 IPOUTIOCTpOBaHO Ha puc. 1.7B.a.
IIpocTopoBuit po3mip JKepena, omiHeHui Ha puc. 1.7B,b, € 3HaYHO MEHIITUM MOPIBHSHO 3
po3mMipamu ¢GayopectieHTHOI noii. KiabKicHI XapakKTepUCTHKU MOTOKY HAaBEJACHO Ha PHUC.
1.7C Ta D. Ha nauneni 1.7C npeacTaBiieHi pajialibHi npodiii cnanaxy Ta po3paxoBaHOTO
noToKy. OCHOBHUN MOTIK 30CEPEIKEHO Yy AUISHIN aiamMeTpoMm Onu3bko 0.5 MM, 110
MPpUOJIU3HO BIAMOBIAA€ MPOCTOPOBIN PO3AIIBHIN 34aTHOCTI MIKPOCKOTIA, 110 CBIIYHUTH MPO
MEHIII pO3MIpH JKEPESIOo Mae po3Mipu MeHI 3a 1to rpanuifo. Ha maneni 1.7D HaBeneni
yacoBi 3anexHocti (uyopecuennii (F/Fo), po3paxoBaHoi koHueHTpauii BineHOoro Ca®"
(MkM) i motoxy BuBinbHeHHs Ca’’ (MM/C) A1 3a3HAYEHOTO CEPENHBOTO 3HAYECHHS
cnanaxy. [Tikosuii motik BuBinsHeHHs Ca?" Gyno po3paxosano Ha piBHi 53 MM/c. Xoua mpu

1 pO3AUIBHIN 3JaTHOCTI YaCOB1 BIACTUBOCTI OMUCYIOTHCS HE 171€abHO, IOMITHO, 110 MK
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IOTOKY Iepenye miky BinsHoro [Ca’'] Ta o6uasa Bonu — miky ¢Quryopecuennii. Ha rpadiky
IpeACTaBIEHO cTpyM BuBiLIbHeHHs Ca’t, po3paxoBaHuii NIIAXOM iHTErpyBaHHS IOTOKY 3a
o0'eMoM jxepena. Yac BAHMKHEHHS CTpyMYy IPUOJIM3HO CIIBHAAA€ 3 YACOM MOTOKY, 1 HOTro
mik jpocsarae npubausHo 11 mA. Ileil moka3HUK MIKOBOrO CTPYyMY BIANOBIJA€ BEPXHIM
MeKaM Jiana3oHy, BU3HaueHoro mist kiituH cepus (Blatter et al., 1997, Santiago et al.,
2010, Izu et al., 2001, Cheng and Wang, 2002, Wang et al., 2004). Takuii piBeHb CTPYyMY
BuMarae akTuBHOCTI BiJl 20 10 30 kaHamiB, 10 BOJIHOYAC T€HEPYIOTh CTPYMHU PO3MIPOM Bijl
0.3 o 0.5 nA (Kettlun et al., 2003). 3a3HaueHa TyT KUIbKICTh KaHAJIIB 3HAYHO MEPEBUIILYE
Ty, sIKa BH3HAyajacsi Ha OCHOBI CIOCTEPEKEHb KBAHTOBOHOI'O MOTOKY B crajgaxax Bij
nepudepiftHux KyIioHiB, 1e N < 6; (Wang et al., 2004). 3rigno 3 gociimkenasm Kannenna
1 Konra (Cannell and Kong, 2011), cknagHe 6araToKyImjioHHE JHKEPEIO MO0 O MOSICHUTH
CIIOCTEPEKEHHSI KBAHTOBAHUX CHajaxiB y BIJAMOBIIHOCTI 3 OUIBII BHCOKHMHM OLIIHKAMU
YyCIa KaHATIB, 3pDO0JICHIMH B 1HIITUX OCIIDKEHHSAX Ta MATBEPKEHUMH y JTaHiid poOOTi.
Brepie 6yno 3ampoIOHOBAHO METOAMKY pnociimkenHs Ca?’ chamaxis y wmicui
BUBIJILHEHHS, IPYHTOBAaHY Ha TPUBUMIPHOMY KOH(POKaJIbHOMY CKaHYBaHH1 (pIyopecieHIni.
Crnanaxu, 3apeecTpoBaHl B 30HI (POKyCy, XapaKTepU3yBalHCs OUIBIIMMH aMIUNTyIaMU
MOPIBHSIHO 31 3arajibHO BUSIBICHUMHM ClajlaxaMd 1 MaJli MOAQJIBHUN PO3MOALT 3 IMIKOM
npubmu3no ~0.7 HopmoBaHoi ammityau. Ilim dYac 1mux cnanaxiB MIKOBHHM MOTIK
suBinmbHenHs Ca?’  cramoBuB 53 MM/c, a cymytHiii ctpym OyB 11 mA, mo Bumarae

3asyueHHs kaHaliB 13 20-30 piaHOIMHOBUX PELENTOPIB.
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Article

Properties of Ca®" sparks revealed by four-dimensional confocal
imaging of cardiac muscle

Vyacheslav M. Shkryl, Lothar A. Blatter, and Eduardo Rios

Department of Molecular Biophysics and Physiology, Section of Cellular Signaling, Rush University, Chicago, IL 60612

Parameters (amplitude, width, kinetics) of Ca* sparks imaged confocally are affected by errors when the spark
source is not in focus. To identify sparks that were in focus, we used fast scanning (LSM 5 LIVE; Carl Zeiss) com-
bined with fast piezoelectric focusing to acquire x—y images in three planes at 1-pm separation (x-y-z-f mode).
In 3,000 x—y scans in each of 34 membrane-permeabilized cat atrial cardiomyocytes, 6,906 sparks were detected. 767
sparks were in focus. They had greater amplitude, but their spatial width and rise time were similar compared with
all sparks recorded. Their distribution of amplitudes had a mode at AF/F, = 0.7. The Ca” release current under-
lying in-focus sparks was 11 pA, requiring 20 to 30 open channels, a number at the high end of earlier estimates.
Spark frequency was greater than in earlier imaging studies of permeabilized ventricular cells, suggesting a greater
susceptibility to excitation, which could have functional relevance for atrial cells. Ca* release flux peaked earlier
than the time of peak fluorescence and then decayed, consistent with significant sarcoplasmic reticulum (SR) de-
pletion. The evolution of fluorescence and release flux were strikingly similar for in-focus sparks of different rise
time (7). Spark termination involves both depletion of Ca®* in the SR and channel closure, which may be synchro-
nized by depletion. The observation of similar flux in sparks of different T requires either that channel closure and
other termination processes be independent of the determinants of flux (including [Ca®*]sr) or that different

channel clusters respond to [Ca®*]sg with different sensitivity.

INTRODUCTION

In striated muscles, action potentials cause intracellular
Ca? channels to open, and the ensuing Ca®' release ini-
tiates contraction. In cardiac muscle and in skeletal
muscle of some taxonomic classes, Ca>* release is com-
posed of discrete events from SR Ca* channels (RyRs)
of fairly stereotypical appearance, which have been visu-
alized with confocal fluorescence microscopy and fluo-
rescent Ca®*-sensitive dyes, and termed “Ca* sparks”
(Cheng et al., 1993; Nelson et al., 1995; Tsugorka et al.,
1995). Ca* sparks are a collective phenomenon pro-
duced by a group of mutually interacting RyR channels
within a couplon (Stern et al., 1997, 1999), defined as
the release channels in a cluster or Ca®' release unit
(Franzini-Armstrong and Jorgensen, 1994) together
with its associated L-type Ca** channels and/or voltage
sensors. Ca*" sparks occur in ventricular (Niggli and
Shirokova, 2007) as well as in atrial myocytes (e.g., Blatter
et al., 1997; Kockskdmper et al., 2001; Sheehan et al.,
2006). In ventricular myocytes, the well-developed 3-D
network of transverse (t) tubules (Soeller and Cannell,
1999) ensures that in response to an action potential,
all couplons are activated synchronously, which results
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in a highly uniform Ca*" release throughout the entire
cell volume (Cheng et al., 1994). In contrast, in atrial
myocytes, the t-tubular network is poorly developed or
entirely absent (Huser et al., 1996; Cordeiro et al., 2001;
Mackenzie et al., 2001), and close apposition of surface
membrane Ca® channels and RyRs only exists in the
cell periphery. The SR, however, extends throughout
the entire cell and contains RyRs capable of Ca** release
and generation of Ca®* sparks (Sheehan et al., 2006).
Although sparks appear to require the phenomenon of
CICR (Endo et al., 1970; Fabiato and Fabiato, 1978;
Cheng et al., 1993; Klein et al., 1996) for both initiation
and propagation within the channel cluster, many other
mechanistic details of these events remain unknown or
poorly understood. Thus, numbers of channels involved,
time course of their unitary current, duration of open-
ing of the individual channels within a couplon, the
mechanisms underlying their closure, the degree of local
intra-SR depletion, and even the behavior of channels
and currents at the time when the spark peaks have
remained uncertain or are just starting to be elucidated.
Many of these unknowns could be eliminated by an
accurate quantification of sparks, in terms of their so-
called morphometric parameters. These include peak
amplitude, spatial width (or full width at half maximum

© 2012 Shkryl et al. This article is distributed under the terms of an Attribution—
Noncommercial-Share Alike-No Mirror Sites license for the first six months after the publication
date (see http://www.rupress.org/terms). After six months it is available under a Creative
Commons License (Attribution-Noncommercial-Share Alike 3.0 Unported license, as de-
scribed at http://creativecommons.org/licenses/by-nc-sa/3.0/).
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[FWHM]), rise time, decay time constant and other
measures of duration, and integral evaluations of inten-
sity or signal mass (ZhuGe et al., 2000; Chandler et al.,
2003). For instance, the local amplitude of the change
in [Ca*] together with knowledge of the unitary chan-
nel current will provide an indication of the number of
channels open. Similar insights will be derived from the
accurate knowledge of spatial width. In this regard, a
combination of modeling and experimental testing
have shown that spatial width of sparks grows with the
time that the release channels remain open (Zhou et al.,
2003), but widths that reach values beyond certain
limits at early times, for example in “protoplatykurtic”
sparks (Zhou et al., 2005), reflect spatially large sources
rather than small groups of channels. Finally, detailed
knowledge of spatial aspects of sparks and their evolu-
tion in time can be used to reconstruct the underlying
release current by different methods that yield mutually
consistent results (see Rios et al., 1999, and Soeller and
Cannell, 2002, for alternative methods, named “back-
ward” and “forward” to distinguish whether the effect
[the change in [Ca?]1] or the cause [the release current]
is the starting point of the calculation). An accurate
morphometry of sparks is therefore essential for the
elucidation of their control mechanisms.

Crucial determinants of control of Ca® sparks are
believed to depend on cytosolic Ca?* itself, including
complementary mechanisms of activation (CICR) and
inactivation (Ca*-dependent inactivation; Sham et al.,
1998, for cardiac; Baylor et al., 1983, and Melzer et al.,
1984, for skeletal). These result in channels that do
not open or close independently but gate concertedly.
Whether or not channels gate independently changes
another morphometric property, the distribution of
spark amplitudes, which will be a sum of decaying expo-
nential functions of amplitude if arising from openings
of individual channels that are mutually independent
(and are “Markovian” or memoryless, e.g., Colquhoun
and Hawkes, 1983; see also http://en.wikipedia.org/
wiki/Markov_process for a brief definition), but will typi-
cally have a mode or preferred amplitude if channels
gate concertedly (Bridge et al., 1999; Cannell and
Soeller, 1999; Rios et al., 2001; Wang et al., 2002). For
instance, it has been argued that the rise time character-
istics are incompatible with the idea that a spark arises
from a single RyR channel with a reversible Markovian
gating scheme (Shirokova et al., 1999; Rios et al., 2001;
Wang et al., 2002). On the other hand the spark ampli-
tude experimentally recorded in line-scan mode always
obeys a monotonically decaying distribution, regardless
of the true spark amplitude (Cheng et al., 1999; Rios
et al., 2001).

A major obstacle to reaching the desired accuracy in
measures of spark parameters is that measurements are
done on confocal images, including line scans (x-¢,
herein called 2-D) and x-y scans (referred to as 3-D

190 4-D scanning of calcium sparks
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imaging). In either case, sparks are imaged without
knowledge of the location of its originating couplon
relative to the line or plane of scanning. Starting with
the work of Pratusevich and Balke (1996), it has become
increasingly clear that all morphometric spark parame-
ters are affected by the out-of-focus error. Out-of-focus
errors include reduced amplitude, increased spatial
spreading, and slower kinetics. Among the parameters,
amplitude is most affected, decaying sharply with distance
from source to scanning line or plane, whereas rise time
and FWHM are less distorted (Pratusevich and Balke,
1996; Smith et al., 1998). It is because of this susceptibility
to focus error that the distribution of amplitudes of sparks
detected in line scans must be monotonously decreasing.

Theoretical approaches have been developed to recover
the true spark amplitude, allowing quantitative correc-
tions of spark amplitudes as if all sparks would have been
in focus (Shirokova and Rios, 1997; Izu et al., 1998; Rios
et al., 2001). Specifically Rios et al. (2001) provide an
equation to derive the distribution of true amplitudes
from the distribution histogram of measured amplitudes.

Although these procedures have value, as they de-
monstrated, for example, a mode in the distribution
of true amplitudes, consistent with expectations for
groups of nonindependent channels, the correction
formula has not been verified. Moreover, it requires
knowledge of other parameters, which are also affected by
the out-of-focus error and therefore are not knowable
with certainty.

Here, we take advantage of two novel tools, the fast x—y
scanning provided by a slit confocal scanner (LSM 5 LIVE;
Carl Zeiss) and the ability to move the plane of focus verti-
cally in rapid and reproducible manner to achieve x-y-z¢
(or 4-D) imaging of sparks. 4-D scanning eliminates the
out-of-focus error because it allows identification of
sparks that are imaged in focus. In this way, we charac-
terize morphometrically a large group of sparks in
focus. We use these, for the first time well-determined
measures, to both clarify aspects of control of Ca** re-
lease and produce a strict test of the theory of scanning
in lower dimensions.

Part of this work has been presented in abstract form
(Shkryl, V.M., and L.A. Blatter. 2008. Biophysical Society
52nd Annual Meeting. Abstr. 495; Shkryl, V.M., and L.A.
Blatter. 2009. Biophysical Society 53rd Annual Meeting.
Abstr. 1415; Shkryl et al. 2011. Biophysical Society 55th
Annual Meeting. Abstr. 3032).

MATERIALS AND METHODS

Cell isolation and solutions

Single myocytes were isolated from cat atria as described previ-
ously (Wu et al.,, 1991; Kockskdmper and Blatter, 2002; Sheehan
and Blatter, 2003). The procedure for cell isolation was fully
approved by the Institutional Animal Care and Use Committee.
In brief, adult mongrel cats of either sex were anesthetized with
sodium pentobarbital (50 mg kg™ !). After thoracotomy, hearts
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were quickly excised, mounted on a Langendorff apparatus, and
retrogradely perfused with oxygenated collagenase—containing
solution at 37°C. Myocytes were used 1-6 h after isolation. Freshly
isolated myocytes were plated on glass coverslips in normal
Tyrode’s solution (composition in mM: 135 NaCl, 4 KCl, 2 CaCls,
1 MgCl,, 10 p-glucose, and 10 HEPES, with pH adjusted to 7.4
with NaOH).

Imaging of Ca®" sparks was performed in cells permeabilized
with saponin (0.005%) for 40 s (Zima et al., 2003) in an internal
solution composed of (in mM): 120 potassium aspartate, 15 KCI,
5 KHyPO4, 5 MgATP, 0.35 EGTA, 0.14 CaCl,, 0.75 MgCl,, 10 phos-
phocreatine sodium salt, 4% dextran, and 10 HEPES, with
pH adjusted to 7.2 with KOH. Subsequently, the bath solution was
exchanged to a saponin-free internal solution containing 40 pM
fluo-4 pentapotassium salt (Invitrogen). The free [Ca*'] and [Mg*']
of this solution were 100 nM and 1 mM, respectively. All experi-
ments were performed at room temperature (22-24°C). Chemi-
cals were purchased from Sigma-Aldrich.

Fluo-4 was excited at 488 nm, and emission was collected at
>520 nm. The cell was positioned with its long axis parallel to the
x scanning direction (which in slit scanners is acquired simultane-
ously at all points of a 512-pixel line).

4-D confocal image acquisition and multidimensional analysis
of sparks

Fluorescence image acquisition was performed on a slit scanning
confocal microscope (LSM 5 LIVE; Carl Zeiss) equipped with a
63x, 1.20 n.a. water-immersion objective (C-Apochromat; Carl
Zeiss) and a piezoelectric focusing attachment, which by moving
the objective allowed us to collect three x—y images (512 x 31 pix-
els; pixel distance of 0.42 pm) in succession, separated by 1 pm in
the vertical (z) direction. The point-spread function of the system
with the focusing attachment had FWHM values of 0.52, 0.46, and
1.25 pm, respectively, in the x, y, and z directions. The scan time
for an individual image was 1.16 ms (line dwell time of 15.7 ps),
and the acquisition time for one trio of images was 5.6 ms (Fig. 1 A;
note that the acquisition time for a trio is longer than the sum
of scan times for three images because of the time required for
scanner fly back and movement of the piezoelectric focusing
attachment). A total of 1,000 trios, or 3,000 x—y images, were ac-
quired for each cell at the same location. To refer to such series of
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images we will use interchangeably the terms “xy-z¢ series” and
“4-D series.” We will refer to series at a single z position as “x-y-¢’
or “3-D series.” Similarly, “x—¢ series” will be also called “2-D” or
line scans.

Images in 4-D and 3-D series were normalized to resting fluo-
rescence by a procedure in which individual images F{(x,y) are di-
vided pixel by pixel by a normalizing image I4(x,y) constructed by
averaging every image with spark regions blanked. The set of
blanked images was also used to compute a bleaching correction
function (see Brum et al., 2000, for details).

Sparks were detected automatically in normalized, bleach-
corrected x-y-¢series using the algorithm developed by Brum et al.
(2000), which is an adaptation to 3-D scans of the procedure in-
troduced for line scans (Cheng et al., 1999). The procedure iden-
tifies the location coordinates of the center of mass of each spark,
a maximum of AF/F, (where AF=F — F) in each image, a sub-
series of consecutive images recognized as corresponding to the
same spark and a peak of the maximum of AF/F, within the sub-
series, which we refer to as peak amplitude or just amplitude (a).
The analysis also produced for each spark a time of first detec-
tion, an interval between first detection and the attainment of
peak amplitude (rise time, 7), plus several measures of the spatial
properties, including width in x and y, and eccentricity.

For this study, we specifically developed a definition and auto-
matic determination of FWHM. We defined FWHM as the diam-
eter of a circle having the same area as the 2-D intercept of the
spark at the time of peak amplitude and the plane located at half
this amplitude (i.e., the x-y region where AF/ I, was less than half-
amplitude). At every point in time during its evolution, the spark
fluorescence is a function of x and y that resembles a bivariate
Gaussian (examples in Fig. 1 A). An alternative set of parameters
was derived by fitting to every spark in every image a bivariate
Gaussian function. Parameters of fit included two coordinates of
the center, an amplitude, and elliptic semi-axes (a and b). In this
description, the FWHM is equal to the geometric mean ((2a x
2b)'/?) of the two elliptic axes. Both definitions of parameters
yielded essentially identical results.

Other numerical routines were used to produce subsets of the
4-D database, including 3-D (x-)-{) series at constant zand 2-D (x-1)
series at constant z and y. In turn, these simpler subsets were
analyzed for event detection and flux calculation by programs

Figure 1. Scanning in three dimensions of space
and time. (A) Square sections of successive x-y scan
images of fluorescence of an atrial cardiomyocyte.
As illustrated in the diagram, the vertical positions
correspond to the z positions of three scanned
planes (z = —1 pm, z» = 0 pm, and z; = +1 pm). As
indicated by the horizontal arrows, the acquisition
time for a trio of x—y scans was 5.6 ms. (B) Profiles
(AF(x)/Fy(x)) at the central y value of the images in
A, color-coded to zvalue. Asterisks mark image trios
where the amplitude was largest in z,. The example
spark appears to be in focus.
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developed earlier (Cheng et al., 1999; Brum et al., 2000). All of
the numerics were implemented in the IDL programming en-
vironment (ITT Visual Information Solutions).

Methods to decide whether a spark is in focus

A spark that appears to be in focus is illustrated in Fig. 1. In Fig. 1 B,
fluorescence intensity profiles (2 pixels wide) of intensity traced
through the centers of the sparks, of which all correspond to the
same location in successive images (Fig. 1 A), are shown. It can be
seen that in several trios of images, the peaks of fluorescence in
the % plane are greater (asterisks) than in the z and z planes.
This spark therefore satisfies the simplest criterion for being in
focus, namely, that its amplitude be greatest in the central plane,
2. This simple criterion, however, failed for several reasons. It is
strongly biased toward acceptance of sparks of narrow width and
is susceptible to limitations in scanning speed, limitations that will
become clearer when describing Fig. 5. After testing several other
procedures, we opted for a “three-point criterion,” so named be-
cause it uses asymmetrically all three measures of amplitude, from
all three focal planes (z, 2, and z). The criterion, which is de-
scribed in the Appendix, allows defining the 2-D vertical thickness
of the slice where the sparks must originate to be considered in
focus. All sparks deemed to be in focus in this study were identi-
fied by this criterion, with 2D = 0.2 pm.

Reconstruction of line-scan images from 3-D scans

One of the aims of this work is to compare the properties of
sparks imaged in focus with those inferred from images obtained
in line-scan mode, which include sparks that may or may not be
in focus. For this purpose, we derived from the database of 4-D
series a set of images equivalent to line scans. The extraction of
such reconstructed line scans is illustrated with Fig. 4 A.

For each image at a single value of z (% = 0 pm), a line was ex-
tracted, namely the group of 512 values F(x;, y,, 2) at a set value of
y (3 = 6 pm, the approximate center of the range of y values),
with j varying from 1 to 512. The lines extracted at the same yand
zvalues in 1,000 successive images constitute together a 2-D series
F(x;, ), the reconstructed line-scan image (with k varying from 1
to 1,000). One such line scan is represented in Fig. 4 A. The interval
between sets of x-y-z scans (or the interval between x—y trios) was
5.6 ms, which is then the temporal increment of the line scan.

RESULTS

Cat atrial myocytes, which are devoid of a t-tubular system
(Huser et al., 1996), are known to generate spontane-
ous Ca? sparks from RyR clusters located in the non-
junctional SR (nj-SR) membranes (Sheehan etal., 2006).
Thus, atrial Ca®* sparks from nj-SR result entirely from
SR Ca*' release and lack any potential component from
Ca” influx. We studied Ca®* spark properties in these
cells using a fast slit confocal scanner (cf. Toomre and
Pawley, 2006, for brief description) in combination with
a fast piezoelectric focusing attachment to acquire con-
focal x-y images successively in three vertical planes, at
l-pm separation. The imaging process, which we call
4-D scanning, is illustrated in Fig. 1 (see Table 1 for a list
of terms and symbol definitions). Fig. 1 A includes a
series of images from an atrial cardiomyocyte (with
plasma membrane permeabilized and in a solution con-
taining fluo-4). Square regions from the successive im-
ages are shown, including a spark that appears to be in
focus. The relative position in the figure of each square
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image in the horizontal direction suggests the time at
which it was acquired, whereas the vertical positions in
the figure correspond to the three z positions of the
scanned planes (z = —1 pm, % = 0 pm, and z = +1 pm).
Fig. 1 B plots the central profiles (AF(x) /F(x), where x
corresponds to the longitudinal axis of the cell) through
every frame, color-coded to z position.

The example spark shown in Fig. 1 appears to be in
focus because it is somewhat more intense in the central
(%) plane of scanning (asterisks in B mark image trios
where the amplitude was largest in z). As stated in
Materials and methods, the simple criterion that an in-
focus spark would be detected with greater amplitude
in the central plane led to biased results. Therefore, the
three-point criterion (cf. Appendix), which is also satis-
fied by this example, was used to identify in-focus sparks.
In the following sections, we will explore the properties
of sparks in focus and compare them with those of all
detected sparks.

Properties of in-focus sparks
An algorithm of automatic detection developed for x-y
images (Brum et al., 2000) was applied to 34,000 x-y-z
scans (i.e., trios of x—yimages at three zvalues) obtained
from 34 cells at 1,000 x-y-z (or 3,000 x—y) scans per cell.
In these, 6,906 sparks were detected, of which 767 were
found to be in focus by the three-point criterion.

The histograms of amplitudes (defined as a = peak
AF/ ) of the two groups are represented in Fig. 2 A.
Note that the histogram of all sparks detected (Fig. 2 A,

TABLE 1
Laist of symbols
Symbol Description
X, 9, 2, Spatial coordinates (x, horizontal, axial; y,
transverse; z, vertical)
) Polar spatial coordinates (radial and angle)
E F, F/Fy, AF/F Fluorescence, initial, normalized, increase
a, FWHM, T Spark amplitude, FWHM, rise time

g(a), l(a), u(a) Probability density of the distributions of
amplitude (in focus, 3-D, 2-D)

G(a), L(a), Ula) Histograms, sampling of the distributions g(a),
i(a), u(a)

h(z0) Gaussian function of vertical coordinate z with

standard error o

I Vertical separation of spark source and focal
plane

) Normalized difference in fluorescence (defined
by Eq. 1)

C3 “Three-point criterion” (limit value of & for sparks
in focus)

D Half depth of slice in focus, pm

p Pearson’s linear correlation coefficient

[Ca?'], [Ca®]eyo Free Ca®* concentration, in cytosol, in SR

[C32+]SR
N, P, i Number of channels, channel open probability,

unitary current
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dashed black line), referred to as L(a), is monotonically
decreasing, except for a region of the domain at low
values of a (<0.4), where detection fails. In contrast, the
histogram of in-focus spark amplitudes (Fig. 2 A, G(a),
solid green trace) features a mode at about a=0.7. The
implications of the distribution of amplitudes of sparks
in focus will be fully considered in Discussion.

In Fig. 2 B, we compared in the same way as in Fig. 2 A
the spatial width (FWHM) of detected sparks. In this
case, the differences between the values reported for
in-focus sparks and those of all detected sparks were
much smaller; both distributions spread asymmetrically
around a mode, close to 2.6 pm, but the distribution of
in-focus sparks was slightly narrower. Clearly, the mea-
surement of spatial width is much less compromised by
out-of-focus error than that of spark amplitude.

In Fig. 2 C, histograms of rise time 7" (from the time
of first detection to that of peak amplitude) are shown.
T was measured always in the central plane (z). This
resulted in a temporal resolution of 5.6 ms per image
and consequently a coarse distribution. It is also neces-
sary to point out that rise time here is defined as start-
ing from the frame of first detection. This definition
underestimates the true rise time and will warrant a re-
interpretation of measured times (compare below).

These cells produced on average rather wide sparks
of moderate amplitude. Averages of these parameters
are listed in Table 2 for the 4-D, 3-D, and 2-D datasets.

The newly found method to identify sparks in focus
obviously allows for a variety of other studies. Wang
et al. (2004) found a quantized distribution of the rates
of rise of fluorescence, indicative of quantized levels of
flux, in sparks of peripheral couplons located in focus
by activation of ventricular myocytes via loose patch
clamp. To compare, and even though the present imag-
ing was done at a much coarser temporal and spatial
resolution, we computed initial rates of rise of fluores-
cence (rate of rise in a 5.6-ms interval from first detection)
for individual sparks in the in-focus group. The values
had a broad distribution between 0.01 and 0.12 ms™".
There was no evidence of quantization.

Morphometric parameters of in-focus sparks

are weakly correlated

In addition to the morphometric parameter values,
other properties of sparks with interesting mechanistic
implications are the correlations among these param-
eters. The correlations found in published studies
have been poor for sparks of both skeletal and cardiac
muscle cells. For example, linear correlation coeffi-
cients (Pearson’s p) between rise time and amplitude
of 0.09 and 0.12 were found in two studies of frog skel-
etal muscle (Rios et al., 1999, 2008). In cardiac myo-
cytes, correlations between amplitude, rise time, and
width revealed p values between 0.07 and 0.17 (Shen
et al., 2004).
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A chief factor determining the poor correlations is
the contribution to the variance in amplitude by the
out-of-focus error (i.e., the absence of knowledge of the
separation { between scanned line and spark source),
which amounts to between 80 and 90% of the total vari-
ance (Rios etal., 2008). The newly found ability to iden-
tify sparks in focus should remove the uncertainty of
location, therefore reducing the out-offocus contribution

Figure 2. Properties of sparks in focus. Histograms of ampli-
tudes (A), FWHM (B), and rise time (C) for all sparks detected in
x—y scans (black, dashed), sparks in focus (green), and sparks de-
tected in reconstructed line scans (red). Note that the amplitude
histograms differ greatly among the three groups of sparks, but
the other distributions diverge less. In-focus sparks have greater
amplitudes and a mode in the distribution of this variable. Their
modal width is not very different than that of the other groups,
and their rise times are nearly identical to those of the entire
set of detected sparks. The distribution of amplitudes measured
in reconstructed line scans is heavily biased toward low values,
whereas those of widths and rise times are more disperse than the
corresponding ones in x-y scans. Relevant parameters of these
distributions are listed in Table 2.
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TABLE 2
Average morphomelric parameters of sparks in various dimensions
Mode Amplitude Rise time FWHM N
sparks
ms um
4D 1.05 13.5 3.35 767
In-focus (0.01) (0.24) (0.02)
3D 0.82 10.7 3.18 6,906
(0.005) (0.10) (0.01)
2-D 0.61 17.4 3.85 2,910
(0.007) (0.22) (0.03)

The SEM is in parentheses. The row with heading “4-D In focus” lists values for sparks detected in x-y-z( series, the 4-D mode, which satisfy the in-focus
criterion. x-y-zseries were obtained from 34 cells; each series consists of 1,000 trios of x-yimages successively at three z positions, for a total of 3,000 images
per series. The row with heading “3-D” includes all sparks detected in x-)-¢series at the z position (z=0), whether or not they were in focus. “2-D” refers to
sparks detected in line-scan images constructed from the x-y-f series at position z as described in Materials and methods. Fig. 4 has an example line-scan
image constructed this way. It should be noted that the three modes (4-D, 3-D, and 2-D) are just different ways to analyze the full 4-D database.

to the variance in amplitude, and thus provide a better
gauge of existing correlations.

The correlations among the parameters amplitude,
rise time, and FWHM are illustrated by joint histograms
in Fig. 3. The leftside panels represent the histograms
of all sparks (3-D mode), whereas the corresponding
histograms of events in focus are on the right side. Positive

correlations were found in every case and were usually
modest. Amplitude and width had p = 0.04 for all
sparks and 0.14 for those in focus. For rise time and
width, p increased from 0.14 to 0.26 in going from all
sparks to those in focus, whereas for rise time and am-
plitude, p increased from 0.33 to 0.36. In sum, correla-
tions between all three morphometric parameters were

Figure 3. Correlations between spark parameters.
Joint histograms of amplitude and width (A and B),
rise time and width (C and D), and rise time and
amplitude (E and F) for the set of all sparks detected
in x-y images (A, C, and E) and for in-focus sparks
(B, D, and F). The total number of sparks included
was 6,906 (all sparks) and 767 (in-focus sparks). The
first-order correlation coefficient p (a, FWHM) was
0.037 for all sparks and 0.14 for sparks in focus.
p (T, FWHM) was 0.14 (all) and 0.26 (in focus).
p (T, a) was 0.33 (all) and 0.36 (in focus). The color
table starts at 0 (black) for all panels, whereas the
maximum (yellow) corresponds to 143, 35, 201, 85,
149, and 70 events, respectively, for A-F.
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positive and modest, and all of them increased for sparks
in focus. The strongest positive correlation was found
between rise time and amplitude. The issue of correla-
tions will be encountered again when considering prop-
erties of averages of sparks.

The most relevant advantage of identifying sparks in
focus is that the local Ca?" transient, determined with
minimal error, can then be used to derive the underly-
ing flux of Ca®* release. This will be done in the Discus-
sion section.

The morphometric properties of sparks in line-scan images
It seemed interesting to compare the presumably true
properties of sparks revealed by the present technique
with those found using the line-scan (or 2-D) mode,
which is still the standard of spark acquisition. A set of
images equivalent to line scans was derived from the
database of x-y-z( series as described in Materials and
methods and analyzed to derive their morphometric
parameters in the standard way. One reconstructed line
scan is shown in Fig. 4 A. A total of 2,910 sparks in 2-D
were derived from the 4-D database. The number is less
than in the x)-¢ or 3-D case (6,906) because the method
used one line per x—y image at a fixed zvalue and there-
fore missed a substantial portion of the images, result-
ing in fewer identified sparks. From these numbers, and
considering that the length of scanning inside cells was
on average 117 pm, a frequency of events can be calcu-
lated as f=2,910 x (117 pm) ' x (5.6'5) ' x (34 cells) ' x
100 = 13.1 events x s~ ! x (100 pm)’l.

The histograms of amplitude, rise time, and spatial
width of this group are represented in red traces in Fig. 2.
The histogram of amplitude (referred to as U(a)) decays
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monotonically (except in a region of low amplitude,
a < 0.4, where density increases as a result of increased
detectability) and with positive curvature, in agreement
with expectations from the theory of line-scan imaging
(Rios et al., 2001, and Discussion). The histogram of
FWHM is broader for the 2-D case (Fig. 2 B, red), but
other properties (like mode and skewness) are robustly
conserved in all dimensional approaches (i.e., 2-, 3-, and
4-D). A similar broadening occurs with the histogram of
rise times (Fig. 2 C).

DISCUSSION

This work evaluates quantitatively the properties of
sparks imaged in focus, based on the availability of a fast
confocal scanner, which combined with a rapid change-
of-focus mechanism allows for actual scanning in three
spatial dimensions. This mode of scanning can be re-
peated at a rate sufficient to characterize the evolution
of sparks in space and time.

4-D scanning can be used to define sparks in focus

The identification of in-focus sparks reliably and repro-
ducibly hinges critically on a robust criterion for the
identification of the optical plane from where the sparks
originate. Several approaches have been proposed. Sparks
elicited by sparklets, the highly localized Ca** signal origi-
nating from Ca** entry through voltage-gated Ca*" chan-
nels in the cell membrane near a patch electrode, are
considered to be in focus (Wang et al., 2001, 2004),
whereas the simultaneous recording of cytosolic sparks
and the corresponding intra-SR Ca*" depletion signal
(termed Ca®* blinks; Brochet et al., 2005) is an objective

Figure 4. Properties of in-focus sparks derived from
line-scan images. (A) Line-scan image reconstructed
from 1,000 trios of x—y images obtained successively,
at 5.6-ms intervals, from the same cell. The image
is formed by one line of pixels taken from the cen-
tral (%) image of every trio, at 512 values of x and
one value of y (y=6 pm). Size of image was reduced
(from 512 x 1,000 to 298 x 1,000) by eliminating
pixels corresponding to x values outside the cell
boundary. Lines are placed vertically in the figure
and stacked from left to right. One reconstructed
line scan was derived for each of 34 cells studied.
(B) Red solid trace, U(a): histogram of amplitudes
of 2,910 sparks detected by the conventional algo-
rithm from all 34 reconstructed line scans. This plot
is also in Fig. 2 A. Dashed trace, g(a): distribution of
“true” amplitudes derived substituting U(a) for u(a)
in Eq. 1. Green trace, G(a): amplitude histogram of
sparks in focus, reproduced from Fig. 2 A.
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criterion that circumscribes the location to the smaller
volume where the blink signal can be detected (Zima
etal., 2008a,b, 2010). Here, we demonstrate a novel ap-
proach, which relies on the nearsimultaneous imaging
of Ca* sparks in multiple planes and a robust criterion
to determine where the spark originates.

In principle, a straightforward criterion for deciding
whether sparks are in focus would be a fluorescence sig-
nal greatest in the central (z) plane. This criterion was
not useful for several reasons. It was biased toward the
detection of narrow sparks, and it did not take into con-
sideration the fact that spark amplitude changes during
the time it takes to acquire one x-y-z stack. Another limi-
tation is that the criterion, consisting in simply comparing
pairwise the amplitudes at z and the other two planes,
does not use all the information available. An alternative
approach was based on the realization that separation
from the focal plane, in either direction, resulted in asym-
metric and predictable changes in the measurements
at z;, %, and z. In other words, if the center of a spark
moves away from the central plane, the measured am-
plitude at the central plane decreases, but the other two
measures, at z; and z, change in opposite directions.
These simple considerations, together with the fact that
sparks are extremely well described by Gaussian func-
tions of space, were combined in the three-point criterion
(Fig. Al in Appendix). The criterion had the additional
advantage of an adjustable stringency associated with a
measure of the depth of the volume where events would
be identified as being in focus.

In principle, it is not possible to know whether or not
a selection process works correctly. This is simply be-
cause there is no known comparable population of
in-focus sparks. We used instead two properties expected
of a good selection. One is that the quantitative proper-
ties of the group of sparks classified as in focus should
converge as the criterion is applied with increasing
stringency (Appendix, Fig. A2). Additionally, the limit-
ing properties to which sparks converge should be consis-
tent with predictions made by the theory of line scanning
(Shirokova and Rios, 1997; Izu et al., 1998; Cheng et al.,
1999; Rios et al., 2001). Reliance on this theory seems
justified, as some of its predictions have been quanti-
tatively confirmed with simulations (Rios et al., 2008),
whereas others are consistent with sparks observed under
special conditions, which assure their being in focus
(Bridge et al., 1999; Soeller and Cannell, 2002, 2004;
Wang et al., 2002, 2004).

As illustrated in Fig. A2, we found convergence of the
histogram of amplitudes as stringency increased (within
the limitations of the test). Specifically, the distribution
of amplitudes lost density at low amplitudes and increased
it at higher amplitudes, as predicted by the theory.
There were no major changes in rise time and spatial
width, other than a slight narrowing of the distribution
of spatial widths, again consistent with expectations for
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sparks in focus. In increasingly stringent applications of
the selection procedure, we also found convergence of
width and rise time. In the next subsection, we evaluate
quantitatively the agreement between observations and
predictions by the theory of line scanning.

In-focus sparks have a preferred amplitude

A meaningful characteristic of sparks imaged in focus
is a histogram of amplitudes G(a) with a modal value
(Fig. 2 A). This is in sharp contrast with the distribution
of amplitudes reported by line or 2-D scanning. First,
note here the distinction between U(a), the histogram
of amplitudes reported by line scanning, and u(a), the
distribution that such a histogram samples. U(a) could
be found in the present work, for the same group of im-
ages, as the histogram of amplitudes of the sparks found
by applying our automatic detector to line scans recon-
structed from sequences of x-y frames at z. The recon-
structed line-scan images are illustrated in Fig. 4 A, and
the U(a) of such line scans is in Fig. 2 A (red trace).
According to the theory of line scanning, u(a) is a
monotonically decaying function. U(a) is consistent
with the expectation, except for a rise explained by
missed events at very low values of a.

Rios et al. (2001) provide an equation,
1 d(a~u(a))

- S\ RA) (1)
g 2152 da ’

to derive the distribution of true spark amplitudes g(a)
from u(a). In Fig. 4 B, we reproduce U(a) from Fig. 2 A
(red, solid), and plot (red, dashed) the estimate of g(«a)
obtained substituting U(a) in Eq. 1. This estimated g(a)
compares reasonably well with G(a), reproduced from
Fig. 2 A (green). The agreement serves both as addi-
tional confirmation of the new method to define sparks
in focus and as confirmation of significant properties of
Ca® sparks.

Specifically, we confirm earlier conclusions, reached
for both skeletal and cardiac ventricular muscle, that
sparks have a preferential amplitude. In both tissues, the
conclusions applied to special conditions. In the case of
skeletal muscle, a modal amplitude was found in g(a)
functions derived via Eq. 1 in cells exposed to low con-
centrations of caffeine (Rios et al., 2001). In cardiac mus-
cle, amodal G(a) was found in sparks elicited by sparklets
near a patch electrode (therefore considered to be in
focus; Wang et al., 2001, 2004). A modal amplitude was
also found for groups of sparks originating from the
same location in a cell, presumably from a single cou-
plon firing repetitively (Bridge et al., 1999; Soeller and
Cannell, 2002). Furthermore, the amplitudes of local SR
Ca* depletion signals corresponding to Ca** sparks (Ca**
blinks) reveal a modal distribution (Zima et al., 2008b).

As stated in earlier work, the main implication of the
existence of a preferential amplitude of sparks is that
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their sources are not single Markovian channels (Bridge
et al., 1999; Rios et al., 2001; Wang et al., 2001, 2004).
The existence of a mode in the distribution of ampli-
tudes has been reproduced by models in which sparks
are generated by channel clusters, interacting via CICR,
calcium-dependent inactivation, or mechanical contact.

Although the simplicity of the procedure to find sparks
in focus and its initial tests and results are reassuring,
there are also inherent limitations to the method.
First, only three vertical (z) positions were scanned, and
the spatial resolution was set low in every dimension
(as a compromise between the increased volume of
data and the finite rate of data acquisition). Second, the
vertical scanning reduced the time resolution of the re-
cordings (in our case to 5.6 ms between successive x-y-z
scans or image trios), which particularly affects the
accuracy of the recording of rapidly changing features
of the fluorescence signal, such as the rise time.

The properties of sparks in focus can be determined

with precision

Fig. 5 shows averages of 150 sparks that were found to
be in focus and had the additional common property of
a T'=11.2 ms. What this means is that the peak ampli-
tude was reached two frames later than the frame of
first detection. This number, 11.2 ms, has precision lim-
ited by the large (5.6-ms) interval. In Fig. 5, images are
arranged in three columns and nine rows. Each column
contains averages at the same z position. Each row rep-
resents images (image trio, cf. Materials and methods)
obtained in the same 5.6-ms interval. The interval of
first detection is labeled c. At this time, the spark be-
came sufficiently different from noise to be accounted
for by the detection algorithm. The time of first detec-
tion (¢=0) occurs substantially later than the start of the
event. This is clearly shown in Fig. 5, where the sparks
that form the average started to develop in row a, while
they were first detected 11.2 ms later in row c. The dis-
crepancy between start of the event and time of detec-
tion is the result of the chosen stringency of the spark
detection algorithm, and leads to an underestimate of
rise time (by ~11.2 ms).

It should be kept in mind that the images were ob-
tained in the order z, %, z. This means that images on
the right-most column were obtained later, resulting in
a systematic excess in amplitude during the rising phase
and a corresponding deficit during the decaying phase.
These differences are especially noticeable at times when
the spark is changing rapidly (as in rows b, c, f, and g).
At these times, the simple expectation that an in-focus
spark should be measured with greatest amplitude at
2 is clearly invalid. This property helps explain why a
more elaborate criterion was needed to decide whether
a spark is in focus.

The morphometric parameter values of this average
are fairly representative of the histograms in Fig. 3. The
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amplitude is 1.04, and the FWHM is 2.98 pm. The aver-
aged spark data (Fig. 5) were also used for the Ca*
release flux calculation discussed in the next subsection.

Figure 5. The average spark of 7'= 11.2 ms. Averages of images,
at different times and z positions, of 150 in-focus sparks with 7=
11.2 ms. Each column of nine panels contains successive averages
at the vertical (z) position listed at top. Each row has the aver-
age images obtained at vertical positions z, z, and z in the same
5.6-ms interval. The interval of first detection is labeled c. The
times of acquisition of the images at level z are listed in the third
column. The origin of time (¢=0) is that of first detection, which
occurs substantially later than the start of the event. Note that the
spark average at z has greater fluorescence than those at z; and
zg only for the trio obtained at the time of peak amplitude, row e.
During the stage of rapid rise of fluorescence, the averages at z
are greatest, whereas during the declining phase, it is position z
that records the greatest waveforms. The leftside square panel in
row e depicts the average spark at the time of peak amplitude,
at z, in grayscale. The rightside square panel shows in white the x-y
region where average I/ I is greater than its half-maximum value.
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Flux of Ca?* release can be reliably estimated

A key advantage of knowing that a spark is in focus is
that the underlying flux of Ca* release can then be
derived with greater confidence. We calculated re-
lease flux applying the “backwards” method (Rios etal.,
1999) to averages of in-focus sparks of the same rise
time (in the example of Fig. 5, T'=11.2 ms). The calcu-
lation, as implemented in Rios et al. (1999) assumes
radial symmetry for the event. The assumption applies
well to the present case. This is demonstrated graphi-
cally for the average at 7= 11.2 ms by the black insets in
row e of Fig. 5, which show the average at its peak in
grayscale (left) and a mask (right) formed by the con-
tour of the average in the region where its fluorescence
is greater than half amplitude. This contour is an almost
perfect circle, a symmetry that applies to the average
but does not preclude asymmetries in the individual
sources. Furthermore, as detailed in Materials and
methods, two measures of spatial width, in orthogonal
directions (xand y dimension), were obtained for every
spark, and this was done both by measuring diameters
at half-maximal amplitude and by fitting a bivariate
Gaussian to the spark. We found no significant differ-
ence between the average values of the two orthogonal
measures, which is of course expected if the average
is symmetric.

The method of release flux calculation requires as-
signing values to concentrations and kinetic parameters
of the relevant Ca*-buffering molecules and removal
systems, which was done as in our earlier work (Santiago
etal., 2010). The Ca** buffers and removal processes in-
cluded in the calculation are listed, with their parame-
ter values, in Table 3. The use of permeabilized cells is
advantageous for flux calculations because the cytosolic
composition is precisely known. The calculation did not
attempt to correct sparks for the blurring effect of the
imaging process; the effects of blurring and the deblur-
ring correction on calculated flux were found to be
minor by Rios et al. (1999), especially in cases where the
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sparks are spatially much wider than the point-spread
function of the imaging system.

The calculation and results are illustrated in Fig. 6. In
Fig. 6 A is the fluorescence, averaged over the angle ¢
(as shown schematically in inset a), plotted as a func-
tion of radial distance r and time from first detection.
Inset b shows the same fluorescence in pseudocolor.
That the fluorescence is averaged first over 150 events
and then over the polar angle explains the near absence
of noise in the result.

The calculated release flux is in Fig. 6 B. The spatial
size of the source, which can be appreciated in inset c,
is very small compared with the fluorescence event.

Quantitative aspects of the flux are illustrated in
Fig. 7. The radial profiles of spark and calculated flux
are compared in Fig. 7 A. It can be seen that the flux
largely originates at a region of ~0.5 pm in diameter,
which is roughly the spatial resolution of the micro-
scope (a result suggesting that the source has dimen-
sions below the limit of resolution). Fig. 7 B depicts
temporal dependence of fluorescence (£/f), calculated
free Ca*" concentration (pM), and Ca* release flux
(mM/s) for the same spark average. The peak Ca* re-
lease flux was calculated as 53 mM/s. Even though
temporal aspects are not well described at this time res-
olution, it can be seen that the peak of the flux pre-
cedes the peak of free [Ca*], and both precede the
peak of fluorescence. The graph includes a plot of Ca**
release current, calculated by integrating flux over the
volume of the source. The current is approximately co-
temporal with the flux and peaks at ~11 pA. This value
of peak current is at the higher end of the range of esti-
mates in cardiac cells (Blatter et al., 1997; Izu et al.,
2001; Cheng and Wang, 2002; Soeller and Cannell,
2002; Wang et al., 2004; Santiago et al., 2010). Such
level of current would require 20-30 channels simulta-
neously passing currents of 0.3-0.5 pA (Kettlun et al.,
2003). Although large, this number of channels is still
consistent with a source that remains below the limit

TABLE 3
Release flux calculation
Binding site Concentration kon Korr Diffusion coefficient Flux
uM (uM ms )1 ms! ymz ms ! mM/s
ATP 5,000 Ca, 0.15 30 0.14 25.3
Mg, 2e-3 0.2
EGTA 350 4e-3 2e-3 0.07 0.6
Fluo-4 40 0.032 0.032 0.05 1.4
SERCA 47 0.5 0.5 N.A. 0.9
Troponin 70 5.7¢-3 0.011 N.A. 0.1
Sarcolemma 42 0.1 1.3 N.A. 0.1
Free Ca*"* variable N.A. N.A. 0.35 24.7

Model parameters (concentration, reaction rates, and diffusion coefficients) are given for all Ca* ligands used in the calculation. The last column lists

maximal contributions to the flux total by the binding of Ca* to the corresponding ligand. The last row lists the free Ca®* term in the flux calculation

(namely, the flux required to account for the local rate of change of [Ca**] and diffusion of the free ion). With minor changes, parameters are as in

Santiago et al. (2010) and references therein.
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of optical resolution. It is also consistent with estimates
of the number of contributing channels obtained by
noise analysis of spark amplitudes (Bridge et al., 1999),
as well as the number of RyRs per couplon derived from
RyR binding (Hayashi et al., 2009) and immunostaining
studies (Soeller et al., 2007; Cannell and Kong, 2012).
The number of channels estimated here is much greater
than that derived from the observation of quantized flux
in sparks from peripheral couplons (n < 6; Wang et al.,
2004). Cannell and Kong (2012) argue that a complex,
multi-couplon source could reconcile the observation
of quantal sparks with the greater estimates of channel
numbers derived in other works and confirmed here.

Figure 6. Ca® release flux of an averaged spark. (A) Normal-
ized fluorescence, I/ It (7, 1), obtained by averaging over the polar
angle ¢ (as shown in inset a) the averaged spark of 7= 11.2 ms
(illustrated in Fig. 5). I/ Fy(r, 1) is represented in pseudocolor in
inset b. (B) Release flux, calculated from F/ I (r, ), represented
as surface plot or in pseudocolor (inset ¢). The “ATP component”
(specifically, flux of Ca* removal into ATP) and “free Ca* com-
ponent” (flux needed to account for local rate of change of free
[Ca*] and diffusion of the free ion) of flux are separately plotted
in insets d and e, respectively. Collectively, they constitute >90%
of the total at the time of peak release flux (details in Table 3).
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The large number of simultaneously active channels
in the present study is indicative of a greater than usual
tendency of these channels to open. This tendency is
manifested in the frequency of sparks detected in the
reconstructed line scans (13.1 events; 100 }1m_1 sh,
which is greater than that reported in studies of intact
atrial and ventricular muscle (ranging from ~0.5 to 5
events; 100 pmfl s~ !: McCall et al., 1996; Satoh et al.,
1997; Li et al., 2005; Sheehan et al., 2006; Copello et al.,
2007; Santiago etal., 2010), but is only somewhat higher
than frequencies observed in permeabilized ventricular
cells (3-11 events; 100 }1m_1 s~!: Zima et al., 2003, 2004,
2008a,b, 2010; Qin et al., 2009). Part of the increase
in frequency may therefore be attributed to an effect
of membrane permeabilization, which has been dem-
onstrated directly for the same cell type (cat atrial
myocytes; Sheehan et al., 2006), and part to an actual
difference between atrial and ventricular cells (cf. dis-
cussion below).

The calculation of flux permits an evaluation of the
role of different buffer systems in shaping sparks. The
calculation of Ca* release flux produces an estimate of
the removal flux associated with every process that is

Figure 7. Quantitative properties of release flux. (A) Radial de-
pendence of fluorescence (and its proportional magnitude, con-
centration of Ca*-bound fluo-4; dashed trace) at the time of its
peak compared with that of calculated release flux for the average
of sparks of 7'=11.2 ms. Although the FWHM of the fluorescence
spark was 2.98 pm, that of the flux was 0.45 pm. (B) Time course
of spatial maxima of fluorescence (green), calculated free [Ca*]
(blue), release flux (red), and release current (black) measured
in successive average images of sparks of 7'= 11.2 ms. Note that
flux started to fall before the time of peak fluorescence, an occur-
rence common for sparks of 7°> 11.2 ms.
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taken into account. The processes and their maximal cal-
culated removal fluxes for the average spark at 7= 11.2 ms
are listed in Table 3. Of the six processes listed, ATP
binding and free Ca*" accumulation and diffusion con-
tribute together >90% of the flux, and their contribu-
tions, plotted separately in insets d and e of Fig. 6, have
approximately equal maxima.

In addition to stressing the importance of ATP in
shaping fast cytosolic Ca®' transients, a notion first
introduced by Baylor and Hollingworth (1998), this
observation implies that the assumptions regarding
specific properties of other ligands are unlikely to affect
the results in any significant way. In support of this in-
ference, alternative calculations with threefold changes
in either direction in the diffusion coefficients assumed
for EGTA and dye caused negligible changes in the re-
sulting flux. Naturally, changes in the assumptions for
ATP and Ca* had a greater effect. The main conclusions,
however, were upheld. For example, when the diffusion
coefficient Dyrp was reduced (increased) by a factor of 2,
peak release current decreased by 8% (increased by 12%).
When Dc, was reduced (increased) twofold, the peak
current was reduced by 4% (increased by 8%). Kinetic
milestones, however, including the time to peak flux,
and whether or not flux decreased before the peak fluo-
rescence, were not changed in any case.

Conversely, the concentration of free Mg%, which in
turn defines the availability of ATP, becomes an impor-
tant factor in shaping fast local Ca*" transients.

Release flux and control of channel open time
The determination of spark properties and calculation
of flux and current was done for spark averages differ-
ing by rise time 7. Similar averages as illustrated in
Fig. 5 were obtained by binning in-focus sparks according
to T, between 5.6 and 28 ms (in increments of 5.6 ms).
The five different values of T will be represented by
;» with j varying from 1 to 5. The properties of averages
of sparks of different T are illustrated in Fig. 8. Fig. 8 A
plots the amplitudes at different times (with ¢ = 0 de-
fined as the time of first detection). A notable aspect is
that the early stages of all these averages are fairly simi-
lar, with a stage of fast increase, of approximately equal
rate for all averages, regardless of the time at which
sparks reach peak amplitude. This common rate of rise
indicates that the underlying flux of Ca** release is simi-
lar for the five groups (more implications of this obser-
vation are discussed below).

The spatial width of these averages is plotted in Fig. 8 B.
As discussed above, spatial width, or FWHM, was well
defined in the average spark data, independently of the
direction in the x-y plane, and there was no significant
difference between the average values of FWHM in two
orthogonal directions (x and y dimension). This sym-
metry is inconsistent with the possibility that a spark is
originated by an extensive source of size greater than
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the limit of resolution of the microscope. It is not incon-
sistent with an asymmetric source, constituted by multi-
ple channels, provided that its size remains below the
limit of spatial resolution.

Another intriguing property of these events is re-
vealed by the study of widths. As the plots in Fig. 8 B
show, there is no obvious difference in the evolution of
width among sparks of different rise time, and the plots
show no visible inflection at the times of the peaks. If there
is no difference in width among the groups, it follows
that release termination has no consequences for spark
width. Models of spark production predict some in-
crease in width associated with release termination,
superimposed on the increase mandated by simple

Figure 8. Properties of sparks of different rise times. (A) Ampli-
tudes (i.e., maxima of F/F) at successive values of ¢ (time from
first detection) for averages of sparks of different 7" (coded as in-
dicated in B). Note that the early course of fluorescence is similar
for all averages (i.e., independent of 7). (B) FWHM measured at
different times on the same averages. The values are similar and
evolve similarly with ¢ for all averages. (C) Dependence of spark
parameters with 7. Peak fluorescence (green trace) grows with
T. Peak flux (red) does not have a clear dependence on 7. Flux
at time of peak fluorescence (circles) decays monotonically as
T increases.
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diffusion (a phenomenon named “post-peak expan-
sion” in Zhou et al., 2003). It can also be seen that the
increase in width is essentially a linear function of time,
in every case. Simple diffusion instead predicts an in-
crease proportional to the square root of time. A possi-
ble reason for these discrepancies is that the theory in
Zhou et al. (2003) assumes complete termination of
Ca® release at the peak and a constant current during the
postulated release time. As discussed below, neither con-
dition is likely to be satisfied by the events observed here.

Peak fluorescence and flux in these averages of sparks
of different rise time are summarized in Fig. 8 C. Note
first that spark amplitude (i.e., normalized increase
in fluorescence at the time of the peak, in green trace)
increases with 7. This property was already presented
in Fig. 8 A. In its regard, we noted that the early, rapid
rise in fluorescence was similar for all groups of sparks,
regardless of their 7, implying that release flux was simi-
lar, and maximal, for all averages at this early time. Peak
flux, plotted in red, is indeed similar for all groups, and
so is peak current (not depicted).

In Fig. 7 B (illustrating the group of sparks with a
common T = 11.2 ms), it can be seen that the flux
peaked at 5.6 ms, before the time of peak fluorescence.
The peak of flux was reached at 5.6 ms in all other cases,
implying that flux decayed during the rising phase of
the spark. This is demonstrated in Fig. 8 C, where circles
plot flux at the time of peak F for all five average sparks.
That flux at the time of peak F'is lowest for the sparks of
longest rise time suggests that flux decreases monotoni-
cally during the rising phase.

These observations regarding the evolution of [Ca%]cym
and flux have important mechanistic implications.
The main observations are as follows: (a) F(¢), hence
[Cag*]cyw(t), dFy/dt, and Flux(#) are approximately the
same for all groups, up until their respective peak
times (7). (b) After an early maximum, which occurs at
5.6-11.2 ms, flux decays substantially during the ris-
ing phase of the sparks. Observation a suggests that
[Ca*Tgr(?) is also very similar for these groups, up until
their respective peaks.

These data, plus observations in previous studies, pro-
vide constraints for interpreting the underlying chan-
nel behavior. Ca®* release current is equal to NxPoxi,
where NxPo represents the number of open channels in
the couplon, and i represents the unitary channel cur-
rent. Flux and current are proportional; therefore, a
decreasing flux or current during the times 7; requires
the decay of ¢, NxPo, or both.

Previous works provide abundant evidence that ¢ de-
cays (because local depletion, inferred from simulations
and demonstrated by blinks, implies a decrease in the
Ca” gradient). NxPo is also expected to decay, as SR de-
pletion has a well-established closing effect on channels
(Sobie and Lederer, 2012). A satisfactory quantitative
description of sparks and blinks in terms of the above

87

factors, however, does not exist (the article by Sobie and
Lederer, 2012, discusses the difficulties that any attempt
at such description will find). The present observations,
showing that sparks of very different rise times have
essentially indistinguishable early stages, set additional
constraints and challenges. At least in an approximate
and average sense, it can be affirmed that both the num-
ber of open channels and the unitary current are evolv-
ing similarly (at times before 7;) in the sparks studied
here. If that is the case, a justification for the different
rise times is not evident. If rise times are associated with
the time when most channels are open (as assumed in
models of Shen et al., 2004, and Wang et al., 2004), the
observation would imply that the open times are not
controlled by [Ca®*]sg as is widely believed, or that the
control is exerted, but different groups of channels have
different sensitivity to it. The latter interpretation is sup-
ported by indications that the [Ca®]sr level at which
sparks terminate is variable among couplons, but is
highly constant for a given individual release site (Zima
etal., 2008a).

Other simulations suggest that the duration of the
rising phase of sparks is determined by the interplay of
depletion and the varying number of open channels
(e.g., Sobie etal., 2002). Certainly, different rates of deple-
tion, associated perhaps with different volumes of SR
cisternae or different refilling rates (Picht et al., 2011),
could result in fluorescence peaks at different times.
The difficulty with such scheme is that it would predict
a gradual divergence of F'between the groups with dif-
ferent rates of depletion, rather than the sharp depar-
ture at 7; observed here.

In conclusion, the present observations add to the
current picture of control the possibility of other, less
deterministic mechanisms. One is closure of groups of
channels triggered by depletion at very different [Ca**]sz
levels. A second possibility is that control by [Ca* g is
weakened and consequently sparks terminate for rea-
sons other than local SR depletion (a conclusion consis-
tent with the observation of long-lasting sparks of varied
durations but constant [Ca*]s; Zima et al., 2008a). The
latter could be a peculiarity of atrial cells, consistent
with other indications that the feedback mechanisms
that control Ca* release are weakened in these cells.

In-focus sparks have greater correlations between
morphometric variables

As demonstrated by 2-D histograms in Fig. 3, the mor-
phometric parameters ¢, FWHM, and 7T were positively
but poorly correlated for sparks detected in 3-D (left-
side panels). When the analysis was restricted to sparks
in focus, the correlations increased in every case.

A positive correlation between rise time and ampli-
tude is in contrast with previous observations. Indeed,
in cardiac myocytes, Wang et al. (2004) noted a quantized
distribution of rates of rise of fluorescence, which they
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attributed to discrete numbers of participating channels
(ng) and a reduction of rise time for sparks of high n,,
which was interpreted as evidence that large currents
reduced spark duration by closing channels. In cardiac
myocytes, the correlation between amplitude, rise time,
and width was weak (albeit positive; Shen et al., 2004).
In skeletal muscle of amphibians, an absence of corre-
lation between these variables was noted (Klein et al.,
1999; Lacampagne et al., 2000). Rios et al. (1999, 2008)
found a small and not significant negative correlation,
which upon a more refined analysis yielded significant
correlation in two distinct regions: a region of low T'where
the correlation was positive, followed by one of signifi-
cant negative correlation at longer 7. Both an absence
of correlation and a negative one require some sort of
negative feedback that turns off channels when local cy-
tosolic [Ca*] increases (or [Ca®'] in SR lumen decreases).
In the present case, however, a positive correlation was
found. That it became more significant when the analysis
was restricted to sparks in focus increases confidence in
the finding. The positive correlation suggests that the
negative feedback mechanisms on channel openness,
implied by the aforementioned work, may be less impor-
tant in atrial cells or under the conditions of the pres-
ent experiments. The large flux and release current
calculated for the observed sparks is also an indication
of increased propensity of channels to open, as is the
high frequency of these events.

The positive correlation observed between rise time
and width is as predicted in spark models (for example,
Jiang etal., 1999; Zhou et al., 2003). Finally, the positive
correlation between amplitude and width (which follows
mathematically when the other two correlations are
positive) can be understood as the consequence of both
variables increasing with increasing rise time (depen-
dencies that were both found, as documented in Fig. 8).
These simple positive correlations are predicted by
models in which width and amplitude are determined
largely by the duration of the underlying Ca® release
current (which is positively correlated with rise time),
rather than those in which longer durations of release
are associated with smaller clusters of channels or lower
unitary current. The latter associations are consequences
of negative feedback mechanisms affecting channel open-
ness. Therefore, these correlations are again indications
of weakened negative feedback in the present case.

These cells were subjected to membrane permeabi-
lization, which may have resulted in the increased
spark size and frequency, in a way similar to the in-
crease of spark size and frequency observed in cut ver-
sus intact skeletal muscle fibers (Baylor et al., 2002;
Chandler et al., 2003) and in chemically permeabilized
versus intact atrial myocytes (Sheehan et al., 2006), or
the appearance of spark-like events in mammalian skel-
etal muscle cells when they are peeled or saponized
(Kirsch et al., 2001).
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On the other hand, this weakened negative feedback
could be a feature of atrial myocytes, critical for Ca*
release during excitation—contraction coupling (ecc).
The lack of t-tubules in atrial myocytes requires a dis-
tinctly different mechanism of Ca* release during ecc.
Although in ventricular myoctes all RyR clusters are
found in close physical association with a dihydropyr-
idine receptor (DHPR) Ca® channel in the surface
membrane because of the extensive t-tubular system, in
atrial myocytes only the RyRs of the junctional SR in the
cell periphery are organized in a similar arrangement.
Consequently, action potential-induced opening of
DHPRs provides the required trigger Ca®* for CICR si-
multaneously and homogeneously throughout an en-
tire ventricular myocyte, but not in atrial cells. In atrial
myocytes, DHPR opening triggers release initially only
in the cell periphery, which leads to an elevation of sub-
sarcolemmal cytosolic [Ca®'] that initiates regenerative
and propagating CICR from nj-SR. This centripetal
propagation of CICR from nj-SR is reminiscent of car-
diac Ca*" wave propagation (Berlin, 1995; Hiiser et al.,
1996; Kockskamper et al., 2001; Mackenzie et al., 2001;
Woo et al., 2002; Sheehan and Blatter, 2003). Ultra-
structural studies (Kockskdmper et al., 2001) showed
that nj-SR membranes do not form the narrow diadic
clefts that would allow [Ca®'] to rise rapidly on the cyto-
solic face of the RyR. Thus, to achieve reliable and ro-
bust Ca®* release throughout the entire atrial myocyte,
other mechanisms need to be postulated. As demon-
strated in the present study, the relative large Ca® flux
underlying atrial sparks, the calculated large numbers
of channels involved, the enhanced propensity of RyR
channels to open, the extended spatial spread (see also
Blatter et al., 1997), and a diminished influence of nega-
tive feedback mechanisms in this preparation compared
with ventricular myocytes all contribute to a situation
where lower [Ca®'] levels are required to trigger CICR
and propagation of activation during ecc.

Conclusions

We have demonstrated a method to image sparks that
are in focus, based on scanning fluorescence in three
spatial dimensions. The sparks found to be in focus had
substantially greater amplitudes than the population
of all detected sparks and, at variance with these,
distributed with a broad mode (at ~0.7 F). Properties
of sparks in focus were determined both with accuracy,
because the out-of-focus error was removed, and preci-
sion, given the large number of events recorded. Among
the main morphometric parameters, amplitude was
substantially different in the sparks in focus, whereas
average width and rise time were not. The Ca® release
flux and current underlying sparks in focus were large,
requiring sources of 20-30 channels. The flux peaked
early and then decayed during the rising phase of the
spark, which is consistent with existing evidence of
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Figure A1. The three-point criterion for sparks in focus. (A) The spa-
tial (z) profile of fluorescence of a spark, represented as a Gaussian
function,

=—F¢
o2
of o= 1.4 pm, centered at { = 0 (black), 0.825 (red), or 1.65 (green).
Segments a;—as, bi—bs, and ¢;—c; join the intersections of these curves
with the lines at z (=1 pm) and z (+1 pm). The difference between
the ordinates at these intersections increases as the central abscissa
moves away from z=0. (B) 8, absolute value of the difference between
fluorescence at z = z and z = z, normalized by the value at z= 2 (ac-
cording to Eq. Al), and plotted versus £, the central position (zvalue)
of the Gaussian spark. Note that sparks of o = 1.4 pm will have § < 0.2
(or 20%) when their central zvalue satisfies the inequalities, —0.37 </
<0.37, in other words, when the origin of release is within a spatial slice
of height 2 x 0.37 (or 2D). (C) Generalization of the calculation in B
to include o as a variable. , calculated by Eq. Al, is plotted versus { and
FWHM = (2 x In2)""?. This function works as a threshold criterion
(hence it is labeled C3) as follows: given a set thickness 2D of the slice
of space deemed to be in focus, an experimentally recorded spark
will be in focus if its calculated 6 is <C3 at the set value of D and the
FWHM measured for the individual spark. In the graph, the line
plots are intersections of the C3 (D, FWHM) surface by planes of
constant C3 (black), D (red), or FWHM (green).

&9

significant local depletion of the SR, but could also be
helped by progressive closure of channels in the cluster.
The magnitude and evolution of flux were similar in
sparks of different rise time. This feature indicates that
the termination of Ca®' release was not robustly con-
trolled by variables associated with flux, including free
cytosolic and free SR calcium concentrations, either be-
cause different channels responded to these variables in
different ways, were controlled by variables other than
[Ca*]ey0 and [Ca* gy, or closed at random. The large
sparks, large fluxes, and calculated large numbers of
channels involved define a state of enhanced proclivity
of channels to open, reflecting a diminished influence
of negative feedback mechanisms in this preparation.
The lack of association between flux and spark rise time
can also be taken as an indication of a general deficit in
negative controls, underlying the abundance of local
events in these atrial cells. Because atrial myocytes lack
a t-tubular system and have to rely on robust cell-wide
propagating CICR for the activation of the contractile
machinery, this deficit in negative control constitutes
an advantage for ecc in these cells. Other properties of
local events in focus, including spatial associations, event
propagation, and location-specific aspects of Ca* release,
can be studied advantageously with 4-D scanning.

APPENDIX

A robust procedure for identifying in-focus sparks

The purpose of this appendix is to describe and illustrate
a procedure to decide, based on comparison of images at
three values of the z coordinate, whether a spark is in
focus. The procedure and associated criterion are called
“three-point” because they use asymmetrically the mea-
sures of amplitude at the different z positions. In contrast,
the simple criterion, whereby a spark is deemed in focus if
its amplitude at z is greater than at the other two z posi-
tions, uses the measures at z and z symmetrically, thus not
taking advantage of all the information available.

The procedure is illustrated in Fig. Al. A spark is repre-
sented by a Gaussian function of the vertical coordinate z.
The function has a standard error (o) of 1.4 pm, which
makes it representative of sparks in the present database.
We will refer to this function as /(z,1.4). Gaussian sparks
with identical o are depicted centered at two other posi-
tions on the z axis, separated by 0.825 pm—an arbitrary
distance of convenience. Three vertical lines are traced at
positions z (—1pm), 2 (0 pm), and z (+1 pm), represent-
ing the three planes of xyzscanning. The segments a;-as,
bi-bs, and c;-¢c3 are the intersections of the functions with
the planes z and z. Their vertical spans are therefore the
differences between the spark intensity measured at the
two extreme values of z It can be seen that this difference,
as a fraction of the central (% = 0 pm) value, increases
steeply as the spark moves away from the central plane.
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The absolute value of the difference, as a fraction of
the value at z, can be calculated as:

g MEE—LL =ML 4L 14) (AD)

h(=C,1.4)

where { is the separation between the focal plane and
the center of the displaced spark. & is represented as a
function of { in Fig. A1 B. For absolute values of { <0.37 pm,
0 is <0.2. In other words, when the difference between
amplitudes at the two extreme z planes is <20% of the
central amplitude, events of o = 1.4 pm should be re-
stricted to a slice 0.74-pm thick, centered by the focal
plane at z=0 pm.

Inspection of Eq. Al and Fig. Al shows that é decays
monotonically as { decreases, a property that was used
to advantage to generate a scalable criterion for identi-
fying in-focus sparks. Let 8, calculated by Eq. Al for a
set of values of £, be less than that calculated for a refer-
ence value of £, say, D. Because of the monotonic rela-
tionship, it follows that all { that satisfy the inequality
0 (£) <& (D) will be less than D. An equivalent state-
ment is that the origins of sparks at such values of {
will be contained within the slice of half thickness D.
We represent 8§ (D), the “criterion” threshold, by the
symbol C3. The criterion can be made applicable to
sparks of other spatial widths simply by introducing the
corresponding value of o in place of 1.4 in Eq. Al. C3is
therefore a function of D and o (or the proportional
quantity (2 x In2)"?c = FWHM). C3is represented as a
function of D and FWHM in Fig. Al C. (Note that C3
grows monotonically with D, as shown by the projection
in green, but has a modal dependence on FWHM, shown
by the projection in red.) Indeed, for very narrow

Figure A2. Convergence of the three-point criterion for iden-
tification of in-focus sparks. Histograms of amplitudes of sparks
selected as in focus by the three-point criterion, at progressively
lower values of D (half-depth of in-focus slice). Values of D are
indicated on the graph. Note that the features of the histograms
vary little at D < 0.1 pm. In this work, a spark was considered to be
in focus if its 8, calculated by Eq. Al, fell below the C3value at the
measured FWHM on the intercept of the C3 surface (Fig. Al C)
and the plane at D= 0.1 pm.
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sparks, the 6 value calculated by Eq. Al is small be-
cause both terms in the numerator are small. For large
values of FWHM, both terms become large but similar,
so & becomes small again.

This criterion proved to be superior for several rea-
sons, which justify their use in the present work. One
important advantage is that it satisfied expectations of
convergence. Specifically, when this criterion was ap-
plied to the same universe of sparks at progressively nar-
rower depths of the in-focus slice (set by the variable D),
it produced groups of sparks tending to a limiting set of
properties. This is illustrated in Fig. A2 with histograms
of amplitudes of the groups of sparks selected by the
three-point criterion at progressively lower values of D.
As D decreases, the histograms converge to a distribu-
tion with greater density at high values of the ampli-
tude. This analysis cannot be taken to a true limit as the
spark numbers decrease with D, but the convergence
seemed satisfactory as far as it could be explored. More-
over, the loss of density at low values of amplitude and
gain at high values was as expected if the selection pro-
gressively eliminated out-of-focus sparks. Specifically,
the histogram obtained with the criterion applied ata D
of 0.1 pm (green trace in Fig. A2) appears to have limit
features, while still including a large number of sparks.
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1.4 JIsoaponi Ca** 306pakeHHst cTUMYJIy Ta BiIOBiAi B cepueBoMy MiouuTi

OnTUYHI CEHCOPU BUMIPIOIOTh 3MIHM KOHIIEHTpAIlli XIMIYHUX PEUYOBHH, alie iXHI CUTHAIU
MOXYTh OyTH 0OMEXKEHI UyTIUBICTIO MPU HU3BKUX KOHIEHTPAIlISIX 1 HACHUEHHSIM CEHCopa
MpY BHCOKHUX KOHIIEHTpaIisfx, abo HaBmaku. JlocmipKeHHS KIITHHHOI (P1310J10T1i 4acTo
BUMAaraloTh BUMIPIOBaHb Yy Jlana3oHax, 10 BUXOJATHh 3a MEXI MOXJIMBOCTEH OJHOTO
(dbayopeciieHTHOTO OapBHUKa — MOHITOpa. Lle Oysi0 OueBHAHO MpPHU AOCTIKEHHI peakiii
KJIITHH CEPUEBHUX 1 CKEJIETHUX M'A3iB Ha IITy4YHE, JIOKaIbHE MmijBumieHHs pisasa [Ca?’] - Tak

24+n

3BaHl "mTy4Hi cnanaxu Ca™". Taki 3MIHU MOXYTbh IIUPOKO BapilOBaTUCS, TaK CaMO fK 1

OuiKyBaHi KJIITHHHI BiINOBii, IO BKIHOYanu BuBiIbHeHHS Ca’’ 3 capKOILIa3MaTUYHOTO
nerno. JI1s TOYHOro MOHITOpMHTY KoHIeHTpamii Ca’’ B MeXax JEKiIbKOX BEJIUYMH OyIIo
BUKOPHUCTAHO TMIJAXiJ] 3 BUKOPUCTAHHSIM JIBOX (PIIyopeclieHTHUX OapBHHKIB 3 PI3HOIO
CIOPIAHEHICTIO, ajie¢ 31 CHUIbHUM (QuyopodopomM, IO JO3BOJUIO 30€epertd 1HIII

CIEKTpaJIbH1 00JIACTI JIJIsl JOAATKOBUX BUMIPIOBaHb a00 3aCTOCYBaHb.

Pucynok 1.8. BuBiibHeHHs KaJbLil0 B KapaiomiouuTi nepeacepas. 3o0paxkenns [Ca?'], orpumani 3a
nonomoroto piBHsHHA 4 (Figueroa, 2013 #110), 3 ¢uyopecuenuii Fluo-4 i Fluo-4FF. IIpencrasneni
300pakeHHs, 3 IKUX MOKAa3aHO KOXKEH I'ATHH Kajap, Oynu oTpumani 3 iHTepBaniom B 1.8 mc. Ha nepmomy
3HIMKY TIOKa3aHa ()IyOpECIeHIIisl B CTaHl CIIOKO0, a TAKOX TUISHKA, 1€ MK 5-UM 1 6-uM Kajapamu OyIio
3aCTOCOBaHO iH(ppauepBoHe CBiTIIO 1ist BuBinbHEHHsS Ca’’ 3 NP-EGTA Ta CTBOPEHHS ITYYHOTO CHAjaxy.
Ca?", BUBLIbHEHHI TMi/1 Yac criajiaxy, A0csara€ MeMOpaHy i BUKJIMKAE PO3MOBCIOKEHY BiAnoBias. "Tpurep

[Ca%"]" BuMiprOo€TbCS Ha KIITUHHINA MeMOpaHi Ha Kajpi, no3HayeHoMy sk "90 mc". Ha Bubpanux Kaapax
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KOHTYp KJITHHH, POCTEKEHUH Ha MepIIoMy Kajpi, BiATBOpeHuil 6imuM kosnbopoM. He3naune 3miteHHs
koHTypy Ta Ca?’-TpaH3ieHTa Ha OCTaHHIX 300paKEHHSX BiJOOpaXKae CKOPOUESHHS KIITHHH.

Sk mokazano Ha puc. 1.8, uuTo3onbHuii Bmict [Ca?'] y kapaiomionuTi nepencepas
Kposist Oysio BU3HAueHO 3a jaonomoror ¢ayopecuenuii Fluo-4 ta Fluo-4FF. Knituny,
a3Manemy sikoi 0yJio nepMeadisii3oBaHO CAIOHIHOM, MTOMICTHIIM Yy BHYTPIIIHINA PO3UHH 3
BiIOMMMM KOHIIEHTpaLisMH 060X GAPBHMKIB i CTUMYIIIOBAIU HeBeIMKUM mrTydauMm Cat-
cnanaxoM. Cranax reHepyBalu 3a paxyHOK AB0(OTOHHOTO posmemienns Ca?t, 38'a3aH0ro
3 NP-EGTA, y konnentpaiiii 0.4 MmM. dotoniTuune 30y 1KeHHS Ta OTPUMAaHHS 300paxeHb
3MIACHIOBAIM 3a JOMOMOTIoi0 JBOoKOH(pokaipHOTO ckaHepa (LSM 5 DUO; Carl Zeiss,
O6epkoueH, HimeuuunHa).

KniTuHHA BimmoBimp, fka monArae B BuBLIbHEeHHI Ca’™ 3 CapKOIIa3MaTUYHOTO
PETUKYIIyMy, MPU3BOAUTL 10 nommupeHHs xpuii Ca?*. BUkopuCTaHHS OBOX OapBHUKIB
HaJa€e PO3MIMPEHUH [1ama3oH, IO J03BOJISIE TOYHO, IIBHAKO Ta Maibke JIHIHHO
BIICTEXKYBaTH 1[I0 XBWJIIO, @ TaKOXX TOYHO BI3yali3yBaTH IITYYHUW crnanax. 30Kpema,
"rpurep [Ca**]" Bumiproerbes y Toumi, ae Ca®* 31 WTy4HOro CHamaxy gocsArae KIiTUHHOI
MeMOpaHH, B MOMEHT, [0 Mepeye NepIIoMy HATSIKY Ha BIAMOBIIL (HA KaJapi 3 IHTEpBAIOM
90 mc). Lleit Tpurepuuii pisens [Ca?*), sxkuii B taHOMY IIpHKIaai ctanoBUTH 240 HM, € umie
Ha 50 HM BummMm 3a piBeHp [Ca’*] B cTami crmokoro. CHCTEMAaTHYHO 3MiHIOIOYH
IHTEHCUBHICTh Ta TPUBAIICTh 1H()PauepBOHOIO CBITIIA, MOKHA 3MIHUTH TPUTEPHUN PIBEHb
[Ca®*], mo6 Bu3HAUMTH MiHIMaNEHMH piBeHb a60 "moporose 3HaueHHsa [Ca’*]" 3 TounicTiO
no 10 EM.

[loeqnanHs JOBOX CHUHTETHYHUX  (PIIyOpECUEHTHHX 30HIIB 3  OJHAKOBUM
gayopodopom i pizHOor adinHicTI0O 10 Ca’* 103BONMIO HaM PO3MIMPUTH Jiana3oH
KOHIICHTpAIlii, SKIi MOXHAa BIJACTEXKYBaTH 3 BHCOKOI TOYHICTIO. XodYa Jiana3oH
KOHIICHTpAI[ii MOKHA aHAJOTIYHO PO3IIMPUTH, BUKOPUCTOBYIOUM OapBHHUKU PI3HUX
CIEKTPiB, BUKOPUCTAHHS JIBOX 30HJIB 3 OJHUM 1 TUM ke (ayopodopom 30epirae iHIIi

00J1acTi CEKTPY AJIA OJJHOYACHOTO MOHITOPUHTY 1HIIHMX MMapaMeTpiB.
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Using Two Dyes with the Same Fluorophore to Monitor
Cellular Calcium Concentration in an Extended Range
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Abstract

We extend the sensitivity of quantitative concentration imaging to an approximately 1000-fold range of concentrations by a
method that uses two fluorescent dyes with the same fluorophore, having different affinity for the monitored species. While
the formulation and illustration refer to a monitor of calcium concentration, the method is applicable to any species that
binds to multiple indicators with the same spectral properties. The use of a common fluorophore has the virtue of leaving
vast regions of the electromagnetic spectrum available for other applications. We provide the exact analytic expression
relating measured fluorescence to [Ca®'] at equilibrium and an approximate analytic expression that does not require the
equilibrium assumption. The sensitivity of the method is calculated numerically for two useful dye pairs. As illustrative
application of the enhanced measurement, we use fluo-4 and fluo-4FF to image the calcium wave produced by a cardiac
myocyte in response to a small artificial calcium spark.
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Introduction

Optical sensors of concentration of a chemical species typically
yield a signal (a change in fluorescence, absorbance or another
measurable property) that grows with the concentration of the
indicator bound to the monitored species. Therefore, the signals
are limited at low concentrations by the sensitivity and at high
concentration by the saturation of the sensor.

Research in cell physiology often calls for dynamic measure-
ment in ranges wider than can be handled by a single monitor.
Specifically, we found such need while exploring the response of
cardiac and skeletal muscle cells to imposed increases in free
[Ca®]. The procedure was to apply as stimuli synthetic local
increases in [Ca”"] (here called “artificial Ca®* sparks”) [1], while
monitoring the cellular response, expected to consist in release of
Ca”" from cellular stores. The applied artificial sparks could be
varied in a wide range, from nM to tens of uM, while the cellular
responses, the subject of the investigation, were also expected to
vary widely. Many other situations can be envisioned that require
the ability to monitor precisely the concentration of Ca*" or other
species over several orders of magnitude.

To achieve precision within an extended Ca®* concentration
range we implemented an approach using two fluorescent dyes
with different affinities and a common fluorophore. The advan-
tage of this approach is that it leaves other spectral regions free for
additional fluorescence measurements, or other photoconversion
applications. In the following we derive the equations necessary to
interpret fluorescence images obtained with pairs of dyes and then
provide an example use of the technique.

PLOS ONE | www.plosone.org

Results and Discussion

Theory

While the method was derived for and will be illustrated with
Cla?* sensors, the equations and procedures are independent of the
nature of the monitored species. In our laboratory we have used
Ca™-sensitive dyes with the fluorescein fluorophore: fluo-4, with
Rp=0.45 uM (determined in our lab), fluo-4FF, with Ap =9.7 uM
and fluo-5N, with K =90 pM (provided by manufacturers).

For the derivation we assume that the aqueous solution
(typically equilibrated with the cytosol) contains a Ca** sensor D
of dissociation constant Ap at total concentration Dy, and a sensor
E of dissociation constant Ay, at concentration Fr. At steady free
concentration [Ca?"] the following equations apply:

[Ca?*](Dr—CaD) _

CaD Ko ()

[Ca®*|(Er — CaE) _

CaE Ke )

And the fluorescence F'is

F=(Dy—CaD)mp + (E7r — CaE)mg + CaD Mp+ CaE Mg (3)

where CaD and CaF are concentrations, and m; and M; represent
the molar fluorescence of dye j in its free and Ca**-bound forms.
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F is a single-valued, monotonically increasing function of
[Ca®]. An explicit representation of it can be derived from Egs.
1-3. This function can be inverted, to derive the free [Ca®"] from
F, as follows

[Cat]=
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(Er*Kp> Mg+ (2D 1 Er KpKg Mp —2E1? KpKg mg +(2D 1 Er Kp? —4D1 Ep KpKg)mp +2E7 F KpKg —2E7 F Kp?) Mg
+ DTZKEZ [‘4[)2 +((2DT Erp KE2 —4Dr Er KpKg)mg —2D7'2KDKEWZD —2Dr FKE2 +2Dr FKp Kg)Mp + ETZKEszz + (4)
(2D Er Kp Kg mp —2Er F Kg? +2Er F KpKg)mg + Dp? Kp?mp? +(2Dr F KpKg —2D7 F Kp?)mp + F2Kg? —2F2 Kp K + F2Kp?

—Er Kp Mg — Dy Kg Mp — Er Kgmg — D Kpmp + F Kg + F Kp)

2Er Mg+2D7r Mp —2F

(Analytical expressions for the concentrations CaD and CaF can
also be derived from equations 1-3 and are available to the reader
upon request).

Fig. 1A plots, in red, log;o [Ca%] vs. f, which is /' normalized to
its maximum (D Mp+Er Mpg), for fluo-4 and fluo-4FF used at
equal concentrations. For comparison the same function for fluo-
4FF alone is plotted in black. The dependence is in this case

Figure 1. Combining the working ranges of Ca**-sensitive dyes
with the fluorescein fluorophore. A, the function relating steady
free [Ca**] to normalized fluorescence, for a single dye (black, equation
5) or two dyes (red, equation 4). B, the sensitivity, defined by equation 6,
of the single dye (black), or pairs of dyes (red and green).
doi:10.1371/journal.pone.0055778.g001
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f—1
R—f

where R is the dynamic range, Mg/mg, of dye E.

The purpose of using two dyes is to extend the range of
concentrations that can be measured with high sensitivity. The
sensitivity of the dual dye method is compared with that of a single
dye in Fig. 1B. The plot in black represents the sensitivity of the
single dye, defined as

F*ETWlE
C2+ =K,
[Ca =Ke 3 —F

=Kg (5)

_ af
§= dllogy,[C™) (©)

namely, the slope of the corresponding function in Fig. 1A. The
sensitivity, defined logarithmically, peaks at a concentration equal
to the dissociation constant of the monitoring reaction. If the
change in [Ca%], rather than its log, is used in the definition, .S will
be maximal at [Ca®]=0 and decreasc monotonically with
increasing dye occupancy. In red is the sensitivity, defined again
by function (6), for the two-dye case of fluo-4 and fluo-4FF. Given
that the dissociation constants are 0.45 and 9.7 uM, the range of
high sensitivity is extended to greater than two orders of
magnitude. For an additional comparison we plotted in green
trace the sensitivity attained with equal concentrations of fluo-4
and the low affinity dye fluo-5N.

In the representation of Fig. 1B the sensitivity of the two-dye
methods is high in an extended range, but it is lower than the
maximum attained with the single dye. This is strictly a matter of
definition. If sensitivity is defined using the absolute fluorescence
change, the two dyes will simply add their contributions.

The derivation above assumed equilibrium between both dyes
and calcium. The assumption will not be valid when the goal is to
monitor rapid changes with high affinity dyes. The equation that
relates [Ca*'] to dye-Ca®" concentrations without assuming
equilibrium is

[Ca**)(Dr—CaD)
CaD+kyy~' d CaD/dt

(7)

and there is a corresponding equation for dye E.

We could not integrate analytically the partial differential
system constituted by these kinetic equations and equation 3. We
could however provide an approximate solution, with the
reasonable assumption that the low affinity dye, E, is in
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equilibrium. The approximation therefore provides a kinetic
correction for any lag in the reaction of dye D.

A first step is to recognize a relationship between the rates of
change of CaD and fluorescence F.

IF dCaD dCaE
R (Mp —mp)+ (Mg —mg)
dt dt dt (8)
dCaD dCaE
=~ Mot Me

where the simplification is valid for all non ratiometric dyes of high
dynamic range, including the fluorescein-based ones in the
example below.

An additional simplification should apply whenever the two
dyes have very different affinities, namely, when the technique is
used as intended. The rate of change of the concentration of the
low affinity dye should be negligible in the concentration range
detected by the high affinity dye, which is the only range where a
kinetic correction is warranted. In this range

dCaD _dF 1 o)
dt — dt~ Mp

which substituted in equation 7 yields

[Ca®*)(Dy— CaD) _

CaD+h Ko (10)

h represents the known term Mp kgt dF/de
The system of equations 2, 3 and 10 can be solved for [Ca®'],
CaD and CaE. The expression for [Ca®"] is
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irradiation and image acquisition were carried out with a dual
confocal scanner (LSM 5 DUQO; Carl Zeiss, Oberkochen,
Germany).

The resting fluorescence of the cell is represented in the first
frame (in a highly expanded color scale). The artificial spark was
produced outside the cell by brief irradiation at a diffraction-
limited spot 3 um away from the plasmalemma (target in first
frame) with IR light pulsed for two-photon excitation. Images were
acquired at one frame every 1.8 ms. The figure shows one every
five images of this set (therefore the interval between the frames
shown is 9 ms).

The cellular response, consisting in Ca®" release from the
sarcoplasmic reticulum, results in a propagating Ca®* wave. The
extended range of the two-dye technique allows for accurate, fast,
nearly linear monitoring of the wave and precise imaging of the
artificial spark. Note in particular the “trigger [Ca®]” measured at
the point where Ca®" in the artificial spark reaches the cell
membrane, at a time just before the first hint of a response (the
frame at 90 ms). This trigger [Ca®*], 240 nM in the example, was
just 50 nM above the resting [Ca®'] level. By systematically
varying the intensity and duration of IR light, trigger [Ca**] could
be varied to find a minimum trigger, or “threshold [Ca*"]”, which
could be defined with a precision of 10 nM. The ability to measure
[Ca™] in an extended range with a single fluorophore is being
used to advantage in current applications, in which we add
imaging of [Ca®]sr by SEER of fluorescence of mag-indo-1 [2], a
ratiometric method that uses excitation and emission lights of
lower wavelengths.

Some limitations in the applicability of the technique should be
acknowledged. The use of two dyes of different affinity extends the
measurable range of concentrations but cannot be construed as
providing an extended range where linearity between signal and

[Cat] =

[ (Er*mg?+(Q2Dr Er Mp —2E7F) mg +(Dr*Mp* —2Dr F Mp+ F?)Kg*
(QEr mp—2ErMpymg+(—4Er Mg —2D7 Mp—2F)mp +4Er Mp Mg +2D7 Mp?
+ | —2F Mp)h+QDpErmp—2Er> Mg —4DrErMp+2ErF)mg
+(—4D7 Er Mg —2D7* Mp+2D7 F)mp+(Q2DrErMp+2Er F)Mg +2D1 F Mp —2F?
+(mp*—2Mp mp+ Mp>)h* +2Dpmp? +QEr Mg —2D7 Mp —2 FYmp —2Er Mp Mg +2F Mp)h K2
|\ +Dr*mp*—2F*KpKg + F2Kp® +(2Dr Er Mg —2D1 F)mp+ Er> Mg* —2ErF Mg + F? >
L +(—Ermg—Dr Mp+F) Kg+((Mp—mp)h— Er Mg — D1 mp+F) Kp

KpKg

It should be noted that the validity of this equation only extends to
the range where equation 9 applies. Equation 11 does not apply
when the low affinity dye contributes significantly to the rate of
change of fluorescence. Conveniently, an increase in the
contribution of the low affinity dye to the signal will in general
also reduce the need for a kinetic correction.

Analytical expressions of the concentrations CaD and Cak with
kinetic corrections, are also available to the interested reader.

Experimental example

As an example Fig. 2 shows cytosolic [Ca®*] in a rabbit atrial
cardiomyocyte, derived from fluorescence of fluo-4 and fluo-4FF.
The cell, whose plasmalemma was permeabilized with saponin,
was immersed in an internal solution with known concentrations
of both dyes and was stimulated by a small artificial Ca** spark.
The spark was produced by two-photon lysis of the Ca®* cage NP-
EGTA, present at a concentration of 0.4 mM. Photolytic
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2Er Mg +2Dr Mp —2F

= (11

concentration applies. The linear range is limited to that of the low
affinity dye. If the two affinities are very different there may be an
additional approximately linear range, at concentrations where the
high affinity dye is saturated.

The calculation of [Ca®*] with equation 4 is exact, unless it
changes too rapidly compared with the dye reaction rates. The
equation requires knowledge of both dye concentrations, which is
accurate when cells are permeabilized, as in the example, but may
constitute a problem in other cases.

In summary, the combination of two synthetic fluorescent
sensors with the same fluorophore and different Ca®" affinity
allowed us to extend the range of concentrations that can be
monitored with high precision. While the range of concentrations
can be similarly extended using dyes of different spectra, the dual
application of a single fluorophore preserves other regions of the
spectrum for simultaneously monitoring other variables.

February 2013 | Volume 8 | Issue 2 | 55778
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Figure 2. Two-dye images of stimulus and response in a cardiac cell. Images are of [Ca®*] derived by equation 4 from fluorescence of fluo-4
and fluo-4FF. The cell, an atrial cardiomyocyte, was enzymatically dissociated and its plasma membrane permeabilized by saponin. Frames, of which
one of every 5 is shown, were acquired at 1.8 ms intervals. The first frame shows resting fluorescence and also the spot where IR light is applied,
between the 5™ and 6™ frames, to un-cage Ca* from NP-EGTA and produce the artificial spark. Ca®" in the spark reaches the membrane and elicits a

propagated response. “Trigger [Ca®*]"

is measured at the cell membrane in the frame marked “90 ms”. In selected frames, the cell contour traced on

the first frame is reproduced in white. A slight offset of contour and Ca®" transient in the last images reflects contractile movement.

doi:10.1371/journal.pone.0055778.9002

Methods

Ethics Statement

The experiment illustrated in Fig. 2 was carried out on single
cardiomyocytes isolated from rabbit heart. The investigation
conforms to the Guide for the Care and Use of Laboratory
Animals of the National Institutes of Health. Procedures and
protocols for animal handling and cell isolation were fully
approved by the Institutional Animal Care and Use Committee
of Rush University Medical Center (Animal Welfare Assurance
number A-3120-01; specific protocol permit number 09-055). All
efforts were made to minimize suffering.

