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ABSTRACT

Cardiac ryanodine receptors (RyR2s) are intracellular calcium (Ca2+) release channels
most abundantly expressed in the heart and brain. They are clustered in the endo/sarcoplasmic
reticulum (ER/SR) membrane to form elementary units for Ca2+ release. The distribution of
these units determines the spatiotemporal profile and stability of ER/SR Ca2+ release. Thus,
RyR2 distribution is believed to be essential in cellular processes, such as excitation-contraction
coupling and learning and memory.

The distribution of RyR2s has been extensively studied in cells/tissues using anti-RyR2
antibody immunostaining. However, sample preparation required for immunostaining may affect
cellular structures, besides rendering the cells/tissues non-functional. Hence, the functional
relevance of the distribution of RyR2 clusters in live cells/tissue is unclear.

We have generated a knock-in mouse model that expresses green fluorescence protein
(GFP)-tagged RyR2s. These mice allow us to monitor cellular/subcellular distribution of RyR2
in live cells/tissues by virtue of GFP fluorescence. To improve the detection of GFP-RyR2, we
developed a novel GFP-specific probe based on anti-GFP single domain antibodies (nanobodies).
Fluorescence imaging was employed to study Ca2+ release and the distribution of GFP-RyR2 in
the interior and periphery of live ventricular myocytes and in intact hearts isolated from GFP-
RyR2 expressing mice. We found highly-ordered arrays of stationary GFP-RyR2 clusters in the
interior of cardiomyocytes in the z-line zone. In contrast, irregular and dynamic distribution of
GFP-RyR2 clusters was observed in the periphery of cardiomyocytes.

Imaging of intact GFP-RyR2 brain sections revealed a widespread distribution of RyR2
in various brain regions, most prominently in regions involved in spatial learning and memory,
such as the hippocampus. To investigate the functional role of RyR2 in this region, we



performed electrophysiological studies using hippocampal slices prepared from knock-in mice
harboring a cardiac arrhythmia-associated human RyR2 mutation (R4496C) with enhanced
channel activity. We found that enhanced RyR2 function reduces long-term potentiation (LTP)
in Schaffer collateral inputs to CA1 pyramidal cells. Thus, RyR2 plays a critical role in LTP at
these synapses. Behavioral studies on RyR2 mutant mice further supported the role of RyR2 in
learning and memory.

Overall, these results reveal, the distribution of RyR2 clusters and its functional

significance in living ventricular myocytes and hippocampal neurons.



ACKNOWLEDGEMENT

Firstly, 1 would like to express my gratitude to my supervisor, Dr. S.R. Wayne Chen. He
realized my potential and shaped my scientific mind tremendously.

My sincere gratitude also goes Dr. Henk E.D.J terKeurs, Dr. Ray W. Turner and Dr. Jong
M. Rho, the members of my committee. Their interest in my research, interdisciplinary
knowledge and creativity helped me to approach my research objectives from various
perspectives and sparked novel ideas to solve complications. | am grateful for their input and
support throughout my time at the University of Calgary.

Also, I thank my fellow laboratory colleges and collaborators for stimulating discussions,
hard work and the motivation to extend our scientific knowledge. The following institutions: a)
Microscopy and Imaging Facility (MIF), b) the Live Cell Imaging (LCI) facility, ¢) Regeneration
Unit in Neurobiology (RUN) Facility d) NIKON; and research group led by: a) Dr. Ray W.
Turner, Dr. Peter Stys, Dr. Edward O Brien, merit acknowledgment for providing state-of-the-art
equipment, materials, and/or the opportunity to learn from and work with their team.

| also want to emphasize my appreciation for financial support provided by Alberta
Innovates-Health Solutions, the Natural Science and Engineering Research Council of Canada,

and the Canadian Institute of Health Research.

Finally, and foremost, | want to use this opportunity to thank my family and friends.
Without the love from afar and true new connections in Canada | would not have been able to
conduct my research. Every message, conversation and time spent together is not forgotten. You

made me stronger and allowed me to overcome loneliness. You have my deepest gratitude.



TABLE OF CONTENTS

Subcellular Distribution and Function of Cardiac Ryanodine Receptor in Ventricular Myocytes

and HippoCaMPAl NEUIONS.........c.iiiiieeieeie ettt et e e e re e s teeaesreenreenneenee e i
ABSTRACT ..ttt et et e et e e bt e Re e R e e Rt et et e EeeReeRe Rt e R e et et e tenreereeneereeneeneens i
ACKNOWLEDGEMENT ..ottt sttt ntennenneanes iv
LIST OF FIGURES ...ttt bbb XV
LIST OF TABLES ...ttt s et et et ne e e enaeneas Xvii
LIST OF ABBREVIATIONS ... .ottt sttt xviii
CHAPTER 1 INTRODUCTION ....ooiiiiiiiiesie sttt sttt 1
1.1 Cytosolic Ca2+ signaling and NOMEOSTASIS. ........cveveiirierierieriereeieee s 1
1.1.1 Ca2+ release from the ER ........cooviiiiiie e 2
1.1.1.1 Ca2+ release ChannElS............oooiiiiiiiii e 2

1.2 RYANOUINE FTECEPLOIS. ....eetitiitietiete ettt skttt ettt b ettt e et et e bbb e e e 3
1.2.1 Isoforms of the ryanoding FECEPLON ..........ccveiuiiieiiece e 3
1.2.1.1 Divergent regions iN RYRS ..o 4

1.2.1.2 Ultrastructure of RYR ChannelS...........ccooiiiiiiiiiie e 5

1.2.1.3 Microarchitecture of RyR clusters in striated muscle..........cccccevviieiiieie e, 6

1.2.1.4 Micro-arrangement of L-type Ca2+ channels and RyRS ..........cccccocviiiniiininnnn, 8

1.2.2 Regulation Of RYRZ .........ooiiiie ettt beennee s 8
1.2.2.1 CytoSOlic Ca2+ and MO2+ ......ceoiieieiieie ettt 9

1.2.2.2 Luminal Ca2+ in the ER/SR ......ccvoiiiieiieiee e 10



1.2.2.2.1 RyR2 mutations that affect the sensitivity to luminal Ca2+...............cc........ 11

1.2.2.2.2 The mechanism of RyR2 regulation by luminal Ca2+ .............cccceeeevvnnnnne 12
1.2.2.2.3 Luminal Ca2+ sensor 0f RYR2 ..o 12
1.2.2.3 CalMOdUIIN (CaM) ...t 13
1.2.2.4 PROSPNOIYIALION ... 14
1.2.2.4.1 Protein Kinase A (PKA) ..ottt 14
1.2.2.4.2 Ca2+/CaM dependent protein kinase 11 (CaMKII) ..., 15
1.2.2.5 Pharmacological modulators of RYRS ........cccccoviiiiiiiiiiecicce e 16
1.2.2.5.1 RYANOUINE .. .vevieieeiie ettt e e st esta s e teenseeneesnaesneeneennes 16
1.2.2.5.2 CaffRING .....eiiiiiiieee e 17
1.2.2.5.3 DANLIOIENE ..ottt 17

1.3 RYR2 in VENIIICUIAr MYOCYLES .....covviiiiiiiiitisiisieeie et 18
1.3.1 Cellular architecture of ventricular MYOCYLES........cccvevviiiiiiiiieee e 18
1.3.2 The role of RyR2 in cardiac ECC and Ca2+ homeostasis ...........ccccvvevereeieeiiesinennnn 20
1.3.3 Ca2+ induced Ca2+ release ...t 22
1.3.3.1 Coupled gating thEOrY ........coviiieiec e s 23
1.3.3.2 The ‘local control” thEOTY .......cciiiiiiiiiiiiiiii e 23
1.3.3.3 Termination of SR Ca?* relRaSE ........cccccvevevevereieieicieee e, 25
1.3.3.3.1 Cytosolic Ca?*-dependent inactivation theory ...........ccccocevveeeeeeeeeececenan 26
1.3.3.3.2 Luminal Ca?*-dependent termination of RyR2-mediated Ca2+ release......... 27
1.3.4 Distribution of functional RYR2 CIUSTEIS .........cooiiiiiiiiiiiicee e 28
1.3.4.1 Localization 0of RYR2 CIUSLEIS........cceiviiieiicic et 28
1.3.4.1.1 Antibodies againSt RYR2 .........ccocuiiiiiiiieiese e 28



1.3.4.1.2 Genetic recombination of RyR2-reporter fusion proteins .............c.ccocveveneen. 30

1.3.5 Imaging of cellular distribution of RyR2 CIUSTErS..........cccoiviiiiiiiii e, 33
1.3.5.1 Cellular fine-structure imaging using electron microscopy.........ccccceevvevveruvenene. 34
1.3.5.1.1 Structural relations of L-type Ca2+ channels and RYRS............ccccvviiiinennne. 34
1.3.5.2 Distribution of CRU using confocal Imaging ........cccccceeevienennieenesie e 35
1.3.5.2.1 Ca2+ spark MapPiNg ....ccceevveieeieeieieese e se e ee e sre e eesre e sraesreeneennes 36
1.3.5.3 Distribution of RyR2 clusters in cellular context using confocal imaging............ 37
1.3.5.4 Distribution of RyR2 clusters in the periphery of cardiomyocytes ...................... 38

1.3.5.4.1 Details of the distribution of peripheral RyR2 clusters detected via total
reflection MIiCroSCOPY IMAGING ....cverviriiriiriieiieieie et 38

1.3.5.5 Superresolution imaging -A novel approach to study the distribution of RyR2

(0] 1] (=] SRS 40
1.3.5.5.1 Light diffraction and optic reSOIUtioN ............cceveiiiiiiniiienieeee e 40
1.3.5.5.2 Targeted and stochastic superresolution approaches ............cccccvevvevvervenenne. 41

1.3.5.5.3 Details of the distribution of RyR2 clusters revealed by stochastic optical
FECONSTIUCTION MICTOSCOPY ..vveuvviiireeiieiteesteesteesteeeteeste et e e s e e et e e sbe e e beesreeebeesreeanbeenreens 41

1.3.5.5.4 Details of the distribution of RyR2 clusters observed with structured-

HIUMINALION MICTOSCOPY ...ttt bbb 43

1.3.5.6 Nanobodies — A novel tool to study the distribution of RyR2s.............cccvveienee. 44

1.4 Functional coupling of ER/SR Ca2+ release and mitochondrial Ca2+ homeostasis.......... 47
1.4.1 The role of mitochondrial Ca2+ transport in cardiac ECC ..........cccocoiiiiiiiiiinnicien, 47
1.4.1.1 Mitochondrial Ca2+ Sparks, or Marks...........ccccceiveieiieiie i 48
1.4.1.2 Species selectivity in Ca2+ dynamics between ER/SR and mitochondria............ 49

vii



1.5 Catecholaminergic polymorphic ventricular tachycardia (CPVT) ....ccccccvvvevviiniiieseeiee 50

1.5.1 Mechanism underlying cardiac Symptoms of CPVT ..., 51
1.5.1.1 FKBP12.6 dissociation leads to "leaky” RyR2 channels ...........ccccccevevvevnennnne. 51
1.5.1.2 Stress-induced Store overload induced Ca2+ release ..........ccoccovvveveivnencrennne, 53
1.5.1.3 "Leaky" RyR2 channels result from abnormal intra-molecular interactions ........ 55

1.5.2 Treatments of cardiac symptoms in CPVT Patients ...........cccceveveiieeiverecvieseese e 56

1.5.3 CPVT-patients display intellectual disability .............cccooiiiiiiiiiin, 56

1.6 Neuronal Ca2+ signaling: ER as neuron-within-a-neuron............cccccevveiiievie e sie s, 57

1.6.1 Compartmentalized Ca2+ homeostasis iN NEUIONS .........ccccververuerieesrerieseeseesieseeseeas 58

1.6.2 Synaptic Ca2+ Signaling INn NEUIONS .........ccoeiiiiiriirieneriesieee e 59
1.6.2.1 Role of RyRS in synaptic tranSmiSSION ..........c.cccvevveiiiiicie e 59
1.6.2.2 Expression and distribution of RyRs inthe brain............ccocooiiiiniiiicen 60

1.6.2.2.1 Isoform specific distribution of RyR2 inthe brain...........cccoocooviiiininiee 60

1.6.3 RYRS IN LTP 1ttt sttt bbb e e e 61

1.6.3.1.1 RyR2 in LTP and COGNITION ........ceuiiiiiiiirieniesie st 62
1.6.4 Non-linear Ca2+ release from ER iN NEUIONS..........cccoviiiiiiiieiieiecse e 63
1.7 Research objective and SPeCIfiC @iMS ........cccveiiiiiiiieie e 64

1.7.1 Define the subcellular distribution of RyR2 clusters and Ca2+ release sites in
VENTIICUIAN MYOCYLES ... ittt e e b e s e e be e ern e e saeeanaeenree s 64
1.7.2 Determine the distribution of functional RyR2 units at the periphery of live ventricular
0170163 (TSP PO TP 66
1.7.3 Investigate the mechanism of cognitive disability associated with CPVT — linked

RYR2 MULABTIONS ...ttt ettt bbbt 66



CHAPTER 2 DISTRIBUTION AND FUNCTION OF CARDIAC RYANODINE

RECEPTOR CLUSTERS IN LIVE VENTRICULAR MYOCYTES........cociiiiiieecee 68
2.1 INTRODUCGTION ...ttt se et r e ssn e e nnneaneenneens 68
2.2 EXPERIMENTAL PROCEDURE ........oooiiiite ettt 71

2.2.1 Generation of a knock-in mouse model expressing a GFP-tagged RyR2 ................... 71
2.2.2 Isolation and fixation of ventricular MYOCYLES .........ccccvvevviiiiieie e 72
2.2.3 Staining of 1ive CardiOMYOCYLES. .......coviiuiiiiiiriieii et 73
2.2.4 Cell permeabiliZation ...........cooiiiiiicc e 73

2.2.5 Single cell imaging of GFP-RyR2 clusters, mitochondria, transverse/longitudinal
tubules, and a-actinin in isolated ventricular MyoCYLeS. ..........coovvieiieieieienereeee e, 73
2.2.6 Line scanning confocal imaging of individual Ca2+ sparks in GFP-RyR2 ventricular
070103 (TP 74

2.2.7 Monitoring mitochondrial and cytosolic Ca2+ in ventricular myocytes isolated from

GFP-RYR2 KNOCK-TN MICE.....cuviitieieciicce ettt sraenn s 75
2.2.8 COMPUEET BNAIYSIS.......iiiiiiiciiieee et 75
2.2.8.1 RYR2- SEGMENTALION. ......viiiiieiieciee sttt saa e sre e be et nne e 76
2.2.8.2 CIUSEEr SIZ€ MEASUIEIMENT .....c.eeuiriiireieiiiteieeest et 76
2.2.8.3 Automated spark detection and 10Calization .............ccoccovviiiiiiiiinineee, 76
2.2.9 StatiStICAl ANAIYSIS ... .ccviiciiiciece e 77
2.3 RESULTS ettt e e e e r e ann e e nne e s e nnee 78
2.3.1 Generation of a knock-in mouse model expressing a GFP-tagged RyR2 ................... 78
2.3.1.1 Distribution of RyR2 clusters in live and fixed ventricular myocytes.................. 78
2.3.1.2 Location of RyR2 clusters in the z-line zone in ventricular myocytes.................. 80

iX



2.3.1.3 Co-localization of RyR2 clusters with tubular system in ventricular myocytes... 80

2.3.1.4 Relative distribution of RyR2 clusters and mitochondria in ventricular myocytes

2.3.1.5 Co-localization of GFP-RyR2 clusters and Ca2+ sparks in ventricular myocytes81
2.3.1.6 Influence of Ca2+ release from GFP-RyR2 clusters on mitochondrial Ca2+ level
IN VENEFICUIAr MYOCYLES ....c.viieieiiiecie ettt e e e sne e e enes 83

2.4 DISCUSSION AND CONCLUSION......cooiiiiiiiiirieene e 93

CHAPTER 3 DYNAMIC AND IRREGULAR DISTRIBUTION OF CARDIAC

RYANODINE RECEPTOR IN THE PERIPHERY OF LIVE VENTRICULAR

IMIY O LY TES .ttt ettt b e bbbt e s b bt e bt e e bt e e bt e e ab e e nbe e e ab e et e e eabeenneeaneas 96
3.1 INTRODUCTION ...ttt ettt ettt et esin e e nne e neennee s 96
3.2 EXPERIMENTAL PROCEDURES. ........cooi ittt 99

3.2.1 ANIMAL STUTIES ...t 99
3.2.2 1501ation OF INTACE NEAITS.......c.civiiiiiiicee s 99
3.2.3 Single mouse ventricular myocyte preparation for confocal GFP-RyR2 imaging....... 99
3.2.4 3D confocal live Cell IMaging ........cccoiiiiiiiiiie e 100
3.2.5 Confocal single-cell Ca2+ iMaging .......cccoovveiieiieiieie e 100
3.2.6 GFP-RyR2 cluster imaging in ventricular myocytes using a TIRF microscope ....... 101
3.2.7 Ca2+ imaging in live GFP-RyR2 expressing cells via a TIRF microscope .............. 101
3.2.8 Computational Image analySiS .........ccivveieiiieieeie e 102
3.2.9 Automated spark detection and analySiS..........cccereririiirininieee e 102
3.2.10 StatistiCal @NAIYSIS ......cceeveiieiieeieceece e e 103
LB RESULTS ettt ettt e r e b e st e et e st e bt et b e nte e nneeanes 104



3.3.1 Confocal imaging of interior and peripheral distribution of RyR2 clusters .............. 104
3.3.2 Distribution of RyR2 clusters in the interior and periphery assessed using a TIRF
INICTOSCOPE ...vveveeeteesee et e eteesteeteeste e teeseesbeebeeaeeste e teesseeseesaeesteassesseenseanseaseesteensenneeteeneesneenreas 104

3.3.3 Dynamics of RyR2 clusters in the periphery and interior of live ventricular myocytes

............................................................................................................................................. 106
3.3.4 Confocal imaging of Ca2+ release at the interior and peripheral RyR2 clusters....... 107
3.3.5 Ca2+ release at the interior and peripheral RyR2 clusters assessed by a TIRF
a1 T 0L ot o] o1 PRSP UPPPPPSO 108
3.4 DISCUSSION AND CONCLUSION.....ccciiiiiaiierieeiee e 122
3.4.1 Discrepancies regarding the distribution of peripheral RyR2 clusters ...................... 122
3.4.2 Movements OF RYR2 CIUSLEIS.........ccviiiiie e 126
3.4.3 Function and relevance of peripheral RyR2 CIUSTErS ...........covviiiiiiineniieiee 127
344 CONCIUSTON ...ttt 128

CHAPTER 4 The Arrhythmogenic RyR2 Mutation R4496C Enhances Neuronal

Excitability and Impairs Hippocampal Long-term Potentiation, Learning, and Memory 129

4.1 INTRODUGCTION ..ottt ettt se et e e e e sbeesnbeeabeeanne e e 129
4.2 EXPERIMENTAL PROCEDURE ... 132
4.2.1 ANIMALSTUGIES ...t bbb 132
4.2.2 Generation and labeling of GFP-specific probe...........ccccooiveiiiii i 132
4.2.3 Preparation of brain slices for imaging ........cccccevveviiieere s 133
4.2.4 Confocal and structured illumination microscopy (SIM) imaging ..........cc.cceevevenene. 134
4.2.5 Confocal Ca2+ imaging of hippocampal neurons in brain slices ............ccccoevvennnne. 134
4.2.6 Single cell patch-clamp reCording .........ccooveerereneiensesee s 135



4.2.7 Electrophysiological recording of short-term plasticity and long-term potentiation in

hippocampal Schaffer Collaterals..............ooooiiiiiiii s 135
4.2.8 Spatial learning and MemMOrY tEST.........ccveiiiieie e e 136
4.2.9 NOVEl 0DJECT FECOGNITION ...ttt 137
4.2.10 Computational image analySIS ........c.cccueuiiiiiiiie i 138
4.2.11 StatiStiICAl ANAIYSIS ......ccveieiriecieie et 138
A3 RESULTS Lttt ettt b et b et e be e st e e be e e nbe e bt e eneee e 140

4.3.1 Specific localization of RyR2 in the brain using GFP-RyR2 knock-in mice and a novel
] e 0] (0o SRR SUPSPSS 140
4.3.2 Subcellular localization of RyR2 in hippocampal neurons using confocal imaging . 141
4.3.3 Subcellular localization of RyR2 in hippocampal neurons using superresolution

(1 E=To 10 USSP U PP PRORURRPP 142
4.3.4 The CPVT RyR2 mutation R4496C has no significant impact on presynaptic short-
ErM FACTIITALION ... 143
4.3.5 The CPVT RyR2 R4496C mutation impairs long-term potentiation (LTP) in
hippocampal Schaffer CollateralS ..o 144
4.3.6 The CPVT RyR2 R4496C mutation impairs learning and memory ............cccccoevenne. 144
4.3.7 The CPVT RyR2 R4496C mutation increases spontaneous Ca2+ transients in
hIPPOCAMPAl CAL NBUIONS. ...ttt st e et e e e b e e erbe e sraeabeearee s 145
4.3.8 The CPVT RyR2 R4496C mutation increases spontaneous and triggered action
potential (AP) firing in hippocampal CAL NEUIONS ........cceiiriiiiieieieiese e 146
4.3.9 Basal activity-dependent LTP induction in RyR2 R4496C mutant hippocampal CAl