Preparation of cells and photorelease of caged Ca*"
Briefly, animals were anesthetized with thiopental sodium
(50 mg kg—1, LP.). After thoracotomy, hearts were excised,
mounted on a Langendorft apparatus, and retrogradely perfused
via the aorta with Liberase Blendzyme TH containing solution
(37°C). Myocytes were used for experimentation within 1-6 hours
after isolation. Myocytes adhered to the coverslip bottom of a
custom chamber on the stage of a microscope, where its plasma
membrane was permeabilized by saponin treatment (0.002% for
2 min). Photolytic irradiation and simultaneous image acquisition
were carried out with a dual confocal scanner (LSM 5 DUO (Carl
Zeiss, Oberkochen, Germany)) combining a slit scanner (LSM 5
LIVE) for rapid image acquisition with a conventional pinhole
scanner (LSM 510) for irradiation. The spark was produced by
two-photon lysis of the Ca*" cage NP-EGTA, which was present in
the experimental solution at a concentration of 0.4 mM and
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equilibrated with a free [Ca®*] of 190 nM. A diffraction-limited
spot 3 um away from the plasmalemma was irradiated for 1 ms
with IR light of 710 nm pulsed for two-photon excitation. Images
were acquired at one frame every 1.8 ms. [Ca**] was derived from
fluorescence according to equation 4. Parameters Dy and Er were
known in the applied solution. Dy and Ey inside the cell were
calculated according to resting fluorescence, assuming that [Ca®'],
Mp, mp, Mg and mg in cytosol were the same as in the solution,
and that both dyes bound equally inside the cell. The molar
fluorescence parameters were determined separately in solution for
both dyes. Additional details of solution composition, perfusion,
irradiation and image acquisition and processing were provided
previously [3].
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1.5 InHoBamiiiHuWii miaXix [0 MPOCTOPOBO-CKJIAAHOI AUPPAKUIHHO OOMeKeHOI

¢poroakTuBauii Ta Goro3HedapBICHHSA B ) KUBUX KJIITHHAX

@DOTOAKTUBOBAH1 30HU MPEACTABISIOTH BEJIUKUM IHTEPEC K IHCTPYMEHTH JIJIs1 A€ TAIBHOTO
BUBYEHHS BHYTPIIIHHOKIITUHHUX CUTHAJIBHUX NUISIXIB HA MOJIEKYJISIpHOMY piBHI. CucTeMa
ocBiTiieHHs: Mosaic Big komnanii Andor Technology (Cayt-Binazop, mrar KoHHEKTUKYT,
CIIIA) Oa3yerbcd Ha BHCOKOUIBUJIKICHOMY MAacuBl 1HJIMBIAYaJbHO KEPOBAHMX
MIKpOJI3EPKaJ, SIKI MOXKYTh HAXWJIATHCS [JI1 HAMpaBlEHHsS Oe3MepepBHOTO JIa3€pHOTO
MPOMIHHSI Ha 3pa30K 3 TOYHICTIO HAOIMKEHOIO 10 qudpakiiiHux oOMexensb. L{g cucrema,
iHTerpoBaHa B KoH(pokanbHuil Mikpockomn Nikon A1R, 6yna 3acTocoBaHa AJisi BABUIbHEHHS
Ca** a6o IP3; Ta npoBedeHHS EKCHEPUMEHTIB 3 (OTO3HEOAPBIECHHS B IEKIIBKOX
r€OMETPHYHO BU3HAYCHUX CYOKITHHHMX OONAacTAX, oqHOo4YacHO BuMmiproroun [Ca®'] 3a

JIOTIOMOT 00 BUCOKOIIBUJIKICHOT KOH(POKAITbHOI MiKPOCKOITI.
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Pucynok 1.9. Businmbuenuss Ca?" B iHTakTHOomMy kapmiomiounti. (A,a) Fluo-4 duyopecuentni

300paX€HHs IHTAKTHOTO MIOIUTA IITyHOYKa, 3aBaHTaxxeHoro NP-EGTA. (A,b) CyOkITiTUHHI TpaH3iEHTH
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Ca?"; BuBinbHeHHs BimOysanocs y 2 ROI (405 um, 100 Mc), MO3HAYEHHX MYHKTHPHUMHM PaMKaMH Ha
300pakeHH] no.l i yacoBo mo3HayeHUx OymckaBkaMu. 3adapOoBaHi KpY>KEUKH MOKA3yIOTh TPAH31EHTH
Ca?*, iminifioBani crumyssiero mojem (0.7 I'm). Uucna B A,b BiamoigaroTs 300paxkennsm B A,a. (B)
Jlokanbni 3minu [Ca?*]sr (Fluo-5N) B o6macti ROI BusinbHenns NP-EGTA (4opHa) Ta KOHTPOJIbHiM
obuacTi (uepBoHa) B Tomy x MionuTi. (C) Yacosuii npodins dayopecuenuii Fluo-4 B inTakTHOMY MioLIUTI,
3aBaHTa)keHOMY pedoBHHOIO Cag-iso-2-145 (10 MmxM). Businsaenns 1P3 mokazano GimckaBkaro.
Businenenns Ca’* B iHTakTHOMy KapaiomionuTi, Skuii OyB IIOHEPEIHBO
3aBaHTaxeHuit Fluo-4, AM ta keitmkom NP-EGTA, 300pakeno Ha puc. 1.9. Ha A,a
300pakeHHs 1, IyHKTMPOM BKa3aHa 00;iacTh BubinbHeHHA Ca’’ B kiitumi. YactuHa Ab
nemouctpye 3minm [Ca®'], axi Gymu 3apeectpoBani 3 Tux camux ROI. MomeHTH
BuBiTbHeHHsT Ca’™ mim vac nazepHoro 30ymxeHHs (405 HM) BiIOOpake€HO y BHIJISAII
0JINCKABOK y P13HUX TOYKAX 4Yacy MiJ] Yac MUKIIYHUX TPAH31€HTIB Ca”" ming yac CTUMYJISILIIT
nonem 3 wactororo 0.7 T'm abo y crami cnokow. Ammiityga Ca’*-iHmykoBaHOro
BUBLIbHEHHS 3 CP 3MiHIOETBCS B 3a1€KHOCTI BiJl IHTEPBATY Mk €JIEKTPUYHO BUKIUKAHUM
TPaH31€HTOM 1 TAKUMH, 1110 1HiliHoBaH1 BuBiIbHEeHHSIM 3 NP-EGTA. Bapiaiii B amruitygax
CICR, Buxiukanux BuBimbHeHHAM Ca’* 3 KelimKy, MOXHA TOSCHHTH 3aleKHHM
BIJIHOBJICHHSIM y 4Yaci peypakTepHOCTI plaHOAMHOBOTO penentopa. Lli pe3ynbTaTu cBiqyaTh
po moxuBicTh inayknii CICR 3a 10moMoror TOYHO CpsAMOBaHOTO BHBinmbHeHHs Ca’* 3
NP-EGTA B 1HTaKTHUX MIOIIUTax, a TaKOX PO YACOBY 3JICKHICTh IBOTO IMITYJIbCY
IPOTATOM LUKy BuBinbHeHHs Ca’t.
3MiHM B KOHHeHTpauii kanmbuito y momeni CP ([Ca’*]sr) micis JIOKalbHOTO
BuBinbHeHHs Ca’ 3 Kkeliky B mmTOmIasmi Oyjiu JOCHKEHI y IHTAKTHHX MiomUTax
IUTYHOYKIB M1J1 YaC iIXHbOI €EKTPUUHOI CTUMYJISIII (quB. puc. 1.9B). ¥V Micii gokaabsHOro
AHKEHKIHTY B IIMTOILUIA3Mi (40pHA JiHisfg) crocTepiranocs inTeHcuBHe BUBiIbHEHHS Ca’t 3
CP, micas yoro motpiOHO OyJO JeKiIbKa HUKIIB, H[00 BMICT Ca’* B CP y IH JUISHII
MOBHICTIO BIIHOBMBCS. Y CYyCigHIA o0nacTi, fKa He MiAJaBajacsi BIUIMBY JIa3€pPHOIO
BUIIPOMIHIOBAHHS 3 JIOBKMHOK0 XBwii 405 mM, xomuux 3min y [Ca**]sr He 6yno
3adikcoBano. Lli maHi geMOHCTpyrOTh MOXJuBIcTh IHAYKUII CICR nuisixom wiJboBOro
uBitbHeHHsT Ca’t 3 NP-EGTA B CTPOTO BH3HAYEHUX UISHKAX 1HTAKTHUX MIOIMTIB

IUTYHOYKIB.
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405 nm, 2 s

m— 5 um

Pucynok 1.10. Excnepumentn i3 ¢oro3nedapBienaasm Fluo-SN B CP. (A)b) Jlunamika
¢doroznedapsienns Fluo-5N (mig giero 405 M, 2 ¢) Ta BiTHOBJIEHHS HOTO ()IIyOpECLEHIIT Y TBOX BY3bKHX,
neprneHaukyisipao opientoBanux ROI 3 CP (300pakeHi myHKTUpHUME pamkamu 'l' 1 2' Ha maHemi A,a).
(B,a) [IBoBumipHi 300paxkenHst ¢ayopecuenuii Fluo-5N i3 30HM (oTo3HEOAapBIEHHS Ta PO3TALTyBaHHS
THIAHOTO CKaHyBaHHS (ITO3HAYECHO JKOBTOIO JiHi€0). (B,b) 300pakeHHs THIHHOTO CKaHYBaHHSI, HA SKOMY
3adikcoBana Quyopecuenmist Fluo-5N. (B,c) Jlunamika ¢oTo3HeOapBIeHHS Ta BiIHOBJICHHS
¢nyopecuenii Fluo-5N Ha okpemux ainsgakax CP y 30Hi ¢poTo3HeOapBieHHs (UepBOHUI/YOPHUHA KOIEOPU
Ha maHemnsx b/c) Ta Ha 3pocTtarodyiil BiAcTaHi BiJ 30HH (oTO3HEOAPBICHHS (Pi3HI KOJBOPU MO3HAYAIOTh

OKpeMi JTTSTHKH).

Ha puc. 1.9C npencraBieHO €KCINEPUMEHT 13 IHTAKTHUM MIOLIMTOM TMepeacepis,
3aBaHTaXeHUM KeijpkoM [P3. 3B's3anuii [P3 OyB (OTOMTHYHO BUBUIBHEHHH 3 BY3bKOI
sl ROI mo6nu3zy capkonemu, A€ B MIOLUUTAX MepeacepAs CIOCTEPIraeThCs BUCOKA
KoHIeHTparisa peuenTtopiB [Pz (Mackenzie et al., 2002). BuBinbaenns 1P3 moxxe 301IbIIMTH
AMILIITYly €JIEeKTPMYHO iHinmilioBanux Tpansiecnris Ca’* ta Buxmmkatu Ca?*-anbrepHanii
(muB. puc. 1.9C). Ili cmocTepekeHHsT KOPENIOITh 3 JaHUMHU Tpo Te, mo [P3-3anexHe
suBinbHenHs Ca®* cencubinizye RyRs no CICR, mo cripuse BuBinbHenHo Ca®* 3 CP uepes
RyRs, 1 mpu3BoaAUTHh 10 MO3UTUBHUX IHOTPOMHUX Ta apuTMOreHHUx edekTiB (Zima and
Blatter, 2004).

Cuctema Mosaic Oyna 3actocoBaHa s ¢oTto3HeOapBieHHs AuisiHok CP,
3aBaHTaxxeHuX Fluo-5N. Pucynok 1.10A,a neMoHCTpy€e TUmoBe 300paxeHHs cTpyktyp CP
Ta siIepHOi OOOJOHKM, HaBaHTaXeHMX OapBHUKOM. J[Ba Mamux cermenta CP, 1o
BKJIIOYAIOTh KUIbKa MEPHEHAUKYISIpHO opieHToBaHux 3'egHanb CP (ROI 1 1 2), Oynu
3HeOapBIiieH1 NpOoTAroM 2 cekyH. Pucynok 1.10A,b utrocTpye, 1110 KiIHETUKA BIAHOBJICHHS

(bayopecueHIlli pi3HUIACA B 3aJIEKHOCTI B Opi€HTAIlli, 10 CBIAYUTH MPO aHI30TPOMHI
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BiacTuBOCTI nudy3ii Bcepenuni CP abo npo xapakrepuctuku 3'enHanb y CP (Picht et al.,
2011, Zima et al., 2008).

Ha puc. 1.10B no1atkoB0 po3risigaeTbesi MUTaHHS 3B'13HOCTI BcepeauHi Mepexi CP.
[TonepekoBi 3'ennans CP OyB 3HeOapBiieHMI OpOTAroM 2 c (4epBOHA paMKa Ha pUC.
1.10B,a), 1 Oynu 3apeectpoBaHi curHaiu QuyopecueHiii Big okpeMux 3'enHanb CP y
CapKOMEpHHUX BIJICTAHSIX B3JI0BXK MyHKTUPHOI JiHIi (quB. puc. 1.10B,a). Pucynok 1.10B,b
MpEJCTaBIIA€ 300paKeHHS JiHIMHOrO ckKaHyBaHHs ¢ayopecueniii. Ha puc. 1.10B,c
HaBeleHl mnpodurl  ¢uayopecueHiii  pizHux AuisHok CP:  y  wicui  3HeOapBiIeHHS
(uepBOHUM/9OpHUI) Ta Ha BiAcTaHi Biag HHOro. IlocTymoBe 3MEHINEHHS 1HTEHCHBHOCTI
(ayopeclieHIlli Ha BiAJaleHUX JAUISTHKaX BKa3ye Ha BUCOKY 3B's3HICTH nepetuHiB CP, mo
crpusie qudy3ii 6apBHUKA 10 3HEOapBIECHUX AUISHOK. L1 mpukiagy miITBEpIKyIOTh, 1110
FRAP-exciepuMeHTH 3 BHUKOpPUCTAHHSIM cucTeMu Mosaic € e(EeKTUBHUMHU st
JOCTIKEHHST CTPYKTYpHHX Ta (pyHKIIoHANIbHUX BiactuBoctei CP, 31 yBarorw mo mudysii
Ta 3B’s13aHOCTI y Mepexi CP.

Mu mnpeAcTaBuIM MOXIMBOCTI MPOTPAMOBaHOi HHU(PPOBOTI CHCTEMH OCBITIICHHS
(Mosaic) mas Qotomnisy 38'a3aHoro Ca®" ta IP3 3 BHCOKOIO PO3IiUILHOIO 37aTHICTIO. LI
cucTeMa Takoxk Oyjia BUKOpHUCTaHa JJisl MpoBeAeHHs JokainizoBaHux FRAP-ekcnepuMeHTiB
y  cepueBux  wmionurtax. JlocmimkenHs ~ Oyno  cnopsiMOBaHe ~ Ha  BHUBYEHHS
BHYTpiIHBEOKTITHHHOT Ca?t curmamizanii Ta cTpyKTYpHO-(QYHKLIOHAILHAX BIACTHBOCTEH

BuBiNbHeHHS Ca’’ B KIIiTHHI 3 Ge30peLeeHTHO PO3IIILHOIO 30aTHICTIO.
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A novel method for spatially complex diffraction-limited
photoactivation and photobleaching in living cells

Vyacheslav M. Shkryl, Joshua T. Maxwell and Lothar A. Blatter

Department of Molecular Biophysics and Physiology, Rush University Medical Center, Chicago, IL 60612, USA

Key points

e For the contraction of a cardiac cell the liberation of calcium ions (Ca?*) from an intracellular
Ca’* storing compartment is required.

o This release of Ca*" ions occurs through groups (clusters) of Ca®* release channels that can
be activated by cellular signalling molecules such as Ca*" itself or the messenger molecule
inositol-1,4,5-trisphosphate (IP3).

e Here we present a new technique that allows activation of individual release sites or groups
of channels in a highly localized manner in living cells and the study of their structural and
functional details with high precision.

Abstract Photoactivated probes have gained interest as experimental tools to study intracellular
signalling pathways all the way to the molecular level. However technical limitations of the
means to activate such compounds have put constraints on their use in spatially highly restricted
subcellular areas. The Mosaic digital illumination system uses a high-speed array of individually
addressable, tiltable micromirrors to direct continuous-wave laser light onto a specimen with
diffraction-limited precision. The system, integrated into a Nikon A1R confocal microscope, was
used to uncage Ca?* or IP; and conduct photobleaching experiments from multiple geometrically
complex subcellular regions while simultaneously measuring [Ca?"]; with high-speed confocal
imaging.

(Received 27 October 2011; accepted after revision 15 December 2011; first published online 19 December 2011)
Corresponding author L. A. Blatter: Department of Molecular Biophysics and Physiology, Rush University Medical
Center, 1750 W. Harrison Street, Chicago, IL 60612, USA. Email: lothar_blatter@rush.edu
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Abbreviations [Ca®"];, cytosolic [Ca**]; [Ca®" ], intra-SR [Ca*"]; CICR, Ca*"-induced Ca** release; DMD, digital
micromirror device; FRAP, fluorescence recovery after photobleaching;s FWHM, full-width at half-maximum; IP;,
inositol-1,4,5-trisphosphate; LED, light-emitting diode; MEMS, microelectromechanical systems; NE, nuclear envelope;
ROJ, region of interest; RyR, ryanodine receptor; SR, sarcoplasmic reticulum.

Introduction photon photolysis in the near UV range or by two-photon
excitation, and have been used successfully to dissect
cellular signalling pathways (Denk, 1994; Lipp & Niggli,

1998; Figueroa et al. 2010). While these compounds

Caged compounds are light-sensitive biologically inactive
molecules that upon irradiation release the active form

of the compound (Adams & Tsien, 1993; Ellis-Davies,
2007). Caged compounds are typically activated by single

V. M. Shkryl and J. T. Maxwell made an equal contribution to this work.

© 2012 The Authors. The Journal of Physiology © 2012 The Physiological Society

lend themselves ideally for the study of highly localized
subcellular processes with high spatial and temporal
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resolution, such studies have been hampered by technical
limitations of simultaneously activating multiple and
geometrically complex regions of interest and, at the same
time, record the biological response.

Here we demonstrate the use of a programmable
digital illumination system (Mosaic; Andor Technology,
South Windsor, CT, USA) incorporated into a high-speed
high-resolution confocal imaging system (Nikon AIR).
The Mosaic incorporates digital mirror device technology
that allows projection of a user-defined illumination
mask onto the specimen plane and irradiation of the
specimen with multiple geometrically complex light
patterns of diffraction-limited precision. We demonstrate
the capabilities of the Mosaic system for high resolution
photolysis of caged Ca’t and IP; as well as localized
FRAP experiments in cardiac myocytes to investigate
intracellular Ca®* signalling and structural and functional
properties of intracellular Ca?" release at unprecedented
resolution.

Methods
Solutions and chemicals

All chemicals and reagents were purchased from
Sigma-Aldrich (St Louis, MO, USA), unless noted
otherwise. Intact myocytes were superfused with Tyrode
solution containing (in mM): 130 NaCl, 4 KCl, 2 CaCl,, 1
MgCl,, 10 p-glucose, 10 Hepes; pH 7.4 with NaOH.

For permeabilized cell experiments myocytes were
exposed to 0.005% saponin for 30 s and bathed in an inter-
nal solution containing (in mm): 120 potassium aspartate,
15 KCl, 5 KH,POy4, 5 MgATP, 0.35 EGTA, 0.12 CaCl,,
0.75MgCl,, 10 phosphocreatine, 4% dextran (M,: 40,000),
10 Hepes; pH 7.2 with KOH. Free [Ca*"] and [Mg*"] of
this solution were 150 nMm and 1 mw, respectively.

All experiments were conducted at room temperature
(22-24°C).

Myocyte isolation

Ventricular and atrial myocytes were isolated from
New Zealand White rabbits (2.5 kg; Myrtle’s Rabbitry,
Thompsons Station, TN, USA) (Wu et al. 1991;
Kockskamper & Blatter, 2002; Domeier et al. 2009).
Rabbits were anaesthetized with sodium pentobarbital
(50 mgkg™!) and hearts were excised and mounted on a
Langendorff apparatus. Hearts were retrogradely perfused
with nominally Ca**-free Tyrode solution for 5 min,
followed by minimal essential medium Eagle (MEM)
solution containing 20 um Ca** and 45 ug ml~! Liberase
Blendzyme TH (Roche Applied Science, Indianapolis, IN,
USA) for 20 min at 37°C. The left ventricular free wall and
both atria were removed from the heart and digested for an
additional 5 min in the enzyme solution at 37°C. Digested

V. M. Shkryl and others

J Physiol 590.5

tissue was then minced, filtered and washed in a MEM
solution containing 50 uM Ca** and 10 mg ml~! bovine
serum albumin. Isolated cells were kept in MEM solution
with 50 uM Ca’>" at room temperature (22-24°C) until
indicator dye loading and subsequent experimentation.
All protocols were approved by the Institutional Animal
Care and Use Committee of Rush University Chicago,
and comply with US and UK regulations on animal
experimentation (Drummond, 2009).

Ca?* dye and caged compound loading

To directly monitor [Ca’]sz the SR was loaded with
the low-affinity Ca?" indicator fluo-5N (Molecular
Probes/Invitrogen, Carlsbad, CA, USA) by incubation
of ventricular myocytes with 10 um of the membrane
permeant fluo-5N/AM together with 0.25% Pluronic
F-127 in nominally Ca?"-free Tyrode solution for 2.5h,
followed by a 30 min wash, all at 37°C. For measurements
of cytosolic [Ca®"] ([Ca*"];) in intact myocytes, cells were
incubated at room temperature with 10 um fluo-4/AM
(Molecular Probes/Invitrogen) for 25 min, followed by a
20 min wash. For uncaging experiments intact cells were
loaded with 1 um of the cell permeant Ca*" chelator
NP-EGTA/AM (Molecular Probes/Invitrogen) or 10 uM
of the caged IP; compound ci-InsP;/PM (Cag-iso-2—145;
SiChem GmbH, Bremen, Germany) simultaneously with
fluo-4 or after fluo-5N dye loading for 25min and
washed for 20 min. In permeabilzed cell experiments the
cell impermeant caged Ca?* compound DM-Nitrophen
(17 mm; Calbiochem/EMD Chemicals Inc., NJ, USA) was
used in conjunction with 50 um fluo-4 pentapotassium
saltin internal solution. For Ca’* uncaging in droplets the
internal solution contained 50 uM fluo-4 pentapotassium
salt and 2.1 mM NP-EGTA tetrapotassium salt.

[Ca?*] measurements

Confocal microscopy (Nikon AIR, Nikon Instruments
Inc., Melville, NY, USA) was used to image [Ca*"]sg
(fluo-5N) and [Ca’"]; (fluo-4), with both dyes excited
at 488 nm and emission collected at >500 nm. Changes
in [Ca’*]sr are normalized as [Ca®*]sg = F/F,, where F,
corresponds to the diastolic fluorescence during pacing.
All fluorescence signals were background subtracted.
Changes in [Ca?"]; are expressed as F/F, (where F, refers
to resting baseline fluo-4 fluorescence). Action potentials
and global Ca®* transients were elicited by electrical field
stimulation using a pair of platinum electrodes (voltage
set at ~50% above the threshold for contraction).

Mosaic illumination system and confocal microscopy

Mosaic is a programmable illumination system (Andor
Technology, South Windsor, CT, USA) based on

© 2012 The Authors. The Journal of Physiology © 2012 The Physiological Society
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microelectromechanical systems (MEMS) technology.
At the heart of the system is a digital micromirror
device (DMD). The DMD is a programmable high-speed
semiconductor-based light switch consisting of a
two-dimensional array of hinge-mounted, individually
addressable tiltable micromirrors (rise/fall time <1 us;
extinction ratio >1000:1). In conjunction with a suitable
light source (laser, LED, arc lamp), the Mosaic allows
the simultaneous illumination of an arbitrary number
of complexly shaped user-defined regions of interest
(ROIs) with near diffraction limited precision. The
Mosaic illumination system used here was integrated
into a Nikon AIR confocal imaging system (Nikon) and
controlled by the Nikon NIS Elements interface. The image
acquisition software allows mapping of a user-defined
illumination mask at the specimen plane. The illumination
pattern is defined via graphical user interface and is
activated/inactivated via a user defined timing script.
The Mosaic module was interfaced with a Nikon Eclipse
Ti-E inverted microscope, equipped with a Nikon CFI
Apochromat TIRF 60x oil (n.a. 1.49) objective, through
the epifluorescence port whereas laser illumination for
confocal imaging and the dual-scan head of the AIR were
connected to the left side-port of the microscope. Light
from a 405 nm (400 W) continuous wave (CW) diode
laser (Power Technoloy Inc., Little Rock, AR, USA) was
utilized for photoactivation and FRAP experiments.

The spatial resolution of the Mosaic illumination system
was determined by evaluating the 3-dimensional bleach
pattern in an immobile fluorescent medium that resulted
from illuminating the smallest possible region of inter-
est (0.2 x 0.2 um) at a fixed focal plane. The full-width
at half-maximum (FWHM) of the bleached volume was
0.54 um in both dimensions within the focal plane
(i.e. near-diffraction limited), and 1.8 um in the axial
dimension.

Results

Fluorescence bleaching and Ca?* uncaging with high
spatial precision and resolution

Figure 1Aa shows an example of bleaching of a highly
localized and spatially complex pattern (‘Ca’*’) in an
immobile fluorescent medium with the Mosaic system.
Figure 1Ab is an example of photorelease of caged Ca*"
(NP-EGTA) in a complex pattern (‘Ca’) in a droplet
containing the Ca?" indicator fluo-4. Upon computer
controlled pattern illumination with 405 nm laser light,
Ca’" is released from the caged compound within the
pattern and then diffuses in the droplet. These results
illustrate the precision and complexity by which excitation
light can be delivered to the specimen plane and Ca** can
be liberated from the cage.

© 2012 The Authors. The Journal of Physiology © 2012 The Physiological Society
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Next, in vivo Ca’™ uncaging in an intact cardio-
myocyte pre-loaded with NP-EGTA is shown in Fig. 1B.
The dashed boxes (Fig. 1Ba, image 1) show the area
of Ca*™ uncaging. Figure 1Bb shows changes of [Ca®'];
recorded from the same ROIs. Time points of Ca®*
uncaging by laser illumination (405nm) are shown as
lightning bolts at various time points during Ca*" cycling
at 0.7 Hz field stimulation or at rest. The amplitude of
Ca?*-induced Ca’" release (CICR) from the sarcoplasmic
reticulum (SR) varies with the interval between electrically
triggered transient and the transient elicited by uncaging.
The differences in amplitudes of CICR triggered by
Ca** uncaging are due to time-dependent recovery
from refractoriness of the ryanodine receptor (RyR)
Ca’" release channel of the SR. In Fig.1C, Ca®*
uncaging generated a Ca*™ wave that asymmetrically
propagated out of the region of uncaging by means of
CICR.

Changes of intraluminal [Ca’"] within the SR
([Ca*"]sg) after local Ca?™ uncaging in the cytoplasm were
also examined in intact electrically stimulated ventricular
myocytes (Fig.1D). At the site of local cytoplasmic
uncaging (black trace) a massive release of Ca®* from
the SR occurred after which it required several beats
until SR content recovered completely at that location.
A neighbouring second location that was not exposed
to 405nm laser light revealed no effect on [Ca®']qp.
These results show the feasibility of inducing CICR
by precise localized uncaging of Ca’" from NP-EGTA
in highly circumscribed regions in intact ventricular
myocytes.

Spatially restricted photorelease of Ca?t and IP3
alters CICR

Figure 2A illustrates the ability of the Mosaic system
to photoactivate Ca*™ from multiple spatially restricted
regions (0.4 um?). Figure2Aa shows a series of 2D
confocal images of changes of [Ca®*] after local uncaging
of DM-nitrophen in the cytosol of a permeabilized
ventricular myocyte as well as in the extracellular space
(dashed line = cell border). The fluo-4 fluorescence profile
in Fig. 2Ab (top) shows that local uncaging of Ca*" in a
small ROI generated a spatially restricted local Ca®* signal
outside (ii) the cell. The same signal applied to a cystosolic
region triggered CICR from an SR Ca*" release site (i).
Reducing the uncaging energy (shorter pulse; Fig. 2Ab,
bottom) generated identical local Ca?* signals inside and
outside the cell, and failed to trigger CICR. These data
illustrate that uncaging of Ca*" in a near-diffraction
limited volume can be used to probe CICR at individual
release sites simultaneously in multiple distinct regions
of a cell, with the ability to distinguish between a purely
photolytical Ca** signal and the photolysis+CICR signal.
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Figure 2B shows a series of 2D images and [Ca®"];
profiles in an intact atrial myocyte loaded with a caged IP;
compound. Caged IP; was photolytically released from a
narrow ROI near the sarcolemma where a higher density
of IP; receptor Ca*" release channels has been reported in
atrial myocytes (Mackenzie et al. 2002). Upon uncaging
the local increase in IP; caused a propagating Ca’t wave
initiating from the region of uncaging and spreading

Figure 1. Subcellular uncaging of Ca%*
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throughout the entire cell (Fig. 2Ba). Uncaging of IP; was
also able to increase the amplitude of electrically evoked
Ca?* transients and induced Ca*" alternans (Fig.2Bb).
These observations are consistent with our previous
findings that IP;-dependent Ca*" release sensitizes RyRs
to CICR and facilitates SR Ca®* release from RyRs, leading
to positive inotropic and arrhythmogenic effects (Zima &
Blatter, 2004).

Aa, complex pattern (‘Ca?t”) bleaching with Mosaic system in an immobile fluorescent medium. b, time series of
pattern uncaging (‘Ca’) of NP-EGTA in a fluo-4 containing solution. Ba, Fluo-4 fluorescence images of an intact
ventricular myocyte loaded with NP-EGTA. b, Subcellular Ca?* transients; uncaging occurred in 2 ROIs (405 nm,
100 ms) marked by the dashed boxes in image no. 1 and at times marked by lightning bolts. Filled circles mark
Ca?t transients elicited by field stimulation (0.7 Hz). Numbers in b refer to images in a. C, Ca?t uncaging from
a narrow ROI (NP-EGTA; white line, 0.6 um wide) generated a Ca%* wave which asymmetrically propagated out
of the region of uncaging. The colour scale represents arbitrary fluorescence intensity values. D, local changes of
[Ca2t]sk (Fluo-5N) in a ROI of NP-EGTA uncaging (black) and a control region (red) in the same myocyte.

© 2012 The Authors. The Journal of Physiology © 2012 The Physiological Society
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Spatially restricted photobleaching reveals functional
and structural properties of the SR Ca?* store

The Mosaic system was used to photobleach intra-SR
regions loaded with fluo-5N. Figure 3Aa shows the typical
appearance of dye-loaded SR and nuclear envelope (NE)
structures. Two small SR segments encompassing a small
number of SR junctions of perpendicular orientation
(ROI 1 and 2) were bleached for 2s. Figure 3Ab shows
that the fluorescence recovery kinetics differed depending
on orientation, suggesting anisotropic intra-SR diffusion
properties and/or connectivity within the SR (Zima et al.
2008; Picht et al. 2011). Figure 3B addresses the question
of intra-SR connectivity further. A transverse array of SR
junctions was photobleached for 2 s (red box in Fig. 3Ba)
and fluorescence signals were recorded from individual SR
junctions at sarcomeric intervals along the dashed line in
Fig. 3Ba. Figures 3Bb and 3Bc show line scan images of
recorded fluorescence (F; b) and normalized fluorescence
(F/Fy; c). Figure 3Bd shows fluorescence profiles from

Figure 2. Probing CICR by local uncaging of Ca?t
and IP3

Aa, images represent a time series of local changes of
[Ca2*] (fluo-4) after simultaneous activation of
DM-nitrophen in 7 ROIs (0.4 um?) mapped inside and
outside (dashed line) of a permeabilized cardiomyocyte.
b, local Ca?* transients elicited with high (top) and low
(bottom) energy 405 nm light pulses inside (i) and
outside (i) of the cell. B, IP3 uncaging in a narrow
subsarcolemmal region triggers a propagating Ca2+
wave (a), enhanced Ca®* transients and elicited Ca?*+
alternans (b).

© 2012 The Authors. The Journal of Physiology © 2012 The Physiological Society
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individual SR junctions at the site of bleaching
(red/black) and at increasing distance therefrom. A
decremental decrease in fluorescence at distant sites
is consistent with high connectivity of SR junctions
allowing for dye diffusion into the bleached regions.
Note, that in the normalized image (Fig. 3Bc) the bright
regions, particularly noticeable during the bleaching,
represent areas between SR junctions. Figures 3C and 3D
demonstrate that in cardiac myocytes the SR network is
not only highly interconnected but is also continuous
with the NE. In Fig. 3C a transverse row of SR junctions
(red) was bleached for 2 s and the changes in fluorescence
were recorded from an adjacent SR junction (green) and
the nuclear envelope (blue). Dye depletion extended
into the nearby NE region. Figure3D demonstrates
relatively high dye diffusibility within the NE. Photo-
bleaching of a small segment of the NE caused a rapid
decrease of fluorescence that was followed by a slower
but nearly as pronounced decline in a distant (>10 pm,
blue) NE region. These examples demonstrate that FRAP
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experiments with the Mosaic system lend themselves
for the study of structural and functional SR properties
including intra-SR diffusion and connectivity.

Discussion

In this report, we describe how the novel Mosaic digital
illumination system integrated into a Nikon A1R confocal
microscope can be used to uncage Ca*™ or IP; from
multiple geometrically complex, diffraction-limited sub-
cellular regions and simultaneously measure [Ca®*]; with
high-speed 2D or line scan confocal imaging. We show that
with this approach CICR in cardiomyocytes can be studied
from multiple individual SR release sites simultaneously.
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Furthermore highly spatially restricted FRAP experiments
allow the study of structural and functional aspects of the
SR network.

The system described here also has limitations. The
excited region is essentially diffraction limited within the
focal plane; however as a wide-field and single-photon
illumination system it is not in the axial dimension.
While the device provides a rapid control of the photo-
lysis region, photolysis proceeds throughout the specimen
as the excitation light passes through. At the focal plane
photolysis is largely defined by the pattern written into
the micro-mirror device, however this pattern spreads as
determined by the numerical aperture of the objective
because the exciting beam passes through the entire

Figure 3. Photobleach experiments of
fluo-5N entrapped in the SR

Ab, time course of fluo-5N photobleaching
(405 nm, 2 s) and fluorescence recovery in 2
narrow, perpendicularly oriented ROIs of the SR
(dashed boxes ‘1" and ‘2" in a). Ba, 2D image of
fluo-5N fluorescence with ROI of bleaching and
position of line scan. b and ¢, line scan images
of recorded (F; panel b) and normalized (F/Fo,
panel ¢) fluo-5N fluorescence. d, time courses
of fluo-5N bleach and recovery at individual SR
junctions at the site of bleaching (red/black in
panels b/c) and at increasing distances from
bleach (individual junctions marked by different
colours). C and D, Fluo-5N photobleaching and
fluorescence recovery in the nuclear envelope
and adjacent SR regions. Panels a, bleached
regions marked by red ROI. Panels b, line scan
images of fluo-5N fluorescence. Panels ¢, local
fluorescence profiles recorded from ROIs
marked by coloured dots in panels a.

© 2012 The Authors. The Journal of Physiology © 2012 The Physiological Society
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thickness of the cell with the local intensity (which should
be proportional to the rate of photolysis) falling with
the square of distance from the focal plane. The physio-
logical response will depend on the convolution of the
single photon point spread function convolved by both the
illumination mask and the dose-response of the system
of interest. These limitations set constraints whether
indeed single individual Ca*" release sites can be probed
with caged compounds or FRAP experiments. Distances
between Ca”" release units or couplons in cardiac myo-
cytes have been reported to range between 0.6 and 2 um
(Kockskamper et al. 2001; for reference see Hayashi et al.
2009), with values for vertical distances of ~0.9—1 um
for rabbit ventricular myocytes (Sachse et al. 2009). The
dimensions of the excited volume are clearly in the range of
an individual release site within the focal plane. However,
in the axial dimension the FWHM of the excited volume
was 1.8 um, which exceeds the average distance between
neighbouring couplons and is close to twice as large as
the axial point-spread function (<1 um) determined for
confocal imaging with a pinhole aperture (~1 airy disk) in
place. Nonetheless, the axial dimension of excited volume
is smaller than reported for other wide-field systems
used for local uncaging (Sobie et al. 2007). As shown
in Fig.2Ab, to induce local CICR a threshold level of
Ca®* is required. Despite the fact that photolysis occurs
throughout the entire specimen as the exciting light passes
through, the effective volume where concentrations of
Ca”" are reached that are sufficient to induce CICR is
likely to be considerably smaller. Thus with the appropriate
experimental conditions (Ca®t loading of the caged
compound, illumination intensity) and with the help of
endogenous Ca*" buffers that are particularly efficient
in buffering small elevations of [Ca®']; it is possible
to restrict the functional volume of effective photo-
lysis to encompass only a small number, possibly even
a single couplon. When combining uncaging/bleaching
with confocal imaging, potential chromatic aberration
effects arising from the spectral shifts between different
lasers lines used (e.g. 405nm for photolysis, 488 nm
for imaging of the biological response) need to be
considered. This effect can be minimized by using highly
corrected objective lenses as was done in the present
study.

We have demonstrated here only a small number of
potential applications for the Mosaic system; however
there are numerous possibilities for additional uses.
In addition to photobleaching and release of caged
compounds, the system can be envisioned to open
unprecedented possibilities for highly localized FRET
experiments, photoactivation, photoswitching and photo-
conversion of novel biological compounds, free radical
release, spatially constrained drug delivery, and becoming
an invaluable tool for the rapidly emerging field of
optogenetics (Deisseroth, 2011).

© 2012 The Authors. The Journal of Physiology © 2012 The Physiological Society
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1.6 Pedgpaxrepni BaacruBocti BuHBiIbHenHs Ca?' 3 capkomjiazMaTH4YHOro

peTuKyJIyMy K aerepMminanTa Ca?t anprepHaniii y mionurax nepeacepan

[Mopywmenns Mexanizmy BuBinbsHeHHs: Ca?” 3 CP a6o 3atpumka BimHoBineHHs RyRs mosxke
BIUIMHYTH Ha TMEpPIOAMYHI 3MIHM KOHUEHTpalil Kaiblito 30yiuBoi KiaiTuHU. Ha
KJIIITUHHOMY PIBHI, B KapJioMioNUTax OyJau BUSBJICHI (QIyKTyallii aMILUITYl HATO30JIbHUX
tpansientis Ca** npu perymgpHiii 4acTOTi CTUMyJIALIi, IKi OTpUMAaa Ha3By albTepHALi
Ca®".

AnbTepHaIlii cepisi po3risaloThCs K BUBHAHUN (haKTOp PU3UKY CEPLEBOI apUTMil
Ta pantoBoi cepreBoi cmepti (Walker and Rosenbaum, 2005). Ha kmiTuHHOMY piBHI,
aJbTepHAIIS Ca’ BUABIAETHCS y BUIJSI LUTO30JIbHUX TPaH31€HTIB Ca** 3MminHOI
aMIUTITYIM MpU PEryJApHIA YacTOTI CTUMYJSALII MiomuTa. AnbTepHalii cepus €
pEe3yJIbTaTOM B3a€MO/I1T YHCENbHUX (PAKTOPIB, IPOTE BOHU TICHO MOB'sI3aHi 3 MOPYIICHHSIMHU
BHYTPIIIHEOKIITHHHOT peryssnii pisus Ca’*. ¥ mionmTax mepeacepab MH BHBYAIH POJb
norenniamanesxuoro Ca’*-ctpymy, 3aantaxkenns Ca’* y CP Ta pecTuryniiHmx
BracTuBoCcTel BuBinbHeHHs Ca’* 3 CP y ¢dopmyBanHi cruMmymanis-anexsux Ca?*-
aJbTepHAITIH.

[amn axropu, okpiM 3aBanTaxkeHHs CP kanbliiem, Taki SIK KIHETUKA BIJTHOBJICHHS
BuBinbHeHHS Ca® 3 CP, MOXYTb JIEKATH B OCHOBI CTUMYJI-CTUMYJI CEPLIEBHX albTEpHALIili.
Jiicno, nmocnimkeHHs mokaszanu, mo BigHoBIeHHA CICR abo pedpaxrepHicth RyRs-
OIIOCEPEKOBAHOrO BUBiIbHEHHS Ca’" MOXKYTh CIIPUATH HecTaOlIbHOCTI BuBinpHeHHs Ca?*
y KapJioMiouuTax Ta mosBi anbTepHauii (Sobie et al., 2006). BinnoBnennss RyRs-
3anexkHoro BuBLTbHeHHS Ca’t Moxe B110yBaTHCS B 4aCOBOMY MaciITall, SKUi CIIBMAJIAE 3
4acTOTaMU CTUMYJIALIII, PU K1 BUHUKAIOTh aJIbTepHAIliil. 3aJIe’KHE BiJ] 4acy BIJIHOBJICHHS
suBinbHeHHS Ca?" 3 CP Moke BUABUTHCS KpUTHYHMM (akTopoMm i nossu Ca®*
anbTepHAIll, i yac 1HridyBanss riuikomizy (Hiser et al., 2000).

VY mepuriii cepii €KCHEPUMEHTIB MU MEPEBIPHIM TIMOTE3Y CTOCOBHO MOKJIHUBOI
baykTyanii KanbllieBoro crpymy uepe3 L-tun kanbmieBoro kanamy — ICa abo
lacToMyHOro piBHSA 3aBaHTakeHHs CP kanpiliem, mo MoKe TPUBECTH 10 I1HIIIAIi
uuTo3onbHux Ca?’-amprepHaniii y miomurax nepexacepab. Ha puc. 1.11 npencrasneni

onHouacHi 3anucu TpansienTis Ca?* (A) Ta Ca?* crpymy (ICa; B) 3apeecTpoBaHMX B MiOLUTI
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nepeacepas B yMmMoBax  (ikcamii norenmiany. Tpamsientn Ca?*  imimiroBanmchk
nenossipu3zaiiiero memopanu 0 +20 mB Bix mouatkoBoro piBHs -40 MB. YV HaBenenomy
npuknani crabineni Ca?*-anprepranii crocrepiranucs mpu 4acToTi ctumynsmii 1 I
[TixoBe 3HauenHs [Ca (puc. 1.11D) 6yno maiixxke oguakoBuM 11 yac Benukoro (-0.551 HA)
i manoro (-0.559 HA) Tpamsicnris Ca’*. CepemHe 3HAUEHHS BiJHOINGHHS AMILITYIH
nikoBoro [Ca mig yac BEIMKOro TpaH31€HTY J0 Majioro TpansieHty ckiaaano 1.008+0.011
(n = §; puc. 1.11D,b), ToO6TO Bapialiisi Mi>K CTUMYJIaMU CTaHOBWIA MeHIe HiX 1%. [Ipu
NorauOJIeHOMy aHami3l OyJio BUsIBIIEHO, 110 iHakTtuBauisa [Ca nmemo mBuama mif 4ac
Beaukoro tpansienty Ca®" (cuniii 3anmc Ha puc. 1.11D), mo Bignosinae Ginbin BUpasKeHii
Ca**-3anexmniii inakTuBanii ctpymy. KpiM Toro, cTpyMm, 10 BUHHMKAE HicHIs PENONAPU3ALLii,
OyB OiIBIIMM MicNIs BEIMKOAMILTITYIHOTO TpansicHTy Ca’*, mo Bkasye Ha OinbInMil BUBif

Ca** uepes noBepxHEeBy MeMOpaHy 3a JOMOMOTOK HATpiii-Kanbiiesoro oominauky (NCX).
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Pucynok 1.11. Anaaiz Ca?* crpymy (ICa) Ta konuentpauii Ca?* y CP ([Ca**|sr) mix yac crumyJsuii,
mo inaykye Ca?" anprepuanii. (A) OnHovacHe BUMIpIOBaHHs BHYTPIIIHBOKIITUHHOI KOHIeHTparii Ca?’
([Ca**]) y mionuTax nepeacepab kpois. (B) Ananis ICa 3a ymoB ¢ikcanii norenmiany. (D,a) Haknanenns
nanux ICa, 3apeecTpoBaHuX mija yac BenukoamiutityaHoro (L; cunii rpadik) Ta MamoaMrutityaHoro (S;
uepBoHUi rpadik) TpansientiB Ca*". Cepenni ammtityqu Ca?'-cTpymis micns mManoro tpansienrty (S) ta
Besmkoro tpansienty (L) 306paxkeno Ha niarpadiky (b). (C,a) Bumiprosanns [Ca?*]sr 1mix yac crumysiii,

mwo iagykye Ca?" anbrepHaiii, 3 BUKOpHCTaHHAM Husbkoadinnoro Ca*' immukatopa Fluo-5N,
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3aBanTaxkenoro B CP. Jliactomiunmii [Ca?*]sr sk BimHOIIEHHs 3HaYeHb nepen ManuM (S) Ta Benukum (L)
TpaH3ieHTamu 300pakeHo Ha miarpadiky (b).

V mofansmux JOCIIPKEHHIX MU BUPIIIWIN 3'ICYBaTH, 91 3MiHIOEThCS BMicT Ca’* B
CP nix yac Ca**-anpTepHaniii, BAKOPHCTOBYIOUH IBA Pi3HUX €KCIIEPUMEHTAIBHUX I IXO/IH.
Y nepmomy eKCIepUMEHTI MU 6e3nocepeIHbp0 BuMiproBanu pisens [Ca?*]sr 3a qomomororo
nuspkoadinnoro imgmkaropa Ca?" Fluo-5N, skuii 6ys 3apantaxkenuii B CP. Sk moxHa
Oaunt Ha puc. 1.11C,a kinuesmii miactomiunmii piens [Ca’"]sr mepen 3HaYHMM
sucHaxxeHHaM CP npu Benmkomy TpansieHri 36irascs i3 pisHeM [Ca**]sr, 3apeecTpoBaHuM
0e3nocepeIHbO Mepe/ TPaH31EHTOM MEHINOo1 aMIuTiTyu. CHiBBIAHOIIEHHS J1aCTOITYHOTO
[Ca’*|sr mepex BemMKHMM 1 MaauM TpaHsieHTamu BHcHaxkeHHs CP Ca’' popiBHIOBaso
1.03+£0.02 (n = 9; puc. 1.11C,b), mo cBimYMTE TPO MOXKIMBicTH BUHUKHeHH Ca'-
anbTepHaLiil npy cTabinsHOMY piBHI miactomiunoro [Ca?*]sr.

[To-apyre, mu mBuako npukiaganu 10 MM kodein micias BEIUKOTro Ta Majoro
tpanszienra Ca?" mim wac anpTepHauii, peectpyroun umrosonbHuit [Ca®*]. Llelt mimxin
N03BOJIMB BUMiproBat BMicT CP 3 CyOKIITHHHOIO JIOKami3aiiero (cyocapkoiaeMaabHUM j-
SR mpotu 1eHTpanbHOTO Nnj-SR) 3a momomMororo Jsa3epHOi CKaHyr4oi KOH(OKAIbHOI
mikpockomii. Ha puc. 1.12A,a mpexncrasneni ycepeaneni ammiityau Tpansientis Ca®*
BUKJIMKaHI cTUMyJisiliero mnoneMm s j-SR. CepenHe cHiBBIZHOIIEHHS KoedilieHTa
anpTepHanii (AR) cranoBuio 0.54+0.03 mns j-SR 1 0.614+0.04 nns nj-SR (n = 10). Ak
3a3HaueHO Ha puc. 1.12A,c, BigMiHHOCTI B aMIITyxi piBHA BubinbHeHHs Ca??,
ingykoBaHoro kodeinom (abo 3aBanTaxenns CP Ca?"), micns BelIMKOro i Maaoro
alTbTEPHYIOUUX TPAH31EHTIB HE CIIOCTEPITraliuCh, TAK CaMe SIK 1 BIAMIHHOCTI M1k J-SR Ta nj-
SR. Ile cBiguuTh NMPO OJHAKOBMI BMicT Kaiblio B CP mepen Benukum, un manum Ca2*
TpaH3l€EHTAaMHU MpPU albTEpHAIliAX Kaubllito. Hamn pe3ynbTaTu MiATBEpAUSIN MOIMEPETHI
BUMIpIOBaHHA B MionuTax nepeacepab (Hiiser et al., 2000).

Otxe, oTpuMaHi JaHl BKa3ylOTh Ha T€, M0 aJbTepHAIlli IMTO30JbHUX TPAH31€HTIB
Ca’" BimOyBarOTBbCS 3a BiJICYTHOCTI MiXKIMIIyJbCHHX 3MiH (i3iomoriuHoro Tpurepa —
kaunbilieBoro ctpymy (ICa) nns CICR min yac mporiecy 30yxeHHs-ckopoueHHs. Kpim Toro,
s BuaukHeHHS Ca’t ajgpTepHaIlli He MOTPiOHI 3MIHU KIHIIEBOTO 1aCTOJIIYHOTO PIBHS

[Ca?*]. [IpudaoMy, 3a YMOB HALIOTO EKCIEPUMEHTY, MOKHA BUKJIIOUUTH, IO 3MiHH aMILTITy ]I
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ICa Ta BMicT Kanbito B CP € 0CHOBHMMM JieTepMiHAHTAMY LUTO30JIbHKX anbTepHanii Ca??,
Ile y3ro/kyeThcs 3 MOMEPENHIMHU pe3yJbTaTaMu JOCHIIPKEHb MIOIUTIB TNepeaAcepab 1
nutynoukiB (Hiiser et al., 2000, Picht et al., 2006). ToMy, B HACTyTHUX €KCIIEPUMEHTAX MU

30CepeIUIINCS Ha BUBYCHHI KiHETUKH pedpakTepHOCTi BuBinbHeHHs Ca’t 3 CP mig uac Ca?*

aJbTepHAITIH.
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Pucynok 1.12. Tuo6anbni noxii BusinibHenuss Ca** npu anaprepmanminx. (A) CyOxmituani Ca?'-
TpausienTH, 3adikcoBani 3 cyOcapkoiemansHoro CP mig uwac crumydsigi, ski Bukmukawots Ca’'-
anbrepHanii. HaBanraxenus CP 3 Ca?* pospaxoByBanocs 3a ammutityoro curaany [Ca?'], ingykoBaHoro
IIBUIKMM NpUKIaaeHHaM kopeiny (10 MM) micas Benukoro (a) Ta manoro (b) Ca?*-rpansienty mix uac
anprepHarii. Cepexni ammunityau sokanbhux Ca’’-TpansientiB iHgykoBaHux KoeiHOM Tmij dac
anprepHalii (HaBantaxkeHHss SR Ca, n = 14 micns manoro TpansienTy (S) i n = 11 micas BeluKoro
tpansienty (L)) 300paxeno Ha miarpadiky (b). (B) Cnonranne BupinbHenns Ca’’ mix wac maysu micis

Ca2'- . C . 6 . . Ca> (i .
crumyisinii, npu Ca®'-anprepHanisx. CrnoHTaHHI roOanbHI monii BuBUIbHeHHS Ca*’ (Big3HaueHi
CYUUTbHUMHU poMOamu) 3adikcoBani mpotsarom 10-cekyHaHoi may3u micis Benukoro (a) ta manoro (b)

2+ 3 2+ 5 5 1T

anprepHytouoro Ca~'-tpanzieHTy. 3HaueHHs [Ca”"] ycepenHeHO Mo mMpuHI KiIiTUHU. CepenHid yac

3aTPUMKH CIIOHTaHHOTO TIIO0ANLHOro BHBiNbHEHHS Ca®’ micis Majoro Ta BEIMKOrO TPAH3I€HTY IIij yac

albTepHaIliil 300paxkeHo Ha miarpagiky (4actuHa c; n = 6).
1106 OiHUTH JOCTYIHICTH 200 pedpaKTepHiCTh MeXaHi3My BuBiIbHeHHS Ca’t micns
Ca’*-TpanszienTy B yMoBax anbTepHamii, MM ingykyBaam Ca’’-anbTepHamilo NLIAXOM

CTUMYJISILIL 1 BHUMIPIOBaIM Yac A0 IMOSBH (JATEHTHICTh) CIOHTAHHOTO TJI00aJIbHOTO
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suBinbHenHs Ca?t (manpuknan, y suriani Ca?*-xsuii a6o cnonrannoro I1JI) mpoTsrom
nepioAy crnokoro micist ctumysisii. Ha puc. 1.12B npeacraBieHo yac mosiBM CHOHTAHHOTO
rno6ansHoro BuBinbHeHHa Ca®* micns Benukoro Tpansienty Ca®* (a) Ta Mamoro TpaHsicHTy
Ca®* (b). CepenHs IaTeHTHICTh CIIOHTAHHOIO I00anbHOro BUBiNbHeHHA Ca’" (nuB. puc.
1.12B,c) 6yna 1.41+0.24 ¢ micns manoro Tpan3ieHTty 1 2.124+0.42 c micisi BEJIUKOTO
TpansienTy (n = 6, P < 0.05). 3HauHO KOpOTILA JIATEHTHICTh micas Manoro Ca®*-TpansienTy
MOPIBHSIHO BIJAMOBIJIHUM YacOM TICIS BEJIHMKOTO TPAH3IEHTY CBIIYUTH MpPO TE, IO
pedpakTepHicTh MexaHi3My BuBinbHeHHS Ca’* 3 CP 3Ha4HO 3MEHIIYETHCS MiCHIs MaJloro
TpaH31€HTY a00 301IbIIY€EThCA MICIS BEIMKOrO TPAH31€HTY.

Bimnosnenns BuBinbHeHHs Ca’t 3 CP micis #oro iHakTUBAIli i yac aJgbTepHaIi
OyJI0 JOJAaTKOBO BUBYEHO 3a JIOMOMOTOK METOMKHY, ¢ CTymiHvacTe 36inbuenns [Ca®"] mix
yac anbTepHALil BUKIMKAIOCH 3a paxyHOK (oromitmuHoro BuBinbHeHHs Ca’" 3 ioro
3B's13aHOTO cTany y keilpky (DM-nitrophen (Kaplan and Ellis-Davies, 1988)). BuBuibneHHs
Ca®" 3 CP 3a nomomoror aHkeWmkiary 3 DM-nitrophen oTpumano Ha3By "BHUBIILHEHHS
Ca**, immyxoBane Qoromizom" (PICR). MiouuT mnepeicepab aHai3yBald METOIOM
(ikcariii OTEHIIaly METOJIOM MEeTU-KIIeMI, CTUMYJIor04H ix 100-Mc aenonspuszaniiHuMu
iMmynscamu Bin -40 1o +20 MB Ha yacToTax, o BUKIMKanM cTabinbHi anprepHanii Ca’’.
Imnynben YO (355 um) nazepa (300pakeHO CUMBOJIOM OJIMCKABKH ) MOJABANIMCS HA MOYATKY
nenossipu3aiiiitnoro imnynbcy (dac 0 Ha puc. 1.13A) aGo yepe3 neBHI TPOMIKKH Yacy BiJl
50 nmo 300 mc micma mouarky nenoispusamii (puc. 1.13, B 1 C). lleii nmporokon
BUKOPUCTOBYBABCSl JIBIYl JIJIi BUBEACHHS peakilli Ha IITy4YHE 301IbIICHHS KAJBIIIO 3
OJIHAKOBOIO 3aTPUMKOIO Mij Yac Majoro (mepiua cepis, YepBOHUN CUTHAI) Ta BEIUKOTO
tpansienty Ca?* (mpyra cepis, cuniii curnan). J{o 3acTocyBanHs immynscy Y ®-nasepa ais
aHKEWDKIHTY MPOBOAWIM NpuHaimMHI 10 nenonspu3amiiiHuX iMIyJbCIB JUIsl TOCATHEHHS
yHiikoBanoro Hapantaxenus CP Ca’*. Ha puc. 1.13A HaBeaeHO NpUKIA, 1€ iMITYJIbC
yabTpadioIECTOBOIO  BUIPOMIHIOBAHHS ~ TOJAaBaBCS ~ OJHOYACHO 3 IMIYJbCOM
JETOJAPU3YIOU0i HAIPYTH, I uac anbTepHyrounx Ca®’ TpamsienTiB. B 000X cepisfx
aMIUTITyJla TPaH3l€EHTY, BHUKIMKAHOTO KOMOIHOBAaHHMM BIUIMBOM JIENOJSPU3ALIAHOIO
iMoynaecy Ta Y@-drem cnanaxy, NEpeBUILyBajla aMIUNITYy, CIOPUYUHEHY JUIIE

JeToJsApu3aIliero MeMOopanu (3a3HauyuMo, Mo aenosspusaiis g0 +20 mB mpusBoauia
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makcumanpHy Ca’*-BigmoBigk NpH OJHAKOBMX €KCIIEPMMEHTANLHHX yMOBAx; IaHi He
npezacTasiieni). e 6e3nocepeHbO CBITUUTH MO Te, 10 KaiblieBuil ctpym ICa, sikuit €
¢izionoriunnii Tpurep CICR, ICa, He BuBinbHse Bech goctymuuii Ca?*t 3 CP i mo mig uac
anbTepHaIlli, KOIU BiAOyBaeThCs HEBeNUKUM Tpau3ieHT, y CP 3amuinaerbcst qocTaTHs
kinmpkicte Ca®*. Ilpu 1pOMY, OpH HAasABHOCTI JOCTATHHO CHJIEHOTO TPUTEPA, MOXKIIUBE
nojoJIaHHs pedpaKkTEpHOCTI MEXaHi3My BUBUIbHEHHA. Sk 300paxkeHo Ha puc. 1.13A,
amIutiTyaa Tpansienty Ca?*, BUKIMKaHOTO KOMOIHAIIEIO Aemospusanii Memopanu i Y®-
¢dnem cnanaxy, Oyjia BUILOK MICISI MAJIOTO TPAH3IEHTY (OUIKYIOUHM BEIUKHUM TPAH3IEHT,
CHUHS JIiHIsI) TIOPIBHSIHO 3 TUM ITIiCJIsl BEJIMKOTO TpaH3ieHTy (uepBoHa jiHis). Ha puc. 1.13A.b
I BIAMIHHICTH OIIHIOBAjacs 3a JOMOMOroro koedirieHTta anpTepHamiii (AR), skuit

BHU3HA4YaBCA AK BiI[HOIHeHHH aMHHiTYI[I/I MaJioTo 10 BCIIMKOTO AJIbTCPHYIHOUUX I(aJ'H)I_IiCBI/IX

TPaAH31€HTIB.
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Pucynok 1.13. Pedpakrepnicrs BuBiabnenns Ca?* 3 CP mig yac Ca?" anbTepHanii, mocaigkena 3a
nomomorow BuBiabHeHHst Ca%t, ingykosanoro goromaizom (PICR). (A) [Isi cepii Ca** anbrepHaiii,
BukiukaHi 100-mc iMmynscamu nenoisipuzanii 1o +20 MB 3 mouatkoBoro morenmiany B -40 MB. (A,a)
YnbrpadioneroBi (355 HM) nasepHi IMIyIbCH (TMO3HAYEHO ONHMCKABKOK) OYJIM 3acTOCOBaHI IS
doronitnunoro BuBinbHeHHs Ca’' 0JHOYACHO 3 TOYATKOM JENOJSAPU3ALIMHOTO IMITYJIbCY NpH

OYiKyBaHOMY MaJIOaMILTITYJHOMY (Y€pBOHUH; MIEpIIIa cepisi) Ta BEIMKOAMIUTITY THOMY (CHHiH; ApyTa cepis)
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Ca*-tpansienTax. (A,b) Kopemsuis mixx AR, ingykoBanor cruMyJisiiero, i curaanom [Ca?], BUKIMKaHUM
koMOiHariero aenomsipusanii Ta CICR i Y®-¢pnem cnamaxom (PICR). (B) Tpu mpuknamu PICR,
3acrocoBani i3 3arpumkamu 100, 160 ta 220 mc mix uwac genomspusauiiinux Ca’’-tpansientis. (C)
®otoBuBiIbHEHHS 3B'13aH0ro Ca’' mix yac mManux (mepiua cepist) Ta BENMKUX (Ipyra cepist) TpaH3ieHTiB
Ca?" (3 3arpumkoro 150 Mc micisi MOYaTKy ACTONSIPU3ALIAHONO IMITYJIbCY) Ta BU3HAYEHHS aMILTITYIH
PICR. (D) Cepenne crnipignomenns PICR mig yac Benukux i manux tpansientis Ca®" (PICRL/PICRs) six
GyHKLIS 3aTpUMKM  MDK  Jenoispu3aliiiHuM  immynbcoM Ta Y®-¢uemr cnamaxom. KinmbkicTh
JOCIIKYBAaHUX KIITHH BKa3aHa y JTy>KKax.

Kititunu 3 HaliBupasnimoro AR s Tpansicntis Ca?t, BUKIMKaHMX JEMONSPU3ALICIO
MeMOpaHH, TaKOK JIEMOHCTPYBAIHM HalOLIbIIY PO30OIKHICTh MK aMILTITYIaMU TPAH31€HTIB
Ca**, pukimkanux kxombinosanow genojgpusanicto (CICR) ta Y®-duem iMmynbcom
(PICR). Ockinbku KinneBuii miacromiunmii [Ca?*] 6yB omHakoBUM mepen MOAAYEIO
IMITyJIbCY (YepBOHA Ta CHHS JiHII), a TAKOXK BPAaXOBYIOUM HAIlle CIIOCTEPEKEHHS, IO MpHU
[Ca®*] > 300 uM curnan BusinbHeHHsS Ca’* 3anMInaBcs cTamMM, MOYKHA IPHITYCTHTH, IO
HaBantaxenns Ca’" B keiiki Oys10 igeHTHanuM. TaKMM YMHOM, OJHAKOBA KilbKicTh Ca®*
BUBIJBHSAIACS 3 KIITHHH, HE3aJIeXkKHO Bij Toro, mo [Ca?*] konuBaBcs mij 9ac IUTO30bHOTO
Ca**-tpamsienry. Orxe, pisauns B ammaityai [Ca®"] Bunukana yepes pigminnocti y PICR.
Yum Oinpiiuid koedilieHT anbTepHAIli TiM OLIbIIe PO301KHICTh MIK MAJIUM 1 BEIUKUMHU
TpaH31€HTaMU BUKJIMKAaHUMH KOMO1HAIlI€0 Aenofsapizaiii ta ¢iaen-$hoToni3y, 1m0 CBIIYUTh
po 3MiHY pedpakTEpHOCTI P ANbTEPHAIIAX KAJIbIIO.

Ha puc. 1.13C naBeneno npuknan, y sskomy Y®-¢duemr cnanax OyB 3acTOCOBaHMI
yepe3 150 Mc micnsg moYaTrky JAENnospU3alifHOro IMIYJIbCY MiJl 4ac MaJloro TPaH31€HTY
Ca** (uepBoHa ninisn) i Benmukoro tpansienty Ca?" (cuns ninist). JlonaTkoBe BUBIILHEHHS
Ca** uepes poroniz DM-nitrophen (PICR) 6yno 6inbmmm mix gac manoro Ca’* tpansienry
(AF/Fo PICR cranoBus 0.25 ans manoro ta 0.17 mis Benmkoro Ca?* tpamsientis). J{ns
KUTBKICHOI OITIHKYA KIHETHKH B1IHOBJICHHS BUBIIBHEHHS KaJbIIIIO II1J1 Yac aJibTEpHAIlN MU
nopisHioBanu PICR, oTpumani i yac Manux Ta BenMKuX anbTepHanTis Ca?t, mpu pizaux
YacOBUX 3aTpUMKax Iicis Jenojspu3aiii Ta (QOTOJITUYHOTO BUBUIbHEHHS. byio
noOynoBaHo rpadik, sikui Bigoopaxae criigHomeHHs PICR mig yac BeIukoro 10 Manoro

tpansienTiB (PICRL/PICRs) BigHocHO 3aTtpuMku (auB. puc. 1.13D). IIpu upomy PICRL

npeacTaBiieHo Yy BijcoTkax Biag PICRs mias koxkHOT KOHKpeTHOI 3atpuMku. s Y ®-diemn
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criajaxiB, MoJaHux y MoMeHT yacy 0 (0e3 3aTpumku) Ta i3 3aTpuMKO0 50 MC, BiTHOIIIEHHS
PICRL/PICRs mepeBunryBano 1, CBIIUUTh MPO T€, IO MiJ Yac BEIUKOTO TPAH3IEHTY Ha
MOYaTKy JAenojispu3alli KaHaau BUBUIbHEHHS RyRs Oynu MOBHICTIO JOCTYHHI 1 MOIIH
AKTHUBYBAaTHUCS MaKCUMAJIbHO MiJ] BIUIMBOM KOMOIHAIlli MEMOISPU3AIINHOIO IMIYJbCY Ta
Y®-paem cnanaxy. IIporsrom inreppany Bin miky Ca?" Tpansienty no ioro cnamy (100-
250 mc) BigHomeHHss PICRL/PICRs 3MeHmryBanocs, JOCSIraroud MIHIMYMY HpPHOJINA3HO
yepe3 150 mc. 11 pesynbratu cBiguath mpo Te, 10 MiJ Yyac aibTepHallii yactka RyRs, ska
3amydeHa 10 BuBinbHeHHs Ca’*, KONMBAa€TBHCS 3 KOKHMM HOBMM CTHMyJIOM. Ilim uac
BEJIMKOI'0 TpaH3ieHTY Ouiblna yacTuHa RyRs 3amydyeHa 10 BUBLIbHEHHS, 1, OTKE, OlibIna
YaCTHMHA KaHaJIB MEPEeXOauTh Y pedpaKkTepHHil CTaH, CTAlOUM TUMYAcOBO HEJOCTYITHUMU
U1 momanbInol akTuBamii. [IpoTunexkHa cUTyallisl CIOCTEPITraeThbes MiJg Yac Majoro
TpaH31€HTYy. Y MIACYMKYy, Il JaHI HAJalTh MEPEKOHIWBI JOKA3W TOMY, IO KOJIMBAHHS
BIIACTMBOCTEH PECTHUTYIIIi Ta KIHETUKM MeXaHi3My BUBiIbHeHHS Ca®’ BilirparoTh KIIIOUOBY
ponb y popmysanni Ca?*-ansrepHariii.

BigHoBieHHS TPUBAJIOCTI MOTEHINANY [ii, K€ BKIIOYA€ BiAHOBJICHHS Ca**-kanaiB
L-tuny micns nmotenmian- ta Ca®*-3anmexHoi iHakTHBaIii, a Takoxk cekpecTpyBanHs Ca®*
(30kpeMa, 3BopoTHe 3axomuenHa Ca’" B CP Ta BinHoBnenns Ca’*-3aBanTaxenns (Cutler et
al., 2009, Xie et al., 2008)), € BimoMumu (HaKkTOpaMmu, 110 BUKIUKAIOTH €JIeKTPOMEXaHIIH1
ta Ca?"-anbrepnanii. ll{e omHicI0 MOMKIMBOIO IIPUYUHOIO MOke 6yTu pedpakrepricts CICR
a00 TUMuacoBa HeNOCTYyNHICTh RyRs miciisi BUBUIbHEHHS, 110 MOXKE MPU3BOAUTH 10
HecTabimpHOCTI BuBimbHEHHST Ca’t y CeplieBii M'I30BiM TKaHUHI. Y JaHOMY JOCIIKEHHI
MU aHaNI3yBaJId PAJl MApAMETPIB, AK1 Oe3mocepeHhO ab0 OMOCEePEIKOBAHO B3aEMOIIIOTH 3
nporuecoM pectutynii BusinbHenHs Ca®* 3 CP. [IpoBeneHi eKCIIEpUMEHTH HiATBEPIUIH, IO
IiJ] Yac anbTepHaLiil KineTuka pedpakTepHocTi BuBinbHeHHS Ca’" 3 CP 361nbL1yeThCs mics
BEJIMKO aMIUTITYJHOTO TpaH3i€eHTY. Mu MHIUIM 10 BUCHOBKY, IO 3aJE€XHICTh BijJ yacy
BilHOBIEHHs pedpakTepHicTi Ta pectuTylii BubinbHenHs Ca’* 3 CP e kmodoBMMH
paktopamu g reHepauii Ca®" anpTepHaliii. AHaNOriuHi BHCHOBKH IIPO BaKJIUBICTh
pedpakreprocti BuBinbHeHHS Ca’" 3 CP 11 BUHMKHEHHS aJlbTepHALil Oyau OTpUMaHi Ha
OCHOBI JOCHIJKEHb POJI1 JTIOMIHATBLHOTO Ca”* y BUBUIbHEHH] B IHTAaKTHUX KJIITUHAX CEPIls

muii (Kornyeyev et al., 2010), a Takox npu crinbHii aktusHocTi Ca?’ cmanaxis. ¥V nux
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JOCHiKeHHAX pedpaKTepHicTh LeHTpiB BubinbHeHHs Ca’* micma Ca?" cmamaxy Oyna
BH3HAUYCHA SIK BUPIIIATbHUN (DaKTOp, 110 BU3HAYAE MOSABY ceplieBUX anbTepHallii (Rovetti
et al., 2010). Omxe, MH TIATBEPAUIH, IO KIOUYOBUM MEXaHI3MOM, IO JICKHUTh B OCHOBI
CEeplEBUX aJbTEpHAIlId, € 3aJeXHl BiJ] Yacy BJACTMBOCTI PECTUTYLIi Ta KIHETHUKA

BITHOBJICHHSI MEXaH13My BUBIJIbHECHHS Ca” 3 CP.
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Shkryl VM, Maxwell JT, Domeier TL, Blatter LLA. Refractoriness of
sarcoplasmic reticulum Ca®* release determines Ca®>* alternans in atrial
myocytes. Am J Physiol Heart Circ Physiol 302: H2310-H2320, 2012. First
published March 30, 2012; doi:10.1152/ajpheart.00079.2012.—Cardiac al-
ternans is a recognized risk factor for cardiac arrhythmia and sudden
cardiac death. At the cellular level, Ca>" alternans appears as cyto-
solic Ca®* transients of alternating amplitude at regular beating
frequency. Cardiac alternans is a multifactorial process but has been
linked to disturbances in intracellular Ca?" regulation. In atrial
myocytes, we tested the role of voltage-gated Ca®>" current, sarco-
plasmic reticulum (SR) Ca?* load, and restitution properties of SR
Ca®™" release for the occurrence of pacing-induced Ca®* alternans.
Voltage-clamp experiments revealed that peak Ca>* current was not
affected during alternans, and alternans of end-diastolic SR Ca’+
load, evaluated by application of caffeine or measured directly with an
intra-SR fluorescent Ca®* indicator (fluo-5N), were not a requirement
for cytosolic Ca?* alternans. Restitution properties and kinetics of
refractoriness of Ca®™ release after activation during alternans were
evaluated by four different approaches: measurements of /) the delay
(latency) of occurrence of spontaneous global Ca®* releases and 2)
Ca?* spark frequency, both during rest after a large and small
alternans Ca®™" transient; 3) the magnitude of premature action po-
tential-induced Ca* transients after a large and small beat; and 4) the
efficacy of a photolytically induced Ca>* signal (Ca®>* uncaging from
DM-nitrophen) to trigger additional Ca®* release during alternans.
The results showed that the latency of global spontaneous Ca®"
release was prolonged and Ca>™" spark frequency was decreased after
the large Ca®™ transient during alternans. Furthermore, the restitution
curve of the Ca®* transient elicited by premature action potentials or
by photolysis-induced Ca>* release from the SR lagged behind after
a large-amplitude transient during alternans compared with the small-
amplitude transient. The data demonstrate that beat-to-beat alternation
of the time-dependent restitution properties and refractory kinetics of
the SR Ca®" release mechanism represents a key mechanism under-
lying cardiac alternans.

calcium alternans; ryanodine receptor; refractoriness; sarcoplasmic
reticulum calcium release

CARDIAC ALTERNANS is a recognized risk factor for cardiac
arrhythmia and sudden cardiac death (58, 60, 61) and has been
directly linked to atrial fibrillation (26, 42), the most common
form of cardiac arrhythmia (43). At the cellular level, cardiac
alternans is defined by cyclic, beat-to-beat variations in con-
traction amplitude (mechanical alternans), action potential
(AP) duration (APD; electrical or APD alternans), and Ca®"
transient amplitude (Ca®" alternans) at constant stimulation
frequency (e.g., Ref. 65). A plethora of experimental condi-
tions and interventions have been demonstrated to cause and
modulate cardiac alternans, suggesting a multifactorial process.
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of Molecular Biophysics and Physiology, Rush Univ. Medical Center, 1750 W.
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Nonetheless, it has become increasingly clear that alternans is
ultimately linked to disturbances in myocardial Ca®>" homeo-
stasis and impaired intracellular Ca>* concentration ([Ca>*];)
regulation (for reviews, see Refs. 6, 11, 17, 19, 21, 22, 37, 41,
and 48). Based on the theory of cardiac Ca?" cycling, compu-
tational studies, and experimental data (for reviews and refer-
ences, see Refs. 63 and 64), two parameters have emerged as
critically relevant to the beat-to-beat regulation of [Ca®>*]; and
the generation of alternans: fractional Ca>* release and the
efficiency of cytosolic Ca®" sequestration. Fractional release
of Ca®" refers to the nonlinear relationship between the Ca*
content of the sarcoplasmic reticulum (SR) and the amount of
Ca®* (or fraction of SR Ca®" content) released by Ca’*-
induced Ca®* release (CICR) with each cardiac cycle, where at
a higher SR Ca?>* content a larger fraction is liberated upon
activation of CICR (3). Ca®" sequestration is a phenomeno-
logical parameter that refers to the net efficiency of clearing the
cytosolic compartment of Ca®>* and includes Ca>* reuptake
into the SR via sarco(endo)plasmic reticulum Ca>"-ATPase
(SERCA), extrusion via the Na™/Ca®>" exchanger (NCX) and
plasmalemmal Ca®"-ATPase, cytosolic buffering, mitochon-
drial uptake, and diastolic SR Ca>" leak [via ryanodine recep-
tor (RyR)-mediated SR Ca®"-release channels or other path-
ways; see Ref. 69]. The nonlinear relationship between Ca®*
sequestration and fractional release determines the vulnerabil-
ity to alternans (see Fig. 6 in Ref. 63). The relationship predicts
that, in general, factors increasing Ca?" load and fractional
release promote alternans and factors increasing Ca%* seques-
tration protect against alternans. Thus, under low Ca®* seques-
tration conditions (e.g., because of reduced SERCA activity or
enhanced diastolic SR Ca’™ leak) alternans can occur at
relatively modest SR loads and small fractional releases,
whereas at high sequestration rates higher Ca®>* loads and
fractional release are required to induce alternans. The
boundary between stability and instability (alternans) of
Ca®" cycling is not linear. The boundary is shallow in the
low sequestration range and becomes steep at high seques-
tration rates. That is, at low sequestration rates the transition
from stability to instability is dominated by changes in
fractional release, whereas at higher sequestration rates
small changes in Ca®" sequestration become critical for the
occurrence of alternans.

The beat-to-beat dynamics of both Ca®" sequestration and
fractional release are critically dependent on the restitution
properties and refractory kinetics of the SR Ca?*-release
mechanism. The amount of Ca?™ released during a given heart
beat, and thus the magnitude of the Ca?* transient, is deter-
mined by the recovery of the trigger of CICR, SR Ca>* load,
and the release mechanism itself (RyRs and associated regu-
latory proteins) of the preceding beat. APD restitution (includ-
ing the recovery of L-type Ca’" channels from voltage- and

http://www.ajpheart.org
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Ca®*-dependent inactivation) has been recognized as causative
and/or contributing factors to electromechanical and Ca®*
alternans and may play a role, particularly at high heart rates
(for reviews, see Refs. 63 and 64). The role of reuptake of
Ca®" into the SR and reestablishing Ca>* load have been the
subject of numerous investigations (12, 30, 68) together with
the controversial question of whether cardiac alternans requires
beat-to-beat alternations in SR Ca®" content and end-diastolic
SR filling (15) or not (28). While it has been suggested that
instability in the beat-to-beat feedback control of SR content
leads to Ca®™ alternans (18), direct dynamic measurements of
Ca?* concentration in the SR ([Ca®"]sr) revealed that altern-
ans can readily occur without significant diastolic [Ca®"]sr
fluctuations (44). These results raise the intriguing possibility
that factors other than SR Ca®>* load, such as the kinetics of
restitution of SR Ca®>* release (or time dependence of the
refractoriness of the Ca>*-release mechanism) centrally under-
lie pacing-induced cardiac alternans. Indeed, recent findings
have provided evidence that the recovery of CICR or refrac-
toriness of RyR-mediated Ca”>" release may contribute to the
instabilities of cardiac Ca®" release and vulnerability to ar-
rhythmias (56). Experimental studies on the recovery of Ca>*
transients as well as Ca®* sparks (i.e., Ca’" release at the local
level of individual SR Ca?*-release units) (7, 8, 47, 52, 55, 57)
have raised the possibility that the recovery of RyR-dependent
Ca®™ release may occur on a time scale that overlaps with the
stimulation frequencies at which Ca?* alternans occurs. The
time-dependent recovery of SR Ca?* release may become a
critical factor for the occurrence of Ca®* alternans when
recovery is slowed, a mechanism we have proposed to con-
tribute to alternans during inhibition of glycolysis (28).

Therefore, the goal of the present investigation was to test
the hypothesis that beat-to-beat alternations in the restitution
kinetics of SR Ca®" release cause Ca>" alternans in atrial
tissue. The focus was placed on atrial myocytes for several
reasons: /) atrial arrhythmias (particularly atrial fibrillation)
are the most common and most prevalent form of cardiac
arrhythmia (e.g., Ref. 43) and have been linked directly to
alternans (26, 42); 2) at the cellular level, due to the lack of a
t-tubular membrane system and the special features of Ca’"
release during excitation-contraction coupling (27, 33, 39, 40,
53, 66), atrial myocytes are particularly susceptible to pacing
and metabolically induced Ca®" alternans (28, 34); and 3)
Ca?™ alternans can be subcellularly inhomogeneous (1, 2, 15,
24), which is again particularly pronounced in atrial tissue (28,
32). We have demonstrated subcellular transverse and lon-
gitudinal gradients of the degree of Ca’" alternans and
subcellular regions alternating out of phase. These pro-
nounced and complex subcellular inhomogeneities and gra-
dients provide a proarrhythmic substrate that renders atrial
myocytes particularly vulnerable to spontaneous SR Ca®*
release and susceptible to propagating arrhythmogenic dia-
stolic Ca®>* waves. The present study provides the first
direct evidence that in atrial myocytes, beat-to-beat alterna-
tion of the restitution kinetics of SR Ca?™" release represents
a key causative mechanism for the occurrence of electro-
mechanical and Ca>* alternans.

Part of this work has been previously presented in abstract
form (54).
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METHODS

Solutions and chemicals. All chemicals and reagents were pur-
chased from Sigma-Aldrich (St. Louis, MO), unless otherwise stated.
Tyrode solution contained (in mM) 135 NaCl, 4 KCI, 2 CaCl,, 1
MgCl, 10 p-glucose, and 10 HEPES (pH 7.4 with NaOH).

Myocyte isolation. Atrial myocytes were isolated from New Zea-
land White rabbits (2.5 kg, Myrtle’s Rabbitry, Thompsons Station,
TN). Rabbits were anesthetized with pentobarbital sodium (50 mg/
kg), and hearts were excised and mounted on a Langendorff appara-
tus. Hearts were retrogradely perfused with nominally Ca>*-free
Tyrode solution containing heparin (2 U/ml) for 5 min, followed by
minimal essential medium Eagle (MEM) solution containing 20 uM
Ca’* and 45 pg/ml Liberase Blendzyme TH (Roche Applied Science,
Indianapolis, IN) for 20 min at 37°C. MEM solution contained (in
mM) 23.8 NaHCOs, 2 Na-pyruvate, 10 Na-HEPES, 10 HEPES, 0.02
CaCl,, and 8 taurine with 40 U/I insulin and 50,000 U/I penicillin-
streptomycin (pH 7.35 with NaOH). Digested tissue was minced and
washed in MEM solution containing 10 mg/ml BSA and 50 uM
CaCl,. Finally, isolated atrial cells were kept in MEM solution with
50 pM CaCl, and were used within 1-6 h after isolation. All
experiments were performed at room temperature (22-24°C). Animal
protocols were approved by the Institutional Animal Care and Use
Committee.

Confocal microscopy and [Ca®™ ]; measurements. Confocal mi-
croscopy was used for the measurements of intra-SR Ca?*, cytosolic
Ca’* transients, Ca®* sparks, and Ca>* waves. To directly monitor
[Ca%*]sg, the SR was loaded with the low-affinity Ca>* indicator
fluo-5N (Molecular Probes-Invitrogen, Carlsbad, CA) by incubation
of atrial myocytes with 10 wM of membrane-permeable fluo-5SN AM
together with 0.25% Pluronic F-127 in nominally Ca®"-free Tyrode
solution for 2.5 h, followed by a 30-min wash (all at 37°C). For
[Ca®™]; measurements, intact atrial myocytes were incubated with 10
M fluo-4 AM (Molecular Probes-Invitrogen) for 10 min, followed
by a 15-min wash. Cells were placed on laminin-coated glass cover-
slips. [Ca®*]; and [Ca®>*]sg were measured with fluorescence laser
scanning confocal microscopy (Radiance 2000 MP, Bio-Rad). Fluo-4
and fluo-5N were excited using the 488-nm line of an argon ion laser,
and emission signals were acquired at >500 nm. All line-scan images
(3 ms/line, 0.1-pm pixel size) were recorded from a central focal
plane, with the scan line positioned along the transverse axis of the
cell, avoiding regions of the nucleus. This allowed recording of Ca?™
release simultaneously from the junctional SR (j-SR) in the cell
periphery and the nonjunctional SR (nj-SR) in the cell center (27).
Background-subtracted fluorescence emission signals (F) were nor-
malized to baseline fluorescence (Fo), and changes of [Ca®"]; are
presented as changes of F/F or AF/F (where AF = F — Fy). SR Ca>*
load was assessed from the cytosolic fluo-4 signal in response to the
rapid application of 10 mM caffeine. SR Ca?* loads were quantified
as the amplitude (AF/Fo) of caffeine-induced cytosolic Ca>* transient.
Changes in [Ca?"]sg measured with fluo-5N are expressed as
[Ca*>*]sr = (F — Fmin)/(Fo — Fmin), where Fy is the baseline diastolic
[Ca?*]sr and Fuin is the intra-SR fluorescence in the absence of Ca?™"
obtained after complete emptying of SR Ca?" with 10 mM caffeine.

Electrophysiology and photolysis of caged Ca®™. Experiments
involving photolysis of caged Ca?" and simultaneous [Ca®>*]; and
Ca?" current (Ic,) measurements were performed on voltage-clamped
atrial myocytes. The patch pipette solution contained (in mM) 120
L-aspartate, 120 CsOH, 20 TEA-Cl, 20 HEPES, 1 rL-gluthathione
(reduced), 1 DM-nitrophen (EMD Chemicals, Philadelphia, PA), 0.8
K-ATP, 0.7 CaCl,, and 0.05 fluo-4 pentapotassium salt (Molecular
Probes-Invitrogen) (pH 7.2 with CsOH). Free [Ca®"] of the pipette
solution was ~150 nM. Due to competition of Ca>* and Mg?* for
binding to DM-nitrophen (20), Mg>* was omitted from the pipette
solution to achieve optimal loading of the cage with Ca®*. In in vitro
control experiments, we determined that under our experimental
conditions at [Ca?"] = 300 nM, the uncaging Ca>" signal was
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constant and became independent of [Ca®>*] (data not shown). Low-
Mg?* conditions potentially affect RyR-dependent Ca?* release due
to decreased Mg?™" inhibition of the channel (e.g., Ref. 25). In our
experiment, however, the pipette solution composition was constant
and not expected to affect the comparison of Ca>" signaling between
the large- and small-amplitude alternans Ca®" transient.

Ica was recorded with the patch-clamp technique in the whole cell
configuration using an Axopatch 200A amplifier (Molecular Devices,
Sunnyvale, CA). Atrial myocytes were voltage clamped and held at
—40 mV. Ic, was activated with 100-ms depolarization steps to +20
mV. Ic, was low-pass filtered at 5 kHz and digitized at 10 kHz.
Simultaneous [Ca®*]; measurements were obtained with a Nipkow
dual-disk-type confocal laser scanning unit (CSU10, Yokogawa Elec-
tric, Tokyo, Japan) attached to the side port of a Nikon Diaphot 300
inverted microscope equipped with a X100 ultraviolet (UV)-transmit-
ting oil objective lens (CF Fluor, numerical aperture: 1.3, Nikon).
Fluo-4 was excited with the 488-nm line of an argon ion laser
connected fiber optically to the confocal unit. [Ca®*];-dependent
fluo-4 signals were collected at >515 nm from single atrial myocytes
using a photomultiplier tube. Photolysis of caged Ca*>* (DM-nitro-
phen) was achieved with single 355-nm light pulses (3-5 ns) from a
Nd:YAG laser (Continuum Minilite II, Santa Clara, CA) connected
via a single solid fused silica fiber to the epifluorescence port of the
microscope. Synchronization of flash photolysis, Ic., and [Ca®™];
measurements and data recording and digitization were achieved
using pPCLAMP 10.2 software and the Axon Digidata 1440A interface
(Molecular Devices).

Ca?* alternans. Ca®" alternans was induced by incrementally
increasing the pacing frequency until stable Ca®* alternans was
observed. Global Ca>™* transients were elicited by electrical stimula-
tion via depolarization pulses in voltage-clamped myocytes or by
electrical field stimulation of intact myocytes using a pair of platinum
electrodes (voltage set at ~50% above the threshold for contraction).
The frequency at which stable Ca®* alternans was observed varied
from cell to cell and ranged from >1 to 2.5 Hz. The degree of Ca>*
alternans was quantified as the alternans ratio (AR). The AR was
defined as 1 — S/L, where S/L is the ratio of the small-amplitude Ca>"
transient (S) to the large-amplitude Ca>* transient (L) during a pair of
alternating Ca>™ transients (32, 67).

Data analysis and statistics. Ca®>* spark frequency [quantified as
the number of sparks per second and 100 wm of scanned distance
(sparks-s~!<(100 wm)~")] was calculated using the SparkMaster al-
gorithm (45). Results are reported as means = SE of n cells. Statistical
significance was evaluated using Student’s #-test or Wilcoxon signed-
rank test.

RESULTS

Ico and SR Ca** load during pacing-induced Ca*™
alternans. In an initial set of experiments, we tested the
hypothesis of whether alternations in /¢, or diastolic SR Ca?t
load are required for cytosolic Ca>" alternans in atrial myo-
cytes. Figure 1A shows simultaneous Ca®" transients (a) and
Ica (b) recordings from a voltage-clamped atrial myocyte.
Ca®" transients were evoked by membrane depolarization to
+20 mV from a holding potential of —40 mV. In the example
shown, stable Ca>" alternans with an AR of 0.36 was observed
at a stimulation frequency of 1 Hz. Peak I, (Fig. 1A,c) was
essentially identical during the large (—0.551 nA) and small
(—0.559 nA) Ca?™ transients. On average, the ratio of I, peak
amplitude during the large transient divided by the small
transient was 1.008 = 0.011 (n = 8), i.e., the average beat-to-
beat variation was <1%. Upon closer examination, inactiva-
tion of Ic, was slightly faster during the large-amplitude Ca>*
transient (blue trace in Fig. 1A,c), consistent with a more
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pronounced Ca”*-dependent inactivation of the current. Fur-
thermore, the tail current observed after repolarization was
larger after the large-amplitude alternans Ca?* transient, con-
sistent with larger Ca®>* release leading to enhanced Ca®"
removal across the surface membrane via NCX.

We addressed the question of whether SR Ca?>* content
alternates during Ca®" alternans with two separate experimen-
tal approaches. With the first assay, we rapidly applied 10 mM
caffeine after the large and small Ca®>" transient during alter-
nans while recording cytosolic [Ca®>*];. This approach allowed
SR content to be measured with subcellular (subsarcolemmal
j-SR vs. central nj-SR) resolution using laser scanning confocal
microscopy (Fig. 1B,a). Figure 1B,b shows the average ampli-
tudes of electrically evoked (field stimulation) Ca®" transients
for the j-SR and nj-SR. Average AR was 0.54 % 0.03 for the
JSR and 0.61 = 0.04 for the nj-SR (n = 10). As shown in Fig.
1B,c, there were no differences in amplitude of the caffeine-
induced Ca>™ transient (i.e., SR Ca®>" load) after the large and
small transient, nor were there any differences between the
j-SR and nj-SR. These results confirmed earlier measurements
in atrial tissue (28).

With the second approach, we measured [Ca’™|sg levels
directly using the low-affinity Ca>* indicator fluo-5N en-
trapped in the SR. As shown in Fig. 1B,d (left), the end-
diastolic [Ca®*]sg levels preceding a large SR depletion were
identical to the [Ca®>"]sg levels immediately before a small
transient (n = 9). Furthermore, the end-diastolic AR, expressed
as the ratio of end-diastolic [Ca®"]sr before a large and small
SR Ca?" depletion transient, was 1.003 = 0.002 [Fig. 1B,d
(right)), indicating that Ca®>" alternans could occur at constant
end-diastolic [Ca®*]sr.

In conclusion, the data shown in Fig. 1 indicate that altern-
ans of cytosolic Ca®>* transients occur in the absence of
beat-to-beat alternations of the physiological trigger (Ica) for
CICR during excitation-contraction coupling. Furthermore, al-
ternations in end-diastolic [Ca®"]sg are not required for Ca>"
alternans. Therefore, alternations in Ic, and SR Ca?>* content
can be excluded as the primary or sole determinants of cyto-
solic Ca>" alternans under our experimental conditions. This is
consistent with our previous findings in atrial and ventricular
myocytes (28, 44). Therefore, in the following experiments, we
focused on refractory kinetics and restitution of SR Ca®"
release and tested the hypothesis that alternans of refractoriness
of RyR-dependent Ca?™" release is causally linked to cardiac
alternans.

Propensity of spontaneous Ca’* release during rest after
alternans. To evaluate the availability or restitution of the
Ca®*-release mechanism after a Ca>" transient during altern-
ans, we induced Ca®* alternans by pacing and measured the
time to the occurrence (latency) of spontaneous global Ca?"
release (e.g., in the form of a Ca>* wave or a spontaneous AP)
during a period of rest after pacing. As shown in Fig. 24,a, the
occurrence of spontaneous global Ca®" release was compared
during rest periods after a small Ca®>" transient (leff) and a
large Ca" transient (right). The average latency of spontane-
ous global Ca>" release (Fig. 2A,b) was 1.41 = 0.24 s after the
small transient and 2.12 * 0.42 s after the large transient (n =
6, P < 0.05). The significantly shorter latency observed after
the small Ca?* transient during alternans suggests that refrac-
toriness of the SR Ca®*-release mechanism alternates and is
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significantly reduced after a small transient (or prolonged after
a large transient).

We investigated this hypothesis further by evaluating the
frequency of spontaneous elementary SR Ca®*-release
events [Ca®" sparks (9)] during rest after pacing-induced
alternans. Figure 2B,a shows spark recordings after a small
transient (left) and after a large transient (right) from the
same cell. Spark frequency was twofold higher after the
small Ca®" transient than after the large Ca>™ transient (after
the small transient: 3.18 *+ 0.86 sparks-s~!-(100 wm) ! and after
the large transient: 1.62 * 0.75 sparks-s~'«(100 pm)~!, n = 5,
P < 0.002; paired observation). Notably, in the example shown,
early after the cessation of pacing a burst of Ca>* sparks was
observed after the small transient that was absent after the large
transient.

In conclusion, the observation that the latency of sponta-
neous global Ca®" release and abundance of spontaneous
Ca®" sparks during rest after alternans is critically depen-
dent whether the rest period was preceded by a final small-
or large-amplitude transient suggests that refractoriness of
SR Ca?" release plays a critical role in the Ca®" alternans
mechanism. The experiments shown in Fig. 2, however,
only indirectly addressed the role of refractoriness for al-

Caffeine
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Fig. 1. Ca®* current (Ic.) and sarcoplasmic
reticulum (SR) Ca?* concentration ([Ca]sr)
during pacing-induced Ca®>* alternans. A: si-
multaneous measurements of intracellular
Ca* concentration ([Ca?*];; @) and Ica (b) in
voltage-clamped rabbit atrial myocytes. c,
Overlay of Ic, measured during a large-ampli-
tude Ca®™ transient (L; blue trace) and a small-
amplitude Ca®" transient (S; red trace). B: sub-
cellular Ca®>* transients recorded from the
junctional SR (j-SR; black) and nonjunctional
SR (nj-SR; red) during pacing-induced Ca’>*
alternans. Top, local Ca®" transients; bottom:
line-scan images. The black and red boxes
b mark the subcellular regions where local Ca?*
3 signals were recorded. @, SR Ca>* load was

calculated from the magnitude of the [Ca?™];
2 signal induced by the rapid application of caf-

feine (10 mM) after a large (leff) and small
1 (right) Ca®* transient during alternans. b and
¢, Average local Ca®* transient amplitudes
during alternans induced by pacing (n = 10; b)
and caffeine (SR Ca load, n = 14 after a small
transient and n = 11 after a large transient; c).
d, [Ca>*]sr during pacing-induced Ca altern-
ans (left) and end-diastolic alternans ratio (AR;

LSLS
£ SR nj-SR

S right), expressed as the ratio of end-diastolic

[Ca?*]sr before a large and small SR Ca>*
depletion transient (n = 9). Filled circles indi-
cate electrical field stimulation pulses. CL,
cycle length; F, fluorescence; Fo, initial fluo-
rescence; AF, change in fluorescence or F-Fo;
Fuin, minimum fluorescence.

.
=N

ARend-diast (L/S)
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ternans because spontaneous Ca>*-release events were eval-
uated after the cessation of electrical pacing. The following
experiments were designed to address this question directly
during alternans.

Refractoriness of Ca*" release during alternans. Refracto-
riness of Ca®>" release during alternans was tested by applying
premature electrical pulses at exactly defined time intervals
during the Ca?* transient induced by a regular pacing protocol.
Premature stimuli were applied during large and small Ca>*
transients between 100 and 1,000 ms after the regular pulse.
The magnitude of Ca®" release induced by the premature
stimulus was quantified as fractional release, i.e., the amplitude
was normalized to SR Ca®>* load in each individual cell to
account for cell-to-cell variability of SR Ca>" content. SR load
was measured as the amplitude of the Ca®>* signal elicited with
the rapid application of 10 mM caffeine (the general protocol
is shown in Fig. 3A). Figure 3B shows an example where the
extra stimulus (black arrowhead) was applied 250 ms after the
regular depolarization (filled circles) during alternans, after a
small-amplitude Ca®* transient (a), and after a large-amplitude
Ca®" transient (b). Release had partially recovered 250 ms
after a small transient, whereas after the large transient addi-
tional Ca®" release was barely detectable. As shown in Fig.
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Fig. 2. Spontaneous Ca®"-release events dur-
ing rest after pacing-induced Ca’>™ alternans.
A: spontaneous global Ca®"-release events
(solid diamonds) during a 10-s rest period
after a small (left) and large (right) alternans
Ca?" transient (a). Top, [Ca>"]; averaged over
the width of the cell; bottom: confocal line-
scan image of [Ca®"];. b, Average latency of
spontaneous global Ca?* release after a small
and large transient during alternans (n = 6).
B: local Ca?* transient and Ca>* sparks (a)
during rest after a small (left) and large (right)
alternans Ca®" transient. Shown are local
[Ca>"]; changes recorded from the subcellular B
location marked by the black box and line-
scan images. b, Average Ca’?" spark fre-
quency after a large and small alternans Ca>*
transient (n = 5). Filled circles indicate elec-
trical field stimulation pulses. Statistical sig-
nificance: *P < 0.05 and **P < 0.002.
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3C, in response to a stimulus applied after a 500-ms interval,
Ca®" release had fully recovered after the small- and almost
completely after the large-amplitude alternans Ca®" transients.
The results are shown in Fig. 3D. During the small Ca®"
transient (dashed lines), SR Ca®" release became partially
available in <250 ms, whereas SR Ca”" release during a large
transient remained unavailable for >250 ms. The 50% recov-
ery time (taken from the fit to the average data) during the
small transient (dashed lines) was 230 ms for the j-SR and 260
ms for the nj-SR. In contrast, the 50% recovery time during the
large transient (solid lines) was 350 ms for the j-SR and 450 ms
for the nj-SR, i.e., restitution of Ca>* release during the large
Ca®" transient was prolonged by nearly 65% and the recovery
of release from the j-SR preceded the recovery of nj-SR release
by 30-100 ms. The latter is largely explained by the fact that
the activation of release in the cell center lagged behind
activation in the cell periphery due to the lack of t-tubules in
atrial cells and the time required for the propagation of CICR
from the cell periphery to the cell center (33, 39, 40, 66). As
shown previously, this delay amounts to 45—-80 ms (27, 53).
Recovery of SR Ca®" release from inactivation during
alternans was further investigated with an experimental ap-
proach where step-like increases of [Ca?*]; were imposed
during alternans using a caged Ca®>* compound [DM-nitrophen
(31)] and photolytical release of Ca®>*. Ca®" released from the
SR by uncaging of DM-nitrophen was termed photolysis-
induced Ca?* release (PICR). Atrial myocytes were voltage
clamped and stimulated with 100-ms depolarization pulses
from a holding potential of —40 to +20 mV at frequencies that
elicited stable Ca®" alternans. UV (355 nm) laser flashes
(lightning symbol) were applied at the beginning of the depo-
larization pulse (time 0 in Fig. 4A) or at defined intervals
ranging from 50 to 400 ms after the beginning of the depolar-
ization pulse (Fig. 4, B and C). This protocol was applied twice
to deliver a UV flash of identical delay during a small Ca>*
transient (first series, red trace) and a large Ca®* transient
(second series, blue trace). The UV laser pulse was preceded
by a minimum of 10 depolarization pulses to achieve repro-
ducible Ca®" loading of the SR. In the example shown in Fig.
4A, the UV flash was applied simultaneously with the voltage-
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clamp pulse. In both series, the amplitude of the transient
elicited by the combined application of a depolarization step
and UV flash was larger than elicited by membrane depolar-
ization alone (note that depolarization to +20 mV elicited a
maximal Ca®>" response under identical experimental condi-
tions; data not shown). This demonstrates directly that the
physiological trigger of CICR, Ic,, does not release all avail-
able Ca®" in the SR and that under alternans conditions during
the small transient sufficient SR Ca?" would be present,
provided there is a sufficiently strong trigger that could over-
come the refractoriness of the release mechanism. As shown in
Fig. 4A, the amplitude of the Ca®" transient elicited by the
combination of membrane depolarization and UV flash was
larger after a small transient (i.e., when a large transient is
expected, blue trace) than after a large transient (red trace). As
shown in Fig. 4A.b, this difference was graded with the AR.
Cells with the largest AR of Ca®>* transients elicited by
membrane depolarization also revealed the largest difference
between the Ca’>" transient amplitudes elicited by the com-
bined application of depolarization (CICR) and UV flash
(PICR). Since end-diastolic [Ca®>*]; was identical before ap-
plication of the pulse (red vs. blue trace) and based on our
observation that at [Ca>*] = 300 nM the uncaging Ca>* signal
was constant (see METHODs), we could assume that the Ca’™"
loading of the caged compound was identical and therefore
identical amounts of Ca>* were released from the cage despite
the fact that [Ca®"]; changed during a cytosolic Ca®" transient.
Consequently, the difference in [Ca®"]; amplitude was the
result of differences in PICR.

Figure 4B shows an example where a UV flash was applied
150 ms after the beginning of the depolarization step during a
small Ca®" transient (red trace) and a large Ca" transient
(blue trace). The extra amount of Ca”>* release by uncaging of
Ca?" from DM-nitrophen (PICR) was larger during the small
Ca?* transient (AF/F,, of PICR was 0.25 for the small Ca®>*
transient and 0.17 for the large Ca®" transient). Figure 4C
shows the effect of the delay of UV flash application on the
amplitude of PICR. UV flashes applied during identical Ca®>*
transients but with increasing delays from the beginning of the
transient revealed PICR of increasing magnitudes. This obser-

AJP-Heart Circ Physiol « doi:10.1152/ajpheart.00079.2012 - www.ajpheart.org



SR Ca?*" RELEASE RESTITUTION DEFINES Ca?* ALTERNANS

125

H2315

Fig. 3. Refractoriness of SR Ca?" release during Ca>*
alternans probed by the application of extra electrical
stimuli. A: experimental protocol. Extra stimuli were ap-
plied at defined intervals (100-1,000 ms) during pacing-
. induced (2.5 Hz) Ca®" alternans during/after a small
(shown) and large alternans Ca>™ transient. Filled circles
indicate regular field stimulation pulses; extra stimuli are
indicated by black arrowheads. In each experiment, SR
Ca®" load was subsequently measured by the application
of caffeine (10 mM). B and C: subcellular (j-SR, black
traces; nj-SR, red traces) Ca?* transients and Ca>* release
induced by extra stimuli applied at 250 ms (B) and 500 ms
(C) during a small (a) and large (b) alternans Ca>"
transient. D: Ca?" release as a function of time interval
between a regular stimulus and an extra stimulus, for
small (open symbols) and large (filled symbols) transients,
. and for the j-SR (black) and nj-SR (red). Ca>" release by
extra stimuli is expressed as the percentage of fractional
release (amplitude of the extra Ca®*-release transient
divided by the amplitude of the caffeine-induced Ca>*
signal). The data shown in D were obtained from a total of
80 myocytes. Az, time interval between regular electrical
stimulus and extra stimulus.
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vation indicates that with increasing time during the Ca’"
transient, a growing fraction of RyR Ca?*-release channels had
recovered and became available for activation by PICR. We
now quantified the recovery kinetics during alternans by com-
paring PICR obtained during small and large alternans Ca>"
transients at variable delays. For this purpose, the ratio of PICR
during a large and small transient (PICR;/PICRs) was plotted
as a function of delay (Fig. 4D), i.e., PICRL is expressed as a
percentage of PICRg for any given delay. For UV flashes
applied at time 0 (no delay between onset of the depolarization
pulse and UV flash) and with a delay of 50 ms, PICR; /PICRg
was >1, indicating that, for the large transient, at the beginning
of the depolarization RyR release channels are fully available
and can be activated maximally by the combined application of
a depolarization and UV flash pulse. During the time interval
starting at the peak of the Ca®" transient and ranging into its
declining phase (100-250 ms), PICR;/PICRgs decreased and

reached a minimum at 150 ms. At a delay of >400 ms,
PICR; /PICRg had recovered. These data indicate that during
alternans, the fraction of RyRs that participate in Ca®" release
alternates in magnitude in a beat-to-beat fashion. During the
large transient, more RyRs participate in release; consequently,
a larger fraction of channels become refractory and are tem-
porarily unavailable for further activation and release. The
opposite applies to the small transient. Thus, taken together,
these data provide strong evidence that beat-to-beat alterna-
tions in the restitution properties and kinetics of the Ca®*-
release mechanism play a fundamental role in generation of
Ca®" alternans.

Modulation of Ca** alternans by sensitization of RyRs. In
the following set of experiments, we tested how increasing the
sensitivity of RyRs to Ca’™" affects pacing-induced alternans.
For this purpose, cells were paced at a constant frequency of
2.5 Hz. Under control conditions, this pacing frequency con-
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during Ca?* alternans probed by photolysis- =
induced Ca®" release (PICR). A: two series 1.0

of Ca?" alternans elicited by 100-ms depo-
larization pulses to +20 mV from a holding
potential of —40 mV. a, UV (355 nm) laser
pulses (lightning bolt) were applied to pho-
tolytically uncage Ca?* and coincided with
the beginning of the depolarization pulse for
an anticipated small-amplitude Ca?* tran-
sient (red; first series) and a large-amplitude
Ca>* transient (blue; second series). b, Cor-
relation between AR induced by pacing and
[Ca?*]; signal induced by the combination of
depolarization [Ca’?*-induced Ca?* release
(CICR)] and UV flash (PICR). B: photore-
lease of caged Ca?* during small (a) and
large (b) alternans Ca®" transients (delay:
100 ms) and determination of PICR ampli-
tude. C, three examples of PICR applied with
delays of 100, 160, and 220 ms during depo-
larization-induced Ca>™ transients of identi- C
cal amplitude. D: average PICR ratios during

large and small Ca®* transients (PICR./
PICRs) as a function of the delay between the
depolarization pulse and UV flash. Numbers

in parentheses indicate numbers of cells
tested.
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sistently caused stable Ca®* alternans (Fig. 5A). After stable
alternans had been established, cells were exposed to a low
dose (0.1 mM) of caffeine, which is well established to in-
crease the Ca®™ sesitivity of the RyR (16, 59). As shown in
Fig. 5A, caffeine normalized pacing-induced Ca®>* alternans
within <10 beats. Upon closer inspection, the predominant
effect of caffeine was on the small-amplitude Ca®* tran-
sient, which increased substantially, whereas the amplitude
of the large transient only slightly decreased. The increase
in amplitude was particularly pronounced for release from

PEEERE R
Fig. 5. Effect of ryanodine receptor sensitization on
Ca>* alternans and refractoriness of Ca®>" release. )
A: application of low-dose (0.1 mM) caffeine nor- % 3
. .o o ; [
malized pacing-induced Ca*" alternans. B: sponta- =
neous Ca’" release (solid diamond) during rest in the g P

presence of caffeine. Shown are subcellular Ca?*
signals from the j-SR (black) and nj-SR (red) (top)
and line-scan images (bottom). Filled circles indicate 1
electrical field stimulation pulses.
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the nj-SR. In addition to rescuing pacing-induced Ca’"
alternans, caffeine also shortened the time to the occurrence
of a spontaneous global Ca?" release during rest after
pacing (Fig. 5B). The latency in the presence of caffeine was
reduced to 1.30 = 0.11 s (n = 12) compared with control
conditions (Fig. 2A,b). Thus, sensitization of the RyR in-
creased the threshold for pacing-induced alternans to >2.5
Hz and shortened refractoriness of the Ca®*-release mech-
anism. Similar to caffeine, (3-adrenergic stimulation with
isoproterenol (10 wM) prevented the occurrence of Ca’*
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alternans at a pacing frequency of 2.5 Hz and reduced
latency on average to 0.71 s (n = 6; data not shown).
Modulation of Ca** alternans by step-like increases of
[Ca?™ ] Using photolysis of caged Ca®" in voltage-clamped
myocytes, we tested the effect of rapid step-like elevations of
[Ca®*]; on alternans threshold pacing frequency and the phase of
alternans. UV flashes used to photolyse DM-nitrophen (lightning
symbol in Fig. 6) were synchronized with the onset of the
depolarization step (filled circles). When UV flashes were applied
to cells with stable alternans at the time of an expected small-
amplitude transient, two types of responses were observed. In one
case, the large Ca*>* transient induced by PICR was followed by
a normalization of the Ca®>* transients and the disappearance of
alternans while pacing frequency remained unchanged (n = 4;
Fig. 6A). In the other case, alternans continued after the PICR-
induced Ca®™ transient, but the PICR-induced Ca>* transient was
followed by a small-amplitude transient, indicating a phase shift in
alternans (n = 11; Fig. 6B). In contrast, when PICR coincided
with a large-amplitude transient during stable alternans, alternans
continued without a change in phase (n = 11; Fig. 6C). Finally, in
nonalternating myocytes, PICR timed to coincided with a voltage-
clamp pulse could initiate alternans at unchanged stimulation
frequency (n = 6; Fig. 6D). In summary, these experiments show
that interference with Ca>* cycling during regular pacing by
imposing step-like increases in [Ca®*] has profound effects on
AR and the alternans phase that will be further discussed below.

25 CL=1000 ms

20
15
1.0

[Ca]; (F/Fy) .

2.5= CL=625ms
2.0
1.5

(Cal, (FIF) ©

1.0

" CcL=625ms
2.5

2.0
1.5
1.0

(cal, (FiFy) ©

25 - CL=500 ms
2.0
1.5
1.0

(Cal, (FIF,) O

127

H2317
DISCUSSION

In this investigation, we established direct evidence that
beat-to-beat alternans of time-dependent restitution of the SR
Ca®"-release mechanism constitutes a key defining factor of
cardiac alternans.

A key element toward a comprehensive understanding of
cardiac alternans is the concept of bidirectional coupling of
electrical and Ca’" signaling, leading to the paradigm that
alternans are either membrane voltage or [Ca?™]; driven, and
alternans has been linked to disturbances in both electrical and
Ca®" signaling (reviewed and discussed in Refs. 29, 51, 63,
and 64). Led by the observation, however, that mechanical and
Ca?" alternans can occur in the absence of APD alternans
(experimentally confirmed in voltage-clamp experiments) and
with constant Ic, (10, 14, 28, 62) (see also Fig. 1A in the
present study), the focus has shifted (46) toward disturbances
in Ca®" signaling that might underlie alternans and APD
alternans may be merely a consequence of Ca®" alternans. As
outlined in the Introduction, here the relationship between
fractional SR Ca?" release and cytosolic Ca®>" sequestration
determines whether Ca®>* cycling is stable or undergoes alter-
nans. The key question in this context is how does Ca>" release
during any given heart beat determine Ca>" release and Ca>*
transient magnitude of the subsequent beat. The recovery of the
Ca?" transient (generally referred to as Ca>" transient restitu-

Fig. 6. Phase modulation of Ca>" alternans by PICR.
UV flashes (lightning bolts) were applied coincidently
with a depolarization pulse in voltage-clamped myo-
cytes during pacing induced Ca?* alternans (A-C) and
during regular Ca?* transients (D). Filled circles indi-
cate the electrical onset of depolarization pulses (100
ms, to +20 mV from a holding potential of —40 mV).
Letters in parentheses indicate the anticipated Ca>"
transient amplitude.
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tion) depends on the recovery of the trigger of CICR (/¢,), SR
Ca®" load, and the release mechanism itself (RyRs). These
three factors have been addressed directly in the present study.

As shown in Fig. 1A, when I, was recorded from voltage-
clamped atrial myocytes at stimulation frequencies that in-
duced Ca®" alternans, no beat-to-beat differences in peak
current could be observed. Ic, showed accelerated inactivation
kinetics and enhanced tail currents during the large-amplitude
Ca®" transient, consistent with stronger Ca>*-dependent inac-
tivation and enhanced Ca’>* extrusion via NCX. The lack of
alternans of peak /¢, is consistent with our earlier observation
(28) and is at variance with observations of alternating L-type
Ic, that triggers CICR and Ca®* alternans (23, 38). Nonethe-
less, our observations exclude I, alternans as the sole cause of
cardiac alternans.

Clearly more controversial is the issue whether cardiac
alternans require beat-to-beat alternations in SR Ca?* content
as a causative factor (15), and it has been suggested that
instability in the beat-to-beat feedback control of SR content
leads to Ca®" alternans (18). We addressed this question
experimentally with two different approaches. The first ap-
proach relied on measurements of SR Ca®>* load by quantifying
the cytosolic Ca®>* signal in response to rapid SR depletion
with caffeine. As shown in Fig. 1B, the caffeine-induced Ca®"
transients were identical after the large and small alternans
Ca®" transient, excluding alternating differences in diastolic
SR Ca®* load and confirming earlier findings made in atrial
tissue (28). The second approach used a refined method of
direct dynamic measurements of [Ca®"Jsg using a low-affinity
Ca?* indicator (fluo-5N) entrapped in the SR lumen. With this
method, we demonstrated reliably that alternating end-diastolic
SR Ca?* content is not required for alternans to occur. These
results confirmed our earlier observations in ventricular myo-
cytes, where we showed that while diastolic [Ca®>"]sr fluctu-
ations can occur during alternans, Ca?" alternans can also
readily occur without significant diastolic [Ca®*]sg alterna-
tions (44), thus also eliminating SR Ca?* load alternans as a
mandatory prerequisite for cardiac alternans.

While APD restitution (including the recovery of L-type
Ca®" channels from voltage- and Ca®"-dependent inactivation)
and sequestering of Ca®* [specifically reuptake of Ca>" into
the SR and reestablishment of Ca?>* load (12, 30, 68)] have
been recognized as contributing factors to electromechanical
and Ca?" alternans, recent findings have provided evidence
that refractoriness of CICR or temporary unavailability of
RyRs after a release event may contribute to instabilities of
cardiac Ca®* release and vulnerability to arrhythmias (see the
discussion in Ref. 56). Experimental studies on the recovery of
whole cell Ca®™ transients as well as Ca>" release at the level
of individual Ca®"-release units (Ca>* sparks) after a preced-
ing release event (7, 8, 47, 52, 55, 57) have shown that Ca?t
release is unavailable immediately after release due to RyR
inactivation and requires several hundred milliseconds for full
recovery. These restitution kinetics have raised the possibility
that the recovery of RyR-dependent Ca?™" release may occur on
a time scale that overlaps with stimulation frequencies at which
Ca®™ alternans occurs and that the time-dependent recovery of
SR Ca?* release may be the critical factor for the occurrence
of Ca?* alternans. In the present study, we addressed this
question using multiple experimental approaches. We tested
four different parameters that are directly or indirectly related
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to SR Ca®"-release restitution: the occurrence of Ca>" sparks
and spontaneous global Ca®"-release events during rest after
alternans (indirect parameters) and the availability of SR Ca®*
release elicited at defined intervals during and after a Ca®”"
transient in response to a premature electrical stimulus or a
step-like increase of [Ca?*] elicited by photorelease of caged
Ca’". In all these experiments, these parameters were com-
pared between large and small alternans Ca?" transients. In
summary, these experiments provided consistent results show-
ing that during alternans, the restitution kinetics of SR Ca>"
release were prolonged after the large-amplitude transient.
Thus, we conclude that time-dependent recovery from refrac-
toriness and the restitution of SR Ca?* release is a key factor
for the generation of Ca®>* alternans. Similar conclusions on
the importance of refractoriness of SR Ca?* release for the
occurrence of alternans were drawn from studies on the role of
luminal Ca®>™ for release in intact mouse hearts (36) and the
collective behavior of Ca*>* sparks, where refractoriness of a
Ca?*-release unit after a Ca>" spark was identified as one of
the key determinant factors of cardiac alternans (49).

The nonlinear relationship described earlier between Ca>*
sequestration and fractional SR Ca®" release that determines
the vulnerability to alternans allows the prediction of how
endogenous or exogenous perturbances of beat-to-beat Ca?™"
cycling affect alternans. As shown in Fig. 5, sensitization of the
RyR with low-dose caffeine (0.1 mM) rescued pacing-induced
Ca®" alternans and normalized Ca®" transient amplitude, an
observation also made in ventricular myocytes when alternans
occurred as a consequence of spatially fragmented Ca’" re-
lease (38). RyR sensitization to CICR is expected to have
complex effects on the propensity for Ca®>" alternans. While
low-dose caffeine will initially enhance fractional release, it
will also enhance SR Ca?* leak (4, 16) and thus diminishes
Ca®* sequestration, which favors alternans. The increased SR
Ca®™ leak, however, also reduces Ca>* load and, subsequently,
fractional release. The latter would predict a decrease in
alternans probability. Evidence in support of the sensitization
of RyRs leading to alternans was found in a study (5) on
postmyocardial infarction myoctes where hyperactivity of
RyRs due to redox modification of the release channel was
accompanied by an increased propensity to alternans. In the
same study, however, an increase in fractional SR Ca’" re-
lease, a condition favoring alternans, was also found, which
potentially could outweigh the effect on increased sensitivity of
the release channel. Furthermore, we propose an additional
mechanism through which low-dose caffeine normalizes alter-
nans. Sensitization of the RyR accelerates the prolonged res-
titution kinetics observed after a large-amplitude Ca>" release
during alternans and, therefore, more release channels are
available for the next beat and, consequently, the Ca®" tran-
sient amplitude increases. Consistent with our observation,
low-dose caffeine has been found to accelerate the time-
dependent refractoriness of Ca?* sparks (47), and such a
mechanism is further supported by our observation that low-
dose caffeine primarily enhanced the amplitude of the small-
amplitude transient and by this mechanism contributed to the
normalization of Ca" alternans.

Similarly to low-dose caffeine treatment, we demonstrated
that in atrial myocytes, [3-adrenergic stimulation stabilized
pacing-induced Ca®>* alternans. During B-adrenergic stimula-
tion, SERCA activity and, consequently, SR Ca?" uptake and
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load are increased, leading to enhanced fractional release,
which tends to promote alternans. Increased SERCA activity,
however, also increases the efficiency of Ca’>" sequestration,
resulting in protection against alternans. Whether (3-adrenergic
stimulation favors (13) or protects against alternans and alter-
nans-related arrhythmias, as observed here (see also Ref. 28),
depends on which of the PB-adrenergic effects predominate
(sequestration or fractional release). Consistent with our results
are the observations that 3-adrenergic stimulation accelerated
the restitution of Ca?" sparks (47), and depletion of the
intra-SR buffer calsequestrin resulted in an accelerated refilling
of SR Ca’", a reduced refractoriness of Ca>" release, and a
decreased probability to develop Ca>* alternans (35).

Extra beats and premature stimuli have been shown to be
capable to induce and modulate the phase of cardiac alternans
(for a discussion, see Refs. 50 and 63). In a series of experi-
ments, we tested the effect of rapid and large increases of
[Ca?"]; that coincided in time with an electrical stimulus
during regular pacing. Several interesting observations were
made. A step-like elevation of [Ca®"]; imposed by Ca®"
uncaging applied coincidently with a (expected) small-ampli-
tude Ca?>" transient resulted in two different responses. It either
eliminated Ca®" alternans (Fig. 6A) or led to a phase shift
where the next electrically induced Ca®™ transient was of small
amplitude instead of the expected large amplitude (Fig. 6B).
The latter (Fig. 6B) can be explained by the notion that the
combination of electrical stimulation and photolysis of caged
Ca?" led to maximal SR Ca?" release, leading to prolonged
refractoriness. The observation that a similar disturbance (Fig.
6B) could eliminate alternans demands an alternative explana-
tion. We hypothesize that in this case, the elevated [Ca®*]; also
increased SERCA (and possibly NCX) activity. Both favor the
sequestration of cytosolic Ca>", which reduces the likelihood
of alternans. Whether the cell responds in one way or the other
critically depends on the intricate balance among [Ca®*];, SR
Ca’?" load, fractional release, and cytosolic Ca?™" sequestration.
When photorelease of Ca*>* coincided with a large transient,
the phase of Ca’>* alternans remained unchanged (Fig. 6C).
This is explained by the fact that after a large transient
refractoriness is already prolonged and the subsequent Ca’™"
transient is expected to be of small amplitude. A preceding
Ca?" transient of excessively large amplitude (as induced here
by combined CICR and PICR) would be expected to be
followed by a transient of even smaller amplitude, and this
effect was indeed observed experimentally (Fig. 6C). Finally,
combined electrical stimulation and a step-like increase of
[Ca®"]; was able to induce Ca’>"' alternans (Fig. 6D). We
postulate that the additional stimulus imposed by Ca’" uncag-
ing enhanced CICR and increased fractional release. In this
case, the effect of enhanced fractional release dominated over
a Ca®"-dependent enhancement of sequestration. The observa-
tion that diastolic [Ca®"]; actually increased after Ca®" uncag-
ing suggests a reduced net clearance of cytosolic Ca®". Ac-
cording to our model, the combined result of all these effects
was the occurrence of alternans.

In summary, we have demonstrated that beat-to-beat alter-
nans in the time-dependent restitution properties and recovery
kinetics of the SR Ca?*-release mechanism represents a key
mechanism underlying cardiac alternans.
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PO3A1JI 2. TPAH3ICEHTI 3MIHMA BHYTPIHIHBOKJIITHUHHOI'O KAJIBIIIO ¥

CKEJIETHOMY M’A31 3A PAXYHOK BUBIJIbHEHHS 3
CAPKOIIVIABMATUYHOI'O PETUKYJIYMY

2.1 TynemoBanns Ca** Bix capkomIa3sMOTHYHOIO PETHKYJIYMY 10 MIiTOXOHIPiii

MITOXOH/PII € OJHIEI0 3 OCHOBHUX CYOKJIITUHHUX CTPYKTYP Y CKEJIETHHX M A3aX CCaBLIB.
KnrouoBa ponpb skux mossrae y BupooHunrsi AT (Gillis, 1997, Madsen et al., 1996,
Sembrowich et al., 1985). BBaxkaeTbcs, 1110 KOHCTaHTa AUCOITIAIIT 11 MITOXOHAPIaIbHOTO
normaardg Ca®’ € HaATO HU3BKOIO, Ta MITOXOHIPIi HE MOKYTh OOPOOUTH HIBUIKI 3MiHH
piBHIO Kanbliio (Brini, 2003). IIpoTe, gochi>KeHHs MOKa3alu, IO LSl OpraHejla MOXKe
IIBUIKO pearyBaTH Ha 3MIHM BMICTY KaJbLIIO M Yac HE TUIbKM TETAaHIYHUX, a 1
nmooANHOKUX ckopoyeHb M’s131B (Rudolf et al., 2004). TakuM unHOM, Ma€ iICHyBaTH TiICHUHU
3B’S130K MK MiToXOoHApisiMU 1 CP, sikuit 3a0e31euye MBUIKE MOTTMHAHHS KaJbIIIIO.

31aTHICT MITOXOHPI CKeneTHHX M'3iB cexBecTpyBaTh Ca’’, KMl BUBLIBHIOETHCS
3 CApKOIIA3MAaTUYHOTO PETUKYIIYMY ITiJ1 Yac IIUKIIY M'S30BOTO CKOPOUYEHHS-PO3CIa0IeHHS,
MPOJIOBXKY€E Oyau MpeaMeToM AUCKYCii. Mu mpoBenu aHami3 GyHKIIOHAIBHOT B3a€MO/I1T
Mix caiitamu BuBUTbHeHHST Ca*t 3 CP Ta wmicisamu mormuuanas Ca”t MITOXOHIPISIMU Y
CKEJIETHUX M'si3aX LIypiB, K1 XapaKTEPU3YIOThCS MIBUAKUM 1 MOBUIBHUMH CKOPOUCHHSIMU.
JIns uporo Mu TMOPIBHIOBANM KOQEIH-IHAYKOBAHI IIMTO30JIbHI Ta MITOXOHIpianabHI
tpansientu Ca** y mpucyrnocrti nosinsnoro (EGTA) ta mBuakoro (BAPTA) Ca** 6ydepis.

Ha puc. 2.1B npencrasieHi HUTO30JIbHI Ta MIiTOXOHApianbHi Tpamsientu [Ca’'],
3adikcoBani B 0.5 MM po3zumHi EGTA. IlepmeabimizoBaHi BOJIOKHA TOCTIHHO
nepdy3yBainuch BHYTpilIHIM po3unHOM Ha ocHOBI EGTA, 1 xodein (20 MM) nonaBanu
KOpPOTKOYacHO 3 iHTepBajioM B 3 xBuiuHU. KoxHe 3acTocyBaHHSI KO(EiHY BUKIMKAIO
KOPOTKOYACHHH IIPUPICT criBBigHOEHHS (iyopecueHuii Fura-2 uepes BuBinbaenns Ca?*
3 SR (BepxHs manenb). [lapanenpbHO 10 IIOTO CIOCTEPIrajioch ICTOTHE 3POCTAHHIM
¢dbnyopecueniii Mag-rhod-2 (HuxHsI maHenb), 110 BIANOBIAAE MiABUIEHHIO KOHIICHTpAIIIl
KJIBI[II0 Y MITOXOHAPISIX.

Y npomy Ta 11 inmmx Bonoxnax EDL ammiityna nurosonsaux Ca®’-Tpan3ieHTiB,

BumipsiHa K A(F3s0/F3g0), nmopiBatoBama 0.44+0.05. A ycepemHeHa aMIutiTyaa
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mitoxonapiansaux Ca?*-tpansienTiB y Bemmumuax AFsio/Fo(540) cranosuna 0.23+0.02.
JIst miaTBEpKEHHSI TOTO, IO CUTHAJN, BUMIpsSHUM 3a nonmomorow Mag-rhod-2, miiicHo
Bijy3epkanoe 3MinM MitoxouapiansHoro [Ca’'], Gyno BHBYEHO BILIMB IIPOTOHO(OPY
FCCP. 3aBasku Tomy, mo normuHaHHs Ca?" MiTOXOHIpISMU NMEpEBa’KHO PETyJIOETHCS
eaeKkTporeHHuM yHinoprepom Ca’, HeliTpanizaris MeMOPaHHOTO MIOTEHIIIATY MITOXOHAPiH
IIOBMHHA OOMEXKHUTH 31aTHICTh opranen ceksectpysaru Ca>*, axuii BusinbHIOeThCS 3 CP 11ist

niero kodeiny.
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Pucynok 2.1. CTpykTypHi Ta ¢yHKunioHaabHi B3aemonil Mizk MiTtoxonapisimu ta CP y m'sizoBuX
BoJIOKHAX. (A) 300paxeHHs M's3oBoro BojokHa EDL, 3aBanTaxenoro Mag-rhod-2. (B) Ilutozonbhi
(BepxHi maHeni) Ta miToxoHapiansHi (HrokHi nmaneni) Ca’* tpamsientu B EDL, ingykoBani KodeiHOM,
OJIHOYACHO PEECTPOBaHi 3a A0MoMorow (oromerpa. KiiTiHE HaBaHTa)yBajau MiTOXOHApianbHuMm Ca®*
inaukatropoMm Mag-rhod-2, Ta mnoOTIM TepMealiNi30BYBaNIMUCA CAllOHIHOM, Ta JOCHIKYBald Yy
BHYTpilIHbOMY po3umHi sikiii MicTuB EGTA Ta Fura-2. [IIBuake 3actocyBanns 20 MM ko¢einy (mo3HaueHo

CTpiIKaMK) BHKJIMKAJIO CMHXPOHI30BaHi [MTO30JbHI Ta MiTOXOHApiansHi Tpausientn Ca?'. AmmiTyau



133
murosonbaux (C) Ta mitoxomapianeuumx (D) Ca?*-rpamsienris, Bumipsna sk A(F340/F380) Ta
AF540/F0(540) Bignosinno, y cepenosumax EGTA ta BAPTA. (E) Cepenni ammunityqu Ca®*-Tpaunsienris
iHmykoBaHUX Ko(eiHoM (3Bepxy) Ta okanbHi 3minu A[Ca?"Jm y cepenosumiax EGTA ta BAPTA (3uu3y).
Kpaiins niBa naHens 1eMOHCTpY€ OiHapHE 300paskeHHs CerMEHTa BOJIOKHA JUIs TUTSTHOK 3 AF/Fopk > 2 S.D.,
ne Fopk OTPHUMAHO YCEpEJIHEHHSIM IHTEHCHBHOCTI (piyopecueHii Mo BCiX MIKCeNsX 300pa)KeHHs IO
3acTocyBaHHA KodeiHy. IIceBIoKonbopoBi 300pa)KeHHS IEMOHCTPYIOTH MOMEHTH 4Yacy, BKa3aHi Ha
rpadiky, mo BimoOpaxae TtpansienT Ca?’’ B MITOXOHIPISX, MO3HAYEHUX Kpykeukamu. I 'padiku
BinoOpaxkarors Tpansientu Ca?’ y cepemosumax EGTA (uwopna mimis) i BAPTA (cipa ninis) B
MITOXOHAPISAX, MO3HAYCHUX KpykeukamMu. MacmrabHa midiiika = 2 MkM. (F) AmmnityaHuii po3mnoain
nokanizoBanux A[Ca?"Jm. BpaxoByBaluch JIMIIE CUTHAJIM, IO HEPEBUIIYBAIU PiBeHb mymy Ha 3 S.D.;
MEHIII BUPAXKEHI CUTHAIN OyJIH BUKJIIOUEHI.

Ax 1 ouikyBanocs, 3acrocyBaHHd 2.5 MkM FCCP icTOTHO 3HMXYBaJo
¢ayopecuenuito Mag-thod-2 1 Maiike TOBHICTIO YCyBaB  KO(QEiH-1HIyKOBaHI
mitoxonapianshi Ca**-TpansicHty B ceMu aHamizoBaHux kinitunax. Ilpu upomy FCCP
CyTTE€BO MiABMIIYBaB aMILNTyxy wuto3oiabHux Ca’*t curmamis  (A(Fss0/F3s0), fka
nopiButoBana 0.40+0.06 no 3actocyBanHs Ta 0.48+0.07 micist golaBaHHS Mpemnapary.
[TokazaHo 110 MITOXOHJIPii 31aTHI CEKBECTPYBATU KalbI[1i SKUW BUBUIbHIOIOTHCS 3 CP.

1106 nociiauTH GNU3bKE PO3TallyBaHHS Mix Micusamu BubinbHenHs Ca’t 3 CP Ta
HOro NOTJIMHAHHIM MITOXOHPISIMU Y CKEJIETHUX M'si3aX IIYPIiB, MU MPOBEIIA €KCTIEPUMEHTH
3 BHKOpUCTaHHAM mBuakofirouoro Ca?* Oydepa BAPTA. Sxmo mnpocTopose
pO3TallyBaHHS MDK LIMMH OpraHelaMH € 3HaAYHHUM, IO 3YMOBIIIO€ HEOOXIAHICTh audy3ii
Ca’" 3 CP myist #10r0 MOTITMHAHHS MiTOXOHIpisiMU, ToJII BAPTA mae 3Ha4HO 3MEHIITUTH 200
HaBiTh YCYHYTH SIK IUTO30JIbHI, Tak i MiToxonapianshi Ca**-ignmosini Ha xodein. IIpore,
K110 MiToxoH Ipii Ta CP po3raiioBani qyxe 01u3bk0, (OpMYyI0OUr MIKPOJOMEHH 3 BUCOKOIO
xonuentpanicro [Ca*'] mix wac BupineHenns Ca’" 3 CP, toni BAPTA npurniuysana 6
TiIBKM 1MTO307bHI curHamu Ca’’, He BIUIMBAlOYM Ha MITOXOHpianbHi TpaH3ieHTH. lle
cBimumio 6 mpo MoxIuBicTh TyHemoBanHsa Ca’t uepes Taki Mikpogomenu. B 11 kmitunax
EDL, inky6oBanux y 2 MM BAPTA, cepenns aMIutiTy1a IUTO30JIbHUX TPAH31EHTIB Ca’ B
A(F340/F380) mopiBaioBana 0.30+£0.04, a6o 68.2% 3HaueHHs B EGTA. Cxoxe 3MeHIIICHHS
crocTepiranocs i B MiToxoHapiansHuX TpansieHTax Ca®’. Vcepennena ammityna A[Ca?*lm

nopiBHioBana 0.14+0.02, a6o 60.9% konTponbHOi amriTyau. [Ipu gociiKeHH1 BOJIOKOH
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3 BUINOKW KoHIeHTpaliero BAPTA (5 MM), pe3ynbratu Biapi3HsIUcs. Y MIECTH KIITUHAX
EDL 5 MM BAPTA Maii’ke NOBHICTIO NPUTHiYyBaa IUTO301bH1 Tpansieatu Ca’t (cepenne
sHaueHHS A(F340/F330) Oymo 0.02+0.001, a6o nume 4.5% Bix 3nadenns B EGTA), Toxi sk
MITOXOHJIpiaJIbHI BIJAMOBIAI Ha Ca”" s3anmmanucs 3HAYYIIUMH (CEpeHE 3HAYCHHS
AFs40/Fo(540) 6yno 0.10+0.01, abo 43.5% Big KOHTPOJILHOI aMIuliTyau). YacTuHa
MITOXOHAPiK Mae OyTU po3MillieHa Ha Ay>ke 0au3bKii Bigctani Big CP.

[Ilo6 BW3HAUMUTH, YU BCl OKPEMI MITOXOHAPII CKEJIETHOro M'si3a PIBHOMIPHO
saxommorTs Ca?* Ta 4m iX posTalmlyBaHHS copuse IbOMYy B ymoBax aii BAPTA, mu
BHKOPHCTaIH KOH(OKAIbHY MIKPOCKOINIO ISl aHami3y nokaabHux 3MiH [Ca**lm y
BIIMIOB1/Ib HA aIlIIKaIlo KOpEiny.

Ha puc. 2.1E npencrasneno ckenetne M'sa308e BosiokHO EDL, sixke Oyi0 HaBaHTa)XKeHO
Mag-rhod-2, nepmeabinizoBane Ta nomiimiene B po3unHi EGTA. CermeHnt BosiokHa (64 x
512 mikceniB) Oyino BiackaHoBaHO 3 yactotor 11.7 I'p 3a qomomororw KoH(OKaIbHOTO
cka"epa. Y npoMy Ta 21 iHmux BonokHax EDL, mo Oynu gocnimkeni B EGTA, kodein
1HIyKyBaB IMIJIBUIICHHS PIBHSA B Maiike BCIX MITOXOHApisAX (454 3 461), ski Oynu
11eHTU(PIKOBaH1 Ha 300paKEHHSAX. Y EKCIEPUMEHTAaX, /€ BUKOPUCTOBYBAIUCH BHYTPIIIHI
posunnn 3 5 MM BAPTA, mpuknaganas kodeiny cnpuumssio spocranHs [Ca?flm vy
npubnu3zno 70% BuzHaueHUX MiTOXOHIpid (192 3 272) y 15 nmocnimxeHUX KIIITHHAX.
Takox, miToxoHapianbHi Tpamsientn Ca’*, immykoBani ko(einom, Oymu 3adikcoBani
cnouatky B EGTA, a notim y 5 MM BAPTA. 3o00paxenus ¢uyopecuenuii Mag-rhod-2 3
BOJIOKHA, oTpuMaHi crioyatky B EGTA (;iBa manens) Ta notim B BAPTA (mpaBa nanens),
i gac 3actocyBanns 20 MM kodeiny. B EGTA kodein Bukaukas Bupassi Tpanziearu Ca?*
y Bcix 18 imentudikoBanux mitoxouapisx. [licns 3minu cepenosuia Ha BAPTA, nume 10
MITOXOHpil IponoBKyBanu cexksecTpysat Ca’*. Jlinilini giarpaMu BHU3Y BiToOpa)karoTh
3MiHu (ayopeciieHIi, acomiiioBanoi 3 Mag-rhod-2, y TpboX OKpeMHUX MITOXOHJIPIAX
(Bka3zani kpyxeukamu). Ha puc. 2.1F npeacraBiaeHo po3noiia aMIuiiTy 1 MITOXOHIpiadbHUX
tpansientis Ca?*, orpumanux B EGTA ta BAPTA nns onniei i Ti€i s rpyIu MiTOXOHAPIH.
VYcepennena wakcumaidbHa aMmIUITyJla MITOXOHJIpIaJbHUX TPAH3IEHTIB CTAaHOBUIIU
0.43+0.02 ta 0.404£0.02 (B AFs40/F¢ 540) micns mosiBu kodeinoBoi BianoBiai B EGTA Ta

BAPTA, BiAnoBiIHO 1 115 pi3HUIA OyJia CTATUCTUYHO 3HAYYIIOHO.
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VY niuomy, AaHi, NPeACTABIEHI B bOMY JOCIIKEHHI, MIATBEPIKYIOTh 1CHYBaHHS

JIBOX PI3HUX THUIIIB CTPYKTYPHO-(DYHKIIOHATBHUX B3a€MO3B’S3KIB MK MITOXOHAPISIMU Ta
CP y M's30BUX BOJIOKHaX. Pe3ynbratu, oTpuMaHi npu HU3bKUX KoHIeHTpalisx BAPTA,
CBIUaTh, II0 JEAKa YaCTUHA MITOXOHJPIANIbHOI MOMYJALIl po3TallloBaHa Ha MEBHIN
BifcTaHi Big micup BuBimbHeHHs Ca’t 3 CP, i nudy3is Ca?*, imimiiioBana B1IKpUTTSIM RyRs
xo(einom, nepemkomkae cexkpectpanii Ca’" qumu BiggaseHuMH MiTOXOHAPIAMH. 3 iHIIOTO
00Ky, pe3yJbTaTh EKCIIEPUMEHTIB MpPU BUCOKHX KoHIeHTpalisix BAPTA Bka3zyioTh Ha
HasBHICTb 3HAYHOI KUIBKOCTI MITOXOHJpPiH, $KI MawTh NOpsAMHU (yHKIIOHATBHUN (1,
IMOBIPHO, CTPYKTYpHHUI) KOHTAKT 13 CP. ¥V 1UX MITOXOHJpIAX MEPEeBaX)HO BiAOYBa€eThCs
npsame TyHemoBanaa Ca®" Mixk numu opranenamu. OCKiIbKY i MITOXOHPIi TAKOX MOKYTh
normuuarty Ca®*, axuit qudyHaye Big iHIMX MITOXOHApIH, BUCOKA KoHLEeHTpanis BAPTA

JIMIIC TPOXH 3HUIKYE Ca2+ CHUTHAJIK B IUX OpraHeiiax.
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The role of mitochondrial Ca*>* transport in regulating intracel-
lular Ca>* signaling and mitochondrial enzymes involved in energy
metabolism is widely recognized in many tissues. However, the abil-
ity of skeletal muscle mitochondria to sequester Ca>* released from
the sarcoplasmic reticulum (SR) during the muscle contraction-
relaxation cycle is still disputed. To assess the functional cross-talk
of Ca®* between SR and mitochondria, we examined the mutual
relationship connecting cytosolic and mitochondrial Ca®>* dynam-
ics in permeabilized skeletal muscle fibers. Cytosolic and mitochon-
drial Ca®* transients were recorded with digital photometry and
confocal microscopy using fura-2 and mag-rhod-2, respectively. In
the presence of 0.5 mm slow Ca*>* buffer (EGTA (ethylene glycol-
bis(2-aminoethylether)-N,N,N',N' -tetraacetic acid)), application of
caffeine induced a synchronized increase in both cytosolic and
mitochondrial [Ca®?*]. 5 mMm fast Ca®>* buffer (BAPTA (1,2-bis(2-
aminophenoxy)ethane-N,N,N',N’-tetraacetic acid)) nearly elimi-
nated caffeine-induced increases in [Ca®>"], but only partially
decreased the amplitude of mitochondrial Ca®>* transients. Confo-
cal imaging revealed that in EGTA, almost all mitochondria picked
up Ca’* released from the SR by caffeine, whereas only about 70% of
mitochondria did so in BAPTA. Taken together, these results indi-
cated that a subpopulation of mitochondria is in close functional
and presumably structural proximity to the SR, giving rise to sub-
cellular microdomains in which Ca>* has preferential access to the
juxtaposed organelles.

Mitochondria are one of the major subcellular structures in mamma-
lian skeletal muscle. The key role of these organelles in muscle physiol-
ogy was always considered to be the energy production via generation of
ATP. In addition to this well documented function, more evidence has
recently accumulated regarding the importance of mitochondrial Ca**
transport in the intracellular Ca** homeostasis (e.g. Refs. 1-5). Some
confirmation has also been obtained that mitochondrial Ca*" uptake
plays an important role in the regulation of Ca®* signals during the
contraction-relaxation cycle in mammalian skeletal muscle (e.g Ref. 6,
but see Ref. 7). Up to now, the most compelling data for a mitochondrial
participation in excitation-contraction coupling of skeletal muscle was
presented by Rudolf et al. (8). The authors reported rapid increases in
mitochondrial [Ca**] during single twitches or tetanic stimulation of
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mouse skeletal muscle in vivo. The increases in [Ca*"],, were well syn-
chronized with muscle contraction. These results are quite intriguing as
the K, for the mitochondrial Ca®* uptake is believed to be too low and
the kinetics of the uptake to be too slow to account for rapid mitochon-
drial Ca®" transients during excitation-contraction coupling (for
reviews, see e.g. Refs. 9 and 10). The apparent contradiction can be
resolved, however, if a tight structural connection exists between mito-
chondria and the sarcoplasmic reticulum (SR)? in skeletal muscle. The
latter would favor the existence of highly localized microdomains of
elevated [Ca®"] during the SR Ca®" release, which include both SR Ca**
release sites and mitochondrial Ca** uptake sites (for a review, see
Ref. 11).

Currently available morphological data, although revealing a close
proximity of mitochondria to the SR in skeletal muscle (e.g. Ref. 12),
place the organelles on the side of the SR/t-tubule junctions opposite to
that where SR Ca”* release takes place. The latter makes it somewhat
difficult to conceptualize the intimate functional link between SR Ca**
release and mitochondrial Ca®>" uptake during excitation-contraction
coupling. The apparent discrepancies mentioned above underscore the
need for additional functional and structural studies of the cross-talk
between the two organelles. In the present study, we evaluated the func-
tional proximity of the SR Ca®" release sites and mitochondrial Ca®*
uptake sites in fast- and slow-twitch skeletal muscles of rat by compar-
ing caffeine-induced cytosolic and mitochondrial Ca®" transients in the
presence of slow (EGTA) and fast (BAPTA) Ca®* buffers.

EXPERIMENTAL PROCEDURES

Preparation of Skeletal Muscle Fibers and Solutions—Rats (Sprague-
Dawley, 175-200 g) were killed by cervical dislocation under deep anes-
thesia induced by intraperitoneal injection of sodium pentobarbital
(100-200 mg/kg of body weight). The Institutional Animal Care and
Use Committee at UMDNJ-New Jersey Medical School approved the
use and the method of euthanasia of animals in this study. The extensor
digitorum longus (EDL) or soleus muscle was removed and pinned in a
dissecting chamber. Small fiber segments were cut (as described in Refs.
13 and 14), transferred to an experimental chamber, and pushed down
against the coverslip floor of the chamber. Segments were first loaded
with 5 uM mag-rhod-2 AM for 20 min at room temperature and then
washed, permeabilized with saponin (as in Ref. 4), and immersed into
one of the “internal solutions.” The total volume of solution in the
chamber was ~500 pl.

“EGTA” internal solution contained (in mm): potassium L-glutamate
(140), HEPES (10), EGTA (0.5), sodium phosphocreatine (5), Mg-ATP
(5),and CaCl, (0.155) for a nominal [Ca®"] of 150 nm and [Mg>*] of 380
uM. “BAPTA” solutions had 2 or 5 mM BAPTA instead of EGTA. Nom-

3 The abbreviations used are: SR, sarcoplasmic reticulum; EGTA, ethylene glycol-bis-
(2-aminoethylether)-N,N,N’,N'-tetraacetic acid; BAPTA, 1,2-bis(2-aminophenoxy)-
ethane-N,N,N',N'-tetraacetic acid; EDL, extensor digitorum longus; FCCP, carbonyl
cyanide p-trifluoromethoxyphenylhydrazone.
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Functional Cross-talk between SR and Mitochondria in Muscle

FIGURE 1. Caffeine-induced cytosolic (top pan-
els) and mitochondrial (bottom panels) Ca2*
transients simultaneously recorded with a
photometer either in EDL (A) or in soleus (B)
muscle fibers. Cells were loaded with the mito-
chondrial Ca2" indicator mag-rhod-2, permeabi-
lized with saponin, and studied in EGTA internal
solution containing fura-2. The rapid application
of 20 mm caffeine (arrows) elicited synchronized
cytosolic and mitochondrial Ca?* transients. Note
that 2.5 um FCCP markedly attenuates A[Ca®"],,
and increases A[Ca? "], confirming the mitochon-
drial origin of the mag-rhod-2 signals.

inal [Ca®*"] and [Mg>*] were also adjusted to 150 nM and 380 um,
respectively. Dissociation constants were taken from the National Insti-
tute of Standards and Technology (NIST) Critically Selected Stability
Constants of Metal Complexes Database 46 (U. S. Department of Com-
merce, Technology Administration, NIST, Gaithersburg, MD). Both
solutions contained a low concentration of the fluorescent Ca®" indi-
cator fura-2 (2 wM; potassium salt) and 20 uM N-benzyl-p-toluene sul-
fonamide to minimize the contraction of fast-twitch EDL fibers. To
reduce movement artifacts fibers were also stretched to about 3.5 mm
sarcomere length. pH was adjusted to 7.0 with KOH, and osmolality was
300 mosmol/kg.

Fluorescence Measurements—To study the mutual relationship
between ligand-stimulated cytosolic and mitochondrial [Ca*"] tran-
sients, we modified the technique introduced by Duke and Steele (15).
Throughout the experimental protocol, the permeabilized fiber pre-
loaded with mag-rhod-2 was continuously perfused with internal solu-
tion containing fura-2 at a rate of ~0.5 ml/min. Waste solution was
collected at the outlet pool. Solutions containing 20 mM caffeine were
rapidly applied (~2 ml/min) for a duration of 3 s via a dedicated inlet
pipette. Cytosolic Ca>* transients were recorded as ratiometric fura-2
signals. At the same time, changes in mitochondrial [Ca**] were esti-
mated from the mag-rhod-2 signals. Mag-rhod-2 fluorescence
decreased by about 50% after permeabilization, suggesting that most of
the dye initially trapped in the cytoplasm was washed out. The rest of the
dye was accumulated in mitochondria (as shown in Ref. 4).

Fluorescence measurements were carried out with a RatioMaster
M-40 fluorescence photometer (Photon Technology International,
Lawrenceville, NJ) mounted on a Zeiss Axiovert 200 microscope (Zeiss
Inc., Oberkochen, Germany) equipped with a quartz X40, 1.25 NA,
glycerol immersion objective (Partec GmbH, Miinster, Germany). The
fiber was illuminated with light of 340 or 380 nm (for fura-2) and 540 nm
(for mag-rhod-2) at 1 + 20 Hz. The fluorescence emission was detected
through a rectangular pinhole placed in the center of the fiber. Cytosolic
Ca®" transients are presented as the excitation ratio (340:380 nm) of
light intensities emitted above 500 nm. Mitochondrial transients are
presented in arbitrary units as light intensities emitted above 570 nm.

Imaging Local Changes in [Ca®" ] within Individual Mitochondria—
Mitochondria labeled with mag-rhod-2 (as described above) were
imaged with a confocal laser scanning microscope (Radiance 2000; Bio-
Rad) mounted on a Zeiss Axiovert 100 inverted microscope equipped
with a X63, 1.2 NA, water immersion lens (Zeiss Inc., Oberkochen,
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Germany). Mag-rhod-2 was excited with the 543 nm line of a HeNe
laser. The emitted light was collected above 570 nm.

Chemicals and Statistics—Fura-2 was obtained from Biotium
(Hayard, CA). Mag-rhod-2 was purchased from Molecular Probes
(Eugene, OR). Other chemicals were from Sigma. Values are presented
as means * S.E., and n represents the number of analyzed cells or mito-
chondria. Student’s ¢ test was used for comparing paired observations.
p < 0.05 was considered significant.

RESULTS

Cytosolic and Mitochondrial [Ca®* ] Transients in 0.5 mm EGTA—
Fig. 14 show cytosolic and mitochondrial Ca®" transients recorded at
the same time from EDL muscle fiber at 1 Hz. In this series of experi-
ments, fibers were constantly perfused with EGTA internal solution,
and caffeine (20 mm) was briefly applied at 3-min intervals. Each caf-
feine application resulted in a transient increase in the fura-2 fluores-
cence ratio due to SR Ca”* release (upper panel). Under our experimen-
tal conditions, each 3-s exposure to 20 mm caffeine produced a Ca**
transient of maximal amplitude as more prolonged application of caf-
feine did not substantially increase the amplitude of the response. From
in situ calibration experiments, we know that this was not due to satu-
ration of fura-2 (Rs40/380 max = 468, R340/380 min = 0.74, K; = 386 nm).
Increasing the time interval between caffeine pulses also had no effect
on the amplitude of caffeine-induced transients, suggesting that SR was
completely reloaded with Ca®>" between the caffeine pulses. In this and
11 other EDL fibers, the amplitude of the cytosolic Ca®" transients
expressed in AR, 4,550 Was 0.44 * 0.05. In Fig. 1A, the bottom panel
illustrates that the release of Ca®" from the SR also resulted in a sub-
stantial increase in the mag-rhod-2 fluorescence. The averaged ampli-
tude of the mitochondrial Ca®* transients in units of AF5,/F, 5,0 Was
0.23 + 0.02. To show that the signal measured with mag-rhod-2 indeed
reflects changes in mitochondrial [Ca**], the effect of the protonophore
FCCP was examined. Since Ca®>" uptake into mitochondria is largely
governed by an electrogenic Ca®" uniporter, dissipation of mitochon-
drial membrane potential should impair the ability of the organelles to
sequester Ca” " released from the SR by caffeine. As expected, the appli-
cation of 2.5 um FCCP significantly decreased the mag-rhod-2 fluores-
cence and nearly eliminated caffeine-induced mitochondrial Ca*>" tran-
sients in seven cells studied. At the same time, FCCP significantly
increased the amplitude of cytosolic Ca>* signals in five out of seven
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Functional Cross-talk between SR and Mitochondria in Muscle

FIGURE 2. Temporal characteristics of caffeine-
induced cytosolic and mitochondrial Ca%*
transients. Left panels show superimposed cyto-
solic and mitochondrial Ca2* transients in EDL (A)
and soleus (B) fibers, respectively. Right panels plot
fura-2 ratio versus mag-rhod-2 fluorescence from
the traces on the left. The curved counterclockwise
arrow gives an approximation of the time course
for each phase of the response. Although during
the first 2.5 s both signals changed in a synchro-
nized fashion (as indicated by the gray regression
lines), the mitochondrial signal lagged behind the
cytosolic Ca* transient during later phases of the
signal.

cells (AR;,0/350 Was 0.40 = 0.06 and 0.48 = 0.07, respectively, before and
after the drug was added).

Fig. 1B illustrates a similar set of experiments carried out on 12 per-
meabilized soleus muscle fibers. The application of caffeine produced
substantial cytosolic (AR, 4,350 Was 0.34 = 0.03) and mitochondrial
(AF5,0/Fy 540 Was 042 = 0.07) Ca*>" transients. Similar to the experi-
ments with EDL cells, 2.5 um FCCP progressively eliminated caffeine-
induced mitochondrial Ca*>" transients, gradually reduced mitochon-
drial [Ca®*], and significantly increased the amplitude of cytosolic Ca**
transients (from 0.34 * 0.05 to 0.50 = 0.04, # = 4, in units of AR5, ,550)-

In Fig. 2, the left panels represent superimposed records of cytosolic
(black lines) and mitochondrial (gray lines) Ca>* signals recorded in
EDL (panel A) and soleus (panel B) muscle cells at 20 Hz. The caffeine-
induced cytosolic Ca®* transients exhibited a relatively slow time
course. The maximal increase in A[Ca®>"], was reached 4.1 and 4.9 s
after the onset of the application of caffeine in EDL and soleus fibers,
respectively. The Ca*>" transients then decreased to the resting value
with a half-time (¢,;) of 3.2 and 5.8 s for EDL and soleus cells, respec-
tively. Cytosolic transients were closely accompanied by the mitochon-
drial Ca®* signals. The kinetics of mitochondrial transients was some-
what slower than that of cytosolic signals. The maximal increase in
[Ca®*],, occurred 5.2 and 7.2 s after caffeine application, and £, was 3.4
and 6.4 s in EDL and soleus fibers, correspondingly. However, mito-
chondrial [Ca®*] started to increase immediately after cytosolic [Ca”"]
rose above the resting level. This is clearly seen in Fig. 2 (right panels), in
which A[Ca®*],, versus A[Ca®*],_ are plotted on an expanded time scale.
The gray regression lines show a strong positive correlation between the
transients at the initial phase of their development.

On average, the maximal increase in A[Ca®*], occurred 3.40 * 0.23 s
(n = 12) after the onset of the 3-s application of caffeine in EDL fibers
and 5.05 * 048 s (n = 12) after the onset in soleus cells. [Ca®"],
decreased to its resting value with a half-time of 3.78 = 0.37 and 4.78 *
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0.42 s, in EDL and soleus cells, respectively. In the same set of experi-
ments, the time to both the maximal increase in [Ca*>*],, and the £, were
significantly longer (4.97 = 0.28 and 6.84 = 0.515;4.93 = 0.89 and 6.8 =
0.82 s in EDL and soleus cells, respectively).

Cytosolic and Mitochondrial [Ca®"] Transients in 2 and 5 mm
BAPTA—To probe the functional proximity of Ca*" release sites and
mitochondrial Ca®* uptake sites in fast- and slow-twitch skeletal mus-
cles of rat, we repeated the same type of experiments as illustrated in
Figs. 1 and 2, in the presence of the fast Ca®* buffer BAPTA. If the
organelles are substantially separated in space such that mitochondrial
Ca®* uptake requires diffusion of Ca®>" released from the SR, then
BAPTA would dramatically attenuate (or even eliminate) both caffeine-
induced cytosolic and mitochondrial Ca*>* transients. However, if mito-
chondria and SR are in sufficiently close spatial proximity, this could
result in the formation of microdomains of high [Ca®*] during SR Ca**
release. Ca®>" could then reach the mitochondria by “tunneling” via
these microdomains and could not be intercepted by BAPTA. As a
consequence, BAPTA (at a suitable concentration) would only suppress
the cytosolic Ca** signals but not eliminate mitochondrial Ca*"
transients.

In our experiments, 2 mm BAPTA partially suppressed both cytosolic
and mitochondrial Ca®* signals produced by the application of caffeine.
Furthermore, 5 mm BAPTA nearly eliminated cytosolic but did not
further substantially reduce mitochondrial transients. Fig. 3 shows rep-
resentative caffeine-induced A[Ca®"], and A[Ca®"],, signals recorded
from EDL (A) and soleus (B) fibers incubated in 5 mm BAPTA solution.
In both fibers, the cytosolic Ca** indicator fura-2 failed to detect sub-
stantial increases in [Ca”>"], following the application of caffeine,
whereas mag-rhod-2 reported considerable A[Ca**],,.

In 11 EDL cells bathed in 2 mM BAPTA, the average amplitude of
cytosolic Ca>" transients in AR,,q/55, units was 0.30 = 0.04, which
constitutes 68.2% of the value obtained in EGTA. A comparable
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FIGURE 3. Caffeine-induced A[Ca?*]. and
A[Ca?*],,in 5 mm BAPTA. A and B, cytosolic (top
panels) and mitochondrial (bottom panels) Ca®*
transients simultaneously recorded in the pres-
ence 5 mm BAPTA in EDL (A) and soleus (B) fibers.
Although the cytosolic Ca?* signals were com-
pletely suppressed by the rapid Ca®" buffer
BAPTA, the mitochondrial transients remained
clearly visible, suggesting preferential access or
tunneling of SR Ca?* into the mitochondria. The
small deflections in the cytosolic traces during the
application of caffeine result from small motion
artifacts and/or from slight quenching of fura-2
signal by caffeine.

decrease was also observed in mitochondrial Ca®" transients with
respect to control (EGTA). The averaged amplitude of AlCa®"],,
expressed in units of AFg,/Fy 540 was 0.14 + 0.02, which is 60.9% of the
control amplitude. In addition, whereas 2 mm BAPTA did not substan-
tially change the kinetics of cytosolic Ca®* transients (time to the peak
was 3.81 * 0.18 when compared with 3.40 * 0.23 s in EGTA), it signif-
icantly sped up mitochondrial transients (time to the peak was 3.86 *
0.16 when compared with 4.97 = 0.28 s in EGTA).

A similar observation was also made in 11 soleus fibers. The averaged
amplitudes of A[Ca®"], and A[Ca®"],,in 2 mM BAPTA were 0.20 = 0.02
and 0.21 * 0.03, respectively, which correspond to 58.8 and 52.5% of the
control values obtained in EGTA. The kinetics of mitochondrial but not
cytosolic transients was also significantly faster in 2 mM BAPTA (see
Table 1 for details).

When fibers were studied at a higher concentration of BAPTA (5
mM), quantitatively different results were obtained. In six EDL cells, 5
mM BAPTA nearly eliminated cytosolic Ca®* transients (averaged
AR 540/380 Was 0.02 £ 0.001, or only 4.5% of the value obtained in EGTA).
At the same time, the mitochondrial Ca>* responses remained substan-
tial (the averaged AFg,q/F, 540 was 0.10 £ 0.01, which is 43.5% of the
control amplitude). A similar observation was also made in six soleus
fibers. Although no caffeine-induced cytosolic Ca®" signals could be
detected in BAPTA, corresponding mitochondrial Ca>* transients were
still recorded. The averaged amplitude of A[Ca®*],, was 0.15 = 0.02, or
37.5% of that measured in EGTA. It also turned out that in both fiber
types, the kinetics of A[Ca*"],, in high BAPTA was not significantly
different from the kinetics of A[Ca>*]_in EGTA (time to the peak was
3.81 * 048 and 508 = 074 s, for EDL and soleus -cells,
correspondingly).

Local Changes in [Ca’*],, in EGTA—To establish whether all indi-
vidual mitochondria in skeletal muscle pick up Ca** in the same way
and whether they are all strategically positioned to do so in BAPTA, we
employed confocal imaging and studied local changes in [Ca®"],, in
response to caffeine applications. Fig. 44 shows an EDL skeletal muscle
fiber, which has been loaded with mag-rhod-2, permeabilized, and
immersed in EGTA solution. The subcellular organization of the
organelles was very similar to that observed when tetramethylrhodam-
ine ethyl ester fluorescence or NADH autofluorescence was used to
monitor mitochondrial membrane potential or mitochondrial redox
state (4, 5).

1550 JOURNAL OF BIOLOGICAL CHEMISTRY

A fiber segment (64 X 512 pixels) was imaged at 11.7 Hz with a
confocal scanner. Mitochondria were identified with an automatic dig-
ital image-processing algorithm similar to that used for spark detection
(16). They are shown as binary masks on the left in panel B. Panel B also
represents pseudocolor images of raw fluorescence obtained from the
same location within the fiber before, during, and after application of 20
mMm caffeine. Averaged fluorescent signals emitted by mag-rhod-2
trapped inside identified mitochondria were determined at every image
of the series, normalized to the corresponding mag-rhod-2 fluorescence
values before the application of caffeine, and plotted against time. The
line plot on the bottom represents changes in mag-rhod-2-related fluo-
rescence within a mitochondrion (or small groups of mitochondria)
indicated by a circle. A[Ca®"],, reached its peak of 0.49 (in AF5,0/Fy 540)
3.68 s after onset of caffeine application.

In this and 21 other EDL fibers studied in EGTA, caffeine produced
increases in almost all (454 out of 461) mitochondria identified on the
images. Fig. 3, C and D, summarize amplitudes and spatial characteris-
tics of local mitochondrial transients recorded in EGTA. Only tran-
sients with an amplitude of AF/F, > 3 S.D. were analyzed. They varied
substantially in their peak amplitude and temporal onsets. Similarly to
those recorded from a whole cell, caffeine-induced mitochondrial tran-
sients were relatively slow (with a time to the peak after the onset of
caffeine pulse corresponding to 4.32 = 0.02 s) and reached maximal
amplitude of 0.47 £ 0.01 (in AF,,0/F, s40)-

Local Changes in [Ca®" ], in 5§ mm BAPTA—In this group of experi-
ments, we studied localized mitochondrial Ca®* transients in EDL
fibers incubated in 5 mm BAPTA. Fiber segments were imaged with a
fast confocal scanner. Mitochondria were identified on the images
obtained before caffeine pulses were applied. Local Ca®" transients in
individual or small groups of mitochondria were analyzed in the same
way as in the experiments with EGTA.

Fig. 5A represents pseudocolor images of raw fluorescence obtained
from the same location within a fiber before, during, and after caffeine
was applied. On the /left is a mask image of identified mitochondria. In
this particular fiber, caffeine produced substantial (with an amplitude
AF/F, > 3 S.D.) Ca®>" transients in 6 out of 14 mitochondria. The line
plots on the bottom illustrate changes in mag-rhod-2-related fluores-
cence within two different mitochondria with contrast responses to
caffeine.
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TABLE 1
Amplitudes and temporal characteristics of caffeine-induced cytosolic and mitochondrial Ca* transients in EDL and soleus fibers
A[Ca**], A[Ca®"],,
Amplitude Time to the peak Amplitude Time to the peak
AR340/380 s AF540/Fo 540 s
EDL fibers
0.5EGTA, n =12 0.44 = 0.05 3.40 £0.23 0.23 £ 0.02 4.97 = 0.28
2BAPTA, n =11 0.30 = 0.04 3.81 £0.18 0.14 = 0.02 3.86 = 0.16
5BAPTA,n=6 0.02 = 0.001 NA 0.10 = 0.01 3.81 £0.48
Soleus fibers
0.5EGTA, n =12 0.34 = 0.03 5.05 = 0.48 0.42 = 0.07 6.84 = 0.51
2BAPTA, n =11 0.20 = 0.02 5.40 £0.79 0.21 = 0.03 545 *0.72
5BAPTA,n =6 NA NA 0.15 = 0.02 5.08 = 0.74

FIGURE 4. Local mitochondrial Ca%* transients
in EGTA. A, image of EDL muscle fiber loaded with
mag-rhod-2. B, subcellular changes in A[Ca%*],,
elicited by the application of caffeine. The leftmost
panel shows a binary image of the fiber segment
for the regions with AF/Fyg, > 2 S.D., where Fog,
was obtained by averaging fluorescence intensity
in all pixels on the image before a caffeine pulse.
Pseudocolor images were obtained at the times
indicated on the plot, which represents a Ca®*
transient within the mitochondriaindicated by the
circle. The scale bar corresponds to 2 um. Cand D,
amplitude distribution and temporal characteris-
tics of localized A[Ca®*],,.

In 15 cells, the application of caffeine produced an increase in
[Ca®"],,, in ~70% of the identified mitochondria (192 out of 272). Mito-
chondrial transients reached a maximal amplitude of 0.39 = 0.01 (in
AF.,0/Fy 540) 4.20 £ 0.04 s after the onset of the caffeine pulse (Fig. 5, B
and C).

Local Changes in [Ca®*],, in EGTA and § mm BAPTA in the Same
Population of Mitochondria—Mag-rhod-2 is a non ratiometric Ca**
indicator. Its concentration inside different mitochondria may vary.
The latter, in principle, could contribute to the heterogeneity of mito-
chondrial Ca*>* responses observed in our experiments. Although the
analysis revealed no correlation between the amplitude of mitochon-
drial Ca*" transients and resting mag-rhod-2 fluorescence, both in
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EGTA and in BAPTA (regression coefficients r* were 0.004 and —0.001,
respectively), we used an additional approach to clarify this issue. EDL
cells were loaded with mag-rhod-2, and caffeine-induced mitochondrial
Ca®" transients from the same group of mitochondria were recorded
first in EGTA and then in 5 mm BAPTA internal solutions. Fig. 64
represents images of fluorescence obtained from a fiber first in EGTA
(left panel) and then in BAPTA (right panel) during the application of 20
mM caffeine. In EGTA, caffeine produced substantial Ca®" transients in
all 18 identified mitochondria. After the fiber was immersed in BAPTA,
only 10 mitochondria remained capable of sequestering Ca>*. The line
plots on the bottom illustrate changes in mag-rhod-2-related fluores-
cence within three different mitochondria (indicated by circles).
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FIGURE 5. Local mitochondrial Ca®* transients
in 5 mm BAPTA. A, caffeine-induced subcellular
changes in A[Ca%*1,,. The leftmost panel shows a
binary image of the detected mitochondria
(white). Confocal images were obtained at the
times indicated on the plots, which represent
Ca®™ transients within mitochondria indicated by
circles. The scale bar corresponds to 2 um.Band C,
amplitude distribution and temporal characteris-
tics of localized A[Ca®*1,,,. Only signals larger than
3 S.D. above noise (e.g. panel A, a) were analyzed,
and smaller signals were excluded (e.g. panel A, b).

FIGURE 6. Local mitochondrial Ca®* transients
in EGTA and BAPTA. A, caffeine-induced local
changesin A[Ca®*],,in EGTA and BAPTA. Confocal
images were obtained from one cell at the times
indicated on the plots shown at the bottom. Plots
represent Ca2" transients in EGTA (black line) and
BAPTA (gray line) within mitochondria indicated
by circles. The scale bar corresponds to 2 um. Band
C, amplitude distribution, and temporal character-
istics of localized A[Ca®"],,. Only signals larger
than 3 S.D. above noise were analyzed, and smaller
signals were excluded.
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In BAPTA, caffeine elicited Ca®" transients in ~70% (64 out of 92,
n = 6 cells) of mitochondria that initially picked up Ca*>" in EGTA. Fig.
6, Band C, summarize amplitudes and temporal characteristics of mito-
chondrial transients obtained in EGTA and BAPTA in the same group
of mitochondria. On average, mitochondrial transients reached maxi-
mal amplitude of 0.43 = 0.02 and 0.40 = 0.02 (in AFsu0/Fy s40) 415 =
0.05 and 4.00 = 0.06 s after the onset of the caffeine pulse in EGTA and
BAPTA, respectively.

Studies with High Affinity Mitochondrial Ca®" Indicators—Here we
performed several crucial tests to prove the adequacy of the experimen-
tal procedure (and the probe) we used to measure mitochondrial Ca®"
signals. Mag-rhod-2 is a low affinity Ca®* indicator with in vitro K, of
about 70 uM. If some mitochondria have [Ca>"] below the dynamic
range of the indicator, they would not report any transients during a
caffeine pulse. Therefore, some experiments were repeated using the
higher affinity mitochondrial Ca*" indicators rhod-2 (K, = 570 nM) and
rhod-2FF (K, = 19 um). In five EDL cells studied in EGTA with digital
photometry, rhod-2 did not report any caffeine-induced Ca>" signals,
whereas fura-2 reported cytosolic transients of normal amplitude
(0.85 % 0.17 in units of AR ,,340). In 10 EDL cells studied in EGT A with
confocal microscopy, rhod-2FF reported tiny 0.23 £ 0.01 (in AF,,,/
F, 540) transients only in 16% of mitochondria (42 out of 263) detected
on the images. At the same time, in five fibers studied in parallel with
mag-rhod-2, all 70 identified mitochondria picked up Ca®" released
from the SR by caffeine with an averaged amplitude of 0.52 = 0.02 in
AF,,/Fy 540 These experiments indicated that resting [Ca>*],, in per-
meabilized skeletal muscle is much higher than in the majority of pre-
viously studied cell types and is probably ~100 um. The results also
suggested that an intrinsic variability of the mitochondrial capability to
sequester Ca®" is accountable for the phenomena described in this
study.

Taken together, the data presented in this study were consistent with
the existence of two distinctive types of structural and functional con-
nections between mitochondria and SR in fast- and slow-twitch muscle
fibers. The findings obtained with low concentrations of BAPTA sug-
gest that a fraction of the mitochondrial population is located at some
distance from the SR Ca”>" release sites, and diffusion of Ca*>" released
by caffeine precedes Ca®" sequestration by those more distant mito-
chondria. On the other hand, the results from experiments with high
BAPTA concentrations indicate that a substantial number of mitochon-
dria have a tight functional (and therefore most likely also structural)
contact with the SR. Within this population of mitochondria, there is a
preferential transfer or tunneling of Ca®>" between the organelles.
Because these mitochondria are also likely to take up Ca®* diffusing
from spatially distant mitochondria, high BAPTA somewhat reduced
the Ca®" signals in these organelles.

DISCUSSION

Tight structural association between the SR (or endoplasmic reticu-
lum) and mitochondria has been described in many cell types (e.g. Refs.
17-19). Multiple pathways have been implicated for a functional inter-
action between the organelles. In particular, there are several lines of
evidence indicating that mitochondria are involved in shaping spatio-
temporal characteristics of intracellular Ca** signals during cell activa-
tion (reviewed by Refs. 9, 11, and 20). One of the involved mechanisms
is believed to be mitochondrial Ca>* uptake. It is likely that strategic
positioning of mitochondria in close proximity to the Ca®" release sites
optimizes the transfer of released Ca®" to mitochondria, making the
organelles an effective and fast Ca>* buffer in vivo in many tissues.

However, in skeletal muscle, the issue of an involvement of mito-
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chondrial Ca*" transport in the regulation of physiological Ca*" signals
remains unclear, especially during the rapid and large Ca®" signals in
excitation-contraction coupling. It has been shown that mitochondria
of skeletal muscle myotubes are capable of Ca®" accumulation in
response to depolarizations or caffeine applications (21-23). Moreover,
there are some findings suggesting that increases in [Ca*"],,, up-regu-
late mitochondrial ATP synthesis in myotubes and therefore adjust
muscle metabolism to the physiological demands (24). As to the mito-
chondrial sequestration of Ca>* released from the SR during a single
twitch or during a tetanic stimulation of mature skeletal muscle, the
data are somewhat contradictory. Using the mitochondrial Ca** indi-
cator rhod-2, Bruton et al. (6) showed substantial Ca>* accumulation in
skeletal muscle mitochondria of EDL and soleus muscle fibers of mice
during electrical stimulation. However, the same group of investigators
failed to detect any increases in [Ca®"],, in fast-twitch flexor digitorum
brevis muscle fibers isolated from mice (7). On the other hand, Rudolf et
al. (8), using a genetically expressed “cameleon” Ca®" sensor, demon-
strated fast mitochondrial Ca*>" transients during stimulation of con-
traction in fast-twitch mouse tibialis anterior muscle in vivo.

Studies of parvalbumin knock-out mice provide additional support
for a Ca®" buffering function of skeletal muscle mitochondria. Chen et
al. (25) found that the fractional volume of mitochondria in the fast-
twitch EDL muscle is almost doubled in parvalbumin knock-out mice
when compared with the wild type. The fatigue resistance of the muscle
increased, and removal of cytosolic Ca** after electrical stimulation was
substantially accelerated. These observations were interpreted to sug-
gest that by increasing the mitochondrial volume and mitochondrial
Ca”" buffering capacity, the EDL muscle tries to compensate for the
lack of cytoplasmic Ca** buffer parvalbumin.

Unfortunately, the present shortage of comprehensive ultrastructural
studies, in particular regarding the three-dimensional subcellular
arrangement of the organelles, does not help to resolve the contradic-
tion revealed by functional probing of the Ca>* cross-talk between SR
and mitochondria. According to Ogata and Yamasaki (12), there are two
major subpopulations of mitochondria, which have very different sub-
cellular organization. The first group is comprised of “I-band limited
mitochondria.” They are located on both sides of the Z-line and seem to
wrap the terminal cisternae of the SR, although on the side opposite to
the SR/t-tubule junction. The second group consists of mitochondria
forming columns in the intermyofibrillar or subsarcolemmal space. The
organelles of this group have much fewer contacts with the SR.

The results reported in this study represented strong additional evi-
dence for a close functional connection between the SR and mitochon-
dria in adult fast- and slow-twitch skeletal muscle. For a long time, the
mobile calcium buffers EGTA and BAPTA have been elegant tools to
test temporal and spatial functional compartmentalization of calcium
signals within living cells. In particular, the two buffers were used in
functional studies of microdomains of high [Ca**] between Ca®*
release channels and mitochondrial Ca®" uptake sites in smooth and
cardiac muscle cells (19, 26). In these microdomains, [Ca®"] readily
reaches levels of many tens of micromoles to activate low affinity pro-
cesses, such as mitochondrial Ca®" uptake. Buffers tend to shape up
steep Ca®" gradients in the close vicinity of release channels because the
microdomains dissipate depending on the concentration, chemical
kinetics, and diffusional mobility of the buffers (e.g Refs. 27-29). In
general, EGTA, having a relatively slow binding rate to Ca**, is not
effective in buffering Ca>* within the microdomains; thus Ca®* can
travel hundreds of nm before being captured by the buffer. In contrast,
BAPTA has much faster on-rate kinetics. As a result, it is much more
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effective in spatially confining microdomains of high [Ca*"] to several
dozens of nm from the source.

In our experiments, 5 mM BAPTA was not able to eliminate mito-
chondrial Ca*" transients while nearly abolishing cytosolic signals. In
other words, BAPTA, at this concentration, successfully interrupted
Ca®* binding to fura-2 but was not able to interfere with mitochondrial
Ca”" buffering, suggesting some sort of Ca®>" tunneling from the SR to
the mitochondria. Therefore, our data not only supported the ability of
mitochondria in both slow- and fast-twitch muscle fibers to sequester
Ca*" in situ, but they strongly suggested that at least a subpopulation of
mitochondrial Ca*" uptake sites is located in close proximity to the SR
Ca”" release sites, within a microdomain of high [Ca*"] during SR Ca**
release. These functional studies call for an additional morphological
investigation of mutual spatial positioning of the SR and mitochondria
in skeletal muscle.
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2.2 OKHCHO-BiIHOBHHII cTaH MiToxomapii Ta Ca*-cnmanaxu B mepmeabiaizoBanomy

CKeJIETHOMY M'si3i ccaBIIiB

Poszyminns ckinagHux O10(pi3MUHMX TPOIECIB, TMOB’SI3aHUX 31 3MIHAMHU KOHIIEHTpaIlli
KaJIBI[II0 B CKEJIETHUX M f3aX Ta BUSBJICHHS MPUYMH radbMyBaHHS KaJbIliil 1HAYKOBAHOTO
BUBIJILHEHHS KaJblIiI0 Y M S30BUX KJIITHHAX CCaBIIB 32 (1310JIOTIYHUX YMOB € BaXJIUBOIO
3amauero. [Iponec mepmeabinizaiiii, Kodu MeMOpaHa CTa€ MPOHUKHOI, MOXKE MOPYIIUTH
NIEBHI MEXaH13MH, K1 3a3Bu4ail cTpuMyroTh CICR y HENMOImKOmKEeHUX KIITUHAX.

V¥ HacTynHii yacTuH1 poOOTH OYyJIO JOCIIKEHO MEXAHI3MHU, K1 BU3HAYAIOTh MOSABY
Ca’**-cnanaxis y mnepmeabini30BaHMX BOJOKHAX, BHUIUIEHMX 3 M'S3iB 3  PIi3HOIO
MeTaboniuno emHicTio. Crionranni Ca?*-cmanaxu BusBIsIM 3a monomoror Fluo-3 Ta
O0NHO(POTOHHOI KOH(OKATBHOI MIKPOCKOIMIl; MITOXOHJpiaJbHUM  PEAOKC-MOTEHIIIA
BU3HAYaJIM 3a CHUTHAJIOM MiToXoHapianbHOoro NADH, 3apeectpoBaHuM 3a J0TOMOIOIO
IBO(OTOHHOT KOHPOKATBLHOI MIKPOCKOITI].

3a ¢izionoriunux ymos Ca**-canaxu maiixke He (QIKCYeThCS B IHTAKTHUX CKEJIETHHUX
M's130BUX BoJIOKHaX gopociux ccailiB (Conklin et al., 1999), ane BUSBASAIOTHCA B XIMIYHO
a00 MexaH1vHO ymKkoKeHnx kmituHax (Kirsch et al., 2001). L{g BiaMiHHICTD Jaja MiCcTaBU
MPUITYCTUTH, IO Mpollec Nepmeadinizaiii MO)Ke MOpYyIIyBaTH MEBHI MEXaHI3MHU, SKi
3a3zBuuail ctpumytoTh CICR B HenmomkopxeHux KiiTuHax. bylio BcTaHOBiIEHO, 10 YacToTa
Ca’**-cnanaxiB y nepMealOili3oBaHMX BOJOKHAX BHM3HAYAETHCA METAOONIYHMM CTAaHOM
kmituan (Isaeva and Shirokova, 2003). SIx miaTBepmKEHO MOCTIIKEHHIMHU, MITOXOHIPIT
pO3TalIOBaHi B CTPATEriYHO BUTiIHMX MICLAX HOPYY i3 30Hamu BuBinbHeHHs Ca?t 3 CP i,
IMOBIpHO, MOAYJI0I0Th CICR, BUKOHYIOUM KOHTPOJBHUN HEraTUBHUI 3BOPOTHHI 3B'SI30K.

[Ticns mepmeabinizaiii BOJOKHA MOMIIIAIM Y BHYTPINIHBOKIITUHHUM PO3UYHUH Ta
BMBYAIIM HOSBY CIIOHTAHHMX siBMIL BubinbHeHHA Ca’" 3 CP 3a paxyHok BigkpurTsa RyRs.
[Ipy mpOMy, BiA3HAYAIach 3aTpPUMKa Hepel MosBo croHTaHHux Ca?’-cmanaxis. Jlns
aHami3y Toro, uu kopemoe yac nossu Ca’*-cnanaxis 3 MeTabONIYHOK €MHICTIO HEBHOTO
TUIly KJITUH, MU BUOpaJId M'sI3U 3 BOJIOKHAMH, 110 MAIOTh PI3HUN BMICT Ta CYOKJIITUHHY
Jokanizamio MiToxoHapid. IlimomoBHuit M'a3 mypa (soleus) mae mepeBa)kHO BOJIOKHA [
tuny (AuB., Hanpukia, (Ariano et al., 1973)). Ckenetnuit m'a3 EDL nrypa mae npuGiau3Ho

60% BosokoH Ila Tumy (Ariano et al., 1973). I[Ipubauzuo 70% BonokoH m's3iB FDB muii €
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tuny [IX. OxucnioBagbHa €MHICTD IIUX BOJOKOH 3pOCTa€e B HacTynHoMy nopsiaky: 11X, Ila
1 [. BapTo Big3HaunTH, 1110 BIAHOCHUHN 00'eM MITOXOH/PiM y BoJIoKkHaxX soleus tumy I maiixke

yABIYl NEpEeBUILYy€e aHAIOriyHUN noka3Huk y kiituHax EDL tuny Ila (Gonzalez et al.,

2003).
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Pucynok 2.2. BiuiinB MitoxonapiaasHux cyocrparis Ha mosisy Ca?* cnanaxis. (A) Bepxni maneni:
koH(pokanpHI (pmyopecuentHi 300paxenns EDL Ta soleus BoiokoH. HuxHS maHens: yacoBa 3alie)KHICTh
yactotu Ca’?’ cnanaxis y 36 FDB, 17 EDL 1a 17 soleus BosnokHax. JliBa BepTuKaibHa BiCh BiAmoBizae
kinituHamMu EDL Ta soleus, Tomi sk mpaBa Bick mns kinituHam FDB. (B) Brme miToOXOHIpianbHUX
cybcrparis Ha yacoBuii nepebir noseu Ca?* cnanaxis y EDL. (C) Toi camuii BILIMB, aje 1uis soleus M's3iB.
(D) Bepxui manemni: 300paxenHs ¢uyopecuenuii NADH, orpumani 3 EDL B pi3HuMid yac micis
nepMeabinizanii BojJokHa. BonokHo iHKyOyBaiu B po3uuHi L-rimytamary. MacmtaOHa niHiiika BianoBinae
10 mxm. Humxus nanens: 3atyxanna curHaiiB NADH B EDL i soleus M'si3ax iHKyOOBaHHMX B pO3YHMHHU
acraptary i L-rmytamary.

Ha puc. 2.2A mpeacTaBieHo 9acoBy 3anexkHicTh nossu Ca’* cnanaxis y 17 M's130BUX
BojiokHax EDL ta 17 M's30Bux BosiokHax soleus Ta 36 M's30Bux BosiokHax FDB Bonokon
MHIII, JOCIKEHNX 33 OJHAKOBMMH YMOBaMHM ekcrepuMenTy. Ca’* cnanmaxu y BoIOKHax
soleus po3BuBaIuCs 3Ha4YHO Mi3HIIE, HIX Yy EDL: yac 10 nepioro 3agikcoBaHOro crnanaxy
ckianas 47+2.3 xB nopiBHAHO 3 21+1.1 xB y kiituHax soleus Ta EDL BianmosigHo. Kpim
TOT0, Yac, HEOOXITHUM IS JOCATHEHHS MaKCMMaJIbHOI 4acTOTH crajaxiB, OyB 1CTOTHO
JIOBIIUM Yy BOJIOKHax soleus — 67+2.2 xB, nopiBHsHO 3 35+1.4 xB y EDL BonokHax.
3arajioM JjaHi, OTpUMaHI 3 pI3HUX THUIIIB M'sI30BHX BOJIOKOH, BKa3yIOTh Ha T€, 1110 Yac MOSIBU
Ca?* canaxis y nmepmea6ili3oBaHUX BOJOKHAX TICHO KOPEIIOE 3 KiIBKICTIO MITOXOHIPIH y

OHUX BOJIOKHAX.
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CkeneTHi M’si3U TEHEPYIOTh AaKTHUBHI (OPMHU KHUCHIO 3a JIOMOMOIOK HU3KHU
LUTO30JIbBHUX Ta MeMOpaHO-3B’SI3yIOUMX (PEpMEHTIB, BKIIOYAIOYM KCAaHTMHOKCHUAA3Y,
NAD(P)H okcunazu (NOXSs), MITOXOHJIpIaJbHUM AUXAIbHUN JaHIIOT, CUHTa3y OKCHUIY
azory (NOS) tomo (Reid, 2001b, Stamler and Meissner, 2001).

VY HacTynHi# cepii eKCepuMeHTIB OyJia IOCTIKEHA POJIb MITOXOHAPIN Yy PO3BUTKY
cnonranHoi Ca?'-axkTuBHOCTI. MU momimanud ckeleTHi M'S30Bi  BOJOKHA  Pi3HOI
Metaboniynoi aktuBHOCTI (FDB, EDL Ta soleus) y BHyTpiliHi pO3YMHM Ha OCHOBI L-
riytamary, D-rmyramary uyu acmaptaTy. Bapro BigzHauutH, Xowya  L-rayramar €
cyoctpatroM mukiy Kpebca, D-rmyramatr He BHKOHYe Ii€i poui. SKIO A0JaBaHHS
cyOCTpaTiB 10 BHYTPIIIHHOTO PO3YMHY MA€ aKTUBI3YyBaTU MITOXOHIPIaTbHUNA META00II13M,
TO iX BIICYTHICTh MO€E MPU3BECTHU J10 Horo 3HMKEeHHs. [lepenbauaerbes, 1m0 acnaprar, sik
npoaykT nukiy Kpeoca, iHridye okuciroBaabHUM MeTab013M CHIIbHIIIE, HIXK D-TiyTamar.

VY BCIX TphOX JOCIKYBAaHUX THUIIaX BOJIOKOH HAWOUIBIINI Yac 10 BUHUKHEHHS Ca*t
criajaxiB Iiclg MOYaTKy MepMealunizalli crocrepiraBcsi B po3uuHi, 30aradeHomy L-
rinytamatoMm. Jns 17 xmitun EDL, siki Oynu momiieHi B po3uuH L-riyramary, mikoBa
gactora Ca®* cnanaxis nocaranacs uepes 35+1.4 xB micisg nepmeabinizanii BOJIOKOH (IMB.
puc. 2.2B). V Bunajaky, Kojau KIITUHU 3HAXOAWINCS Y pO3unHI D-riiyTamary, mik 4acToTu
crajaxiB peectpyBaBcs panime — uepe3 20+1.4 xB (n=11). Cnanaxu 3'SBiasuiucs e
IIBU/JIIIIE Y BOJIOKHAX, SIK1 OyJIM MiAaH1 BIUIMBY po3unHy 3 acaptatoM — 1 1+0.7 xB (n=9).
[Toni6H1 yacoBi 3aJIe’KHOCTI PO3BUTKY cHaiaxiB BiJ CyOCTpaTiB CIIOCTEPIraaucs TaKOX B
M's1I30BUX BOJIOKHaX soleus (auB. puc. 2.2C).

VY HacTynmHOMy eTari JOCIIJI)KEHHS MM BHKOPHUCTaIM JBO(POTOHHY KOH(DOKAIbHY
(haryopeciieHTHY MIKPOCKOITIIO JJIs BIICTEXKEHHS JTOKAIBHUX 3MiH Y piryopectueniiii NADH.
M's30B1 BosiokHa EDL Ta soleus Oynu nepmea0iii3oBaHi Ta 3HaXOAWINCh Y PO34YuHI 3 L-
riryramaTtoMm abo acrmapraroM. Ha BepxHiil manemni puc. 2.2D npencraBieHi Tpy 300pakeHHs
dbayopecneniii NADH, orpumani Bimpasy micis mepmeadinizamii BosokoH EDL (3 xB), a
Takox 4epe3 30 ta 60 xB micias 1HKyOauli y po3unHi L-rimyramaty. Mu BU3HAUWIA CUTHAI
bayopectenii, BunpomintoBanuii Moiekyinamu NADH y nexinpkox rpynax MiTOXOHAPIN
Ha KOXKHOMY 300paXeHHi, a OTIM MPOBeNH oro ycepeanenns. OTpuMani 3HaYeHHs Oyin

HOpPMaJTi30BaH1 BiTHOCHO mo4aTkoBoro piBHI NADH. PesynbraTn mpencraBiieni Ha HUKHIN
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naneni puc. 2.2D y Burnsal rpadika BigHOCHO yacy. JluHamika cnagy ¢iayopecueHIi
NADH y upomy pgocmiai Ta B mie mecTd I1HmMUX jgociaipkeHHsx EDL  walikpamie
alPOKCUMY€ThCS €KCITOHEHIIMHOI0 PYHKIII€TO (J11HIs Ha Tpadiky), 13 CepeIHIM YacoM CIaay
T, sknii ctanoBUTh 14.8+0.81 xB. Y BonokHax soleus, JOCTIKEHNX aHAJIOTTYHUM METOJIOM,
nuHaMika OyJsia moBUIbHIIIOW (T = 21.1£1.72 xB, n=9). ¥V BosiokHax 000X THUIIIB, KOJH iX
1HKyOyBaJlui y pO34YMHI acmaprary, AuHamika 3MmiHu curHany NADH Oyna 3HauHO
BUIIOKO MOPiBHAHO 3 L-rimyramatom (EDL: 1 = 6.3+0.64 xB, n= 11; soleus: t = 7.4+0.61
xB, n= 9). 3aranoM, yac BuHMKHeHHs Ca’" cmamaxiB y LUX BOJIOKHaX KOpPEIIOBaB 3i
IIBUJIKICTIO 3MIHM MITOXOHJIPIaJbHOTO OKHUCIIOBAJIBHO-BIIHOBHOTO TMOTeHHiany (1
MeTa0o0J113My) BIIIIOBITHOTO BOJIOKHA.