L LETUT 0] PR 147



4.4 DISCUSSION AND CONCLUSION. ..ottt 171

CHAPTER 5 DISCUSSION AND FUTURE DIRECTIONS. .......c.ooiiiiiiieeeee e 175
5.1 The distribution of functional RyR2 Ca2+ release units in the ventricular myocytes...... 175
5.1.1 The distribution of RyR2 clusters is similar in live and fixed cells............cccccccoe..... 175
5.1.2 Our novel mouse model expressing GFP-tagged RYR2 .........cccoviieiiniiiieiciiees 176
5.1.3 Distribution of GFP-RyR2 in fixed ventricular myoCytesS.........ccccvvvevvviieiieeiieiinnnns 177
5.1.4 RyR2s located between z-lines in the interior of ventricular myocytes .................... 177
5.1.5 RyR2 clusters are the origin of Ca2+ sparks ..........cccevveiiivii i 178
5.1.6 Ca2+ sparks did not lead to detectable changes in mitochondrial Ca2+ levels.......... 179

5.2 Dynamic and irregular distribution of RyR2 clusters at the periphery of Ventricular

001V 0 103 (=SSP 182
5.2.1 Three layers with different distribution patterns of RyR2 clusters.............cc.cceevenene. 183
5.2.2 CRILAIBA ...ttt 184
5.2.3 Implications of the movements of RyR2 CIUSLErS ...........coevveiiiieiieiese e 185
5.2.4 Functionality of irregular distributed RyR2 CIUSEEIS .......c.cooviiiiiiiiiieiee 186
5.2.5 Possible implication of peripheral RyR2 clusters in vesicle transport ...................... 187
5.2.6 Fine-structure and size of RyR2 clusters in ventricular myocytes .............ccccceevennenn 188

5.3 Unambiguous RyR2 cluster distribution in hippocampal Neurons ............cc.ccocvvevvvenenne. 188

5.4 Neuronal functions of RyR2 clusters in dendritic shafts and soma of hippocampal neurons

................................................................................................................................................. 190
5.5 Perspective and future dir€CHIONS .........cc.oiiiiiiiiiiiee e 192
5.5.1 Superresolution imaging of anti-GFP nanobody-tagged GFP-RyR2........................ 192
5.5.1.1 Application of anti-GFP nanobody to other Studies ............ccccvvveveiieiinevveriene 193

Xiii



5.5.2 Subcellular RyR2 cluster distribution in other Neurons............cccccovevevvnieiieere s 193

5.5.3 RyR2 as a pharmacological target for improving cognitive function........................ 194
5.5.4 Abnormal RyR2-mediated Ca2+ release underlying other brain diseases ................ 195

5.6 SUMMOARY ..ottt sttt et et e st e s te e s e e saese et et e tentesreereeneeneeneas 196
REFERENGCES ..ottt sttt s e et etestenteabeareaneenens 199
APPENDIX: COPYRIGHT PERMISSIONS ..ottt 236

Xiv



LIST OF FIGURES

Figure 1 Cellular architecture of ventricular MYOCYLES ..........ccceeiiiiiiieiieie e 19
Figure 2 ECC and Ca?* homeostasis in ventricular MyOCYLeS ...........cccceveveiererererererereererereeienae, 21
Figure 3 Three-dimensional ultrastructure of green fluorescent protein .........c.cccevvveiieevieinnnne, 31
Figure 4 Structural features of conventional and llama heavy chain antibody.............c.ccceeeeee. 46

Figure 5 A model of stress-induced store overload induced Ca2+ release underlying CPVT ..... 54

Figure 6 Neuron-Within-a-NeUION ...........c.ocuiiiiiiiie i 58
Figure 7 Generation of GFP-tagged RyR2 Knock-in MiCe. .........cccoeiieiiiie i 84
Figure 8 Distribution of GFP-RyR2 clusters in live ventricular myocytes. ..........ccocovvviivnnennn. 85
Figure 9 Distribution of GFP-RyR2 clusters in fixed ventricular myocytes. ............ccccceevvinenens 86
Figure 10 Co-localization of GFP-RyR2 clusters with the z-line zone. ...........ccccoviiiiiiien 87
Figure 11 Relative distribution of GFP-RyR2 clusters and the tubular system.............c.cccccvenee. 88
Figure 12 Relative distribution of GFP-RyYR2 clusters and mitochondria.............cccccooevvivnnennee. 89

Figure 13 Co-localization of Ca2+ sparks and GFP-RyR2 clusters in live ventricular

010163 (OO PP 90
Figure 14 Distribution of Ca2+ sparks in relation to GFP-RyR2 clusters in live ventricular

10070103 (=T TP URP PP 91
Figure 15 Influence of depolarization-induced Ca2+ release and Ca2+ sparks on

mitochondrial Ca2+ level in GFP-RyYR2 ventricular MyoCYLes. ........ccooovvveieeiinnienieneennn, 92
Figure 16 Different distribution of GFP-RyR2 clusters in the periphery and interior of live

isolated ventricular myocytes and intact heart.............cccooveiieeiii i 109
Figure 17 TIRF imaging of the distribution of GFP-RyR2 clusters in different layers within

the same VeNtriCUlar MYOCYLES ......cccviiii et 110
Figure 18 Time-lapse TIRF Imaging of Dynamics of GFP-RyR2 Clusters in the Periphery

and Interior of Live Ventricular MYOCYIES .........coviiiiiiiiiiicce st 111
Figure 19 Movements of GFP-RyR2 clusters in the periphery of live ventricular myocytes

are affected by RYR2 MOAUIALONS..........coiiiiiiiiec e s 113
Figure 20 Confocal imaging of spontaneous Ca2+ release events at GFP-RyR2 clusters in the

interior and periphery within the same ventricular MyOCYLeS.........ccccevvveviiveieeceece e, 114

XV



Figure 21 TIRF imaging of spontaneous Ca2+ release events at GFP-RyR2 clusters in the

interior and periphery within the same ventricular MyoCYteS...........cccevveeviieiiievie e 116
Figure 22 Fluorescence Signal Detection with a TIRF Microscope in the Interior and

Periphery of Ventricular Myocytes Isolated from GFP-RyR2 Mice and WT Littermates. 118
Figure 23 Imaging of Layers between the Interior and Periphery within the Same Ventricular

Myocytes Detected using @ TIRF MICIrOSCOPE..........cciveiiiieiieiieeiieaieesie e e sree e sree e 119
Figure 24 Fourier Transformation of Interior and Peripheral GFP-RyR2 Cluster Images with

Different Area Sizes and Effects of Laminin on the Distribution of GFP-RyR2 Clusters

in the Periphery and Interior of live Ventricular MyOCYLeS ..........ccoeveiiiiiiniiiniiieee, 120
Figure 25 Subcellular localization of GFP-RYR2 in hippocampus ..........ccceeevieeveeiecec e 148
Figure 26 Co-localization of GFP-RyR2 with synaptic markers in hippocampal CA1 region

USING CONFOCAl IMAGING .....eivieiiiee e e e esre s 149
Figure 27 Co-localization of GFP-RyR2 with synaptic markers in hippocampal CA1 region

uSing SUPEr-resolution IMAGING ........ccveieiieiiee et e e ae e nre s 151
Figure 28 CPVT RyR2 Mutation R4496C has no significant effect on presynaptic short-term

FACTIITALION ...ttt sttt b e b e 153
Figure 29 Impairment of long-term potentiation in the Schaffer Collaterals of CPVT RyR2

RA496C MUEANT DFAIN ....coiiiiiiii s 154
Figure 30 Cognitive Deficits in mice harboring CPVT RyR2 Mutation R4496C...................... 156
Figure 31 CPVT RyR2 mutation R4496C enhances spontaneous Ca2+ transients in

hIiPPOCAMPAl CAL NBUIONS. ...ttt e et e neesraeaneas 157
Figure 32 CPVT RyR2 mutation R4496C enhances spontaneous and triggered action

potential firing in hippocampal CAL NEUIONS. ........ccviiiiieiie e 159
Figure 33 Effect of basal stimulation on LTP induction in RyR2 WT and R4496C mutant

hippocampal CA3-CAL PAtNWAY ..........coiiiiiiiie e 161
Figure 34 Co-detection of GFP fluorescence and GFP-probe staining in ventricular myocytes

isolated from the GFP-RYR2 MICE........ccccoiiiiieie ettt 162

Figure 35 Subcellular localization of GFP-RyR2 in hippocampal dentate gyrus granule

NEUIONS 1N BFAIN STICE ettt e e 163

XVi



Figure 36 Co-localization of GFP-RyR2 with synaptic markers in hippocampal dentate gyrus
region using confocal IMAGING .........coiuieiiiiii e 164
Figure 37 Localization of GFP-RyR2 and presynaptic vesicle fusion protein syntaxin in CAl
and dentate gyrus regions using confocal IMaging .........cccccvevieiiiiiie i 166
Figure 38 Co-localization of GFP-RyR2 with synaptic markers in hippocampal dentate gyrus
region using SUPer-reSOIUtioN IMAgING........ccveiiiiiiiiie e 168
Figure 39 Effect of the CPVT RyR2 R4496C mutation on swimming speed, side preference,

aNd eXPIOratioN LIME........cviiieie ettt te e s re e eae e ens 170

LIST OF TABLES

Table 1 GFP-Ryr2 cluster distribution in live and fixed ventricular myocytes 79

Xvii



A
AM
AMPA

AP
ATP
CAMP
Caz+
CaM

CaMKIlI

CASQ
CICR

CPVT

CRU
DAD
DNA
DR
ECC
EM
FWHM
GABA
GFP
Gly
GOF

hcAbs
HEK

ICD

ID
Ig
IP3(R)
KRH
K+

KI
KO
LTP

LIST OF ABBREVIATIONS

Angstrom

Acetoxymethyl ester

alpha- amino-3-hydroxy-5-
methyl-4-isoxazolepropanoicacid
Action potential

Adenosine triphosphate

Cyclic adenosine monophosphate
free calcium

Calmodulin

Ca2+/calmodulin-dependent
protein kinase Il

Calsequestrin

Ca2+-induced Ca2+ release
Catecholaminergic polymorphic
ventricular tachycardia

Ca2+ release unit

Delayed afterdepolarization
Desoxyribonucleic acid
divergent region
Excitation-contraction coupling
electron microscopy

full width at half maximum

gamma-aminobutyric acid
Green fluorescent protein

Glycine

gain-of-function

heavy chain antibodies
human embrionic kidney

implantable cardioverter
defibrillator

intellectual disability
Immunoglobulin

inositol trisphosphate receptors
Krebs-Ringer-HEPES
potassium

Knock-in

Knockout

Long-term potentiation

Xviii

Mg2+
Ca2+marks
MUP

Na+

NA

NCX
NMDA
NT

PPF

PBS

PKA

PLB
PMCA
PSF
RC
Ry
RyR(1)
RyR(2)