MO IMBHI MEXaHi3M BIUIMBY MIiTOXOHApPid Ha muromnasMaruusi curdanmu Ca®*
MOB'sI3aHUM 3 YTBOpEHHsIM akTUBHUX (opm kucHIO (ROS). Ilig yac aepobHOr0o quxaHHs,
st cuHTesy AT® y MITOXOHApPISIX, BiIOYBA€TbCS BUTIK EIEKTPOHIB, IO PETYJSIPHO
cripuuuHsie GOpPMyBaHHS MITOXOHApPIATBHUX CYNEPOKCHUIHUX aHIOHIB, SKI Hajaml
neperBoprooThes Ha H2O2 3a momomororw MapranineBoi cynepokcuaaucmytaszu. HO»
BHUCTYTIAE SIK OJIHA 3 KIIFOYOBUX MOJIEKYJI-MECEH]I?)KEPIB B OKUCITIOBATBHO-BITHOBIIOBAIBLHUX
curHanbHUX nuiaxax (auB. orysiau (Brookes et al., 2004, Reid, 2001a)). Ockinbku CP
PO3TaIllOBAHUI Ty»Ke OJM3bKO 10 MITOXOH/PIM, HOro PyHKIIIT MOKYTh OyTH MOAH(IKOBaHI
ROS, siki BuainsitoThes 3 nux opranen. [locnabieHHs: 3aXMCHUX MEXaH13MIB MITOXOHJIP1H
Big ROS, a omxke 1 mocuneHHs BuBLIbHEHHS ROS y murTormnasmy, Moxke MOAYJIIOBaTH
aktuBHicTH RyRs, mo cnpuunnse nossy Ca®* cnanaxis.

Jlnst mepesipku mpumymieHHs npo Te, mo ROS moxyTs cnpuumauti nossy Ca®*
cHajaxiB y nepmMeaOuli30BaHUX M'I30BHX KIITHHAX CCABLIB, MM CIIPOOYBaIX MOIYJIIOBATH
akTuBHICTH RyRs 3a paxyHok ROS uyepes 3acTocyBaHHs ek30reHHUX noriauHavis. Ha puc.
2.3A npencTaBieHo pe3yJIbTaTH €KCIIEPUMEHTIB, /e M's30B1 BojiokHa EDL inkyOyBanucs y
PO34YMHI Ha OCHOBI acmapTaTy, a TaKOX y pO34uHI acnapTaty i3 noaaBanHsm 600 O/l/min
cynepokcugaucmytazu (SOD) un xkom6OiHoBaHuM noxaBanHsM 600 OJl/mn SOD 1 500
OJ1/mn xaranasu. [lopiBHIOIOYM BOJIOKHA M1J] pi3HUMH YMOBamu, OyJI0 BUSIBJICHO, 1110 Yac
70 TIEPIIOr0 3apeecTPOBAHOIO cHajaxy 1 4Yac 0 JOCATHEHHS MaKCUMallbHOI 4acTOTHU

cnanaxiB cranoBwin 7.9£1.01 xB 1 11.4+1.80 xB (n=7) BignoBinHo. Brums nume SOD
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cyTTeBo 3arpumas possutok Ca?t cmamaxis (11.0£1.00 XB 10 mepmoro cmamaxy Ta
18.0+1.22 xB 10 miKy 4acToTH, n=5). 3aCTOCYBaHHS ABOX IOIJIMHAYIB pa3oM LI Olible
1Hr1I0yBaJI0 PO3BUTOK CHANAXIB, 3aTPUMYIOUM iXHIO IOSBY IMOPIBHSHO 3 KOHTPOJIBHOIO

rpynoto (11.3+1.25 xB 1o nepuioro cnanaxy i 18.3+1.17 xB g0 miky 4actotu, n=4).
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Pucynok 2.3. Biumu ROS T2 ix noraunayvis na Ca?* cnanaxu B M's3oBux BoJoknax EDL. (A) [Tossa
Ca®' cnanaxiB B po3uui acnaprary 3 gogasanaam SOD a6o kombGinanii SOD ta karanasu. (B) ITossa Ca*
cnanaxiB B po3uuHi L-rmyramaty. (C) Yac BUHUKHEHHS CHajaxiB y pO3UMHI acmapTary 3 J0/JaBaHHSIM
KaTajasy, a TaKoX Micis 11 BUuAajJeHHs 3 po3uuHy dyepe3 15 xB. (D) Cnanaxu y KkoHTposnbHUX yMoBax (L-

riyTamat) nopiBHsIHO 3 npucyTHicTio 50 MkM H20s.

Pucynok 2.3B intocTpye pe3yiabTaTi €KCIEPUMEHTIB 13 3aCTOCYBAHHSIM TOTJIMHAYIB
ROS, SOD 1 katana3u, y m'si30Bux BojokHax EDL y BHyTpilIHbOMY pO34MHI HAa OCHOBI L-
riiyramaTy. Hac 10 nmepuioro BHUSBJIEHOIO crajaxy Ta Horo MakcMMmasbHa 4acTOTa CKJIAIH
28.8+1.25 xB Ta 36.3+2.39 xB (n=4) nns SOD, 37.7+5.05 xB Ta 46.7+2.89 xB (n=3) nns

komOiHamii SOD 1 kaTtanasu, TOAl K KOHTPOJIbHI 3HaueHHsA ckianu 18.8+£1.25 xB Ta

30.0+1.64 xB (n=8).
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Ha puc. 2.3C mpexacraBieHo pe3yibTaTH BIIIMBY Kartanasu Ha Ca®’ cmamaxw.
TpukyTHUKH BigoOpa)kaloTh pE3yJbTaTH WIECTU EKCIEPUMEHTIB, Yy SKHX BOJIOKHA
nepMealUTi3yBaidu Ta 1HKyOyBanu y po3udHi acmaprary 3 goaaBanHsm 500 OJl/mn
KaTana3u. 3a TaKuX YMOB CIIOCTEpirajucsi ayxe piaki cnaimaxu. OkpeMo KaTanazy
BIJIMUBAJIM 3 PO3YMHY Yepe3 15 XB micis moyarky iHKyOarii (MyHKTUpHI Kpyxkeuku). [le
MPU3BOAMIIO 0 BIIHOBJICHHS CIajaxiB 10 KOHTPOJbHHUX MOKA3HUKIB (BIAKPUTI KPYKEUKHU).
Bci exkcrnepyMeHTH BHKOHYBalld MapajeibHO Ha BOJIOKHAX OJIHIET Tpynu IIypiB st
3HUKEHHS BapiaOenbHOCTI MK OKPEMHMU TBAPUHAMM.

Hapemti mu nepeBipwin, uu npusseae noaaBanus ROS 1o po3uuny, ais iHkyOarii
BOJIOKOH, 70 edeKTy, npotuiiexxHoMy edexty nmoriuHadiB ROS (nuB. puc. 2.3D). Ilpu
nonasanHi 50 MkM H>O; crioctepiranace NpoTUiIeKHA PEaKIlisl 1100 MOSBU CHajaxiB y
M'si30Bux BojiokHax EDL. JlonaBanus H2O2 10 po3unHiB Ha OCHOBI L-rimyTamaty He3HAYHO
MIJIBUIIYBAJIO MAaKCUMaJIbHY YacTOTy CIajaxiB, aje MNPUIIBUJILIYBAIO IXHIA YacoBUU
noyaTok. fIK yac 70 MepIIoro BUSBJICHHS CHallaxy, TakK 1 4yac JIOCATHEHHS MaKCUMAaJbHOI
4acTOTH chajaxiB 3Ha4HO 3MeHmmiucs (8.1+40.91 xB ta 17.5£1.33 xB, n=8 MOpPiBHSHO 3
15.6£1.13 xB Ta 30.6+=1.12 xB, n=8, nns L-rnyramary 3 nogaBanusm 50 MxM H20: 1 6e3
HBOTO BIJITIOBIJIHO).

[lin wac yciXx eKCIEPUMEHTIB Hailibinpmma 3arpumka mossu Ca®’  chanaxis
criocTepiraiacs y NOBUJIbHO CKOPOUYBaIbHUX OKHUCIIOBAIbHUX BOJIOKHaX. [IpoMixkHUM yac
BUHUKHEHHSl CIajlaxiB  XapakTepu3yBaB MIBUAKO CKOPOYYBaJIbHI  TIIIKOJITUYHO-
OKHCITIOBaJIbHI BOJIOKHA, TO/A1 SIK HAUKOPOTIIUN Yac 3aTPUMKH CIIOCTEPUTABCS Y MIBUIKO
CKOpOUYBaIbHUX TJIKONITMYHMX KiiTuHax. Yacrora Ca’* cnamaxis BimzHawanmacs
KOJIOKOJIOTIOIIOHUM po3moAijaoM. MakcumalbHa 9acTOTa ClajaxiB JocsArajiacs MOBUIHHO B
BOJIOKHAX, OaraTux Ha MITOXOHJpIi, 1 HMIBUJKO — B BOJOKHAaX 13 HU3BKUM BMICTOM
mitoxoHzapili. IcHyroua kopensmis mossu cnoHTanHmx Ca’" cmamaxiB Kopemroe 3
OKHUCJIIOBAJIbHO-BIJTHOBHUM  MOTEHUIAJIOM  MITOXOHAPIA. 3acTOCyBaHHS IOIJIMHAYIB
aKTUBHUX (OPM KHCHIO, TAKUX SK CYHNEPOKCUIIUMCMYyTa3a 1 Karajiasza, iCTOTHO 1 3BOPOTHO
3MEHIIYBaJIO YaCTOTY CIaliaxiB, IPHU I[bOMY 3aTPUMYIOUH iXHIO MosABYy. HaBnaku, 1HKyOarlis
BONOKOH 3 50 um 200 MxM H20» crumymoBana po3sutok Ca’" chanaxis i migsuirysana

ixHio yacrory. Ili JgaHi cBigyaTh TPO 3AJIEKHICTh MOSIBU Ca** cnamaxiB y
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nepMead1T130BaHUX M'sI30BUX BOJIOKHAX B1J iX OKMCIIOBAJIbHOT aKTUBHOCTI. J{lncOananc Mix
MPOAYKIE€0 MITOXOHApiabHUX ROS Ta aHTHOKCHUAAHTHOIO 3JaTHICTIO BOJIOKOH,
IMOBipHO, BUKIHMKae akTuBaniclo RyRs 3a paxynox ROS, mo npussoauts 10 nossu Ca?*

criajaxiB y nmepMealii30BaHUX MpenapaTax, CKeJIETHUX M s31B CCaBIIiB.
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Mitochondrial redox state and Ca2™ sparks
in permeabilized mammalian skeletal muscle

Elena V. Isaeva, Vyacheslav M. Shkryl and Natalia Shirokova

Department of Pharmacology and Physiology, University of Medicine and Dentistry of New Jersey, New Jersey Medical School, 185 South Orange Avenue,

Newark, NJ 07103, USA

Intact skeletal muscle fibres from adult mammals exhibit neither spontaneous nor stimulated
Ca?*t sparks. Mechanical or chemical skinning procedures have been reported to unmask
sparks. The present study investigates the mechanisms that determine the development of
Ca’" spark activity in permeabilized fibres dissected from muscles with different metabolic
capacity. Spontaneous Ca®* sparks were detected with fluo-3 and single photon confocal micro-
scopy; mitochondrial redox potential was evaluated from mitochondrial NADH signals recorded
with two-photon confocal microscopy, and Ca?* load of the sarcoplasmic reticulum (SR) was
estimated from the amplitude of caffeine-induced Ca?" transients recorded with fura-2 and
digital photometry. In three fibre typesstudied, there was a time lagbetween permeabilizationand
spark development. Under all experimental conditions, the delay was the longest in slow-twitch
oxidative fibres, intermediate in fast-twitch glycolytic—oxidative fibres, and the shortest in
fast-twitch glycolytic cells. The temporal evolution of Ca?* spark frequencies was bell-shaped,
and the maximal spark frequency was reached slowly in mitochondria-rich oxidative cells but
quickly in mitochondria-poor glycolytic fibres. The development of spontaneous Ca** sparks
did not correlate with the SR Ca** content of the fibre, but did correlate with the redox potential
of their mitochondria. Treatment of fibres with scavengers of reactive oxygen species (ROS),
such as superoxide dismutase (SOD) and catalase, dramatically and reversibly reduced the spark
frequency and also delayed their appearance. In contrast, incubation of fibres with 50 uM H,0,
sped up the development of Ca?>* sparks and increased their frequency. These results indicate
that the appearance of Ca* sparks in permeabilized skeletal muscle cells depends on the fibre’s
oxidative strength and that misbalance between mitochondrial ROS production and the fibre’s
ability to fight oxidative stress is likely to be responsible for unmasking Ca?* sparks in skinned
preparations. They also suggest that under physiological and pathophysiological conditions the
appearance of Ca?" sparks may be, at least in part, limited by the fine-tuned equilibrium between
mitochondrial ROS production and cellular ROS scavenging mechanisms.

(Resubmitted 7 March 2005; accepted after revision 12 April 2005; first published online 21 April 2005)
Corresponding author N. Shirokova: Department of Pharmacology and Physiology, UMDN]J, New Jersey Medical
School, 185 South Orange Avenue, Newark, NJ 07103, USA. Email: nshiroko@umdnj.edu

Skeletal muscle depends on ATP supply to meet its
energy demands. There are three major sources of
ATP in muscle: creatine phosphate, anaerobic glycolysis
and oxidative phosphorylation. The relative contribution
of each ATP source varies among muscle fibre types.
Type I (slow-twitch, oxidative) and type Ila (fast-twitch,
glycolytic—oxidative) fibres are rich in mitochondria.
They rely for their ATP production on oxidative
phosphorylation. In contrast, type IIb (fast-twitch,
glycolytic) fibres, are mitochondria-poor and have a

E. V. Isaeva and V. M. Shkryl contributed equally to this work.

© The Physiological Society 2005

very effective glycolytic ATP synthesis. Thus, muscle
mitochondrial content is a reflection of the relative
importance of mitochondria to the energy budget of each
fibre type.

In addition to the pivotal role in cell energy metabolism,
mitochondria are also involved in other cellular processes
of key importance. In particular, it has been suggested that
these organelles participate in the control of intracellular
Ca?* homeostasis. It has been shown that mitochondrial
Ca’* uptake can modify the intracellular Ca*" transientsin
a variety of cell lines and some tissues. On the other hand,
[Ca®*] in the mitochondrial matrix ([Ca’*],,) controls
the metabolism, as three major dehydrogenases of the
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mitochondrial tricarboxylic acid (TCA) cycle are Ca®"
sensitive. Theincrease in [Ca®* ], enhances the production
of nicotinamide adenine dinucleotide (NADH), electron
transport, proton leak, ATP synthesis and the production
of reactive oxygen species (ROS) (for recent reviews see
Duchen, 2000; Hajn6czky et al. 2000; Rizzuto et al. 2004) .
All these Ca?*-dependent mechanisms, in turn, can exert
positive and negative feedback effects on cytoplasmic Ca**
signals. Therefore, calcium homeostasis, metabolism, and
bioenergetics are intimately interconnected in living cells.

Release of Ca** from the sarcoplasmic reticulum (SR) is
a required step in skeletal muscle excitation—contraction
coupling (ECC). It is initiated during the depolarization
of the transverse tubular membrane via an allosteric
interaction between the voltage sensors of ECC
(dihydropyridine receptors; DHPRs) and the associated
SR Ca’" release channels (ryanodine receptors; RyRs)
(Schneider & Chandler, 1973; Rios et al. 1993; Nakai
et al. 1996). It has been proposed that the initial
voltage-activated increase in local [Ca*"] at the triad
opens the RyRs, which are not allosterically coupled with
DHPRs, via Ca’*-induced Ca’t release (CICR) (Rios
& Pizarro, 1988; Shirokova et al. 1996). However, the
existence of CICR in mammalian skeletal muscle has been
questioned. No Ca?" sparks, the elementary events of
CICR, were found in mammalian muscle cells during
electrical stimulation (Shirokova et al. 1998; Conklin et al.
1999; Csernoch et al. 2004). This observation suggests the
existence of some inhibitory mechanisms that suppress
regenerative CICR in vivo.

In Shirokova et al. (1999), we proposed that a functional
interaction between DHPRs and RyRs prevents RyRs from
being activated by Ca?". However, this idea was challenged
by Kirsch et al. (2001), who demonstrated the abundance
of sparks in mechanically skinned fibres, where the
physical coupling between DHPRs and RyRs is presumably
preserved (Lamb, 2002). In Isaeva & Shirokova (2003),
we suggested that mitochondria, being in close proximity
to Ca" release sites, are capable of interfering with Ca*"
released from the SR, thereby inhibiting CICR by a not
yet established mechanism. It is conceivable that wash
out of cytosolic constituents, which inevitably follows all
chemical or mechanical skinning procedures, can impair
mitochondrial function and relieve their inhibitory effect
on CICR, thus allowing Ca®* sparks to appear. The results
we present in this paper provide further support for this
hypothesis by correlating the appearance of Ca®" sparks
with the functional state of the mitochondria in skeletal
muscle fibres of different metabolic strength.

Methods
Preparation of muscle fibres

Female rats (Sprague-Dawley, 175-200 g) and mice (Swiss
Webster, 25-30 g) were killed by cervical dislocation under
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deep anaesthesia induced by intraperitoneal injection of
sodium pentobarbital (100-200 mg (kg body weight)™!).
Single fibres from rat extensor digitorum longus (EDL)
or soleus muscles were manually dissected as described by
Garcia & Schneider (1993) and Shirokova et al. (1996).
Single fibres from mouse flexor digitorum brevis (FDB)
muscle were enzymatically dissociated by a procedure
detailed in Wang et al. (1999). Fibres were transferred to an
experimental chamber, pushed down against the coverslip
floor of the chamber, permeabilized with saponin (as in
Isaeva & Shirokova, 2003) and immersed into one of the
‘internal solutions’ (see below). The Institutional Animal
Care and Use Committee at UMDN]J-New Jersey Medical
School approved the use and killing method of all animals
in this study.

Solutions

The r-glutamate internal solution contained (mm):
potassium r-glutamate (140), Hepes (10), EGTA (0.5),
sodium phosphocreatine (5), Mg-ATP (5) and CaCl,
(0.155) for nominal [Ca®t] of ~150nm and [Mg’']
of ~380 um. The p-glutamate-based solution contained
140 mm of potassium D-glutamate, instead of potassium
L-glutamate. In aspartate-based solution, potassium
L-glutamate was replaced with potassium aspartate,
and nominal [Ca*"] and [Mg*"] were adjusted to
150 nm and 380 M, respectively. Dissociation constants
were taken from the NIST Critically Selected Stability
Constants of Metal Complexes Database 46 (US
Department of Commerce, Technology Administration,
NIST, Gaithersburg, MD, USA). Calculations were
performed assuming 1: 1 stoichiometry for Mg-ATP. For
all solutions pH was adjusted to 7.0 and osmolality to
300 mosmol kg™!.

Confocal imaging and image processing

Local changes in cytoplasmic [Ca*"] were measured with
the fluorescent Ca*" indicator fluo-3 (penta-potassium
salt, 50 um) added to internal solutions. Mitochondrial
membrane potential was monitored with the
potentiometric dye tetramethyl rhodamine ethyl ester
(TMRE; 10nm). A laser scanning confocal microscope
Radiance 2000 (Bio-Rad, Hercules, CA, USA) connected
to a Zeiss Axiovert 100 inverted microscope equipped
with a x 63, 1.2 NA, water immersion lens (Zeiss Inc.,
Oberkochen, Germany) was used to acquire confocal
images of fluo-3 or TMRE-related fluorescence. Fluo-3
was excited with the 488 nm line of an argon laser and
TMRE was excited with the 543 nm line of a He—Ne laser.
The emitted light was collected above 500 nm (fluo-3)
or above 570 nm (TMRE). Fibres were imaged in the
XY mode at 500 liness™!. As a rule, series of 40 images
(102.8 by 102.8 um) were acquired at 1 Hz at random
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locations within fibres. Discrete events of Ca®* release
were identified with an automatic detection method
(Cheng et al. 1999) modified for localization of events in
XY images, as previously described in Isaeva & Shirokova
(2003). Because XY images carry no information about
event morphology, we call all of them Ca?" sparks.

The two-photon confocal scanner Radiance 2001 MP
(Bio-Rad, Hercules, CA, USA) attached to a Nikon Eclipse
TE 2000 microscope equipped with a x 60, 1.2 NA, water
immerssion objective (Nikon, Tokyo, Japan) was used
to monitor local changes in mitochondrial NADH auto-
fluorescence. For two-photon excitation, a Ti:Sapphire
laser (MIRA 900F, Coherent, Santa Clara, CA, USA)
pumped with a frequency-doubled (Nd:YVO4) solid-state
diode laser (Verdi-10 W, Coherent) provided the 80 MHz
mode-locked laser pulses with 730 nm wavelength. The
emitted light between 410 and 490 nm was collected with
a direct (non-descanned) detector. Series of 20 images
(101.2 by 101.2 um) were acquired every 5min from a
fixed location within the fibre.

Digital photometry

To estimate the Ca?t content of the sarcoplasmic
reticulum in permeabilized skeletal muscle fibres under
different experimental conditions, we adapted a technique
developed by Duke & Steele (1998). For this purpose,
permeabilized segments of muscle fibres were mounted
into a two-Vaseline gap chamber. The chamber was
designed with the middle pool to function as a flow
chamber that allowed for rapid changes of the solution.
The middle pool, which usually corresponds to the
voltage-clamped compartment, was connected to small
inletand outlet pools atboth ends, where the perfusion and
suction lines were attached (more details are in Shirokova
& Rios, 1996). Throughout the experimental protocol, the
middle segment of the fibre was continuously perfused
with internal solution containing the Ca?* indicator fura-2
(potassium salt, 2 um) at a rate of ~0.5 ml min~!. Waste
solution was collected continuously at the outlet pool.
Solutions containing 20 mwm caffeine were rapidly applied
(~2mlmin~!) for a duration of 2s via a dedicated
inlet pipette. To minimize contraction of fast-twitch
fibres, 20 M of N-benzyl-p-toluene sulphonamide (BTS;
Cheung et al. 2002) was added. Both EDL and soleus fibres
were stretched to about 3.5 um per sarcomere length.
Dual-excitation recordings of intracellular Ca®*-related
fluorescence in fura-2-loaded fibres were performed with
a RatioMaster M-40 high-speed fluorescence photometer
(PTI, Lawrenceville, NJ, USA) mounted on a Zeiss Axiovert
200 microscope (Zeiss Inc., Oberkochen, Germany)
equipped with a quartz x 40, 1.25 NA, glycerol-immersed
objective (Partec GmbH, Miinster, Germany). The quartz
objective is designed specifically to optimize fluorescence
measurements with probes excitable in the UV range of
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light wavelengths. The fibre was illuminated with light of
340 and 380 nm at 50 Hz. The fluorescence emission in the
centre section of fibre was detected through a rectangular
pinhole (20 x 40 um). Ca?* transients are presented as
the ratio of light intensities emitted above 500 nm. The
SR Ca?* load was estimated from the amplitude of
caffeine-induced cytoplasmic Ca*" transients.

Whole-cell NADH fluorescence signals were imaged
with a CH1 CCD camera (Photometrics, Tucson, AZ,
USA), as previously described by Hajndczky et al. (1999)
and also by Isaeva & Shirokova (2003). Fibres were
excited at 360 nm and the light emitted above 420 nm
was recorded. A single series of 300 images at 0.33 Hz was
acquired in each experiment.

Statistics

Values are presented as means =+ s.E.M., and # represents
the number of analysed cells. Student’s ¢ test was used for
comparing paired observations. P < 0.05 was considered
significant.

Chemicals

Fluo-3 and fura-2 were obtained from Biotium (Hayward,
CA, USA). MitoTracker Green FM and TMRE were
purchased from Molecular Probes (Eugene, OR, USA).
Other chemicals were from Sigma (St Louis, MO, USA).

Results

Although Ca?* sparks are rarely recorded in intact adult
mammalian skeletal muscle fibres (Conklin et al. 1999),
they are readily observed in chemically and mechanically
skinned cells (Kirsch et al. 2001). This apparent
controversy led to the suggestion that the permeabilization
procedure impairs some of the mechanisms that normally
inhibit CICR in intact cells. Our recent studies indicate
that the frequency of Ca®* sparks in permeabilized fibres
is tightly regulated by the metabolic state of the cell (Isaeva
& Shirokova, 2003). We suggested that mitochondria,
being located strategically close to the SR Ca’" release
sites, exert negative control over CICR. Now we tested
further implications of this hypothesis by examining
several features of spontaneous Ca’*" sparks in skeletal
muscle fibres with different mitochondrial content.

Time course of appearance of Ca%* sparks correlates
with the fibre's mitochondrial content

In our previous studies (Isaeva & Shirokova, 2003) we
noticed that, after fibres were permeabilized with saponin
and immersed into the internal solution, it took some time
for spontaneous Ca’>" sparks to appear. We speculated
that the delay in the appearance of sparks is related to
the degradation of cellular metabolic pathways. To test
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this hypothesis we designed a number of experiments that
correlate the onset of the appearance of Ca®" sparks with
changes in cellular metabolism.

In the first set of experiments, we examined whether
the time course of Ca** spark appearance correlates with
the metabolic capacity of the particular cell type. In this
study we used muscles that contain fibres with different
mitochondrial content and subcellular localization of the
organelles. Rat soleus muscle contains mostly type I cells
(e.g. Ariano et al. 1973). EDL skeletal muscle of rat contain
~60% of type Ila fibres (Ariano et al. 1973). About 70% of
the fibres from mouse FDB muscle are of the IIX type
(Gonzalez et al. 2003). The oxidative capacity of these
fibres increases in the order: IIX, Ila and I. In particular,
the relative volume of mitochondria in soleus type I
fibres is almost two times larger than that in EDL type
IIa cells (Eisenberg, 1983). The larger the mitochondrial
content, the more mitochondria are generally targeted to
the I-bands, close to the junctional SR, where they are able
to interfere with Ca®" release (Ogata & Yamasaki, 1985).

Because each muscle contains fibres of different types,
we first tested whether fibres we selected from rat EDL
and soleus muscles during the dissection procedure
indeed differed in mitochondrial content. To visualize
mitochondria, cells were permeabilized and immersed into

E. V. Isaeva and others

J Physiol 565.3

L-glutamate solution. The mitochondrial NADH auto-
fluorescence was imaged with a two-photon excitation
laser-scanning confocal microscope 10 min after fibre
permeabilization (top panels in Fig. 1A and B). For a more
quantitative analysis, mitochondria were identified with
an automatic digital image processing algorithm similar to
that used for spark detection. The detected mitochondria
are shown as binary masks in two middle panels. The
‘mitochondrial content’ was estimated as the ratio (r)
of the number of pixels occupied by mitochondria to
the total number of pixels occupied by the fibre. The
ratio was significantly larger in soleus fibres (Fig. 1C).
Obviously, the analysis we used here is not very precise,
as the algorithm is somewhat sensitive to the average
NADH signal intensity. However, similar results were also
obtained with the potential sensitive dye TMRE (lower two
panels) and with the mitochondria-targeted fluorescent
indicator MitoTracker Green FM (data not shown).
Figure 2 represents the time course of Ca’" spark
appearance in an EDL muscle fibre incubated in
L-glutamate solution. Sets of 40 sequential fluorescence
images of fluo-3 were acquired at different times after
fibre permeabilization. A typical image is shown in Fig. 2A.
Sparks were identified in each image of the set and all
together are presented as cumulative masks (Fig. 2B). For

Figure 1. Visualization of mitochondria in EDL and soleus muscle

A and B, top panels, images of NADH fluorescence obtained from EDL (A) and soleus (B) cells, immersed into
L-glutamate solution. Middle panels, corresponding binary images for the regions with AF/Fg > 2 s.0. (Cells
080604-EDL8 and 080503-soleus6.) Bottom panels, representative images of TMRE fluorescence obtained from
the two fibre types. (Cells 091902-EDL1 and 091802-soleus1.) C, ‘mitochondrial content’ of EDL (n = 15) and

soleus (n = 16) fibres.
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each set, the spark frequency was determined as the mean
number of events per unit area and time. The values
are plotted against time in Fig. 2C. The frequency varied
somewhat from frame to frame within each series of
images, but also exhibited a characteristic time course
over longer times. In this particular fibre, Ca®* sparks
developed 15 min after permeabilization. In general, the
time course of the frequency of spontaneous Ca?* sparks
was bell-shaped with a maximum reached about 30 min
after chemical skinning.

Figure 3 illustrates a similar experiment carried out
on a soleus muscle fibre. As in the experiments with
EDL cells, the fibre was permeabilized and immersed into
L-glutamate solution. Again, the frequency of Ca** sparks
was determined at different times. In the soleus fibre,
the lag in spark appearance was substantially longer than
that observed in EDL cells. It took about 40 min for the
first Ca®* spark to be recorded. The maximal frequency
of Ca®" sparks in this preparation was reached 60 min
after permeabilization, after which the number of events
declined over another 40 min.

Figure 4 summarizes data on the time dependence
of appearance of Ca’" sparks for 17 EDL and 17
soleus muscle fibres studied with similar experimental
protocols. Figure 4A represents the time dependencies
of the averaged spark frequencies, and Fig.4B shows

Figure 2. Appearance of Ca?* sparks in EDL muscle
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corresponding normalized cumulative frequencies. Ca®*
sparks developed much later in soleus than in EDL fibres
(time to the first spark recording was 47 &= 2.3 min versus
21+ 1.1 min, in soleus and EDL cells, respectively). In
addition, time to the maximal frequency was significantly
longer in soleus muscle (67 = 2.2 min versus 35 £ 1.4 min,
respectively). It should be stated that, whereas the maximal
frequency of sparks varied substantially between different
fibres of the same type, the time course of spark appearance
was remarkably similar. Time-dependent changes in the
frequency of Ca’>" sparks did not correlate with fibre
diameter and with the time needed for diffusion and
equilibration of fluo-3 (and similarly sized molecules) in
the fibre. During the experiments with EDL and soleus
muscle cells summarized in Fig. 4, the average resting
fluo-3 fluorescence within the fibres did not increase
significantly (Fig. 4C).

In a separate set of experiments, FDB muscle fibres were
isolated from mice and studied under conditions identical
to those described above. The majority of mouse FDB
cells are glycolytic and have much fewer mitochondria
than rat EDL or soleus fibres. Averaged spark frequencies
determined at different times after permeabilization in
36 FDB cells are represented in Fig. 4 by black diamonds. As
expected, the onset of Ca?* sparks in these fibres was more
rapid than in rat EDL and soleus cells. Maximal frequency

A, confocal image of CaZ*-related fluorescence in an EDL fibre showing Ca%* sparks. B, binary images of cumulative
masks of sparks identified in sets of 40 images acquired at different times after fibre permeabilization (detection
criterion AF/Fg > 35.0.). C, frequencies of Ca2* sparks determined at different times during the experiment. (Fibre

20302-EDL2.)
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of sparks was reached at 21 & 0.8 min after skinning and
the delay to the first spark detection was 9 &= 0.7 min (see
also Table 1).

Taken together, the results obtained from different fibre
types revealed that the temporal onset of Ca®* sparks in
permeabilized muscle fibres correlates well with the fibre’s
mitochondrial content.

Temporal onset of Ca2" sparks depends
on the SR Ca?* load

Several lines of evidence suggest that luminal [Ca®"]
regulates the activity of RyR Ca’>" release channels. In
particular, it has been shown that SR Ca’" overload
stimulates SR Ca’>" release in cardiac muscle cells by
increasing Ca’* spark frequency and also their magnitude
(DelPrincipe et al. 1999; Lukyanenko et al. 2001). Studies
on skeletal muscle also suggest the existence of some,
although not well defined yet, luminal mechanisms that
regulate Ca*™ release from the SR (e.g. Donoso et al. 1995;
Zhou et al. 2004). The average Ca®" content of the SR is
known to be different between fibre types (e.g. Fryer &
Stephenson, 1996). This can affect the temporal onset of
Ca?* sparks. Therefore, it isimportant to monitor the Ca?*
loading state of the SR in our experiments.

E. V. Isaeva and others
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We probed the SR Ca?* load in permeabilized EDL and
soleus muscle fibres by brief applications of caffeine. On
each experimental day, both types of fibres were obtained
from the same animal and studied in parallel. Figure 5A
and B shows representative recordings of the 340:380
fura-2 fluorescence ratio from saponin-permeabilized
fibres. In these experiments, cells were continuously
perfused with r-glutamate solution containing 2 um
fura-2. Caffeine (20mm) was briefly (25s) applied at
5 min intervals (indicated by arrows). Caffeine application
produced a transient increase in fluorescence ratio due
to release of Ca?" from the SR. Figure 5C shows two
superimposed traces of caffeine-induced Ca®" transients
recorded at about 30 min after permeabilization in EDL
and soleus fibres. It can be seen that the decaying
phases of the transients were markedly different, being
much slower in the soleus than in the EDL fibre. This
may reflect differences in the molecular makeup of the
system that is responsible for the removal of Ca*" from
the cytoplasm, following its release from the SR. In
particular, compared to EDL muscle fibres, soleus cells
contain virtually no parvalbumin, a soluble myoplasmic
Ca?* and Mg?* binding protein (Celio & Heizmann,
1982). The amplitude of the caffeine-induced Ca**
transients (AR) was determined at different times after

Figure 3. Development of Ca2* sparks in soleus muscle
A, confocal fluorescent image of a soleus fibre. B, binary masks of sparks identified in sets of 40 images acquired
at different times (detection criterion AF/Fg > 3s.0.). C, time dependency of the Ca%* spark frequency. (Fibre

010603-soleus1.)
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fibre permeabilization. It was considered to be an estimate
of SR Ca*" content. This assumption is also supported
by the observation that under our conditions, more
prolonged application of caffeine did not increase the
amplitude of cytosolic Ca?* transients. Figure 5D presents
averaged data compiled from 16 EDL and 18 soleus cells. It
shows that in both fibre types, refilling of the SR with Ca**
was complete and reached a steady-state within 20 min
after the cells were permeabilized and immersed in the
internal solution with slightly elevated [Ca®*] (150 nm). A
subtle decrease in the amplitude of the caffeine-induced
Ca?* transients after ~40 min of incubation indicates a
partial decline in SR Ca®* load towards the end of such
prolonged experiments.

The somewhat larger Ca?" transients in soleus fibres
also indicated that the SR of these fibres is more loaded
with Ca?* than that of EDL cells. Taking into account that
the relative cell volume occupied by the SR is only half
in soleus muscle with respect to EDL (Eisenberg, 1983),
we can estimate that under our experimental conditions
the SR of soleus fibres is about two times more loaded
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with Ca?*. This is in agreement with the results by Fryer
& Stephenson (1996) who also reported an about twofold
difference in the SR load of rat fast- and slow-twitch fibres.

The experiments shown in Fig.6 were designed
to assess how SR Ca’" load affects the onset of
Ca?* sparks. For this, EDL cells were incubated
in r-glutamate solution supplemented with 1um
2',5'-di(tert-butyl)-1,4-benzohydroquinone (TBQ) or
1 um cyclopiazonic acid (CPA), two different potent
inhibitors of SR Ca®*-ATPase. The drugs, at these
concentrations, did not completely deplete the SR but
reduced caffeine-induced Ca** transients (e.g. SR Ca?*
load) by more than 50% (A Rwasreduced from 0.64 £ 0.09
to 0.294+0.03, n=6, by TBQ; and from 0.35=+0.03
to 0.15+0.02, n=5, by CPA). The examination of
the temporal onset of spontaneous Ca*" sparks under
conditions of reduced SR Ca’** load revealed that the delay
to the first detection of Ca®" sparks and the time to the
maximal frequency of sparks were significantly prolonged
(52 £ 3.7 minand 81 £ 2.4 min, n = 5, correspondingly in
the presence of TBQ, and 54 &£ 5.1 min and 85 =+ 4.5 min,
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Figure 4. Appearance of Ca?* sparks in permeabilized FDB, EDL and soleus skeletal muscle fibres in

L-glutamate solution

A, time dependence of Ca?* spark frequency in 36 FDB (), 17 EDL (®) and 17 soleus (m) fibres. Left vertical
axis corresponds to EDL and soleus cells, right axis corresponds to FDB cells. B, cumulative frequencies of events.

C, changes in resting fluorescence within fibres.
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n=>5, in CPA). Therefore, the slower temporal onset of
Ca?* sparks in soleus fibres in respect to EDL cells cannot
be explained by the observed difference in luminal SR
[Ca?*].

Washout of cytoplasmic GSH does not promote sparks

It has been shown that cytoplasmic redox state, mainly
determined by the ratio of GSSG/GSH, tightly influences
the activity of RyR (Feng et al. 2000). In mammalian
muscle cells, the cytoplasmic GSSG/GSH ratio is about
1:30 (5mm total). Thus, under normal physiological
conditions RyRs are functioning in a reduced cytosolic
environment. According to Feng et al. (2000), oxidation
of the cytoplasm enhances the activity of RyRs. It is
conceivable that the washout of GSH from the cytosol
may underlie the appearance of sparks in skinned cells.
However, this possibility is less likely because the addition
of 5mm GSH into the L-glutamate solution, in order to
compensate for cytosol oxidation during the washout,
did not have a significant effect either on the time
course of appearance of sparks, or on their maximal
frequencies. In seven EDL muscle fibres studied in the
presence of GSH, time to the first spark recording, time
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to the maximal frequency of sparks and the maximal
frequency of sparks were 15.6 & 3.4 min, 30.0 & 2.8 min,
and 2.3 £ 0.3 x 10* um™2 57!, respectively. The numbers
are not significantly different from that obtained in eight
fibres studied in parallel in L-glutamate (18.2 & 2.8 min,
33.6 & 3.1 min, and 2.540.3 x 10* um=2s71,
respectively).

Mitochondrial substrates delay the appearance
of Ca?* sparks

Results of the experiments illustrated in Figs 2—4 suggested
the involvement of mitochondria in the development
of spontaneous Ca’" activity in permeabilized skeletal
muscle cells. In the next set of experiments, we further
examine this possibility. For this purpose, skeletal muscle
fibres of different metabolic strength (FDB, EDL and
soleus) were immersed into internal solutions based on
L- or D-glutamate or aspartate. While r-glutamate is a
substrate of the TCA cycle, p-glutamate is not. Whereas
the addition of substrates into the internal solution is
supposed to stimulate mitochondrial metabolism, their
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Figure 5. Estimates of SR Ca?* load in EDL and soleus skeletal muscle fibres

A and B, caffeine-induced Ca?* transients in EDL (A) and soleus (B) fibres. Individual transients of each set are
represented in the expanded (20 s) time scale. C, superimposed transients obtained in EDL (thick line) and soleus
(thin line) fibres 30 min after permeabilization. (Fibres 121102-EDL2 and 121102-soleus2.) D, averaged data from

16 EDL (@) and 18 soleus (m) fibres.
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removal would slow it down. Aspartate, being a product of
the TCA cycle, is expected to inhibit oxidative metabolism
even more than p-glutamate.

The inset in Fig.7A shows representative changes
in NADH fluorescence recorded in EDL cells when
L-glutamate-based solution was subsequently replaced
with one based on Dp-glutamate and aspartate. These
measurements provided us with information about the
redox state of the mitochondrial NAD system, which
in turn reflects mitochondrial metabolism. Images were
acquired every 10s. Whole-cell NADH fluorescence
was measured with digital photometry as described
in Methods. It was spatially averaged over the region
of interest corresponding to the fibre. The signal is
represented in arbitrary units on the plot. The NADH
fluorescence slowly decreased when the fibre was incubated
in L-glutamate solution. It diminished more rapidly after
L-glutamate solution was replaced with one based on
p-glutamate. Replacement of p-glutamate solution with
one based on aspartate led to a dramatic oxidation of
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the mitochondrial NADH pool, indicating a massive
impairment of the mitochondrial metabolism under this
experimental condition. Addition of 20 um rotenone,
an inhibitor of NADH dehydrogenase, partially restored
NADH fluorescence. Similar results were obtained in four
EDL fibres.

In the three fibre types studied, the temporal onset
of Ca®* sparks after skinning was most delayed in
a ‘substrate-rich’ vr-glutamate solution. In 17 EDL
cells immersed in r-glutamate solution, the maximal
frequency of Ca®" sparks was reached 35 1.4 min
after fibre permeabilization (Fig.7C). When cells were
exposed to D-glutamate solution, the peak of the spark
frequency was recorded earlier (20 & 1.4 min, n=11).
Sparks developed even faster when fibres were exposed
to aspartate-containing solution (11+0.7, n=29). The
difference in the time course of spark appearance in various
experimental solutions is clearly seen on a cumulative
frequency plot in Fig.7D. Similar dependencies of the
time course of spark appearance on substrates were
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Figure 6. Effects of SR Ca™ load on the time course of spark appearance in EDL muscle

A, effect of TBQ on the tempotal onset of CaZt sparks. Triangles (A) show averaged frequency of sparks recorded
in 5 fibres at different times after they were immersed into solution containing 1 um TBQ. Circles (®) represent
control data taken from Fig. 4. Right axis corresponds to the experiments in TBQ. Left axis corresponds to data in
control. B, cumulative frequencies of sparks in control and in TBQ. C, effect of 1 um CPA on time course of Ca?t
sparks under control conditions (@) and in CPA (A, n =5). D, cumulative frequencies of sparks in control and in

CPA.
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observed in FDB and soleus muscle fibres (Fig. 7A, B, E Mitochondrial redox state correlates
and F, correspondingly, and also Table 1). Interestingly,  with Ca?* spark activity

under each experimental condition (L- or p-glutamate,
or aspartate), Ca*™ sparks developed fastest in fibres
poor in mitochondria (FDB) and slowest in cells rich in
mitochondria (soleus).

The experiment illustrated in the inset of Fig. 7A revealed
that mitochondrial NADH fluorescence gradually declined
after fibre permeabilization. It also showed that the rate
of the NADH oxidation depends on the composition of

Figure 7. Effects of mitochondrial substrates on the frequency of Ca?* sparks in FDB, EDL and soleus
muscles

A and B, time course of the appearance of sparks in FDB fibres, immersed in various bathing solutions. Inset
shows changes in mitochondrial NADH signal when an EDL fibre was consequently exposed to L- or p-glutamate
or aspartate solutions and after rotenone was added. C and D, temporal onset of sparks in EDL fibres. £ and F,
spark development in soleus muscle fibres.
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Table 1. Evolution of Ca?t sparks in different fibre types

L-Glutamate p-Glutamate Aspartate

Time to the maximal Ca?* spark frequency
FDB 21.2 +0.78 (36) 18.6 +0.97 (14)
EDL 35.04+1.39(17) 20.14+1.40 (11)

10.6 £+ 1.13 (8)
11.1£0.73 (9)

Soleus 66.8+2.20(17) 55.0+2.31(14) 15.0+ 1.50(6)
Time to the first spark detection

FDB 9.3+ 0.65 (36) 8.6 +£0.94 (14) 6.3+ 0.81(8)

EDL 20.9+1.11(17) 10.6 +0.61 (11) 7.0+ 1.23 (9)

Soleus 47.1+229(17) 389+1.42(14) 11.5+1.07(6)

Data are mean =+ s.e.m. for the number of experiments carried
out in each group (n), shown in parentheses. Values are in
minutes.

solutions the fibres were bathed in. The rate of decay of the
NADH signal appeared to be the slowest in substrate-rich
L-glutamate solution and the fastest in aspartate solution.
This correlates with the time course of Ca** spark
development under similar experimental conditions.

In the following series of experiments, we applied
two-photon fluorescence microscopy to monitor local
changes in NADH fluorescence. EDL and soleus
muscle fibres were permeabilized and exposed to either
L-glutamate or aspartate solutions. The NADH signal
was recorded every 3 min from the same confocal plane
within the fibre during 1 h. Figure 8 A shows three images
of NADH fluorescence acquired right after EDL fibre
permeabilization (3 min) and also 30 and 60 min after
the cell had been incubated in L-glutamate solution. The
fluorescence signal emitted by NADH molecules within
several small groups of mitochondria was determined
on every image and then averaged. The values were
normalized to the NADH value at the beginning of the
experiment. They are plotted in Fig. 8 B against time (filled
circles). The decay of NADH fluorescence in this and
six other EDL cells was fitted with a single exponential
function (line on the plot) yielding an average t of
decay of 14.8 = 0.81 min. The time course of decay was
significantly slower in soleus fibres studied in the same way
(r =21.1+ 1.72 min, n=9). When fibres of both types
were examined in aspartate solution, the NADH signal
had diminished significantly faster compared with that
in L-glutamate (EDL: t = 6.3 & 0.64 min, n = 11; soleus:
7 =7.4=£0.61 min, n=9). In general, the temporal onset
of Ca®" sparks in these fibre types correlated well with
the rate of decay of mitochondrial redox potential (and
mitochondrial metabolism) of the respective fibre.

Coupling mitochondrial redox state to intracellular
Ca?* homeostasis

There are many mechanisms by which mitochondria
can influence intracellular Ca’* homeostasis: via ATP
synthesis, accumulation of Cat, generation of superoxide
radicals, etc. Disruption of mitochondrial functions due
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to a collapse of the mitochondrial redox potential can
subsequently alter the pattern of intracellular Ca®"
signalling.

One obvious pathway through which mitochondria
can affect cytosolic Ca®*" signals is via generation of ATP.
Reduction in metabolically produced ATP can, in general,
affect the function of two major molecules involved
in intracellular Ca** homeostasis: RyR Ca?" release
channels and SR Ca**-ATPases. However, this mechanism
is unlikely to influence the temporal onset of sparks
because: (1) all bathing solutions contained 5mm ATP
to minimize the contribution of metabolically generated
ATP; and (2) incubation of EDL cells in rL-glutamate
solution with 2.5 M oligomycin, an inhibitor of the F,/F,
ATP synthase, did not modify the time course of spark
appearance. In seven fibres studied in the presence of
oligomycin, time to the first spark recording, time to the
maximal frequency of sparks and the maximal frequency
of sparks were 21.2+1.4min, 35.1+2.1min, and
1.1 +£0.1 x 10* um™2 57!, respectively. The numbers are
not significantly different from that obtained in 15 fibres
studied in parallel in 1-glutamate (19.1 % 1.7 min,
32.1 2.2 min, and 1.1+£0.2 x 10* um—2s71,
respectively).

Figure 8. Effects of mitochondrial substrates on mitochondrial
redox potential

A, images of NADH fluorescence recorded in permeabilized EDL
muscle fibre at different times after permeabilization. Fibre was
incubated in L-glutamate solution. Scale bar corresponds to 10 um.
(Cell 043004-EDL2.) B, decay of NADH signals in EDL and soleus
muscles immersed in aspartate and L-glutamate solutions. (Fibres
060904-soleus2 (L-glu), 043004-EDL2 (L-glu), 061704-soleus4 (asp),
043004-EDL1 (asp).)
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Previously we have suggested that mitochondrial Ca®*
uptake plays a significant role in the modulation of
spontaneous Ca®* sparks in permeabilized mammalian
muscle fibres (Isaeva & Shirokova, 2003). We have
shown that oxidation of the mitochondrial NADH pool
is accompanied by a decrease in the driving force for
Ca?" uptake via the electrogenic Ca?* uniporter. It is
possible that a gradual impairment of mitochondrial Ca**
uptake after fibre permeabilization and wash out of the
cytosol may influence the temporal pattern of Ca’* spark
appearance. Unfortunately, most of the mitochondrial
Ca?* uniporter inhibitors are not specific and are likely to
affect cytosolic Ca*" transients by multiple interconnected
pathways (e.g. via direct inhibition of Ca?" release
channels, generation of ROS, etc.). In addition, Ru360, the
most specific blocker of the uniporter, appears to have a
poor stability (Wang & Thayer, 2002; also Dr A. P. Thomas,
personal communication). We were not able to prevent
oxidation of Ru360 inlong-lasting experiments. Therefore,
up to date, we have no adequate experimental tools to
explore to what extent mitochondrial Ca** buffering is
involved in unmasking sparks in skinned preparations.
Consequently, we cannot rule out the mitochondrial Ca**
uptake as the mechanism that is at least in part responsible
for the phenomena described above.

Another possible way for mitochondria to affect cyto-
plasmic Ca?" signals is via generation of ROS. During
aerobic respiration to generate ATP in mitochondria,
leakage of electrons regularly produces mitochondrial
superoxide anions that are later reduced to H,0O, by
manganese superoxide dismutase. H,O, appears to be
one of the primary messenger molecules in the redox
signalling pathway (e.g. reviewed by Reid, 2001; Brookes
et al. 2004). It can travel somewhat to interact with
remote targets, even though its life time is short because
of its rapid metabolism. However, since the SR lies very
close to mitochondria, it may well be influenced by ROS
released by these organelles. Every cell has a set of potent
ROS scavengers to prevent oxidative damage. As one of
the major targets for ROS, mitochondria have their own
defence instrument. Because catalase is not detected in the
mitochondria of mammalian tissues except heart (Radi
et al. 1991), mitochondrial glutathione peroxidase plays
a key role in metabolizing hydrogen peroxide. Therefore,
reduced glutathione (GSH), required for the activity of
mitochondrial glutathione peroxidase, is the potential free
radical scavenger. GSH is synthesized in the cytosol and
transported into mitochondria (Griffith & Meister, 1985;
Martensson et al. 1990). However, oxidized glutathione
disulphide (GSSG) in the mitochondria cannot be
exported back to the cytosol (Olafsdottir & Reed, 1988)
for conversion to GSH. Therefore, mitochondrial NADPH
is a required reducing equivalent for the regeneration
of GSH from GSSG. A reduction of the mitochondrial
redox potential can consequently lead to a depletion of the
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mitochondrial GSH pool, weakening the mitochondrial
defence against ROS and finally increasing the leak of ROS
to the cytoplasm. This, in turn, can have effects on the
RyRs and result in Ca®* sparks.

To test whether ROS indeed can account for the
development of Ca®* sparks in permeabilized mammalian
muscle cells, we first studied the time course of
spark appearance under experimental conditions where
exogenous scavengers chelated ROS. Figure 9A and B
illustrates the experiments in which EDL muscle fibres
were exposed to aspartate-based internal solutions, and
to aspartate solution supplemented with 600 Uml™! of
superoxide dismutase (SOD) or with a combination of
600 U ml™! of SOD and 500 U ml™" of catalase. Fibres were
studied in parallel under all three conditions. The temporal
onset of Ca’* spark appearance in aspartate was similar to
that listed in Table 1 (time to the first spark detection and
time till the maximal frequency of sparks was reached were
7.9 £ 1.01 min and 11.4 £ 1.80 min, n=7, respectively).
SOD alone substantially inhibited Ca*" sparks and
delayed their temporal onset (corresponding times were
11.0 & 1.00 min and 18.0 £ 1.22, n=5). Two scavengers,
used in combination, further suppressed sparks and
significantly delayed their appearance compared with that
in control (times were 11.3 = 1.25 and 18.3 &= 1.17 min,
n=4).

Figure 9C and D shows that the effect of scavengers
was reversible. The triangles summarize the results of six
experiments when fibres were permeabilized and bathed
in aspartate solution containing 500 U ml™" of catalase.
Very few sparks could be detected under this condition. In
another set of experiments (dotted circles), catalase was
removed from the bath 15min after recording started.
Catalase washout led to a restoration of spark frequency
and their temporal onset to control levels (open circles).
All three groups of experiments were performed in parallel
on fibres isolated from the same group of rats to minimize
the variability in spark frequencies often observed between
different animals.

Finally, we tested whether the introduction of ROS
into the bathing solution produces an effect opposite
to that of scavengers (Fig.9E and F). H,O, at 50 um
added to the aspartate solution somewhat increased
the maximal Ca®t spark frequency, but only slightly
accelerated their appearance. It is possible that the changes
in the temporal onset of sparks were difficult to detect
because the onset is very fast in aspartate. Interestingly, the
effects of H,O, appeared to be concentration dependent.
While 50-200 um H,0, promoted sparks, 10 mm H,0,
completely inhibited them (data not shown).

Figure 10 illustrates the experiments with ROS
scavengers, SOD and catalase, carried out in EDL muscle
cells in p-glutamate (Fig. 10A and B) or in r-glutamate
(Fig. 10C and D) containing internal solutions. In
p-glutamate, SOD and SOD in combination with catalase
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dramatically reduced the Ca®>" spark frequency and also
substantially delayed the spark appearance. Time to
the first spark detection and time when the maximal
frequency of sparks was recorded were 23.8 4= 1.25 min
and 33.8+1.57min, n=238, and 36.7 & 6.01 min and
46.7 £ 1.67 min, n=3, in SOD and SOD and catalase,
respectively. These times were significantly longer than
those recorded in the control experiments (no scavengers

Mitochondrial redox potential and Ca?* sparks in muscle
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added) carried out in parallel (13.3 +2.04 min and
23.9 &+ 2.32 min, n=_8). Similar results were obtained in
L-glutamate. Addition of scavengers not only decreased
the spark frequency, but also delayed their temporal onset.
Times to the first spark detection and to their maximal
frequency were 28.8 +1.25min and 36.3 £ 2.39 min,
n=4, and 37.7 £ 5.05min and 46.7 & 2.89 min, n=23,
in SOD and SOD and catalase, respectively, and

Figure 9. Effects of ROS scavengers and ROS on Ca?™ sparks in EDL muscle fibres bathed in aspartate

solution

A and B, development of Ca2* sparks in aspartate solution (0, n = 7), in aspartate solution supplemented with
SOD (A, n=5), or SOD and catalase (A, n = 4). C and D, temporal onset of sparks in aspartate solution (0, n = 6),
in the presence of catalase (A, n = 6), and when catalase was removed from the bathing solution after 15 min
(dotted circles, n = 6). £ and F, sparks in control conditions (L.-glutamate, 0, n = 4) and in the presence of 50 um

HzOz (A, n= 7).
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corresponding times recorded in the control group of
experiments were 18.8 & 1.25 min and 30.0 =+ 1.64 min,
n=3).

Figure 11 further summarizes experiments with 50 ym
H,0,. ROS scavengers and H,0, had opposite effects on
the appearance of sparks in EDL muscle fibres. Addition of
H,0; to p- and L-glutamate internal solutions somewhat
increased the maximal spark frequency and sped up their
temporal onset. Both time to the first spark detection
and time when the maximum frequency of sparks was
observed were significantly shortened (6.7 & 1.05 min
and 16.74+1.67min, n=9, and 11.7 4 1.44 min and
21.6 & 2.04 min, n = 8, in p-glutamate supplemented with
50 um H, O, and p-glutamate, respectively; 8.1 4= 0.91 min
and 17.54+1.33min, n=38, and 15.6 4 1.13 min and
30.6 + 1.12 min, n =38, in L-glutamate with 50 um H,O,
and r-glutamate, respectively).

Discussion

Intact skeletal muscle fibres from adult mammals
exhibit neither spontaneous nor stimulated Ca?* sparks.
Surprisingly, skinning procedures have been reported
to unmask them. The study presented here was aimed
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to clarify mechanisms that determine their appearance
in permeabilized mammalian muscle fibres of different
oxidative strength. We present the following findings:
(1) the time course of Ca*™ spark appearance was the
fastest in glycolytic and the slowest in oxidative fibres; (2)
addition of mitochondrial substrates to bathing solutions
delayed the appearance of spontaneous Ca?" sparks; (3)
larger SR Ca** load could not account for the slower
appearance of sparks in slow-twitch muscle cells; (4) Ca?*
sparks appeared in parallel with the reduction in the fibre’s
mitochondrial redox potential; (5) ROS scavengers (SOD
and catalase) dramatically decreased spark frequency and
significantly delayed their appearance; (6) micromolar
concentrations of H,O, promoted sparks and sped up
their appearance. Taken together, these data suggest that
under physiological conditions mitochondria are actively
involved in the suppression of spontaneous Ca?* sparks in
mammalian muscle fibres.

Ca?* sparks in skeletal muscle cells

The discovery of Ca** sparks in cardiac myocytes by Cheng
et al. (1993) constituted an important advance in our
understanding of the control of Ca?* release in muscle

Figure 10. Effects of ROS scavengers on Ca2* sparks in EDL muscle fibres

A and B, temporal onset of sparks in b-glutamate solution (@, n = 8) or in the presence of ROS scavengers (SOD,
A, n=8; SOD + catalase, A, n=3). C and D, sparks in control conditions (L.-glutamate, ®, n =8) and in the
presence of ROS chelators (SOD, A, n = 4; SOD + catalase, A, n = 3).
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cells. Ca>™ sparks are often referred to as elementary
events of CICR. Infrequent appearance of Ca?" sparks in
adult mammalian skeletal muscle fibres was considered
as an indication of a less prominent role of CICR
in mammalian ECC, compared to amphibian muscle.
Several explanations for this difference have already been
considered but most have been rejected. One possibility to
account for the inhibited CICR in mammals was envisaged
in the molecular makeup of the muscle fibres themselves.
Most adult mammalian muscles express only the RyR1
isoform, whereas amphibian skeletal muscle and
embryonic mammalian muscle, in which sparks were
found, express two RyR isoforms, RyR « and RyR S
or RyR1 and RyR3, respectively (for reviews see Sutko
& Airley, 1996; Franzini-Armstrong & Protasi, 1997).
Naturally, it has been suggested that RyR3 may be
necessary for skeletal muscle to produce Ca** sparks.
However, this hypothesis did not sustain experimental
challenge: spontaneous Ca*" sparks were detected in
developing skeletal muscle from RyR3-knockout mice
(Shirokova et al. 1999; Conklin et al. 2000). In addition,
in developing skeletal muscle, Ca’* sparks were found
to be spatially segregated and mutually exclusive with
the homogeneous Ca®* release induced by membrane
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depolarization. This observation led to the suggestion
that an allosteric negative feedback interaction between
DHPRs and RyRs prevents CICR (Shirokova et al. 1999).
However, the latter hypothesis was again questioned by
the work of Kirsch et al. (2001) who demonstrated the
abundance of sparks in mechanically skinned muscle cells.
Our recent studies (Isaeva & Shirokova, 2003) added a new
twist to this complicated story. Our results suggested that
mitochondria, being in close proximity to the Ca** release
sites, also play an important role in inhibiting CICR.

The present results on the temporal onset of
the appearance of Ca?" sparks in different fibre
types lend further support for the notion that
spontaneous Ca®' activity in permeabilized cells is
suppressed by mitochondria. The time lag between
fibre permeabilization and first recordings of Ca*"
sparks suggests that a gradual degradation of physio-
logical processes within the cell accounts for the
appearance of sparks. The match between a fibre’s
mitochondrial content and the temporal onset of sparks,
the relationship between oxidative strength of the bathing
solution and spark appearance, and the correlation
between spark development and the dissipation of the
mitochondrial redox potential indicate that disruption

Figure 11. Effects of ROS on Ca?* sparks in EDL muscle fibres
A and B, temporal onset of sparks in p-glutamate solution (@, n=8) or in the presence of 50 um of H,0;
(A, n=29). Cand D, sparks in L-glutamate (®, n = 8) and in the presence of 50 um of H,0, (A, n = 8).
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of mitochondrial functions during the cytosol washout
can be one of the possible reasons for the relief of CICR
inhibition.

Intracellular Ca?* signalling and mitochondria

Mitochondria exert a multifactorial influence on a
variety of cell functions. First, these organelles produce
ATP through oxidative metabolism to supply energy.
Second, mitochondria can accumulate Ca*t whenever
the local cytoplasmic [Ca®"] rises above a critical ‘set
point’. Third, the mitochondrial respiratory chain is a
major site for generation of superoxide radicals. Fourth,
mitochondria can disrupt the fine balance between
reduced and oxidized forms of cellular major redox
couples, GSSG/GSH and NAD"/NADH, thus disturbing
the cytosolic redox potential and consequently the
activity of various redox-sensitive molecules. Most likely
mitochondria have many more cellular and signalling
functions, also depending on the cell type. Each of these
functions is influenced by and can in turn influence the
intracellular Ca>* homeostasis.

It has been demonstrated in a large number of
functional studies that mitochondrial Ca®t uptake can
participate in shaping global and local Ca*" signals
in a variety of cell types. For example, inhibiting the
mitochondrial Ca?* uniporter increased the frequency
of spontaneous Ca*™ sparks in cardiac muscle cells
(Pacher et al. 2002) and in mammalian skeletal muscle
fibres (Isaeva & Shirokova, 2003), and, on the other
hand, inhibited Ca*" sparks in smooth muscle cells
(Cheranov & Jaggar, 2004). This suggests that, at least in
cardiac and skeletal muscle, mitochondrial Ca?* uptake
normally leads to suppression of RyR channel activity.
Unfortunately, we were not able to test here to what extent
the gradual decline of Ca?* uptake via the Ca?* uniporter,
resulting from the oxidation of the mitochondrial
NADH pool and consequent depolarization of the
mitochondrial membrane, is responsible for the delayed
development of sparks. So, this possibility is yet to be
investigated.

The reduction of the mitochondrial redox potential
not only leads to a lower driving force for the Ca**
uniporter, but also results in a partial oxidation of the
mitochondrial GSH pool. This, in turn, reduces the
mitochondrial protection against ROS generated during
oxidative phosphorylation, and presumably increases the
escape of ROS (mostly H,0,) into the cytosol. Although
the effect of ROS on SR Ca?* release in skeletal muscle is
still controversial (Brotto & Nosek, 1996; Andrade et al.
1998; Plant et al. 2002; Posterino et al. 2003), it has
been shown that H,O, increases the activity of RyRs
incorporated into artificial bilayers (Boraso & Williams,
1994; Favero et al. 1995) and impairs the function of the
Ca*"-ATPase in SR vesicle preparations (Xu et al. 1997). In
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addition, Posterino et al. (2003) found that treatment with
H,0, markedly potentiated caffeine-induced Ca’* release
in mechanically skinned skeletal muscle fibres isolated
from rats. In our experiments, ROS scavengers (SOD and
catalase) dramatically altered the pattern of appearance
of Ca’>" sparks by reducing their maximal frequency
and delaying their appearance. In contrast, H,O, in the
micromolar range promoted sparks and sped up their
appearance. These data indicate ROS can be responsible
for unmasking sparks in skinned preparations. They also
suggest that weakening of the mechanisms protecting
the cell against oxidation results from cytosol washout
after permeabilization. Apparently, when ROS production
exceeds the cell’s capacity to chelate free radicals, CICR
inhibition can be removed and sparks can appear. In
addition, based on the experiments with 10 mm H,0,,
we can also speculate that accumulation of ROS in the
cytosol above a certain level may be responsible for
complete shutdown of spark activity seen later on in the
experiments.

In summary, our results show that the temporal
onset of the appearance of spontaneous Ca’* sparks
in permeabilized mammalian muscle cells is closely
associated with the redox state of mitochondria. We
suggest that a misbalance between mitochondrial ROS
generation and the cell’s ability to counteract and
neutralize oxidative stress is most likely responsible for
the collapse of the physiological CICR inhibition and the
subsequent manifestation of Ca?* sparks. Out data also
indicate that under physiological conditions (i.e. before
skinning) mitochondrial ROS production and cellular
ROS chelating are well balanced and in equilibrium, which
keeps the number of spontaneous Ca?* sparks minimal.
However, we cannot exclude the possibility that other
unknown diffusible factors produced in mitochondria
(Drtenblad & Stephenson, 2003), mitochondrial Ca*"
uptake, or some rearrangement in the structural
environment of RyR channels caused by permeabilization
and cellular swelling can also contribute to the described
phenomena.
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2.3 Biuiiup akTuBHHX ¢GopM KucHI0 Ha Ca?’ - curHanm, cipHYMHEHi OCMOTHYHHM

IMOKOM Yy IHTAKTHHUX CKeJIEeTHUX M'SI30BHX BOJIOKHAX MMIII

Sk Oyno mokazaHO BuIlle, aucOaTaHC MIX MPOAYKII€ Ta mnoriuHaHHsM ROS vy
nepMealUTi30BaHUX KIITHHAX CKEJIETHUX M'SA31B CCaBIIIB BiAIrpae KIOYOBY POJIb Y MOSBI
Ca** cnanaxis. Y mpoMy po3/iai poGOTH MU NEPEBIPSAIIH TiIOTe3y, 3TiIHO 3 KO0 MOAiOHMUIH
MeXaHi3M MOKe CIPHMYMHMTH BHMHUKHeHHs Ca’' crnamaxiB B iHTAKTHMX BOJIOKHAX ITiCJIs
OCMOTHUYHOTO CTpECY.

Wang ta cmiBaBropu (Wang et al., 2005) BusBWIM, 110 OCMOTHYHHUHN IIOK,
MPUKIIAJICHUI 10 IHTAKTHUX M'SI30BUX BOJIOKOH CCaBIIiB, IHIYKY€ TPAH3UTOPHY AKTUBHICTh
BHyTpilmHbOKTiTHHENX Ca?" curnanis, ski cxoxi Ha cnanaxu. Ilpu npomy Ca’* cnanaxwu,
1HyKOBaH1 OCMOTUYHUM CTPECOM, JIOKANI3YIOThCSl y CyOcapKoieMallbHIN 30Hi.

Pucynok 2.4 neMoHCTpy€e pe3ysibTaTH aHAJIOTIYHUX €KCIIEPUMEHTIB, MPOBEICHUX B
paMKax Hamoro aociimxkeHHs. Kimituau Oynu 3aBaHTa)keHi 3a aonoMoroto Fluo-4 AM i
Bi3yali3yBaJIUCsl IiJI Yac TIMOOCMOTUYHOro cTpecy. Ilicas 2-XBUIMHHOIO BIUIUBY
HHU3bKOOCMOTUYHOI'O PO3YMHY 1 MOJANBIIOrO MOBEPHEHHS /10 130TOHIYHOIO cTany y 81%
BOJIOKOH (18 3 22) cnocrepiranucs puckpeTHi BHyTpimHbokaiTuHAI Ca?t curnanu. Tunosa
BiIMOBiAb NpeacTaBiena Ha puc. 2.4A. Y 16 1ocimikeHux KIiTHHAX cTpec-inaykosani Ca?*
criajaxu JioKamizyBaiucs B o0aacTi nmpuonu3no 10 MkM BiJ mia3mMaTtudHoi meMOpanu. 11
noAli BiAOyBaJMCS TPOTITOM YChOro Mmepiony 3amucy (25 XB), ONpoTe iXHS YacToTa

3MEHIIyBajacs 13 yacoM (JuB. TicTrorpamy Ha puc. 2.4C).



170

Time (min)

0  Fluorescence 255 C

300 mosm

-l_l 170 mosm

21.° 210
1 0

10 min

Pucynok 2.4. Buyrpimnboxiitaani Ca?* curuanm, BAKJIMKAHI 0CMOTHYHHM IIOKOM. (A) 300paXkeHHS
Ca**-3anexnoi Fluo-4 ¢payopecuennii B KiaiThHi micias ocMoTH4HOro moKy. (B) Meroauka, epeTBOpeHHs
IUI KIJIBKICHOI OLIIHKM Ta TOPIBHSHHSA JaHUX MDK PI3HMMHU Tpynamu kimituH. s koxsoro 3 150
300pakeHb cepii BU3HAyajacs cepedHs 1HTeHCUBHICTh (myopecuenuii (F) y paidioni 10 MM mig
CapKOJIEMOIO B3I0BXK YCi€l TOBKWHU BOJIOKHA; I1i CUTHAJIM BiJOOPaKEHO SIK JIIHIHHI rpadiky B 4acTHHI A.
Hami 150 takux miHid Oynau po3TalloBaHi MOCIIJOBHO 1 MEPETBOPEHI Ha JBOBUMIpHE 300pa’keHHS
"miniliHoro ckanyBaHHA" (muB. uyactuny C). JliniHuil rpadixk y HwkHIA vacTuHi C JIEeMOHCTpYe
IIPOCTOPOBO yCEpETHEHY IHTEHCHBHICTH (PIIyOpecleHIlii, HOpMasi30BaHy 10 3HAUYEHHS, 3aPEECTPOBAHOTO
Ha noyatky ekcrepuMeHTy (F/Fo). (C) OOG'ennani maHi 3rigHO 3 UM HPOTOKOJIOM JUIsl 22 BOJIOKOH.

BinmiTka BHM3Y LTIOCTpY€E Yac 3aCTOCYBAaHHS MIIOTOHIYHOTO PO3YHHY.
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s peectparii 3miH ROS BukopuctoByBaBcst ¢uiyopecuieHTHINH OapBHUK CM-
H2DCFDA (DCF). Ha puc. 2.5A npeacTaBieHI peNpe3eHTAaTUBHI 300pakeHHs
¢bayopecuennii CM-H2DCFDA (DCF) y BOJIOKHI: 10 3aCTOCYBaHHsI T1IIOOCMOTHYHOTO
oKy (300paxkeHHs Ha 1 XBWJIMHI), MiJ 4ac Horo il (300paxxeHHs Ha 6 XBUJIMHI) Ta MICTs
Hboro. Pucynok 2.5B intoctpye ycepeaHeH1 3MiHU HopMaliizoBaHoi ¢uryopecueniii DCF. ¥
KOHTPOJIBHUX KIITUHAX (0 SKAX OCMOTUYHHUM IIOK HE 3aCTOCOBYBABCS, BIAKPHUTI
KpYy»E€UYKH) CurHaji, acouiioanuii 3 ROS, MOHOTOHHO 3pocTaB, WMOBIPHO, uYepe3

engorenne ¢popmyBanHsa ROS, sike npu3BOIUIO 1O OKUCHEHHS 1HIUKATOPA.

A B

Pucynok 2.5. 3minun y BHyTpimiHbOKJITHHHOMY BHpoOHMUTBI ROS mix BmumBom crtpecy. /g
KiTbKicHOTO aHami3zy nmpoaykuii ROS, BonokHa 3aBantaxkyBanuce CM-H2DCFDA (DCF) i ckanyBanuch
kokHi 10 cexkyna. Ilpu 1mpoMy NHOTYXHICTh Ja3epa BCTAHOBIIOBaJach Ha MIHIMYM, II00 3HU3UTH
dorompoxaykiito ROS. (A) 3o6paxkenns ¢uyopectennii DCF, mo xopentoe 3 ROS, B BomokHi mifg 4ac
ocMoTHYHOTO MIOKY. (B) Ycepenneni 3Minu B HopMmamizoBanux curHanax DCF B xmiTmHax mig dac
OCMOTHUYHOTO IIOKY (3adapOoBaHi Kpy»KEUKH) MOPIBHAHO 13 3MiHaMu B HopMastizoBaHux curHanax DCF y

KOHTPOJIBHHX KJIITHHAX, JIe IIOK He 3aCTOCOBYBaBcs (HezadapOoBaHi KPY>KEUKH).

OCMOTHMYHMI IIOK ICTOTHO MiABHINYBaB mpoaykuiro ROS, mo BigoOpaxaeThcs Ha
30UIBIIIEHH] HaXWJIy KPUBOI Micis MOKY (IuB. 3adapOoBaHi KpyKEUKkH). Y CEpelIHbOMY,
MICHs IIOKY CHOCTEepirajgocs 3HayHE MiABUIIEHHA KpyTuzHu Kpuoi: 3 0.01+£0.003 no

0.05£0.01 (y ogunuusx d(F/Fo)/d(xB); P<0.01, n=11). Ockinbku Haxun kpuboi ais DCF-
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curHaiy BigoOpaxkae mBUIKICTh reHepatii ROS, orpumani gaHi cBig4atTh 0po 301UIbIICHHS
BUpoOHUIITBa ROS micns 0CMOTUYHOTO IIOKY.

Skmo MexanizmMu, mo 3anexartbh Big ROS, copusitors renepaiii cnanaxiB y
HETMOUIKO/PKEHUX BOJOKHAX IiJ] 4aC OCMOTHUYHOIO IIOKY, TOJI moriuHadli ROS MoxyTh
3ano0irtu ixHid mosBi. B HacTymHOMy eTami JOOCHII)KEHHS MU aHalli3yBaju CTpec-
iHyKOBaHi BHYTpimHboKIiTHHAI Ca®* Binnosini B yMoBax KOHTpomo (63 NOrIMHAYIB) Ta
micng 30 abo 60 xB mpeiHkyOamii 3 TpbOoMa IIMPOKO BUKOPHUCTOBYBAHUMU
MeMOpaHONIPOHUKHUMHU ToriuHadaMu ROS, k1 MawTh pi3HY XIMIYHY CTPYKTYpY,
MEXaHi3MU [ii Ta MOXJMBI MoOiuHiI epeKkTH (Hampukiaja, raciHHs Qiyopecueniii ado
oyepusanis Ca>*; qus. (Ghosh et al., 2002)). MnTBAP i Mn-cpx3 aifoTh SK iMiTaTopu
SOD. MnTBAP e Takox NOTY>KHMM KaTaji3aTOpOM pO3Ialy NEPOKCUHITPUTY, Y TON Yac
gk TIRON nepeBa)kHO MOTJIMHAE CYNMEPOKCUAHUI aHIOH. 3a3HAayMMoO, IO 1HKyOaIls 3
MOTJIMHAYaMU, BUKOPUCTAHUMU B HAIIOMY JOCJIIKEHH1 (200 IXHE rOCTpe 3aCTOCYBaHHS),
HE BUKJIMKAJIO CYTTEBUX 3MiH (PIyOpECIIEHIII Y CIIOKOIO B BOJIOKHAX, 3aBaHTaxeHux Fluo-4

AM.

A 300 mosm B C
-l_l 170 mosm

—@— control
—O— 30 min MnTBAP
—/\— 60 min MnTBAP
—A— washout

@

N

2 1.0 48

o Wi Ay AL
| E_\- 0  Fluorescence 255
M — y ,
1 o - 10 20

Time (min)

Pucynoxk 2.6. Ilpurniuenns: crpec-inaykosannx Ca’! cnanaxis 3a gmomomororo MnTBAP. Jliniiine
CKaHyBaHHS B dYaci Bii cepiii 300paxkeHb, OTPUMAHUX B KIITHHAX MiCIAs OCMOTHYHOTO INOKY, ¥y
KOHTPOJIBHUX yMOBax (0e3 JojaBaHHs MOTJIWHAYA, AUB. 9acTuHy A) Ta micns 30 xB iakyOarii 3 50 MkM
MnTBAP (auB. uwactuny B). Jlinii BimoOpakaloTh BIiTHOCHI 3MIHHM YCEpEIHEHOi CyOCapKOJIEeMHOT
¢nyopecuennii. (C) Cepenni 3HAaYeHHS HOPMali30BaHOi (IyopecleHIii NpoTAroM 6 XB Micis

OCMOTHYHOTO IIOKY B IPUCYTHOCTI Ta 3a BiacyTHOcTi MnTBAP.



173

PucyHok 2.6 I1eMOHCTpye XapakTepHi crpec-inmykosani Ca?*-signosini. Ilicas 30-
XBWIMHHOI 1HKyOamii 3 50 MkM MnTBAP IHTEHCHBHICTH BHYTPIIIHBOKIITUHHUX
tpansienTiB  Ca®*, iHiNIHOBAHMX OCMOTHUYHHM IIOKOM, 3HIKYETHCS MHOPIBHAHO 13
koHTposneM. Ha puc. 2.6C BimoOpakeHO cepeHl 3MiHU HOpMaJli30BaHOi (hIIyopecleHIli B
cybcapkoiieManbHOTO Iapy Ha ()OHI OCMOTHYHOTO IIOKY, SIK y MPUCYTHOCTI, TaK 1 MpHU
BizicytHocTi MnTBAP. Cepenne 3nauenns ¢uyopecueniiii cyTreBo 3uu3mnocs 3 1.51+0.08
(n = 4) y xouTpoJbHil rpyni (6e3 nornunaya) a0 1.34+0.06 (n = 4) ta 1.01+£0.01 (n =5)
micias 30 ta 60 xB inkyOamii 3 MnTBAP BignosigHo. Ilicns BigMuUBaHHSA mpemnapary
(dbayopeciieHIlis YaCTKOBO BIHOBIOBajacs, fgocsratoud 1.21+0.04 (n = 3).

[Ilo6 BHUKIIOYUTH MOXKJIUBI TOOIYHI €(EeKTH, W0 MOXKYTh BHUKIHUKATUCA
MOTrJIMHAaYaMu, OyJIO 3aCTOCOBAHO I11€ JIB1 CIIOJIYKH 3 PI3HOIO XIMIYHOIO CTPYKTYPOIO Ta/abo
npodineM norauHaHHs: Mn-cpx 3 (4 mxkM) ta TIRON (10 MM). ¥V ekcnepumeHTax 3
OCMOTHUYHHUM HIOKOM cepefHsi (iyopecieHIis micis 3actocyBaHHs Mn-cpx 3 ckiajgana
1.3£0.03 (n=5) ta 1.16+0.01 (n = 5) micus 30 1 60 xB 1HKyOal1ii, BiAMOBIIHO, 3 MOPIBHIHHIM
10 1.624+0,06 (n = 6) y kouTpodi. [licns BinMuBaHHS npenapaty (ryopecleHilisi 9acTKOBO
BimHOBHMIacs (1.27+0.04, n = 5). ¥ Bumanky 3acrocyBanHs TIRON BiamoBigHi MOKa3HUKH
cranoBw 1.7940.02 (n = 5) B kouTpodi, 1.51+£0.06 (n = 5) micns 30 xB, 1.16+£0.03 (n =4)
miciast 60 xB 1 1.60+0.04 (n = 3) micas BUMUBaHHS.

OTpuMaHi pe3yJIbTaTH CBiI4aTh PO Te, 0 ROS cnpustoTh aHOMaNbHIA aKTUBHOCTI
Ca®* y ckenmeTHMX M'fi3aX CCaBIIiB IIijl 4aC OCMOTMYHOIO cTpecy. Ilpumyckaemo, mo Ca?*
cnajaxu, 3ajexHi B ROS, € KII04OBUM KOMIOHEHTOM aJalNTUBHUX Ta HEAJANTUBHUX
peaKkilii y CKEJIeTHUX M'si3aX y pPI3HOMAaHITHUX MAaTOJOTIYHMX CTaHaX, 30KpeMa IMpu
EKCIIEHTPUYHOMY PO3TATHEHH1, OCMOTUYHUX 3MIHAX M1J] 4ac imeMii Ta penepdysii, a TakoxK

Yy BUNIAJKY €KX M'I30BHX 3aXBOPIOBAHb.
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Reactive oxygen species contribute to Ca2™* signals
produced by osmotic stress in mouse skeletal muscle fibres

Adriano S. Martins, Vyacheslav M. Shkryl, Martha C. Nowycky and Natalia Shirokova

Department of Pharmacology and Physiology, University of Medicine and Dentistry of New Jersey, New Jersey Medical School, 185 South Orange Avenue,
Newark, NJ 07103, USA

Ca?* sparks, localized elevations in cytosolic [Ca?*], are rarely detected in intact adult
mammalian skeletal muscle under physiological conditions. However, they have been observed in
permeabilized cells and in intact fibres subjected to stresses, such as osmotic shock and strenuous
exercise. Our previous studies indicated that an excess in cellular reactive oxygen species (ROS)
generation over the ROS scavenging capabilities could be one of the up-stream causes of Ca**
spark appearance in permeabilized muscle fibres. Here we tested whether the cytosolic ROS
balance is compromised in intact skeletal muscle fibres that underwent osmotic shock and
whether this misbalance contributes to unmasking Ca?* sparks. Spontaneous Ca?" sparks and
the rate of ROS generation were assessed with single photon confocal microscopy and fluorescent
indicators fluo-4, CM-H,DCFDA and MitoSOX Red. Osmotic shock produced spontaneous
Ca?* sparks and a concomitant significant increase in ROS production. Preincubation of muscle
cells with ROS scavengers (e.g. MnTBAP, Mn-cpx 3, TIRON) nearly eliminated Ca®>" sparks.
In addition, inhibitors of NAD(P)H oxidase (DPI and apocynin) significantly reduced ROS
production and suppressed the appearance of Ca?* sparks. Taken together, the data suggest that
ROS contribute to the abnormal Ca?* spark activity in mammalian skeletal muscle subjected to
osmotic stress and also indicate that NAD(P)H oxidase is a possible source of ROS. We propose
that ROS-dependent Ca2* sparks are an important component of adaptive/maladaptive muscle
responses under various pathological conditions such as eccentric stretch, osmotic changes
during ischaemia and reperfusion, and some muscle diseases.

(Resubmitted 12 October 2007; accepted after revision 25 October 2007; first published online 1 November 2007)
Corresponding author N. Shirokova: Department of Pharmacology and Physiology, UMDN]J, New Jersey Medical
School, 185 South Orange Avenue, Newark, NJ 07103, USA. Email: nshiroko@umdnj.edu

Sarcoplasmic reticulum (SR) Ca®" release channels
(ryanodine receptors; RyRs) are key molecules involved
in skeletal muscle excitation—contraction coupling (ECC)
as muscle contraction is initiated by Ca’>" released
from the SR through RyR channels. The trigger for
activation of RyRs comes through allosterical interaction
with  voltage-operated  dihydropyridine  receptors
(DHPRs) located in the T-tubular membrane (Rios
et al. 1991). The initial Ca’>" release is thought to be
subsequently amplified by means of Ca*"-induced Ca®*
release (CICR), which is also mediated by RyRs. However,
in mammalian skeletal muscle CICR was found to be
very limited under physiological conditions (Shirokova
et al. 1996). In particular, mammalian skeletal muscle
does not produce Ca** sparks (Shirokova et al. 1998)
under normal circumstances. Ca?" sparks were first

A. S. Martins and V. M. Shkryl contributed equally to this work.

© 2008 The Authors. Journal compilation © 2008 The Physiological Society

observed in cardiomyocytes (Cheng et al. 1993) and are
believed to be elementary events of CICR (reviewed by
Berridge, 1997). Several manipulations, however, have
been shown to remove the physiological inhibition of
CICR in mammalian muscle cells and to uncover sparks.
These interventions so far include mechanical or chemical
permeabilization of the plasmalemmal membrane (Kirsch
et al. 2001) and disruption of mitochondrial functions
(Isaeva & Shirokova, 2003; Isaeva et al. 2005). It has also
been demonstrated that osmotic shock induces Ca*"
sparks in intact muscle cells (Wang et al. 2005), and
that this Ca’>" response is altered by strenuous exercise,
during muscle disease (e.g. muscular dystrophy) or ageing
(Weisleder et al. 2006). The observation of sparks under
various stress conditions, suggests that Ca?t sparks,
although not the mediators of Ca?" signalling in normal
ECC of mammals, may play an important role in muscle
pathology. Molecular mechanisms uncovering CICR
(and Ca** sparks) in mammalian muscle are still unclear.

DOI: 10.1113/jphysiol.2007.146571
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Understanding these mechanisms is a prerequisite to
understanding the various aspects of the muscle pathology
mentioned above.

Our recent work implicated changes in ROS and in
the intracellular redox environment in the development
of Ca** sparks in permeabilized mammalian muscle cells
(Isaeva et al. 2005). Both the intracellular ROS balance and
the redox potential are likely to be compromised following
osmotic shock, strenuous exercise, or muscle disease.
Skeletal muscle generates reactive oxygen and nitrogen
species (ROS and RNS, respectively) by a number of cyto-
solic and membrane-bound enzymes including xanthine
oxidase (XO), NAD(P)H oxidases (NOXs), mitochondrial
respiratory chain, nitric oxide synthase (NOS), etc. (Reid,
2001; Stamler & Meissner, 2001). The biological activity of
ROS/NOS is effectively controlled by various scavenging
molecules under physiological conditions. However, a
variety of factors, e.g. strenuous exercise, muscle injury
during ischaemia—reperfusion or stretch, inflammation,
certain diseases and ageing, increase ROS/RNS production
to the extent that they are not rapidly buffered by
endogenous antioxidants anymore (reviewed by Clanton
et al. 1999). This results in either a transient rise of intra-
cellular ROS/RNS or in sustained oxidative stress.

ROS/RNS have been implicated in the regulation of
various signalling events in skeletal muscle such as Ca**
homeostasis and muscle contraction (Andrade et al. 1998;
Posterino et al. 2003; Pattwell & Jackson, 2004). It is
currently believed that ROS/RNS affect intracellular Ca**
signalling through redox modulation of several major
Ca?*-handling proteins, including RyR (Trimm et al. 1986;
Marengo et al. 1998; Feng et al. 2000; Sun et al. 2001). It
has been shown that oxidative/nitrosative modifications of
RyRsincrease channel activity (reviewed by Waring, 2005).
In addition, it seems that oxidation/nitrosylation reduces
the coupling of RyRs with the accessory proteins calstabin
and calmodulin, which normally inhibit RyR functions
(Aracena et al. 2005). Increased activity of RyRs due to
oxidation of the intracellular environment may, at least in
part, be responsible for uncovering CICR (and sparks)
in stressed muscle. Therefore, in the present study we
directly tested whether ROS/RNS-dependent mechanisms
are responsible for the development of Ca?* sparks in
skeletal muscle undergoing osmotic shock.

Methods
Fibre isolation

Single skeletal muscle fibres from flexor digitorum brevis
(FDB) muscle were isolated from 4- to 6-week-old
male mice (Swiss Webster from the Jackson Laboratory,
Bar Harbor, ME, USA). Mice were killed by cervical
dislocation under deep anaesthesia induced by intra-
peritoneal injection of sodium pentobarbital (100 mg

J Physiol 586.1

(kg body weight)™!). The Institutional Animal Care and
Use Committee at UMDN]J-New Jersey Medical School
approved the use and killing method of all animals in
this study. FDB muscles were mechanically dissected
and incubated with 2mgml™! of collagenase (typel,
Sigma, St Louis, MO, USA) in a shaker incubator at
37°C for 40 min. Fibre bundles were then transferred
to serum-supplemented medium (Dulbecco’s modified
Eagle’s medium (DMEM), Sigma; with 10% fetal
bovine serum, Invitrogen, Carlsbad, CA, USA), teased
apart and separated by gentle trituration. Intact single
fibres were plated on the laminin-covered coverslips in
serum-supplemented media and incubated overnight in
a 5% CO, incubator at 37°C to allow attachment of only
viable fibres.

Solutions

Most chemicals were obtained from Sigma. ROS
scavengers, MnTBAP and Mn-cpx3, NOX inhibitors,
diphenyleneiodonium (DPI) and apocynin, were
purchased from Calbiochem (San Diego, CA, USA).
Ryanodine was from Alomone Laboratories (Jerusalem,
Israel). An isotonic Ringer solution contained (mm): 140
NaCl, 5 KCl, 2.5 CaCl,, 1 MgCl,, 10 Hepes, 10 glucose.
The osmolality of the solution was ~300 mosmol kg™!
and pH was 7.0. A hypotonic Ringer solution contained
(mm): 70 NaCl, 5 KCl, 2.5 CaCl,, 1 MgCl,, 10 Hepes,
10 glucose. The osmolality was ~170 mosmol kg~! and
pH was 7.0. ‘Zero Ca**” external solution had 1 mm EGTA
and no Ca’* added.

Confocal imaging

Local changes in cytosolic [Ca’>"] and ROS production
were monitored with fluorescent indicators fluo-4 AM
(acetoxymethyl ester form of fluo-4; 5um), 5-(and
-6)-chloromethyl-2',7’-dichlorodihydrofluorescein

diacetate (CM-H,DCFDA; 10 um), and MitoSOX Red
(10 um), respectively. Probes were purchased from
Invitrogen. A laser scanning confocal microscope
(Radiance 2000; Bio-Rad, Hercules, CA, USA) connected
to a Zeiss Axiovert 100 inverted microscope equipped
with a x63, 1.2 NA, water immersion lens (Zeiss Inc.,
Oberkochen, Germany) was used to acquire images.
Fluo-4 and CM-H,DCFDA were excited with the 488 nm
line of an argon laser. The emitted light was collected
above 500 nm. MitoSOX was excited with 514 nm of
the argon laser, and the fluorescent signal was detected
with a 570 LP filter. Fibres were imaged in the XY mode
at 500 liness™!. As a rule, a series of 100 or 150 images
(102.8 um by 102.8 um) were acquired every 10s at the
same locations within fibres. Because XY imaging does
not provide sufficient information about the morphology

© 2008 The Authors. Journal compilation © 2008 The Physiological Society
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of discrete events of Ca?" release, we arbitrarily referred
to them as Ca** sparks.

Data analysis

Analysed data are represented as mean =+ s.E.M. Where
stated, statistical significance was determined by using
Student’s ttest. In the figures * indicates P < 0.05, **
indicates P < 0.01.

Results

Our previous work suggested a misbalance between ROS
production and scavenging in permeabilized mammalian
skeletal muscle cells as an upstream cause for the
development of Ca®" sparks. In this study we tested
the hypothesis that a similar mechanism contributes to
the appearance of Ca?* sparks in intact fibres subjected to
osmotic shock.

Stress-induced sparks in intact muscle fibres

Recently, Wang et al. (2005) reported that osmotic
shock induces a transient activity of intracellular Ca®*
signals reminiscent of sparks in intact mammalian
muscle fibres. They showed that in cells isolated from
wild-type mice these Ca’* sparks are localized to the
subsarcolemmal region. Figure 1 illustrates the results of
similar experiments carried out in our laboratory. Cells
were loaded with fluo-4 by exposure to the AM-ester
indicator, and imaged while being subjected to hypo-
smotic shock. Return to isotonic solution after 2 min
of low osmolarity produced discrete intracellular Ca®*
signals in 81% of fibres (18 out of 22). A typical
response is illustrated in Fig. 1A. In 16 cells, stress-induced
Ca®* sparks were localized to a ~10 um band below
the plasmalemmal membrane. The events were observed
during the entire duration of the recording (25 min),
although their frequency gradually decreased with time
(see bar plot in Fig.1B). In two cells (or in 9% of
responding cells), however, sparks propagated into the cell
centre within 65 £ 20 s and were sustained for the entire
25 min recording time.

Figure 1B illustrates the procedure we used to quantify
and compare the data between different groups of cells.
For each of the 150 images in a series, average fluorescence
(F) was determined within 10 ywm under the sarcolemma
along the fibre length. Signals are represented as line plots
in Fig. 1A. One hundred and fifty lines were then arranged
in series and converted to a two-dimensional ‘line-scan’
image (Fig. 1B). Thus, the ‘sparky’ image illustrates average
fluorescence changes in the subsarcolemmal region of
the cell for the entire duration of the experiment. The line
plot on the bottom shows spatially averaged fluorescence
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normalized to the signal recorded at the beginning of the
experiment (F/Fy). This dependence was determined for
all fibres studied and then averaged. It is represented in
Fig. 1C. The bar plot in Fig. 1B illustrates changes in the
frequency of hypotonicity-induced sparks. Both average
fluorescence and the spark frequency have a similar time
course.

Osmotic shock increases ROS/RNS generation in
muscle fibre

It has been reported that some interventions, such as
strenuous exercise or muscle injury due to mechanical
stretch, enhance ROS/RNS production in skeletal muscle
(e.g. Bejma & Ji, 1999; Clanton et al. 1999). Recently, it
has been shown that osmotic shock is associated with a
delayed mechanical deformation of the transverse tubules
and nearby Ca’*" release sites (Apostol et al. 2007). It
has also been reported that hyposmotic swelling increases
oxidative stress in astrocytes (Reinehr et al. 2007). Here we
tested whether osmotic shock increases the production of
ROS/RNS in skeletal muscle cells.

For the quantification of ROS production, fibres were
loaded with CM-H,DCFDA and imaged every 10 s while
laser power was minimized to reduce the photoproduction
of ROS. CM-H,DCFDA is hydrolysed to DCFH in the
cell, and DCFH is oxidized to form highly fluorescent
DCEF in the presence of the appropriate oxidant (e.g.
hydrogen peroxide or peroxynitrite). ROS/RNS generation
was detected as a result of DCFH oxidation. Figure 2A
shows representative images of DCF fluorescence in a fibre
before (image at 1 min), during (image at 6 min) and
after hyposmotic shock was applied. Figure 2B represents
averaged changes in normalized DCF fluorescence. In
control cells (no osmotic shock was applied, open circles),
the ROS/RNS-related signal monotonically increased,
presumably due to endogenous generation of ROS/RNS,
which led to oxidation of the indicator. Osmotic shock
significantly increased the ROS/RNS production (note
increased slope of the curve after the shock, filled circles).
The slope was steeper immediately after the shock was
applied, which correlates with the increased Ca®* spark
activity during this period. A steeper slope can also be, at
least in part and for a short time, due to water loss upon
return to the isotonic solution and consequent increase in
CM-H,DCFDA concentration. Therefore, the data were
fitted with a linear function before and later after osmotic
shock was applied (lines on the plot). On average, the
steepness significantly increased following the shock, from
0.01 £ 0.003 to 0.05 4 0.01 (in units of d(F/F,)/d(min),
P <0.01, n=11) (Fig. 2C, filled bars). Because the slope
of the DCF signal reflects the rate of ROS/RNS production
and depends much less on cell loading with the dye,
these results suggest an increase in ROS/RNS generation
subsequent to osmotic shock.
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Exogenous ROS scavengers inhibit stress-induced
Ca?* sparks

Our previous work revealed a causal relationship between
ROS and Ca** sparks in permeabilized mammalian fibres.
If ROS/RNS-dependent mechanism(s) are involved in
the generation of sparks in intact fibres subjected to
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osmotic shock, we would expect that ROS/RNS scavengers
prevent their appearance. Here we compared stress-
induced intracellular Ca?* responses in control conditions
(no scavengers added), with those after 30 or 60 min
preincubation with three widely used membrane-
permeable ROS/RNS scavengers with different chemical
structures, mechanisms of action and possible side-effects
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L] L]
0 10 20
Time (min)

Figure 1. Intracellular Ca2™" signals produced by osmotic shock in skeletal muscle fibres

A, images of Ca’*-related fluorescence (fluo-4) obtained in a cell subjected to osmotic shock. B, image is a
‘line-scan’ representation of the time series acquired from cell in A. Averaged fluorescence was determined within
10 um under the sarcolemma along the fibre length and converted to a two-dimensional image. Line at the bottom
represents normalized changes in the averaged subsarcolemmal fluorescence. Bar plot represents corresponding
changes in the frequency of sparks (‘No’, number of sparks per image). Line on the top illustrates the protocol by
which extracellular solutions were changed. C, pooled data from this protocol in 22 fibres. The bar on the bottom

marks time during which hypotonic solution was applied.
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(e.g. fluorescence quench or Ca®* buffering; Ghosh et al.
2002). MnTBAP and Mn-cpx 3 are superoxide dismutase
(SOD) mimetics. MnTBAP is also a potent peroxynitrite
decomposition catalyst, whereas TIRON scavenges mostly
superoxide anion. It should be mentioned that incubation
with all of the scavengers used in our studies (or acute
application of the scavengers) did not significantly change
resting fluorescence in the fibres loaded with fluo-4 AM.
Figure 3A illustrates typical stress-induced Ca*"
responses in four different cells studied as described

ROS and osmotic shock-induced Ca®* sparks in muscle
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above. After 30 min incubation with 50 um MnTBAP,
intracellular Ca?* transients produced by osmotic shock
were substantially reduced. After 60 min incubation with
the scavenger stress-induced Ca’* signals were nearly
eliminated. The inhibition was partially reversible. The
bottom right panel shows Ca’>" signals in a cell that
was washed out for 30 min after 1h incubation with
the drug. Figure 3B summarizes the results of several
similar experiments. It represents the averaged changes
in normalized fluorescence in the subsarcolemmal region

Figure 2. Stress-induced changes in intracellular ROS/RNS production

A, images of ROS/RNS-related DCF fluorescence in a fibre exposed to osmotic shock. B, averaged changes
in normalized DCF signals in cells subjected to osmotic shock (filled circles) and changes in normalized DCF
fluorescence in cells imaged in control, when no shock was applied (open circles). C, averaged slopes of DCF
signals in control (open bar) and before and after application of osmotic shock (filled bars).
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in response to the osmotic shock in the presence and
absence of MnTBAP. Figure3C illustrates the mean
fluorescence signal determined during the first 6 min
after returning to the isosmotic solution in all cells
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studied. It was significantly smaller in the presence
of MnTBAP (note that in this and several following
figures a F/F, of 1.0 after the shock indicates that the
Ca’" signalling response was completely suppressed).
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Figure 3. MnTBAP suppresses stress-induced Ca2* sparks

A, line-scan representations of time series of images obtained in 4 different cells subjected to osmotic shock under
control conditions (no scavenger added, top left panel), 30 min (top right panel) and 60 min (bottom left panel) of
incubation with 50 um MnTBAP, and 30 min after drug washout (bottom right). Lines represent relative changes
in the averaged subsarcolemmal fluorescence. B, pooled data from these protocols. C, mean values of normalized
fluorescence during 6 min after the osmotic shock in the presence and absence of MnTBAP. Note that an F/Fg of

1.0 corresponds to a complete suppression of the response.
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The mean fluorescence significantly decreased from
1.51 £0.08 (n=4) in control (no scavenger added) to
1.34 +£0.06 (n=4) and 1.01 +0.01 (n=>5) after 30 and
60 min of incubation with MnTBAP, respectively. The
fluorescence partially recovered after the drug was washed
out (1.21 4+ 0.04, n=3).

It should be mentioned that, as expected from its
scavenging properties, MnTBAP also gradually reduced
the magnitude of the DCF signal (data not shown).
Moreover, it also reduced the change of the signal slope
before and after osmotic shock. The slope had changed
from (in d(F/Fy)/dt) 0.04 £ 0.02 (n=4) to 0.035 £ 0.01
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(n=>5) and 0.02 £ 0.005 (n=5), and from 0.07 &= 0.06
to 0.05+0.03 and 0.03 £0.01, after 30 and 60 min
in MnTBAP, respectively. This group of experiments
provides evidence that MnTBAP effectively reduces
cytosolic [ROS/RNS].

In order to rule out possible side-effects introduced
by the scavengers, two additional compounds with
different chemical structure and/or scavenging profile were
employed: Mn-cpx 3 (4 um) and TIRON (10 mm). The
data are summarized in Fig. 4. Both Mn-cpx 3 (Fig. 4A and
B) and TIRON (Fig. 4C and D) gradually and reversibly
inhibited osmotic shock-induced Ca** signals in a manner
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Figure 4. ROS/RNS scavengers inhibit cytosolic Ca2t responses to osmotic shock

A and C, averaged subsarcolemmal fluorescence signals in the presence and absence of 4 uM Mn-cpx 3 and 10 mm
TIRON, respectively. B and D, mean values of normalized fluorescence during an interval of 6 min after the osmotic
shock in the absence of the scavengers, after 30 min and 60 min preincubation, and 30 min after drug washout.
The mean fluorescence decreased from 1.62 + 0.06 (n = 6) in control (no Mn-cpx 3 added) to 1.37 & 0.03 (n = 5)
and 1.16 £ 0.01 (n = 5) after 30 and 60 min of incubation with Mn-cpx 3, respectively. The fluorescence partially
recovered after the drug was washed out (1.27 & 0.04, n = 5). In the experiments with TIRON, the corresponding
numbers were 1.79 + 0.02 (n=5), 1.51 £ 0.06 (n=15), 1.16 £ 0.03 (n = 4) and 1.60 £ 0.04 (n = 3) in control,
after 30 and 60 min in TIRON and upon its washout, respectively.
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similar to MnTBAP. Taken together our experiments with
a variety of ROS/RNS scavengers indicate that ROS (and
possibly RNS)-dependent mechanisms are involved in the
generation of Ca®t sparks in mammalian muscle fibres
challenged by osmotic shock.

Activation of NAD(P)H oxidase accounts for
stress-induced ROS production and cytosolic Ca2*
signals

ROS/RNS  generation in response to various
pathophysiological ~conditions, including excessive
mechanical forces, may originate from several sources
such as mitochondria, NOX, NOS and XO (reviewed in
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Reid, 2001; Cave et al. 2006; Pacher et al. 2007). Here
we test whether and to what extent different sources of
ROS/RNS are involved in an enhanced ROS production
in skeletal muscle following the osmotic shock.

Recently, the increase in ROS production in response
to a hyposmotic shock in cultured astrocytes and brain
slices has been attributed to the activation of NOX
(Reinehr ef al. 2007). NOX is expressed in skeletal muscle
cells (Hidalgo et al. 2006). In order to investigate the
involvement of NOX in the cellular responses we observed
subsequent to osmotic shocks, fibres were incubated for
30 min with two different NOX inhibitors: DPI (10 pm)
and apocynin (0.5 mm). Figure 5A (grey and open circles)
and B (grey and open bars) shows that both DPI and
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Figure 5. NOX inhibitors suppress stress-induced ROS production and Ca2™ sparks

A, averaged normalized changes in subsarcolemmal fluorescence following the osmotic shock under control
conditions (no inhibitors added, black circles) and after 30 min of incubation with 200 um DPI (grey circles) or
0.5 mm apocynin (Apo; open circles). B, mean values of normalized fluorescence during an interval of 6 min after
the osmotic shock in the presence and absence of a NOX inhibitor. C, averaged changes in normalized DCF signal
in cells subjected to osmotic shock under control conditions (no NOX inhibitors, black circles) and after 30 min of
incubation with 0.5 mm apocynin (open circles). D, averaged slopes of DCF signals before and after application of
osmotic shock in control (filled bars) and in the presence of apocynin (open bars).
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apocynin nearly, but not completely, -eliminated
intracellular Ca*" signals induced by osmotic shock. The
mean fluorescence determined during the first 6 min after
returning to the isosmotic solution significantly decreased
from 1.56 £ 0.06 (7 =9) in control (no inhibitors added)
to 1.07 £ 0.06 (n=4) and 1.05 £ 0.04 (n=4) after cells
were pretreated with apocynin and DPI, respectively.
This is most likely a consequence of the NOX inhibition,
which suppresses the increase in ROS production upon
return to isotonic solution (Fig. 5C). Whereas the slope of
the ROS-related fluorescence curve increased by ~2-fold
(from (in d(F/Fy)/dt) 0.01540.002 to 0.03 % 0.005,
P <0.01, n=38; Fig.5D, filled bars) under control

@@ @ @@,
“‘“‘%@(«t@f({%\%&‘

—@— Control
—O— Allo
—O— L-NAME
0-5 - '
0 10
Time (min)
C
1.5 4

Time (min)

182

ROS and osmotic shock-induced Ca®* sparks in muscle 205

conditions (no inhibitors applied), it did not change
significantly in the presence of apocynin (Fig. 5D, open
bars). These results indicate that NOX is the source of
acute ROS production in skeletal muscle fibres following
osmotic shock.

In a parallel series of experiments, we also tested the
roles of other potential sources of ROS such as NOS
and XO (Fig. 6A and B). Inhibitors of NOS (.-NAME,
1 mMm) and XO (allopurinol, 100 um) did not have a
significant effect on osmotic shock-induced cytosolic
Ca** signals, suggesting that NOS and XO play a minor
role. The mean fluorescence was 1.41 +0.06 (n=11) in
control (no inhibitors added) and 1.32 +0.05 (n=12)
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Figure 6. NO, NOS and mitochondria do not contribute to cytosolic Ca?™ responses and/or ROS

production in response to osmotic shock

A, averaged fluo-4 fluorescence under control conditions (no inhibitors added, black circles) and after 30 min of
incubation with 100 uM allopurinol (Allo; grey circles) or 1 mm L-NAME (open circles). B, mean values of normalized
fluo-4 fluorescence after the osmotic shock in the presence and absence of the inhibitors. C and D, changes in
MitoSOX signal in control (no osmotic shock applied, open circles and bar) and following osmotic shock (filled
circles and bars). No significant change in MitoSOX fluorescence was observed (averaged slopes of the signal
were 0.0125 £ 0.001 and 0.0128 4+ 0.002 (n = 7) before and after the osmotic shock). Inset in C illustrates the

mitochondrial localization of the dye (box width ~50 um).
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and 1.3540.06 (n=7) in the presence of L-NAME and
allopurinol, respectively.

To determine the contribution of mitochondria to the
increased ROS/RNS signals, we had to use a different
experimental approach. Unfortunately, interfering with
the mitochondrial respiratory chain with various
pharmacological tools inevitably produces additional
ROS. Ru360, a blocker of mitochondrial Ca?* uptake has
a poor chemical stability which precludes its use over
prolonged times (Wang & Thayer, 2002). Therefore, here
we directly measured the mitochondrial ROS generation
with MitoSOX Red, a novel fluorescent probe, which
selectively detects superoxide in the mitochondria of
live cells (Robinson et al. 2006; Abramov et al. 2007;
Mukhopadhyay et al. 2007). No significant changes in
MitoSOX fluorescence in response to hyposmotic shock
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were observed (Fig. 6C and D), suggesting a rather limited
role of mitochondria in the augmented ROS production.

Ca?" is needed for a substantial activation of
NAD(P)H oxidase

A recent report (Abramov et al. 2007) suggested that
activation of NOX is Ca?* dependent in astrocytes.
Longitudinal stretch of muscle fibres, as well as mechanical
stress associated with osmotic shock, may produce
transient ruptures of sarcolemma and open stretch-
activated channels that would, in turn, lead to local
increases in [Ca?"] in the subsarcolemmal region. The
latter can contribute to both the activation of NOX
and spark production. Figure 7 summarizes the results
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Figure 7. Ca?* dependence of mechanisms of NOX activation

A and B, averaged cytosolic Ca2* response to osmotic shock in control and in the absence of extracellular Ca2+.
C and D, changes in ROS/RNS production in control (black circles and bars), in the absence of extracellular Ca2+
(open circles and bars), and after incubation with 20 um ryanodine (ry) and 1 uM thapsigargin (tg) (grey triangles

and bars).
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of experiments when osmotic shock-induced changes in
intracellular Ca** transients and ROS production were
monitored in control (1.2 mm Ca?*) and zero Ca?* (0 mm
Ca’*, 1 mm EGTA) external solutions. Removal of Ca**
from extracellular media significantly inhibited (but did
not completely eliminate) cytosolic Ca?* responses (open
circles and bars in Fig. 7A and B). The mean fluorescence
decreased from 1.57£0.06 (n=11) in 1.2mm Ca’**
to 1.20£0.04 (n=11) in zero Ca’*. This intervention
also blunted the increase in ROS production (open
circles and bars in Fig. 7C and D). Whereas in 1.2 mMm
Ca?*, the steepness of DCF fluorescence signal increased
following the shock by ~3-fold (from 0.03 40.001
to 0.08 £0.006 (n=7), P<0.01), in zero Ca’t the
increase was significantly smaller (from 0.025 £ 0.001 to
0.04 £0.001 (n=7), P < 0.05). Thus, there seems to be
a ‘residual’ increase in the ROS signal (and therefore
presumably NOX activity) that is independent of the influx
of Ca?* during or following osmotic shock. There are two,
not mutually exclusive, possibilities to account for this:
(1) NOX is activated via Ca*"-independent mechanisms
(reviewed in Cave et al. 2006; Bedard & Krause, 2007), or
(2) NOX is activated by Ca*" released from the SR, possibly
because of the disturbed resting state inhibition of RyRs
by DHPRs. This suppression mediated by an allosteric
coupling process may be relieved directly by mechanical
force (as proposed by Wang et al. 2005). To distinguish
between these two possibilities, we performed experiments
in the presence of the RyR blocker ryanodine (20 pum)
and the inhibitor of the SR Ca*"-ATPase thapsigargin
(1 ™). Fibres were preincubated with the drugs, exposed
to several caffeine pulses (20 mm, 1 s) to ensure successful
Ca?* depletion of the SR and studied in zero Ca*" external
solution. Figure 7C and D (grey triangles and bars) shows
that there was still a small but not highly significant
(P < 0.6) increase in DCF fluorescence in response to the
osmotic shock under these conditions. Taken together,
these results suggest a predominant but not exclusive
role of Ca*"-dependent mechanisms for NOX activation
following osmotic shock.

Discussion

This study provides initial evidence for the involvement
of ROS/RNS in the acute generation of spontaneous Ca**
sparks in intact mammalian skeletal muscle in response
to mechanical challenge, applied as osmotic shock. In
this paper we demonstrate that this stress induces robust
localized cytosolic Ca®* transients (aka Ca?* sparks) in the
majority of skeletal muscle fibres and that these sparks are
effectively and reversibly inhibited by exogenous ROS/RNS
scavengers. We also show that osmotic stress increases
cellular ROS/RNS production. Furthermore, inhibitors of
NOX (but not NOS and XO) substantially reduce osmotic
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shock-induced increases in ROS/RNS and suppress
cytosolic Ca?* responses to stress, implying that NOX is
a possible source of acute ROS generation following the
stress.

Ca?* sparks in health and disease

Ca’t sparks, microscopic events of CICR, are scarce in
adult mammalian skeletal muscle fibres under physio-
logical conditions. In mammals, depolarization induces
events (‘embers’), which are of much lower amplitude,
narrower in space, and of much longer duration than
Ca®* sparks. Such events are likely to result from the
opening of a single RyR channel and do not involve
CICR (Csernoch et al. 2004). In addition to the absence
of Ca*" sparks elicited by depolarizations, spontaneous
Ca®* sparks are also rare in adult mammalian muscle
(Conklin et al. 2000; Chun et al. 2003). Currently it
is generally accepted that CICR is less important for
healthy mammalian skeletal muscle than for amphibians,
where sparks are readily observed. Mammalian fibres
have two triadic junctions per sarcomere whereas lower
animals have only one. Ca*" released from the SR in
mammals needs to travel a shorter distance to activate the
contractile machinery of the muscle. Therefore, a further
amplification of the initial voltage-induced Ca*" signals
by CICR may not be necessary. Under stress, however, a
moderate augmentation of cytosolic Ca*" signals may be
required for muscle adaptation and for this purpose the
physiological inhibition of CICR may be relieved. Under
pathophysiological conditions acute and exaggerated Ca®*
spark activity could lead to deterioration of muscle
function, activation of Ca**-dependent proteases and later
even to necrotic or apoptotic cell death. Therefore, Ca*"
sparks in mammalian skeletal muscle are more likely to be
a response to stress or disease rather than to physiological
stimuli. Understanding the mechanisms that facilitate
CICR and Ca** sparks in mammalian muscle will provide
important insights into muscle physiology and pathology.

Possible mechanisms for physiological suppression
of CICR in mammalian muscle

Some evidence indicates that the physiological allosteric
interaction between DHPRs and RyRs contributes to
the basal inhibition of CICR and Ca’' sparks in
mammalian muscle. For example, in skeletal muscle
myotubes, Ca®" sparks are spatially segregated from
depolarization-induced ‘spark-less’ release, suggesting
that in regions where the interaction between DHPRs
and RyRs is established, CICR is inhibited (Shirokova
et al. 1999). In developing myotubes and dedifferentiating
adult muscle fibres, spontaneous sparks are more likely to
occur in the regions where T-tubules are not yet developed
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(Zhou et al. 2006) or already disorganized (Brown et al.
2007). Appearance of sparks in chemically skinned cells
or in fibres subjected to osmotic shock could therefore
be attributed, at least in part, to the disrupted interaction
between DHPRs and RyRs due to mechanical deformation
of sarcolemmal and SR membranes (Chawla et al
2001). However, work on mechanically skinned fibres
indicates that this is not the only possibility. After
mechanical skinning, T-tubules are resealed, presumably
preserving physiological contact between DHPRs and
RyRs (Lamb, 2002). Nevertheless, spontaneous Ca*t
sparks were observed in this preparation, although at
a lower frequency (Kirsch et al. 2001). In addition,
osmotic shock-induced Ca** sparks were recently found
in dysgenic myotubes lacking the «1 subunit of DHPR
(Apostol et al. 2007). Taken together these observations
indicate that the appearance of Ca*" sparks after skinning
is not only a consequence of mechanical cell alterations
but rather also results from a change of the intracellular
milieu.

Our recent work suggested an additional mechanism
that contributes to the physiological repression of
CICR in mammalian muscle. We found in saponized
muscle fibres that an alteration of either one of two
mitochondria-related mechanisms, Ca’>" buffering and
ROS production, lead to the development of Ca*" sparks
(Isaeva & Shirokova, 2003; Isaeva et al. 2005). More
specifically, based on these observations, we suggested that
sparks occur when the concentration of ROS increases
in the cytosol as a result of reduced cellular ROS
scavenging capacity. In line with this previous findings, our
present results shows that ROS-related mechanisms are
also involved in the initiation of Ca*" activity in intact
muscle cells exposed to osmotic stress.

NOX as a possible source of ROS in mammalian
muscle fibres undergoing osmotic shock

ROS/RNS are produced by a number of cellular oxidative
metabolic processes, involving mitochondria, NOX, XO,
NOS, etc. Various physiological and pathophysiological
stimuli promote generation of ROS/RNS by one or
several ROS/RNS-generating components, thus changing
the intracellular redox environment and affecting function
of several proteins involved in Ca’' signalling and ECC
(Andrade et al. 1998; Marengo et al. 1998; Feng et al. 2000;
Sun et al. 2001; Posterino et al. 2003; Pattwell & Jackson,
2004; Aracena et al. 2005).

NOX appeared to be a likely source for the stress-
dependent production of ROS, as this enzyme has been
recently shown to be activated by mechanical stretch,
including osmotic shock (Hwang et al. 2003; Reinehr
et al. 2007). NOX is a family of enzymes first described
in phagocytes but now known to be expressed much
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more widely. The phagocytic NOX is composed of
the membrane-bound cytochrome bssg, three cytosolic
subunits (p47P"%, p67Pho%, p40Pho%), and the small GTPase
Rac2. It appears that NOX could increase their ROS
production in response to specific stimuli, such as various
metabolic factors, hypoxia, membrane depolarization,
mechanical forces, osmotic shock, Ca’*, etc. (reviewed by
Cave et al. 2006; Geiszt, 2006). Molecular steps of NOX
activation are not yet clear. They may vary for different
stimuli and may involve Ca?"-dependent phosphorylation
of the cytosolic subunit p47°h°* by PKC, the prenylation
and translocation of Rac, etc. (Cave et al. 2006; Bedard &
Krause, 2007).

Recently the presence of cytochrome bssg components
(gp91P* and p22Ph*) as well as cytoplasmic regulatory
subunits (p47Ph°* and p67°h**) of NAD(P)H oxidase has
been reported in skeletal muscle (Javesghani et al. 2003;
Hidalgo et al. 2006). These subunits have been shown
to be localized in T-tubular membranes close to SR
Ca?* release sites, and have been found in isolated
triads. Furthermore, it has been reported that
NOX-dependent ROS production can be stimulated
by membrane depolarization or field stimulation in
skeletal muscle myotubes (Espinosa et al. 2006). Our
results with NOX inhibitors suggest that NOX activity
indeed increases following application of osmotic shocks.
Moreover, its activation pathways are largely but not
exclusively Ca’* dependent. It seems that NOX-produced
ROS play an important role in the augmented osmotic
stress-induced Ca’" signals in skeletal muscle as the
inhibition of the enzyme almost completely prevents the
appearance of Ca*" sparks. Removal of extracellular Ca**
significantly inhibited the increase in detectable ROS and
Ca?" signals, suggesting that Ca®* influx into the cell
during or after osmotic stretch is governing the activation
of NOX and sparks to a large extent. The remaining NOX
activation appears to be partly driven by Ca** release from
the SR, since the combined application of thapsigargin and
ryanodine reduced it further. Such SR Ca®* release could
result from a stress-induced mechanical perturbation of
the inhibitory molecular interaction between DHPRs
and RyRs across the dyadic cleft, as proposed by Wang
et al. (2005). However, at present we cannot exclude the
possibility of a Ca’*-independent mechanism for some
NOX activation, because of the limited sensitivity of our
ROS detection.

Taken together, these results suggest a predominant
but not exclusive role of Ca’*-dependent mechanisms for
NOX activation following osmotic shock. Ca’t coming
from the extracellular space during or after osmotic shock,
together with Ca®* released from the SR as a result of a
disrupted DHPRs/RyRs interaction, facilitates activation
of NOX leading to the increase in ROS production.
The latter, in turn, exerts a strong positive feedback on
intracellular Ca*>* signalling by further activation of RyRs

© 2008 The Authors. Journal compilation © 2008 The Physiological Society
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and CICR, e.g. via oxidative modification and sensitization
of RyRs.

Cross-talk between CICR and ROS/RNS

CICR and ROS/RNS generation are two signalling
pathways that each exhibit a high degree of positive feed-
back. The low ROS/RNS levels present under normal
conditions are essential for muscle contraction. The
basal cytosolic redox state optimizes the function of
several proteins involved in muscle ECC (Reid, 2001).
For example, ROS/RNS could affect RyR functions
by oxidative/nitrosative modifications of the channel.
Whereas increasing levels of RyR oxidation is known to
enhance its response to Ca** (Marengo et al. 1998), highly
reduced RyR channels respond poorly to Ca’>" activation.
This phenomenon may be at least in part responsible for
complete inhibition of osmotic shock-induced Ca?* sparks
after 60min of incubation with ROS/RNS scavengers
(Figs 3 and 4). On the other hand, Ca®* is required for
the activation of various ROS/RNS-producing pathways,
including NOX (as discussed above). Therefore dramatic
decrease in cytosolic [Ca®*] can inhibit cellular ROS/RNS
production. Either CICR or ROS/RNS generation could
lead to the observed massive Ca*" signals. However,
the combination of both pathways being activated in a
concerted way may have even more severe consequences,
as both pathways exhibit cross-talk with each other. Taken
together, even a moderate but simultaneous activation of
these two signalling pathways with mutually synergistic
positive feedback loops leads to escalated Ca* signals.

To conclude, our results suggest that, although not a
signature of physiological ECC, ROS-induced Ca** sparks
are a manifestation of an adaptive/maladaptive muscle
response under various pathophysiological conditions,
including eccentric stretch or osmotic challenges, such
as during ischaemia and reperfusion, and other muscle
diseases.
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2.4 B3aemue nmocmienns curnaiais ROS ta Ca?' mig uac crpecy B aucrpodiunux

M'SI30BHX BOJIOKHAX CKEJETHHUX M'A3IB

M'si30B1  uctpodii BITHOCATHCS 1O HAWOUIBII CEPUO3HUX CIAJKOBUX 3aXBOPIOBAHb
M'si30BOi  TKaHWHU. [IpUunMHOIO iX BUHHUKHEHHS € MyTallisd TeHa JIUCTpodiHy —
LUTOCKEJIETHOro Ol/iKa, sKUW 3a0e3medye 3aXUCT M'A30BUX KIITHUH BIJ MEXaHIYHOIO
MOIIKO/KEHHA. MeXaHIuHMI CTpec, CIPUYMHEHUN OCMOTHYHHM IIIOKOM, BHUKIIHKAE
anoManbHe miaumenns Ca’* y BUMIsi crianaxiB y CKEIETHUX M'S30BHX BOJOKHAX MMIII 3
nedinurom auctpodiny (minii mumn mdx; (Wang et al., 2005)). Sk Oyno nmokazaHo BHUIIIE,
1[0 Mk 3MIHAMH BHYTPIIIHBOKJIITUHHOTO OKHMCHO-BIJIHOBHOTO OajaHCy Ta BUHHUKHEHHSIM
Ca’" cranaxis y 3BMYaliHUX CKEJNETHUX M'3aX CCABIIIB iCHYy€ 3B'I30K. Y IIbOMY JOCHIIKEHHI
MU aHaJli3yBaju, Y¥ MOB's13aH1 30UIbIIIEH] Ca”* BimgmoBimi y BOJIOKHaX mdx 3 OKCUJIAaTUBHUM
CTPECOM.

Sk Oyno mokaszaHo B HalIMX MonepeaHix gocuimpkeHHsax (Wang et al., 2005, Martins
et al, 2008) mpu ocmoruunoMy Imoui, B kmiTmHax WT Ca?" cmamaxu nepeBaxHO
JOoKai3yBaiducs B o0nacTi mpuonu3Ho 10 MKM Bi capKoJeMHU, TO y BOJOKHAX MHUIII JiHIT

mdx Takuii Ca>" cUrHan po3MOBCIOIKYBAIAC O BCbOMY IIUTO30IIIO.

A Fluo-4, WT B C Fluo-4, mdx D
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Pucynok 2.7. Ilurozoanni Ca** curnaiu, inIyKoBaHi rimoocMOTHYHHM IHOKOM y M'SI30BHX BOJIOKHAX
mdx nopiBHsiHo 3 HopMaiabHuMH (WT). Bubpani 300paxenns ¢ayopecnenuii Fluo-4 y Bonoknax mdx
(C) Ta WT (A) mo (300pakennst Ha 1.1 Ta 0.2 XB BiAmOBiAHO), Tia Yac (300paxkeHHsS Ha 2.6 Ta 2.3 XB) Ta
micysg Ail TIMOOCMOTHYHOTO HIOKY. BCTaBkM MOKa3yroTh OUISHKM, B SKUX Oyjla BH3HAueHa CepemHs
dbayopecuentis. (D) Ta (B) moka3yroTs ycepeaHeHi cyOcapkoieMainbHi (YOpHI KPYKEUKH) Ta [IUTO30JIbHI

(6ini kpyskeuxu) Ca*" Bigmosini y 34 mdx ta nes'stu WT-KiTiTHHAX Ha TIOOCMOTHYHUIA LIOK.
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Ha puc. 2.7 npeacrasneno 300paxxeHHs BojJokHa mdx 1o (Ha 1.1 xB), mij yac (Ha 2.6
xB) Ta micis (Ha 4.0, 4.7, 6.3 Tta 21.3 xB) A1l TINOOCMOTHYHOTO MIOKY. Y 97% M’s30BUX
BosokoH mdx (33 3 34 Bonokon 3 N=11 0cobuH) ocMOTHUHHI MIOK iHiniroBas Ca?t cnanaxw.
Y nep'stm 3 mux kmituH (a6o 38% pearyroumx kimitma) Ca?* chnamaxu  mBuako
PO3MOBCIOIXKYBAIUCA BIIIMO BOJIOKHA, JOCITal0YU HOTO LIEHTPY B cepeAHboMY 3a 34.4+8.5
¢ (sx ue utroctpoBaHo Ha yactuHi C ta D). Ile cyTTeBO BiIpi3HAETHCA BiJ BIAMOBIAEH Y
xinituaax WT, ne Ca?* cmanaxu nepeBaxHo Oyianm oOMeKeHi cybcapKoIeMalbHOK 30HOK0
(nuB. yactTuHU A Ta B).

Sk Oyno mokazaHO B MONEPEAHBOMY PO3MiIi, OCMOTHYHUN IIOK CHPUUYUHSIE
miaBuieHHss npoaykiii ROS y kmitunax WT. ¥V paMkax MOTOYHOTO JOCTIKCHHS MU
pPO3MJISIHYJIM JIBa KJIOYOBI MUTaHHSA: 4M mnepeBunrye "OGazoea" mnpoxaykuis ROS 'y
TUCTPO(PIYHUX M'A30BUX BOJOKHAX MUl JiHII mdx piBHI, XapakTepHi jis kiaitud WT; a
TaKoXX 4YM CIpHUAE€ OCMOTHYHMI 1OK 1HTeHcudikamii renepanii ROS. Bonokna
3aBanTaxxyBasiu CM-H2DCFDA Tta nocnixyBanu Ait0 OCMOTUYHOTO 1OKy. Ha pucyHky
2.8 A moka3zaHni ycepeaHeHi HopMmanizoBaHi 3MiHM DCF-curnaniB y ceMu BoJOKHaX mdx mijt
yac OCMOTHYHOIO HIOKY (Cipl Kpyxkedku). YopH1 Kpy>KE€UKH BigoOpaxaroTh BIAMOBIIHI
3minu B DCF-dayopecueniii Bocbmu kiitnHax WT. DCF-curnan miaBumiyBaBcst B 000X
TUTIAX KIITHH. J{7151 KOKHOT KITITHHU MU anpokcumyBain 3Mian DCF ninilitHuMA GyHKITISIMA
JI0 1 IICJISl 3aCTOCYBaHHS IIOKY. 3arajioM, BUSIBJIEHO 3pocTaHHs "0a3oBoi" renepaiii ROS y
BosiokHax mdx mopiBHsHO 3 WT, a Takox 30UTbIIeHHS 11 MiJ Yac OCMOTUYHOTO MMIOKY. B
CEpeIHbOMY KpPYTH3HA CUTHAIIy Tepej mokoMm Oyna moctoBipHo Bumoi (P < 0.01) y
KITiThHax mdx (MpeACcTaBiIeHO CIPUMH CTOBIMTYMKAMH) MOPIBHSAHO 3 kmituHaXx WT (4opHi
cropmuuku): 0.06+0.01 mporu 0.02+0.003 BigmosigHo. Ilicisi OCMOTHYHOTO IIOKY
KpyTH3Ha CUTHAJIy 3HA4YHO 3pocia, pocsraroun 3HadeHb 0.13+0.02 mis xmituH mdx i
0.04+0.01 mys kot WT. BpaxoByroun, o Haxwi curHairy DCF kopentoe 31 mIBHAKICTIO
redepanii ROS, mi mani cBimuaTe mpo Te, m10: 30UThIICHO 0a30BY T'eHEpAIil0 BIIBHUX
paguKkamiB y BoJIOkHaX mdx; HasBHa iHTeHcu(ikamis renepamii ROS mig BrmBoM

OCMOTHUYHOTO IIOKY y BOJIOKHAaX mdX MOPIBHSHO 3 KiiTHHAMHU JiiHiT mumm WT.
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Pucynok 2.8. lIpoaykuia ROS y ckeneTHnx M’A30BHX BOJIOKHAX Mui JgiHil mdx. (A) Ycepennena
¢dnyopecuentiss DCF mns 7 xmituH mdx (cipi Kpy>Ke4KH) MOPIBHAHO 3 8§ BOJIOKHAMH M S31B 3 MHIII JiHi{
WT (uopHi kpyxeukn). BecraBka Ha miarpadini A nemoHcTpye 300paxenns ¢uyopecuenuii DCF y m’s3i 3
muti JiHil mdx Ha 12 XB micns 3acToCyBaHHS OCMOTHYHOro IOKy. (B) Bepxns uwactuna 300paskeHHs
MoKa3ye BeCTEpH-0JI0T, e BinoOpaxeHi piBHi 61kiB NOX Ta akTUHY A7 M's130BUX BojokHax mdx ta WT.
HuoxHill 610K npecTaBise CHiBBiIHONIEHHS IHTEHCUBHOCTEH curHamis gp91PP* 10 akTuHy 118 M'S30BUX
BOJIOKOH mdx (cipwii croBmemnp) Ta Aukoro tumy (dopHuit croBmenb). (C) YcepemHeHi Biamosimi
nuTo3onbHoro Ca?* Ha OCMOTHMYHMEI IIOK y BOJOKHaxX mdx 3a KOHTPOIBHUX yMOB (0€3 I0JaBaHHS
mpermapaTiB, 4YOpHI KpyKeuku) Ta micisa 1HKyOamii 3 iHriditopamu NOX: amouumninom (0.5 MM, Oimi
kpyxeukn) Ta DPI (10 MxM, cipi Kpy»Keukn).

3outpmena npoaykuids ROS y M’s130Bux BoJIOKHAaX MUl JiiHil mdx, BigoOpakeHa Ha
puc. 2.8A, Moxe Oytu oOymoBieHa (1) MiIBUIIEHOI AaKTHUBHICTIO a00 EKCHPECIEI0
NAD(P)H-okcunasu; abo (2) aktuBaili€ro 1o1aTkoBux Jxepes ROS, siki BiAIrpatoTh MEHII
BAXJIUBY poJib Y BosiokHax WT. Mu 3acTocOBYBaiu BECTEPH-OJIOT JjIsl aHAIT13y MOXKJIUBOI
3minu piBHs ekcnpecii NAD(P)H-okcunasu B ckeneTHux m'sizax mdx. Sk U1I0CTpy€eThCst Ha
puc. 2.8B, pisens ekcrpecii gp91P'* y ckenetnnx M'szax mdx (N = 7) 3pic Ginblie Hix
yTpuui nopiBHsiHO 3 koHTpoJeM (N =3, P <0.01). Byno BusiBiieHO 3HauHe 301IbIIIEHHS P1BHSA
eKcrpecii y BOJIOKHAX M’sI31B 3 MHUIII JIiHIT mdX MOPIBHSIHO 3 KOHTPOJIbHUMHU KIITHHAMH.

VY ckenernux M'si3ax NAD(P)H-okcuaasa po3ramioBana B capkosiemi Ta memOpani T-
Tpybouok. [i Moxke OyTu akTHBOBaHO Ak 3a jgomomororo Ca2*-3anmexHoro, tak i Ca’*-
HezanexxHoro mexanizmy (Hidalgo et al., 2006). B pamkax HAcCTYmHOrO €KCHEPUMEHTY

BOJIOKHA 3aBaHTaxyBanu QpuyopecueHTHUM Ca’* ingukatopom Fluo-4, a noTim inkyOyBanu
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npotsiroM 30 xB 3 nBoMa pizHuUMU 1HTIOITOpamMu NAD(P)H-okcunaszu: anormuninom (0.5
MM) ta DPI (10 MxM). 3rigHo 3 ganumu Ha puc. 2.8B, KoxeH 3 mpemnapaTiB CYTTEBO
3HMKyBaB 1uTo30imbHI  Ca?’-Bimmosigi Ha ocmormumumii mok. CepelHe 3HAYECHHS
(dbayopeclieHIlli Miclis MOBEPHEHHS 10 130TOHIYHOTO pPo34yuHy 3HU3miocs 3 1.8+0.04 B
KOHTpOibHIN Tpymi (n=8, N=6) no 1.25+0.06 (n=4, N=3) ta 1.07£0.06 (n=5, N=3) npu
3actocyBanHi DPI Ta amouumniny BiamoBigHo. Takum uyumnom, NAD(P)H-okxcunmaza €
OCHOBHHMM ()aKTOPOM, IO CIpHUsE MigBMIIeHHIO akTuBHOCTI ROS Ta nmocunennio Ca?'-
BIIMOBIZIEH HA OCMOTUYHUHN IIOK y CKEJIETHUX M'SI30BHX BOJIOKHAX MMIII JIiH1T mdX.

MitoxoHApii CiyKaTh AOJATKOBUM MOTEHIIHHUM mxepenoMm ROS y ckeneTHux
M'si3ax. Bimomo, 1m0 M'si30B1 KIITHHU TeHepyroTh ROS sik moOGiyHUN TPOAYKT IUXATBbHOTO
naHmora. IlocuaeHe TOrIMHAHHA —MiToxoHzapianmsHOoro Ca?" MoXke CTHMYIIOBAaTH
npoaykiito mitoxouapiaasHoro AT® ta ROS (nuB. ormsia (Brookes et al., 2004)). Icaye
rinoresa, mo nuro3onbHui Ca®’, akmil 30iIbIIyeEThCS 4Yepe3 CTPEC, MOKE OyTH
CEeKBeCTpoBaHUM MiToxoHApisiMU. lle Moxe copustu 30UTbIIeHHIO Tpoaykiii ROS
MITOXOHAPISIMU, IO MPU3BOJUTH 10 BUTOKY ROS B 1IUT030b, 1 MOAANBIIOT0 MOCUICHHS
uuTo30mbHUX Ca?'-curuais.

Huctpodpiuni FDB kmitunun mdx Tta HopmansHi FDB  M'si30B1  BoJlokHA
HaBaHTaXyBanu Hu3bkoadinaum Ca?* imgqukaTopom Mag-rhod-2 y gpopmi iioro AM-edipy.
Pucynok 2.9A inmoctpye po3noain MitoxoHapianbHoro Mag-rhod-2 y kinituni mdx. ¥V 7 3
10 Bosniokon mdx (N = 5) ocMOTUYHHI IIOK 1HYKYyBaB IMOCTYIOBE Ta ICTOTHE M1IBUIIICHHS
dbayopecueniii Mag-rhod-2 na 3346 % (aus. puc. 2.9B). Ha npoTuBary 1is-oMy, B KJIITHHAX
HOpPMaJIbHUX MHUIIEH I1CTOTHE 3OUIBIICHHS MITOXOHApialibHOro curHany Mag-rhod-2
criocTepiranocsi 3Ha4HO MeHue (aume y nBox 3 12 kmituH, N = 4). Ileit curnan OyB
HIKYUM, HIXK Y KIITHHAX mdx, 1 B OCHOBHOMY 30CEpE/I)KyBaBCsl y CyOcapKojIeMalbHHUX
Mmexax. Cepenne 3HaueHHs dayopecuenilii Mag-rhod-2 3pocio 3 69.2+1.6 Ha nmoyaTky 10

73.6+2.1 (B a.0.) a60o 6+0.1%.
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Pucynok 2.9. MitoxoHapiajbHi cMrHajam micjsi 0ocCMOTHYHOro moky. (A) BuOpane 300pakeHHs
¢dnyopecuennii Mag-rhod-2 y xiituni mdx depe3 6 XB MiCiA 3aCTOCYBaHHS OCMOTHYHOIO MIOKY. (B)
VcepeHeHi 3HaUueHHs 3pOCTaH s MiTOXOHApianbHoi Ca?'-1moB'sa3aH0i (yopecieHIti mcis 0CMOTHYHOTO
IOKY y BojiokHax mdx (cipi ctoBmuukn) Ta WT (4OpHI CTOBMUMKH) B pi3HUI Yac excriepumeHty. (C)
Ycepenueni 3nHadens Quyopecnenmii MitoSOX y 8 xmituH mdx (cipi KpyXKH) Ta 9 BOJOKHAX
HOpMaJbHUX MUIICH (YOpHI KPYKKH) 32 YMOB OocMOTHYHOTO moKy. (D) YcepenHeni 3HaueHHS HaXWIIiB
curHaniB MitoSOX 710 1 miciast OCMOTUYHOTO HIOKY B KJIITHHaX mdx (cipi CTOBITYMKH) 1 KIITUHAX TUKOTO
TUIY (YOpHI CTOBITYUKH).

BukopucroByroun JIFOMIHECIIEHTHI €KBOPUHU, L0 JIOKATI3YBAIUCSI B MITOXOHIPISAX
ta CP, Robert Ta cniBaBTOpu (Robert et al., 2001) BusiBuin 3011bIIEHHS. MITOXOHAPIATIBHUX
curnanie Ca** BimmoimHo no murosombHMX TpamsuentiB Ca’" y miorpyOkax Bim mdx,
nopisusaHo 3 WT. Lle cBimquuts npo nocunene nornuaanns Cat y knitunax mdx. 1o i 6ymo
M1ITBEP/IP)KEHO HAIIUMHU JTOCTIKEHSIMH.

OnHuM 13 HacmigkiB momipHoi cexsectpanii Ca’* MITOXOHApISIMH € HOCHIIEHHS
MITOXOHAPIAIbBHOTO METa00II3My, OCKUIbKU JIeKiIbKa epMeHTiB ukity Kpebdca 3anexuThb
Bix Ca?*. Bys0o BUMipeHO poxyKuito MiToxoHapiansHoro ROS y kinituHax mdx Ta IUKOro
Tunmy. BolokHa HaBaHTaXXyBaJld MITOXOHIPIAIbHUM CYNEPOKCHUAHUM (HIyOpeCclieHTHUM
30H10M MitoSOX red 1 Bizyasli3yBaiu B yMOBax IIOOCMOTHYHOI'O HIOKY.

Ha puc. 2.9C 300paxeHo ycepenHeHy HopmaiizoBaHy (uyopecneniiro MitoSOX
st 8§ BomokoH mdx (cipi kpyxkeuku). Junamiky dayopecuenuii MitoSOX Oyno
anpOKCUMOBAHO JIHIMHOIO (YHKIIE€ OO0 Ta MICAS OCMOTHYHOTO IIOKY. 3TiJIHO 3
pesyabraramu BumiptoBaHHss MitoSOX, Oyno 3adikcoBaHO 3HAYHE 30UIBIICHHS HAXUIY
kpuBoi (3 0.04+0.01 mo 0.08+0.02, P<0.05), BKa3yrouyd Ha TOCHUJICHHS YTBOPCHHS

MmitoxoHApianbHOoro ROS mig yac ocMotuynoro moky. s kinitun WT (4opHi KpyKeUKH,
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n = 9) 3mian B Haxwil curHany MitoSOX Oynu Heznaunumu: Big 0.033+0.008 no
0.035+0.006. BaxnuBo 3ayBaxkuTu, mo OazoBa mnpoaykiis ROS wmiToxoHnpisamu, sika
B1100paka€eThCA MOYATKOBUM HAXMUJIOM, OyJia TPOXH BHILOIO B KJIITHUHAX mdX MOPIBHSHO 3
WT. 1li pgani cBigyath, IO MITOXOHAPII MOXYThb OyTH BTOPHUHHHUM JKEPEIOM
OKCUJIATUBHOTO CTpeCy B IUCTPO(DIUHMX M'si3aX, OCOOJMBO Mij] YaC MEXaHIYHOI'O CTPECY.
[inoocMOTHYHHMI IOK BUKIMKAB aHOMaJbHY Ta CTiliKy aktuBHicTh Ca®* cnanaxis, axi Oynu
MPUTHIYEH] areHTaMmH, 10 3HWKYITh (popmyBanHss ROS, ta inriditropamu NAD(P)H-
okcupasu. 1li Ca?* curHamu nmpusBOIWIM 1O HAKONUYEHHA MiToxoHzpiamsHoro Ca®' y
BOJIOKHAaX mdX Ta JOAATKOBOIO 30UIBIIEHHS KIITUHHOTO Ta MITOXOH/IP1aJIbHOTO YTBOPEHHS
ROS. OtpumaHni gaHi cBiq4aTh Npo ICHYBaHHS B3a€MO3B'I3KY MK HaIMIPHUM yTBOPEHHSAM
ROS Ta akruBamicro anoManbHux Ca?*-curmamis. Lli gBa mpouecH MOKYTh B3a€MHO
MOCWJIIOBATHU JA1K0 OJIMH OJHOI0, YTBOPIOKOYM 3aMKHEHHMM LIMKJ MaToNOrYHuX noaii. e
MEXaHi3M, WMOBIPHO, BIJIIrpa€ KJIOYOBY pOJb Yy MIJBUIICHIA YYTIHUBOCTI JI0 CTpECy B

TUCTPO(PIYHUX CKEIIETHUX M'sI3aX.
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Abstract Muscular dystrophies are among the most severe
inherited muscle diseases. The genetic defect is a mutation
in the gene for dystrophin, a cytoskeletal protein which
protects muscle cells from mechanical damage. Mechanical
stress, applied as osmotic shock, elicits an abnormal surge
of Ca*" spark-like events in skeletal muscle fibers from
dystrophin deficient (mdx) mice. Previous studies suggested
a link between changes in the intracellular redox environ-
ment and appearance of Ca®" sparks in normal mammalian
skeletal muscle. Here, we tested whether the exaggerated
Ca®" responses in mdx fibers are related to oxidative stress.
Localized intracellular and mitochondrial Ca?" transients,
as well as ROS production, were assessed with confocal
microscopy. The rate of basal cellular but not mitochondrial
ROS generation was significantly higher in mdx cells. This
difference was abolished by pre-incubation of mdx fibers
with an inhibitor of NAD(P)H oxidase. In addition,
immunoblotting showed a significantly stronger expression
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of NAD(P)H oxidase in mdx muscle, suggesting a major
contribution of this enzyme to oxidative stress in mdx
fibers. Osmotic shock produced an abnormal and persistent
Ca®" spark activity, which was suppressed by ROS-
reducing agents and by inhibitors of NAD(P)H oxidase.
These Ca”" signals resulted in mitochondrial Ca®" accumu-
lation in mdx fibers and an additional boost in cellular and
mitochondrial ROS production. Taken together, our results
indicate that the excessive ROS production and the
simultaneous activation of abnormal Ca”" signals amplify
each other, finally culminating in a vicious cycle of
damaging events, which may contribute to the abnormal
stress sensitivity in dystrophic skeletal muscle.

Keywords Ca”" sparks - Skeletal muscle - mdx mice -
ROS - Confocal microscopy

Introduction

Dystrophinopathies are a category of muscle diseases that
result from mutations of the dystrophin gene. This gene is
located on chromosome Xp21 and encodes the protein
dystrophin, which links the cytoskeleton with the extracel-
lular matrix. The lack of dystrophin is thought to make the
sarcolemma of skeletal muscle fibers and cardiac myocytes
more fragile and more vulnerable to mechanical stress
during contraction or eccentric stretch [19, 23]. Duchenne
Muscular Dystrophy (DMD) is the most common muscular
dystrophy. It is characterized by progressive muscle
weakness, deterioration of skeletal and cardiac muscle
function, and premature death. mdx mice completely lack
dystrophin and recapitulate several of the pathophysiological
features of DMD. Skeletal muscle from mdx mice shows
signs of extensive muscle degeneration at the age of
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4-12 weeks. The skeletal muscle performance is later
improved, at least to some extent, in older animals,
presumably because of the upregulation and redistribution
of utrophin, another cytoskeletal protein which can partly
substitute for dystrophin [13]. The cardiac manifestations of
the disease, however, become progressively more severe
with age, finally resulting in dilated cardiac hypertrophy in
~10-12 month old animals [37]. mdx mice are widely used
to elucidate the cellular mechanisms underlying the devel-
opment of skeletal and cardiac muscle dysfunction in DMD
and also to test possible therapeutic approaches to treat the
disease [9, 32, 51, 52].

Several studies on muscle fibers from mdx mice
indicated a disproportionate stretch-induced Ca®" influx
and abnormal intracellular Ca®" homeostasis. It has been
suggested that the lack of dystrophin results in an
exaggerated fragility of the sarcolemma and in excessive
Ca®" influx via a number of voltage-independent pathways,
such as “leak” channels” [31], stretch-activated channels
(SAC, [53]), store operated channels (SOC, [49]) and
microruptures [52]. However, although stretch-induced
Ca*" influx is greater in mdx cells than in cells from wild-
type mice, it is still relatively small [12, 26]. This modest
Ca®" influx by itself does not appear to be sufficient to
explain the excessive and potentially damaging intracellular
Ca®" signals evoked by mechanical stress, applied as
osmotic shock in both mdx skeletal muscle fibers and in
mdx ventricular cardiac myocytes [26, 49]. Therefore, it is
likely that additional mechanisms are involved in the
generation and further amplification of intracellular Ca®"
signals which ultimately lead to activation of Ca®"
dependent proteases and cell death (reviewed in [2]).

There are indications that oxidative stress (alone or in
combination with mechanical load) can contribute to
dystrophinopathy (reviewed in [46]). In both muscle fibers
from DMD patients and mdx mice, the levels of most
antioxidant enzymes and antioxidants are significantly
elevated [4, 16]. Basal or background generation of reactive
oxygen species (ROS) and reactive nitrogen species (RNS)
seem to be elevated as well [51]. Oxidative stress is already
present in young animals when muscle damage cannot yet
be detected [14], suggesting that oxidative stress precedes
the development of the disease. In addition, in vivo
treatment of mdx mice with antioxidants, such as green
tea extract [9] or N-acetylcysteine [51], improves skeletal
muscle pathology and partially restores muscle force
production.

Ca*" entry via any of the suspected pathways mentioned
above may stimulate production of ROS and RNS by
several cellular mechanisms, including mitochondria [34],
NAD(P)H oxidase [30], nitric oxide syntase (NOS) etc.
Undue ROS production and accumulation may in turn lead
to additional Ca®" influx by increasing sarcolemmal Ca*"

@ Springer

permeability via lipid peroxidation, or by oxidation of
proteins involved in other Ca®" influx pathways, such as
TRP channels (possible constituents of SAC and SOC [2,
21, 48]. ROS/RNS can also promote the release of Ca®"
from the sarcoplasmic reticulum (SR) via Ca®" release
channels (ryanodine receptors, RyRs), which are subject to
oxidative/nitrositive modifications [29, 45]. Ca®" released
from the SR can subsequently further amplify the produc-
tion of ROS thus establishing another intracellular positive
feedback loop for damaging Ca®" and ROS signals.

Our recent studies indicate that ROS contribute to the
development of intracellular Ca*" signals (reminiscent of Ca®"
sparks) induced by osmotic stress in normal mammalian
skeletal muscle [30]. Ca®" sparks are highly localized signals
that are created by the opening and closing of a small group
of RyRs. They are believed to reflect activation of RyRs by
Ca®’, and therefore represent “elementary events” of Ca®'-
induced Ca®" release [35]. Unlike many other muscle types,
mammalian skeletal muscle does not generate spontaneous
Ca" sparks under physiological conditions [42]. The release
of Ca>" from the SR during excitation—contraction coupling
(ECC) appears to be exclusively under the control of the
voltage sensors (a.k.a., dihydropyridine receptors, DHPRs).
Pathophysiological stimuli, however, such as strenuous
exercise or mechanical stretch of the sarcolemma caused by
osmotic shock, uncover spontaneous Ca" signals reminiscent
of Ca®" sparks. Compared to cells from healthy control
animals, this activity seems to be abnormally augmented in
muscle fibers dissected from mdx mice [49]. Here, we
addressed the following questions: (1) is excessive “Ca*"
spark” activity in dystrophic mdx muscle fibers associated
with, and possibly caused by, an enhanced ROS/RNS
production? (2) Can ROS scavengers inhibit stress-induced
“Ca”" sparks™? (3) What are the sources of ROS/RNS in mdx
skeletal muscle fibers?

Preliminary results of these studies have been published
as an abstract [43].

Materials and methods
Fiber preparation

Male mdx (C57BL/10ScSn-mdx) mice at 4-8 weeks of age
were purchased from Jackson Laboratory (Bar Harbor,
Main, USA) or were provided by Drs. M. Riiegg
(Biozentrum, University of Basel, Switzerland) and U.
Riiegg (University of Geneva, Switzerland). Muscle fibers
were enzymatically isolated from flexor digitorium brevis
(FDB) muscle as previously described [30]. Briefly, mice
were killed by cervical dislocation under deep anesthesia
induced by intra-peritoneal injection of sodium pentobarbital
(100 mg kg body weight '). FDB muscle was mechanically
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dissected and incubated in a modified Tyrode solution (in
mM, 145 NaCl, 5 KCl, 1 CaCl,, 10 HEPES, 10 glucose,
pH=7.0) supplemented with 2 mg ml™" collagenase (Type I,
Sigma, St. Louis, MO, USA) at 37°C for 40 min. Single
fibers were obtained by gentle trituration of the digested
muscles. They were plated on laminin-coated coverslips and
studied 2-8 h after isolation. The procedure conforms with
the Guide for the Care and Use of Laboratory Animals
published by the US National Institutes of Health (NIH
Publication No. 85-23, revised 1996).

Solutions

The isotonic external solution contained in mM, 140 NacCl,
5 KCl, 2.5 CaCl,, 1 MgCl,, 10 HEPES, 10 glucose. Its
osmolality was ~300 mosmol kg and pH of 7.0. The
hypotonic solution contained in mM: 70 NaCl, 5 KCI, 2.5
CaCl,, 1 MgCl,, 10 HEPES, 10 glucose, with osmolality of
~170 mosmol kg ', and pH of 7.0. Most chemicals were
obtained from Sigma (St. Louis, MO, USA). MnTBAP and
Mn-cpx3, and NAD(P)H oxidase inhibitor diphenyleneio-
donium (DPI) were from Calbiochem (EMD Chemicals,
Gibbstown, NJ, USA).

Confocal imaging

To monitor microscopic intracellular Ca’" transients, fibers
were loaded with 10 uM fluorescent Ca®" indicator fluo-
4 AM (acetoxymethyl form of fluo-4) for 40 min. To follow
local changes in intracellular and/or mitochondrial ROS/
RNS production, cells were loaded with either 10 uM CM-
H,DCFDA (5-(and-6)-chloromethyl-2',7'-dichlorodihydro-
fluorescein diacetate) or 5 pM MitoSOX red for 30 min.
To examine changes in mitochondrial Ca®" load, fibers
were incubated with 10 puM mag-rhod-2 for 30 min.
Voltage-sensitive indicators JC-1 (2 puM, 60 min) and
TMRE (100 nM, 30 min) were used to monitor mitochondrial
membrane potential. All probes were obtained from Molecular
Probes (Invitrogen, Carlsbad, CA, USA). The fluorescence
images (X-Y scans) were acquired with a laser-scanning
confocal microscope (Radiance 2000; BioRad) connected to
a Zeiss Axiovert 100 inverted microscope equipped with a
63x, 1.2 N.A. water immersion lens (Zeiss Inc., Oberkochen,
Germany). Fluo-4, CM-H,DCFDA and JC-1 were excited
with the 488 nm and MitoSOX with the 514 nm lines of an
Argon laser. Fluorescence emission was collected with 500
LP and 590/70 BP filters for fluo-4 and CM-H,DCFDA,
respectively. The relative contribution of red (aggregated) and
green (monomeric) forms of JC-1 was determined as a ratio
of fluorescence signals detected with 515/30 BP and 570 LP
emission filters. Mag-thod-2 and TMRE were excited with a
HeNe laser at 543 nm. The emitted light was collected above
570 nm. In all experiments, the laser power was minimized

and detection sensitivity was maximized in order to reduce
the laser-light-induced production of ROS. In most experi-
ments, 100 or 150 images (102.8 um by 102.8 pum) were
collected from the same spatial locus within a fiber at 0.1 Hz.
Even though X-Y imaging does not provide sufficient
information about the temporal properties of discrete events
of Ca®" release, we referred to them as Ca®" sparks.

Sample preparation and Western blotting

Protein expression studies were conducted on explanted
striated muscles from control and mdx mice as described
previously [17]. Samples were snap-frozen in liquid
nitrogen. After mechanical homogenization, tissue samples
were lysed in SB20 (0.1 M Tris—HCI, pH 6.8, 20% SDS,
10 mM EDTA) and sonicated. Protein content was assayed
using the Micro BCA protein assay kit (Pierce Biotechnology,
Rockford, IL, USA). All samples were stored at —20°C. For
immunoblotting, 20 ug of total protein were loaded per lane.
Samples were run on 10% SDS-polyacrylamide gels
and electrophoretically transferred to PVDF membranes
(0.45 uM, Immobilon-P, Millipore, Bedford, MA, USA).
Membranes were blocked in 5% non-fat dry milk in Tris-
buffered saline-Tween 20, and then incubated with primary
antibody against human NAD(P)H oxidase (rabbit anti-
human gp91-phox, 1:200, Millipore, Bedford, MA, USA).
Horseradish peroxidase (HRP) conjugated goat anti-rabbit
IgG (1:1,000, Millipore, Bedford, MA, USA) was used as
secondary antibody. Immunoreactivity of blots was detected
using enhanced chemiluminescence (BioRad, Hercules, CA,
USA). Immunoreaction against actin (goat polyclonal IgG,
sc-1615, 1:2000, and HRP-conjugated donkey anti-goat IgG,
sc-2020, 1:2000, Santa Cruz Biotechnology, CA, USA)
served as internal control for protein expression levels.
Quantification of Western blots was done by densitometric
analysis of the membranes. Data are expressed as the mean
signal ratio of NAD(P)H oxidase and actin in control and mdx
tissue.

Statistical analysis

Data analysis is presented as mean+SEM. Statistical
significance was determined by using Student’s ¢ test. In
the figures * indicates p<0.05, ** indicates p<0.01. n and
N indicate number of cells and animals studied in each
group of experiments.

Results
Dystrophic skeletal muscle exhibits more pronounced
intracellular Ca®" signals in response to osmotic shock than

muscle from control animals. Our previous results had
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suggested a close link between the intracellular level of
ROS and the development of Ca®>’ sparks in both
permeabilized and intact skeletal muscle fibers isolated
from normal animals [24, 25, 30]. Here, we tested the
hypothesis that sustained and/or transient oxidative stress in
mdx muscle fibers underlies their more prominent intracel-
lular Ca®" responses triggered by mechanical challenges
involving osmotic shocks. We also determined possible
sources responsible for the increased generation of ROS,
and possibly RNS, in mdx muscle fibers.

Stress-induced sparks often propagate inside the mdx
muscle fibers

Wang et al. [49] recently reported that both hypo- and
hyper-osmotic shock produced a long-lasting surge of Ca*"
sparks in skeletal muscle fibers from mdx mice. In contrast

Fig. 1 Cytosolic Ca®" signals
elicited by hyposmotic shock in
mdx and normal (WT) muscle
fibers. Selected images of fluo-4
fluorescence in mdx (a) and WT
(c) fiber before (images at 1.1
and 0.2 min, respectively)
during (images at 2.6 and

2.3 min) and after osmotic shock
was applied. Boxes indicate the
regions where the average
fluorescence was determined.

b, d Averaged sub-sarcolemmal
(black circles) and cytosolic
(white circles) Ca** responses
of 34 mdx and nine WT cells

to osmotic shock

to the general responses observed in normal (a.k.a., wild
type, WT) cells, where Ca®" sparks were mostly restricted
to a narrow space ~10 um beneath the sarcolemma,
response in mdx fibers propagated gradually throughout
the entire cytosol. Figure 1a illustrates images from an mdx
fiber before (image at 1.1 min), during (image at 2.6 min)
and after (images at 4.0, 4.7, 6.3, and 21.3 min) a hypo-
osmotic shock was applied. In 97% of mdx fibers (33 out of
34 fibers from N=11 animals) studied in this group, the
osmotic shock triggered Ca®" sparks. In nine cells (or in
38% of the responding cells), Ca”>" sparks rapidly propa-
gated inside the fiber, reaching the center on average within
34.448.5 s (as seen on panel a). This is significantly
different from the responses obtained in wild-type cells,
where Ca®" sparks were mostly localized to the sub-
sarcolemmal region ([30] and Fig. Ic). It should be
mentioned, that the pattern of intracellular Ca** responses

a Fluo-4 images, mdx b
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to stress (propagation or no propagation) varied in mdx
fibers isolated from the same animal, probably because
fibers are heterogeneously affected by the disease. To
quantify and compare data obtained in different cells, we
determined the spatial average fluorescence within 10 pm
under the sarcolemma (yellow dashed box in panel a) or
inside the fiber (white box) for each image in a series (F(?)).
Then we normalized these signals to the average signal
recorded before the osmotic shock was applied (F(t)/Fy).
The corresponding F(t)/F, function represents the time
dependence of changes in fluorescence in the selected
region of interest. Figure 1b and d illustrate the averaged
Ca*" responses in the sub-sarcolemmal region (black
circles) and in the center (white circles) of 34 mdx and
nine WT muscle fibers studied in this series.

ROS/RNS generation is greater in mdx cells
In the literature, there are several reports of sustained

oxidative stress in mdx skeletal muscle [16, 46, 51]. In
addition, our previous data suggest that osmotic shock

Fig. 2 Basal and stress-induced
generation of ROS/RNS in

increases ROS production in wild-type cells [30]. Here, we
tested (1) whether the “basal” production of ROS/RNS is
elevated in dystrophic muscle fibers in mdx, compared with
wild-type cells, and (2) whether an osmotic shock further
increased ROS/RNS generation.

Fibers were loaded with CM-H,DCFDA and imaged
while being subjected to an osmotic shock. Inside the cell,
CM-H,DCFDA is hydrolysed to DCFH, which is oxidized
by hydrogen peroxide or peroxynitrite to form the highly
fluorescent compound DCF. Therefore, changes (i.e.,
increases) in DCF fluorescence are directly related to
elevations in ROS/RNS concentration within a cell.
Figure 2a shows images of DCF fluorescence in an mdx
muscle fiber before (image at 1 min), during (image at
6 min) and after a hypo-osmotic (images at 8, 9, 10 and
12 min) shock was applied. Please note that the increase in
fluorescence was initially mostly visible in the sub-
sarcolemmal regions (images at 8 and 9 min) but later
became more pronounced inside the fiber. Figure 2b
represents averaged normalized changes in DCF signals in
seven mdx fibers (N=3) subjected to osmotic shock (gray

CDF images, mdx

skeletal muscle. a Selected

images of DCF fluorescence in

mdx fiber before (image at

1 min), during (image at 6 min)

and after (images at 8, 9, 10, and

12 min) osmotic shock was

applied. b Averaged DCF

fluorescence from seven mdx 1 min

cells (gray circles) and eight
fibers from WT mice (black
circles). ¢ Averaged slopes of
DCEF signals before and after
osmotic shock in mdx (gray
bars) and WT cells (black bars).
Steeper slopes indicate larger
production of ROS/RNS in mdx
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circles). Black circles represent changes in DCF fluores-
cence in eight cells from normal mice (N=4) studied in
parallel with the same experimental protocol and confocal
microscope settings. During these experiments, the DCF
signal increased in both types of cells. The slope of the
DCF fluorescence before the shock was applied reflects the
rate of basal or endogenous generation of free radicals that
lead to the oxidation of the indicator. The slope was
significantly steeper after the shock suggesting an additional
increase in ROS/RNS production. For each cell, the DCF
recordings were fitted with linear functions before and after
the osmotic shock was applied. The results are summarized
in Fig. 2c. On average, the steepness before the shock was
significantly (P<0.01) larger in mdx (gray bars) compared
with WT (black bars) cells (0.06£0.01 and 0.02+0.003,
respectively). The steepness significantly increased fol-
lowing the shock (0.13+0.02 and 0.04+0.01 in mdx and
WT cells, respectively). The change of slope was some-
what more pronounced in mdx fibers (the slope ratios
after/before were 2.16+0.01 and 2.00+0.01 in mdx and
control cells, respectively). Because the slope of the DCF
signal reflects the rate of generation of ROS/RNS, these
results suggest (1) increased basal generation of free
radicals and (2) greater increase in ROS/RNS production
caused by osmotic challenge in mdx fibers compared with
normal cells.

ROS/RNS scavengers inhibit intracellular Ca*" responses
to osmotic shock

As already mentioned, our previous studies suggested a link
between ROS and the development of Ca*" sparks in both
permeabilized and intact mammalian muscle fibers [24, 25,
30]. The findings described above indicate a higher level of
background and inducible ROS/RNS generation in mdx
skeletal muscle fibers. Since ROS/RNS can make the RyRs
more Ca®' sensitive, they may be responsible for the
excessive intracellular Ca>* responses in mdx fibers. Here, we
tested whether pre-incubation of mdx fibers with exogenous
ROS/RNS scavengers or SOD mimetics suppresses Ca>"
sparks induced by osmotic shock in mdx muscle.

Changes in sub-sarcolemmal fluo-4 fluorescence were
monitored in a control group of mdx fibers (no scavengers
added), in fibers following 30 and 60 min incubation with
MnTBAP (50 uM), Mn-cpx 3 (4 uM) and TIRON (10 mM)
and in cells 30 min after wash out of drugs. Previously [30],
we showed that incubation of fibers from normal mice with
MnTBAP significantly reduced the basal ROS/RNS levels
and decreased ROS/RNS production following osmotic
stress. Here, we used three different compounds with
distinct chemical structures and scavenging profiles to
ensure that the results obtained are not associated with
possible non-specific actions of these scavengers.
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Figure 3a illustrates averaged changes in fluorescence in
mdx fibers studied in control (n=6, N=3), after 30 (n=7,
N=3) and 60 (n=5, N=3) min of incubation with 50 uM
MnTBAP, and 30 min after washout of the scavenger (n=6,
N=3). The mean fluorescence signal was determined during
the first 6 min after returning to the isotonic solution in
each group of fibers. As shown in Fig. 3b, the abnormal
Ca®" activity was significantly (P<0.01) suppressed by the
drug (from F/F, of 1.47+0.06 to 1.28+0.03 after 30 min
pre-incubation and further to 1.02+0.005 after 60 min of
pre-incubation), and was partially restored after washout of
MnTBAP (to 1.21+0.04), confirming reversibility of the
inhibition.

Qualitatively similar results were also obtained with the
two other scavengers. Figure 3¢ and d show that both Mn-
cpx3 and TIRON effectively and reversibly inhibited
cytosolic Ca®" responses to osmotic shock in mdx muscle.

Contribution of NAD(P)H oxidase to elevated ROS/RNS
level and excessive intracellular Ca*>" responses to osmotic
shock in mdx muscle

There are several intracellular sources producing ROS/RNS
in skeletal muscle. Mitochondria, NAD(P)H oxidase
(NOX), xanthine oxidase (XO), and nitric oxide synthase
(NOS) are among them (reviewed in [40]). Our previous
studies suggested a pivotal role of NAD(P)H oxidase in the
increased ROS production after osmotic shock in WT
mammalian skeletal muscle fibers. They also suggested a
rather limited role of mitochondria, NOS and XO [30].

The larger ROS production in mdx cells seen in Fig. 2 can
be explained (1) by an increased activity and/or expression
of NAD(P)H oxidase, or (2) by the recruitment of additional
sources of ROS, which are of limited importance in wild-
type fibers. Our results support both possibilities.

First, we examined whether NAD(P)H oxidase expres-
sion is higher in mdx skeletal muscle. Western blotting was
performed on lysates of control and mdx skeletal muscle. At
equal protein loading, immunoreactivity of a protein with
an apparent molecular mass of 75 kDa corresponding to a
transmembrane subunit of the NAD(P)H oxidase (gp91P",
or NOX2 in the most recent terminology) showed a
dramatic increase in expression levels and reached near
maximal reactivity in mdx compared with control samples.
To ascertain whether the increase in immunoreactivity of
this band of 75 kDa corresponded indeed to an increase in
the actual expression levels of the protein, we performed
simultaneous immunoprecipitation studies using anti-actin
antibody on the same protein lysates. Assuming that the
expression of actin, which precipitates at ~42 kDa, is
unchanged in mdx when compared with control tissue, this
test served as an internal control for quantification of the
NAD(P)H oxidase signal responses. Signal ratios of
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Fig. 3 ROS/RNS scavengers
inhibit cytosolic Ca>* responses
to osmotic shock. a Average
changes in normalized fluo-4
fluorescence in mdx fibers
studied under control condition
(no drugs added, black circles),
30 (white circles) and 60 min
(white diamonds) after incuba-
tion with 50 uM MnTBAP, and
after washout (black diamonds).
b The mean fluorescence deter-
mined during the first 6 min
after returning to the isotonic
solution in each group of the 1
experiments. ¢, d Summary of

similar experiments but with

F/Fo, fluo-4
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background-subtracted band intensities for gp91P"** (at
~75 kDa) and actin (at ~42 kDa) in each lane were used
for analysis. As shown in Fig. 4a, the expression of
gp91PM°* is increased more than three fold in mdx skeletal
muscle (N=7) when compared with control (N=3, P<0.01).

In skeletal muscle NAD(P)H oxidase is localized to the
sarcolemma and T-tubular membrane and can be activated
in a Ca®"-dependent and Ca*'-independent manner [22,
30]. Thus, NAD(P)H oxidase may be exposed to a
microdomain of high [Ca®"], which is established under
the cell membrane by abnormal Ca®" influx during regular
mechanical activity of dystrophic muscle as well as during
eccentric stretch. Therefore, ROS production by this enzyme
can contribute to both the elevated basal level of ROS and
the enhanced generation of free radicals following more
severe mechanical challenges such as osmotic shock. Using
CM-H,DCFDA, we examined the rate of basal and stress-
induced ROS generation in mdx cells pre-incubated for
30 min with 0.5 mM apocynin, an inhibitor of NAD(P)H
oxidase. Apocynin significantly (P<0.05) reduced the basal

Mn-cpx3

20

o
w
=)
=2}
=}
o =

29 *k TIRON

**

level of ROS production (slopes of DCF curves before the
shock were 0.03+0.005, n=10, N=4, in control, and 0.01+
0.002, n=7, N=3, in apocynin, data not shown). The drug
also nearly eliminated the increase in ROS generation by
osmotic shock (slopes of DCF curves were 0.01+0.002 and
0.014+0.001, before and after the shock, respectively, data
not shown). The variability in the baseline values of ROS/
RNS levels in different groups of experiments is likely to
be due to heterogeneity in the disease phenotype.

In the next group of experiments, fibers were loaded with
the fluorescent Ca”" indicator fluo-4 and incubated for
30 min with two different NAD(P)H oxidase inhibitors:
apocynin (0.5 mM) and DPI (10 uM). As seen in Fig. 4b
and ¢, both drugs significantly diminished cytosolic Ca®"
responses to osmotic shock. The mean fluorescence after
returning to the isotonic solution was reduced from 1.8+0.04
in the control (n=8, N=6) to 1.25+0.06 (n=4, N=3) and
1.07+0.06 (n=5, N=3) in DPI and apocynin, respectively.

In Martins et al. [30], we suggested that activation of
NOS and XO are not likely to account for stress-induced
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Fig. 4 NOX is a major contrib-
utor to the increased ROS pro-
duction in mdx skeletal muscle.
a Expression of NOX and actin
in mdx and WT mice. Top panel,
Western blots demonstrating
protein levels of NOX and actin
in two types of muscles. Bottom
level, signal ratios of band
intensities for gp91P"** and actin
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b

in mdx (gray bar) and wild-type
(black bar) muscles (n=3
animals for wild type, seven for
mdx). b Average cytosolic
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the first 6 min after returning to
the isotonic solution in each
group of the experiments illus-
trated in b. d The mean
fluorescence after osmotic shock
in control group fibers (black
bars) and in cells pre-incubated
with allopurinol (100 pM) and
L-NAME (1 mM)
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ROS production and cytosolic Ca®" signals in normal muscle
cells. Here, we also assessed the role of these sources in mdx
muscle fibers. Figure 4d shows that the XO inhibitor
allopurinol (100 uM) did not significantly change intracellular
Ca®" transients elicited by osmotic stress. The non-specific
NOS inhibitor L-NAME (1 mM) somewhat reduced cytosolic
Ca”" responses but the reduction was not highly significant.
The mean fluorescence was 1.52+£0.08 (n=5, N=3) in
control, 1.50+£0.07 (n=8, N=5) after 30 min of incubation
in XO inhibitor allopurinol and 1.38+0.06 (n=10, N=4) after
30 min exposure of fibers to NOS inhibitor L-NAME.
Overall, these data indicate that most likely NOX is the
major contributor to the increase in ROS/RNS and augmented
Ca®" responses to osmotic shock in mdx skeletal muscle fibers.

Osmotic stress increases mitochondrial Ca®" loading
Mitochondria are another potential source of ROS in

skeletal muscle. It is known that muscle cells continuously
generate ROS, as a byproduct of the respiratory chain, and
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that enhanced mitochondrial Ca®" uptake stimulates further
mitochondrial ATP and ROS production (reviewed in [8]).
It is possible that stress-generated cytosolic Ca*’ is
sequestered by mitochondria. In turn, this would stimulate
mitochondrial ROS production, increase leakage of ROS to
the cytosol and thus further amplify cytosolic Ca*" signals.
Here, we tested (1) whether and to what extent osmotic
shock increases the mitochondrial Ca** load, and (2)
whether the increase is different in mdx and wild-type
muscle fibers.

Dystrophic mdx and normal muscle fibers were loaded
with the low affinity Ca®" indicator mag-rhod-2 in its AM
ester form. Mag-rhod-2 is a charged molecule that
preferentially partitions into the mitochondria. The dye
has been demonstrated to be useful in studies of mitochon-
drial Ca®" uptake in skeletal muscle, where the resting
mitochondrial Ca** load seems to be quite high [44].
Figure 5a shows the mitochondrial mag-rhod-2 distribution
and the fluorescence signal in an mdx cell before (image at
1 min), during (image at 4 min) and after the shock (images
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Fig. 5 Excessive cytosolic Ca**
is taken up by mitochondria.

a Top panels represent selected
images of mag-rhod-2 fluores-
cence in an mdx cell before
(image at 1 min), during (image
at 4 min), and after (images at 6
and 10 min) osmotic shock was
applied. Bottom panels show
binary masks of mitochondria
identified on corresponding
mag-rhod-2 images. b Histo-
gram of averaged fluorescence
in the identified organelles
before (gray bars) and 6 min
after (red bars) osmotic shock
was applied. ¢ Average increase
in mitochondrial Ca®" related
fluorescence after osmotic shock
in mdx (gray bars) and wild-
type (black bars) fibers
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at 6 and 10 min). Mitochondria were identified in each
image (as seen on binary masks at the bottom of panel a)
and their average fluorescence was determined. Figure 5b
shows the histogram of averaged fluorescence in the
organelles before and 6 min after the osmotic shock was
applied. In this particular fiber, the averaged mag-rhod-2
fluorescence (in a.u.) increased significantly (P<0.01) from
64.5+0.9 at resting conditions to 80.7+1.5 and 94.2+1.2 two
and six min after the stress, respectively. Overall, in seven out
of ten mdx fibers (N=5) osmotic shock produced a gradual
and significant increase in mag-rhod-2 fluorescence (1.33+
0.06 in units of F/Fy) at the end of the experiments (Fig. 5c).
In contrast, in cells from normal mice, a significant increase
in mitochondrial mag-rhod-2 signal was observed much less
frequently (two out of 12 cells, N=4). It was substantially
smaller than in mdx cells and preferentially detected in sub-
sarcolemmal regions. The averaged mag-rhod-2 fluorescence
increased from 69.2+1.6 at the beginning to 73.6+2.1 (in a.u.)
at the end of experiments (P<0.05).

after

The larger mitochondrial Ca®" accumulation in dystrophic
fibers can be a direct consequence of enhanced cytosolic
Ca*" signals in these cells (as seen in Fig. 1), but also due to
more sensitive mitochondrial Ca*" uptake mechanism(s).
Using mitochondrial and SR-targeted luminescent aequorins,
Robert et al. [41] showed augmented mitochondrial Ca*
signals resulting from similar cytosolic Ca®" transients in
mdx developing myotubes compared to WT, suggesting
enhanced uptake in the mdx cells. As described below, our
experiments support this possibility. Mag-rhod-2 is not a
ratiometric fluorescent Ca®' indicator. Therefore, direct
quantitative comparison of the effectiveness of mitochondrial
Ca*" uptake is not feasible under our experimental con-
ditions. Instead, we measured mitochondrial potential with
the voltage-sensitive probe JC-1. JC-1 is an indicator that
exhibits potential-dependent accumulation in mitochondria
accompanied by a fluorescence emission shift from green to
red. Muscle fibers were isolated from mdx and WT mice on
the same day, loaded with 2 uM JC-1 for 60 min to
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Fig. 6 Mitochondrial ROS pro-
duction. a Selected images of
MitoSOX fluorescence in an
mdx cell before (image at

1 min), during (image at 6 min),
and after (images at 8, 11, 13,
and 15 min) osmotic shock was
applied. b Averaged MitoSOX
fluorescence from eight mdx
cells (gray circles) and nine
fibers from normal mice (black
circles). ¢ Averaged slopes of
MitoSOX signals before and
after osmotic shock in mdx
(gray bars) and wild-type cells
(black bars)

N
g

F/Fy , MitoSOX

MitoSOX images, mdxt

[ ]
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equilibrate dye distribution within the cell and studied in
parallel. The red to green fluorescent ratio was significantly
larger in mdx fibers (0.8+£0.07, n=19, N=7 and 0.6+0.06,
n=23, N=7 in mdx and WT cells, respectively), indicating
that mitochondria in dystrophic fibers are hyperpolarized
compared with those in WT. A larger potential gradient
across the mitochondrial membrane could lead to stimulation
of the electrogenic mitochondrial Ca*" uniporter resulting in
augmented mitochondrial Ca>* accumulation in mdx skeletal
muscle of this age group.

Osmotic stress increases mitochondrial ROS production

One of the consequences of moderate mitochondrial Ca*"
sequestration can be an enhancement of mitochondrial
metabolism, as the activity of several enzymes of the
TCA cycle depends on Ca®". Here, we directly measured
mitochondrial ROS production in mdx and wild-type cells
under identical experimental conditions. Fibers were loaded
with the mitochondrial superoxide fluorescent probe MitoSOX
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red and imaged while subjected to hypo-osmotic shock.
Because targeting of MitoSOX (and therefore the fluorescence
signal intensity) is driven by the mitochondrial membrane
potential, we also tested whether osmotic shocks can change
this potential. As JC-1 is not very reliable for dynamic
measurements, we used TMRE at a concentration of
100 nM, which we previously found to result in a non-
quenching behavior in both skeletal muscle fibers and in
cardiac myocytes [24, 26]. No significant changes of the
TMRE fluorescence were elicited by osmotic shocks, neither
in WT (n=5, N=3) nor in mdx (n=7, N=3) fibers, suggesting
that the mitochondrial membrane potential did not change
noticeably and that the MitoSOX signals reliably reflect
mitochondrial ROS production. Figure 6a represents images
of MitoSOX fluorescence in an mdx fiber before (image at
1 min) during (image at 6 min) and after (images at 8, 11, 13,
and 15 min) a shock was applied. Averaged normalized
MitoSOX fluorescence from eight mdx (N=06) fibers is shown
on panel b (gray circles). As in the experiments with CM-
H,DCFDA, the MitoSOX curve was fitted with a linear
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function before and after the shock was applied. As expected
based on the results with mitochondrial Ca** measurements,
there was a significant increase (P<0.05) in the slope of the
curve (from 0.04+0.01 to 0.08+0.02). The increase clearly
indicates an enhanced mitochondrial ROS generation result-
ing from the osmotic shock. Consistent with limited
mitochondrial Ca®" accumulation, no significant change in
slope of the MitoSOX signal was detected in wild-type cells
(black circles and bars, n=9, N=4). The slope only slightly
changed from 0.033+0.008 to 0.035+0.006. Interestingly, the
initial slope, which reflects the basal production of ROS by
mitochondria, was slightly (but not significantly) larger in
mdx cells. This suggests that, in contrast to NOX, mitochon-
dria are likely to be minor contributor to basal oxidative stress
in dystrophic skeletal muscle. However, they contribute to
the increased ROS production in response to mechanical
stress.

Discussion

Mechanical stress applied as an osmotic shock triggers a
surge of Ca®" spark-like events in intact skeletal muscle
fibers. These events are not observed in intact mammalian
muscle cells at rest or during physiological ECC. The
extent of stress-induced intracellular Ca®" activity is much
greater in muscle fibers from mdx mice, but the reason for
this difference is still elusive. Our previous studies on
normal mammalian muscle strongly suggested a close link
between overproduction of ROS/RNS and appearance of
sparks in both permeabilized and intact fiber preparations.
Here, we tested whether the exaggerated Ca®" responses to
osmotic challenges in dystrophic muscle are associated with
(and presumably caused by) oxidative/nitrosative stress.
The present study revealed an elevated basal level of
ROS in skeletal muscle fibers isolated from mdx mice,
which is presumably mostly due to an enhanced ROS
production by NOX. Our findings also revealed further
consequences of this phenomenon. Challenging mdx fibers
with mechanical stress, applied as osmotic shock, initiates
several positive feedback loops. The mechanical challenge
initially increases ROS production by NOX even further and
triggers extensive intracellular Ca®" transients. Subsequently,
these large cytosolic Ca®" responses lead to mitochondrial
Ca*" accumulation in mdyx fibers and an additional boost in
both NOX and mitochondrial ROS production which finally
can again amplify cytosolic Ca>* signals. Overall, our results
suggest an important role for an abnormal production of
ROS by NOX and mitochondria and consequent impaired
Ca*" homeostasis in pathological responses of dystrophic
skeletal muscle to mechanical stress. Taken together, the
present study shows that the near-simultaneous activation of
several mutually synergistic feedback loops can culminate in

a vicious cycle that may have damaging consequences for
the affected muscle cells.

Oxidative/nitrosative stress and muscular dystrophy

In normally functioning healthy skeletal muscle, the basal
production of ROS/RNS is balanced by various scavenging
molecules and enzymes. Overproduction of free radicals and/
or reduced ability of cellular defense mechanisms to neutralize
them can eventually lead to sustained oxidative/nitrosative
stress. Oxidative/nitrosative stress is involved in the patho-
genesis of many skeletal muscle disorders and chronic
diseases, such as muscle atrophy, fatigue, aging, diabetes,
central core disease, malignant hyperthermia, etc. [18, 33].
Our present data show an increased basal level of ROS/
RNS production in mdx muscle fibers (Fig. 2). We suggest
that this is in large part due to the enhanced ROS generation
by NAD(P)H oxidase. There are also some reports in the
literature supporting the possibility that oxidative stress
contributes to the pathology of muscular dystrophy. In
particular, it has been reported that in dystrophic skeletal
muscle (1) the levels of several antioxidant defense
components such as catalase, glutathione peroxidase and
superoxide dismutase are elevated; (2) the ROS concentration
is increased [51]; and (3) levels of products of lipid
peroxidation are higher (reviewed in [46]). In addition,
although the expression of nNOS and, consequently, the
production of NO have been found to be reduced in
dystrophy [11, 50], the expression of iNOS has been recently
shown to be increased [7]. Moreover, in vivo treatment of
mdx mice with antioxidants can improve muscle function [9,
51]. Nevertheless, it is not yet clear to what extent oxidative/
nitrosative stress determines the pathology of muscular
dystrophy and what molecular pathways are involved. On
one hand, levels of antioxidant enzymes are elevated in
dystrophic muscle prior to the onset of muscle degeneration,
suggesting that oxidative stress precedes the development of
the disease [14]. On the other hand, these levels are also
higher in extraocular skeletal muscle, which is spared from
mdx pathology, and in dystrophic muscle already undergoing
active regeneration [38, 39]. It is possible that oxidative/
nitrosative stress itself does not drive muscle degeneration in
dystrophy but rather acts synergistically with other factors,
such as elevated resting Ca®" concentrations, abnormal Ca®"
influx during repetitive muscle contraction and mechanical
stress, to drive the pathological responses (e.g., [15]).

NOX as one of the major sources of oxidative stress
in muscular dystrophy

A misbalance between the production of ROS/RNS and

their elimination by various cellular scavenging systems
may contribute to oxidative stress in dystrophy. Although
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the levels of major antioxidants are higher in dystrophic
muscle, they seem to be insufficient to prevent extensive
ROS production by ROS-producing sources.

Our data suggest that NAD(P)H oxidase is likely to be one
of the major sources of ROS behind the oxidative stress in
dystrophy. NAD(P)H oxidase is a multimolecular complex
containing two major transmembrane subunits (NOX and
p22P"°%) and several cytosolic regulatory subunits (p47°"°%,
p40P™* p67P% and the small G proteins Racl or Rac2),
which have to be translocated to the membrane to activate
the oxidase. Skeletal muscle mostly expresses two isoforms
of NOX, NOX2, and NOX4 [6, 10, 20]. Our results revealed
that (1) expression of NOX2 (a.k.a. gp91°™) is more than
threefold higher in dystrophic skeletal muscle compared to
normal mice and (2) incubation of dystrophic fibers with
NOX inhibitors brings basal ROS production down close to
the levels found in normal animals (Fig. 4). It seems that
NOX, but not XO and NOS, is a primary source of ROS in
response to the osmotic shock in muscle, as incubation of
fibers with NOX inhibitors nearly eliminated the increase in
ROS and cytosolic Ca®" responses caused by the shock.

In Martins et al. [30] we had shown that activation of
NOX following the mechanical challenge is partly gov-
erned by Ca*". Both NOX2 and NOX4 isoforms do not
have an EF-hand like Ca** binding domains and therefore
are unlikely to be directly activated by the increase in
cytosolic [Ca®"]. However, it has been suggested that Ca®"
can affect the activity of the NOX2 isoform indirectly via
several pathways which are not mutually exclusive,
involving Ca*'-sensitive PKC isoforms, Ca®'-dependent
phospholipase A, association with S100 proteins, etc. (e.g.,
[1, 6, 10]). The activity of the NOX4 isoform does not seem
to be regulated by Ca®" [5], however more studies are
needed to substantiate this conclusion.

Our experiments also revealed that in dystrophic cells,
mitochondria are an important source of ROS generated
subsequent to stress, in contrast to the situation in wild-type
muscle. This is probably due to more severe cytosolic Ca**
responses to osmotic shock in mdx fibers. Larger Ca®" influx
during mechanical stretch, increased resting [Ca®]. and/or
increased sensitivity of RyR1 to be activated by Ca*" as a
result of oxidative/nitrosative stress (see below) can be
responsible for this difference. Our results show that in mdx
cells Ca®" is eventually taken up by mitochondria (Fig. 5),
stimulating ROS production by the organelles (Fig. 6).

Oxidative stress, Ca®" influx, and intracellular Ca*"
homeostasis in muscular dystrophy

ROS/RNS have multiple targets in the sarcolemma and also
inside the muscle cells. An increased level of free radicals
can promote abnormal influx of Ca*" into the muscle cells
during muscle contraction or eccentric stretch by facilitating
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several possible Ca®" influx pathways. Increased production
of ROS may cause lipid peroxidation [14], and consequently
may lead to additional Ca®" influx via sarcolemmal
membrane microruptures. Recently, some TRP channels
have been shown to be sensitive to the cytosolic redox
potential [21, 36]. As TRP channels are potential molecular
components of SAC and SOC [2, 48], the oxidation of the
cytosol may stimulate additional Ca®" influx into the stressed
cells via these channels as well.

ROS/RNS can also stimulate the release of Ca®" from
the SR via RyR1, as this molecule is a well-known target of
oxidative/nitrosative modifications [45]. Increased levels of
ROS/RNS may “hypersensitize” RyR1 making it more
susceptible for activation by agonists, such as Ca®". In
addition, S-nitrosylation and/or S-glutathionylation of RyR1
are likely to reduce binding of calstabinl and calmodulin to
RyR1, thereby relieving the inhibitory feedback on RyR1
exerted by these proteins [3, 7].

Taken together, production of ROS/RNS can intensify
several mechanisms which deliver Ca** to the cytosolic
space, both from the SR and from the extracellular space.
This cytosolic Ca*" load may, in turn, lead to additional
production of ROS, thereby creating cross-talk to another
positive feedback loop. For example, NOX can be further
activated by Ca®" [6, 10]. In addition, we found that
mitochondria take up some of the extra Ca®" load, which
subsequently leads to an elevated generation of ROS by the
mitochondria themselves.

Ca*" overload and ROS production may have downstream
consequences ranging far beyond the initial signaling events.
For example, they may activate Ca>'-dependent proteases,
such as calpain, resulting in proteolysis of cellular constitu-
ents. In addition, they may lead to opening of the mitochon-
drial transition pore, allowing the efflux of proapoptotic
mediators into the cytosol. Apoptotic and/or necrotic cell
death may be one of the mechanisms leading to muscle
wasting and fibrosis in patients with muscle dystrophy [47].
Sustained Ca>" overload can eventually lead to the impaired
mitochondrial oxidative phosphorylation reported in older
mdx mice and DMD patients [27]. In addition, ROS can
directly affect the contractile properties of muscle cells [28],
also decreasing the force production in dystrophy.

In summary, one of the key findings of our study is that the
near-simultaneous activation of two signaling systems triggers
early events which synergistically contribute to the excessive
stress sensitivity of dystrophic muscle. Based on this observa-
tion, one could consider the possibility to concurrently target
both pathways, the Ca®" signaling and the ROS generation,
with pharmacological or other therapeutic approaches.
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2.5 Kagasbuiii-inaykoBana  aktuBanis RyRs Ta  BuBUIbHeHHs Ca*>™ 3

CAPKOIVIASMATUYIHOI'0 PETURYJIYMY V CKEJICTHUX M'si3ax

CHIHAIOM JJ1sl CKOPOUYEHHS M'S31B € pi3Ke 361IbIIEHHS IUTO301bHOI KoHneHTpanii Ca**, mo
BUMAara€ KOOPJMHOBAHOTO BIIKPUTTS PIaHOAMHOBI PEUEHNTOPH Y CAPKOIIaA3MAaTUUHOMY
perukynymi. Brecok Ca’*-immykoBanoro subinbHeHHs Ca’' y imimiamiro CKeJIeTHOro
M'SI30BOI0  CKOPOYEHHSI 3alMIIAEThCS MpeaMeToM aucKyciid. Kanbmiii  iHgyKoBaHe
BUBUIBHEHHS KaJbLll0 Ma€ OyTH 3A1MCHEHO TIIbKHM 3aBIASKH KalbIlilo, 0€3 OJHOYACHO
3aiy4yeHHs 1HuX npouecis (Endo, 2009).

s 3’acyBanHs mexanizmy 3anydeHHss CICR npu akrtuBamii RyRs kanbiiem y
CKEJIETHMX M’si3ax ccaBIiB Ta am$iOiii MM BHUKOPHUCTOBYBaIM JABOGOTOHHE
¢orosuBinenenns Ca?* 3 mitpomubensopypany NDBF-EGTA 114 OTpUMaHHS IITYYHOTO
JoKaji30BaHoro minsumieHHs konuentpanii [Ca®"] (SLICs). Take 36inbmenns [Ca*] moxe
OyTH 3reHEepOBaHMM O€3MOCepeHbO 3a MeEKaMH MepMealili30BaHOl  IJIa3MaTUYHO1
memOpanu. SLICs 103BOIMIN IIBUAKO Ta 3BOPOTHO 30imbmmTH muTo3016HKH [Ca?t] no 8
MKM, 110 piBHIB, MOAI0HUX A0 THX, 110 JOCATAIOTHCS 11 Yac (p131070T19HOT aKTUBHOCTI.