SERCA
Ser
SIM

SOICR
SR/ER

STORM
T-tubule
TATS

TIRF(M)

Thr
Tyr
WT
3D

free magnesium
Mitochondrial Ca2+ sparks
Mitochondrial Ca2+ uniporter
sodium

numerical aperture
Na+/Ca2+ exchanger

N-methyl-D-aspartate
neurotransmitter

paired pulse facilitation
Phosphate buffered saline
CAMP-dependent protein kinase,
protein kinase A

Phospholamban

Plasma membrane Ca2+-ATPase

point spread function
RyR2-R4496C mutant
ryanodine

(Skeletal) ryanodine receptor
(Cardiac) ryanodine receptor
Sarco/endoplasmic reticulum
Ca2+-ATPase

Serine
structured-illumination
microscopy

Store overload-induced Ca2+
release
Sarcoplasmic/endoplasmic
reticulum

stochastic optical reconstruction
microscopy

Transverse tubule
transverse-axial tubular membrane
system

total internal reflection
fluorescence microscopy
Threonine

Tyrosine
Wild type
Three-dimensional



CHAPTER 1 INTRODUCTION

1.1 Cytosolic Ca2+ signaling and homeostasis

In the human body calcium (Ca2+) is mostly present in the form of calcium phosphate as
a constituent of the skeletal structure. Thus, it was first surprising that free Ca2+ (~0.007%) (1)
is essential for various cellular regulatory processes and functions. Nowadays, it is believed that
Ca2+ acts as pivotal secondary messenger in mechanisms underlying muscle contraction,
neuronal function, and many other cellular processes (2, 3).

At a cellular level, cytosolic Ca2+ concentration is maintained at rest between 100 —
200 nM. In contrast, Ca2+ is found in milli-molar levels in the extracellular space and in the
lumen of organelles, such as mitochondria and the sarco/endoplasmic reticulum (SR/ER) (1).
This leads to a gradient of Ca2+ across cellular membranes that promotes ion flow in between
individual compartments when movement of charged particles is permitted. Intracellular Ca2+
homeostasis is achieved via collaborative exchange in extracellular Ca2+, cytosolic Ca2+, and
the intracellular Ca2+ reservoirs. Numerous Ca2+ binding proteins, a variety of channels,
exchangers, and pumps are involved in the maintenance and regulation of the cell compartment

specific free Ca2+ concentration (4).

In the present study, I will focus on a protein that is involved in cellular Ca2+
homeostasis via Ca2+ release from the largest intracellular Ca2+ reservoir, the

sarco/endoplasmic reticulum.



1.1.1 Ca2+ release from the ER

The ER is the main intracellular Ca2+ storage organelle that is able to morphologically
and functionally adapt to cellular responses. It plays a critical role in intracellular Ca2+ handling
by providing a source for readily available free Ca2+, especially important in excitatory cells,

such as neurons and cardiomyocytes (5).

1.1.1.1 Ca2+ release channels

Two classes of Ca2+-permeating ion channels have been found to mediate Ca2+ release
from the ER: i) inositol trisphosphate receptors (IP3Rs) and ii) ryanodine receptors (RyRs). The
high degree of homology, leading to a tetrameric structural arrangement and functional
similarities, indicates their evolutionary relation (6). However, distinct cytosolic activation
requirements lead to different functional involvement in various cellular processes. As the name
indicates, the combination of inositol trisphosphate (IP3) and Ca2+ is required for the opening of
IP3R. Thus, it relies on the phospholipase C pathway. In contrast, cytosolic activation of RyR is
only limited to the presence of Ca2+ (7, 8). Therefore, IP3Rs have been suggested to be involved
in fine-tuned Ca2+ signalling, whereas RyRs have been mostly suggested to act as Ca2+
amplifiers.

IP3Rs are found in various tissues including the heart and brain. They are involved in
vital cellular processes such as neurological signal transmission (9), smooth muscle contractility
(10), and apoptosis (11). The distribution and function of IP3Rs will not be discussed in the
present study. This thesis will focus on the distribution and function of an isoform of RyRs, the

type 2 ryanodine receptor (RyR2).



1.2 Ryanodine receptors

RyRs obtained their name from the plant alkaloid ryanodine, that was found to interfere
with the cardiac system of insects (12) as a specific ligand that modulates RyR activity (13, 14).
Studies of Ry binding to purified sarcoplasmic reticulum (SR) membrane vesicles first identified
RyRs as SR Ca2+ release channel (15-17). Structurally, RyRs are giant homo-tetrameric Ca2+-
selective trans-membrane channels (> 2 MDa) that consist of four subunits of about 5000 amino
acids leading to a molecular weight of about 565 kDa. They appear as mushroom-like basic
architecture in three-dimensional (3D) reconstructions. A large cytoplasmic assembly (~80% of
the protein) occupies square prism-shaped space (270 x 270 x 60 A°) in addition to a small
transmembrane/luminal assembly (120 x 120 x 60 A°) (18). The connection comprises four
column elements, in a central domain. Structural characteristics lead to the definition of regions
in the RyR channel, namely a “central rim” that surrounds a cavity in the core, peripheral
“clamps” and connecting “handles”. Each of these regions have been divided into sub-regions

corresponding to globular domain appearance (19, 20).

1.2.1 Isoforms of the ryanodine receptor

Molecular cloning studies identified three isoforms of the intracellular Ca2+ release
channel ryanodine receptor (RyR1, RyR2 and RyR3) that are expressed in vertebrates (21).
Three separate genes on different chromosomes encode different isoforms of the RyR protein.
The predominant form in skeletal muscle is RyR1 (22), whereas RyR2 is most abundantly
present in cardiac and brain tissue (23-25). On the other hand, RyR3s are expressed in smooth
muscle and various other tissues at relatively low levels (26). Genetic knock-out (KO) of RyR1
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led to abnormalities of the skeletal muscle apparatus and perinatal death due to respiratory failure
(27). RyR2 KO resulted in embryonic lethality that was caused by defects in the cardiac system
correlated to deformation and overload of intracellular Ca2+ stores (28). These findings suggest
that RyR1 and RyR2 play roles during development. In support of this view, the expression of
RyR2 has been found to vary during development and maturation and under physiological and
pathological conditions. In contrast, RyR3-deficient mice were found to be viable and fertile,

without displaying gross abnormalities (29, 30).

1.2.1.1 Divergent regions in RyRs

All isoforms share an amino acid sequence homology of > 65% (25). Three non-
homologous regions, termed divergent regions (DR1, DR2 and DR3) have been found in the
amino acid sequence of the RyR. The DR1 describes the amino acid section between residues
4254-4631 in RyR1 and residues 4210— 4562 in RyR2. Residues 1342-1403 of RyR1 and
residues 1353-1397 of RyR2 are defined as DR2. Lastly, DR3 comprises residues 1872-1923 of
RyR1 and residues 1852—-1890 of RyR2. Major variations in these regions are thought to be
largely responsible for isoform-specific expression, structural and functional features.

Differences in DR1 have been suggested to underlie distinct sensitivity of each RyR
isoforms to cytosolic Ca2+ (RyR1 > RyR2 > RyR3), although Ca2+ conductance was similar
(~100 pS) (31-33). Residues in DR3 have been shown to be linked to channel activity and
regulation of RyR. Genetic deletion of the DR3 affected channel conductance and Ca2+/Mg2+
dependent regulation in RyR1 (34, 35). Additionally, interaction sites of RyR1 with the I1-111 loop
of voltage-gated L-type Ca2+ channel were found to include residues 1837 and 2168 within DR3

(36).



The lowest level of homology between the RyR is found in the DR2. Sequences of RyR1
and RyR2 are mostly distinct, whereas the corresponding region in RyR3 almost completely
missing (21, 37). DR2 is believed to determine distinct features that are essential for striated
muscle contraction. In support of this, deletion or substitution of DR2 with the corresponding
sequence of RyR3, prevented skeletal muscle contraction in RyR1 without altering caffeine-
induced channel activation (38, 39). In contrast, RyR1 channels with a substitution of the DR2
with the corresponding amino acid section of RyR2 displayed functional Ca2+ release (39).

Three-dimensional mapping of residue threonine 1366 of the DR2 in RyR2 revealed its
localization at domain 6. This region is constituent of the cytoplasmic multi-domain “clamp”
regions of RyR2 (40). Thus, the DR2 has been suggested to be involved in conformational changes

that occur during channel gating and inter-cluster interactions (40, 41).

1.2.1.2 Ultrastructure of RyR channels

Cryo-electron microscopy (EM) studies also yielded fine-structure details to understand
intrinsic channel properties of RyRs (20, 42, 43). These have been crucial to this date since crystal
structures of the entire RyR channel are not available. Most structural details have been derived
from cyro-EM studies that focused on the skeletal RyR1 isoform. In part, this is due to the fact that
these yielded data with the highest resolution. Nevertheless, all isoforms of RyRs were found to
have similar overall arrangement (44, 45). Each subunit was found to possess six, or eight
transmembrane segments forming a pore via the alignment of their inner helices (20, 43). Amino
acid sequence of these helices resembled various tetrameric ion channels with known structure

(46). Thus, similar structural arrangement has been rendered most likely.



Cryo-EM reconstruction revealed gating-associated conformational changes of RyR1. The
mechanism underlying channel opening and closing remains debated (20, 42, 43). Nevertheless, it
became clear that RyR1 is a bona fide allosteric protein. Substantial conformational
rearrangements in cytoplasmic section results in channel opening. Interestingly, most significant
movement did not only occur in proximity to the core, but also at the clamp region (42). Thus,
stochastic binding of ligands or regulatory proteins to the clamp region has the potential to directly
impact opening of the pore.

The central domain has been proposed to transmit conformational motion throughout the
channel. However, only recently, high resolution details of the 3D ultrastructure of RyR2 were
revealed that helped the understanding of conformational signal transduction (47). Each RyR2
subunit incorporated six transmembrane helices and components of a so-called cytoplasmic O-ring
motif. This O-ring was found to directly interact with a part of the central domain, termed U-motif.
Additionally, a direct link between the central domain and regulatory NH2-terminal regions in the
cytoplasmic segment of neighboring subunits was found (48). These observations supported the

proposal that the central domain of a RyR acts as a signal transducing element (47, 49).

1.2.1.3 Microarchitecture of RyR clusters in striated muscle

RyR microarchitecture and intra- and inter-channel interactions have been extensively
studied in striated muscle. Purified skeletal RyR1 channels have been found to inherently form
clusters in checkerboard arrangements, even in the absence of any other protein (50). Channel-
channel contacts were shown to be localized in subdomain 6 of the clamp region (51). Since this

region experiences sustainable conformational rearrangements during channel activity (42),



generated motions are likely transmitted to the connected neighboring RyR1s. Thus, intra-cluster
interactions of RyR1 may underlie coupled gating in skeletal muscle (52).