Ha puc. 2.10A 300paxeno SLICs y nBoBumipHoMy pexumi x-y. SLICs Oymno
OTPUMAHO IUJISXOM ONPOMIHEHHS po3uuHy, sAkuid MictuB 3 MM NDBF-EGTA, 3rigHo
nociimxenaio (Momotake et al., 2006). NDBF-EGTA mae aBi ki1r090B1 0COOJIMBOCTI: BiH
Mae HU3bKY aiHHicTE 10 Mg?!, mo no3Bonse He3ane)kHO MOAU(IKYBATH KOHIEHTPALIIO
Mg?*, a TakoX BiI3HAYAETHCHA MiJBHMINEHOK ABOPOTOHHOK a(iHHICTIO, 3aBAAKM SAKil
MOKIIBE 3BUILHEHHS BEIHUKOI KinmbkocTi Ca®" mpy piBHAX OIPOMIHEHHS, SKi € O€3IEeYHIMH
muist kimituH. 300paxenHs ¢ayopecueniii Fluo-4FF 6ynu orpumani 3a qonomororo LSM 5
LIVE 3 yactototo 3.47 mc Ha 300paxeHHs. Ha pucyHKy nmoka3zaHo KOXHUN APYTUN Kaap A0
41-ro B cepii 3 200 kazapis. Cnanax st poToakTUBAIlli BiTOYBCS MPUOIU3HO 3a 2 MC 0
TPEThOro mpeacranieHoro kaapy. Ha puc. 2.10B Bigo6pasxkeno 3nauenns [Ca?*] y nenrtpi

SLICs nst KOKHOTO KaJipy.
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Pucynok 2.10. Ckesnernuii m'si3 mumi B Hopmi He 31aTHi 10 CICR. (A) ®parmentu F(X,y,t) Tpan3ieHTa,
3reHepoBaHOro 3a paxyHok SLICs, OTpUMaHOr0 TOUYKOBUM ONpOMiHEHHsAM TpuBaiicTio 0.1 Mc y kparii
BHYTPIIIHBOKJIITUHHOTO po3uuHy, 1m0 MictuTh 3 MM NDBF-EGTA, i3 BUMipioBaHUM BMIiCTOM BLJILHOTO
[Ca%*] = 0.374 MkM. 306paxenns SLICs Gys10 OTpEMaHO y ABOBUMIPHOMY IIPOCTOPI, 3 4acTOTOIO 3.47 MC
Ha kazap i 0.44 mxm Ha mikcens. HaBeneHo koxHi nBa 3 nepmux 42 xazapiB 3 100-kaapoBoi cepii. Yac
¢ikcarii KO)KHOT0 KaIpy BKa3zaHO MPHOIM3HO B MiJTiceKyHAax. [U-cnanax 3acToCOBaHO 3a 2 MC 10 TPETHOTO
IpoJEMOHCTpoBaHoro Kaapy. Jis monitopunry Ca?" BukopucroByBamu 100 MkM Fluo-4FF. (B)
KoHueHTpariss BUIBHOTO Kanblilo, MoOyaoBaHa A 300pakeHb 3 YacTUHH A, Ta ycepenHeHa B
nenrpanbaux 25 mikcensx SLICs. (C) 3o6paxenns [Ca’'] (X,y,t) mepmeabinizoBaHOro BOJIOKHA MHUIII,
30aJIaHCOBAHOIr0 PO34YMHOM, 0 Mictuth 3 MM NDBF-EGTA i 0.3 MxM BinsHoro [Ca®'], y Biamosias Ha
SLICs na BincTani 3 MKM Bij kiaiTuHu. Ha nepmomy kazipi 300pakeHo NOJI0KEHHS KIIITUHU, KOHTYPHU SIKO1
MO3HAYEHO OUI0I0 JIiHI€I0 Ha JIBOX BEpXHIX 300pakeHHsAX. IIpeacraBieHo onHe 300paskeHHs 3 KOXKHHUX
'St KaapiB 3 cepii, oTpuManoi 3 inrepsanoM 9 mc. (D) IMotik Ca®*, po3paxoBanuii Ha OCHOBI BiIIIOBIAHUX
kaapiB [Ca?"] (x,y,t) 3 yactunu C. 3BepHiTH yBary Ha MOBHY BiACYTHiCTh BuBiIbHeHHs Ca’' Bcepenuni
KIIITHHU.

SLICs Tako> 3acTOCOBYBalld JI0 OKpeMHX ckejaeTHuUXx BojiokoH FDB, ski Oynu
(epMeHTaTUBHO nucouiioBaHl 3 Mulii. KiiTuHu nepMeadiai30ByBaiy Ta OanaHCyBalid 3a

JIOTIOMOTOI0 BHYTPILIHBOTO CEpPeOBUIIA. Penpe3eHTaTUBHUI €KCIIEPUMEHT HaBEACHO Ha
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puc. 2.10C. Ha nepuioMy kazpi 300paxeHo KIITUHY K F(X,y); KOHTYp KIIITHHU BUIJICHUN
Ha iHmux ¢peiimax. Sk Buano, SLICs He iHiniroBanu BuBiasHeHHS Ca2* B KIiTHHAX MMILI.
Amgani3z notoky (muB. puc. 2.10D) cBig4uTh Npo NOBHY BifCYTHICTh BuBimbHEHHS Ca? B 1ux
KJIITHHAX. ¥ MOBHU €KCIIEPUMEHTY, MPU SIKUX HE CIIOCTEPIrayiocs KOAHOT peaKilii, BKIoUaiu
KOHIIEHTpAITli Mg2+ B11 0.045 mo 3 MM, BUIEHOTO [Ca2+] B mokoi B11 0.05 1o 2 MkM, a Takok
Benukl koHueHtpamii "kedmxy" (a6o NDBF-EGTA, a6o DM-nitrophen). 11 "keiimxki"
dotonizyBanu y ¢dopmi misM abo cmipalied mpu BUCOKIM 1HTEHCHBHOCTI JIa3€pHOTO
BUIIPOMIHIOBAHHS, 1 Liel Ipoliec MoBTOproBascs 10 10 pasis, mocsraroun pisnis Ca?t 10 8
MKM y TO4I[i KOHTAaKTy 3 KINTUHOI0. EKCIIEpMMEHTH 3a BUCOKOTrO muTo30ibHOro [Ca’']
npoBoAwIKCs 3 MeToro cTuMyJitoBaHHS CICR muisixom 3011bIIEHHS BUTBHOTO Ta 3arajlbHOTO
naBanTaxeHHs Ca?* y CP, mpoTe pe3ysIbTaTH 3HAYHO HE Bipi3HAIUCS.

Kananu RyR1 aktuByrotscs ionamu Ca?* 3 murosonsnoro 6oky (mus. ornsn (Fill and
Copello, 2002)). Taka BIacTUBICTh XapakTepHa Jisl BCix 130opm. Bimomo, 1110 4y TIUBICTh
1o aktuBaiii Ca?" Utk BUpakeHa y B cyOOauHUII MOPIBHSAHO 3 o cyOoaunuieo RyRs
[Murayama, 2001 #132] 1 y RyR3 nopiBusaao 3 RyR1 [Murayama, 2004 #133]. Oanak
3aJIMIIAETHCSA HECIIOAIBAHUM a0COIIOTHA HE3MATHICTh KIITHH MUII BIAMOBIAATH 1n situ Ha
nami Ca®*-ctumynu. Jlilicuo, BuBinpHeHHs Ca’" He crocTepiranocs, HaBiThH KOJNU PiBEHb
TPUTEPHUX IMITYJIbCIB OyB y 20 pa3iB BUILKUM, HIXK TOM, 110 HEOOXIAHUHN I BUKIUKAHHS
BiIOBi/l B M'A30BUX KJIITHMHAX %a0u (1uB. HUxkue). | ne npu xonuenTpanisax [Mg?'], mo e
HIDKYMMH 32 HalHMKY1 olliHeH1 3HaueHHs Kp 1HriditopHoi ainsHku kanany (Copello et al.,
2002, Laver et al., 1997).

B HactynHoMmy ekcmepuMeHTi nociikyBanachk 3aaTHicTh 10 CICR, 3a paxyHok
xananis RyR1 npu neBHux Hedi31010TiYHMX yMOBaX — HM3bKHHA BMicT [Mg?"] (nume 0.045
MM). 115 ymoBa Oyna nepeBipeHa y 33 ekcriepuMeHTax Ha 8 KIIITUHAX, [IPHU SIKUX TPUTEPHUN
[Ca**] mocsras 3.2 MkM, mpoTe He NPU3BOAUB IO OYIKyBaHOI peakuii. Mu Takox
BukopuctoByBanu SLICs nais KIITUH MHINI Y MPUCYTHOCTI PEUOBHH, BIAOMHUX CBOEIO
3IaTHICTIO CTUMYJIFOBATH aKTUBHICTh KaHAJIB. 30KpeMa, MU BUKOPUCTOBYBaJIU KOGEiH 1 4-
CMC (Westerblad et al., 1998) — ximiuH1 areHTH, sIKi CIPUSIOTH BIAKPUTTIO KaHAMTIB, 1,

npuHaiiMHI y Bumagky koQeiHy, miIBHIIYIOTH 4yTIUBICTh KaHaniB 1o Ca®". 3a3zHaueni
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PEYOBMHU BBOAWIM B KOHLEHTPAISX, SIKI CAMOCTIHHO HE MPU3BOJUIN O BUBUIBHEHHS

Ca**. Konuenrpauiro [Mg*'] Tpumanu Ha pisui 0.3 a6o 0.5 MM.

A

[Ca?*], uM Flux, mM/s

0 0.45 0.90 135 1.8 0 3 6 9 12

Pucynok 2.11. Ca?*-ceHcuGinizyoui pe4oBHHH NiACHIIOITHL PO3NOBCIOKEHHS! BHBIJILHEHHS
: ' : 2+ s

KAJIbLiI0 y CKeJIeTHUX M'si30BHX BoJiokHax mumi. (A) [Ca®'] (x,y,t) 3 mepmeabili3oBaHOTO BOJIOKHA

FDB, sike Oyno BpiBHOBa)keHO BHYTpilIHIM po3unHoM i3 0.4 MM 4-CMC ta 1.8 MM xodeiny (0.08 MmxM

BinbHoOro Ca?" ta 0.5 MM BinsHOro Mg?"). B sikocti ctumyity BukoprcToByBaBcsi Makpo SLICs Benukoi

aMILUTITYI Ta TPUBAJIOCTI, 3reHepOBaHUH 330BHI KiIiTUHH. Makpo SLICs BUKJIHMKAB MOMIKUPEHY BiANOBIIb

y Bosiokni. (B) ITorik Ca** (x,y), orpumanuii i3 306paxens [Ca?'] B wactuni A. Ilepudepiiina xBuis

BUBUIbHEHHS cTa€ BimayTHOIO Ha 400-500 Mc (BKa3aHO CTPLIKOIO).

VY kiituHax, ki nepeOyBanu y po3uuHi 13 1 MM kodeiny ta 0.1 MM 4-CMC, ani
3oBHIIIHI SLICs, aHi 3acTocoBaH1 6€3M0CepeIHbO Y MEXKax KIITHH, HE BUKJIMKAIN PEaKIIii.
Mu peectpyBanu Bianosiai Ha SLICs, konu kodein ta 4-CMC Oynu npucyTHI OAHOYACHO
y koHueHtpauisx 1.8 MM Tta 0.4 MM BianosigHo. [Ipuxknan HaBeneHo Ha puc. 2.11, ne
nepudepiitHa XBWJIS YTBOpIOBAJIach Ta MollMproBaiacs 0e3 3aTyxaHHs. XBWJsA

dhopMyBanacs MOBIIBLHO 13 TPUBAIOKO (Ha3010 3pOCTAaHHS, KA PO3MOYMHATIACS JIUIIE ITICA
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toro, sik Makpo SLICs icayBaB 6:1m3bk0 500 Mc (ToOuka cTapTy Ta NpuOJIU3HUN Yac MOKa3aHi
cTpuikamu Ha naHensx A ta B). Cepenne 3HaueHHS! TOTOKY KaJlblIil0, IKUH BUBLIBHIOETHCS
3 CP B M’s3ax ccaBIliB NpH BUKOPUCTAHHI CEHCHOUII3YIOUUX PEYOBUH PIaHOJUHOBHX
peuenrtopiB ckiananu 15.1£1.2 mM/c, 3 cepenHbOIO MIBUAKICTIO MOIIUPEHHS XBUJII
46.6%7.7 mxMm/c (13 xniTuH). BUCHOBOK 3 IIUX EKCLIEPUMEHTIB MOJISATAE B TOMY, 1110 CKEJIETHI
M'si3u M MOXKYTh JieMoHcTpyBatu CICR, ane ne MoxiauBo jauiie 3a (papmMakoIoriyHoi

CTUMYJISILIT BIAKPUTTSI KaHAJIB, TOOTO M03a (Pi310J0TTYHUMHU YMOBAMH.

A B

cell

[Ca+], M

0 1.5 30 45 6

Pucynok 2.12. Po3noainena BinnoBiaps Ha SLICs y m'a30Biii kiaiTuHi xadu. (A) 300pakeHHS 3MiHY
Ca’" y ckenetHoMy M’si3i kabu. Ilepmuii Kaap AeMOHCTpPYE (DIIyOpECLEHI0 B PEXUMI MOKOK Ta
MOJIOKEHHS KIITHHU. 3 6-T0 KaJpy, MexXi KIITHHHA TO3HaYeHO 0171010 JiHie0. Micie [Y-BunpomiHioBaHHS,
o Oyno 3actocoBaHo aisi ctBoperHst SLICs, Big3HaueHo cnanaxom (Tig 9ac oTpuMaHHS 6-r0 Kampy). 3
16-ro kanmpy, BiI3HAYEHOTO CTPUIKOIO, BCEPEIMHI KIITHHM MOKHA criocTepiraté peakiuito. IloyarkoBa
xoHuenTpais [Ca?"], Bu3sHaueHa sk 3Ha4eHHs, 3a(iKCOBaHEe OE3MOCEPENHBO 32 MEKAMHU KITITHHHU Ha KaJIpi,
ne Oyina 3adikcoBaHa mepiia KITHHHA BiAMOBiAb, Oyna npubiusno 0.7 MKM (nuB. 2-Ty CTpUIKY HOpsiA 3
BiOBIHUM 3HAYEHHSAM Ha KONbopoBid mkami). (B) ITorik Ca®** (x,y,t), BUBEIEHUH 3 MOCIiZOBHOCTI
[Ca?*](x,y,t), mpeacTaBnenoi B yacTuHi A. ITOTiK BUBiILHEHHS MIPEACTABIISLE COOOK PagiaabHy XBHIIIO, IO
BUXOJMTBH BiJl MOYATKOBOI TOUKH. 3BEPHITH YBary Ha aHi30TPOIIII0 XBHJII IIOTOKY: BOHA Ma€ BUIIUH ITiK, ajie
BY3bKUI MIPOCTOPOBUI MPOQiJIb Ta TPOXU MEHINY IIBUIKICTH MOMIMPEHHS Ha "ekBaTopi" (TOpU30HTAIBHO

Ha PUCYHKY).

Hacrynne mocnimxenns SLICs sik cTuMyiB, MpOBEIEHE HA CKEJIETHUX M'S30BUX

KIITHHAX »kabu, mpenacraBieHo Ha puc. 2.12. Ilicns mepmeabimizaiii mia3MaTUYHOI
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MeMOpaHHM 3a JIONOMOIOK0 CAaIlOHIHY, KJIITHHU OyJu BpIBHOBa)KE€H1 po3unHOM 3 NDBF-
EGTA ta Fluo-4 FF. V ckenetHux m's3ax >xabm SLICs BUKIMKaIM peakilii, Mo majiu
xapaxrepuctuku CICR. ITopir [Ca?*] ans inimianii Biznosigi susinsaenns Ca’' 3 CP npu
B1IKpUTTI RyRs kanamiB 6yB npubauzHo 0.5 MKM. OCKUIbKH 1€ 3HAYE€HHS 3HAYHO MEHIIIE
KOHIIEHTpAIli{, 10 CIIOCTEPIraloThCsl MOOAM3Yy KaHATIB IiJl Yac 3BUYAHOI aKTUBHOCTI, 11€
cBimuuTh Ha KOpucTh ydacTi CICR y ¢izionoriuHomy perynitoBaHHI CKOpOYEHHS M'SI31B
am}i6iii. Ananiz nortokis (puc. 2.12B) BusaBMB nocTiline BuBinmbHeHHS Ca®’ y KiiTHH.
BuBinbHEHHS MOTOKIB KajbIlil0 MaJio Pi3HI MIBHAKOCTI, Big 9 mo 55 mM/c (cepenne
3HaueHHs 22.7+1.6), Ta Biapi3Hsuiocs MBHUAKICTIO mommpeHHs Big 30 mo 300 mxwm/c
(cepenne 3naueHHs 98.9+10.2) y 16 BuBuenux kiiTuHax. Peakuis wimituaun Ha CICR
3a3BUYail MOYMHANIACs 3 MOYaTKOBOTO MIJIBUIIICHHS aMIUTITY 1M, 10CsTala MKy 1 3ajluiianacs
CTAOUIBPHOIO TiJ Yac NOIIMPEHHS XBWII MO KIITHHI J0 MOMEHTY BHUXOJY 3a MEXi
300paKeHHS.

V M'szax xabu 306impmenns Ca’" Bukiukano axtuBamito RyRs, i3 BHBiIbHEHHS
nanoro iony 3 CP, sxi mamu xapakrtepuctuku CICR. Iopir [Ca*'] B mux ximiTuHax amis
3anycky RyRs onocepeakoBaHoro BUBUIBHEHHS, IO PO3MOBCIOIX)KYBAJIACh BOBXK KIIITUHH,
ctaHoBUB 0.5 MKM. OCKIIbKY 1Sl BEIMYMHA HA0araTo HUXK4Ya 3a KOHIICHTpaIlli, sIKki MOKHa
criocTepiraTd Oi1s KaHajiB MiJ] 4yaCc HOPMaJbHOI AKTUBHOCTI, PE3yJbTaT MIATBEPIXKYE
yuacTth CICR y (}izionoriuHomMmy KOHTPOJIi CKOPOUECHHS B M'si3ax aM(iOiid.

HaBnaku, ckeneTHi M'A30BI BOJOKHA MMINI HE pearyBajiud Ha 301IbLICHHS
KOHIIEHTpAIlli KaJIbI[iI0 aXx 10 8 MKM, SIKIIIO TpenaparT, 110 BiIKpuBaoTh RyRs kananu, ne
OyJii PUCYTHI y 3HAYHUX KOHLEHTPALISAX, M0 CynepeyuTh (i310JI0rYHOMY 3aTyUYCHHIO
CICR y nportieci 30y PKEHHSA-CKOPOUYCHHS Y CKEJIETHUX M sI3aX CCaBIIB. Y M's3aX MMIII
XBWJISI KaJIBIIi10, IO MOIIUPIOETHCS, Majia 3HAYHO MEHIITUI TTOTIK BUBIILHEHHS KaJIbIIIIO, 1110
pa3oM 13 BHIIMM [OpPOroM axkTtuBamli kKaHamB RyRs 00ymoBitoe BIJACYTHICTh
PO3IOBCIOJIKEHHS BIAMOBIIL, SIKIIIO BIICYTHI MPENapaTy Mo MOJEruyoTh BIIKpUTTSA RyRs.

CkeneTHi M'sI3U TOPOCIIMX CCaBIIB MalOTh NepeBaxkHo 130¢opmy RyR1. Ane m's3u
XKabu eKCIPECyIoTh Mailxke OJHAKOBY KUIBKICTh JBOX 1300opM RyRS, siki Ha3uBarOThCS 0.
ta B-RyR (Murayama and Ogawa, 1992, Olivares et al., 1991). RyR1 y cBoiii nepBuHHii

CTPYKTypi € ToMoreHHii mo cyGoamuumi o RyR Ta omocepenxoBye BupinbHeHHs Ca’’,
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CIIpUYMHEHE JIMIIIE Jenosipu3alieto — naryukom Hanpyru (Ottini et al., 1996). Binomo, 1o
4y TIUBICTh 10 akTHBanii Ca* 6inbIn Bupaxkena y  cy60IMHULI TOPIBHAHO 3 Cy0OIMHULIECIO
o RyRs (Murayama and Ogawa, 1992), To0t1o 3 -RyR onocepenkoBye kanbIiiii-iHTyKOBaHE
BuBinbHeHHs Ca’’ y CKENETHUX M'A3aX HE CCABIIiB.

3a CTPYKTYpHUMU O3HAKaMH JOPOCHI M'S31 HE CCaBliB MalOTh TOAATKOBY 130opMy
RyR, B (auBuck ormsaa (Sutko and Airey, 1996)), saxa € romMoJsioriyHOO 10 "MO3KOBOi"
130popmu 3, RyR3 ccagliiB 1 3aitmae napadyHkiionanbHy nosuilito Ha noBepxHi CP (Felder
and Franzini-Armstrong, 2002), 1110 3HaX0AUTHCS 1032 MEKaMu npsamoro kouTpoao DHPR.
3 (yHKIIOHANBHUX MIpKyBaHb OylO IOKa3aHo, mo BuBinbHeHHs Ca’* y M'a3ax ka0
ckamacTbes 3 cnanaxis Cat, Tomi sk eexT BiACYTHIH y CCaBIiB, SKIIO TiITBKH BOHH HE
excrpecyroTh ek3oreHHuil RyR3 (Pouvreau et al., 2007). Ha wiit ocHOBI NpuUIlyCKaioTh, 1110
BuBiTbHeHHsT Ca”t y M's3ax ka0 mae cnenudiunuit CICR-koMIIOHEHT, onocepeaKoBaHU
RyR B, sixuit 31e6inb1ioro mae popmy cnanaxy (Stern et al., 1997, Shirokova and Rios,
1997), ane ueit MexaHi3M BIJICYTHIH y JOPOCTUX M'si3aX MUII 1 ITypiB. BaxinBo 3ayBaxuTu,
1o 130¢opma RyR B € romorennoro 10 RyR3, siki po3noBCIo/i>KeH1 y HEPBOBUX KJIITUHAX
(Ottini et al., 1996, Oyamada et al., 1994). [HmuMu cioBaMu, plaHOJUHOBI PELENITOPU

HEPBOBUX KJIITUH MalOTh MOXJIUBICTh akTUBYBaTucs 3a paxyHok CICR.
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Synthetic localized calcium transients directly probe
signalling mechanisms in skeletal muscle

Lourdes Figueroa', Vyacheslav M. Shkryl!, Jingsong Zhou', Carlo Manno!, Atsuya Momotake?,
Gustavo Brum?, Lothar A. Blatter!, Graham C. R. Ellis-Davies* and Eduardo Rios!

!Section of Cellular Signaling, Department of Molecular Biophysics and Physiology, Rush University, 1750 W. Harrison St, Chicago, IL 60612, USA
2Tsukuba University, Ibaraki, Japan

’Department of Biophysics, School of Medicine, Universidad de la Repiblica, Montevideo, Uruguay

*Department of Neuroscience, Mount Sinai School of Medicine, New York, NY 10029-6574, USA

Key points

e The signal for skeletal muscle contraction is a rapid increase in cytosolic Ca’* concentration,
which requires the coordinated opening of ryanodine receptor (RyR) channels in the
sarcoplasmic reticulum.

e Channel opening is controlled by voltage-sensing dihydropyridine receptors (DHPRs) of
plasma membrane and T tubules. Whether or not their signal is amplified by Ca?*-induced
Ca’* release (CICR) is controversial.

e We used two-photon lysis of an advanced Ca*" cage to produce local Ca®* concentration
transients that were large, fast, reproducible and quantifiable, while monitoring the cellular
response with a dual confocal laser scanner.

e Single frog muscle cells in physiological solutions responded to transients greater than 0.28 um
with propagated CICR waves.

e Mouse cells did not respond to stimuli up to 8 uM, unless channel opening drugs were present.

e We conclude that CICR contributes to physiological Ca** release in frog but not mouse muscle.

e Mice and presumably other mammals do have a capability for CICR that is normally inhibited.
It could be manifested under special circumstances, including diseases.

Abstract The contribution of Ca*"-induced Ca** release (CICR) to trigger muscle contraction
is controversial. It was studied on isolated muscle fibres using synthetic localized increases
in Ca’>" concentration, SLICs, generated by two-photon photorelease from nitrodibenzofuran
(NDBF)-EGTA just outside the permeabilized plasma membrane. SLICs provided a way to
increase cytosolic [Ca®*] rapidly and reversibly, up to 8 uM, levels similar to those reached
during physiological activity. They improve over previous paradigms in rate of rise, locality and
reproducibility. Use of NDBF-EGTA allowed for the separate modification of resting [Ca**],
trigger [Ca’"] and resting [Mg”"]. In frog muscle, SLICs elicited propagated responses that had
the characteristics of CICR. The threshold [Ca?*] for triggering a response was 0.5 uM or less. As
this value is much lower than concentrations prevailing near channels during normal activity, the
result supports participation of CICR in the physiological control of contraction in amphibian
muscle. As SLICs were applied outside cells, the primary stimulus was Ca®>", rather than the
radiation or subproducts of photorelease. Therefore the responses qualify as ‘classic’ CICR. By
contrast, mouse muscle fibres did not respond unless channel-opening drugs were present at
substantial concentrations, an observation contrary to the physiological involvement of CICR
in mammalian excitation—contraction coupling. In mouse muscle, the propagating wave had a
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substantially lower release flux, which together with a much higher threshold justified the absence
of response when drugs were not present. The differences in flux and threshold may be ascribed
to the absence of ryanodine receptor 3 (RyR3) isoforms in adult mammalian muscle.

(Received 6 December 2011; accepted after revision 1 February 2012; first published online 6 February 2012)
Corresponding author E. Rios: Section of Cellular Signaling, Department of Molecular Biophysics and Physio-
logy, Rush University School of Medicine, 1750 W. Harrison St, Suite 1279]S, Chicago, IL 60612, USA.

Email: erios@rush.edu

Abbreviations CICR, Ca’"-induced Ca’" release; DICR, depolarization-induced Ca?* release; DHPR, dihydropyridine
receptor; EC, excitation—contraction; FDB, flexor digitorum brevis; NDBF, nitrodibenzofuran; 2P, two-photon;
RyR, ryanodine receptor; SERCA, sarcoplasmic reticulum Ca®"-ATPase; SLIC, synthetic localized increase in Ca’"
concentration; SR, sarcoplasmic reticulum; T tubules, transverse tubules.

Introduction

In both cardiac and skeletal muscle, contraction is
mediated by a transient increase in cytosolic calcium
ion concentration, [Ca®*]., which requires the release
of a large amount of calcium from the sarcoplasmic
reticulum (SR). In fast skeletal muscles fluxes of as much as
300 mmol 17! of myoplasmic water per second have been
measured (Pape et al. 1993; Baylor & Hollingworth, 2003).

Such high flux levels are reached by near-simultaneous
opening of ryanodine receptor (RyR) channels clustered in
T tubule-SR junctions. The high synchronicity is insured
first by the fast propagation down T tubules of membrane
depolarization, which is translated by dihydropyridine
receptors (DHPRs; Fosset et al. 1983) into signals that
cause RyR channels to open. In cardiac cells, DHPRs
open to allow entry of a small amount of trigger Ca**,
which inside the cells causes Ca** release channels to
open and amplify the signal (reviewed by Bers, 2002). The
phenomenon, named Ca?*-induced Ca** release or CICR,
was first described in skeletal muscle 41 years ago (Ford
& Podolsky, 1970; Endo et al. 1970). This historical fact
is surprising because in skeletal muscle DHPRs (Rios &
Brum, 1987; Tanabe et al. 1987) pass the opening signal to
RyRs by mechanical transmission (Schneider & Chandler,
1973; Nakai et al. 1996) in a process that does not require
Ca®* as a messenger (Armstrong et al. 1972).

DHPRs, however, are not in mechanical contact with
every release channel. To constitute a functional unit
(called the couplon; Stern et al. 1997), they align with RyR1
in a strict 1:2 stoichiometry, appearing to come in contact
with alternate channels in a checkered array (Block et al.
1988). On this basis, it was proposed that RyRs not directly
overlapping with DHPRs could be activated by Ca**" (Rios
& Pizarro, 1988). A role of CICR in Ca* release was later
supported by work on cut fibres of the frog under voltage
clamp (Jacquemond et al. 1991) and skinned fibres of a
crustacean (Launikonis & Stephenson, 2000).

The view that CICR contributes to physiological Ca**
release in skeletal muscle, however, remains controversial.
As authoritatively formulated by Endo (2009), two
main observations argue against it: one is that pre-

sumably physiological Ca’* fluxes measured in intact or
voltage-clamped cells (reviewed in Royer et al. 2008) are
enormously greater than the maximum rates of CICR
measured in skinned fibres and SR fractions (Murayama
et al. 2000). The other is that to qualify as CICR, Ca*"
release must be induced by Ca*" alone, without the
simultaneous action of other processes. Thus, for example,
Ca?t sparks, which in cardiac muscle are considered a
paradigm of CICR (Cheng et al. 1993), in skeletal muscle
may not be a clean manifestation of CICR because they
are initiated by the DHPR voltage sensor and can also be
cut short by repolarization (Lacampagne et al. 2000).

An intermediate possibility has been frequently
considered, that CICR contributes to activation, but
only in non-mammalian species. On structural grounds,
non-mammalian adult muscle has an additional isoform
of RyR, B (reviewed by Sutko & Airey, 1996), which is
homologous to the ‘brain’ isoform 3, RyR3, of mammals
and occupies a parajunctional position on the SR surface
(Felder & Franzini-Armstrong, 2002), beyond the reach of
direct control by DHPR. On functional grounds it has been
shown that the Ca?* release of frog muscle is composed
of Ca?* sparks, while that of mammals is not, unless they
express exogenous RyR3 (Pouvreau et al. 2007). On this
basis it is proposed that Ca®* release in frog muscle has
a specific CICR component mediated by RyR g, which
largely takes the form of sparks (Shirokova & Rios, 1997;
Stern ef al. 1997) and is absent in adult wild-type muscle
of mice and rats.

However, two sets of observations cast some doubt on
a species-specific operation of CICR. Initial comparisons
showed that the time course of release flux (under voltage
clamp depolarization or in trains of action potentials),
which is characterized by an early peak followed by a
lower slowly varying level, had a proportionally much
greater peak component in the frog (Shirokova et al.
1996). The excess peak and its peculiar voltage dependence
were attributed to the CICR portion of the activity.
However, later measurements demonstrated large early
peaks in mouse muscle as well (e.g. Ursu et al. 2005).
Additionally, there is evidence, both from experiments
on bilayer-reconstituted channels (Tripathy & Meissner
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1996 — but see Liu et al. 2010) and frog cells (Fénelon
& Pape, 2002) that channels experience activation and
prolongation of openings by their own permeating Ca**.
Such autoregulatory CICR cannot be disproved by classic
tests of CICR (like suppression by a fast acting Ca** buffer)
and therefore these tests do not constitute decisive tools
for comparisons between species.

Two controversial issues are therefore addressed in the
present work: whether or not there is a contribution
by CICR to physiological Ca’* release and whether this
contribution is different in mammals and amphibians.
As first done by Lipp & Niggli (1998) to probe the
response of cardiac myocytes, we test these possibilities
directly, by introducing as stimuli synthetic localized
increases of Ca?", called SLICs for brevity, produced by
2-photon (2P) release of caged Ca*". SLICs are local,
of very rapid onset and termination, of controllable
magnitude, and indefinitely repeatable. Their use as
stimuli offers one way to overcome the first of Endo’s
objections. Indeed, the large discrepancy existing between
depolarization-induced release flux and measured CICR
rates could be evidence not of CICR’s irrelevance but of
inadequacy of the protocols used for its measurement. It is
possible that the ability of SR fractions and skinned fibres
to release Ca?" is comparatively degraded, and it is likely
that the techniques used to synchronize their channels
might not be sufficiently rapid, allowing inactivation
to interfere. By contrast, SLICs can be made to reach
concentrations of several micromolar in less than a milli-
second.

Additionally, SLICs applied as we do here provide a
nearly pure increase in [Ca?*], which does not include
other changes. This satisfies the second requirement of
a test of true CICR. Finally, they can be applied with
identical characteristics to similarly prepared muscle cells
from different species, therefore being ideally suited for
objective comparisons of frogs and mice.

Two technical advances allowed us to improve on
earlier uses of localized photorelease (Lipp & Niggli, 1998;
Lindegger & Niggli, 2005): one is the availability of a
dual scanner, namely, two laser scanners of fluorescence
converging on one microscope and preparation (Noguchi
et al. 2005), whereby Ca?* ions can be photoreleased by
light from one scanner (the ‘actuator’), while the other
is used to image a Ca*™ monitor. This advance allowed
for x—y imaging of the cellular response and for triggers
of extremely brief onset and termination. An additional
novelty is the use of NDBF-EGTA (Momotake et al. 2006),
a Ca’" cage with the dual advantage of an increased 2P
cross-section that enabled efficient local production of
Ca** and a low affinity for Mg**. Mg?*, a major physio-
logical inhibitor of CICR, could therefore be present at
physiological concentrations (Blatter, 1990; Westerblad
& Allen, 1992) and independently varied in the present
studies.

© 2012 The Authors. The Journal of Physiology © 2012 The Physiological Society
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SLICs have time course, flux and spatial features
reminiscent of biological sparks. The aim of their use in
this work, however, is not to test whether actual sparks
would induce a response, but whether Ca’" release can
be triggered by a Ca?" transient similar to that produced
by the primary response (depolarization-induced Ca®*
release, DICR) to depolarization. A simulation of such
transients (in the Appendix) shows that SLICs are
appropriate for this test.

Methods
Ethical approval

All experiments performed in this study were in
compliance with the NIH Guide for the Care and
Use of Laboratory Animals, and were approved by the
Institutional Animal Care and Use Committee (IACUC)
of the Rush University Medical Center.

Preparation of cells

Experiments were performed in segments of fibres from
semitendinosus muscle of Rana pipiens dissected manually
or in fibres separated enzymatically from flexor digitorum
brevis (FDB) of 7- to 12-week-old mice (Mus musculus,
Swiss Webster). In brief, frogs were killed by double pithing
under deep anesthesia, achieved by immersion for 10
min in an aqueous solution of MS-222 (500 mg1~!, pH
7.0-7.5). Frog fibres were dissected in a relaxing solution
(Zhou et al. 2004), fixed to the glass bottom of a 50 ul
Lucite chamber, and moderately stretched to sarcomere
length of 2.5-3.2 um. FDB muscles were enzymatically
digested by 2 mg ml™! collagenase Type I (Sigma-Aldrich
Co., USA) in MEM-alpha medium (Invitrogen, USA),
plus 10% fetal bovine serum (FBS) for 45 min at 37°C.
About 10-20 dissociated single fibres were transferred
with normal Tyrode solution directly to the glass bottom
of the chamber, leaving them sticking to it for at least
10 min before the experiment. On the stage of the micro-
scope, fibres were membrane-permeabilized by 2 min
exposure to 0.004% saponin. After saponization, fibres
were equilibrated in an internal solution containing
a calcium cage, usually NDBF-EGTA and occasionally
DM-nitrophen, and a calcium monitor, Fluo-4 FE. We
used the laser scanning confocal microscope Zeiss LSM
5 DUOQ (Carl Zeiss, Oberkochen, Germany) consisting of
two scanners converging simultaneously in an inverted
microscope (Axio Observer.Z1 SP) equipped with a 40x,
1.2 NA water-immersion objective. The Zeiss LSM 5 DUO
confocal microscope unites the LSM 510 scanner, used to
photorelease calcium by 2P excitation with microsecond
time resolution, with the LSM 5 LIVE scanner, used for
imaging calcium at high speed.
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Solutions

To simplify comparison with earlier work, we used
experimental solutions described by Zhou et al. (2003,
2004). For reasons discussed by Zhou et al. (2003),
largely a beneficial effect on frequency and stability of
sparks in mammalian muscle, internal solutions were
sulfate based. Their composition was (in mMm): K,SO4
75 (frog) or 85 (mouse), NDBF-EGTA 3.0-3.5, Fluo-4 FF
(pentapotassium salt; Invitrogen, Carlsbad, CA, USA) 0.1,
Na,-phosphocreatine 5, Na,ATP 5, glucose 10, Hepes
10 and BTS 0.075 (N-benzyl-p-toluene sulphonamide),
plus dextran 8%. The nominal [Ca’"] and [Mg*'],
which varied in the range 0.05-2 uM and 0.045-3 m,
respectively, were set by addition of chloride salts,
in quantities calculated by the program winmaxc32
version 2.51 (maxchelator.stanford.edu; Bers et al. 2010)
taking into account the relevant ligands and assuming a
temperature of 20°C and an ionic strength calculated from
the final composition of each solution as 0.170 N (frog) or
0.188 N (mouse). All internal solutions were titrated to
pH 7.2 and adjusted with K,SO, to 265 + 5 mosmol kg™
(frog) or 3204 5mosmol kg™ (mouse). Experiments
were performed at room temperature (19-22°C).
Pharmacological conditioning experiments in FDB
fibres were performed in internal solutions containing
well-known activators of RyR activity (reviewed in
Endo, 2009) at concentrations that do not cause
visible Ca’t release: 1 to 2mMm of caffeine, 0.1 to
0.4 mM of 4-CMC (4-chloro-3-methylphenol (also known
as p-chlorocresol)), and 1.5 to 4.5mMm of clofibrate
(2-(p-chlorophenoxy)-methylpropionic acid). In every
case the experiment was followed by application
of the drugs at greater concentrations (20, 4 and
20 m, respectively). This application invariably resulted
in massive release. All drugs were purchased from
Sigma-Aldrich Co. (St Louis, MO, USA).

Photorelease of caged Ca?*

Cells were equilibrated with an internal solution
containing 3-3.5mMm of the cage NDBF-EGTA and a
range of [Ca*"] between 0.05 and 2 uM, or in some
cases a solution with 15 mM of the cage DM-nitrophen
(tetrasodium salt; Calbiochem, La Jolla, CA, USA).
Infrared (IR) light of 720 nm was applied in 2P excitation
mode by a Ti-sapphire femtosecond tunable laser
(MaiTai, Newport Co. Spectra Physics, Irvine, CA, USA)
dispersion-compensated for enhanced 2P efficiency by
a DeepSee attachment (Newport Co. Spectra Physics).
Most SLICs were obtained with spot irradiation of 0.1 ms
duration and variable intensity. Other durations were
possible but were not used here. In some cases we applied
much greater transients, which we will refer to as macro
SLICs. These were generated by a series of 25 spots, applied
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during a 2.5 ms lapse, forming a small scribble or ‘whorl’
of ~3 um in diameter. To increase the magnitude and
duration of macro SLICs the whorl was iterated up to 10
times.

At pH 7.2, the measured Kp for Ca’*™ was 25nM
for NDBF-EGTA and 5nM for DM-nitrophen. Photo-
lysis results in products with a Kp ~ 1 mM at pH?7.5,
an approximately 140,000-fold increase, which is similar
to that of DM-nitrophen (Momotake et al. 2006). At
350 nm the extinction coefficient of NDBF-EGTA is
15,400 M~' cm™!, about 4 times greater than that of
DM-nitrophen, and the measured quantum efficiency
of photolysis is 0.7 (that of DM-nitrophen is 0.18).
These features, and a 2P cross-section measured at
0.6 GM, resulted in a greatly increased efficiency of photo-
release compared with DM-nitrophen (Momotake et al.
2006). This was verified in our scanner by showing
that the amplitude of SLICs induced by similar 2P
flashes was approximately equal for solutions with 3 mm
NDBF-EGTA or 15 mM DM-nitrophen when both cages
were essentially saturated with Ca®>". The diffusion
coefficients, used in calculations of Ca’* flux (see below),
were given values of 1.4 x 107® cm? s™! for NDBF-EGTA
and 1.47 x 10~° cm? s~! for DM-nitrophen, derived from
the value measured for ATP (Kushmerick & Podolsky,
1969) and an inverse relationship with molecular radius,
which was calculated from the molecular weight.

SLICs could be produced with amplitudes and
spatio-temporal parameters variable in a wide range,
which depended on parameters of irradiation, cage and
Ca’" concentration, and the presence of extrinsic buffers.
Two examples of SLICs in aqueous solutions are pre-
sented in Results (Fig. 1). The SLICs in the present study,
elicited by irradiation of 0.1 ms at a single spot, had peak
amplitudes (A F/F,) that varied monotonically with light
intensity, ranging from the detectability limit (~0.05)
to 40. The maximum [Ca®*] calculated at the peak was
15 um (but when applied as stimuli outside cells, the
maximum [Ca®"] at the point of contact with the cell was
8 uM). FWHM at peak amplitude increased slightly with
amplitude; for the SLICs used in the present experiments it
was on average 5.9 um. Narrower SLICs, of FWHM as low
as 3 um, were generated in solutions of lower free [Ca®"].
Macro SLICs were produced in a wide range of parameters,
including peak amplitude up to 50 and FWHM up to
52 pm.

Monitoring of free Ca?*

[Ca’*] was monitored by imaging the fluorescence of
the dye Fluo-4 FE The intermediate affinity of this dye
(Kp =9.7 uM, reported by the supplier) and its high
dynamic range ((Fuax — Fmin)/Fimin = 170, measured in
our setup, makes it suitable for reporting [Ca*"] reached in
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large SLICs and details of the cellular transient at the same
time. Fluo-4 FF was excited at 489 nm and its fluorescence
(F) collected at 530 nm (with 40 nm half-intensity band-
width). Scanning of F was by a high speed Slit’
confocal scanner (LSM 5 LIVE) in either linescan or x—y
mode.

Calculation of [Ca2*] and CaZ* release flux

Cytosolic calcium concentration, [Ca’"]., and the flux
of Ca’" release, a function of space coordinates and
time, were derived from first principles, by solving
the differential diffusion-reaction equations relating
concentrations of Ca** and its ligands B;, which could be
diffusible or (in the case of components inside cells) fixed.
As an approximation, the SR Ca?*-ATPase (SERCA), was
included in this formalism as an additional ligand.
The diffusion—reaction equations are

alC 2+
[ a ] :Dcavz[ca2+] —|—ﬂux
ot
— Z ([Caz+] [Bj]kj,on + [Ca2+ : B] ] kj’Off)
j
(1)
2+ B
8[Ca 8t- ]] — DCaB Vz[ca2+ B]]
+[Ca* 1[B;]kj.on — [Ca”" : Bj ] ko
(2)
o1B;]
ot

= Dp, V*[B;] — [Ca**][B;]kj.on + [Ca’" : B)] kj,o(ff)
3

The laplacian operator V2 of a function C(x,y,z) is

*C  9'C

W—i_azz'

vie &C
C=—+

Here we approximate it by its x and y components.
In Supplemental Fig. S1 we put an upper bound on the
error incurred by this approximation and conclude that it
does not compromise the conclusions reached, which are
qualitative in nature.

There is one equation like eqns (2) and (3) for every
Ca’* ligand present. If the diffusion coefficients for Ca:B;
and B; are equal, then the total concentration of ligand,
[Bj]r, is constant, [B;] = [B;]t — [Ca:B;] and eqn (3) can
be eliminated.
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[Ca*"] (x,p,t) is calculated by solving eqn (2) above for
[Ca*"] when the ligand is the dye:

[Ca®"] =

d[Ca’*: Dye]

5 —Dcapye V[Ca’*: Dye]+[Ca*": Dye] kogt

([Dye;] — [Ca**: Dye]kon (4)

kon was assumed equal to that measured by Shirokova
et al. (1996) for Fluo-3 in frog cells (0.8 x 1078 M~ s7").
kot was set at 776 s7!, by multiplying the value measured
in the same paper, 90 s™!, by the ratio of the Kps of Fluo-4
FF and Fluo-3 (9.7/1.125).

Introducing the basic relationship between fluorescence
and dye saturation

F = Frax [Ca : Dye] + Fiin ([Dye]T - [Ca : Dye]) (5)
a useful expression is derived:
o DcapyeVF + (F — Fuyin) kot

[Ca*] = 2 (6)
(Fmax - F)kon

This is solved numerically by the method of Euler, using
custom routines programmed in the IDL environment
(ITT Visual Information Solutions, Boulder, CO, USA)
and tested with simulations done with the symbolic
and numeric environment Macsyma (Macsyma Ing.,
Arlington, MA, USA). Examples of [Ca®*](x, y) calculated
from fluorescence images start with Fig. 3. Examples of
flux in cellular responses start with Fig. 6.

Supplemental material

Supplemental narrative and Fig. S1 present an estimation
of the error incurred in the calculation of release flux
from series F(x,y,t), which contain no information
regarding fluorescence and [Ca’*] in the z dimension.
Supplemental narrative and Fig. S2 illustrate a propagated
wave with a gradual start, which is extreme for lasting
hundreds of milliseconds. During this time, speed and flux
increased progressively over a greater than 10-fold range
in an approximately proportional manner. Supplemental
narrative 3 provides a list of videos, associated with Figs 2,
3,4,6and 11.

Results

The goal of the present work is to test the ability of skeletal
muscle cells of amphibians and mammals to respond
with Ca®* release to a transient increase in [Ca?*].. The
underlying question is whether Ca?" release channels can
contribute to the functional excitation—contraction (EC)
coupling signal even if they are not directly operated by
a voltage sensor (as seems to be the case for every other
RyR1 in a skeletal muscle couplon; Block et al. 1988).
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Figure 1. Features of synthetic localized increases of Ca?t
(SLICs) monitored in different dimensions

A, line scan image F(x,t) of the SLIC produced by 0.1 ms spot
irradiation in a droplet of internal solution with 15 mm
DM-nitrophen and a measured free [CaZt] of 1.25 um. The increase
in fluorescence had amplitude of 2.6 and FWHM of 6.1 um at the
time of the peak. [Ca®*], calculated by a one-dimensional version of
eqgn (6), peaked at 8.6 um. B, frames F(x,y) of the transient
generated by a similar spot irradiation as in A, of an internal solution
with 3 mm of NDBF-EGTA and a measured free [Ca?t] of 0.374 um.
The SLIC was imaged two-dimensionally, at 3.47 ms per frame and
0.44 pm per pixel. Shown are one of every two of the first 42
frames acquired in a 100 frame series. The time of acquisition of
each frame is indicated approximately in milliseconds. The IR flash
was applied 2 ms before the third frame shown. In the 3rd panel the
amplitude (peak AF/Fg) was 7.85 and the FWHM in the x direction

L. Figueroa and others
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The strategy is to test on cells the effect of a Ca** trans-
ient within the range likely to be reached by the primary
response to depolarization. In a simulation presented in
the Appendix (Fig. A1), it is shown that the channels that
are placed next to open RyRs in a couplon of an SR with a
luminal free [Ca?*] of 0.5 mM are unlikely to face a [Ca*"]
greater than 15 uM. Given the large variance reported in
thelevels of [Ca?* ]sg (Rudolf et al. 2006; Canato et al. 2010;
Jiménez-Moreno ef al. 2010; Ziman et al. 2010; Sztretye
etal. 2011b), the concentration will often be less than half
as much.

SLICs of up to 8 uM were produced with 2P photolysing
irradiation of cells equilibrated with a solution containing
caged Ca*™ and a Ca*™ monitoring dye. Figure 1 illustrates
SLICs produced in solution, with two cages and two forms
of image acquisition. In panel A is a SLIC produced
by irradiation (with IR light delivered by one of the
scanning modules of a dual laser scanner) of an inter-
nal solution with 15 mm DM-nitrophen, and a free [Ca®]
that saturated the cage. While the solution was irradiated,
fluorescence of the low-affinity Ca’* monitor Fluo-4 FF
was being acquired in line-scan mode by the second
scanning module (LSM 5 LIVE) of the dual scanner.
The scanning line exactly intercepted the irradiation
spot, so that the SLIC was recorded in focus. The spot
irradiation lasted 0.1 ms and the scanning frequency
was 5kHz (200 us per line, 0.22 um per pixel). (Unlike
what is implied in the manufacturer’s publications,
the two scanners of the Zeiss Dual Scanner are not
truly mutually independent. Even though the instrument
is capable of higher scanning frequencies, 5kHz, as
demonstrated in the figure, is the highest scanning rate
compatible with a simultaneous irradiation of 0.1 ms.
Attempts at a higher rate resulted in unpredictable
performance.)

Figure 1B illustrates a SLIC imaged in two dimensions
(x—y mode). The SLIC was produced by irradiation of
a solution containing 3 mM of NDBF-EGTA (Momotake
et al. 2006), a cage with two major advantages: a low
affinity for Mg?*, so that the Mg concentration may
be independently changed, and a substantially greater
2P cross-section, so that large quantities of Ca?* can be
released with levels of irradiation that cells can tolerate
well. The images are of fluorescence of Fluo-4 FFE, acquired
by the LSM 5 LIVE at 3.47 ms per frame — the highest
frequency used in the present study. The figure shows
one of every two frames, up to the 41st in a series

was 7.5 um. In both cases, 100 uM of Fluo-4FF was used as Ca2*t
monitor. C, free calcium concentration, [Ca2t](t), calculated by

egn (6) from the images in B and averaged in the central 25 pixels of
the SLIC. [Ca?t] peaked at 6.07 M. Note the high quality of the
signal (apparent in its dynamic range, temporal resolution and low
noise). ID: 110909 series 12 and 071911 series 7.
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of 200 frames. Acquisition times are listed. The photo-
releasing flash occurred approximately 2 ms before the
third frame shown. Figure 1C plots the value of [Ca*"]
(calculated by eqn (6)) at the centre of the SLIC in
every frame. As shown with these examples, peak [Ca’"]
reached with 3 mMm of NDBF-EGTA were comparable with
the levels produced with 15mM DM-nitrophen under
similar conditions of irradiation and Ca®* saturation of
the cages. Morphometric parameters of SLICs are given in
Methods.

SLICs elicit a propagated increase of [Ca?*], in frog
skeletal muscle cells

A first test of SLICs as stimuli, done in frog muscle
cells, is illustrated in Fig. 2 After permeabilization of the
plasma membrane by saponin the cells were equilibrated
with a solution containing the cage NDBF-EGTA and
Fluo-4 FE. The first panel in Fig. 2 shows the distribution
of fluorescence at rest. Due to binding of dye to cellular
structures the fluorescence is greater inside the cell,
even though [Ca’"]. is the same as outside in these
membrane-permeabilized conditions. Note that in all
multiframe figures the frames are oriented so that the
longitudinal scanning axis (x, which in experiments with
frog fibres is aligned with the fibre axis) is vertical on
the page and the transversal axis (y) is horizontal. In
response to a ‘flash’ of 2P excitation lasting 100 us the
cell responded with a propagated Ca*" transient, a wave
that rapidly expanded to the full thickness and length of
the cell. The Discussion will show that this wave of Ca**
release is mediated by Ca®*, constituting a CICR response.
(The phenomenon, as well as all events captured in series
of images, is seen best in associated Supplemental video 1
Fig. 2, in the present case.)

Two problems arise in the interpretation of these results.
One is the possibility that the intracellular irradiation
causes damage. An indication of damage is the dark
area that remains at the spot where light was applied. In
later images, not shown, the spot had disappeared, which
indicates that it reflected local bleaching, later restored by
diffusion of fresh dye. In other cases, an area of elevated
fluorescence appeared after the bleached monitor was
restored. This is evidence of damage to the SR, which
causes a local increase in [Ca®*]..

An additional problem arises from the overlap in space
and time of trigger Ca®* and Ca?* supplied by release from
the SR. Because of this overlap it is not possible to measure
the concentration that triggered the release response.

The alternative approach illustrated in Fig.3
circumvents both problems. It consists of applying the
photoreleasing irradiation at a spot that, as indicated in
the first frame, is outside the cell but close to it, 3-5 um
away from the permeabilized plasma membrane. As the

© 2012 The Authors. The Journal of Physiology © 2012 The Physiological Society
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photoreleasing light is applied outside the cell, it causes no
damage or dye bleaching. It is also possible to determine
with precision the triggering [Ca’'], that is, the one
recorded at the initiation site immediately before the time
when the first cellular response was detected.

Starting with Fig.3, [Ca’"]., derived from the
fluorescence images by eqn (6), is illustrated. In these
images [Ca’"] is nearly linear with F, due to the low
affinity and rapid reaction of the monitoring dye. As in the
previous figure, the dynamics of this experiment are best
appreciated in the associated video (Supplemental video 2
Fig. 3). The triggering [Ca?*] can be evaluated directly on
these images as the value present at the surface of the cell
at the time when the first cellular response was detected
(the measurement was done on the outside, as close as
possible to the membrane, in the frame marked by the
arrow).

In the example the triggering [Ca®"] was 0.7 uM. To
find the threshold [Ca*"] for eliciting CICR the intensity
of the IR flash was progressively reduced so that lower

Figure 2. Propagated response to a SLIC applied inside a frog
muscle cell

Successive images of raw fluorescence, F(x,y), of a frog fibre
subjected to a SLIC. The fibre had been membrane-permeabilized by
saponin and equilibrated with an internal solution containing

0.05 uM free Ca%t, 0.3 mm free Mg?*, the cage (NDBF-EGTA), the
indicator (Fluo-4FF) and BTS as suppressor of movement (details
given in Methods). The first frame shows in a highly expanded
colour scale the distribution of fluorescence at rest, with the cell
delineated as a region of greater intensity. The locus of infrared
irradiation (which lasted 0.1 ms) is indicated by a target in the same
frame. Frames were acquired at 25 ms intervals and shown at 50 ms
intervals (that is, skipping every other frame). Note a persistent area
of loss of fluorescence at the spot where light was applied. It reflects
bleaching of the dye, which recovered after several seconds (not
shown). ID: 080309, series 33. The corresponding calcium dynamics
of this figure is shown as a video (Supplemental video 1).
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triggers were applied until finding one that did not
cause a response. The results for this particular fibre
are summarized in Fig. 3B. The intensity of the flash
is plotted against the trigger [Ca?"] measured in the
same application. Symbols representing successive trials, at
3 min intervals, are joined by line segments. Red symbols
represent triggers that elicited a propagated response. It
can be seen that flashes of energy below 45% failed, a
result that sets the threshold at ~0.28 M. In some cells the
minimum successful trigger increased after a propagated
response —a transient inhibition. In those cases a threshold
was more difficult to define, but responses to Ca?* triggers
below 1 umwere still common. The trigger [Ca®"] attained
next to the membrane ranged between 0.18 and 6 uMm
(higher triggers, reaching 8 M, were used in experiments
with mouse cells). No correlation was found between
suprathreshold trigger [Ca’"] and speed or intensity of
the response, but there was an apparent non-monotonic
relationship, described in the next sub-section,
between triggering [Ca’"] and success rate of the
response.

L. Figueroa and others
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An additional type of response to local increase in
[Ca?*]

Often cells responded to SLICs in a manner that we call
‘frustrated’. An example is in Fig. 4. After the trigger Ca*"
reaches the cell, a local increase in [Ca?*]. is observed,
which gains strength and expands but fails to propagate
the full length of the cell (see also Supplemental video 3
Fig.4). The extent and intensity of these responses was
variable. Some cells exhibited full propagated responses,
then frustrated responses, and later recovered the full
phenomenon.

As the trigger Ca’>" was increased, the fraction of fully
propagated and frustrated responses varied in a suggestive
manner. These fractions are represented in the bar diagram
of Fig. 5A, where the ranges of trigger [Ca?"] are indicated
on the x axis, under each bar. As can be seen, the fraction
of positive responses (either full or frustrated) increased
with trigger [Ca?"] up to about 1 uM, then decreased as
trigger [Ca®*] increased up to the highest values used.
A statistical analysis of the significance of the observed

Figure 3. Propagated response to a SLIC applied
outside a frog muscle cell

A, images of [Ca“](x,y) derived from F(x,y) by eqgn (6),
in a frog cell prepared as in Fig. 2. The first frame shows
resting fluorescence and position of the cell. Starting
with the 6th frame, the border of the cell is indicated by
a line in white. The target shows the place where IR was
applied (during acquisition of the 6th frame) to generate
a SLIC. Starting with the 16th frame, indicated by an
arrow, a response is visible inside the cell. The triggering
[Ca?*], defined as the value present immediately
outside the cell in the frame where the first cellular
response was detected, was ~0.7 um (see 2nd arrow, at
the corresponding value on colour scale bar). A video of
this event is available as supplemental material
(Supplemental video 2 Fig. 3). ID: 080309 series 5. B,
intensity of the photolyzing radiation (% of maximum)
is plotted against the trigger [Ca**] measured in the
same application. Intensity of the flash was progressively
reduced in the same cell until finding one that did not
cause a response, and the sequence of stimuli was then
continued at increasing intensities. Symbols
representing successive trials, at an interval of 3 min, are
joined by a line. Red symbols represent triggers that
elicited the propagated response. Note that flashes of
energy below 45% failed, revealing a threshold of
~0.28 umM in this fibre. ID: 080309 series 3, 5, 7, 10-16.
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decrease in success rate with trigger [Ca®*] was done by
testing the null hypothesis that the concentration of trigger
Ca*" did not have any effect on the type of response
beyond the 2nd bin in the graph (0.6-0.99 uMm). Under
this assumption, the probability of response could be
calculated by averaging the success frequency over all bins,
which was 0.67. Assuming that the number of successful
trials had Poisson distribution, the probabilities that
random variation would account for the above-average
number of responses in the 2nd bin (where they amounted
to 80% of the trials), and that they would be only 50%
in the last bin, were calculated, respectively, at 0.32 and
0.16. The joint probability of both deviations in the null
hypothesis was 0.053; therefore the hypothesis could not
berejectedata P < 0.05. In spite of the limited significance,
the observation suggests that the feedback actions of Ca**
include an inactivation component, in addition to CICR.
Given the number of experiments that would be necessary
to substantially improve the power of the test, and the
limited supply of NDBF-EGTA, we did not pursue further
the investigation of this interesting result.

The propagated response of frog muscle was
abolished in high [Mg?*].

One of the well-understood characteristics of CICR is the
involvement of a cytosolic site (or sites) where Mg?* acts as
a competitive antagonist. To probe this feature, and taking
advantage of the lack of affinity of NDBF-EGTA for Mg**,
the level of this ion was varied between 0.3 and 3 mm in the
experiments on frog muscle cells. Conditions and results
are summarized in the diagram of Fig. 5B. In agreement
with expectations for CICR, there was a clear decrease in
the rate of induction of propagated responses as [Mg*"]
increased between 0.3 and 3 mM; in fact, no responses were
ever observed in solutions with 3 mm [Mg®*].

The flux of Ca?* release underlying cellular responses

Often it was difficult to decide whether a given Ca** trans-
ient resulted simply from photorelease or was increased
by release from the cell. The decisive procedure for this
purpose was to calculate the release flux underlying the
combined Ca*" signals from cage and cellular store. The
calculation of flux also provided insights to the nature and
mechanism of the response.

Release flux R(x,y) was calculated from sequences
of images of fluorescence by generalizing the ‘back-
ward’ method originally introduced for line scans (Rios
et al. 1999). The generalized algorithm is described in
Methods. The result of the calculation for the propagated
response illustrated in Fig.3A is shown in Fig.6. To
demonstrate the spatial relationship between flux and
[Ca*"] a portion of the frames of [Ca*"]. calculated for
Fig. 3A is superimposed on the flux images. The release

© 2012 The Authors. The Journal of Physiology © 2012 The Physiological Society
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flux is a centrifugal wave, diverging from the point of
origin (see also Supplemental video 4 Fig. 6). It is obvious
from inspection that the flux wave is anisotropic, with a
higher peak and narrower spatial profile at the ‘equator’
of the growing ellipsoid.

A one-dimensional snapshot of the flux in the y
direction is obtained as illustrated in Fig. 6B, by averaging
flux in a narrow range of values of x at the equator of the
wave. Thus, a function R(y) is generated for every x—y
frame. By stacking together these functions for successive
frames, a function R( ¥, t) is obtained, which is represented
as a surface plot in Fig.6C. We refer to this function
as the ‘transversal flux wave> A similar description of
the flux wave is possible in any angular direction of
propagation.

The transversal flux wave (in Fig.6C) has several
features that are observed in most experiments. The first
large transient, at low values of y and ¢, is of photorelease
flux, outside the cell. The cellular CICR response usually
develops with an initial phase of increasing amplitude,
and then reaches a peak that remains steady as the wave
propagates across the cell until it goes out of the frame.

Figure 4. A ‘frustrated’ response to local increase in [Ca?*],
Images [Ca2t](x.y) of a permeabilized frog fibre prepared as in the
previous figure, responding to a SLIC generated outside the cell (at
3rd frame). Frames acquired at 20 ms intervals, and shown every
40 ms. The first frame, resting fluorescence at a highly amplified
scale, shows location of the cell. The response propagates but fails
to reach the full width and length of the cell (Supplemental video 3
Fig. 4). Further analysis of this response is illustrated in Fig. 7. ID:
0731009 series 7.
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Fluxes reached values in a range of 9-55 mms™! (n = 16).
This stable phase is characterized by a constant speed of
propagation, which can be derived proportionally from
the cotangent of the angle ¢ between the line of peaks of
flux and the x axis. This angle is measurable accurately
on a top view of R(yt) (Fig. 6D). The propagation speed
varied between 30 and 300 em s™! in 16 cells. A peculiarity
of these plots is the difference of noise level, which is
greater after the flux wave; this is a consequence of the
non-linearity of the flux calculations, which results in
differentlevels of noise when operating on widely different
levels of [Ca?T]..

The Ca?* release flux underlying frustrated responses

The release flux R(x,y) calculated from the [Ca**], frames
in of the frustrated response in Fig. 4 is illustrated in Fig. 7.
A centrifugal flux wave develops and propagates, but loses
strength after ~1s. This evolution is clearly seen in the

fraction of events, %

Trigger calcium, uM

fraction of events, %

[Mg?], mM
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transversal flux wave R(x,t), shown from two perspectives
in panels Band C. The wave propagates across the cell, but
decays and stops near the edge of the frame. The top view
(panel C) demonstrates a consistent feature of frustrated
responses; their speed of propagation (measurable on
tangents AA, BB and CC) decreases as the wave propagates.
Amplitude, speed and extent of propagation varied greatly
even in different instances of frustrated waves in the same
cell.

The three characteristic features, peak flux, speed and
extent of propagation, could be followed in successive
responses of some cells. Their relationships and evolution
are indicative of underlying mechanisms. An example is in
Fig. 8, a scatter plot of these three features in 11 successive
responses to an artificial spark of the same magnitude
(applied at 3 min intervals, always at ~4 pum from the cell
surface). The symbols plot peak flux, propagation speed
and propagation range or extent. Symbols in red represent
fully propagated responses (plotted at range = 40 pum, i.e.

Figure 5. The dependence of stimulus success rate
on trigger [Ca?t] and cytosolic [Mg?*]

A, bars plot the fraction of trial stimuli that did not
(black) or did elicit a response (dark grey: full; light
grey: frustrated) vs. the magnitude of the stimulus
([Ca%t] at the point of contact). Nominal [Mg?] varied
from 0.3 to 0.5 mm. As the trigger Ca?* was increased,
the fraction of fully propagated and frustrated
responses varied non-monotonically. The fraction of
positive responses (either full or frustrated) increased
with trigger [Ca2*] up to about 1 M, then decreased.
The significance of the decrease was marginal (detailed
in text). The number of trials is listed above the bars;
the number of cells per range was 2, 2, 8, 6 and 5,
respectively. B, fraction of trials with successful
responses (including frustrated and fully propagated) at
different concentrations of Mg%*. Number of cells was
9, 2, 6, and 4, respectively. Total number of trials are
listed. The trials used similar Ca%* triggers at every
[Mg?*], variable in the range 0.8-3 um.
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the width of the frame). In this and other examples fully
propagated responses (no. 1 and 8 in the sequence) were
followed by a number of frustrated responses. Within
the sequence of frustrated responses there was a trend,
whereby successive responses had increasing flux, speed
and range, all three features being positively correlated.
We suggest that this trend reflects a gradual recovery of the
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ability to respond, which underwent a sudden reduction
after the first full response. The sudden decay after the full
response is probably a consequence of the SR depletion
associated with it. If that was the case, then the recovery
could be due to gradual reuptake of the lost Ca*".

The correlation between peak flux and speed can be seen
inside single waves, and is clearly displayed by the waves

Figure 6. The flux of Ca?t release underlying cellular responses

A, flux, R(x,y), derived from the [Ca?t](x,y) series presented in Fig. 3A as described in Methods. A portion of the
frames of [Ca*]. calculated for Fig. 3A is superimposed on the flux images, to demonstrate the spatial relationship
between flux and [Ca®*]. The release flux is a centrifugal wave, diverging from the point of origin. Note that the
flux wave is anisotropic, with a higher peak but a narrower spatial profile and slightly lower speed of propagation
at the ‘equator’ (horizontal on the page). See also Supplemental video 4 Fig. 6. ID: 080309 series 5. B, in every
frame the flux was averaged along the longitudinal axis of the fibre (the x coordinate) in a narrow ‘slit’ region at the
equator of the wave, to yield the function R(y), in black trace. C, two-dimensional function R(y,t) (the transversal
flux wave) obtained by stacking R(y) from every frame in A. The first large transient, at low values of y and t,
is of photorelease flux, outside the cell. D, a top view of R(y, t) from B. The propagation speed is proportional
to the cotangent of the angle ¢ between the line of peaks and the x axis. During the early development of the
propagated wave the speed increases as the wave gains in amplitude. The stable phase of the flux is characterized
by a constant speed of propagation, which in this case is ~130 um s='. ID: 080309 series 5.

© 2012 The Authors. The Journal of Physiology © 2012 The Physiological Society
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Figure 7. Ca?* release flux underlying frustrated responses
A, R(x,y) calculated from the [Ca%*]. frames in Fig. 4. The wave
propagates nearly throughout the width of the cell, but decays and
stops near the edge of the frame. B, transversal flux wave, R(y,t),
calculated as described in Fig. 6, from frames in A. C, a top view of
the transversal wave demonstrates the association between peak
flux and speed of propagation (measurable on tangents AA, BB and
CC, drawn for illustration purposes). ID: 073109 series 7. D, R(y,t)
from a second frustrated response in the same cell. Peak flux and
speed decay after ~500 ms. ID: 073109 series 14.

in Figs 6 and 7. This correlation applies over a wide range
of speeds and fluxes; it applies in either direction, during
the early development of propagating waves (Fig.6) or
during termination of a frustrated wave (Fig. 7). Illustrated
in Supplemental Fig.S2 is a remarkable case in which
approximately linearly correlated speed and flux at the
start of the propagating wave increased gradually by one
order of magnitude.

A summary of this relationship in different cells and
conditions is in Fig. 9. Different dates (which correspond
to different animals) are represented by different colours;
data from the same cell are represented by symbols
linked by a line. Approximately one third of the symbols
correspond to frustrated responses. It can be seen that a
nearly proportional relationship applies across different
cells, different waves of the same cell (full or frustrated)
and different times during a wave.

Figure 8. Quantitative features of the propagating wave are
correlated

Peak flux, speed and propagation range (all in transversal direction)
in 11 successive responses to an artificial spark of the same
magnitude in the same frog fibre. The fibre had been equilibrated
with an internal solution containing 0.05 uM free Ca?t and 0.3 mm
free Mg?* (details given in Methods). The artificial sparks were
applied at 3 min intervals, at 4 um from the cell surface. Symbols in
red represent fully propagated responses (no. 1 and 8 in the
sequence). Propagated responses were followed by a number of
frustrated responses (black symbols). The black line at the bottom of
the graph joins the projections of the data points in the flux—speed
plane. Note a trend within the sequence of frustrated responses,
whereby successive responses had increasing flux, speed and range.
ID: 073109 series 4 to 14.
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Mouse muscle is normally incapable of CICR

SLICs were also applied to single skeletal fibres
enzymatically dissociated from the FDB of young adult
mice. The cells were permeabilized and equilibrated with
an internal solution similar to that used for frogs, and
except for the method of cell separation, the experimental
procedures and conditions were nearly identical. A
representative experiment is summarized in Fig. 10. The
cell is visible in the first frame of the figure, representing
F(x,y); the cell’s contour is marked in other frames.
These much smaller cells could not be moved individually
and lay at random angles, no longer aligned with the
x scanning axis. As shown, SLICs within the range of
[Ca*"] and durations that elicited propagated responses
in the frog failed to cause Ca®* release in mouse cells.
The analysis of flux (Fig. 10B) demonstrated complete
absence of release within the cells. The conditions in
which no responses were obtained, which are listed in
Table 1, included concentrations of Mg** between 0.045
and 3 mM, resting free [Ca?"]. between 0.05 and 2 um,
and large concentrations of cage (either NDBF-EGTA
or DM-nitrophen), photolized with spots or whorls at
high laser intensity and iterated up to 10 times, causing
levels of trigger Ca*™ up to 8 uM at the point of contact
with the cell. The SR of all cells tested was shown to
be loaded and capable of releasing Ca®* by exposure to
a high concentration of caffeine and 4-CMC. Trials at
high [Ca®*]. were done in an attempt to achieve CICR by
increasing free and total Ca’>" SR load, but the results were
not different.

For a more radical testing of the ability of murine muscle
for CICR, we used spotirradiation inside the cell. In several
cases the flash was so intense that it caused lasting damage,
reflected in a persistent increase in local fluorescence. None
of these attempts caused propagated Ca** release.

Figure 9. Speed of propagation and release flux in
cells from frogs and mice

Free [Ca®*] and [Mg?*] in internal solutions varied in
the range 0.05-0.2 um and 0.3-1 mw, respectively.
Different dates (which correspond to different animals)
are represented by different colours. Data from the
same cell are represented by symbols linked by a line.
The black triangles represent values of speed and peak
flux at different times during the evolution of a single
wave, more fully represented in Supplemental Fig. S2.
Data represented by crosses are from experiments in
mice, either in the presence of 1.8 mm caffeine and

0.4 mm 4-CMC (purple) or 1.5 mm clofibrate (blue). The
dashed traces plot egn (8) with k* =2.5 108 M~ s,
Co=05umM,D=410"%cm2s™ !, Dg =107 cm? s,
and Kp = 1 um. B was 250 um for the lower trace and
150 uM for the upper one.

© 2012 The Authors. The Journal of Physiology © 2012 The Physiological Society

Synthetic Ca®* transients probe CICR

227

1401

Pharmacological conditioning makes propagated
responses possible in mouse cells

RyR1 channels are activated by cytosolic-side Ca*" when
reconstituted in bilayers (reviewed by Fill & Copello,
2002). This property is shared by all isoforms. While we
knew that the Ca®* sensitivity of activation favours 8 over
a RyRs (Murayama & Ogawa, 2001) and RyR3 over RyR1
(Murayama & Ogawa, 2004), we were still surprised by
the absolute inability of mouse cells to respond in situ to
our Ca?t stimuli. Indeed, Ca** release was not observed
even with triggers 20 times greater than those needed to
elicit the response in frog muscle, and at [Mg”>™] below the
lowest estimates of K, of the channel’s inhibitory T site
(Laver et al. 1997a,b; Copello et al. 2002).

A relevant question is whether a CICR ability can
be demonstrated at all using the present approach for
RyR1 channels inside cells. To answer it we used drastic
means, including un-physiologically low [Mg?*] (as low
as 0.045 mM including 33 trials in 8 cells, in which trigger
[Ca®"] reached 3.2 uM), which as stated before failed to
enable responses. We also applied SLICs to mouse cells in
the presence of drugs known to favour channel activity.
We used caffeine (Rousseau et al. 1988) and 4-CMC
(Zorzato et al. 1993; Westerblad et al. 1998) — chemicals
that promote channel opening and, at least in the case
of caffeine, do it by increasing the channels’ sensitivity
to Ca?*. In an alternative pharmacological approach we
used clofibrate, an anion that promotes the response of
the channels to activation via the voltage sensor (Ikemoto
& Endo, 2001). The drugs were applied at concentrations
that did not directly cause Ca>" release. [Mg*"] was set at
0.3 or 0.5 mM. The tests with SLICs were always followed by
application of the drugs at a suprathreshold concentration;
the application caused a direct response in every case,
showing that the cells were in a release-capable state.
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In cells immersed in solution containing 1 mM caffeine
and 0.1 mM 4-CMC, neither extracellular SLICs nor
photorelease applied directly inside the cells were able
to elicit a response. We did observe responses to SLICs
when caffeine and 4-CMC were present together, at
1.8 mM and 0.4 mMm, respectively. In 6 of 13 cells studied
the responses took the form of frustrated waves, like
those illustrated in Fig. 4. In four cells there were fully
propagated responses. An example is shown in Fig. 11,
where a centrifugal wave develops and propagates without
decrement. In this example, the stimulus was an extensive
macro SLIC. The wave developed slowly, with a protracted
rising phase, which only started after the macro SLIC had
been sustained for about 500 ms (the initiation spot and
approximate time are indicated by an arrow in both panels
A and B). The quantitative properties of this and other
responses in the mouse are represented in the collective
plot of Fig. 9 by purple crosses. On average, the propagated
waves in the mouse had a lower peak flux and velocity
of propagation than those of the frog (Table1). The
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phenomenon is also illustrated in Supplemental video 5
Fig. 11A and video 6 Fig. 11B).

When the release-promoting anion clofibrate was pre-
sentat 1.5 mMm, a concentration that does not directly cause
Ca?" release, a small frustrated response to large SLICs
was also detected. Similar to the responses observed with
caffeine and 4-CMC, the ones in clofibrate were small
in flux, of low velocity and limited propagation range
(Table 1). An individual fibre responses to clofibrate are
represented by blue crosses in Fig. 9.

The conclusion from this set of experiments is that
murine skeletal muscle is capable of CICR, but only under
pharmacological promotion of channel opening. Under
these conditions, the responses are qualitatively similar
but quantitatively substantially different from those of the
amphibian.

Although both caffeine and 4-CMC are agonists of
RyR1 (e.g. Zorzato et al. 1993), their potency, affinity
and site of action on the channel are different (Choisy
et al. 2000; Treves et al 2002). Moreover, 4-CMC is

Figure 10. Mouse muscle is normally incapable of CICR

A, images of [Ca2t] (x,y) of a permeabilized mouse fibre equilibrated with solution containing 3 mm NDBF-EGTA
and 0.3 uM free [CaZt], responding to a SLIC originated 3 zm away from the cell. The first frame shows position
of the cell, the contour of which is marked by a white line in the top two rows. One of every five frames is shown
in a series acquired at 9 ms intervals. B, R(x, y) calculated from the corresponding [Ca?*t]c frames in A. Note the
complete absence of release within the cell. ID: 071210 series 10.

© 2012 The Authors. The Journal of Physiology © 2012 The Physiological Society
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Table 1. CICR responses in frog and mouse muscle fibres
N
Trigger [Ca®*] [Mg?*] Success Flux Velocity
Enhancer (range, um) (range, mm) rate (mms—T) (um s~ Trials Cells Mice

Frog None 0.28-6 0.3-1 0.65 22.7+1.6 98.9+10.2 145 16 10
Mouse None 0.18-8 0.045-3 0 n.a. n.a. 150 42 12

Caffeine + 4-CMC 0.5-2 0.3-0.5 0.52 15.1+£1.2% 466 +7.7% 31 13 3

Clofibrate 1.5-3 0.3 0.31 3.3+0.5* 26.1+£3.0* 51 9 3

The 2nd column lists drugs present, including caffeine, which was present at 1.8 mm together with 4-CMC at 0.4 mm, and clofibrate,
present at 1.5 mm. Triggering [Ca%*], in column 3, was measured at the point of contact of SLICs and cell at the time of initiation of the
response. Column 4 lists ranges of [Mg2*]. Column 5 lists the fraction of propagated responses, which include full and frustrated ones,
over total trials. Note that in mouse cells propagated responses were only seen in the presence of drugs. Columns 6 and 7 list average
flux and velocity (= SEM) of fully propagated responses. Details of internal solution composition are in Methods. In those experiments
where release responses were observed, free [Ca2t] in internal solution varied in the range 0.05-0.2 M without correlation with results.
In attempts to elicit response on mouse cells without enhancer drugs, resting free [Ca?t] as high as 2 um were also used. *P < 0.05

Student’s paired t test between frog and mouse flux and velocity values.

known to affect other targets inside muscle cells (Biggs,
1965; Al-Moussa & Michelangeli, 2009). We did not carry
out tests in the presence of caffeine or 4-CMC alone.
Therefore, while the drugs are facilitating the response of
the channel to Ca?*, we do not know whether any singular
effects of 4-CMC are necessary for inducing CICR in the
mammal.

Discussion

The aim of this work was to directly probe the ability
of muscle cells to respond to Ca®* transients with Ca**
release. For this purpose and taking advantage of technical
innovations in scanning and Ca*" caging we were able
to apply SLICs to fast-twitch muscle cells of frogs and
mice. The key features that made these synthetic Ca*"
events valuable in the present application were rapid time
course, arbitrarily adjustable amplitude and quantitative
reproducibility. Their limited spatial width was also useful,
in allowing precise placement at short distances from the
plasma membrane and for avoiding wholesale destruction
of dye and cage upon repeated trials.

Frog muscle fibres reacted with a wave of Ca®" release
when SLICs were placed either inside the cells or on
the outside, 3 to 5 um from the (permeabilized) plasma
membrane. These responses were absent in the mammal,
except under pharmacologically altered conditions.

The responses have the hallmarks of ‘classic’ CICR

As defined by M. Endo (e.g. 2009), a key requirement for
a CICR response is that it be elicited by a pure stimulus,
involving only an increase in [Ca*"]. The stimulus that
gives rise to the response documented here requires direct
application of infrared light and production of chemical
species other than Ca®>" upon cage photolysis. To reduce

© 2012 The Authors. The Journal of Physiology © 2012 The Physiological Society

the complexity of the stimulus we applied the flash outside
the cell. This approach constituted a crucial improvement.
Indeed, it removed direct irradiation, it either removed
or reduced the concentration of photoproducts (which
have demonstrated side effects in the case of a chemically
related probe, Allen et al. 1999) and allowed for accurate
determination of the triggering [Ca’"]. The responses
observed thus satisfy the definition of CICR, as presumably
little else but the trigger Ca®* changes inside cells. The
probe was also ideal for comparing abilities across taxa,
as amphibian and mammalian cells could be tested under
essentially the same conditions.

An additional property of the response that identifies
it as classic CICR in skeletal muscle is its inhibition by
Mg?*. This ion inhibits CICR by direct action on the RyR,
demonstrated on SR fractions and bilayer-reconstituted
channels. Mg?™ inhibits at the activation site (Laver et al.
1997a,b,2004) and at the low-affinity I site (Meissner et al.
1986; Laver et al. 1997a). The actions of Mg*" on skeletal
muscle at the cellular level were quantitatively reconciled
in the frog with this two-site picture by Lacampagne et al.
(1998), who showed that the steep negative correlation
observed between [Mg?*] and frequency of spontaneous
sparks could result from increasing occupancy by Mg** of
the I site. The concentration dependence of the inhibition
observed here is roughly consistent with that reported
by Lacampagne et al. (1998). Together, these two works
suggest that the present responses and Ca*" sparks have
CICR as common mechanism.

While these results endorse the contribution of CICR
to Ca®t release in the frog, we seldom found spontaneous
Ca** sparks, which are an established manifestation of
CICR. The conditions were not ideal for their detection,
as the monitoring dye, Fluo-4 FF, has an affinity at most
10 times lower than the dyes favoured for imaging sparks.
In any case, the edge of the propagating waveform seemed
smooth, free of sparks. This may reflect a consequence of
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the powerful synchronization of CICR that is produced by
the propagating wave.

The quantitative properties of CICR flux

The Ca*" flux underlying the CICR responses was
calculated from the fluorescence images by generalizing
to the two-dimensional case, the so-called backward
calculation developed for the analysis of line scans (Rios
etal. 1999). As scanning was limited to two dimensions of
space, the absence of information about the distribution of
Ca’" in the z direction required a simplifying hypothesis.

[Ca*], uM
0 045 090 135 18
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The probable errors associated with this simplification
are estimated, by a simulation presented as Supplemental
Fig. S1, to be no greater than 30%.

The main properties of the flux underlying the
propagating Ca®* wave are summarized in Fig. 9. Fluxes
were found to reach 55 mM s~!, which is somewhat less
than the highest values calculated in frog cells activated by
voltage clamp depolarization (reviewed by Rios & Pizarro,
1991), but is sufficiently large to suggest that the CICR
response involves a substantial fraction of the release
resources of the cell. Waves started at the cell surface,
at the point of contact with the stimulating SLIC and,
when frustrated, stopped in different regions, some near

B

Flux, mM/s

Figure 11. Ca?*-sensitizing drugs promote propagated responses in the mouse

A, [CaZt] (x,y) from a permeabilized FDB fibre equilibrated in an internal solution containing 0.4 mm 4-CMC and
1.8 mm caffeine (0.08 um free Ca?* and 0.5 mm free Mg?™). The stimulus was a macro SLIC of large size and very
long duration, originated outside the cell. The macro SLIC triggered a propagated response (see also Supplemental
video 5 Fig.11A). B, R(x,y), derived from the [Ca?*] images in A. A centrifugal release wave becomes noticeable
at 400 to 500 ms (arrow, see also Supplemental video 6 Fig. 11B). C, transversal flux wave R(y,t). D, top view of
R(y,1). Colour scale is modified for convenience of visualization. Flux parameters for mouse cells in the presence
of caffeine and 4-CMC are represented in Fig. 9 by purple crosses. ID: 051311 series 54.

© 2012 The Authors. The Journal of Physiology © 2012 The Physiological Society
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the surface, and others near the cell axis. Gradual changes
in peak flux were observed at both start (an increase in
flux) and end of the propagation (a decrease). That these
changes occurred at both ends of the wave implies that
the changes were neither a consequence of the different
geometry or limitations to diffusion imposed by the cell
boundary nor a result of the rapid decrease in curvature
that a developing wave experiences near its point of origin.
In other words, an intrinsic ability to produce waves of
different flux and speed is present in all regions of the cell,
near the plasmalemma and away from it.

There is, likewise, a positive three-way correlation
among flux, speed and extent of propagation. The good
correlation applied both across cells with all-or-none
responses, which typically display a constant speed and
peak of release flux, and within cells with responses
that were graded, either at the beginning or end of
the wave. This again identifies the correlation as a
property not linked to gross geometry but emanating
from fundamental aspects of the process, aspects or
features that must be reproducible anywhere in the
cell.

These quantitative features were roughly consistent
with predictions made by a simple theory of Ca’*
waves. We use a formulation by Kupferman et al. (1997),
representative of results consistent with continuous and
discrete models (De Young & Keizer, 1992; Tang & Othmer,
1994; Ponce-Dawson et al. 1999). In a continuum of
sources with two states (open and closed), a fixed release
flux, Jo, a SR pump of rate constant I" and a fixed threshold
concentration for source opening, Cy, the speed v ofa wave

is
1/2
V= (%) -2y (7)
Co (1-p"
where y = I"Cy/J,.

The second fraction in eqn (7), a dimensionless scale
factor smaller than 1, represents the slowing associated
with removal by the SR pump. y is typically 0.1 or less;
therefore the scale factor is not much smaller than 1 and
can be ignored for most purposes. The characteristic time
of the system (the time it takes for the flux to build the
threshold concentration) is T = Cy/J,.

Equation (7) applies when there are no buffers. Clearly,
it does not provide a good description of the observations,
as it predicts a square-root dependence of speed on flux.

Kupferman et al. (1997) also provide analytical
expressions for the relationship in the presence of
buffers. When one buffer, present at concentration B and
having a binding rate constant k¥, is dominant (so that
other buffers can be neglected) and fast (implying that
k™B>> t7!) the wave speed is given by

_ Det] ett 2 Jo
V‘( G > (1+2cok+B) (8)
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D is an effective diffusion coefficient, reduced by binding
to the buffer, defined as

D + Dg(k—1)
K

D =

where « is the buffer capacity B/Kp. The dashed
curves in Fig. 9, which approximately ‘bracket’ the values
observed experimentally, were obtained using eqn (8) with
B =150 uM (upper curve) or 250 uM. Other parameters
are listed in the figure legend.

The essence of the phenomenon is therefore captured
by the simple excitable medium of Kupferman et al.
(1997), with one buffer, and concentrations and fluxes
of Ca’t within a reasonable range. The model suggests
reasons for failure of CICR in the mammal. Note that the
waves in the mammal are described well with the same
parameters that fit the frog data, including threshold C,,
but flux and propagation speed are lower in the mammal.
As the response in the mouse required priming with
channel-opening drugs (like caffeine, which sensitizes
RyRs to activation by Ca®*; reviewed by Lamb et al. 2001)
one can conclude that in the absence of drugs C, is greater
in the mammal. Therefore, mouse skeletal muscle cells fail
to have CICR due to the combination of alower release flux
and a higher threshold for channel opening by cytosolic
Ca**. Both differences can be ascribed to the absence of
RyR3. Indeed, the expression of exogenous RyR3 in adult
mouse muscle has been shown to increase flux (Pouvreau
et al. 2007; Legrand et al. 2008) and associate with the pre-
sence of Ca®* sparks, spontaneous or in response to voltage
clamp depolarization (Pouvreau et al. 2007). The drastic
changes brought about by the presence of RyR3 need not
reflect intrinsic differences among isoforms, as there is
evidence that the low sensitivity of RyR1 channels in situ
to activation by Ca*" is associated at least in part with the
presence of the T membrane voltage sensor (Shirokova
et al. 1999; Zhou et al. 2006).

Additionally, we observed a positive correlation between
flux, wave speed and the spatial extent of frustrated
propagation. Given that the propensity of release channels
to open is increased by SR load (Donoso et al. 1995;
Lamb ef al. 2001; Sztretye et al. 2011a), this correlation
can be explained simply by assuming that propagation
failure results from a decaying flux, consequent to local
inhomogeneity of loading and/or an increased threshold,
which could also result from local variations in load.
Conversely, a greater load would translate to greater release
flux, which would result both in faster propagation and a
greater safety factor — excess flux over that necessary to
reach threshold — which in turn would prevent or delay
failures due to local inhomogeneities, and therefore extend
the propagation range.

In addition to these straightforward correlations
between parameters of the response, there was
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an indication of negative feedback, namely the
non-monotonic dependence of the response rate on
trigger [Ca®"], documented in Fig. 5A. This dependence
was of borderline statistical significance, but it is
consistent with the known features of the actions of
Ca**, which include a negative component (e.g. Baylor
& Hollingworth, 1988; Simon et al. 1991; Hollingworth
et al. 1992), generally attributed to binding to site I on the
channel.

An intriguing property of the propagating flux wave was
a slight anisotropy (visible in any of the panels of Fig. 6A),
whereby the wave was more compact (i.e. had a lesser
spatial width), a slightly higher peak and lower speed in
the equator, where it propagated orthogonally to the fibre
axis. The anisotropic speed in particular is not an artifact of
the ‘slit’ scanning mechanism (which is known to result in
a slightly greater optical spread in the x direction) because
the SLIC images (e.g. in Fig. 1B) are approximately radially
symmetrical. The theory of propagation in media with
discrete sources predicts a slowing of the speed when
sources are separated by longer distances (Kupferman
et al. 1997; Ponce-Dawson et al. 1999). In frog striated
muscle, which has one triad junction per sarcomere,
the distances between discrete couplons are greater
in the longitudinal direction (e.g. Franzini-Armstrong,
1999; Franzini-Armstrong et al. 1999); this structural
feature might account for the more compact character
of the wave at the equator. The greater speed in the
longitudinal direction, however, is inconsistent with the
greater separation between couplons. According to eqn
(8) it could reflect the greater diffusion coefficient of Ca**
and its diffusible ligands in the axial direction (e.g. Kinsey
et al. 1999).

CICR in physiological Ca* release

The present observations were made in a less than
physiological condition, as the plasma membrane was
permeabilized, which both alters the internal medium
and modifies the state of the T membrane voltage sensor
and other potentially important membrane molecules.
In spite of this limitation, which is common to most
studies of regulation by Ca®", the fact that SLICs of [Ca®*]
as low as 0.28 uM elicit a response — in the frog — in
the presence of physiological [Mg?*] suggests that this
mechanism contributes to physiological EC coupling. The
present work is therefore consistent with earlier evidence
of the involvement of Ca?* in the activation of Ca*" release
channels (Klein et al. 1996; Pouvreau et al. 2007; Legrand
et al. 2008).

In fact, the present results pose a reverse question:
given the apparent ease with which these responses are
elicited, what prevents these CICR waves under physio-
logical conditions? There may be two reasons: first, the
physiological response involves synchronous release in the
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whole cell; this in turn results in transient depression
of excitability. Second, the propensity of these cells to
respond with waves may be exaggerated by saponin
permeabilization, in a way similar to the increase of spark
size and frequency observed in cut vs. intact muscle fibres
(Baylor et al. 2002; Chandler et al. 2003) or the appearance
of spark-like events in mammalian muscle cells when they
are peeled or saponized (Kirsch et al. 2001).

To summarize, the observation of propagated CICR in
response to Ca?™ transients as low as 0.28 4M is consistent
with a contribution by CICR to physiological EC coupling.
As the threshold is so much lower than [Ca®"] levels
reached near open channels, the mechanism is likely to
be activated even if the susceptibility to CICR in intact
cells is much lower than in these chemically permeabilized
fibres.

CICR is unlikely to contribute to EC coupling in
mammalian muscle

As revealed by the present work, the capabilities for
CICR of amphibian and mammalian muscle are drastically
different. A simulation presented in the Appendix shows
that a channel located within an active couplon at a
distance of 28 nm from an open channel may face a peak
[Ca*™] in the range 6-16 uM. The present experiments
could only probe the low end of this range (up to 8 um).
However, the range 6-16 um was calculated assuming
unitary currents of 0.15-0.25pA, which are the values
derived by Kettlun et al. (2003) from measurements
in bilayers, for currents driven by a luminal-side Ca**
concentration of 0.5 mM. Since recent measurements place
[Ca’* ]k at or below 0.5 mm (Rudolf ef al. 2006; Sztretye
et al. 2011b) and [Ca’>T]sz is known to drop during
sustained activity (Allen et al. 2011), the peak [Ca®]
available for triggering in physiological situations should
easily drop below 8 M, which, as shown here, fails to elicit
a response.

Of additional interest is the failure to trigger responses
at [Mg?*] as low as 0.045 mM. At this concentration, a
substantial fraction of channels should be free of Mg*"
at their inhibitory site (according to Kj values reported
by Laver et al. 1997a,b or Copello et al. 2002). Therefore,
the absence of CICR in the mouse is probably not due to
inhibition by Mg?" at the I site.

The evidence therefore indicates that CICR may only
occasionally, if at all, contribute to physiological EC
coupling in the mammal. Caveats apply, because cells have
been enzymatically treated and membrane permeabilized,
thus permitting many components of the cytosol to diffuse
away. Still, the differences between frog and mouse muscle
cannot be attributed to the preparation process, which was
the same for both animals. That responses occur in mouse
muscle when stimulant drugs are present indicates that the
channel’s ability to respond is still present, albeit severely
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depressed. The inferred absence of CICR leaves unsettled
the mechanism of activation of RyR1 channels not directly
facing T tubule voltage sensors.

In conclusion, synthetic localized increases of Ca®t
applied in the near-vicinity of cells with permeabilized
plasma membrane proved valuable for the study of the
functional effects of Ca?* on EC coupling. Use of the Ca*"
cage NDBF-EGTA additionally allowed for the separate
modification of resting [Ca’T], trigger [Ca’"] and
resting [Mg?"], therefore permitting a more physiological
environment and a search for the signature dependence
of CICR on [Mg**]. Thus, SLICs provide a new avenue
for the exploration of the roles of Ca®' in skeletal
muscle, which improves over previous protocols in rate
of rise, locality and reproducibility. In frog muscle, SLICs
elicited propagated responses that had the hallmarks of
CICR. In cells equilibrated with physiological internal
solutions the threshold [Ca®*] was 0.5 uM or less. As this
value is much lower than concentrations prevailing near
channels during normal activity, the result is evidence
of Ca®t-dependent activation of Ca’" release during
physiological EC coupling. As the primary stimulus was
Ca?* rather than the radiation or subproducts of photo-
release, the present responses qualify as CICR. By contrast,
fibres of mouse skeletal muscle did not respond unless
Ca®" channel opener drugs were present at substantial
concentrations, an observation contrary to the possibility
of a physiological contribution of CICR in the mammal.
Lower flux and higher threshold [Ca*"] of the propagating
wave explain the absence of CICR in the mouse under
normal conditions. In turn the differences in flux and
threshold may be ascribed to the different endowment of
RyR isoforms in these two taxa.

Appendix
Local [Ca?*] in a working couplon

To compare Ca’' transients that could occur physio-
logically with the SLICs used as stimuli in the present
work, we calculated the stationary increase in local cyto-
solic [Ca®"] due to the activation of a linear array of
channels, or couplon (Stern et al. 1997), with the geometry
described by Franzini-Armstrong et al. (1999) for rat
muscle (illustrated in Fig. A1). The goal in this Appendix
is to calculate the free Ca®* concentration facing a channel
when the nearest neighbour is assumed to be open and
the rest of the couplon is in a state between typical and
maximal physiological activation.

Repeating the implementation by Rengifo et al. (2002)
of an analytical solution to the linearized diffusion
problem provided by Pape et al. (1995), local [Ca*"] was
calculated as

[Ca*"](r) = [Ca®"Jr + A[Ca* ], (1) + A[Ca**]c. (A1)
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[Ca** ]y is resting [Ca*"], A[Ca®"], is the contribution
due to the ‘central’ channel — the one assumed to be
open—and isafunction of the distance r from said channel.
A[Ca?T]. is the sum of individual contributions of the
other channels in the couplon.