Cardiac RyR2 channel microorganization in fixed ventricular myocytes has been shown to
be more complex and elusive. In vitro EM and cryosection data from cardiomyocytes initially
suggested highly ordered cluster arrangements with lattice formations (53, 54). In contrast, recent
dual-tilt electron tomography revealed not only such checkerboard organization, but also side-by-
side alignment and a small portion of isolated clusters (41, 55). The functional relevance of the
latter population of RyR2 for Ca2+ release remains unclear. Furthermore, the diversity in shape
and size of RyR2 clusters explained the variance in estimation of the number of RyR2 channels
per functional unit. These ranged from single digits to hundreds of RyR2 channels per unit (41,
53, 56-60). Cryo-EM studies of thin tissue sections from different species estimated 90-270
RyR2s per cluster. Their assessments were based on assuming a model of orderly filled, symmetric
cluster architectures (53). Cluster estimates deduced from confocal images suggested typical sizes
of ~100 RyR2 channels (58). In contrast, 3D electron microscopy provided a different model where
approximately two thirds of the dyadic subspace contained clusters with 15 or more RyR2 channels
(60). A high degree of variability was also observed with superresolution imaging. This technique
yielded comparable mean estimates with ~14 RyR2 proteins per cluster (56). However, it should
be noted that mean values may be misrepresenting due to the complexity of RyR2 cluster with a
large population.

Importantly, coupled gating of a small group of RyR2 channels was recorded in planar
lipid bilayer experiments (52). This finding led to the hypothesis that clustering of RyR2s is

important for Ca2+ release. Thus, a cluster of RyR2s refers to a functional RyR2 Ca2+ release



units (CRUs), which may contain multiple smaller structural units (55). These functional units are

believed to be critical for cardiac contraction.

1.2.1.4 Micro-arrangement of L-type Ca2+ channels and RyRs

In skeletal RyR1, one of the four tetramers is thought to be physically connected with the
alpha-subunits of a voltage-gated L-type Ca2+ channel (61). This unique structural arrangement
allows direct transmission of electrical stimuli to cause RyR1-mediated Ca2+ release (62, 63).
Membrane depolarization initiates conformational changes in the L-type Ca2+ channel, which
are physically transmitted to the linked RyR1, triggering opening of the Ca2+ release channel.
This mechanism is unique for skeletal muscle allowing muscle contraction in the absence of
external Ca2+ influx (64, 65).

In contrast, a structural link between voltage-gated L-type Ca2+ channels and RyR2 is
absent in cardiac muscle. Nevertheless, voltage-gated L-type Ca2+ channel opening and RyR2-
mediated Ca2+ release has been proposed to functionally couple. A highly organized cellular
arrangement has been suggested to underlie this coupling in cardiac muscle. We will discuss this

in more detail in a later section.

1.2.2 Regulation of RyR2
Cellular messengers, molecular regulators, and pharmacological agents have been shown
to possess the ability to affect the activity of RyR2 (66). We will discuss factors that directly

determine RyR-mediated Ca2+ release in the following section.



1.2.2.1 Cytosolic Ca2+and Mg2+

The molecular mechanism underlying sensing of cytosolic Ca2+ by RyR2 has been the
focus of extensive research. It has been shown that in a magnesium (Mg2+) free environment,
the activity of RyR2 channels depends on the cytosolic Ca2+ concentration in a bell-shaped
fashion (67). This suggests the existence of cytosolic low and high affinity Ca2+ binding sites
that directly affect channel gating.

Mg2+ (> 100 uM) in the cytosol has been found to occupy low affinity Ca2+ binding
sites of RyR2, thereby inhibiting the channel (68, 69). Competitive replacement by elevated
Ca2+ levels in the cytosol was found to significantly alleviate the Mg2+ mediated inhibition of
RyR2.

Evidence for a high-affinity Ca2+-binding site, a Ca2+ sensor, in the cytosol has been
provided by lipid bilayer experiments with purified RyR2 channels. RyR2 activation was
recorded in the presence of submicromolar cytosolic Ca2+ (70, 71). Ca2+ release in human
embryonic kidney (HEK) cells that expressed RyR2 mutants suggested that the residue E3987 of
RyR2 is critically involved in sensing of cytosolic Ca2+. Expression of RyR2-E3987A missense

mutants displayed ~1000-fold less sensitivity to cytosolic Ca2+ activation (70). In support of this

view, mutation of the corresponding residue in RyR3 (RyR3-E3885A) reduced also the
sensitivity of RyR3 to cytosolic Ca2+ to an astounding extent (72). Furthermore, RyR1 mutation
(RyR1-E4032A) diminished sensitization of the channel by caffeine and abolished Ca2+
dependent binding of radioactive ligand (73). These findings indicate that the residue E3987 is a

pivotal determinant of the sensitivity of RyR2 to cytosolic Ca2+ activation.



1.2.2.2 Luminal Ca2+ in the ER/SR

Intra-luminal homeostasis of Ca2+ is maintained in the ER via the interplay of Ca2+
intake, Ca2+ release and Ca2+ buffering. The concentration of free Ca2+ within the organelle is
kept at about 0.1-0.5 mM, whereas the total Ca2+ store capacity (74), including its bound form,
is ~20 fold higher (3).

Compelling evidence has been provided by various research groups that revealed the role
of luminal Ca2+ as a key determinant in ER/SR Ca2+ release activation. Monitoring of open
probability and duration of purified RyR2 channels consistently demonstrated that luminal levels
of Ca2+ directly regulate the gating of RyR2. High concentrations of Ca2+ on the luminal side
led to enhanced activity of RyR2. In contrast, decreased luminal Ca2+ levels had the opposing
effect (75-77). Similarly, cellular studies in cardiomyocytes showed that elevated Ca2+ level in
SR caused an increase in RyR2-mediated Ca2+ release. In contrast, maintenance of low SR
Ca2+ content prevented most SR Ca2+ release (78-80). Already in the 70s, it was shown that
increased SR Ca2+ levels could trigger depolarization-independent spontaneous Ca2+ release
events that led to contractions (80). Since then, it has been shown that when SR Ca2+ content
reaches threshold levels, spontaneous SR Ca2+ release occurs in cardiac cells in the absence of
depolarization (81, 82). This depolarization-independent Ca2+, overload-induced SR Ca2+
release phenomenon has been termed store-overload-induced Ca2+ release (SOICR) (83).
SOICR has been shown to possess the capability to trigger cardiac arrhythmias and sudden death
(84). Among other conditions, physical/emotional stress and high extracellular Ca2+
concentrations demonstrated the potential to cause SOICR in heart cells as consequence of SR
Ca2+ overload (85). However, the molecular mechanism underlying SOICR remained unclear
until recently.
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1.2.2.2.1 RyR2 mutations that affect the sensitivity to luminal Ca2+

Multiple human catecholaminergic polymorphic ventricular tachycardia (CPVT)-linked
RyR2 mutations have been found to reduce SOICR thresholds and enhance activation of RyR2
by luminal Ca2+. Such gain-of-function (GOF) RyR2 mutations promote stress-induced
spontaneous RyR2-mediated Ca2+ release, delayed afterdepolarizations (DADs), cardiac
arrhythmia and sudden death. We will discuss details of CPVT in another section. In the
following, we will focus on the channel properties of these CPVT-associated RyR2 mutations.

Genetic analysis of CPVT patients identified the human RyR2 mutation (RyR2-R4496C)
(86). Subsequent characterization of this mutant revealed its hypersensitivity to luminal Ca2+
levels. Wild-type (WT)-like Ca2+ release was observed at non-stressed low SR loads. In
contrast, RyR2-R4496C showed enhanced activity after SR load had increased through exposure
to elevated extracellular Ca2+ (83, 87). In vivo studies reported more frequent spontaneous Ca2+
release events in isolated cardiomyocytes from RyR2-R4496C KI mice (88, 89). In patients, the
enhanced sensitivity of RyR2 to luminal Ca2+ caused stress-induced arrhythmias. These findings
demonstrate that enhanced sensitivity of RyR2 to luminal Ca2+ and spontaneous RyR2 Ca2+
release due to reduced SOICR thresholds underlies the arrhythmogenic mechanism in CPVT.

Additionally, significant lesser activation of RyR2-A4860G in response to luminal Ca2+
was reported during the characterization of the idiopathic ventricular fibrillation associated
mutation of RyR2 (90). Thus, pathological mechanism of multiple cardiac diseases may depend

on luminal Ca2+ levels.
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1.2.2.2.2 The mechanism of RyR2 regulation by luminal Ca2+

The molecular mechanism of regulation of RyR2 activity by luminal Ca2+ remains
unclear. The hypothesis has been made that a “feed-through” regulation is in place. Channel
gating is potentially regulated via luminal Ca2+ that passed through RyR2 in its open state to
binds to cytosolic activating high affinity binding sites, or inactivating low affinity binding sites
of RyR2 (91, 92). However, such a "feed-through™ mechanism does not explain initial opening
of the RyR2 channel. Also, evidence has been provided that the regulation of RyR2 via Ca2+
within the SR lumen does not rely on cytosol-directed flow of luminal Ca2+. Single channel
recordings showed that the activity of RyR2 was directly enhanced by increased concentrations
of luminal Ca2+. (76, 80, 91, 93).

Recently, the existence of a luminal Ca2+ binding site, or Ca2+ sensing element, within
RyR2 channels has been proposed to directly regulate channel gating, independently from
cytosolic Ca2+ regulations. Recordings in lipid bilayers allowed to distinguish RyR2 activation
by cytosolic or luminal Ca2+ (75). A mutation of a cytosolic Ca2+ sensing residue in RyR2
(RyR2-E3987A) abolished RyR2 opening by cytosolic Ca2+ without affecting RyR2 luminal
Ca2+ dependent activation (70). These observations suggest that the activation of RyR2 via
luminal Ca2+ is different from the regulatory mechanism of RyR2 that relies on cytosolic Ca2+.
In consequence, RyR2 requires a Ca2+ binding site on the luminal side that regulates the gating

of a RyR2 channel.

1.2.2.2.3 Luminal Ca2+ sensor of RyR2
The exact location and nature of the putative luminal Ca2+ sensor in RyR2 channels
remain to be resolved. Chen and colleagues recently demonstrated the necessity of the amino
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acid residue E4872 in the helix bundle crossing region (the proposed gate) of RyR2 for its
sensitivity to luminal Ca2+. In vitro studies of missense mutations at this site (RyR2-E4872A
and RyR2-E4872Q) revealed complete insensitivity to luminal, but not cytosolic, Ca2+ levels of
expressed RyR2 channels (93, 94). Furthermore, in vivo studies showed that hearts harboring a
heterozygous suppression-of-function mutation RyR2-E4872Q were resistant to SOICR and
were completely protected against Ca2+-triggered arrhythmias (93). This body of evidence
suggests the residue E4872 to act as sensing element of luminal free Ca2+ in RyR2.

A recent study of the 3D ultrastructure of RyR2 provided novel details with respect to the
putative luminal Ca2+ sensing element in RyR2. Importantly, residue E4872 has been shown to
be located in the cytosolic part of the RyR2 channel in close proximity to the luminal side.
Nevertheless, structural observations suggested that E4872 forms a salt bridge between subunits
with R4874. Therewith, a binding pocket of negatively charged residues is created that is
involved in the activation of RyR2 by luminal Ca2+ (48). Thus, the residue 4872 of RyR2 is a
structural element that is pivotal for the formation of a luminal Ca2+ binding pocket to facilitate

the regulation of RyR2 by luminal Ca2+.

1.2.2.3 Calmodulin (CaM)

CaM is a small Ca2+-binding messenger protein that directly and indirectly modulates
the activity of RyR2. It is ubiquitously expressed in the cytosol of most eukaryotic cells and
possesses four EF hand motifs that provide Ca2+ binding sites. The structure of CaM can be
described as two globular symmetrical domains (N- and C-domain) that are linked by a flexible
element (an alpha-helix). The two low affinity Ca2+ binding sites are located in the N-domain,
whereas the C-domain harbors two high affinity Ca2+ binding sites (95). Upon binding of Ca2+,
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conformational changes lead CaM to envelop its target.

CaM directly binds a CaM-binding site (R3581 — P3607) of RyR2 channels (96, 97) in its
Ca2+ bound and Ca2+ unbound form. In a recent study of the 3D structure of RyR2, this site has
been proposed to be located at the interface of multiple RyR2 domains, suggesting regulatory
importance (48). The modulator to channel ratio is thereby a maximum of 4:1. At resting
cytosolic Ca2+ concentration, CaM connects with RyR2 via its C-domain. At elevated Ca2+
concentrations in the cytosol, both domains of CaM, N- and C-domains, bind to RyR2 (96, 98).
CaM regulates the activity of RyR2 as Ca2+-dependent inhibitor (99). Single channel recordings
revealed that CaM successfully inhibits channel opening of RyR2 at submicromolar cytosolic
Ca2+ levels (< 10 uM). However, at higher Ca2+ concentrations RyR2 gating remained mostly
unaffected in the presence of CaM. Therefore, local RyR2-mediated Ca2+ release (~30-50 uM)
is insignificantly affected by CaM inhibition. However, the inhibitory effect of CaM has been
proposed to be essential during the termination of RyR2-mediated Ca2+ release.

Aside from direct interactions, CaM also indirectly regulates the activity of RyR2 via

CaMKI| activation. We will discuss this in the following section.

1.2.2.4 Phosphorylation
1.2.2.4.1 Protein Kinase A (PKA)

Phosphorylation of multiple molecular targets in the B-adrenergic signaling pathway,
including the voltage gated L-type Ca2+ channel and RyR2, is mediated by PKA. Noradrenaline
binding to 3-adrenergic receptors in the plasma membrane initiates adenylyl cyclase activity to
produce CAMP. This in turn activates PKA (100).

PKA-mediated phosphorylation of specific sites in the L-type Ca2+ channel and RyR2
14



have been proposed to cause conformational changes of the molecules that modulate Ca2+
signalling. In cardiac systems, an increase in Ca2+ entry via the L-type Ca2+ channel, increased
Ca2+ release from the SR, elevated SR Ca2+ fill and enhanced cardiac contraction have been
observed as result of PKA-mediated Ca2+ channel phosphorylation (100).

PKA phosphorylation enhanced the sensitivity of RyR2 channels to luminal Ca2+ and
reduced the SOICR threshold (101). Additionally, evidence indicated that two cytosolic serine
residues in the sequence of RyR2 channels, S2030 and S2808, provide PKA phosphorylation
sites (101, 102). However, the physiological significance of the cytosolic PKA sites remains
debated. At basal conditions S2808 has been shown to mainly occur in its phosphorylated state.
Thus, phosphorylation of S2030 has been proposed to be mainly accountable for PKA-mediated

enhancement of Ca2+ release via RyR2.

1.2.2.4.2 Ca2+/CaM dependent protein kinase Il (CaMKII)

CaMKII has been shown to phosphorylate and therewith regulate RyR2 channel gating.
As the name implies, CaMKII activation requires binding of Ca2+ bound CaM (103, 104).

CaMKII has been shown to phosphorylate the serine residues S2808 and S2814 of RyR2
(102, 105). As mentioned earlier, the significance of S2808 remains unclear, since this residue is
mainly phosphorylated at basal conditions. In contrast, expression of a mutant (RyR2- S2814D)
that mimics a constitutively phosphorylated state of S2814 led to an increase in propensity to
ventricular tachycardia without gross structural abnormalities of the heart (105). However, the
disease-associated mechanism of aberrant CaMKII phosphorylation of RyR2 remains unclear

(106, 107).
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1.2.2.5 Pharmacological modulators of RyRs
Unfortunately, there are currently no isoform-specific pharmacological compounds
available to assess the function of RyR2. Nevertheless, dantrolene, caffeine, and ryanodine have

been used to study RyR-mediated Ca2+ release.

1.2.2.5.1 Ryanodine

Ryanodine (Ry) is the name-giving chemical for RyRs. This compound is naturally
occurring in Ryania Speciosa and has provided a specific ligand with high binding affinity for
RyRs (3). Four ligand binding sites on a RyR channel were characterized with diverse affinities:
one high affinity binding site (1-4 nM) and lower affinity binding sites (30-50 nM, 500-800 nM,
and 2-4 uM) (108, 109). Importantly, the effect of Ry on the activity of RyR depends on the
applied concentration of the chemical. Submicromolar levels of Ry maintain the channel in a
sub-conducting open confirmation by binding to the high affinity binding site. In contrast,
milimolar concentrations (0.3-2 mM) of Ry was found to occupy low affinity sites of RyR and
thereby inhibit the channel (69, 109).

In most studies, Ry is used in concentrations with antagonizing effects (>10 uM) that
completely block the channel (110). Alternatively, Ry has been utilized to study the open state of
RyRs as a probe for channel gating. The reason for such application is that Ry has been found to
favor binding to the open state of the RyR2 channel suggesting that the accessibility of the
binding site is increased in that confirmation. Importantly, effectiveness of binding of Ry to the
high affinity site of RyRs has been shown to depend on environmental factors, such as
temperature, ambient Ca2+ concentration, pH and other modulators of RyR2. For instance,

caffeine enhanced Ry binding to RyR2 channels (111).
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1.2.2.5.2 Caffeine

One of the most used pharmacological agonist of RyRs is caffeine. The water-soluble
drug is believed to sensitize the channel to binding of cytosolic Ca2+. In support, increased open
probability of RyRs was recorded as a result of the presence of caffeine at the cytosolic side in
lipid bilayers (112, 113). However, Ca2+ store depletion abolished caffeine-induced Ca2+
release events from the intracellular reservoir (114, 115). This finding suggests that luminal
Ca2+ is also a determinant of caffeine mediated affects. Indeed, application of caffeine sensitized
RyR2 channels to luminal Ca2+. It led to increased appearance of SOICR (116) and prolonged
channel opening (114, 115). In conclusion, sensitization of RyR2 channels to both, cytosolic and
luminal Ca2+, underlies caffeine-induced activation of RyR2. This can be of benefit, since Ca2+
release from the intracellular store could be triggered by caffeine without alternation of the
cytosolic or luminal Ca2+ level. Importantly, it should be noted that caffeine has been found to
target various other molecular targets that are involved in cellular Ca2+ signaling. As such
caffeine has been shown to affect phosphodiesterases, gamma-aminobutyric acid (GABA) A
receptor, adenosine Aza receptor and possibly AiRs (117). Thus, results have to be evaluated

with caution.

1.2.2.5.3 Dantrolene

Dantrolene is an artificial glycolylurea that was first synthesized in 1967 as muscle
relaxant (31). This pharmacological agent has been used as antagonist of RyRs. However,
whether dantrolene affects the RyR2 isoforms remains unclear. In vitro studies and ligand
binding assays with native and recombinant RyRs indicated that the Ca2+ channel blocker,
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dantrolene, acts specifically on RyR1, but with significantly less affinitive for RyR2 (118-120).
Furthermore, RyR1 and RyR3, but not the RyR2 isoform, were reported to provide in vivo
targets for dantrolene inhibition (121). In contrast, dantrolene has been proposed to bind the N-

terminus residues 590-609 in RyR1 and residues 601-620 in RyR2 (118, 122).

1.3 RyR2 in ventricular myocytes

Cardiac RyR2 channels have been found to arrange into collections of multiples, so
called clusters, primary in the terminal cisternae membrane of the endoplasmic/sarcoplasmic
reticulum (ER/SR) (45, 123, 124). Although the number of RyR2 molecules in a functional
cluster and their microarchitecture remain a matter of debate, these RyR2 clusters are believed to
act as elementary Ca2+ release units (125-127). Ca2+ release from one of these units has been
termed Ca2+ spark (128-131). Global Ca2+ events (e.g. Ca2+ transients or Ca2+ waves) are the
spatiotemporal summation of Ca2+ sparks (131). Thus, recruitment of variable numbers of RyR2
Ca2+ release units allows versatile and complexity Ca2+ release from the SR (128, 129, 132),

which is believed to be pivotal for muscle contraction.

1.3.1 Cellular architecture of ventricular myocytes

A general understanding of the cellular architecture of ventricular myocytes is required to
assess the role of RyR2s in the cardiac contractile machinery. Each muscle cell contains a
multitude of tubular myofibrils, which consist of repeating units of so-called sarcomeres. As
shown in Figure 1, each sarcomere is composed of overlapping filaments of actin (thin filament)
and myosin (thick filament) that are bordered by so called Z-lines. Mitochondria are located
beneath the sarcolemma in between Z-lines. Similarly, they interspace invaginations of the
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sarcolemma, termed transverse tubules (t-tubules) that invade the cell along the Z-lines.
Myofibrils are enveloped by an extensive network of a specialized ER, termed sarcoplasmic
reticulum. This organelle can be divided into two structurally and functionally independent SR
regions: longitudinal SR and terminal cisterna. RyR2s are believed to assemble in functional
clusters predominantly in the terminal cisterna of the SR network, the main intracellular Ca2+
release site. It juxtapositions the t-tubule, creating a dyad in cardiomyocytes. The so-called
dyadic gap (~12nm) describes the cytoplasmic space between the t-tubules and the SR (133).
This microarchitecture allows rapid and precise signal transmission between the L-type Ca2+
channel and RyR2 clusters which is believed to be critical for synchronous Ca2+ release and

effective, stable excitation-contraction coupling (ECC) (40, 134).