The steady state increase A[Ca2+]p(r) due to one
channel was calculated as

P m
A C 24+ T i
[Ca™ ] (r) 2mna,De,r +;C}//r

=d/r+ Zc,»yi/r

i=1

(A2)

¢ is the unitary flux in ionss™', set to 0.62 x 10%s™"
(0.2 pA) to match the measured unitary current through
channels reconstituted in bilayers separating solutions of
near-physiological composition (Kettlun et al. 2003) when
[Ca*"]sr is 0.5mM (Sztretye et al. 2011b). D, is the
Ca’* diffusion coefficient (3.5 x 107° cm? s7'), n,, is the
number of ions in 1 one-thousandth of a mol. There is one
additive term, of index i, for each of m mobile buffers. y;
are elements of the column vector

UDe — ®A°If

A is a m x m matrix of elements Aj = a; + b; and A;; =
a; ¢lc;, with a; = k; Li/Dc,, k; the forward Ca**-binding

open

Figure A1. Concentrations of Ca?t within an active couplon
The couplon geometry is represented in the inset. The ‘central’
channel (black) is assumed to be open. The state of the other
channels in the couplon is described by an average open probability.
Calcium concentration, calculated by eqn (A1), is plotted vs. distance
from the central channel. The two curves correspond to two values
of Popen, 0.1 and 0.5, which are believed to span the physiological
range. The vertical line marks the distance ry (= 28 nm) separating
centres of neighbouring channels. [Ca2*t] facing the nearest
neighbour to an open channel is therefore between 6 and 16 um. As
argued in the text, this calculation applies regardless of the position
of the open channel within the couplon. 8 uMm is the highest value of
the trigger [Ca?*] reached in the present experiments. These triggers
never elicited a response in mouse cells, unless channel opening
drugs were present.
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rate constant of buffer i, L; its concentration, b; = (k;
[Ca*"]g + ki7)/D;, [Ca*T]g is resting [Ca®"], and k;~
the backward rate constant. U is the matrix of unit
eigenvectors of A in column, f the column vector of

elements a;/c;, and e the column vector of terms e~/ e ,
where A; are the eigenvalues of A. Finally D is a diagonal
m X m matrix, the diagonal terms of which form the
column vector ®JCf and J is the Jordan form of A.

Because the situation is stationary, fixed buffers do not
enter the calculation. In the conditions thought to pre-
vail in a working cell the contributions by mobile buffers
other than ATP will be small. Therefore the calculation
was limited to a two-buffer case (m=2). It took into
account ATP and merged the other diffusible buffers
into a ‘generic’ mobile buffer, assumed to be present
at a concentration of 100 uM. 7 is 1 for ATP and 2 for
the generic buffer, ¢; is D;/Dc,. D; is 1.4 x 107° cm? 57!
and D, is 0.7 x 107 cm? s™! for the generic buffer. For
ATP:Ca the rate constants were 1.36 x 10’ M~!s™! and
3 x 10* s™L. For the generic buffer the rate constants were
set at 5x 108 M~ 's™! and 50s7!, for a Kp of 0.1 uMm.
Given the high concentration of ATP, the results are not
strongly dependent on the assumptions for the generic
buffer. The general form of the equations allow for easy
extension of the calculation to more complex buffering
conditions.

The contribution due to the other channels in the
couplon was calculated as

A[Ca™]e(r) = popen Y A[Ca™* ], (1)), (A3)

i

a sum of terms of the form given by eqn (A2), scaled down
by a popen that represents the average open fraction of the
other channels in the couplon, which was estimated as
follows. The maximum flux, corresponding to a unitary
current of 0.2 pA (Kettlun et al. 2003) and a concentration
of channels of 0.27 mM (a calculation of Baylor et al.
1983, made for the frog but roughly applicable to the
mammal, which has twice the number of couplons but
lacks parajunctional channels) is 169 mm s™!. Royer et al.
(2008) measured on average 45 mM s~ in mouse FDB
fibres maximally activated by voltage clamp, consistent
with a popen Of 0.25. As the individual contributions
fall precipitously with distance, only the nearest three
to four channels add appreciably to A[Ca*"].. This
property makes A[Ca*"]. effectively independent of r,
equal at all channel positions, except those less than
three to four channels removed from the ends of
the couplon. The property also makes the calculation
independent of couplon size beyond a certain small
bound.

Calcium concentration, calculated by eqn (Al), is
plotted vs. distance in Fig. Al. The two curves correspond
to two values of popen, 0.1 and 0.5, considered to span the
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range of possibilities. The vertical line marks the distance
r1 (=28 nm) between the channel that is assumed open
and a nearest neighbour. This neighbour, therefore, faces a
[Ca*"] estimated between 6 and 16 uM. The Ca** triggers
used in the present experiments, which reached up to
8 uM, never elicited a response in mouse cells, unless
channel opening drugs were present.
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PO3/11 3. 3SMIHA KAJIBIIIEBO CUTHAJY Y HEUPOHAX

3.1 BHYTPIlIHbOKJIITHHHI NOTOKHM KAJbUII0 Y 30yJIMBUX KJIITHHAX

OnHuM 13 BaXJIMBUX 3aBJaHb Cy4YacHOI KJITMHHOI O10JI0Tii € BU3HAYEHHS HE JIMILE
KOHIIEHTpAI[i{ pI3HUX BHYTPIIIHbOKIITUHHUX 10HIB, 30KpeMa KaJbI10, aJ€ 1 JTMHAMIKHU 3M1H
IMX napameTpiB. BU3HaueHHS KOHIEHTpallii KalbI[il0 BCEPEANHI KIITUHU a00 HAaBITH ii
OKpEMHUX OpraHell € MOXJIMBUM 13 BUKOPUCTAHHSIM JEKUIBKOX EKCIePUMEHTAIbHUX
MIJIXO/IIB — €JIEKTPOHHOI MIKPOCKOTMIi, e1eKTpo(i310J0TIYHUX, (HIyOpPEeClIeHTHO-ONTUYHUX
METOJIB 1 HU3KH 1HIIMX. Kalbliil y KIITUHI 3HAXOAUTHCS Y BUIBHOMY (10HI30BaHOMY) 1
38’a3aHoMy craHi. JlokanpHi mBuaki 3minu piBaa Ca?' B meBHHMX JOKycax €
1HIUBIAyallbHUMU KBaHTAMH I1HTETPAJIbHOIO OCHMIATOPHOTO KaJbI[IEBOIO CHUTHAIY, IO
BHU3HAYae 0arato QyHKUIA KIITUHU. 3’ACYBaHHS PO3MOJAUTY KaJbI[IEBUX IMOTOKIB y PI3HUX
KJIIITUHHUX KOMIIAPTMEHTAaX 1 3’SICYBAaHHS POJII HU3KU KaJlbLIIEBUX PELIENTOPIB 1 KAHAIIB Y
Ma3MaTUYHUNA MeMOpaHi Ta MeMOpaHax BHYTPIINIHBOKJIITUHHUX OpraHes, J03BOJIsIE
HaOJIU3UTHUCS O BU3HAYEHHS BHECKY BIAMOBIIHUX MOAINA y peryisuiio (i310J10TTYHUX
(GyYHKIIH KIITUHYU, HAMPUKIAA CHHANTHYHOI MJIACTUYHOCTI HelpoHa. B nmanomy ormsai
OMHMCaHl METOAWYHI MIAXOAH Il BU3HAYCHHS KOHIICHTpAIlll KaJIbIII0 Ta BEIUYMHU HOTO
MOTOKIB, 1110 TO3BOJISIE OXapaKTepU3yBaTU OKPEeM1 KOMIIOHEHTH KaJIbIIIEBOT CUTHAI3allli Ta

BUSIBUTH X POJIb Y PETYJIALIl pi3HUX (DYHKI1HA 30y ITUBUX KIIITHH.
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The estimation of not only concentrations of different intracellular ions (calcium in particular), but also
of the dynamics of changes in these parameters, is one of the most important tasks in today cell biology.
The measurements of calcium concentrations in the cell and even in its separate organelles are possible
with the use of several experimental approaches (electron microscopy, electrophysiological techniques,
fluorescent/optic methods, and others). Calcium is present in the cell in free (ionized) and bound states.
Local rapid changes in the Ca®* level in definite cell sites are individual quanta of an integral oscillatory
calcium signal determining numerous cell functions. Separation of calcium fluxes in different cell
compartments and evaluation of the role of calcium receptors and channels in the plasma membrane and
membranes of the intracellular organelles allows experimenters to begin estimation of contributions of
the respective events to the regulation of physiological functions of the cell, e.g., of synaptic plasticity
of the neuron. This review describes some methodic approaches for the measurements of concentrations
of calcium and characteristics of its fluxes; this makes it possible to characterize separate components of
calcium signaling and to determine the roles of these components in the regulation of different functions

of excitable cells.

Keywords: Ca*', calcium fluxes, fluorescent indicators, microscopy, neuron.
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INTRODUCTION

Calcium is the most important ion in cell
signaling, and changes in its concentration provide
the regulation of a number of cell processes
(excitation, muscle contraction, transmitter release,
synaptic plasticity, gene expression, apoptosis,
etc.). The characteristics of calcium signals are
determined by the functioning of an integral
complex of the molecular mechanisms, namely
ion channels, calcium-binding proteins, channels
providing calcium release from the intracellular
stores, and also exchangers (or pumps) providing
calcium removal from the cell cytosol. Intracellular
structures responsible for translocations of calcium
ions play significant roles in the transmission of
calcium signals. In excitable cells (neurons, muscle
cells, and secretory cells), a depolarization-induced
calcium entry initiates an additional increase in the
concentration of its ions due to calcium release from
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the calcium stores, and this exerts strong regulatory
effects on the corresponding cell functions both in
a local mode and in the cell as the whole [1, 2].
From the most general aspect, calcium is frequently
considered an agent affecting intracellular processes
via changes in the intracellular concentration of an
ionized form of this element ([Ca®]), i.e., of free
calcium. This index changes from about 50 nM in
the resting state to approximately 10 uM at the peaks
of a few physiological signals [3]. In the course of
realization of various physiological processes and
after stimulations of a different nature, short-lasting
(transient) significant increases in the [Ca*'], occur.

The entry of Ca*" from the extracellular
environment is realized due to activation of
voltage-gated Ca?" channels (VGCCs), channels
of ionotropic glutamate NMDA receptors and
acetylcholine receptors, and also of channels of
the transient receptor potential (TRPV channels) in
the plasma membrane. The endoplasmic reticulum
(ER) is the main intracellular structure that receives
and processes calcium signals coming from
calcium channels in the plasma membrane. The
corresponding structure in muscle fibers is called
the sarcoplasmic reticulum (SR). The release of

0090-2977/17/4905-00384 © 2017 Springer Science+Business Media LLC
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calcium from the intracellular stores appears as
oscillations; it depends on the channel activity in
the membranes of calcium-binding cell organelles
(ER, SR, mitochondria, Golgi apparatus, and
nucleus). An additional increase in the cytosol
concentration of calcium by its release from the
ER/SR is realized due to opening of the channels
of inositol-3-phosphate rectors (IP,.Rs) and/or
ryanodine receptors (RyRs). This process can be
divided into two stages. The first stage is RyR-
or IP,R-mediated local release of calcium from
the ER/SR induced by the rapid entry of calcium
ions via VGCCs or NMDA receptors of the plasma
membrane. The second stage corresponds to a
process of spreading of the calcium signal along the
entire cell due to activation of neighboring channels
(e.g., of RyRs) under the action of diffusing calcium
itself. This results in more global effects, namely
in increase in the [Ca®'], within the entire cell or
separate cell compartments [4].

In the cell, three calcium pools should be
distinguished; these are free (ionized) calcium
(Ca?"), chelated (bound to proteins) calcium, and
that contained in the intracellular organelles. Such a
term as the total calcium concentration (that of free +
+ bound Ca) is used in some cases.

It should be emphasized that Ca*', after its
entry into the cell or release from the Ca'? stores,
is intensely bound with cytosol proteins, such as
troponin, parvalbumin, calmodulin, calretinin,
calcineurin, and others. Adenosine triphosphate
also possesses a significant buffer calcium capacity
and is capable of binding considerable amounts
of calcium ions. Calcium is stored in the cell
organelles (mostly ER and SR) due to the activity
of sarco/endoplasmic ATPase (SERCA), and this
process needs energy expenditure; the respective
energy is produced in the course of ATP hydrolisis.
In the organelles, Ca?* also can be bound with buffer
proteins, calsequestrin and calreticulin. The sodium/
calcium exchanger is an additional mechanism
maintaining low [Ca*'], values; it extrudes Ca** ions
from the cytoplasm using the energy of a sodium
electrochemical gradient.

Calcium signals at the periphery and in the
center of the cell (or in the cell organelles) can
significantly differ from each other; this is why it
is rather important not only to estimate the Ca*
concentration in one locus or another but also to
measure the spatial and time characteristics of the
respective calcium fluxes.
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We describe below some methodical approaches
allowing experimenters to estimate calcium
concentrations in the cell in general and in certain
separate intracellular organelles.

Estimation of Calcium Concentrations by
the Means of Electron Microscopy. Electron
microscopy, EM, allows one, using wave- or energy-
dispersion consoles, to estimate the concentration
of a certain ion or atom by X-ray spectral analysis.
There is the following physical regularity: upon
bombardment of an object by an electron beam, the
length of the wave and energy of the initiated X-ray
radiation are determined by the atomic number of
the element and structure of the electron shells
of its atoms. This regularity is the basis of X-ray
microanalysis. Under the action of the above-
mentioned irradiation, electrons are eliminated
from the inner electron shell of the atom. Electrons
of the outer shell “jump” on the vacant sites;
they release the excessive energy as a quantum of
X-ray radiation or transmit this energy to another
electron on the outer shells. According to values
of the energy and number of quanta released in
the course of such processes, the qualitative and
quantitative composition of the analyzed substance
can be evaluated. Quantitative analysis is carried
out by comparison of the number of released X-ray
quanta to that obtained from the standard specimen
(definite material). Electron microscopy gives only
a static pattern (the time resolution is absent), but
the above-described approach allows one to record,
in some way, changes accompanying one or another
physiological process. This can be provided by
rapid cryofixation of the examined material. The
described method has certain limitations; in this
case, the concentration of total calcium, but not that
of free or bound calcium, is measured. There are a
few variants of the above-described technique.

Energy-dispersive X-ray spectroscopy (EDXS)
is a technique of elemental analysis of a substance
based on measurements of the emission energy of
its X-ray spectrum. Within the framework of this
technique, the wavelengths and intensity of radiation
are measured using a spectrometer. As a standard
source of X-ray radiation, an analyzer crystal (mica,
quartz, or lithium fluoride) is used; in this case, it
is possible to detect characteristic radiations from a
large number of elements, from sodium to uranium.
This allows researchers to quantitatively estimate
both total concentrations of calcium and other
elements (e.g., sodium and potassium) and their
distribution across cell compartments [5-9].
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The mean value of the total calcium concentration
in the ER of CNS necurons measured using these
techniques was 5.1 £ 1.1 mmol/kg of dry mass, or
1.3 £0.3 uM (if we assume that the water content is
85%) [10]. After stimulation of such cells by bursts
of high-frequency stimuli, the Ca*" concentration
in the ER of these cells increased to 3.7 mM [10].
The mean value of the total calcium concentration
in the cytosol was equal to 0.7 mmol/kg of dry mass,
which corresponds to 120 uM [8]. As is known, the
concentration of free calcium (Ca?*) in most neurons
in the resting state is about 100 nM [3]. According
to these data, it is possible to calculate the ratio of
the concentration of total calcium vs. concentration
of free calcium; this is about 1200. In the active
state of the cell (e.g., after intense stimulation), the
level of free Ca’" increases to about 1 uM, while
the content of total cytosol calcium is about 0.8 pM
[10]; thus, the above ratio is 800. In other studies,
comparable values were obtained. For example,
it was mentioned that the ratio of bound vs. free
calcium is about 1000 [11]; it should be taken into
account that this value is not constant. Therefore,
after estimation of the content of total calcium
using EDXS, it is possible to obtain an approximate
estimate of the concentration of free calcium (the
first index should be divided by 103).

Another approach is electron energy loss
spectroscopy (EELS) [12]. This method is three or
four times more sensitive than EDSX; it allows one
to estimate calcium levels within a 0.2 to 20 mM
range [13] and provides a better spatial resolution.

Measurements of the Concentration of Calcium
Using its Radioactive Isotope. Concentrations of
calcium in the cell or even in separate organelles
of the latter can be estimated by measurements
of the activity of its radioactive isotope, *Ca.
Analysis of the kinetics of **Ca absorption and/or
desaturation curves allows researchers to obtain
information on the distribution of this element in
various cell compartments and to estimate the rate
of its redistribution between such compartments.
The respective studies should be carried out in the
stationary states. Measurements of rapid changes
in calcium fluxes related to the entry of calcium in
the cells and its release from the latter with the use
of the above method can be provided by fractional
analysis. In this case, it is possible to estimate the
amplitude and kinetic parameters of the calcium
signal, but the actual rate of the calcium fluxes
cannot be measured because of time restrictions
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[14, 15]. The use of the above methods is
accompanied by an error related to the difficulties of
determination of the concrete compartment in which
changes in the calcium level occur. The fact that it
is impossible to accurately identify the anatomical
structure of the object imposes certain restrictions
on the capabilities of the respective measurements.
Measurements of [Ca**|, Using a Ca-Sensitive
Electrode. The concentration of free calcium in
the cell can be measured potentiometrically using
a Ca-sensitive electrode. The sensitivity of such
electrodes is within a 1 nM to 100 mM range.
This method can be successfully used for the
measurements of [Ca*'] under stationary conditions,
in particular in calibration solutions. The time
of a reaction of the above-mentioned electrode to
changes in [Ca®7] is about 1 sec; this is why this
technique also cannot be used for investigations
of rapid changes in the calcium concentrations.
The construction of the Ca-sensitive electrode is,
in general, based on a lipophilic membrane that
separates two aqueous compartments. In one of
latter, there is a standard solution with the known
Ca?" concentration, while another compartment
contains the examined solution. Calcium ions from
the latter compartment enter another compartment
(standard), which results in the generation of a
potential on the membrane, and this potential is
proportional to the concentration difference. The
value of this potential can be calculated according
to the Nernst equation: AV = 28 log (c/c,,), where
AV is the potential difference, Crop is the
concentration of Ca*" in the standard (reference)
solution, and ¢ is the respective parameter in the
examined solution [16]. From the constructive
aspect, the Ca-sensitive electrode can be made as
a microelectrode with the 0.5- to 10-uM-thick tip.
The existence of considerable noise overlapping the
useful signal is a negative aspect of the properties
of such microelectrode; beside this, there are
noticeable problems with calibration [17].
Measurements of [Ca’], Using a Patch-Clamp
Technique. The current determined by the movement
of ions through a channel of the plasma membrane
can be measured by a patch-clamp technique,
i.e., by fixation of the potential on a mictropatch
of the membrane and recording of the current. If
the value of the current is known in this case, the
local calcium concentration can be measured as
Jl/cf,- I., - dt, where ¢, is the Faraday constant and

C

I, is the current through calcium channels of the
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cell. This approach was used for calibration of
Ca-sensitive fluorescent indicators. In particular, the
fluorescent probe Fluo-4 was calibrated according
to the results of electrophysiological measurements
of the calcium current through a unitary calcium
channel of the L type in myocytes of the myocardium
(ventricle). This allowed experimenters to obtain
precise values of the magnitude of a miniature
calcium signal using a confocal scanning microscope
[18]. A low-affinity calcium probe can be used for
optical measurements of the calcium current in a
presynaptic ending; this has been demonstrated by
comparison of values of the optic signal and channel
current [19].

Measurements of [Ca*] Using Fluorescent
Microscopy. If a sufficiently high time resolution is
necessary in studies of calcium signaling in the cell,
a fluorescent microscope and calcium fluorescent
probes are used. In this case, it is possible to use
a standard fluorescent microscope supplied with
a photoelectric multiplier and a CCD-camera or a
high-speed scanning confocal microscope.

The fluorescent technique does not allow one to
obtain a direct value of the [Ca®]; this technique
reflects the amount of Ca?' ions, which is bound to
the dye. The concentration of free Ca®* is calculated
according to the value of intensity of fluorescence
of the dye using the formula shown below. When
the measured signal is linked to the region of Ca*
release from the intracellular store or to the site of
entry of this ion through the plasma membrane, the
dynamics of free Ca®>" and value of calcium fluxes
in separate compartments of the neuron can be
characterized. When calculating the [Ca*], it is
necessary to take into account accessory calcium
fluxes that are not related to the reaction with the
dye; an additional differential component should be
included in the respective calculations.

The equation for calculation of the concentration
of free calcium for a single-wave technique of
excitation of the dye with the involvement of the
above-mentioned additional differential component
looks as follows:

! %ﬂ% [Ca:dye]

[dye]—[Ca:dye]

[CaZ+]i=kun , (l)

where [dye] is the dye concentration, [Ca:dye]
is the concentration of the dye bound to calcium,
K is the dissociation constant of the dye, and k

242

387

is the coefficient of binding of calcium with the
dye. The process of diffusion of dye molecules
from the region of recording should also be taken
into account. In this case, Eq. (1) has the following
pattern:

1 d[Ca:dye]

Z —D-A[Ca:dye]+ K, -[Ca:dye]
[Ca2+ ]l — Zon

i . (2)
[dye]—[Ca:dye]

where D is the diffusion coefficient of the dye,
and A is the vector differential operator.

The expression describing the fluorescent signal
looks as follows:

F= [Ca : dye] 'me + ([dye] _[Ca : dye])'Fmin , (3)
[dye] [dye]

where F/ and F_. correspond to the maximum
and minimum intensities of fluorescence measured
in calibration of the dye, and [Ca:dye] corresponds,
in fact, to the value of the fluorescent signal F. Then,
an equation for measurement of the concentration
of free calcium with respect to the fluorescence
intensity of the dye can be written as follows:
F

A AR+ (F-Fy )k
- dt min off
[Ca™] =

(Fo —F)-k,,

max

, (4)

where F is the current intensity of fluorescence.
Using Eq. (4), it is possible to measure the
concentration of free calcium in the solution
according to the change in the fluorescence intensity
of the calcium probe, e.g., when using Fluo-4.

Upon applications of physiological stimuli, the
calcium signal changes in a transient mode; this
is why not only the absolute value of the Ca*
concentration, but also the dynamics of its changes
should be evaluated. The latter is provided by
determination of the magnitude and rate of fluxes
for the calcium signal in definite cell regions, e.g.,
in a zone of the channel or of the calcium store.

Measurement of the Calcium Flux Value. The
flux value is the main quantitative characteristic
used for the description of changes in the ion
concentration, e.g., on the transfer of this ion
through the membrane. The flux of ions @ through
the area § is measured by the number of the particles
crossing this area within a time unit. Calculation of
the flux value is reduced, in fact, to determination of
the first derivative of the calcium signal with respect
to time. Several approaches have been proposed for
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the determination of the time characteristics and
amplitude of the Ca*" flux upon the release of these
ions from the intracellular stores [20-25]. The main
complexity in this case is that it is necessary to
calculate several parameters and to determine not
only the value of the free calcium concentration,
but also to calculate the concentrations of calcium
bound in the organelles and with the endogenous
buffers, and also to estimate the amount of calcium
released from the cell. For this, it is necessary to
obtain a system of nonlinear differential equations
with known concentration of free calcium and
with taking into account of each process involved
in [Ca®"], changes. The kinetic parameters for
calcium-sensitive components of the cell can be
estimated in the course of additional experiments or
determined in the course of analysis of the calcium
signal.

In the simplest case, where the buffer capacity
for Ca is absent, the calcium flux can be calculated
using a rather simple formula:

_ d[Ca™ ],
d

In such calculations, Brum and colleagues first
used in 1988 the term “input flux” and demonstrated
that, in skeletal muscle, this flux is equal to the
“release flux” [21]. This condition, however, is
not performed in other cells, cardiomyocites,
smooth muscle fibers, and neurons; this is why
using the term “removal” is more correct in these
cases.

D

d[Ca’*]

- =flux — removal
dt

There are two methods for calculation of
removal, a theoretical one based on the known
values of Ca?" flux [26] and an empirical one [27].
Brum et al. combined these two methods, and the
combined method is being used at present. Blatter
et al. used an original method of analysis of the
calcium macrosignal recorded from the cell [24, 26,
27] and adapted this technique for the analysis of
local calcium microsignals in cardiomyocites; these
signals were related to calcium release from the
SR.

In calculations of the value of calcium flux, it is
necessary to set accurately the buffer components,
such as binding to cytoplasmic proteins (e.g.,
troponin), ATP, and EGTA, capturing of calcium
by the mitochondria, contribution of the SERCA,
release of Ca?" from the cell, etc. [28].

(5).

243

V. M. Shkryl

Equations that describe changes in the calcium
concentration ([Ca*']) for a few buffer systems (B))
when diffusion is taken into account, will look as
follows:

where D is the corresponding diffusion
coefficient, B, represents various calcium-binding
buffer components, [Ca:B] is the concentration of
calcium bound with the buffer, and k£ and k__are
the coefficients of binding with the given buffer
and dissociation of calcium ions from the latter.
If the diffusion coefficients for [Ca:B] and [B]
are equal to each other and [B] is the constant,
correspondingly, Eq. (8) can be excluded. By solving
of these equations for the selected calcium binding
components (calcium concentrations are calculated
according to Eq. (4)), it is possible to estimate the
value of the calcium flux @.

Error in recalculation of the calcium flux. The
process of reconstruction of the flux rate was
developed initially for single-dimension confocal
scanning (modes x-t or y-¢) of the calcium signal
in a radial symmetry approximation. In the case
of scanning in a two-dimensional space (x-y-f),
recalculation of the calcium flux becomes more
complicated because of the absence of radial
symmetry and existing limitations within the
axial plane z; for the latter, there is no complete
information on the calcium signal. The error can
be estimated using simulation of the preset calcium
flux for definite experimental conditions. In
particular, in the case of simulation of the preset
calcium signal with a vertical resolution of 1 pm
(which is comparable to the confocal resolution
in the axial direction, z), the error corresponded
to 20% of the preset calcium flux [29]. Thus,
recording in the x-y-f coordinates and recalculation
of the calcium signal by the flux value involve a
systematic underestimation error equal to about
20%. Such a situation, however, may be acceptable
in the description of physiological processes related
to changes in the [Ca’"]. in the cell.

Example of calculation of the calcium flux upon
opening of a group of RyR channels. The quantitative
characteristics of the calcium flux were described
in detail in the course of studies of coupling
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between excitation and contraction in myocytes of
the myocardium. Initially, calcium enters the cell
trough VGCCs of the L type. This, in turn, initiates
an additional increase in the Ca’" concentration at
the expense of activation of RyRs and release of
calcium from the intracellular stores. Single discrete
events of Ca?" release related to the opening of
RyRs were visualized using confocal fluorescent
microscopy; these events were called calcium sparks
[30, 31]. These sparks reflect activation of several
RyRs in the SR (or ER) and correspond to individual
blocks (quanta) of the integral calcium signal. The
probe fluorescence at such sparks remains local,
which may be a good object for the description and
characterization of the calcium fluxes. Such calcium
entry events, but mediated by IP Rs, were called
puffs; these calcium events were first observed in
Xenopus oocytes [32]. IP,Rs may be activated with
increase in the calcium level provided not only by
the expense of ions entering the cell via channels of
these receptors but also due to additional modulation
of the calcium amount localized in the cytosol in
close proximity to the receptor. When the calcium
release possesses a more global character, local
signals are merged and can spread along the cytosol
as a self-supporting wave.

The above-described method of calculation of
the calcium flux in the course of calcium release
from the intracellular store requires estimation of
the concentration and kinetic parameters of calcium
binding with definite molecules and also of the action
of the systems of calcium extrusion [33, 34]. Among
seven main processes modulating a calcium spark,
the reaction of Ca** binding to ATP and diffusion of
this ion from the examined site are the crucial ones.
The contribution of other buffer processes, such
as (in the order of decreasing importance) binding
of Ca?" with the probe dye, EGTA, SERCA, and
troponin, and, finally, activity of the sarcolemmal
sodium/calcium exchanger does not exceed 10%
[34]. The calculated maximum density of the
flux (at the peak of the calcium spark) is equal to
53 mM/sec, which is equivalent to 11 pA of the
current. When these values were taken into account,
it became possible to calculate the number of opened
RyR channels. The obtained estimate corresponded
to 20-30 (value of the current through a single
channel was 0.3-0.5 pA at the peak of the calcium
spark) [36]. In another study, the value of the above
mentioned current was somewhat smaller (8 pA)
[35].
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Therefore, calculation of calcium fluxes allows
researchers to characterize the role of various buffer
systems, systems of calcium extrusion from the
cell, and systems involved in the formation of the
calcium signal upon the release of these ions from
the stores; it is not less important that the dynamics
of the above processes can be estimated. Using such
approach, it is possible to determine when calcium
release from the store was initiated or terminated.
This cannot be done based only on the estimates of
changes in the absolute values of the free calcium
concentration [34].

Calcium Signaling in Neurons. A rather low
intracellular concentration of free calcium (50 to
100 nM) is typical of most neurons in the resting
state. This index can increase up to 10 pM upon
intense electrical activity of the cell [3]. In particular,
the calcium level in the dendrites could increase to 5
UM during the development of synaptically induced
calcium waves [37, 38]. Thus, the range of changes
in the [Ca’'], is rather wide. If we consider this,
estimating of precise values of the calcium fluxes
is a rather complex but necessary task in studies
of specific mechanisms of calcium signaling in
neurons. Information on the spatial distribution
of the respective channels and receptors is rather
limited; it is obvious, however, that molecular
mechanisms and patterns of Ca?" release in different
regions of the cell and in neurons of different types
differ significantly from each other [39].

Calcium signals based on the release of this
element from the intracellular stores were found
in neurons subjected to various physiological
stimulations [40—42]. As is well known, Ca?* release
from the ER occurs under conditions of opening of
the IP.R and RyR channels [43]. The IP,-mediated
release of calcium from the dendrites is initiated most
frequently by the action of neurotransmitters (e.g.,
of glutamate) [44], while RyRs can be activated by
an increase in the Ca® concentration in the cytosol.
The entry of calcium ions through VGCCs activates
RyRs via a calcium-mediated process that obtained,
at present, the generally known designation
“calcium-induced calcium release” (CICR). This
process can promote significant intensification of
the calcium flux evoked by generation of a single
or a few action potentials in the neuronal soma
[45, 46]. The functioning of intracellular receptors
of both types (IP,Rs and RyRs) is regulated by a
variety of intracellular factors, in particular by
the calcium level per se [47]. Calcium ions can
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affect the above-mentioned channels from both
luminal and cytosol sides of the membrane. Such
calcium regulation provides, in fact, the functioning
of a feedback loop that coordinates the inflow of
Ca? from the intracellular store to the cytosol.
In the case of IP,, such a mechanism can play
an important role in the generation of dendritic
calcium waves. The latter are initiated in cortical
and hippocampal pyramidal neurons and cells of
some other types by synaptic activation [37, 48].
In presynaptic terminals, the Ca** entry switches
on the process of exocytosis of synaptic vesicles
containing neurotransmitter molecules [49, 50].
In turn, transient increases in the calcium levels
in proximity to the postsynaptic membrane of the
dendrites modulate the development of synaptic
plasticity [51].

Local calcium events, such as calcium sparks and
puffs, were not found for a long time in the neuronal
soma; it was believed that such events in the soma
are absent or extremely rare. This conclusion,
probably, was related to the absence of clusterization
of RyRs and IP_Rs in the nerve cells (in contrast to
fibers of the skeletal muscles and cardiomyocites),
low magnitudes of the corresponding signals, and
a relatively high noise level. Later on, however,
such events were successfully detected in the PC12
cells after their differentiation under the action of
neural growth factor [52] and also in the dendrites
of pyramidal neurons in hippocampal slices [42].
In the membrane of dendritic spines, RyRs are
distributed relatively evenly. The sharp rise in the
calcium concentration resulting from Ca*" entry
through channels of NMDA receptors and VDCCs
induces the calcium release from the ER [4]. In this
case, calcium events are mostly mediated by the
RyR activity, while that of IP,Rs is also involved to
a certain extent.

“Fast” fluorescent microscopy allows researchers
to perform analysis of calcium signaling in excitable
cells. From this aspect, examination of rapid local
calcium events, both sparks and puffs, is rather
urgent. Such phenomena have at present been found
in a number of excitable cells.

In the studies of calcium signaling in neurons,
strict differentiation of the contributions of RyRs
and IP.Rs in the course of calcium release from
the intracellular store is obviously important. The
patterns and functional role of spatial distribution
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of local calcium events (both sparks and puffs) in
the neuronal dendrites have not been elucidated
until now. Examination of IP,R-mediated local
events is complicated by the necessity of initiation
of synaptic activity for the manifestation of such
events; naturally, such initiation results in activation
of these cell receptors themselves. Therefore,
studies of the above-mentioned calcium events
are, at present, rather difficult not only from the
technical aspect, but also because of the structural
basis of these events.

The appearance of novel fluorescent dyes
characterized by a high sensitivity and of novel
detectors with low levels of noise (which allows
one to detect even separate photons) will allow
experimenters to record extremely small calcium
events. This will open certain possibilities for more
adequate qualification of the roles of RyRs and
IP.Rs in calcium signaling in neurons and other
excitable cells.

Thus, studies of changes in the [Ca*'] in general,
distribution of calcium within the cell borders, and
fluxes determining redistribution of these ions have
been initiated with the use of a number of various
approaches. Some of them have been described
above. Each of these methods possesses certain
advantages, limitations, and deficiencies. It is quite
natural that several different approaches can be
simultaneously used in studies of calcium signaling
in the cell.

Elucidation of the mechanisms of intracellular
calcium signaling is extremely important for the
understanding of cellular and molecular mechanisms
of functioning of neurons and other excitable cells.
Calcium ions perform a unique role as the main
component in the system of intracellular signaling.
Detailed adequate interpretation of such processes
allows researchers to identify possible defects in
such signaling; these defects are important or even
main pathogenetic factors in a number of various
pathologies of the cell or of the entire organism.

This is a review paper; therefore, confirmation of
the accordance with the existing ethical standarts for
experimental studies is not necessary.

The author of this study, V. M. Shkryl, confirms that
he had no conflict of interest pertinent to commercial or
financial relations and relations with organizations or
persons somehow or other related to the study.
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3.2 Kopekuist noxu0Kku yepe3 BigfHIMaHHSA (POHY P PALiIOMETPUYHHUX

BUMIipPIOBaHHAX KaJbILiI0 32 1onoMoro I133-kamepu

PamiomeTpuyHuil METOJT YaCTO 3aCTOCOBY€EThCS ISl (biryopeciieHTHOTro OapBHMKa Fura-2.
Jlns  mepepaxyHKy (QuyopecueHLii y KOHUeHTpauiro BimeHoro Ca’" 3a3puuaii
BUKOPUCTOBYEThCA Gopmyna ['punkeBuda (Grynkiewicz, 1985). Onpnak BigHIMaHHS
(hOHOBOTO pIBHS MOXE€ BHOCUTH CYTTEBY MOXHOKY B PalllOMETPUYHUX BHMIPIOBaHHAX
KaJlbIlit0, pu BUKOpUCcTaHHI [133-kamepu sik 1eTekTopy curHaty. Skino noxuOka BUHHKAE
BHACJIIIOK I[OTO BiJIHIMAHHS, BIJHOIIEHHS (iyopecueHiiii npu 30ykenni B 340 HM 110
curHany npu 380 HM MoOXke MEepeBUIYBAaTH AiNCHE 3HAYCHHS YJBiUl. BaXKJIMBO TaKOXK
BpaxOBYBaTH, IO MpPHU HEPEryJIbOBaHIM IHTEHCUBHOCTI 30YyIKEHHS sl 3a0e3ledeHHs
OJHOPIJHOT MPOIMYCKHOI 3JaTHOCTI 00'€KTHBa IJs1 YJIbTpadiosieTOBOrO OCBITICHHS
OapBHUKA MOK€ BIAOYTHCS HEPIBHOMIpHE 3HEOAPBICHHS JUIsl KaHAIIB 3 JOBXUHOIO XBUJI1
340 um Ta 380 HM. Ile, y cBoro dyepry, Moke MPU3BECTH IO JOJATKOBUX IOXHOOK Yy
BU3HAYeHHI KoHIeHTpanii Ca’".

3anuc curHaiiB JBOBUMIpHOI 1HGopmamii y ¢dopmi 300paxkeHHs (X, y) abo
JMHAMIYHOTO 3aMHUCy B yaci (X-y-t) peectpyBaBcs 3a nonomororo [133-kamepu. HeoOxinue
BiIHIMaHHSI (JOHOBOTO CUTHATY 3 KOXKHOTO MIKCeJsl 300pa’keHb MaCUBY X-y MpU 30yKEHH1
ceiTiiom 340 HmM Ta 380 HM MOXe MaTH Bia'emMHe a00 HYJbOBE 3HAYCHHS, IO MOXE
IPHU3BECTH 0 MOMMJIKH B pospaxyHky [Ca®’]. Tak, y 8 mociimkKyBaHMX KINTUH, 0e3
BifIHIMaHHs (POHY, Oa3anbHi PiBHI (IIYOPECUEHTHUX CUTHAJIIB y COMI HEMpOHA CTAaHOBUIIU
261.8+£12.7 npu 380 um ta 226.4+8.0 npu 340 um. Ilikose 3nauenns Ca’*-TpamsicHry
crtaHoBmwiIo 178.5+5.7 mpu 380 um 1 279.3+12.9 npu 340 um. YV Bunaaky BiaHIMaHHS (HOHY
M0 MIKCEJIbHO, CUTHAI MpHU 30y/KeHH]1 Ha 380 HM Mae OuIbIy TEHIEHIIIIO A0 BiJ'€MHOIO
a00 HYJIHOBOTIO 3HAYEHHS 1 MOXXE MPU3BOJUTU 1O MOMUIIOK Y PO3PAXYHKY PEaTbHOTO
curnany Ca’" He TibKM Ha piBHI CIIOKOIO, ajte i Ha miky Ca**-TpaH3ieHTy, M0 IPHU3BOIUTE
70 TOMUJIKM y BU3HA4yeHHI voro ammiuityau. 1[o6 orpumatu pesynbrar 0€3 MOMUIIOK,
HEOOX1HO CHEpIly ycepeaHUTH no mionl kmTtuHu adbo ROI, a moTiM BigHATH (OHOBUMI
piBEHb.

@OyHKI1i10 3He0apBIeHH O0apBHUKA (Y) MOKHA 3HAUTH SIK YCEPEIHEHY PI13HUIII0 MK

HOpMaIi30BaHUMHU cUrHaaMu F3so 1 F3go:
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y = l(( F340 )CO + F3g0 ) (1)
2 \\F340(0) F3g0(0)
o ln(Z—?S—OE;;)

koedinieHT Cy MOKHA BU3HAUUTH: Co = ﬁ (2)

F340(0)
ne F330(0) 1 F340(0) - mouaTkoBa dryopecuenuist; Fiao(1) i Faso(1) - 3auenns Ca® -tpansury
Ha MakcuMyMi (a6o BusHauenoro[Ca?*)).

Hns curnanmy Fzgq, mBUAKICTE edekTy 3HeOapBiieHHS OapBHUKA MOXe OyTH
MaTeMaTUYHO CKOPHUTOBaHa 3a JOOMOTOI0 CTeNeHeBOI (PYHKIIT 3 KOe(DII[IEHTOM BTpaYEHO1
eHeprii 30ypxkeHHs Cy, SIKU MOKHA OOYMCIIUTH 32 PIBHSHHSM (2) 3 YMOB KaniOpyBaHHS.
HopmoBani curHaim, CKOMIIEHCOBaHI Ha 3HEOAPBIEHHS IS ABOX JTOBXKWH XBUJIb MOKHA

3aMMCcaTH y BUTJISIIL:

C

F=F (0).1(&)0_& +1
MO 2 \WFago(0)/ Fago(0)
_ (1 _Fsza0 [ _Fss0 /€
F'= Fago(0) <2 <F340(0) (F380(0)) ) * 1) )

PiBusannas 3 obOuucmioe ¢ayopecuieHTHUM curHan Bif Fiso 1 Figo 3 KoMmeHcaliero
edexTy 3He0apBIIeHHS OapBHUKA, Ta BAKOPUCTATHU JJIsl ABOXBUIBLOBOTO METOY 30y IXKEHHS
3 6apBHUKOM Fura-2 abo ioro aHagoramMmu.

PiBHSHHS 171 po3paxyHKy BibHOro Ca?t mis onHiei 10BKMHM XBUI MOKe OyTH

npcACTaBJICHC HACTYITHUM YHHOM:

(F—Fmin)
(€™ = K ) ®

KonnenTtpamuio BinmbHOro Ca?* MOXKHA BM3HAYMTH 3a JOIOMOTOK piBHAHHA 4.
[ToxubOka, noB'si3aHa 3 BiAHIMaHHSIM (POHY 1 sika Oylia BUSBIEHA JJIsi PATIOMETPUUYHOIO
curHaiy, BIACYTHS st ¢uayopecueHiii F, oTpumaHoi 3a A0MOMOror0 piBHSHHA 3.
3acToCcyBaHHSI PIBHSIHHS 3 J03BOJISIE MEPEBECTU JIBOXBWIHOBE BUMIPIOBAHHS HA OJIHY
JIOBXKUHY XBUJI1 0€3 MOXUOOK BiAHIMAHHS (POHY 13 KOMIIEHCOBAaHUM €()EeKTOM 3HEOapBICHHS
OapBHHKA.

VY nauiii yacTMHI BHKIIAJEHO IOKpamieHuii meron obumcinenHs [Ca’'] Ha ocHOBI
patioMeTpuuHoi (uyopecueHuii 6apsHuka Fura-2, peectpoBanoi [133-kameporo. [lanuii

METOJ PO3pOOIICHO 3 METOK onTuMizauii BumiproBanb [Ca’'] Ta 3abe3neueHHs KOpeKii
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¢boro3nebOapBieHHsT 0e3 mNOXMOOK, TNOB'A3aHUX 3 BiAHIMaHHIM (oHy. JlomaTkoBO
MPOTOHY€ETHCS MATEMAaTUUHUM MIAX1]1 JUIsl KOPEKIIil 3aHMKEHUX 3Ha4eHb (IyopecleHIlli Ha
noBxkuHI XBWIl 30ymkeHHss 340 wm. llel migxig TakoX KOMIIEHCYE NIBUJIKICTh
(dboTo3HebapBieHHs s 000X KaHamiB (3 moBxkuHamMu XBwib 340 Hm Ta 380 HM) 3a

JIOTIOMOTOI0 CTETNEHEBOI (PYHKIIII.
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ABSTRACT

Background: Ca®" plays an important role in many physiological processes and an accurate study of these signals is
important. In modern fluorescence microscopy, a charge-coupled device (CCD) camera is widely deployed for
calcium imaging. The ratiometric method is used for the fluorescence dye Fura-2 and Grynkiewitz's formula
(Grynkiewicz et al., 1985) is commonly used to convert fluorescence to free Ca®" concentration ([Ca®*]). But the
need to subtract the background signal can lead to a big error in ratiometric calcium measurements. When the
error due to background subtraction occurs, the fluorescence ratio of 340 nm divided by 380 nm lights may be
twice as large as the actual value. Under conditions when the excitation intensity is not adjusted to ensure the
same throughput of the objective lens for ultraviolet dye illumination, the indicator does not gradually bleach out
for channels with a wavelength of 340 nm and 380 nm light, which lead to an additional error in determining the
concentration of Ca?".

New method: Here we present a new approach for calculating [Ca®"] from the ratiometric fluorescence of Fura-2
dye imaged by a CCD camera. It is designed to optimize [Ca®*] measurements with photobleaching correction
without background subtraction error. A mathematical method is also provided for removing the existing
underestimated value of fluorescence at an excitation wavelength of 340 nm and compensating for the bleaching
rate for both channels with wavelengths of 340 nm and 380 nm using a power function.

Results: In cultured neurons, the calculations of the free Ca?" concentration during Ca?" transients estimated by
the old and new methods, determine it to the same extent. This comparison was made under conditions without
errors through background subtraction. If there is this error, the old method calculates [Ca®**] with a much higher,
rather than the actual value.

Conclusions: We present a modified Grynkiewitz's formula for calculation [Ca®*] for ratiometric dye, such as Fura-
2 imaged by a CCD camera, with photobleaching correction without background subtraction error.

1. Introduction

low-light intensified charge-coupled device (CCD) camera, with an array
of isolated elements (or pixels), attached to the fluorescence microscope.

The calcium ion (Ca?*) is a common second messenger that regulates
different physiological pathways as secretion, fertilization, gene tran-
scription, and apoptosis (Berridge et al., 2000; Pozzan et al., 1994). Tsien
et al. were introduced Ca®" fluorescent indicators for studies of Ca®*"
signaling (Tsien et al., 1982). Studies of cellular Ca®* signaling have been
greatly facilitated by the availability of fluorescent Ca" indicators,
which suitable to monitor Ca®* signals inside a cell. In its simple form,
the measurement of [Ca2'] using a fluorescent indicator requires only an
appropriate light source and a photomultiplier tube (PMT) detector. A
PMT was used for many years and still used when high sensitivity, fast
measuring are needed. The contemporary imaging system uses a

* Corresponding author.
E-mail address: slava@biph.kiev.ua.

https://doi.org/10.1016/j.heliyon.2020.e04180

Currently, two approaches are widely used to assess the dynamics of free
intracellular Ca?*: single-wavelength and two-wavelength (ratiometric)
methods. The ratiometric method is used not only for quantitative
measurements of the concentration of free Ca®* ([Ca%*]) but also for
qualitative analysis, such as single-wavelength techniques, valuable for
relative changes in Cat (Grynkiewicz et al., 1985; Minta et al., 1989).
Processing the ratio data of two-wavelength emission considerably re-
duces the effects of uneven dye loading, dye leakage, and
photobleaching.

Fura-2 is a ratiometric fluorescence indicator of Ca®*. The largest
dynamic range was detected at an excitation wavelength of 340 nm and

Received 8 October 2019; Received in revised form 21 October 2019; Accepted 5 June 2020
2405-8440/© 2020 The Author. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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380 nm that make the wavelengths preferred for [Ca®"] measurements.
The Grynkiewitz's formula is commonly used to convert PMT ratiometric
fluorescence into [Ca®*] for the dye Fura-2 (Grynkiewicz et al., 1985).

Continuous excitatory illumination often leads to irreversible
destruction or photobleaching of the fluorophore. Loss of fluorescence
during data acquisition (photobleaching or bleaching) results in an error
in determining the concentration of free Ca®* (Scheenen et al., 1996).
Using the ratiometric method, the effect of photobleaching is solved by
dividing the fluorescence at 340 nm by the correspondent signal at 380
nm light. The background should be also subtracted from each excitation
wavelength before determining the final ratio. Using the Grynkiewitz's
formula, subtracting the background value from an individual element of
the x-y fluorescence images can lead to a large error in determining the
concentration of free Ca®*.

In this work, we verify the Grynkiewicz's formula of calculation of
[Ca®"] for CCD cameras when background subtraction error appears.
And a new approach was proposed for calculating the concentration of
the free calcium ions with photobleaching correction, using fluorescent
excitation channels at 340 and 380 nm lights, which can be used for the
ratiometric dye as the Fura-2.

2. Materials and methods

All experimental procedures were performed in accordance with in-
ternational principles of the European Convention for the protection of
vertebrate animals used for experimental and other scientific purposes
(European convention, Strasburg, 1986); the Law of Ukraine “On pro-
tection of animals from cruelty” and approved by the Animal Care
Committee of Bogomoletz Institute of Physiology.

2.1. Cell culture and solutions

All experiments were performed on cultured neurons of the hippo-
campus of newborn Wistar rats. The primary culture of hippocampal
neurons was prepared as previously reported (Shkryl et al., 1999). Ca%*
imaging studies were carried out in 7-14 days of cultivation. A cover
glass with cells was placed in the solution included in mM: NaCl - 140.0;
KCl - 2.0; CaCly - 2.0; MgCl, - 2.0; HEPES - 10.0; pH = 7.4. To induce
Ca®" transient was used as a depolarization solution. Depolarization
solution containing 50.0 mM KCl was equivalent to bath solution
described above except that part of NaCl was replaced by KCL. All
chemicals were obtained from Sigma-Aldrich (St. Louis, MO).

Before the experiment, the cells were loaded with 5 pM Fura-2 ace-
toxymethyl ester (Fura-2 AM) for 30 min at 37 °C and an additional 20
min for deesterification of the dye. For [Ca®"] calculation we used vitro
value of Fura-2 Kd = 224 nM (Grynkiewicz et al., 1985). Ca®" transients
were induced by a 5-seconds application of the depolarization solution
with high potassium solution thereby opening voltage-sensitive Ca®*
channels in the cell membrane. To apply solutions we used a perfusion
system, controlled by a computer and synchronized by data acquisition
software.

2.2. Calcium imaging

In our study, we used a CCD camera (Olympus XM10) mounted on an
Olympus IX71 inverted microscope equipped with an Olympus LUC-
PlanFFN 20x/0.45 lens and MT10 illumination system that includes a
filter wheel exchanger (340 and 380 nm) and 150W xenon arc burner.
Cell M software (Olympus, Japan) was used for data collection. The
acquisition speed for one data point (340 nm and 380 nm) was 1.3 Hz.

2.3. Data analysis
Data analysis was performed using the IDL programming environ-

ment (ITT Visual Information Solutions). In the recorded images with
excitation of 340 nm and 380 nm lights, the region of interest (ROI) was
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selected based on the criteria for the signal difference at the peak of Ca"
transient and at its basal level. This allows us to make a good selection of
the soma area. For the subsequent analyses, ROI was selected on the soma
of a neuron without a nuclear region. All experiments were performed at
room temperature (22-25 °C). Data are presented as mean + SEM.

3. Results

The emission fluorescence from the Fura-2 indicator does not have a
linear relationship to the [Ca?"] and the dye fluorescence provides a
relative indication of the magnitude of the Ca?* signal, but can be cali-
brated. The Grynkiewicz formula with taking into account the back-
ground level is:

Fag—Bgr R..
Fago—Ber min Fg"s’g‘ — Bgr

24
] -5, Fii - B 0
R _ Faap—Bgr 380 gr
max - Fygo—Ber
Frin B P B, N
where Ry, = 28— = 20 8L g, dissociation constant; Bgr —

%a max — F'a"é'éfBgr’
background level; Fs49, F3gp — fluorescence at 340 nm and 380 nm
excitation wavelength; Fi? and FisXor Fiwt and Fpe- minimal and
maximal values of Fs4o and F3gg respectively (Grynkiewicz et al., 1985).
From this equation is clear that the real value of calcium concentration
could be correctly determined then F3go — Bgr > 0.

Using CCD camera signals are recorded of two-dimensional infor-
mation as an image (x, y) or dynamic recording in time array (x-y-t). The
size of the PMD detector and one CCD pixel is three orders of magnitude,
making the probability of detecting a signal at the level of one CCD pixel
much lower than that of the PMT. On the other hand, the quantum ef-
ficiency is better for scientific CCDs to compare to PMT, especially those
with semiconductor photo-cathodes, can detect single photons. CCDs are
not capable of doing that. Unlike the signal recorded using a PMT, the
CCD camera, at an individual pixel, records the reduced amount of
photons with a high noise level at each data point of the x-y image
(Heintzmann, 2006; Jerome, 2011). The necessary subtraction of the
background signal, performed from each pixel of the x-y array images at
excitation of 340 and 380 nm lights, can have the resulting values as a
negative or a value of zero, which may cause an error in calculating of
[Ca®"].

A background signal can be caused by endogenous compounds that
are unevenly distributed in the cell, such as collagen fibers, pyridine
nucleotides, which absorb and emit light at wavelengths very similar to
Ca®* indicators (Bootman et al., 2013a). Using 50-100 pM Fura-2
autofluorescence of the cell may be as large as 5% - 10 % of total fluo-
rescence after dye loading (Neher, 2013). During ratiometric measure-
ments, the background subtraction is an important step for the correctly
estimating of [Ca“] (Bootman et al., 2013a). Figure 1 shows an exper-
iment in which Fura-2-loaded cells recorded in resting conditions.
Figure 1A demonstrates a selected grayscale x-y image of a fluorescent
signal at 380 nm light.

The histogram of the intensity distribution of Fsgy at one frame is
shown in Figure 1B. The minimum value of F3gy was 117 a. u., and for
F340 was 120 a. u. The mean background level of 133 a. u. in the given
image area (dashed line) was subtracted from each pixel of the x-y image.
After subtracting the background level, the histogram of the signal in-
tensity distribution was obtained, which is shown in Figure 1C. The peak
of the histogram was -2.9 intensity values. As can be seen, after sub-
tracting the background level, the fluorescent signal had both negative
and zero values. After subtracting the background level, the image of the
ratio of 340 nm-380 nm signals (E%;ﬁ) is shown in Figure 1D. As you can
see, the signal is highly distorted and many values have infinity values
(white pixels) since division by zero occurred. After background sub-
traction, the ratio (%) was distorted. The background value was also
measured inside the soma of neurons before Fura-2 loading cells with the
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Figure 1. Intracellular Ca®>" measurement using the Fura-2 dye in cultured neurons of the hippocampus. A: Grayscale image displays the Fura-2 emission signal at 380
nm excitation wavelength (Fsgo) in rest. The neuron ROI (dotted white line) was selected on the soma of the neuron without a nuclear region. The dashed rectangle
represents the place outside the neuron where the background level was obtained. The histogram of Fsgo pixel intensity distribution before and after subtracting the
background is shown in Fig. 1B and 1C, respectably. The dashed line represents the zero value. D: Grayscale image of the distorted ratio of F340/F3go fluorescence
obtained after the background subtraction. Scale bar is 20 pm.

Figure 2. The appearance of an error in the ratio of F340/F3g0 signals after subtracting the background level. The figure shows an experiment in which Fura-2-loaded
hippocampal neurons. A, B: representative traces of the Fura-2 ratio (%) of Ca®?" transients under the condition of subtracting the background of 140 units
(111114 _c13#1) and 180 units (111114_c7#1), respectively. The gray line corresponds to the condition when the background value was subtracted from each pixel of
fluorescence of x-y image; the black line — the background value was subtracted from averaged value from selected ROI of the neuron. The black rectangular indicates
the application of a depolarization solution for 5 s. C: The error in determining the value of the ratio (%) on the value of the background. The error was calculated in 8
cells as a percentage value of Ca>* transient amplitude (dR) obtained with each pixel subtraction divided on dR with averaged subtraction of the background level.
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same conditions and fluorescence setting. It was 130.7 + 0.6 at 340 nm
and 133.7 + 0.9 at 380 nm (n = 6) excitation wavelengths.

We consider two scenarios for subtracting the background level: the
value is subtracted from each data point (pixel) of an x-y array of images
for 340 nm and 380 nm fluorescence (each-pixel subtraction) or the
average signal at selected ROI on the images (the averaged subtraction).
The averaged subtraction is analogous to the measurement of a PMT
detector. To show this consequence we check the value of the ratio signal
recorded in cultured neurons loaded with Fura-2, AM dye. Two Ca2*

transients were recorded at soma area of neuron caused by 5-seconds
Fs40—Bgr
Fago—Bgr

then the background of 140 units was subtracted at each-pixel (a gray
line) and form the averaged signal from the ROI (a black line), shown in
Figure 2A. For each recording, the ratios were calculated from the same
cell area. The value of 140 units was obtained at a site outside of the cell.
Figure 2B shows another recording and the ratio with subtracting the
background level of 180 units. As can be seen, the signals differ even at a
lower background level and considerably by 180 units. As can be seen
from the presented experimental data, the subtraction of the background
level, from each pixel, leads to an error in determining the value of the
ratio of fluorescence of 340 nm to 380 nm excitation wavelengths. Ac-
cording to the histogram of the distribution of the pixel intensity
(Figure 1B), the signal at light of 380 nm was not underestimated. To
describe the error in ratio that appears then the background is subtracted,
the amplitude of Ca" transient for various background values were
calculated. The amplitude of the first Ca*" transient (dR) was calculated
as the amplitude of the ratio at the peak of the transient from the base
level when using each-pixel and the average background subtraction
methods. How can we see from Figure 2C that the significant error occurs
when the background level is above 120 a. u. This value is lower for the
background level outside the cell that was 133.7 + 0.4 units (n = 8). To
reduce the difference in signals level, all the data presented in this
experiment were obtained on the same day using the same settings of a
fluorescent system, as well as and the exposure time and intensity of
excitation. Of the 8 tested cells, without background subtraction, the
basal levels of fluorescent signals at soma of neuron were 261.8 + 12.7 at
380 nm and 226.4 + 8.0 at 340 nm. The peak value of Ca" transient was
178.5 + 5.7 at 380 nm and 279.3 + 12.9 at 340 nm correspondently. In
the case of each-pixel background subtraction signal at 380 nm excitation
has a greater tendency towards a negative or zero value and can lead to
errors in calculating the real Ca2* signal not only at resting level but also
at peak Ca®" transient, that produce an error to determine the amplitude
of it. To get the result without the error, it is necessary to average over the
cell area or ROI of it and only then subtract the background level.

As mentioned earlier, [Ca2+] can be determined by a single wave-
length method, but there will be no online dye bleaching correction. The
calibration equation for a single wavelength can be written as:

application of the depolarization solution. The ratio is obtained

(F — Fun)

247
R

(2

where Fpi, and Fpax minimal and maximal fluorescence values (Gryn-
kiewicz et al., 1985).

For ratiometric imaging, additional adjustment is required. It is that
the excitation intensity at each wavelength is adjusted to match the
resultant fluorescence to the bit-depth of the system (Bootman et al.,
2013a). Using a chamber with indicator dye or some fluorescence grass,
the fluorescence intensities for both wavelengths can be adjusted so that
they are the same, attenuating the power level for excitation light at 380
nm. In our experiment, it was found that such conditions correspond to a
2.5-fold decrease in the light intensity at 380 nm compared with exci-
tation at 340 nm.

A wavelength at < 360 nm, fluorescence increases when the Ca** jon
binds to the dye, and decreases at > 360 nm. A fluorophore such as Fura-
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2 when excited at 340 nm and 380 nm wavelengths should have similar
kinetic properties. Are the relative change values of these signals the
same or different? It is well known that upon Ca®* binding to the Fura-2
dye molecule the fluorescence emission differs mirror-like at excitation
wavelengths of 340 and 380 nm, which are represented by Ca®* transient
(Figure 3A).

To compare relative change in fluorescence the signal at 380 nm is

represented as the normalized signal 2 — Fiff(“o) and compared with the

Co
normalized signal at 340 nm as (%) , where F3g0(0) and F34(0) are

the initial, baseline fluorescence; where Cp is the coefficient of the lost
excitation power energy during the passage of light through the objective
lens at a wavelength of 340 nm compared to 380 nm. Under the condition
when fluorescent outputs coincide Cy is 1. Interestingly, these signals are
almost identical, except for the distorted part due to the dye bleaching
effect (Figure 3B).

A dye bleaching function (y) can be found as the averaged difference
between these normalized signals added to 1:

_ L P \T, Faw
= 2<<F340(0)> +F380(0)> ©

The coefficient Cyp can be determined under specified boundary. Then

Co
: itne [ Faa0(1) Fsgo(1) _
for the given values of Fs40 and Fsgo, we can write: <F3m(o)) + R =

2, where F340(1) and Fsgo(1) is the value of Ca®" transient at peak (or
defined [Ca®*]). Then we can find the coefficient as:

Fsgo(1)
In <2 - FJSO)(O))
Co=—"5753" 4

Faa (1)
In F140(0)

In case when the excitation intensity at each wavelength does not
match the resultant fluorescence to the bit-depth of the fluorescence
system the bleaching functions for a wavelength of 340 nm and 380
nm lights can be different. Figure 4 shows the kinetics of fluorescence
emission at the two wavelengths with continuous illumination. At the
beginning of the experiment, the fluorescence intensity for both at
wavelengths was normalized to 100%. Figure 4A shows record without
any intervention, just how the fluorescence drop-in time. The 380
traces dropped more rapidly than the 340 traces in both cases with a
low and high bleaching rate. The best way to correct the fluorescence

Co
difference is power 340 trace with the power Cp as (F—:ffm) . The

resulting signals much bleaching rate with 380 traces in both records.
Figure 4B presents another record during the recording of Ca®* tran-
sient. In this example bleaching rate of Fs4o (black square line) and

Fsgp (red triangle line) was differed significantly, but after correction
Co
bleaching rate much both wavelengths excitation (red

F340
as F340(0)

and blue triangle lines). As can be seen from this figure the green trace
(the dye bleaching function, obtained by formula 3) reflects the
decrease in the traces of fluorescence of light at 380 nm and corrected
340 nm. The rate of bleaching effect can be simple mathematically
corrected for 340 traces using power function with the coefficient of
the lost excitation power energy Cp which can be calculated by Eq. (4)
with a calibration.

The bleaching-free normalized signals for two wavelengths can be

Co
presented as: F1 (340) = %(F;?(OO)) and F2 (380) = (2 - %)

As can be seen from Figure 3C, the normalized signals F1 and F2 are
almost identical. The bleaching function y obtained by Eq. (3) removes
the component of the bleaching dye. The bleaching-free signals can be
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Figure 3. Fluorescence of Fura-2-loaded cells recorded during Ca*" transient. Panel A depicts the measurement of fluorescence at excitation wavelengths of 340 nm
(black line) and 380 nm (gray line). The black rectangular indicates the application of a depolarization solution. B: normalized fluorescent signals at both excitation
wavelength, see the main text for additional explanations. A black line corresponds normalized fluorescence at 340 nm excitation wavelengths; a gray line — at 380 nm.
C: normalized bleaching-free signal at excitation wavelengths of 340 nm (black dash) and 380 nm (gray short dash). The coefficient of the lost excitation power
energy, Co was equal to 1.01. Ca®" transient was caused by the 5-seconds application of the depolarization solution.

Figure 4. Bleached fluorescence of Fura-2-loaded cells. Panel A presents two cell recordings of the fluorescence emission at excitation wavelengths of 340 nm (black
square line) and 380 nm (red triangle line) upon continuous illumination. During record 02, power energy of emission light at 340 nm and 380 nm was increased

Co
compared to the record 01. For both records, the blue triangle line presents the fluorescence emission at Fz4o recalculated as %4(00)) with Cp = 1.35 for the record

01 and Cp = 1.15 for the record 02. The fluorescence was normalized to 1 at the starting point of experiments (time = 0 s). Panel B depicts the fluorescence at
excitation wavelengths of 340 nm (black square line) and 380 nm (red triangle line) during Ca®* transient. The blue triangle line presents the fluorescence emission at

Co
F340 recalculated as <%“(“0)) with Cp = 1.77. The green line is the bleaching function obtained by Eq. (3). Black rectangular indicates the application of a depo-

larization solution. Ca®' transient was caused by the 5-seconds application of the depolarization solution.

found as: @ and % at 340 nm and 380 nm of excitation wavelength F = Fup(0) - (% (( Faso )C“ Fis > 1 ) or

respectively. Fi40(0) Fis0(0)
(e | P )i 1( F Fyo )/
Averaging (ﬁ%) and (2 - ﬁ%) signals compensates the dye = Fag(0) - <_ ( 0 ( 380 ) > n 1) ®)
2 \ Fax(0) Fi50(0)
bleaching effect. Also, the resulting bleaching free fluorescence can be
found by the next equation: The coefficient of the lost excitation power energy, Cy could be found
using Eq. (4). There is an option to use Fura-2 just at 380 nm (>360 nm)
_ 1 << Fia0 )Co _ Py > | ) as a single wavelength method.

2 \\Fs4(0) Fis0(0) Rewrite formula 2 in condition asF =2 — %3(00), Fnax =2— %ﬂ%, and

Multiplying Eq. (5) by F349(0) or F3g0(0) allows comparing the fluo- Foin = 2 — FF’a"é'é; then:
rescent signals from other cells. (®)
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(P55 — Fon)
(P~ )

The formula 7 can be used to calculate the concentration of free Ca®*
for excitation wavelength >360 nm.

Eq. (6) calculates a new fluorescent signal from F340 and Fsgg with
compensation for the bleaching dye effect. It can be used for a two-wave
excitation method with Fura-2 dye or its analogs. The concentration of
free Ca2* can be obtained using Eq. (2) for fluorescence <360 nm or Eq.
(7) for >360 nm excitation wavelength. The error through background
subtraction that was found for the ratiometric signal is missing for the
fluorescence F obtained by Eq. (6). Delivered Eq. (6) collapses the ratio
measurement onto a single wavelength without background subtraction
error. To calculate [Ca2+] using Eq. (2) or 7, the background subtraction
step can be skipped, as this value is equally excluded in the numerator
and denominator of Eq. (2) or 7.

[Ca*t] = Ky )
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Figure 5A a represents an x-y grayscale image showing the Fura-2
emission signal at 340 nm light at rest before any manipulation. As can
be seen in Figure 5B, the gray trace (the dye bleaching function, obtained
by formula 3) reflects the decrease in the black trace of fluorescence of
light at 340 nm and well defines the Fura-2 bleaching effect. In Figure 5C
shows fluorescence at an excitation wavelength of 340 nm, obtained by
Eg. (6). It is free bleaching fluorescence signal. Figure 5Ab and 5Ac show
pseudo-color images of the two-dimensional signal obtained by Eq. (6) at
rest and the peak of the first Ca>" transient. These are not destroyed
signals.

Under conditions without an error due to background subtraction, the
calculation of the concentration of free Ca® using the Grynkiewicz for-
mula 1 and the new technique presented in this paper, formula 6 and 2,
should have the same result. For these comparisons, a background value
was subtracted from Fs40 and Fsgo by the averaged subtraction circum-
stance. For both methods, the boundary values of the signals were

Figure 5. F340 and bleaching signals of Fura-2-loaded a hippocampal neuron. Aa: a part of the original fluorescent image at 340 nm light, at rest. It shows a pyramidal
neuron. Ab and Ac are pseudocolor fluorescent images obtained by formula 6 at resting condition and at time of the peak of the first Ca>* transient respectively. The
color scale represents arbitrary fluorescence intensity values. B: The black line of the trace represents an original fluorescence signal at 340 nm excitation wavelength
recorded from the soma of the neuron during two Ca" transients. The gray line is the bleaching function obtained by Eq. (3). C: The fluorescence at 340 nm light after
bleaching correction obtained by Eq. (6). D: The concentration of free Ca*" during two Ca®" transients calculated using formulas 1 for the ratio of Fs40/Fsg0 (R; black
line) and fluorescence F obtained by formula 6 and 2 (gray line). Ca®" transients were caused by the 5-seconds application of the depolarization solution. The black
rectangular indicates the application of the depolarization solution. Scale bar is 20 pm.
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obtained, as shown in AppendixA. Fiit was 74.9 and Fi&X= 195.5; Fit =
20.7 and F3gJ = 169.4. The values of Ry, and Ryax were calculated,
which amounted to 0.44 and 9.44, respectively. From the same data re-
cord, substituting these values into formula 2 for the resulting fluores-
cence F and Grynkiewicz formula 1 for the ratio signal R concentration of
free Ca2* was plotted in Figure 5D. As can be seen, both calculations
equally determine [Ca®'].
A dye bleaching function can be also written as.

Fu0€ + Fago
= % 700 (€]
Y F140¢(0) + Fag(0)

where C is the coefficient of the lost excitation power energy for fluo-
rescence Fs40 compare to Fsgo. This coefficient can be determined under
given boundary conditions of F349(1) and F3go(1) at given [Ca®*] or peak
of Ca®" transient. From Egs. (3) and (8), we can write the equation to
obtain a value of C:

me)“

F340 (O)

2-F5(1) +2-Fago(1) + (( Fi50(0)

n F380(1)> - (F530(0) — Fag(0) )

=0
)]

where Cy can be determined by Eq. (4) under the same conditions. The
coefficient C can be empirically estimated by substituting a value from
0.5 to 2 units in Eq. (9).

The coefficient C can be used to calculate ratio value with compen-
sation of different power energy lost during the passage of light through
the objective lens at a wavelength of 340 nm compared to 380 nm.

c
Py
Figo

10)

The ratio obtained by Eq. (10) does not affect the lost excitation
power for a wavelength of 340 nm light. The ratio should be used to
compare the fluorescence ratio of Ca>* signals from different recordings.

4. Calculation of [Ca2+] without error due to background
subtraction

The excitation intensity at each wavelength need to be adjusted to
match the resultant fluorescence to the bit-depth of the system
(Bootman et al., 2013a);

Imaging data is acquired as a time series and must be saved into two
image sequences separated into data at 340 nm and 380 nm excitation
wavelengths (Fz40 and Fsgo);

Finding a background value at noncellular region;

Make time profile of fluorescence for two channels F34q (t) and Fsgg (£)
at selected ROI of a cell where need to calculate [Ca2+];

Subtract the background from F349 and Fsg signals. The background
value must be subtracted from the averaged value of the fluorescence
at selected ROI of the cell;

Obtain ratio of F349 and Fsgp;

Using boundary values of fluorescence with the background sub-
traction (obtained how described in (Barreto-Chang and Dolmetsch,
2009; Bootman et al., 2013b)) calculate [Ca®*] by Grynkiewicz for-
mula 1.

To obtain two-dimensional data of [Ca®'] (x-y), the following pro-
tocol can be used:

o Get fluorescence x-y image at an excitation wavelength of 340 nm or
380 nm with compensating the effect of bleaching of the dye under
Eq. (6);
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e Do not need to subtract the background value;
o Using fluorescence boundary values, calculate [Ca®*] by Eq. (2) or 7
for wavelengths of 340 nm or 380 nm respectively;

If excitation intensity at the excitation wavelength of 340 nm and 380
nm lights does not correspond to the resulting fluorescence to the bit-
depth of the system, mathematical manipulation using a power func-
tion removes the difference in bleaching function and fluorescence value
at excitation wavelength 340 nm. The coefficient Cp and C can be
calculated during calibration under boundary conditions using Egs. (4)
and (9).

The obtained x-y image [Ca®*] can be used for flux analyses, the
protocol of which is described in detail in (Neher, 1995; Rios et al., 1999;
Shkryl, 2017).

5. Discussion

The Fura-2 indicator, developed by Roger Tsien and co-authors
(Grynkiewicz et al., 1985), was cited in thousands of scientific papers
and is commonly used to study the role of calcium in cell regulation. As
mentioned above, the ability to make ratio measurements with Fura-2
allows us to accurately measure the intracellular Ca®* concentration.
The ratiometric method removes the photobleaching of the dye and re-
duces the effect of the uneven loading of the dye. Without the ratiometric
method, this is almost impossible online, however, some bleaching
function can be obtained by an additional record that can be applied to
the data or simply mathematically corrected because it follows a pre-
dictable exponential decay (Thomas et al. 2000). In this paper, we obtain
Eq. (3), which finds the photobleaching function y from Fs40 and Fsgo
signals. This function can be used to obtain bleaching free fluorescence.
In our experiments, the best bleaching curve approximation was ach-
ieved by power function x°. A x° curve fitting was performed from the
baseline value using y = 1 — a-x?, where b depends on the amount of
excitation power, in our experimental conditions takes a value around
0.8. (data is not shown). As can be seen from Figure 5 before Ca?t
transient begins to increase there is a slight decrease in the level with a
subsequent increase of the bleaching function y. These changes are due to
the slow temporal resolution, which was 0.76 s, while when fluorescence
changes during Ca®" transient signal F3gg are ahead of the F34¢. To reduce
this artifact and noise before applying the bleaching function it can be
approximated by 1—a-x® generated to the same experimental
condition.

As mentioned above, background subtraction is an important step for
the ratiometric method. Unlike the signal recorded using a PMT, the CCD
camera, at an individual pixel, records the reduced amount of photons
with a high noise level at each data point of the x-y image (Heintzmann,
2006; Jerome, 2011). Also subtracting the background level directly
from each pixel of the x-y image may be cases where the value is negative
or even zero, which naturally leads to distortion of the ratio of signals at
340 nm to 380 nm excitation wavelengths and can lead to a significant
error in determining the concentrations of free Ca>* using the Grynkie-
wicz formula (formula 1 (Grynkiewicz et al., 1985);) that was shown
here. When an error occurs due to background subtraction, the ratio may
be twice as large as the actual value (Figure 2D). Barreto-Chang O.L. and
Dolmetsch R.E. described the protocol of calcium imaging where the
procedure of background value subtraction applied from each pixel in the
field. They apply an additional step to reduce noise need to adjust the
threshold values for each wavelength to generate a ratio image that in-
cludes only the cells and not the background and that is not noisy in the
region close to the edges of the cells (Barreto-Chang and Dolmetsch,
2009). In the protocol described in this work using a CCD camera to
reduce noise and eliminate the error requires averaging the signal from
ROI before subtracting the background. To obtain a two-dimensional
image of [Ca®"] need to use the fluorescence obtained by formula 6.



V.M. Shkryl

The resulting fluorescence F obtained by formula 6 is the average
value of the normalized signals for the excitation lights of the dye at 340
nm and 380 nm. Due to the different bandwidths of the objective lens for
these wavelengths, the normalized fluorescence may differ slightly for
340 nm and 380 nm. Also, the difference between the signals can be
because the excitation and emission peak of NADH is 340 nm and
440-470 nm, respectively (Harbig et al., 1976; Paddle, 1985) and its
fluorescence contaminates the true UV-exited Fura-2 indicator
fluorescence.

Becker and Fay had shown that a bleached form of Fura-2 is still
fluorescent and it is not sensitive to calcium over the same range as
Fura-2 and ratio method are not completely remove proportional
decreasing the concentration of dye (Becker and Fay, 1987). They
suggested that to minimize photodegradation, one should decrease the
illumination dose and O3 concentration. In this way, some errors can
appear in calcium concentration measurements. Significant photo-
degradation of the fluorescence dye leads to an underestimation of the
analyze concentrations depending on the intensity and duration of
illumination. Scheenen et all shown that the problem can be avoided by
including cell-permeant antioxidants such as Trolox in the bathing so-
lution (Scheenen et al., 1996).

During ratiometric Ca®* imaging, in conditions when excitation in-
tensity at each wavelength is not adjusted to match the resultant fluo-
rescence to the bit-depth of the system, UV illumination of a dye not
gradually bleaches the indicator for both excitation channels (Becker and
Fay, 1987; Bootman et al., 2013a). In this work, it was shown that the
existing difference in the dye bleaching function for F349 and F3g( can be
mathematically eliminated (by power function) both with a low and high
power intensity of the dye excitation and with a significant difference in
the dye bleaching rate. The coefficient of the lost excitation power en-
ergy, Cp could be simply calculated by Eq. (4) during calibration with
known [Ca?*] or at a value of baseline and peak value of Ca?* transient.
It will help to analyses data if an adjustment of excitation intensity both
ratio channels was not much the resultant fluorescence to the bit-depth of
the fluorescence system. It removes one trace drooped more rapidly for
resulting in not distorted the fluorescence ratio.

Another problem that arises due to the poor performance in fluores-
cent imaging through ultraviolet excitation is the distortion of the ratio of
the F340 to F3go signals, which restricts comparing this ratio for the
different fluorescent settings. Using the coefficient C, calculated ac-
cording to Eq. (9), we can calculate the fluorescence ratio using formula
10 without the limitation.

The advantage of Fura-2 is that it has a good cross-section for two-
photon calcium imaging (Wokosin et al., 2004). The Eq. (2) could be
used to calculate [Ca2+] for two-photon at 680 nm (or <360 nm at a
single wavelength excitation). The new Eq. (7) can be used for the
two-photon excitation method at 760 nm (or with single wavelength at
380 nm light) and allow you to use Fura-2 (>360 nm) as a dye with
excitation at a single wavelength and can serve as an alternative to
fluorescent systems with weak UV transmission lens.

6. Conclusions

In this paper, we present a modified formula for calculation of free
Ca®* concentration for ratiometric dye, such as Fura-2, which recalcu-
lates the fluorescence of two channels, imaged by a CCD camera, at
excitation wavelengths of 340 nm and 380 nm into fluorescence with
photobleaching correction without an error due to background subtrac-
tion. The resulting fluorescence can be converted into a concentration of
free Ca2t. Also, a mathematical elimination technique using the power
function is provided to remove existing differences in the dye bleaching
rate and fluorescence intensity. It helps compensate the signal at a
wavelength of 340 nm light if the excitation intensity is not adjusted to
ensure the same an objective lens transmittance for ultraviolet dye illu-
mination. This is an important preference for a fluorescence system that
uses CCD cameras.
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3.3 IIpocTOopoBO-4acoBi BJACTHBOCTI KAJbLI€BUX TPAH3IEHTIB y mipaMigHUX

HellpoHax rimokamumy in vitro

Indopmanis npo yyacte RyRs y kanbliieBiii curnanizaiii B HEHpOHaX € CyNnepewInBOIO.
Oco0nuBl  MHUTaHHS  CTOCYIOTHCS  JIOKami3aImii  Miclsi  BUBUIbHEHHS Ca” 3
engomnasMaruuHoro perukyinyma (EP) Ta ioro B3aemonii 3 curmamamm Ca?* mig uac
KOPOTKOYACHOI Ta TPUBaIOi CTUMYJALIi. [IpoTe BU3HAETHCS, IO MONEKYJISIPHI MEXaHI3MH
Ta marepHu BuBinbHeHHs Ca?' y pisHMX IiNSHKaX Pi3HMX HEHPOHIB MOXKYTh iCTOTHO
Biapisusatucs (Verkhratsky, 2005). Ak 3a3Havanocs Buie, i30popma RyR B € romorennozo
1o RyR3 nominyrounx B HepBoBuX kmiTHHax (Ottini et al., 1996, Oyamada et al., 1994).
ToOTO, BUAAETHCS MEPEKOHIUBUM, 1110 HEPBOBI KIITUHU MAalOTh MOXIIUBICTh aKTUBYBAaTH
P1aHOJIMHOBI PELIETITOPH 32 PAXYHOK KaJbIIO.

B nmaniit po60Ti, MPOCTOPOBO-YACOBI XaPAaKTEPUCTUKHU KAJIbI[IEBUX CUTHAIIB OyIu
JOCJI/IKEH] Ha KYJbTHUBOBAHMX MipaMiJIHUX HEHpOHaX TIMOKAMIy IIypiB 3a JOMOMOTOIO
JIBOBUMIPHOI (JIyOpECLEHTHOI MIKpPOCKOIMIi Ta paTioMeTpuyHoro OapBHuUKa Fura-2.
JlonatkoBO, 3 METOI0 OTPUMAaHHS JeTalibHOi 1H(OpMalii Mpo ydacTh pPiaHOJUHOBUX
pELEeNnTOopiB y KAJbIIEBIM CUTHATI3AI[lT HEHPOHIB, MU aHaJ13yBaIu JaH1 CUTHAIM [P BIUIUBI
PI3HUX CTUMYIIB: cTUMyJiALil enexkrpuynuM nojeM (EFS), nenonsipizyrounm po3dnHoM 3
BHCOKOIO KOHIeHTpauiero K+, xodeiHy Ta AaHTpoJieHy Ha KyJIbTUBOBAHUX MipaMiHUX
Heliponax CAl rimokamimy 1rypis.

Ha pucynoky 3.1A HaBeleHiI penpe3eHTaTUBHI JlaHi, Kl B1IOOpaXXarOTh 3MIHY
criBpigHomenns Fura-2 (Fsa0/Fsso; Ca?" curmanm), cnpuumHeHy asoma cepismu mo 50
imnynesciB EFS (Bukopuctanux s 3aBaHTaXEHHSIM Ca” no EP), a Takox momaibIIuM
sacTocyBanHsaM 10 MM kogeiny nporsarom 5 ¢ nis BuBinbHeHHs Ca?* 3 EP 3a ywactio RyRs.
Jlis 3aBaHTakeHHs KanblieM EP Oyno 3actocoBano nomatkoBuil EFS Ta 5 ¢ ammikanmiro

JEMOJISIPU3YIOUOTr0 PO3UUHY.
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Pucynok 3.1. Ca’*-gignmoBingi B pisHux aisitHkax iHrepecy mipamigHux HeiiponiB rimokammy. (A)
Tpan3ieHTHI 301IbIIEHHS BHYTPIIIHBOKIITHHHOI KOHIIEHTpAIIil KaJIbLil0 BUKJIMKaHi ABOMa cepisiMu 1o 50
imnyneciB EFS (wopHwmii npsmokyTHUK, 9 ['11) 3 moganemmM 3acTocyBaHHsAM Kodeiny (caffeine, cBitio-
cipuit npsimokyTHHK; 10 MM 1 5 ¢) i cepieto 3 50 imnynsciB EFS 1 genonspusytouoro po3zunny 3 50 MM
KCL (KCl, gopHuii kBazpar, 5 ¢). Binnomenns F340/F3s0 IpeacTaBieHi B HaTypaabHOMY J0rapu(GMidvHOMY
MacmrTadi. Y JiBOMYy BEpXHbOMY KyTi HaBEJCHO CXeMy aHami3oBaHuX 30H. (B,a) 300pakeHHs KIIITHUHH,
OTpUMaHe Ipu MpsMoMy ocBiTieHHi. (B,b) Pi3ui ninsHKM iHTEepecy HeipoHa mo3HaueHi KoibopoM. (C)
Posznoain cniBBigHomeHb F340/F330 Helipona 3 50 EPS, y Burnsaai wacoBux npodinis. (D) d(Fz40/F3g0)/dt (¢
1, nepia noxigna curnany Ca?*. Tlotouni gani Oyau oTpuMaHi 3 JaHuX, npeacrasieHux y gactuni (C).
Ca®*-BiznoBini peecTpyBaiy B LIEHTPAIbHIN AUIAHII (CT; Y4€pBOHA JIiHis), cyOMeMOpani (mr; 3e1eHa JiHis),
AeHapuTHOMY aepeBi (dr; cuHs JdiHifL) Ta Aapi (nr; YopHA JiHisA) KyJIbTMBOBAHMX HEHPOHIB TilOKaMIy,

HaBaHTaxeHux (iyopecuenTuM Ca?’-ingukaropom Fura-2.
3HauenHs 6a3anbHOro BinbHOro Ca?* Gyo 3HaUHO 3HMKEHO B SAPi KIITHHY HEHPOHa,
Ha 15% MmeHIIe NOpIBHSAHO 3 IEHTpaIbHOIO AUIsiHKOI (61 HM mpotu 85 HM, n = 30; P <

0.001). Curnan Ca?' y neHApUTHIN AUISHII y BiAIOBiIb HA CTUMYIISLIO 3'SBISBCS IBHIIIE

MOPIBHSIHO 3 IHIIMMHU JUISHKaMH, aje MaB HalMeHmy amiunityny mig vac EFS,
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nenomspusanii  KCl  Ta 3acrocyBamms kodeiny. Ammiityma Ca®’-tpansienty B
JIEHIPUTHOMY JEpeBl HEWpoOHIB mipaMinHOi (Gopmu y BianoBiabr Ha EFS cranoBuia
1.18+0.09 (207 uM, n = 19), mo OyJi0 3HAYHO MEHIIE MOPIBHAHO 3 CYOMEMOpPaHHOIO
ninsakoro — 1.62+0.17 (303 uM, n = 19; P < 0.05), uearpanbHoro ainsakoo — 1.73+0.18
(329 8M,n=19; P<0.01) tassmpi — 1.66+0.17 (300 aM, n=19; P <0.05). Y nenaputHOMYy
nepesi ammtityaa Ca?*-TpaH3ieHTy, CIPMYMHEHOTO JENONSPH3ALICI0 PO3YMHOM 3 BUCOKOIO
koHneHtpaiieo KCl, Ttakox 3HauHo 3HmwxkyBamacs: 3.43+0.41 (0.87 mxM, n = 24)
MOPIBHSIHO 3 cyOmeMOpaHHOI0 nuisHKo0 — 4.76+0.39 (1.65 MxM, n = 24; P < 0.05),
HeHTpanbHO0 AUTTHKOI — 4.98+0.38 (1.84 MkM, n = 24; P < 0.01) ta ssapi — 5.06+0.39
(1.81 MxM, n = 24; P < 0.01). Knituxna BinoBi/ib Ha KOQEiH CBIAUUTH PO HASABHICTH Ta
HaBaHTaxeHHs KanbliieM EP neno, a BUBUIbHEHHS LIbOTO 10HY BiI0YBAa€ThCS 32 PaXyHOK
RyRs. ITikoBi 3HaUEHHS KaJblliEBUX CUTHANIB, iIHAYyKOBaH1 10 MM kodeiny (1K BUBUIbHEHHS
Ca** 3 EP), 3Ha4HO 3MEHINYBAJINCA B JiISHI ACHAPUTHOrO Aepesa 10 1.88+0.08 (225 uM,
n = 19) B nopiBusanHI 3 2.31+0.11 (310 M, n = 19; P < 0.01) y cyOmeMOpaHHiii AUISHIIL,
ueHtpanbHii auisam — 2.43+0.13 (336 aM, n = 19; P <0.001) ta ssapi — 2.17+0.12 (283
HM, n = 19; P < 0.05) nipaMiiHIX HEUPOHIB.

Y HacTymHiil cepii €KCIEpUMEHTIB MM JOCHIKYyBajdud IPOCTOPOBO-YACOBY
opramizamito Ca?*-TpanszieHTiB y PpI3HMX [JiUISHKAX OipaMiZonomiOHMX HEHpOHIB,
3apeecTpoBaHux Ha yacToTi 30 I'm. Mu okpeMo peectpyBanu Tpansientn Ca’*, ingykoBani
ctumyianiero ESP Ha poexuHax xBwib 30ymxeHHs 340 ta 380 mm. L1 mani Oynu
cuHxpoHizoBani 3 ESP i posainenumu B uaci. Ilepimii 3apeectpoBanuii Tpansient Ca?t 6ys
3 MOBXKUHOW XBwii 30y/keHHs 340 uwm. Ilicns 3arpuMku B 2 XBWIMHHM OyB 3p0o0ieHUM
nonatkoBuit 3anuc npu 380 HM, BUKOPUCTOBYIOUM AHAJIOTIYHI MapaMeTpu CTUMYJISII Ta
YMOBH 3aIuCy, A03BOJISIIOUM T'€HEpYBAaTH CUTHAI chiBBiAHOMEHHS F340/F380 (puc. 3.1C).

I1IBuka ABOBMMIpHA peecTpallis TpansieHtis Ca’" min yac menonspusanii BUABMIA
ACMHXPOHHE 3POCTaHHs KoHLeHTpauii BinsHoro Ca?*. EFS cnpuuunss 36insmenns Ca®*
CUTHAJIB, K1 CIIOYATKY 3'SBJISUIMCS B JICHJIPUTAX, OTIM y CyOMeMOpaHH1i, IEHTPAJIbHIM 1,
HapemTi, B siAepHiil auissHkax kmituHd. Ha puc. 3.1D mpeacrtaBieHa mepiia MoxigHa
curnany [Ca?*] [d(Fs40/F3s0)/dt], sixa BimoOpaxae morik Ca?*. ITorik Ca®" y cyOmemOpanHiii

Ta IEHTPaIbHINA AUISTHKAX XapaKTEPU3Y€EThCS 3POCTAIOYUM Ta CIAIal0YUM CTYNEHSIMHU, 1110
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BimoOpaxkae iHaykoBaHi EFS kanbiieBi TpaH3ieHTH. MakCUMalbHUN TMOTIK Yy
cyOMeMOpaHHIi Ta IEHTpaldbHIA NUISHKaX croctepiraBcs dyepe3 0.2 ¢ michs iHImamii 1
MOCTYIOBO 3MEHINYBaBCs. Y SIAEPHIA AUISHII HEHpOHA MOTIK 3'SBISBCA 3 3aTPUMKOIO,
nocsiratour mika yepe3 0.6 ¢ micis moyarky, ajie 3 MEHIIOK aMIUTITY/IOI0 MOPIBHSHO 3
IHIIUMU IUITHKaMHA. MakcruManbHa IIBUJKICTh TIOTOKY CIIOCTepirajiacs B JIIUISHIN
nenaputHoro nepena (0.028+0.004, n = 8), 3HmxkyBanacs B cyomemOpannii (0.018+0.002,
n = 8) 1 nentpanbHii (0.015+0.004, n = 8) ainsHKaxX HEWpoHA, 1 OyJia HAUMEHIIIO B SIp1
(0.010£0.001, n = 8) HeitpoHa.

JBoBuMipHa Bisyamizamis Ca’'-curHaniB BUABUIA AaCHHXPOHHY 3aTPHMKY MpH
30iNbIIeHH] KOHIEHTpauii BimpHOro Ca** y saapi B mopiBHAHHI 3 NPUMEMOpPaHHUMHU,
LIEHTPAILHUMU 4M AeHApUTHUMH finsakamu. Curman Ca?* B mux mipaMigaux HelpoHax
CIOYATKYy 3’ SIBJIABCS Ha nepudepii KIITUHU B IpuMeOpaHHii 00JacTi Ta IEHTPUTAX, a TOTIM
y HeHTpl HeilpoHa. BiH MaB moAiOHI O3HAKKU PO3MOBCIOJIKEHHSI KalbI[1IEBOTO CUTHAIY, SIKE
CIIOCTEPIracThCS B MiOLUTAX IEpeAcepb. SIK 3a3HaYEHO BHIIE, y IUX KiIiTuHax curaan Ca?*
MiJl 4ac EJEKTPUYHOI CTUMYJIALII CIOYAaTKy BUHHMKAE Ha mepudepii mionura, a MOTIM
PO3MOBCIOJIKYETHCS IO LIEHTPY KIITHHHU.

Businsnenns Ca’" 3 EP BinOyBaerscs npu Binkputti RyRs ta IP3Rs (Rizzuto and
Pozzan, 2006). BuBinsHeHHs kanbIito yepes [P3Rs 3 neHpuTiB 3a3Bu4ail iHIIIIOETHCA A1€I0
HelipoMmeniaTopis, Takux sk riytamar (Niswender and Conn, 2010). ¥V cBoto uepry, RyRs
AKTHBYIOTBCS TIpH 3pocTaHHi koHueHTpauii Ca** B nmtoszom (Shkryl and Blatter, 2013,
Blatter, 2017) uepe3 kanbliif-onocepenkoBany aktuBaiito RyRs Bimomoro sik CICR
(Fabiato, 1983). B HacTymHMX eKCIIEpUMEHTaX MH 30CEPEAMINCh Ha JIOCIIHKCHHI
¢byukiionyBannss EP-cxoBumn y mipamMiiHUX HeWpoHax rimokammy. Jnsg i1HIyKmil
suBinbHenHs Ca’* 3 EP, Mu 3actocyBamu kodein — aronicty RyRs, skuii paninie BUsBIAB
3JaTHICTH MiBHMINYBATH LIUTO30bHI KoHIeHTpanii Ca®’. 3 MeToro 3aBaHTaxkeHHs neno EP

MH BUKOpucTOBYyBanu ESP.
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Pucynok 3.2. Tpausientn Ca’* B ymoBax BIIMBY aromicra ta inriditropa RyRs. (A) Tpausientne
30inbmenns [Ca?'], Bukinkane TppoMa cepismu 1o 15 immyssciB EFS (dopHuii kBajgpar; 1 ¢) 3 HacTynHuM
3acToCyBaHHAM jenoisipusytodoro po3unHy (KCl, dopHuil mpsMOKyTHHK, 5 ¢) y KOHTpousi (JIiHis 3
YOPHUMHU KBaJ[paTaMM) Ta MPH MOBTOPHUX CTUMYJIALIAX y npucyTHOCTI 10 MM kodeiny (caffeine; minis 3
YepBOHMMHU KBaJIpaTaMu), 1Js OJIOKyBaHHs BUBLIbHEHHs Kaibllito 3 EP. (B) Cepenni 3HaueHHS aMIUTITy Id
apyroro tpansienty Ca?", Bukmukanoro 15 (a) abo 50 (b) immynscamu EFS, ta tpansienty Ca?" B ymoBax
aii pozunny BenukuM BMicToM KCl (c), y konTpoi Ta npu nogasansi 10 MM kodeiny. (C) HopmainizoBani
tpansienTn Ca?" peecTpoBaHi 3a JOIOMOIOK OJHOIO-XBHILOBOrO Metoay (33 Mc Ha 300pakeHHs i
noBxuHa xBuIi 30ymxenns 380 um) y piznux ROI, Bukiukani nonaBanasm 10 MM kodeiny. Ilynktupna
ninis B yactuni (C) imoctpye moyatkoBy a3y kodein-inaykosanoro 3pocranns Ca?". ROI BusHaueHi y
[EHTpanbHIN (Cr, YepBOHA JiHis), cyOMeMOpaHHIN (mr, 3eJeHa JiHifA), sSACpHid (nr, YOpHA JiHis) Ta
neuaputHii (dr, cums nimis) ainsakax kmitued. (D) Tpansientne 36impmenns [Ca’'], Buxiaukane
aenossipusytounM po3unHoM (KCl, yopauii npsMoxkyTHUK, 5 c) Ta kodeiny (caffeine, cBitio-cipuit
npsaMoKyTHUK; 10 MM 1 5 ¢) y KOHTpOJBHHUX YMOBax (YOpHa JIiHiS 3 KBaJpaToM) Ta MpU MOCTIHHIN
npucytHocTi 20 MKM naHTpoJieHy (YepBOHA JiHis 3 KBaJApaToM) Ui OJIOKYBaHHS BUBUIbHEHHS KaJIbIIIO 3
EP. (E) Cepenne 3Ha4eHHs aMIUTITYM TPaH3i€HTHUX KojuBaHb [Ca’'], BUKJIMKAHUX JENOISIPU3YIOUNM
po3unHOM. Pe3ysibTaTu npencraBieHi sk cepeade 3HadenHs + S.E., *P < 0.05. Ca*’-peakuii Oymnu
3apeecTpoBaHi y COMi, HE BpaxoByIOYH sAepHy AUISHKY. BigHomensst Fiio/Fsgo mpencraBieno B

HaTypaJIbHIH JorapuMiuHii mkami.
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Ha pucynky 3.2A npencraBiieHa BUOIpKOBaA peecTpallis, A€ MOKa3aHO 3MIHU CUTHATY
Ca’* B HelpoHi: y KOHTPOIBHUX yMOBax (dopHumii rpadik) Ta mpu gomasani 10 MM
koeiny (uepBoHmii rpadik). Y KOHTpoJi OazaJibHUM pPIBEHb BUIBHOTO KalbIlilo OYB
1.06£0.03, a npu BmmmBi kodeiny 3pic mo 1.26+0.05. Ammiityga Ttpamsientis Ca®*,
1HYKOBAHUX ACTOJISIPU3YIOUUM PO3UMHOM, CYTTEBO 3HUKYyBajnacs 3 6.47+0.57 (B KOHTpoJI1)
10 4.58+0.31 nmpu momaBandi 10 MM kodeiny (puc. 3.2B,c; n = 12, P < 0.05). Ilig gac
CTUMYJISILIT €JIEKTPUYHUM IOJIEM 3MIHU aMIUTITYJId B YMOBaX BIUIMBY KO(eiHy 3anexkanu
Bix TpuBanocti ctumynsanii. Ilikosa ammiityna Ca®t curmany, iHZyKOBaHOTO KOPOTKOIO
ctumyJsiiero (15 immynsciB, 9 I'x), noctoBipHO He 3MmiHuNacs, Ta ctaHoBmia 0.54+0.08
nopiBHsiHO 3 0.514+0.07 (puc. 3.2B,a; n = 13), BiANOBIAHO KOHTPOJIBHUX 3HaueHb. [IpoTte
npu TpuBaii ctumyssii (50 immynbciB, 9 ') ammiTyga 3HMKYyBanacs 13 KOHTPOJIBLHOTO
3HayeHHs B 2.72+0.58 no 1.89+0.38 (puc. 3.2B,b; n =6, P < 0.05) B ymoBax jii koeiny.