Mitochondria Plasma membrane

Sarcotubular
network

t-tubule

Subsarcolemmal
cisterna

Thick filaments Thin filaments

Figure 1 Cellular architecture of ventricular myocytes
A graphical depiction of a ventricular myocyte is shown. The plasma membrane of muscle cells,

or sarcolemma, envelopes mitochondria and myofibrils that are enwrapped with a network of
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sarcoplasmic reticulum. Invaginations of the plasma membrane, termed t-tubules, provide
interfaces with the terminal cisterna of the SR, so-called dyads, at which RyR2s are believed to
cluster predominantly. These run along the Z-lines, which boarder each functional muscle unit,
termed sarcomere. Sarcomeres are comprised of thick (myosin) and thin (actin) filaments.
Regions that contain both, thick and thin filaments, are defined as A-band. On the other hand, an
I-band describes an area that only contains actin filaments. (Wolters Kluwer Health; Katz A.M.;
“Physiology of the heart.” Lippincott Williams & Wilkins 2010 (133)).

1.3.2 The role of RyR2 in cardiac ECC and Ca2+ homeostasis

Excitation contraction coupling describes the fundamental cellular mechanism that
causally links electrical stimuli with the induction of muscle contraction via cytosolic Ca2+
elevation (3, 12). Ever since this phenomenon was reported by Alexander Sandow in 1952 (135)
and put forward by Fabiato (136), many aspects of intracellular Ca2+ release during ECC have
been studied. This is in part due to the fact, that abnormal cardiac Ca2+ handling has been found
to underlie a variety of pathological conditions including cardiac arrhythmias, heart failure and
sudden death (12, 18, 86, 137).

In ventricular myocytes, ECC relies on the transverse-axial tubular membrane system
(TATS) which enables rapid signal transmission into all sarcomeres, throughout the myocyte.
Electrical stimuli, in the form of action potentials (APs), invade via the sarcolemma. General
membrane depolarization results from large Na+ influx (total of ~50 nA/cell) via Na+ channels
at the intercalated disc and smaller Na+ conductance by related transmembrane channels at the
invaginations of the membrane (138). The latter co-localize with Na+/Ca2+ exchanger NCX
(12). NCX mediates Ca2+ entry in response to rising intracellular Na+ concentration (5-10 ms)

in their “reverses mode’. Na+ current-mediated depolarization furthermore activates the voltage-
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dependent L-type Ca2+ channels, which leads to small local influx of Ca2+ ions into the
cytoplasm. The combination of both Ca2+ entries subsequently triggers a more substantial Ca2+
release from the terminal cisternae of SR via RyR2s. This process is termed Ca2+ induced Ca2+
release (CICR) (136, 139, 140), which we will discuss in more detail in a later section. The
released Ca2+ (~15x102 ions per half sarcomere) diffuses passively throughout the cytosol to
bind to troponin C (25,000 mol per half sarcomere). This induces structural rearrangements of
the troponin-tropomyosin complex that enables the myosin motor proteins to interact with actin
within the myofilaments. This so-called cross-bridge formation (90x102 per half sarcomere)
facilitates sarcomere shortening through conversion of chemical energy in the form of adenosine
triphosphate (ATP) to generate force (2pN per bridge). Simultaneous shortening of all units of

myofibrils is ultimately observed as muscle contraction (3, 12).
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Figure 2 ECC and Ca?* homeostasis in ventricular myocytes

A graphical representation of Ca2+ dynamics and the molecular apparatus underlying ECC and
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cardiac Ca2+ homeostasis in ventricular myocytes is shown. An extensive sarcolemma system,
with invaginations, harbors ion channels, exchangers and pumps that facilitate Ca2+ movement
across the membrane. Additionally, Ca2+ release and uptake from intracellular reservoirs,
namely the SR and mitochondria provide sources for fine-tuned Ca2+ signaling and ensure Ca2+
homeostasis. The inset (bottom, middle) shows the temporal translation of an action potential
(AP) into a transient elevation of cytosolic Ca2+ concentration that leads to contraction during
ECC in a ventricular myocyte of a rabbit at 37°C. NCX, Na+/Ca2+ exchanger; ATP, ATPase;
RyR, ryanodine receptor; PLB, phospholamban; SR, sarcoplasmic reticulum. (Adapted from

“Cardiac excitation-contraction coupling” by Donald M. Bers. Nature. 2002 [1])

Muscle relaxation is a result of the reduction of cytosolic Ca2+ level. This is mainly
mediated by Ca2+ recycling back into the SR by the fast-acting sarco/endoplasmic reticulum
Ca2+-ATPase (SERCA). To note is that the activity of SERCA is regulated by phospholamban,
which acts as an inhibitor. Additionally, slower Ca2+ extrusion to the extracellular space (~30%)
through the Na+/Ca2+ exchanger (NCX) and the plasma membrane Ca2+-ATPase (PMCA) re-
establish resting intracellular Ca2+ levels. Furthermore, mitochondria can uptake small portions
of Ca2+ via a Ca2+ uniporter. As depicted in Figure 2, The interplay of the components of this
molecular apparatus allows fine-tuned spatiotemporal Ca2+ signaling while also ensuring

maintenance of cytosolic Ca2+ homeostasis (3).

1.3.3 Ca2+ induced Ca2+ release

As introduced by Fabiato and Fabiato (140), CICR describes RyR2-mediated Ca2+
release from the SR in response to elevations of cytosolic Ca2+ concentration (136). Ca2+ that
enters through the sarcolemma (~10uM) would not be sufficient to initiate muscle contraction.

More substantial RyR2-mediated Ca2+ release from the SR (3-5 fold) is required to initiate
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cross-bridge formation (12). Thus, CICR is crucial for the amplification of Ca2+ influx via the

L-type Ca2+ channel and the “reverse mode™ of ECC (3).

As a positive feedback mechanism, CICR has the inherent potential for unbridled self-
regenerative Ca2+ release. However, cardiac SR Ca2+ release is graded and tightly controlled by
the amplitude and duration of Ca2+ current though voltage gated L-type Ca2+ channels (141).
This finding poses a paradox, which has been subject of extensive research. We will elaborate on

this in more detail in the following section.

1.3.3.1 Coupled gating theory

The coupled gating theory suggests that adjacent RyRs are mechanically linked through
physical interactions in the presence of FK506 binding proteins (FKBP) (52, 142). Thus,
conformational changes during opening and closing within a channel would be transmitted to
coupled RyRs. In consequence, synchronous gating of RyR clusters has been proposed to
produce a CRU (52). However, complex cluster sizes and shapes in cardiac muscle cells render
this model unlikely. Physical interaction between RyRs during gating remain to be confirmed in

cardiomyocytes, since observations from lipid bilayer experiments are controversial.

1.3.3.2 The ‘local control’ theory

The ‘local control’ theory aims to explain the mechanism underlying stable and graded
CICR (129, 143-145). In the proposed model, clusters of 10-35 L-type Ca2+ channels co-
localize with ~ 10-fold more RyR2s at the interface between invaginations of the sarcolemma
and the terminal cisterna of the SR to form elementary Ca2+ release units (146, 147). These units
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act functionally independently from each other, which limits activation of RyR2s exclusively to
Ca2+ influx through the directly associated L-type Ca2+ channels (130, 131, 146). Such a
system would allow graded SR Ca2+ release that is tightly controlled by the Ca2+ entry through
L-type Ca2+ channels.

Indeed, Stern (143) showed that the close proximity of voltage-dependent L-type Ca2+
channels and RyR2s permits graded coupling between Ca2+ influx and Ca2+ release.
Observations of locally and temporally restricted RyR2-mediated Ca2+ release events have
provided convincing evidence for the existence of individual elementary CRUSs, hence the ‘local
control’ theory (129, 131, 148). Properties of these Ca2+ sparks have been extensively studied
using imaging of Ca2+- sensitive probes in the cytosol of quiescent cardiomyocytes (131).
Importantly, depolarization-triggered Ca2+ sparks and spontaneous Ca2+ sparks were found to
share identical characteristics. This finding suggests that both Ca2+ release events have similar
structural and functional basis. Ca2+ sparks autonomy was showed as they did not interfere with
each other (53, 130, 131). Additionally, simultaneous CRU-mediated Ca2+ release was observed
throughout the entirety of a cardiomyocyte in response to a single AP (149).

Based on the present body of evidence, the elegant assumption has been made that a
global Ca2+ wave is the spatiotemporal summation of independent Ca2+ sparks as elementary
events of Ca2+ release (146). It satisfactorily explains the phenomenon of gradated SR Ca2+
release as function of the spatiotemporal membrane depolarization by recruiting various numbers
of Ca2+ sparks (129, 146, 148). This model relies on the subcellular distribution of functional
RyR2 clusters. The spacing of RyR2 clusters would determine the effectiveness of the
recruitment of CRU in this model in which signal propagation relies on passive diffusion. Thus,
understanding the distribution of RyR2 clusters is important for elucidating the fundamental
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mechanism of CICR.

1.3.3.3 Termination of SR Ca?* release

The stable and graded activation of Ca2+ release from the SR has been compellingly
explained by the “local control” theory. However, termination of RyR2-mediated Ca?* release
remains controversial. The positive feedback character of CICR might lead one to believe that
the Ca?* release via an activated CRU is sustained until the Ca?* reservoir is completely depleted.
However, such all-or-none response has not been reported yet. In contrast, partial depletion of
Ca2+ from the SR has been found during Ca?* sparks or global Ca?* events [34-37]. Hence, the
termination of SR Ca?* release is believed to be regulated by a robust mechanism to allow
muscle relaxation, the maintenance of cardiac contractility [20].

Various theories have been suggested to explain the mechanism underlying the
termination of Ca?* release from the SR. An extremely low statistical probability that all RyR
channels in a CRU simultaneously close renders the stochastic attrition theory unlikely [20].
Alternatively, coupled gating has been suggested to account for synchronized opening and
closing of neighboring RyRs in the same CRU [38, 39]. In this model, FK506 binding proteins
have been proposed to physically link RyR2s and therewith regulate not only activation, but also
termination of Ca2+ release from the SR. However, such physical and functional linkage
between nearby RyR2s remains highly controversial and does not explain the initiation of the
closing of RyR2 channels in a CRU.

The RyR2 adaptation theory addresses the initial decrease in the open probability of
RyR2. It suggests that the activity of RyR2 spontaneously and gradually decreases after opening
of Ca2+ release channels [40-42]. However, the temporal scale of the proposed adaptation
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process (hundreds of milliseconds up to seconds) that has been determined in artificial lipid
bilayer settings does not correlate with the significantly slower termination of SR Ca?* release
observed in cells (within tens of milliseconds) [28]. Hence, it this theory is unlikely to explain

termination of RyR2 mediated Ca2+ release from the SR.