Kodein npu kopoTkiit enextpuyHiid ctumyssiii (15 immynbciB, 1 ¢) He BIUiMBae Ha
ammtityny Ca?*-tpamsienty, npore Ca?*-Bimnosigs Ha aenonspusyroumii po3uuH abo
tpuBany EFS icrotHO 3HMXKyeThca. TakuM 4YMHOM, 0OpU TPUBAIINA CTUMYJIALIL
crocrepiraerses BuBinpHeHHs: Ca’t 3 EP uepes RyRs. 3rigno 3 HOpManizoBaHuMK KOQein-
innykoBanumu Ca®* tpansienTamu (puc. 3.2C), 3pOCTaHHS CUTHAIIB CIIOCTEPIranocs B ycix
JUISTHKaX TipaMiIHUX HEUpOHIB rinokammy. [lpoTe B meHTpaibHINA 30HI Ta sapi, yac
3pOCTaHHs CUTHAILY OyB Tpoxu AoBIIKNM (37.5+£7.5 Mc, n = 4) NOpiBHAHO 3 MiAMEMOPaHHOIO
30HOIO Ta ICHAPUTHHUM JICPEBOM.

Kpim Ttoro, mu 3actocyBanu 20 MkM panTposieHy mansg 1HriOyBanHs RyRs i
peectpyBanu Tpansicatu Ca®*, Bukimkani Bucoxum pisHem KCl. Ha pucynky 3.2D
IpeACTABICHUN 3amuc, A€ HakiaaneHi 3minu curHany Ca?!, oTpumani 3 HeiipoHa B
KOHTPOJIBHUX yMOBax (JIiHIS 3 YOPHUMHU KBajaparamu), Ta Ipu jgoaaBaHHi 20 MxM
JAHTPOJICHY (JI1HIS 3 YEPBOHUMH KBaJApaTamu). Y KOHTPOJILHOMY JIOCHI 1 Oa3anbHUM piBEHb
BUTBHOTO Kajblrito gocsaraB 1.234+0.03, Toai K y OpUCYTHOCTI JAHTPOJICHY 1I€M MOKa3HUK
ckaaB 1.10£0.03. Amnnityna Ca®*-TpaH3ieHTIB, BUKIMKAHUX JETONSAPU3YIOUMM POZUHHOM,
npu noxaBanHi 20 MKM naHTposieHy 3a3Haja ICTOTHOTO 3HWXKEHHS 1 CKOpOTUJacs 3
5.30+0.26 no 2.84+0.13 (puc. 3.2E; n =29, P <0.001). 3aBantaxkenicts EP y mpucyTHOCTI

JTAHTPOJIEHY TaKOXK 1CTOTHO 3HU3MIAch: 10 0.682+0.06 3 1.72+0.14 (n = 28, P < 0.01). 11



265

JaHi JOJATKOBO IAKPECTIOTh ydacTh RyRs y Ca?*-curmamisamii KyJbTHBOBaHHUX
MipaMiJHUX HEHUPOHIB TiMOKaMa.

Panime Gyno 3a3zHaueHO, WO piaHOAMHUYYTIMBI geno Ca’' B pi3HUX LIEHTpaIbHHUX
HelipoHax 1rypiB (30kpema B HelipoHax CAl rimokamiy) € MOpOXKHIMH B CTaH1 CIIOKOIO Ta
HakonuuytoTh Ca’* nume micnsg Horo HaaXomKeHHs uepes3 HoTeHIian-kepoaHi Ca’*-
KaHaIM B Tuia3MaTuuHoi MemOpanu (Brorson et al., 1991, Garaschuk et al., 1997, Shmigol
et al., 1994). de Juan-Sanz ta cniBaBTOopM (de Juan-Sanz et al., 2017) BusIBUIM BUBUILHEHHS
Ca’" 3 EP y Bigmosias Ha noomunokuii I1J] a6o cepiro 3 20 moTeHmianis aii 3 uactororo 20
I

Byno nemogaBHO nmoka3aHo, M0 coMa MipaMigHUX HEUPOHIB YTBOPIOE PETUKYIISIPHY
Mepexy EP, sika mpocTaraetbcst uepe3 ACHAPUTH Ta BCIO JOBXKUHY aKCOHA, BKIIIOYAIOUU
npecuHanTuudi OytoHu (de Juan-Sanz et al.,, 2017). Takox OyJ0 BCTaHOBIEHO, IO
MOBTOpHA T€TaHIYHA CUHANITUYHA CTUMYJISIIiA nipamingaux kiaituH CAl y mpenapati 3pizy
MO3KY iHAyKye BuBiabHeHHs Ca’’ 3 JeHapuTHHUX a00 NPECMHANTHYHMX PiaHOAUHYYTIUBHX
peuentopiB (Alford et al., 1993, Tran and Stricker, 2021). SIx e moka3aHo B Harrii poOoOTI,
BMCH@XEHHS Ko(eiH-uymBux 3anacis Ca’* ne BimBac Ha ammnityay Ca®*-TpaHsieHTis,
BUKJIMKAHUX JICTIONSAPU3AIIEI0 MpPU HU3bKOYACTOTHIM akTHUBHOCTI. OJHaK TpuUBajia
ctumyJsiiis (5 ¢) 3 BukopuctanHsaM Bucokoro piBHs KCl a6o qosra nocnigoBuicts EFS (50
iMnynbeis, 9 ') y mipamiganx kmituaax CAl cipuuunnioe BupinsHenns Ca?t me mume i3
neHapuTHUX pianoauauyTauBux Ca’*-nmeno, sk ue Oyno Bkasano panime (Alford et al.,
1993, Garaschuk et al., 1997, Tran and Stricker, 2021), ane i y cyOMeMOpaHHHX Ta
LEHTPaJbHUX PErioHax.

Mu 1poaeMOHCTPYBAIX IPOCTOPOBY AMHAMIKY 3MiH KOHLEHTpawii BinsHoro Ca®" B
OKpeMHUX MIpaMiIHUX HEWpoOHAaX TiNOKamMIy INypiB y KYyJbTypl, BHUKOPHCTOBYIOUHU
JIBOBUMIpHY paTioMeTpH4Hy Mikpockomito. Taka Bisyamizauis Ca?-TpansicHTiB BHABHIA
ACHMHXPOHHICTH Ta 3ali3HEHHS y 3POCTAHHI KOHILEHTpauii BimbHOro Ca’* B meHTpanbHii
JUJISHIT TOPIBHSIHO 3 MPUMEMOpaHHUMH IUISHKAMU Ta JACHIAPUTHOTO JepeBa. AKTHBAIIis
P1aHOAMHOBUX PELIETITOPIB 3a JOMOMOTOI0 KO(eiHy MpU3BOIMIIA 10 IITBUAKOTO 301bIICHHS
[Ca**] y npuMeMOpaHHii 30Hi, UEHTpaNbHId MOiNAHII Ta JEHIPUTHOMY JEPEBI.

BukopucroByroun kodein sk papmMakoIOTIUHHI 1HCTPYMEHT s aktuBaiii RyRs, Oyno
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BCTaHOBJIEHO, 10 (pyHKIioHanbHI Ca’’-3amacy Bifpi3HAIOTECA B cOMi, Hepu(epiliHuX 30Hax
Ta nenapurax mipamigaux kaituH CAl. Kodein cyTreBo 3Hmxkye mikoBy ammaityny Ca®*-
TpPaH31€HTIB, IO 1HJIyKOBaH1 aenoisapuzyrouuM pozunHoMm KCI. KopoTka enextpuuna
crumyisinis (15 immynscis, 9 ') He € goctathiM s inTencudikanii Ca’* curnamy uepes
CICR, ongnak tpuBaie 30ymkeHHs (50 immyinbciB, 9 ') iHiIiI0€ BUBUIBHEHHS KaJbIlIO 3
ER-cxoBum, npudomy mpubnusao 30% mikosoi ammiityau Ca?’-TpansienTy Bimosimae

RyRs-omnocepeaxoBaHOMy BUBUIBHEHHIO.
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The spatio-temporal properties of calcium signals were studied in cultured
pyramidal neurons of the hippocampus using two-dimensional fluorescence
microscopy and ratiometric dye Fura-2. Depolarization-induced Ca%*
transients revealed an asynchronous delayed increase in free Ca2*
concentration. We found that the level of free resting calcium in the cell
nucleus is significantly lower compared to the soma, sub-membrane, and
dendritic tree regions. Calcium release from the endoplasmic reticulum
under the action of several stimuli (field stimulation, high K* levels, and
caffeine) occurs in all areas studied. Under depolarization, calcium signals
developed faster in the dendrites than in other areas, while their amplitude
was significantly lower since larger and slower responses inside the soma.
The peak value of the calcium response to the application of 10 mM caffeine,
ryanodine receptors (RyRs) agonist, does not differ in the sub-membrane
zone, central region, and nucleus but significantly decreases in the dendrites.
In the presence of caffeine, the delay of Ca?* signals between various
areas under depolarization significantly declined. Thirty percentage of the
peak amplitude of Cat transients at prolonged electric field stimulation
corresponded to calcium release from the ER store by RyRs, while short-term
stimulation did not depend on them. 20 wM dantrolene, RyRs inhibitor,
significantly reduces Ca2* transient under high K* levels depolarization of the
neuron. RyRs-mediated enhancement of the Ca* signal is more pronounced
in the central part and nucleus compared to the sub-membrane or dendrites
regions of the neuron. In summary, using the ratiometric imaging allowed
us to obtain additional information about the involvement of RyRs in the
intracellular dynamics of Ca®* signals induced by depolarization or electrical
stimulation train, with an underlying change in Ca2* concentration in various
regions of interest in hippocampal pyramidal neurons.

hippocampal neuronal culture, calcium homeostasis, ryanodine receptors, caffeine,
ratiometric method, Fura-2
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Introduction

The calcium ion (Ca?*) is a common second messenger
that regulates many physiological pathways such as secretion,
fertilization, gene transcription, and apoptosis (Pozzan et al,
1994; Berridge et al,, 2000). Calcium signaling in excitable cells
consists of several mechanisms. In the first phase, Ca?" influx
across the plasma membrane after the opening of voltage-gated
calcium channels (VGCCs) as a result of action potential (AP)
depolarization or activation of ligand-gated channels (Berridge,
1998; Augustine et al., 2003; Bloodgood and Sabatini, 2007).
Then Ca?* can be released from the endoplasmic reticulum
(ER) or sarcoplasmic reticulum (SR) through 1,4,5-Inositol
triphosphate receptors (IP3Rs) and/or ryanodine receptors
(RyRs) expressed on the ER (or SR) membrane (Berridge, 1998,
2009; Verkhratsky, 2002; Clapham, 2007; Khakh and McCarthy,
2015).

The release of Ca>* from the SR store amplified Ca’*
signaling and regulates a variety of cellular processes, including
excitation-contraction coupling in skeletal muscle (Endo et al,
1970; Ford and Podolsky, 1970) and cardiac myocytes (Fabiato,
1983; Bers, 2002), and from the ER store calcium oscillation
and gene expression in many cell types (Thorn et al, 1993;
Hardingham et al,, 2001), neuronal plasticity (Frenguelli and
Malinow, 1996; Rose and Konnerth, 2001) and other processes.
The ER is an essential intracellular organelle—one of the
main functions of which is the storage of intracellular Ca*.
The entry of calcium ions through VGCCs activates RyRs
via a calcium-mediated process that obtained, at present, the
generally known designation “calcium-induced calcium release,”
CICR (Fabiato, 1983).

In most CNS neurons, free intracellular calcium
concentration ([Ca?*];) changes following the opening of
VGCCs (Berridge, 1998; Augustine et al., 2003; Bloodgood
and Sabatini, 2007) and then is buffered with some proteins
like calmodulin, calreticulin, parvalbumin, calbindin-D28k.
In addition, ATP binds significant amounts of Ca?t ions
(Zhou and Neher, 1993; Shkryl et al,, 2012a). As in other cell
types, in neurons, Ca?t is released from the ER through IP3Rs
and/or RyRs expressed on the ER membrane, which regulates
a myriad of physiological and pathophysiological processes in
it (Verkhratsky and Kettenmann, 1996; Berridge, 1998, 2002,
2009; Verkhratsky, 2002, 2005; Clapham, 2007; Khakh and
McCarthy, 2015; Shkryl, 2017). The binding of Ca** to RyRs
activates these channels allowing Ca®* to release from the ER
into the cytosol (Kuba, 1994). Activation of RyRs is linked to
L-type VDCCs either via Ca?T influx in cardiac myocytes or
by direct voltage-dependent mechanical coupling in skeletal
muscle (Pozzan et al., 1994; Niggli, 1999). The latter type of
coupling has also been observed in neuronal cells (Chavis et al,,
1996; De Crescenzo et al., 2004).

RyRs in peripheral and central neurons may amplify and
prolong incoming Ca?*t signals via CICR (Holliday et al,
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1991; Llano et al., 1994; Kano et al,, 1995). Some studies have
shown that depleting or blocking the ryanodine-sensitive Ca**
stores did not significantly alter the amplitude and waveform of
depolarization-induced Ca** transients and did not contribute
significantly to depolarization-induced Ca®* transients evoked
by low-frequency activity (Garaschuk et al,, 1997). However,
it established that the soma of pyramidal neurons provides a
reticular network of the ER and extends throughout dendrites
and the entire length of the axon, including presynaptic boutons
(de Juan-Sanz et al,, 2017). In addition, repetitive tetanic synaptic
stimulation of CAl pyramidal cells in a slice preparation
has been reported to induce Ca?* release from dendritic or
presynaptic ryanodine-sensitive Ca?* stores (Alford et al., 1993;
Tran and Stricker, 2021).

There are broadly selective drugs that are able to activate or
inhibit RyRs in myocytes or neurons. The most well-known are
caffeine, ryanodine, 4-chloro-m-cresol, dantrolene, ruthenium
red, tetracaine, and procaine (Viero et al, 2012). Caffeine
is a RyRs agonist and has been used as a pharmacological
tool to study ryanodine receptor-mediated Ca®* release from
intracellular stores (Kong et al., 2008; Porta et al,, 2011). Caffeine
sensitizes RyRs to Ca?™ and promotes ER Ca?* release at
basal cytosolic Ca?t levels. Another drug is RyRs-inhibitor
dantrolene (Fruen et al, 1997; Fill and Copello, 2002) which
in the concentration of 10 pM reduced RyRs channel open
probability by 50% (Diszhazi et al., 2019).

Information about the involvement of RyRs in calcium
signaling in neurons is controversial, especially about where
release occurs and how it interacts with the Ca" signal
during short or long-term stimulation. This study aimed
to obtain additional information on the involvement of
ryanodine receptors in neuronal calcium signaling. Spatio-
temporal properties of these signals were studied during
multiple stimuli: field stimulation, high KT, and caffeine and
dantrolene at cultured rat hippocampal CA1 pyramidal neurons.
We use caffeine and dantrolene to reveal RyRs. Changes in
free calcium concentrations inside the cell were determined
using two-dimensional fluorescence microscopy based on a
charge-coupled device camera and ratiometric dye Fura-2
with dye excitation at wavelengths 340-380 nm. We analyzed
two-dimensional fluorescent images of neurons spatially with
temporal profiles from different areas of it. For such analysis
were selected: the nucleus, sub-membrane region, central space
inside of a cell, and the dendritic tree. This technique allows us
to simultaneously determine the change in Ca?* signals in the
different regions of the neurons.

Materials and methods

All experimental procedures were performed following
ethical principles of the European Convention for the protection
of vertebrate animals used for experimental and other scientific
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purposes (86/609/EEC; European convention, Strasburg, 1986)
and were approved by the local Animal Ethics Committee of
the Bogomoletz Institute of Physiology (Kyiv, Ukraine). All
efforts were made to minimize the number and suffering of
animals used. All experiments were performed on cultured
hippocampal neurons obtained from newborn Wistar rats.
Primary cultures were prepared as previously reported (Shkryl
et al, 1999). Ca®* imaging studies were carried out within
10-14 days of cultivation. A cover glass with cells was placed in
an extracellular solution (ES) containing in mM: NaCl—140.0;
KCl—2.0; CaCl,—2.0; MgCl,—2.0; HEPES—10.0; pH = 7.4. All
chemicals were obtained from Sigma-Aldrich (St. Louis, MO).

The cells were loaded with 5 uM Fura-2 acetoxymethyl ester
(Fura-2 AM) for 30 min at 37°C and 20 min for de-esterification
of the dye. The values of Ry, and R,,qx amounted to 0.44 and
9.44; F3go(min) = 20.7 and Fsgo(max) = 169.4; K,(Fura-
2) = 224 nM (Shkryl, 2020). The coverslip with neurons
was washed and placed in an experimental chamber with
two platinum electrodes used for the electric field stimulation
(EFS). The stimulation was carried out according to the
standard protocol by lowering two parallel platinum electrodes
(20--25 mm apart) into the chamber and passing current pulses
between them (Jacobs and Meyer, 1997; Shkryl et al., 2012b).
Ca?* transients were also induced chemically by applying a
depolarizing solution that contained 50.0 mM KClI substituting
the respective amount of NaCl in ES. We used a computer-
controlled perfusion system synchronized with data acquisition
software.

In our study, we used a CCD camera (Olympus XM10)
mounted on an Olympus IX71 inverted microscope
equipped with an Olympus LUCPlanFFN 20x/0.45 lens
and MTI10 illumination system that included a filter wheel
exchanger (340-380 nm) and 150 W xenon arc burner. For
the data collection, we use Cell M software (Olympus, Japan).
The acquisition speed was 30 Hz for one wave and 1.3 Hz
for ratiometric use. For further data analysis, the ratio of
340-380 nm fluorescence intensity (ratio; F3so/Fzgo) was
calculated. This is done according to the protocol described
by Shkryl (Shkryl, 2020) and subtracts the background level
calculated outside of cells. Dynamic changes in the ratio index
assess changes in the level of free calcium.

Data analysis was performed using the IDL programming
environment (ITT Visual Information Solutions). In recorded
images with excitation of 340-380 nm lights, the regions of
interests (ROIs) were selected. All experiments were performed
at room temperature (22°C-25°C). Data are presented as
mean £ SEM.

Results

In most neurons, the intracellular concentration of free
calcium in the resting state is around 75 nM. This index can
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increase to 10 M upon intense electrical activity of cells
(Berridge et al., 2000). In particular, the calcium level in the
dendrites could increase to 5 WM during the development of
synaptically induced calcium waves (Pozzo Miller et al., 1996;
Larkum et al,, 2003). Information on the spatial distribution
of the respective calcium channels and receptors is limited;
however, it is clear that the molecular mechanisms and patterns
of Ca®* release in different regions of different neurons differ
significantly (Verkhratsky, 2005). To examine changes in the
intracellular calcium level in cultured pyramidal hippocampal
neurons, we used 2D X-y-t ratiometric fluorescent CaZt
measurements and Ca?* -sensitive dye Fura-2, AM. In this series
of experiments, the cells constantly perfused with ES were
stimulated by EFS and by applying 50 mM KCI or 10 mM
caffeine solutions.

Ca?* responses in different regions of
pyramidal hippocampal neuron

We analyzed Ca?t signals in hippocampal pyramidal
neurons in the sub-membrane, central, dendritic, and nuclear
regions. Figure 1A illustrates representative data traces of the
Fura-2 ratio (Fs40/Fsg0; Ca®" signals) increases induced by two
series of 50 pulses of EFS (used to load the ER store) and
followed by the application of 10 mM caffeine for 5 s to induce
Ca®* release from the ER stores by ryanodine receptors (RyRs).
An additional EFS and 5-s application of the depolarizing
solution were applied when the restoration of calcium signals
to the resting level. 2D imaging of Ca®* signals reveals an
asynchronous delayed rise of free Ca** concentration in the
nuclear compared to the sub-membrane, central or dendritic
regions (Figure 1A). Statistical data are presented in the bottom
plane of Figure 1B.

The value of basal free Ca’t was significantly reduced in
the nuclear area of the neuron, less by 15% compared to the
central region (61 nM vs. 85 nM, n = 30; P < 0.001; Figure 1Ba).
Ca’* signal in the dendritic region in response to stimulation
appeared faster compared to other regions (detailed below) but
had the smallest amplitude during EFS, KCI depolarization, and
caffeine application. The amplitude of Ca?* transient in the
dendritic tree of pyramidal-like neurons in response to EFS
was 1.18 £ 0.09 (207 nM, n = 19), which was significantly
smaller compared to sub-membrane—1.62 £ 0.17 (303 nM,
n =19; P < 0.05), central—1.73 + 0.18 (329 nM, n = 19;
P < 0.01), and nuclear—1.66 =+ 0.17 (300 nM, n = 19; P < 0.05)
regions of the cell (Figure 1Bb). In the dendritic tree, the
amplitude of Ca?* transient caused by KCl depolarization was
also significantly reduced, 3.43 £ 0.41 (0.87 pM, n = 24)
respectively to sub-membrane—4.76 £ 0.39 (1.65 uM, n = 24;
P < 0.05), central—4.98 £ 0.38 (1.84 uM, n = 24; P < 0.01),
and nuclear—5.06 £ 0.39 (1.81 uM, n = 24; P < 0.01) regions
of studied neurons (Figure 1Bc). As shown in Figure 1Bd,
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FIGURE 1

*P < 0.05.

Ca?* responses in different ROIs of pyramidal hippocampal neurons triggered by electrical field stimulation and application of depolarizing and
caffeine solutions. (A) Transient increases in [Ca2t]; are triggered by two series of 50 pulses of EFS (black rectangular, 9 Hz) followed by the
application of caffeine (caffeine, light gray rectangular; 10 mM and 5 s) and a series of 50 pulses of EFS and depolarizing solution with 50 mM KCL
(KCL, black square, 5 s). Ca®* responses were recorded in the central space (cr; red squares line), sub-membrane (mr; green circles line), dendritic
tree (dr; blue diamond'’s line), and nucleus (nr; black triangles lines) regions of cultured hippocampal neurons loaded with the fluorescent Ca2+
indicator Fura-2. Ratios (Fz40/F3gp) are presented in natural logarithmic scale. The top left corner represents a schema of neurons’ area selection.
The bottom panel (B) shows quantified responses for four studied regions in pyramidal neurons. (Ba) Mean value of basal Ca®* levels before any
stimulus; part (Bb) is the mean values of the amplitudes of second Ca?* transients caused by EFS; part (Bc) is the mean values of the amplitudes
of Ca?* transients evoked by depolarizing solution; part (Bd) is the mean values of Ca?* peaks evoked by 5 s application of 10 mM caffeine, as
an agonist of RyRs. The black bars are data for the nucleus (nr); the red bars are data in the central space (cr); the green bars are sub-membrane
regions (mr), and the blue bars are dendritic trees of neurons (dr). Results are mean + S.E. of 30 individual cells from 10 different experiments.

the peak values of calcium signals induced by 10 mM caffeine
(as Ca?* release from the ER) were significantly reduced in
the dendritic tree region to 1.88 %+ 0.08 (225 nM, n = 19)
from 2.31 £+ 0.11 (310 nM, n = 19, P < 0.01) in sub-
membrane, central—2.43 4 0.13 (336 nM, n = 19; P < 0.001)
and nuclear—2.17 £ 0.12 (283 nM, n = 19; P < 0.05) regions of
pyramidal neurons.

Fast recording of Ca2* transients

In the next series of experiments, we investigated the
spatio-temporal organization of Ca’* transients in the

Frontiers in Cellular Neuroscience

04

various areas of pyramidal-like neurons recorded at 30 Hz
frequencies (Figure 2A). We recorded simultaneously the Ca?*+
transients induced by ESP stimulation at excitation wavelengths
340-380 nm, which were synchronized with EFS, separated
in time. The first recorded Ca?* transient was with excitation
wavelength at 340 nm, and then a 2 min delay produced an
additional record at 380 nm with the same setting and conditions
that create the F340/F3g0 ratio signal (Figure 2B).

Fast 2D recording of Ca?* transients under depolarization
revealed an asynchronous delayed rise of free Ca?*
concentration. Thus, EFS caused an increase in Ca2t signals
that first appeared in the dendrites, then in the sub-membrane,

central, and finally in the nuclear area of cells. Figure 2C shows
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FIGURE 2

Fast recording of EPS-induced Ca2t transients in a pyramidal-like hippocampal neuron. (Aa) The image of the cell obtained by direct illumination.
(Ab) Different ROIs of the neuron are colored. (B) The imaged ratio of F340/F380 of Fura-2 loaded neuron with 50 EPS was separated as time
profiles in the dendritic tree (blue line; dr), sub-membrane (green line, mr), central area (red line; cr), and nuclear (black line; nr) regions of the
neuron. (C) d(F340/F380)/dt (s~1), the first derivative of the ratio of the Ca®* signal obtained in the nuclear (black triangles line), central area
(red squares line), and sub-membrane (green circles line) regions of the neuron. The flux data were derived from the data presented in part (B)
(D) Mean value of the maximal flux rate obtained in the nuclear (black bar), central area (red bar), and sub-membrane (green bar) regions of the

neuron.

the first derivative of the [Ca2T]; signal [d(F340/F380)/dt]
representing the underlying Ca?* flux. The Ca?* flux in the
sub-membrane and central regions appeared with increasing
and decreasing steps, representing the EFS-induced calcium
transients. The maximum flux in the sub-membrane and central
regions was observed 0.2 s after initiation and decreased with
time. In the nuclear region of the neuron, the flux was delayed
and reached its maximum value 0.6 s after the onset with
reduced amplitude compared to other regions. The maximal
flux rate was in the dendritic tree region (0.028 £ 0.004, n = 8)
and reduced in the sub-membrane (0.018 & 0.002, n = 8) and
central (0.015 + 0.004, n = 8), and minimal in nuclear aria
(0.010 £ 0.001, n = 8) of the neuron (Figure 2D).

To detailed the
inhomogeneity of Ca?* signals in hippocampal pyramidal

show more information  about

neurons, we studied the latency of Ca?t increases for
different regions of cells in one wavelength excitation mode
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(380 nm, 30 Hz). Figure 3 shows the dynamics of [Ca%t];
increases caused by 50 pulses of EFS (3A) and 50 mM KCI
solution (3B) normalized to the maximal amplitude of CaZt
transients in various ROIs of the neuron. When recording in
x-y-t mode (limited to 30 Hz), Ca?* signals were insufficient
to represent the initial phase of the Ca** signal, which was
more evident during KCl-induced transients. However, we find
signal delays between different ROIs at 25%, 50%, and 75% of
the maximal amplitude. It is in the sub-membrane, and central
regions were more pronounced and progressed during the
EFS-induced Ca* transient and less during KCl depolarization,
and this parameter of the difference between the dendritic
tree and the sub-membrane region of interest increased up to
1 s. In the central and nuclear regions, the delay was almost
independent of the type of stimulus and was around 0.2 s.
Statistical data are represented in the summarized diagram in
part 3C.
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FIGURE 3

Delay of Ca?* signals between distinct areas of pyramidal neurons. Normalized Ca?* transients were recorded from the central (cr; red line),
sub-membrane (mr; green line), nuclear (nr; black line), and dendritic tree (dr; blue line) area of the cell induced by 50 EFS pulses at 9 Hz (A) and
5 s application of 50 mM KCl solution (B). (C) Summary histogram of delays between sub-membrane and central areas (mr-cr; part a); dendritic
tree and sub-membrane areas (dr-mr; part b); central and nuclear areas (cr-nr; part c) measured at 25% (black bar), 50% (light gray bar) and 75%
(dark gray bar) of maximal amplitude value with 50 pulses EFS and application of depolarizing KCl solution. Data were obtained in seven neurons
in four different experiments. Ca®* signals were recorded with 380 nm excitation wavelength at 33 ms per image.

RyRs mediated Ca?* signal

As is well known, Ca* release from the ER occurs under
conditions of the opening of the IP3Rs and RyRs (Rizzuto and
Pozzan, 2006). The IP3Rs-mediated release of calcium from
the dendrites is initiated most frequently by the action of
neurotransmitters, like glutamate (Niswender and Conn, 2010),
while RyRs activate by an increase of Ca>* concentration in the
cytosol (Shkryl and Blatter, 2013; Blatter, 2017) via calcium-
mediated activation RyRs through CICR (Fabiato, 1983). In
the following experiments, we tested the functioning of the ER
stores in hippocampal pyramidal neurons. For this purpose, we
activated Ca?* release from the ER by applications of the RyR
agonist caffeine, which often revealed an increase in cytosolic
Ca?" concentrations induced by caffeine. We use ESP to load
the ER store.

Frontiers in Cellular Neuroscience

06

Figure 4A shows a superimposed record that demonstrates
changes in Ca?* signal, recorded from a neuron under control
condition (black trace) and in the presence of 10 mM caffeine
(red trace). In control, the basal level of free calcium was
1.06 &+ 0.03 and 1.26 £ 0.05 in the presence of caffeine. The
peak amplitude of Ca?* transients induced by depolarizing
solution significantly decreased from 6.47 + 0.57 (in the
control) to 4.58 £ 0.31 under the application of 10 mM
caffeine (Figure 4Bc; n = 12, P < 0.05). Under electrical field
stimulation changing the amplitude of the caffeine depend on
the duration of the stimulation. The peak amplitude of the Ca?*
signal induced by short (15 pulses, 9 Hz) EFS did not change
appreciably, 0.54 4= 0.08 compared to 0.51 £ 0.07 (Figure 4Ba;
n = 13). However, by a long stimulus (50 pulses, 9 Hz), this
parameter significantly decreases from 2.72 £ 0.58 to 1.89 4= 0.38
(Figure 4Bb; n =6, P < 0.05) with caffeine.
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FIGURE 4

Ca?* transients under the presence of caffeine. (A) Transient increases in [Ca?*]; are triggered by three series of 15 pulses of EFS (black square;
1 s) followed by application of KCl depolarizing solution (KCl, black rectangle, 5 s) in the control condition (black square line) and repeated
stimulations with continues presence of 10 mM caffeine (caffeine; red square line) to eliminate calcium release from the ER. Ca?t responses
were recorded in the soma without the nucleus region. The ratio (Fz40/Fz340) is presented on a natural logarithmic scale. (B) Mean values of
the amplitude of the second Ca®* transient caused by 15 (a) or 50 (b) pulses EFS and Ca®* transient evoked by KCl solution (c) in control and
presence of 10 mM caffeine. Normalized Ca* transients were recorded using one wavelength protocol (33 ms per image and 380 nm excitation
wavelength) at different ROls induced by the application of 10 mM caffeine (C) or application of KCl depolarizing solution (D). A dashed line
in part (C) contains an insert of the initial phase of caffeine-induced Ca2* increase. ROls were selected in central (cr, red line), sub-membrane
(mr, green line), nuclear (nr, black line), and dendritic tree (dr, blue line) areas of the cell. (E) Diagram of delays between sub-membrane and
central (mr-cr); dendritic tree and sub-membrane (dr-mr); central and nuclear (cr-nr) areas measured at 25% (black bar) and 50% (red bar) of the
maximal amplitude in response to KCl depolarizing solution. (F) Transient increases in [Ca®*]; are triggered by the application of KCl depolarizing
solution (KCL, black rectangle, 5 s) and caffeine (caffeine, light gray rectangular; 10 mM and 5 s) in the control condition (black square line) and
repeated stimulations with continues presence of 20 WM dantrolene (red square line) to reduce calcium release from the ER. Ca?* responses
were recorded in the soma without the nucleus region. The ratio (Fz40/Fz40) is presented on a natural logarithmic scale. Mean value of the
amplitude of Ca?* transients evoked by depolarizing solution (Ga) and 5 s application of 10 mM caffeine (Gb). Results are mean + S.E., *P < 0.05.
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The short electrical stimulation (15 pulses, 1 s) does not
alter the amplitude of Ca?*t transients under caffeine, but the
Ca®* response significantly decreased under the depolarization
solution or long EFS. Thus, with prolonged stimulation of
the neuron, Ca?t release appeared from the ER by RyRs. As
we can see from normalized caffeine-induced Ca®* transients
(Figure 4C), a rise in signals appeared in all regions of
hippocampal pyramidal neurons, but in the center and nuclear,
Ca’* signals were more delayed (37.5 + 7.5 ms, 1 = 4) than in
sub-membrane zone and dendritic tree. Figure 4D shows the
dynamics of increases in [Ca%t]; caused by 5 s application of
KCl solution normalized to the maximal amplitude of the signal
in various regions of interest of the neuron. Figure 4E shows
the delay in different ROIs at 25% and 50% of the maximal
amplitude. Under caffeine, the delay between sub-membrane
and central, dendritic tree, central and nuclear regions was
significantly reduced compared to control.

10.3389/fncel.2022.1054950

Additionally, we used 20 M dantrolene to block RyRs
and record high KCl-induced Ca®* transients. Figure 4F shows
superimposed record that demonstrates changes in Ca?* signal,
recorded from a neuron under control condition (black square
line) and in the presence of 20 pM dantrolene (red square line).
In control, the basal level of free calcium was 1.23 4 0.03 and
1.10 & 0.03 in the presence of dantrolene. The amplitude
value of depolarizing solution-induced Ca?* transients under
20 pM dantrolene significantly decreased from 5.30 £ 0.26 to
2.84 + 0.13 (Figure 4Ga; n = 29, P < 0.001). The ER load
with the presence of dantrolene was significantly decreased to
0.682 £ 0.06 from 1.72 & 0.14 (Figure 4Gb; n = 28, P < 0.01).
It further confirms the involvement of RyRs in Ca" signaling in
cultured hippocampal pyramidal neurons.

Figure 5 shows representative recordings of calcium
transients induced by 50 pulses of EFS in control (black line)
and the presence of 10 mM caffeine (red line) in different regions

FIGURE 5

Ca?* transients during prolonged electrical field stimulation in the presence of caffeine in various ROIs of hippocampal pyramidal neurons. A
transient increase in intracellular [Ca?*]; is induced by a series of 50 EFS pulses (9 Hz) under control conditions (black line) and in the presence
of 10 mM caffeine (red line; which excludes calcium release from the ER). Each graph in part (a) presented Ca2* responses that were recorded
in the sub-membrane (A), central (B), dendritic tree (C), and nucleus (D) of the cell. Normalized Ca?* transients were recorded using a single
wavelength protocol (33 ms per image and 380 nm excitation wavelength). Part (b) of each panel presents control-normalized statistics of
maximal amplitude in the presence of caffeine in response to ESP. Results are mean + S.E. *P < 0.05
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of the pyramidal neuron. The calcium signals in control and
caffeine had a substantial difference at the center (Figure 5B),
although there was also a decrease in signal with caffeine in
the sub-membrane (Figure 5A) and dendritic tree regions
(Figure 5C) were less pronounced but significant. Data were
obtained from six different experiments and compared using a
paired sample t-test. Also, the difference between these signals
in the nucleus (Figure 5D) was somewhat less than in the central
region. It is probably due to the passive enhancement of the
calcium signal by releasing Ca?* from the center or neighboring
ERs into the nucleus. The RyR-mediated increase in the Ca2*
signal presented in the periphery, the dendritic tree, and the
center of the hippocampal pyramidal neuron.

Discussion

In this study, we investigated the behavior of Ca?* signals in
response to electrical stimulation, KCl-induced depolarization,
and caffeine treatment in cultured hippocampal pyramidal
neurons with a 2D imaging mode of ratiometric fluorescent
microscopy.

A neuron is an excitable cell, and a fundamental principle
in neuronal signal processing is the transduction of short
electrical signals at the membrane into biochemical responses,
resulting in longer-lasting changes in the neuronal structural and
functional state (Johenning et al.,, 2015). The neuronal plasma
membrane with channels, receptors, and pumps mediates the
electrical signal propagation; the ER membrane can participate
in the passive and active calcium-based signal propagation
mainly along the dendritic length and soma from peripheries
to the center (Shkryl, 2017; Ashhad and Narayanan, 2019).
Action potentials generate widespread increases in calcium
concentration inside axons and presynaptic terminals, and
then they back-propagate over large regions of the dendrites
(Ross, 2012). The present study shows that the level of
free calcium in the resting state inside the nucleus is
significantly lower compared to the center of the cell and
delayed respectively to other regions of hippocampal pyramidal
neurons. Fedorenko and Marchenko (2014) have shown that
the nuclear membrane of hippocampal CA1 pyramidal neurons
was enriched in functional inositol IP3Rs localized in the inner
nuclear membrane and is specialized to release Ca?* into the
nucleoplasm, which may amplify Ca®* signals entering the
nucleus from the cytoplasm. Our study shows that nuclear Ca**
flux had the lowest amplitude compared to other studied regions.
During applications of caffeine, the nuclear Ca?* signal was
suspended compared to the sub-membrane but appeared at the
same time as the central area with almost no delay.

Localized RyR-mediated events of Ca?T release occur in
the soma and proximal dendrites of hippocampal pyramidal
neurons in culture and acute slices (Koizumi et al, 1999;
Berrout and Isokawa, 2009; Manita and Ross, 2009; Miyazaki
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et al, 2012). The endoplasmic reticulum localized close to the
plasmalemma membrane (PM) makes a membrane domain
called ER-PM junctions (EPJs). By electron microscopy, the ER
at many neuronal EPJs appears as a micron-diameter, flattened
vesicle less than 10 nm from the PM, a structure also called a
“subsurface cistern” (Rosenbluth, 1962; Tao-Cheng, 2018). EPJs
are abundant in neuronal soma (Wu et al,, 2017), and neuronal
soma has prominent VGCCs—and RyRs-mediated CICR (Friel
and Tsien, 1992; Isokawa and Alger, 2006; Berrout and Isokawa,
2009). Our study shows that the release of calcium from the
endoplasmic reticulum occurred in all regions of the neuron;
the peak value of Ca** response to caffeine applications did not
differ at the sub-membrane, center, and nucleus but significantly
decreased in the dendrites.

Ryanodine-sensitive Ca?" stores in different central neurons
in the rat (including CA1 hippocampal neurons) were reported
to be empty at rest and to accumulate Ca?* only after its entry
via voltage-gated Ca®* channels in the plasmalemma (Brorson
et al,, 1991; Shmigol et al., 1994; Garaschuk et al., 1997). de
Juan-Sanz et al. (2017) found evidence for Ca2 release from the
ER in response to a single AP or a train of 20 action potentials
evoked at 20 Hz. However, recently been shown that Ca?* release
from the ER contributes to train-evoked Ca?t elevation in
pyramidal neurons (Tran and Stricker, 2021). As demonstrated
in this article, the depletion of the caffeine-sensitive Ca?t
stores did not alter the amplitude of depolarization-induced
Ca’* transients evoked by low-frequency activity. However,
long 5 s KCI depolarization or long train EFS (50 pulses,
9 Hz) of CAl pyramidal cells induced Ca’* release not
only from dendritic ryanodine-sensitive Ca?t stores, which
was shown previously (Alford et al, 1993; Garaschuk et al,
1997; Tran and Stricker, 2021) but also at sub-membrane
and central regions. They suggested that RyR-mediated Ca’*
release from presynaptic intracellular stores contributes to
the activation of downstream Ca?*- dependent pathways and
signaling molecules, including CaMKII, which are required for
LTD induction (Arias-Cavieres et al., 2018). Also, we show that
the Ca?* signal at the nucleus significantly depends on Ca?*
release from the central ER.

Neuronal dendrites play dominant roles in signal
integration, neural computation, plasticity, and structurally
associated adaptability (Ashhad and Narayanan, 2019). Ca?*
influx from the outside via voltage- and ligand-gated ion
channels, specific synaptic activation can cause the recruitment
of intracellular Ca®* stores. Its results in Ca>* release from the
ER via intracellular Ca>* release channels (IPsR and RyR) in
dendrites (Nakamura et al,, 1999). In the present study, we have
shown that calcium signals in the dendritic tree appear faster
than in other regions, but the peak value of Ca?* transients
in this area is significantly lower than inside the soma. These
differences can be explained by the fact that the diameter of the
dendrites is ~1 pwm, and the calcium signal in it propagates over
a shorter distance, in contrast to the soma, and with a smaller
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dendrite Ca?* release from the ER. The diffusion of calcium
inside neurons is determined not only by distance but also by
the intracellular binding sites that rapidly bind free calcium ions
(Matthews and Dietrich, 2015). The interplay of several systems
that release Ca*" into the cytosol and multiple mechanisms
that buffer Ca?* in the cytosol sequester Ca>* in intracellular
organelles and extrude Ca?* across the plasmalemma provide
the necessary control (Blaustein, 1988) that could be different in
sub-membrane, central or dendritic tree space of the neuron.
Spontaneous, localized Ca%t release events are found in
cardiac myocytes [Ca?t sparks; (Cheng et al, 1993)] and
also reported in dendrites of hippocampal pyramidal neurons
(Manita and Ross, 2009; Miyazaki and Ross, 2013). In cardiac
myocytes and skeletal muscle, depolarization activates voltage-
gated L-type Ca?* channels in the surface membrane resulting in
localized, sub-membrane increases in cytosolic Ca?t. Individual
Ca" release units or clusters of RyRs (Stern et al,, 1999) are
activated essentially simultaneously. The spatial and temporal
summation of Ca?* release from individual Ca?* release units
gives rise to whole-cell Ca?t transients (Cheng et al., 1994;
Hiiser et al., 1996; Shkryl and Blatter, 2013). In skeletal fibers
and cardiac ventricular myocytes, the extensive transverse
(t) tubular network exists that assures physical proximity of
surface membrane Ca®* channels and clusters of RyRs in the SR
throughout the entire cell volume (Soeller and Cannell, 1999). It
ensures highly synchronized and spatially rather homogeneous
RyRs-based Ca?t release from the SR (Cannell et al, 1994;
Shkryl and Blatter, 2013). In contrast, atrial cells have poorly
developed or even entirely lacking t-tubular system (Hiiser et al,,
1996; Mackenzie et al., 2001; Smyrnias et al., 2010). Due to these
ultrastructural arrangements, action potential (AP)-induced
membrane depolarization activates Ca?* entry through VGCCs
and CICR through RyRs in the sub-membrane region. Elevation
of peripheral [Ca?*]; propagates via CICR in a Ca>* wave-like
fashion in centripetal direction by a diffusion-reaction process
(Keizer et al., 1998; Shkryl and Blatter, 2013; Blatter, 2017). In
pyramidal neurons studied here, the Ca>* response to APs was
likely similar to the one observed in atrial myocytes (Shkryl
and Blatter, 2013; Blatter, 2017). The presence of not only RyRs
but also of the high density of IP3 receptors in hippocampal
neurons (Verkhratsky and Shmigol, 1996; Berridge, 1998;
Nakamura et al., 2000) makes this process more complicated,
requiring not only calcium-mediated activation of RyRs in
central ER but also activation IP3Rs through the diffusion of
IP3 from the periphery cell to the central ER to activate IP3
receptors in none sub-membrane ER (Blatter et al,, 2021); and
glutamate-mediated synaptic transmission could contribute a
notional part of EFS-induced Ca?* transient that IP3 receptors
could mediate part of the response. In experiments on freshly
isolated hippocampal neurons (data not shown), the amplitude
of calcium responses was significantly lower during EFS but did
not differ during depolarization of solutions with a high KCl,
which suggests the role of glutamate receptors in these responses.
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Some limitations are present in the study. Caffeine in high
concentration could chelate calcium in the lumen of the ER
(Rojo-Ruiz et al, 2018) interfering with RyRs activity and
reduce the caffeine-induced Ca?* signal. Caffeine interacts with
fluorescent calcium indicator dyes (Muschol et al, 1999). In
experiments using one wavelength mode excitation, it affects
the response amplitude. However, in the ratiometric mode, it is
eliminated by the ratiometric. Some studies show that the Fura-2
dye limits the correct recording of Ca?*t (Bootman et al., 2013;
Shkryl, 2020) or could be saturated with a high Ca?* response,
which creates an additional error in determining the actual
value of the calcium concentration. Using single wavelength
dye like Fluo-4 with a higher ratio of maximal to minimal
fluoresce with more precision and the ability to record small
Ca?" events like sparks. Limitations of temporal and spatial
resolution reduced the ability to reveal more detailed data on
Ca?" signaling in pyramidal hippocampal neurons, and fast 2D
or 3D confocal microscopy is required. However, the ratiometric
measurements of Fura-2 loaded neurons made it possible to
achieve the required accuracy of a given signal in various areas
of an individual neuron.

In summary, we demonstrate spatial dynamics of free Ca?*
concentration in individual rat hippocampal pyramidal neurons
in culture recorded by 2D ratiometric fluorescence of Fura-2
signals. 2D imaging of Ca?* transients revealed an asynchronous
delayed rise of free Ca’* concentration in the central area
compared to near-membrane or dendritic tree regions. The
nuclear response was delayed respectively to other cellular
parts. Activation of ryanodine receptors by caffeine triggered
a rapid rise of [Ca2T]; in all four analyzed regions of interest.
Using the RyR agonist caffeine as a pharmacological tool, we
found that functional Ca?*t stores resize in the somata and
peripheral and dendrites of CA1 pyramidal cells. The treatment
with caffeine significantly reduces the peak amplitude of Ca?*
transients induced by the KCl depolarizing solution. Short
electrical stimulation (1 s) was not enough to enhance the Ca?t
signal through CICR, but adequate at long-lasting excitation (6 s)
produce calcium release from the ER store there 30% of the
peak amplitude of Ca>* transient corresponds to RyRs mediated
calcium release.
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SAK/TIOYEHHA

BuBueHHs KanblieBOi cUrHami3auli 30y JIMBOI KJIITUHU € BaKJIMBOIO 33a4€H0 JIJISl Cy4acHO1
010 13UKH M’ A30BO1 UM HEPBOBOI KIITUHU. 3MIHA KOHIIEHTpAIIlil KaJbI[1}0 BILIMBAE HA O€31114
MPOIIECIB, MOB’A3aHUX 31 3MIHOIO PIBHS KaJbIII0 B KIITHHI B IIUPOKOMY Jiana3oHi Bijg 50
HM 1o 10 MmxM. Kanb1iif BXOJUTh y KJIITUHY 4Yepe3 TpaHCMeMOpaHHI Kajblli€Bl KaHAIH 1
MOTpedye MOAANBIIOT0 BUBUIBHEHS /10 IIMTO30II0 31 BHYTPIIIHBOKIITUHHUX JETIO.
BcranoBneHHsT MexaHI3MIB —MIJCUJICHHS KaJbI[IEBOIO CUTHAIY 33 PaxyHOK
BUBIJILHEHHS KaJIbLIII0 3 CAPKOIUIa3MAaTUYHOI'O PETUKYJIYMY MPH BIAKPUTTI PlaHOJUHOBUX
peuentopiB, OyJI0 YCKIAJHEHO uYepe3 HEMOXJIUBICTh MPOTATOM TPHUBAJIOIO YaCy
peecTpyBaTH aKTUBHICTH ITUX KaHAJIIB 0€3MM0CcepeHBO B KIITHHI. 3anpoBa»KEHHS IIIBUIKO1
KOH(OKabHOI MIKPOCKOMIi Ta (IyOpecUeHTHUX OapBHUKIB JO3BOJUJIO PEECTPYBATU

KaJIbl1€B1 CUTHAJIM, TTOB’A3aH]1 3 BIAKpUTTAM RyRs.

A C
3 mc
DHPR [ — ) )
HeHTp BUBUIBHCHHA KAaJIBII1FHO
e~ BYRZ3
Closed

@@
0 @R R

s

RyR1 Cencop
Closed HANPYTH

ceHCH6ini3

Pucynok. 4.1 Cxemaruyne 300pakeHHs1 BUBLJILHEHHS KaJIbIIiO 3 Jerno 3a paxyHok RyRs. Bigkpurts RyR

RyR1
Open

tuny 2 ta 3 (A) Ta RyR tuny 1 (B). (C) Biakputtst RyRs B 11eHTpi BUBIIbHEHHS KaJbIIiIO.

PianonunHoB1 peuentopu TUMiB 2 Ta 3 3a HOPMAJbHUX YMOB MOXYTh aKTUBYBaTHUCS
KaubIlieM (puc. 4.1A). B mionuTax, micis moyatky Bxoay Kanblito uepe3 DHPR, neo6xinHo
3 Mc ais movaTKy BUBUIbHEHHs Kanblito 3 CP, mpu 1boMy BOHO MOYMHAETHCS B 4ac
MaKCUMaJIbHOTO cTpyMy. RyR1 akTUBYIOTBCS Kajblii€eM JUIIE 32 YMOB CeHCUOLII3a1li a0o
MIpU BIUIMBI aKTUBHUX (POPM KUCHIO, SIKI MOXKYTh OyTH 3reHepoBaHi y nuuto3oii, NADP(H)-

OKCHJIa3010 4K MiToxOHApieto (puc. 4.1B). 3MiHa ri100anbHOrO0 CHUTHANY Kajbllil0
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CKJIQJIa€ThCs 3 AUCKPETHUX MOJIM — KaJblI€BUX CIANaxiB, 110 € Pe3yJbTaTOM BIIKPUTTS
20+30 xkanamiB RyRs; mpu mpomy Moxe crocTepiratucsi pe@pakTepHICTh MEXaHI3MY
BUBIJILHEHHS KAJIBI[IIO, KOJIM 3a3HA4€Hl PEHENnTOpPU HE BCTUTalOTh BIAHOBUTHUCS 10
HacTynHoro BuBiUIbHEHHS (puc. 4.1C), 110 MoXxe NMPU3BOJUTHU 10 AJIbTEPHAIIIN KabIlII0 Ta
apuUTMIi MIOKapy.

Jlana poOoTa BuUpilIye BaXXJIUMBY HAyKOBYy NpoOjeMy BIUIMBY Ta (HOpMyBaHHS
KaJIbI[IEBOTO CUTHATY 3a paxyHOK RyRs, mpu Momyssiiii ocTaHHIX 3a paXyHOK aKTUBHHX
dopm kucHo, NADP(H)-okcuaasu, B3a€MO3B’A3Ky 3 MITOXOHJApPiaIbHUM KajbIlEM Ta
NADH curnanom, piBHEM €JIEKTPUYHOI CTUMYJISIi, 1110 OyJI0 BUSIBICHO 3a JOTOMOTOIO

IIBUJIKOT KOH()OKaTBHOT MIKPOCKOMIi Ta paHilie He 0yJI0 JOCIHIIKEHO.

BUCHOBKH

Y nmaHiii poOOTI TPEACTABICHI pPE3yJbTaTH MOTO KOMIUIEKCHOTO JTOCIIIKEHHS
OCOOJIMBOCTEH pETyJNAIii KalbI[IEBOTO CUTHAIY B M SI30BHUX 1 HEPBOBUX KIIITHHAX.
3acTocoByr04H nepeoBi MeToau 610(i3nyHOI Bizyasizarllii, 30kpeMa MBUAKY KOH(DOKAIbHY
MIKPOCKOITII0, OYyJI0 PpO3TJISHYTO PI3HOMAHITHI MOJENI JIOKaTbHUX (BIIKPUTTS TPYIH
xaHamiB RyRs, BisyamizoBammii six cnamaxu Ca®") Ta r7106anbHMX CHTHAIB 3MiH
KOHIIEHTpAIlli Kalbllil0 B M’SI30BHUX 1 HEPBOBUX KIITHHAX. 3 OTPUMAHUX pE3yJIbTaTiB
3p00JIEeHO HACTYIHI BUCHOBKH:

1. BukopucroByroun BHCOKOMIBUJKICHY KOH(OKaIbHY JBOBUMIPHY Bi3yalli3allilo,
Brepie OyJIO MPOJAEMOHCTPOBAHO HamiiiHy audepeHmianito mix Bxomom Ca?* uepes
norenmian-zanexni Ca**-xkamanmm noBepxHeBoi MeMmOpanum Ta RyRs-imgykoBanum
uBibHeHHsIM Ca’t 3 CP Ha pPIBHI OKpPEMHX OJHWHHUIIP BHUBUIBHEHHS B I1HTAKTHHX
KapIioMiOLUTAX K B IPOCTOPi TaK i uaci. ®a3a HapocTanus Ca’* cnanaxis Mae cTymiHgacTy
KIHETHKY, L0 CBIAYUTH MPO y4acTb Irpynu KaHaiiB RyRs mpu BHBUIBHEHH! KajbLiio,
BisyanizoBanoro sk cranax Ca?".

2. Bnepiie, Oyyno BUKOPUCTAHO TpUBUMIpHE KOH(OKAJIbHE CKaHyBaHHS B 4aci Jyis
peectpanii BusinbHenna Ca?" 3 CP mig yac BigkpuTTs KaHamiB RyRs, mo mpeacraBiusiors
co6or0 HOBHII MeTox Bizyamizanii Ca?* cnanaxis, siKi peecTpyIOTbCS y MiCLli BUBIIEHEHHS
KaJibIlito. Briepiie Oyyio BCTaHOBIEHO, IO 111 C(POKYCOBaHI criajiaXxd MalOTh 3HAYHO OUIbIIII

aMILTITY TOPIBHSIHO 3 3arajibHOI0 KUIBKICTIO BUSIBIIEHMX HEC(HOKYCOBAHMX CHanaxiB 1
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JIEMOHCTPYIOTh MOJAIBHUI PO3IOIiNI aMILTiTY U cnanaxis. g sussnenux Ca’" cnanaxis
13 yacom HapoctanHs 11 wmc, Oyno po3paxoBaHO, MO Taki C(OKYCOBaHI cCIajaxu
noTpeOyIoTh cTpyMy BuBinbHeHHS Ca®! y posmipi 11 A, 110 CBigUUTH OO 3aIy4eHHS Bi
20 o 30 BiakpuTux kaHamiB RyRs.

3. AnbTepHanii quTO301bHUX Tpan3sieHTiB Ca’" MOXKyTh BinOyBarOThCS 3a BiICYTHOCTI
MDKIMITYJIBCHUX 3MiH (D1310J0T1YHOTO TpUrepa KaibijieBoro crpymy yepe3 DHPR Ta 3minu
KIHIIEBOTO J/1aCTOJIIYHOTO PIBHA KajJbIlIl0 B CApPKOIUIA3MAaTUYHOMY PETUKYIyMI.
[IpencraBiieHi MepeKOHINUBI IOKA3W MPO TE, 1110 B MIOLUTAX NEPEACEPIb 3aJI€KHI BiJl 4acy
BIIACTMBOCTI PECTHTYIi Ta pedpakTepHa KiHeTHKa MexaHisMmy BubinbHenHs Ca?t 3 CP e
OCHOBHHMM NPHYMHHUM (pakTopoM BHHMKHeHHs Ca’* anpTepHartiii.

4. BcTanoBneHo, 1110 3HaYHa KUIBKICTh MITOXOH/IPi BCTAHOBIIIOE TICHI (PYHKIIIOHAJIbH1
Ta MOXJIHUBO CTPYKTypHi B3aemoxii 3 CP, QopMmyroun TakuM YHWHOM CYOKIITHHHI
MiKpOIOMEHH, 10 XapaKTEPHU3YIOTHCS IEPEBaXHOI0 nocTymnHicTio Ca?t 10 nux oprasen.

5. ByIo nokasano, mo nossa crnanaxis Ca** B nepmea0inizoBaHUX KIITHHAX CKEJIETHHX
M'sI31B CCaBIIIB TMOB’s3aHA 3 PEIOKC-CTAHOM MITOXOHJIPINA, MPU LOMY AUCOanaHC MIXK
reHEepalie€l0 MITOXOHJIpIaIbHUX aKTUBHUX (OPM KHUCHIO Ta 3JAaTHICTIO KJIITHHU
MPOTUCTOSITA 1 HEWUTpani3yBaTH OKCUIATUBHUN CTpeC € TMPUYUHOI0 pPYWHYBaHHS
(1310710T1YHOTO 1HT1OYBAHHS KAJIbI[1H-1HTyKOBAaHOTO BUBIJILHEHHS KaJIbIIiIO.

6. VY 1HTaKTHUX CKEJIETHUX M’ si3aX MHUILII OCMOTHYHUN WIOK 3HAYHO 3OUIBIIYE
MPOAYKII10 akTUBHUX PopM kucHIo. [IpeinkyOartis kinitun 3 norauHayamMu ROS (MnTBAP,
Mn-cpx 3, TIRON) ycyBae ocMoTHYHO iHaykoBaHi Ca®" cmanaxu. Y ckeleTHHX M'SI30BHX
BOJIOKHAX JiH1i Myt mdx BusBieHo 30u1bI1eHy renepaiiito ROS ta ekcnipecito NAD(P)H-
OKCHIa3M TOPIBHSAHO 3 HOpMaJbHUMHU MumamMu. B mdx m’s30Bux BojokHax FDB, mix yac
OCMOTHYHOTO IIOKY CIOCTEPIrajgoch 30UIbIIeHHS IIUT0301bHOT0 ROS, MiTOXOHApiaIbHOTO
KanbLil0 Ta MiToxoHapiansHoro ROS, mo mpussomuts 10 crilikoi aktusHOCTI Ca?*
CIajiaxiB IO BCiH TIOIIMHI KIITHHHU.

7. VY ckenetHux m'sizax xab 3a (izionmoriunux ymoB RyRs MOXyTh akTUByBaTHCS 3a
PaxyHOK KaJbIliii-1HIYKOBAHOTO BHUBIIbHEHHS Kajbllito. HaBmaku, ckejaeTHi M'sS30BI

BOJIOKHAaX Muill MOXyTh naemoHcTpyBaTu CICR Tinbku mnpu  ¢dapMakonoriyHini
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ceHcuOLm3anli kaHamB RyRs, ToOTo mo3a (i3ionoriyHuX ymMoOB, TMpU  IBOMY
CYHPOBOJIXKYIOUHUCH MEHIITUM IMOTOKOM BUBUIbHEHHS KaubIlito 3 CP.

8. Acunxponne 3poctanns Ca’" curmamy Oyno BHMABIEHO y MipaMiIHMX HeHpOHAX
rinokamny urypiB. BusinbHenHs kanbiito 3 CP 3a paxyHok RyRs cmocrepiranocs B
MiIMEeMOpaHHIN 30H1, ICHIPUTHOMY JE€PEBI Ta LIEHTpalIbHIN AinsHLL. KopoTka enexkrpuyna
crumyssinig (15 immynecis, 9 ') HegocratHa s imimiamii omocepeaxosanoro Ca®*
curHany uepe3 RyRs. [Ipote, TpuBana crumynsmis (50 imnyinbci, 9 ['11) npu3BoauTh 10
Toro, mo 30% mikosoi ammiiTyau Ca’'-TpaH3ieHTy BifNOBigac BUBLILHEHHIO KalbLito 3 EP
3a paxyHOK RyRs.

9. OTpuMaHi JjaHi CB114aTh PO BAXKIJIUBY POJIb PIAaHOJUHOBUX PEIENTOPIB Y KAJIBIIIEBIMA
CUTHaII3alll B M S30BUX 1 HEPBOBUX KJIITHUHAaX. BUSBIEHO, 110 XapakTep B3aeMoJii Ta
PeryJIALii IUX PEeHEnTOPIB BIAPI3HIETHCS B 3AJIEKHOCTI BIJl TUITY KJIITHH: CKEJIETHHUX M’ 534X,
KapJloMIONMTaX Ta HEWPOHIB Trimokammy. Taki SBHINA, SK BHUBUIBHEHHS KaJbI[IIO Ta
BIIKPUTTS P1aHOAMHOBUX PELENTOPIB, OyJIU MOAYJIbOBAHI Pi3HUMH (PAKTOPAMHU, TAKUMH K
akTuBHI1 popmu kucHo, NAD(P)H-okcn1a3o10, 3MIHOKO P1BHSI MITOXOHIP1aIbHOTO KaJbIIII0
ta camuM KainblieM. CICR B ckeneTHUX M’d3aX CCaBIIB BUHUKAJIW MPHU CTPECI UM 3MiHI
pEIOKC-CTaHy MITOXOHJIpii, abo ceHcuOUII3amieo penentopy. Kamnplii-iHaykoBaHe
BUBUIbHEHHS KaJbIlI0 3 JIETI0 B HOPMI € XapaKTepHUM Ui M sA31B aM}i0iif, MioruTax
nepencepab 1 IMUIYHOUKIB ceplid. Y HeHpoHax piaHOIWH-OMOCEPEAKOBaHE IMiABUILCHHS
KQJIBI[IEBOIO CHUTHAIY CHOCTEPIrajioch JIMIIE MNpPH TPUBAIINA EJIEKTPUUYHIA CTUMYJISIT
kiiTiHU. 1[5 TodHa perynsiis BHYTPIIIHOKIITHHHOTO KaJbI[IEBOTO CUTHAITY € BaXKIIUBOIO

JUTSI HOPMAJIBbHOTO (DYHKITIOHYBaHHS 30y JIMBUX KITITHH.



CIIUCOK BUKOPUCTAHHUX T’KEPEJI

ALFORD, S., FRENGUELLI, B. G., SCHOFIELD, J. G. & COLLINGRIDGE, G. L.
1993. Characterization of Ca2+ signals induced in hippocampal CA1 neurones by
the synaptic activation of NMDA receptors. J Physiol, 469, 693-716.

ANDRADE, F. H., REID, M. B., ALLEN, D. G. & WESTERBLAD, H. 1998. Effect of
hydrogen peroxide and dithiothreitol on contractile function of single skeletal
muscle fibres from the mouse. J Physiol, 509 ( Pt 2), 565-75.

ARIANO, M. A., ARMSTRONG, R. B. & EDGERTON, V. R. 1973. Hindlimb muscle
fiber populations of five mammals. J Histochem Cytochem, 21, 51-5.

AUGUSTINE, G. J., SANTAMARIA, F. & TANAKA, K. 2003. Local calcium signaling
in neurons. Neuron, 40, 331-46.

AUSTIN, L., DE NIESE, M., MCGREGOR, A., ARTHUR, H., GURUSINGHE, A. &
GOULD, M. K. 1992. Potential oxyradical damage and energy status in individual
muscle fibres from degenerating muscle diseases. Neuromuscul Disord, 2, 27-33.

BALSCHUN, D., WOLFER, D. P., BERTOCCHINI, F., BARONE, V., CONTI, A.,
ZUSCHRATTER, W., MISSIAEN, L., LIPP, H. P., FREY, J. U. & SORRENTINO,
V. 1999. Deletion of the ryanodine receptor type 3 (RyR3) impairs forms of
synaptic plasticity and spatial learning. Embo j, 18, 5264-73.

BERRIDGE, M. J., LIPP, P. & BOOTMAN, M. D. 2000. The versatility and universality
of calcium signalling. Nat Rev Mol Cell Biol, 1, 11-21.

BERS, D. M. 2002. Cardiac excitation-contraction coupling. Nature, 415, 198-205.

BLATTER, L. A. 2017. The intricacies of atrial calcium cycling during excitation-
contraction coupling. J Gen Physiol, 149, 857-865.

BLATTER, L. A., HUSER, J. & RIOS, E. 1997. Sarcoplasmic reticulum Ca2+ release
flux underlying Ca2+ sparks in cardiac muscle. Proc Natl Acad Sci U S 4, 94, 4176-
81.

BLATTER, L. A.,, KOCKSKAMPER, J., SHEEHAN, K. A., ZIMA, A. V., HUSER, J. &
LIPSIUS, S. L. 2003. Local calcium gradients during excitation-contraction
coupling and alternans in atrial myocytes. J Physiol, 546, 19-31.



285
BRINI, M. 2003. Ca(2+) signalling in mitochondria: mechanism and role in physiology

and pathology. Cell Calcium, 34, 399-405.

BROOKES, P. S., YOON, Y., ROBOTHAM, J. L., ANDERS, M. W. & SHEU, S. S.
2004. Calcium, ATP, and ROS: a mitochondrial love-hate triangle. Am J Physiol
Cell Physiol, 287, C817-33.

BRORSON, J. R., BLEAKMAN, D., GIBBONS, S. J. & MILLER, R. J. 1991. The
properties of intracellular calcium stores in cultured rat cerebellar neurons. J
Neurosci, 11,4024-43.

BRUM, G., GONZALEZ, A., RENGIFO, J., SHIROKOVA, N. & RIOS, E. 2000. Fast
imaging in two dimensions resolves extensive sources of Ca2+ sparks in frog
skeletal muscle. J Physiol, 528, 419-33.

BRUTON, J., TAVI, P., AYDIN, J., WESTERBLAD, H. & LANNERGREN, J. 2003.
Mitochondrial and myoplasmic [Ca2+] in single fibres from mouse limb muscles
during repeated tetanic contractions. J Physiol, 551, 179-90.

CANNELL, M. B. & KONG, C. H. 2011. Local control in cardiac E-C coupling. J Mol
Cell Cardiol.

CHENG, H., CANNELL, M. B. & LEDERER, W. J. 1994. Propagation of excitation-
contraction coupling into ventricular myocytes. Pflugers Arch, 428, 415-7.
CHENG, H., LEDERER, W. J. & CANNELL, M. B. 1993. Calcium sparks: elementary
events underlying excitation-contraction coupling in heart muscle. Science, 262,

740-4.

CHENG, H. & WANG, S. Q. 2002. Calcium signaling between sarcolemmal calcium
channels and ryanodine receptors in heart cells. Front Biosci, 7, d1867-78.

CONKLIN, M. W., BARONE, V., SORRENTINO, V. & CORONADO, R. 1999.
Contribution of ryanodine receptor type 3 to Ca(2+) sparks in embryonic mouse
skeletal muscle. Biophys J, 77, 1394-403.

COPELLDO, J. A., BARG, S., SONNLEITNER, A., PORTA, M., DIAZ-SYLVESTER, P.,
FILL, M., SCHINDLER, H. & FLEISCHER, S. 2002. Differential activation by
Ca2+, ATP and caffeine of cardiac and skeletal muscle ryanodine receptors after

block by Mg2+. J Membr Biol, 187, 51-64.



286
CUTLER, M. J., WAN, X., LAURITA, K. R., HAJJAR, R. J. & ROSENBAUM, D. S.

2009. Targeted SERCA2a gene expression identifies molecular mechanism and
therapeutic target for arrhythmogenic cardiac alternans. Circ Arrhythm
Electrophysiol, 2, 686-94.

DE JUAN-SANZ, J., HOLT, G. T., SCHREITER, E. R., DE JUAN, F., KIM, D. S. &
RYAN, T. A. 2017. Axonal Endoplasmic Reticulum Ca(2+) Content Controls
Release Probability in CNS Nerve Terminals. Neuron, 93, 867-881.¢6.

DEWENTER, M., VON DER LIETH, A., KATUS, H. A. & BACKS, J. 2017. Calcium
Signaling and Transcriptional Regulation in Cardiomyocytes. Circ Res, 121, 1000-
1020.

DISZHAZI, G., MAGYAR, Z., MOTYAN, J. A., CSERNOCH, L., JONA, I., NANAS]I,
P.P. & ALMASSY, J. 2019. Dantrolene Requires Mg(2+) and ATP To Inhibit the
Ryanodine Receptor. Mol Pharmacol, 96, 401-407.

DUCHEN, M. R. 2000. Mitochondria and calcium: from cell signalling to cell death. J
Physiol, 529 Pt 1, 57-68.

DUDLEY, R. W., KHAIRALLAH, M., MOHAMMED, S., LANDS, L., DES ROSIERS,
C. & PETROF, B. J. 2006. Dynamic responses of the glutathione system to acute
oxidative stress in dystrophic mouse (mdx) muscles. Am J Physiol Regul Integr
Comp Physiol, 291, R704-10.

EISNER, D., NEHER, E., TASCHENBERGER, H. & SMITH, G. 2023. Physiology of
intracellular calcium buffering. Physiol Rev, 103, 2767-2845.

ENDO, M. 2009. Calcium-induced calcium release in skeletal muscle. Physiol Rev, 89,
1153-76.

ENDO, M., TANAKA, M. & OGAWA, Y. 1970. Calcium induced release of calcium
from the sarcoplasmic reticulum of skinned skeletal muscle fibres. Nature, 228, 34-
6.

ERVASTI J. M. & CAMPBELL, K. P. 1993. Dystrophin and the membrane skeleton.
Curr Opin Cell Biol, 5, 82-7.

FABIATO, A. 1983. Calcium-induced release of calcium from the cardiac sarcoplasmic

reticulum. Am J Physiol, 245, C1-14.



287
FABIATO, A. & FABIATO, F. 1978. Calcium-induced release of calcium from the

sarcoplasmic reticulum of skinned cells from adult human, dog, cat, rabbit, rat, and
frog hearts and from fetal and new-born rat ventricles. Ann N Y Acad Sci, 307, 491-
522.

FELDER, E. & FRANZINI-ARMSTRONG, C. 2002. Type 3 ryanodine receptors of
skeletal muscle are segregated in a parajunctional position. Proc Natl Acad Sci U S
A, 99, 1695-700.

FENG, W., LIU, G., ALLEN, P. D. & PESSAH, 1. N. 2000. Transmembrane redox sensor
of ryanodine receptor complex. J Biol Chem, 275, 35902-7.

FILL, M. & COPELLO, J. A. 2002. Ryanodine receptor calcium release channels. Physiol
Rev, 82, 893-922.

FRANZINI-ARMSTRONG, C. & JORGENSEN, A. O. 1994. Structure and development
of E-C coupling units in skeletal muscle. Annu Rev Physiol, 56, 509-34.

FRUEN, B. R., MICKELSON, J. R. & LOUIS, C. F. 1997. Dantrolene inhibition of
sarcoplasmic reticulum Ca2+ release by direct and specific action at skeletal muscle
ryanodine receptors. J Biol Chem, 272, 26965-71.

GARASCHUK, O., YAARI, Y. & KONNERTH, A. 1997. Release and sequestration of
calcium by ryanodine-sensitive stores in rat hippocampal neurones. J Physiol, 502 (
Pt 1), 13-30.

GHOSH, M., WANG, H. D. & MCNEILL, J. R. 2002. Tiron exerts effects unrelated to its
role as a scavenger of superoxide anion: effects on calcium binding and vascular
responses. Can J Physiol Pharmacol, 80, 755-60.

GILLIS, J. M. 1997. Inhibition of mitochondrial calcium uptake slows down relaxation in
mitochondria-rich skeletal muscles. J Muscle Res Cell Motil, 18, 473-83.

GONZALEZ, E., MESSI, M. L., ZHENG, Z. & DELBONO, O. 2003. Insulin-like growth
factor-1 prevents age-related decrease in specific force and intracellular Ca2+ in
single intact muscle fibres from transgenic mice. J Physiol, 552, 833-44.

HAIJNOCZKY, G., HAGER, R. & THOMAS, A. P. 1999. Mitochondria suppress local
feedback activation of inositol 1,4, 5-trisphosphate receptors by Ca2+. J Biol Chem,
274, 14157-62.



288
HIDALGO, C., SANCHEZ, G., BARRIENTOS, G. & ARACENA-PARKS, P. 2006. A

transverse tubule NADPH oxidase activity stimulates calcium release from isolated
triads via ryanodine receptor type 1 S -glutathionylation. J Biol Chem, 281, 26473-
82.

HOANG-TRONG, T. M., ULLAH, A. & JAFRI, M. S. 2015. Calcium Sparks in the
Heart: Dynamics and Regulation. Res Rep Biol, 6, 203-214.

HOFFMAN, E. P.,, BROWN, R. H., JR. & KUNKEL, L. M. 1987. Dystrophin: the protein
product of the Duchenne muscular dystrophy locus. Cell, 51, 919-28.

HOLLIDAY, J., ADAMS, R. J., SEINOWSKI, T. J. & SPITZER, N. C. 1991. Calcium-
induced release of calcium regulates differentiation of cultured spinal neurons.
Neuron, 7, 787-96.

HUSER, J., LIPSIUS, S. L. & BLATTER, L. A. 1996. Calcium gradients during
excitation-contraction coupling in cat atrial myocytes. J Physiol, 494 ( Pt 3), 641-
51.

HUSER, J., WANG, Y. G., SHEEHAN, K. A., CIFUENTES, F., LIPSIUS, S. L. &
BLATTER, L. A. 2000. Functional coupling between glycolysis and excitation-
contraction coupling underlies alternans in cat heart cells. J Physiol, 524 Pt 3, 795-
806.

ISAEVA, E. V. & SHIROKOVA, N. 2003. Metabolic regulation of Ca2+ release in
permeabilized mammalian skeletal muscle fibres. J Physiol, 547, 453-62.

IZU, L. T., MAUBAN, J. R., BALKE, C. W. & WIER, W. G. 2001. Large currents
generate cardiac Ca2+ sparks. Biophys J, 80, 88-102.

KANO, M., GARASCHUK, O., VERKHRATSKY, A. & KONNERTH, A. 1995.
Ryanodine receptor-mediated intracellular calcium release in rat cerebellar Purkinje
neurones. J Physiol, 487, 1-16.

KAPLAN, J. H. & ELLIS-DAVIES, G. C. 1988. Photolabile chelators for the rapid
photorelease of divalent cations. Proc Natl Acad Sci U S A, 85, 6571-5.

KETTLUN, C., GONZALEZ, A., RIOS, E. & FILL, M. 2003. Unitary Ca2+ current
through mammalian cardiac and amphibian skeletal muscle ryanodine receptor

Channels under near-physiological ionic conditions. J Gen Physiol, 122, 407-17.



289
KIRSCH, W. G., UTTENWEILER, D. & FINK, R. H. 2001. Spark- and ember-like

elementary Ca2+ release events in skinned fibres of adult mammalian skeletal
muscle. J Physiol, 537, 379-89.

KOCKSKAMPER, J., SHEEHAN, K. A., BARE, D. J., LIPSIUS, S. L., MIGNERY, G.
A. & BLATTER, L. A. 2001. Activation and propagation of Ca(2+) release during
excitation-contraction coupling in atrial myocytes. Biophys J, 81, 2590-605.

KONG, H., JONES, P. P., KOOP, A., ZHANG, L., DUFF, H. J. & CHEN, S. R. 2008.
Caffeine induces Ca2+ release by reducing the threshold for luminal Ca2+
activation of the ryanodine receptor. Biochem J, 414, 441-52.

KORNYEYEV, D., REYES, M. & ESCOBAR, A. L. 2010. Luminal Ca(2+) content
regulates intracellular Ca(2+) release in subepicardial myocytes of intact beating
mouse hearts: effect of exogenous buffers. Am J Physiol Heart Circ Physiol, 298,
H2138-53.

LACAMPAGNE, A., KLEIN, M. G., WARD, C. W. & SCHNEIDER, M. F. 2000. Two
mechanisms for termination of individual Ca2+ sparks in skeletal muscle. Proc Natl
Acad Sci U S A4, 97, 7823-8.

LAMB, G. D. 2002. Excitation-contraction coupling and fatigue mechanisms in skeletal
muscle: studies with mechanically skinned fibres. J Muscle Res Cell Motil, 23, 81-
91.

LAVER, D. R., BAYNES, T. M. & DULHUNTY, A. F. 1997. Magnesium inhibition of
ryanodine-receptor calcium channels: evidence for two independent mechanisms. J
Membr Biol, 156, 213-29.

LIANG, W. 2008. Teaching calcium-induced calcium release in cardiomyocytes using a
classic paper by Fabiato. Adv Physiol Educ, 32, 1-10.

LLANO, I., DIPOLO, R. & MARTY, A. 1994. Calcium-induced calcium release in
cerebellar Purkinje cells. Neuron, 12, 663-73.

MACKENZIE, L., BOOTMAN, M. D., BERRIDGE, M. J. & LIPP, P. 2001.
Predetermined recruitment of calcium release sites underlies excitation-contraction

coupling in rat atrial myocytes. J Physiol, 530, 417-29.



290
MACKENZIE, L., BOOTMAN, M. D., LAINE, M., BERRIDGE, M. J., THURING, J.,

HOLMES, A., LI, W. H. & LIPP, P. 2002. The role of inositol 1,4,5-trisphosphate
receptors in Ca(2+) signalling and the generation of arrhythmias in rat atrial
myocytes. J Physiol, 541, 395-409.

MADSEN, K., ERTBJERG, P., DJURHUUS, M. S. & PEDERSEN, P. K. 1996. Calcium
content and respiratory control index of skeletal muscle mitochondria during
exercise and recovery. Am J Physiol, 271, E1044-50.

MARKS, A., VIANNA, D. M. & CARRIVE, P. 2009. Nonshivering thermogenesis
without interscapular brown adipose tissue involvement during conditioned fear in
the rat. Am J Physiol Regul Integr Comp Physiol, 296, R1239-47.

MARTINS, A. S., SHKRYL, V. M., NOWYCKY, M. C. & SHIROKOVA, N. 2008.
Reactive oxygen species contribute to Ca2+ signals produced by osmotic stress in
mouse skeletal muscle fibres. J Physiol, 586, 197-210.

MOMOTAKE, A., LINDEGGER, N., NIGGLI, E., BARSOTTI, R. J. & ELLIS-DAVIES,
G. C. 2006. The nitrodibenzofuran chromophore: a new caging group for ultra-
efficient photolysis in living cells. Nat Methods, 3, 35-40.

MURAYAMA, T., KUREBAYASHI, N. & OGAWA, Y. 2000. Role of Mg(2+) in
Ca(2+)-induced Ca(2+) release through ryanodine receptors of frog skeletal muscle:
modulations by adenine nucleotides and caffeine. Biophys J, 78, 1810-24.

MURAYAMA, T. & OGAWA, Y. 1992. Purification and characterization of two
ryanodine-binding protein isoforms from sarcoplasmic reticulum of bullfrog skeletal
muscle. J Biochem, 112, 514-22.

NAKALI J., DIRKSEN, R. T., NGUYEN, H. T., PESSAH, 1. N., BEAM, K. G. & ALLEN,
P. D. 1996. Enhanced dihydropyridine receptor channel activity in the presence of
ryanodine receptor. Nature, 380, 72-5.

NELSON, M. T., CHENG, H., RUBART, M., SANTANA, L. F., BONEV, A. D., KNOT,
H.J. & LEDERER, W. J. 1995. Relaxation of arterial smooth muscle by calcium
sparks. Science, 270, 633-7.

NIGGLI, E. & SHIROKOVA, N. 2007. A guide to sparkology: the taxonomy of
elementary cellular Ca2+ signaling events. Cell Calcium, 42, 379-87.



2901

NISWENDER, C. M. & CONN, P. J. 2010. Metabotropic glutamate receptors:
physiology, pharmacology, and disease. Annu Rev Pharmacol Toxicol, 50, 295-322.

OTTINI, L., MARZIALI, G., CONTI, A., CHARLESWORTH, A. & SORRENTINO, V.
1996. Alpha and beta isoforms of ryanodine receptor from chicken skeletal muscle
are the homologues of mammalian RyR1 and RyR3. Biochem J, 315 ( Pt 1), 207-16.

OYAMADA, H., MURAYAMA, T., TAKAGI, T., [INO, M., IWABE, N., MIYATA, T.,
OGAWA, Y. & ENDO, M. 1994. Primary structure and distribution of ryanodine-
binding protein isoforms of the bullfrog skeletal muscle. J Biol Chem, 269, 17206-
14.

PATTWELL, D. M. & JACKSON, M. J. 2004. Contraction-induced oxidants as mediators
of adaptation and damage in skeletal muscle. Exerc Sport Sci Rev, 32, 14-8.

PICHT, E., DESANTIAGO, J., BLATTER, L. A. & BERS, D. M. 2006. Cardiac alternans
do not rely on diastolic sarcoplasmic reticulum calcium content fluctuations. Circ
Res, 99, 740-8.

PICHT, E., ZIMA, A. V., SHANNON, T. R., DUNCAN, A. M., BLATTER, L. A. &
BERS, D. M. 2011. Dynamic calcium movement inside cardiac sarcoplasmic
reticulum during release. Circ Res, 108, 847-56.

PORTA, M., ZIMA, A. V., NANI, A., DIAZ-SYLVESTER, P. L., COPELLO, J. A.,
RAMOS-FRANCO, J., BLATTER, L. A. & FILL, M. 2011. Single ryanodine
receptor channel basis of caffeine's action on Ca2+ sparks. Biophys J, 100, 931-8.

POSTERINO, G. S., CELLINI, M. A. & LAMB, G. D. 2003. Effects of oxidation and
cytosolic redox conditions on excitation-contraction coupling in rat skeletal muscle.
J Physiol, 547, 807-23.

POUVREAU, S.,ROYER, L., Y1, J., BRUM, G., MEISSNER, G., RIOS, E. & ZHOU, .
2007. Ca(2+) sparks operated by membrane depolarization require isoform 3
ryanodine receptor channels in skeletal muscle. Proc Natl Acad Sci U S A, 104,
5235-40.

POZZAN, T., RIZZUTO, R., VOLPE, P. & MELDOLESI, J. 1994. Molecular and cellular
physiology of intracellular calcium stores. Physiol Rev, 74, 595-636.



292

REID, M. B. 2001a. Invited Review: redox modulation of skeletal muscle contraction:
what we know and what we don't. J Appl Physiol (1985), 90, 724-31.

REID, M. B. 2001b. Nitric oxide, reactive oxygen species, and skeletal muscle
contraction. Med Sci Sports Exerc, 33, 371-6.

RIOS, E., KARHANEK, M., MA, J. & GONZALEZ, A. 1993. An allosteric model of the
molecular interactions of excitation-contraction coupling in skeletal muscle. J Gen
Physiol, 102, 449-81.

RIOS, E. & PIZARRO, G. 1988. Voltage Sensors and Calcium Channels of Excitation-
Contraction Coupling. Physiology, 3, 223-227.

RIOS, E., STERN, M. D., GONZALEZ, A., PIZARRO, G. & SHIROKOVA, N. 1999.
Calcium release flux underlying Ca2+ sparks of frog skeletal muscle. J Gen Physiol,
114, 31-48.

RIZZUTO, R., DUCHEN, M. R. & POZZAN, T. 2004. Flirting in little space: the
ER/mitochondria Ca2+ liaison. Sci STKE, 2004, rel.

RIZZUTO, R. & POZZAN, T. 2006. Microdomains of intracellular Ca2+: molecular
determinants and functional consequences. Physiol Rev, 86, 369-408.

ROBERT, V., MASSIMINO, M. L., TOSELLO, V., MARSAULT, R., CANTINI, M.,
SORRENTINO, V. & POZZAN, T. 2001. Alteration in calcium handling at the
subcellular level in mdx myotubes. J Biol Chem, 276, 4647-51.

ROVETTIL R., CUI X., GARFINKEL, A., WEISS, J. N. & QU, Z. 2010. Spark-induced
sparks as a mechanism of intracellular calcium alternans in cardiac myocytes. Circ
Res, 106, 1582-91.

ROYER, L., POUVREAU, S. & RiOS, E. 2008. Evolution and modulation of intracellular
calcium release during long-lasting, depleting depolarization in mouse muscle. J
Physiol, 586, 4609-29.

RUDOLF, R., MONGILLO, M., MAGALHAES, P. J. & POZZAN, T. 2004. In vivo
monitoring of Ca(2+) uptake into mitochondria of mouse skeletal muscle during
contraction. J Cell Biol, 166, 527-36.

SANTIAGO, D. J., CURRAN, J. W., BERS, D. M., LEDERER, W. J., STERN, M. D.,
RIOS, E. & SHANNON, T. R. 2010. Ca sparks do not explain all ryanodine



293

receptor-mediated SR Ca leak in mouse ventricular myocytes. Biophys J, 98, 2111-
20.

SCHNEIDER, M. F. & CHANDLER, W. K. 1973. Voltage dependent charge movement
of skeletal muscle: a possible step in excitation-contraction coupling. Nature, 242,
244-6.

SEMBROWICH, W. L., QUINTINSKIE, J. J. & LI, G. 1985. Calcium uptake in
mitochondria from different skeletal muscle types. J Appl Physiol (1985), 59, 137-
41.

SHEEHAN, K. A. & BLATTER, L. A. 2003. Regulation of junctional and non-junctional
sarcoplasmic reticulum calcium release in excitation-contraction coupling in cat
atrial myocytes. J Physiol, 546, 119-35.

SHEEHAN, K. A., ZIMA, A. V. & BLATTER, L. A. 2006. Regional differences in
spontaneous Ca2+ spark activity and regulation in cat atrial myocytes. J Physiol,
572, 799-809.

SHIROKOVA, N., GARCIA, J., PIZARRO, G. & RIOS, E. 1996. Ca2+ release from the
sarcoplasmic reticulum compared in amphibian and mammalian skeletal muscle. J
Gen Physiol, 107, 1-18.

SHIROKOVA, N. & RIOS, E. 1997. Small event Ca2+ release: a probable precursor of
Ca2+ sparks in frog skeletal muscle. J Physiol, 502 ( Pt 1), 3-11.

SHKRYL, V. M. & BLATTER, L. A. 2013. Ca(2+) release events in cardiac myocytes up
close: insights from fast confocal imaging. PLoS One, 8, €61525.

SHMIGOL, A., KIRISCHUK, S., KOSTYUK, P. & VERKHRATSKY, A. 1994.
Different properties of caffeine-sensitive Ca2+ stores in peripheral and central
mammalian neurones. Pflugers Arch, 426, 174-6.

SMYRNIAS, 1., MAIR, W., HARZHEIM, D., WALKER, S. A., RODERICK, H. L. &
BOOTMAN, M. D. 2010. Comparison of the T-tubule system in adult rat
ventricular and atrial myocytes, and its role in excitation-contraction coupling and
inotropic stimulation. Cell Calcium, 47, 210-23.

SOBIE, E. A., SONG, L. S. & LEDERER, W. J. 2006. Restitution of Ca(2+) release and
vulnerability to arrhythmias. J Cardiovasc Electrophysiol, 17 Suppl 1, S64-s70.



294

SOELLER, C. & CANNELL, M. B. 1999. Examination of the transverse tubular system in
living cardiac rat myocytes by 2-photon microscopy and digital image-processing
techniques. Circ Res, 84, 266-75.

STAMLER, J. S. & MEISSNER, G. 2001. Physiology of nitric oxide in skeletal muscle.
Physiol Rev, 81, 209-237.

STERN, M. D., PIZARRO, G. & RIOS, E. 1997. Local control model of excitation-
contraction coupling in skeletal muscle. J Gen Physiol, 110, 415-40.

SUTKO, J. L. & AIREY, J. A. 1996. Ryanodine receptor Ca2+ release channels: does
diversity in form equal diversity in function? Physiol Rev, 76, 1027-71.

TER KEURS, H. E. & BOYDEN, P. A. 2007. Calcium and arrhythmogenesis. Physiol
Rev, 87,457-506.

TIDBALL, J. G. & WEHLING-HENRICKS, M. 2007. The role of free radicals in the
pathophysiology of muscular dystrophy. J Appl Physiol (1985), 102, 1677-86.

TRAN, V. & STRICKER, C. 2021. Spontaneous and action potential-evoked Ca(2+)
release from endoplasmic reticulum in neocortical synaptic boutons. Cell Calcium,
97, 102433.

TRIMM, J. L., SALAMA, G. & ABRAMSON, J. J. 1986. Sulthydryl oxidation induces
rapid calcium release from sarcoplasmic reticulum vesicles. J Biol Chem, 261,
16092-8.

TSUGORKA, A., RIOS, E. & BLATTER, L. A. 1995. Imaging elementary events of
calcium release in skeletal muscle cells. Science, 269, 1723-6.

VERKHRATSKY, A. 2005. Physiology and pathophysiology of the calcium store in the
endoplasmic reticulum of neurons. Physiol Rev, 85, 201-79.

VIERO, C., THOMAS, N. L., EUDEN, J., MASON, S. A., GEORGE, C. H. &
WILLIAMS, A.J. 2012. Techniques and methodologies to study the ryanodine
receptor at the molecular, subcellular and cellular level. Adv Exp Med Biol, 740,
183-215.

WALKER, M. L. & ROSENBAUM, D. S. 2005. Cellular alternans as mechanism of
cardiac arrhythmogenesis. Heart Rhythm, 2, 1383-6.



295

WANG, S. Q., STERN, M. D., RIOS, E. & CHENG, H. 2004. The quantal nature of Ca2+
sparks and in situ operation of the ryanodine receptor array in cardiac cells. Proc
Natl Acad Sci U S 4, 101, 3979-84.

WANG, X., WEISLEDER, N., COLLET, C., ZHOU, J., CHU, Y., HIRATA, Y., ZHAO,
X., PAN, Z., BROTTO, M., CHENG, H. & MA, J. 2005. Uncontrolled calcium
sparks act as a dystrophic signal for mammalian skeletal muscle. Nat Cell Biol, 7,
525-30.

WEISS, J. N., KARMA, A., SHIFERAW, Y., CHEN, P. S., GARFINKEL, A. & QU, Z.
2006. From pulsus to pulseless: the saga of cardiac alternans. Circ Res, 98, 1244-53.

WEISS, J. N., NIVALA, M., GARFINKEL, A. & QU, Z. 2011. Alternans and
arrhythmias: from cell to heart. Circ Res, 108, 98-112.

WESTERBLAD, H., ANDRADE, F. H. & ISLAM, M. S. 1998. Effects of ryanodine
receptor agonist 4-chloro-m-cresol on myoplasmic free Ca2+ concentration and
force of contraction in mouse skeletal muscle. Cell Calcium, 24, 105-15.

WHITEHEAD, N. P., PHAM, C., GERVASIO, O. L. & ALLEN, D. G. 2008. N-
Acetylcysteine ameliorates skeletal muscle pathophysiology in mdx mice. J Physiol,
586, 2003-14.

WOLL, K. A. & VAN PETEGEM, F. 2022. Calcium-release channels: structure and
function of IP(3) receptors and ryanodine receptors. Physiol Rev, 102, 209-268.

WOQO, S. H., CLEEMANN, L. & MORAD, M. 2003. Spatiotemporal characteristics of
junctional and nonjunctional focal Ca2+ release in rat atrial myocytes. Circ Res, 92,
el-11.

XIE, L. H., SATO, D., GARFINKEL, A., QU, Z. & WEISS, J. N. 2008. Intracellular Ca
alternans: coordinated regulation by sarcoplasmic reticulum release, uptake, and
leak. Biophys J, 95, 3100-10.

ZIMA, A. V. & BLATTER, L. A. 2004. Inositol-1,4,5-trisphosphate-dependent Ca(2+)
signalling in cat atrial excitation-contraction coupling and arrhythmias. J Physiol,

555, 607-15.



296
ZIMA, A. V., PICHT, E., BERS, D. M. & BLATTER, L. A. 2008. Termination of cardiac

Ca2+ sparks: role of intra-SR [Ca2+], release flux, and intra-SR Ca2+ diffusion.
Circ Res, 103, e105-15.