1.3.3.3.1 Cytosolic Ca?*-dependent inactivation theory

Alternatively, elevated cytosolic Ca?* concentrations has been suggested to lead to the
closing of RyR2 channels [43]. In support, high concentrations of cytosolic Ca?* (> hundreds of
uM) have been found to cause the inactivation of RyR2 channels in single channel experiments.
However, evidence for cytosolic Ca?*-dependent inactivation in cellular systems remains
lacking. Physiological cytosolic Ca?* levels (~100nM to 10uM) in intact cells may not be
sufficient to cause similar effects.

Ca2+ binding proteins, such as CaM and socrin, have also been suggested to be involved
in the regulation of the termination of RyR2-mediated Ca?* release from the SR. On one hand,
CaM has been found to inhibits RyR2 gating at submicromolar cytosolic Ca2+ levels (< 10 uM)
[29, 44-46]. In addition, CaM mutations have been found to cause abnormal Ca?* release from
the SR [47]. Hence, CaM is believed to be involved in the regulation of RyR2-mediated SR Ca?*
release. Nevertheless, CaM is unlikely the sole determinant in the mechanism of closing of RyR2
channels Mutations of CaM lead to aberrant gating of RyR2, but did not abolish the termination
of Ca2+ release [48]. On the other hand, sorcin that has been found to inhibit both, spontaneous
and triggered, Ca?* events [49, 50]. Thus, sorcin has been proposed to be involved in the in
regulation of the termination of Ca?* release from the SR. However, whether sorcin is a

regulatory determinant that regulates gating of RyR2 remains unclear and needs further
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evaluation in the future.

1.3.3.3.2 Luminal Ca?*-dependent termination of RyR2-mediated Ca2+ release

A convincing body of evidence has indicated that the luminal Ca?* level in the ER/SR
directly regulates the termination of Ca?* release from the intracellular store. Declining luminal
Ca?* concentrations, as found during CICR, have been shown to lead to RyR2 channel closing.
This has been revealed by fluorescence probe-based monitoring of luminal Ca2+ dynamics that
greatly aided to understand luminal Ca?*-dependent termination of SR Ca?* release. The use of
the low affinity Ca2+ indicator Fluo-5N showed the "Ca2+ blinks, localized and rapid decrease
in luminal Ca2+ concentration, as counterparts to cytosolic Ca2+ sparks [51]. The Ca2+ release
profile of Ca2+ blinks showed that Ca2+ depletion from the SR is graded. Quantitative estimates
suggested that less than 55% of free SR Ca2+ and a fraction of calsequestrin-bound Ca2+ (less
than 30%) compose individual Ca2+ blinks [51]. In addition, SR Ca2+ release termination was
found to occur at a definite luminal Ca2+ concentration of the SR, that was termed termination
threshold. This threshold has been shown to be independent of Ca2+ levels in the cytosol and the
Ca2+ concentration in the lumen of the SR at rest. [37]. These findings indicate that the
termination threshold is an intrinsic property of the RyR2 channel. In consensus, single channels
demonstrated that a reduction of luminal Ca?* lead to a significant decrease in the open
probability of RyR2 channels [35, 36, 52-54]. Therefore, one might suggest that the progressive
depletion of Ca2+ from the lumen of the SR luminal Ca?* itself leads to the termination of RyR2-
mediated SR Ca?* release. However, the mechanism underlying the termination of Ca?* release

from the SR remains unclear.
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1.3.4 Distribution of functional RyR2 clusters

The distribution and organization of functional RyR2 clusters in cardiomyocytes remains
controversial. It is believed to be critical for synchronous Ca2+ release and effective, stable
cardiac ECC (40, 134). In support, altered arrangements of RyR2 and intracellular architectures
have been implicated in the genesis of dyssynchronous Ca2+ release often observed in diseased

hearts (150).

1.3.4.1 Localization of RyR2 clusters
Various approaches have been applied to localize RyR2s in cellular and subcellular
context. We will discuss these in the following section to reveal potential limitations of former

assessments and approaches.

1.3.4.1.1 Antibodies against RyR2

Antibodies are proteins of the immunoglobulin (1g) family, which recognize, tag and
neutralize foreign pathogens in most organisms. They identify a foreign body, the so called
antigen and bind to a specific site of the target, defined as epitope (151). As key players in
biological immune systems, they are derived from specifically immunized animals or genetically
engineered as commonly used tool for protein targeting and linked to dyes for protein
visualization in biological assays. However, the large molecular size and restricted versatility of
conventional antibodies may not always lead to unambiguous localization of targets in complex

cellular systems, or tissues.
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RyR2 directed antibodies are commercially available. They have been extensively used
for immunohistochemical examination of fixed and/or permeabilized cells or tissues (56, 59, 60).
This technique relies on sample preparations with chemicals that render the tissue non-functional
(152) and the use of specific anti-RyR2 antibodies (56, 58, 59, 153-155). Unfortunately, the use
of antibodies for the localization of an intracellular target has several disadvantages. The large
protein size of antibodies limits their access to cytosolic epitopes of the intracellular RyR2 target.
Hence, permeabilization of the plasma membrane is necessary to allow the antibodies to
penetrate the cell interior. This requires application of detergents (e.g.: Triton-X 100), which
subjects the cell to biochemical stress and may cause cell death or protein degradation (131,
156). Thus, specimens require fixation prior to permeabilization to preserve the biological
material as close to its natural state as possible. Chemical fixatives (e.g.: paraformaldehyde),
terminate any biochemical functional processes via cross-linking of proteins, but prevent decay
and increase physical resistance and mechanical stability (157). To note is that long term
exposure with these chemicals has been shown to cause structural damage in the specimen (158).
Thus, it remains unclear whether the treatment of cell or tissue with fixatives and/or
permeabilization reagents alters the distribution and organization of RyR2s.

Pharmacodynamic problems may also occur with the application of antibodies.
Insufficient antibody-selectivity and/or affinity to a specific epitope may lead to artificial results,
or unsatisfactory visualization (159). Additionally, conformational epitopes may be masked, or
altered in a dynamic biological active organism. This would lead to a total loss of reactivity with
antigens (151). Thus, cells must be cautiously adjusted to optimal binding conditions. In general,

these conditions are not physiological anymore and differ from the natural state of the system.
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1.3.4.1.2 Genetic recombination of RyR2-reporter fusion proteins

A genetic approach can be used alternatively to visualize intracellular protein locations.
Commonly the genetic code of a bioluminescent reporter is fused to the deoxyribonucleic acid
(DNA) of the target protein, which is then implemented in the genome of a model organism. In
consequence, the system expresses a genetic fusion protein originating from the introduced DNA
(160, 161). The 4975 amino acids that comprise a subunit of a RyR2 channel are encoded on
chromosome 1 (1942-g43). The gene of RyR2 is spanning 790 kb of genomic DNA and contains
105 exons (162, 163). The size of RyR2 makes genetic modifications difficult. However, state of
the technology leads to the development of recombinant RyR2 constructs that function fusion
proteins with incorporated fluorescence reporter molecules (40).

Green fluorescent protein (GFP) has been used most frequently as reporter for the
visualization of spatial and temporal protein localization in a wide range of biological systems
(160, 161). The 27 kDa protein originates from Jellyfish Aequorea Victoria and emits green
fluorescent light upon excitation at blue wavelengths. Fluorescence can be observed in respond
to electromagnetic radiation due to autocatalytic cyclization, dehydration and oxidation of three
amino acid residues within the GFP molecule (164). To note is that almost the entire protein
sequence is required to generate the chromophore. However, the cyclic tripeptide serine 65-
dehydroxytyrosine 66-glycine67 has been identified as light-absorbing sequence in the GFP
molecule (165).

The cyclic tripeptide is the result of a nucleophilic reaction between the carboxyl carbon
of serine 65 and the nitrogen atom of the amino group provided by glycine 67 leading to the
formation of an imidazolin-5-one ring system. In the presence of molecular oxygen, this
heterocyclic structure forms a highly conjugated n-electron resonance system with the
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dehydrogenized form of the tyrosine 66 residue. This mature chromophore provides the electron
orbitals to facilitate stable fluorescence of GFP (166).

On an ultrastructural level, GFP has been defined as eleven-stranded “beta-barrel” with
the cyclic tripeptide chromophore at its core (see Figure 3). Tight association of amino acid
residues within the beta barrel structure prevents most interactions with its interior. This compact
confirmation is believed to protect the chromophore and lead to extraordinary photo-stability,
robustness against environmental factors (pH, temperature, denaturation), and high quantum
yields (167).
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Figure 3 Three-dimensional ultrastructure of green fluorescent protein

The structural arrangement of green fluorescent protein (GFP; RSCB PDB 1EMA (168) from
“Crystal structure of the Aequorea victoria green fluorescent protein.” Ormoe et al Science 1996
(169)) is graphically represented using PyMol (PyMOL Molecular Graphics System, Version
1.74 Schrodinger, LLC). A cylindrical geometry (~4x3 nm), termed “beta-barrel’, comprises
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eleven beta-sheets. This cylindrical organization harbors the tripeptide chromophore at its core.

Amino (N) and carboxyl (C) termini are exposed on the surface readily available.

Importantly, amino (N) and carboxyl (C) termini are exposed on the surface of the
cylindrical structure (168). Thus, they are readily available for genetic modifications. This makes
GFP is an ideal candidate for fusion to other proteins.

Manipulation of the genetic code of GFP led to quantum yield enhancements and stability
improvements (164, 167). Such advancements facilitated high resolution monitoring of
intracellular proteins in live dynamic organisms (170-172). Genetic engineering facilitates the
insertion of a protein coding cDNA sequence at a particular locus in an organism's genome
(173). The genetic design should consider the spatial environment and regulatory interactions.
The choice of the insertion site is critical and occasionally linking segments are required to
prevent the introduction of structural or functional alternations. Typically, recombinant genetic
code is transfected into embryonic stem cells to generate a desired transgenic or KI model.
Conventionally mice are used, since the process has been well refined (174). Several successful
protein localizations in live organisms have been reported using this approach. However, the
insertion of GFP into the RyR2 cDNA remains difficult, since the structural and functional
protein integrity has to be maintained.

In 2004, Chen’s laboratory successfully generated a construct, encoding RyR2 protein
with GFP inserted within the divergent region 2, specifically after amino acid threonine
(Thr)1366 (RyR2-(Thr1366-GFP))(40). Transfected HEK293 cells expressed functional and
structurally intact GFP-tagged RyR2 channels, which yielded physiological caffeine- and

ryanodine-sensitive Ca2+-release and characteristic GFP fluorescence. Furthermore, in vitro
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localization of GFP allowed 3D mapping of the Thr1366 to domain 6, a constituent of the
cytosolic multi-domain RyR2 "clamp" regions (40).

However, the potential of the RyR2-(Thr1366-GFP) construct to develop a model
organism to study RyR2 in vivo has not been explored yet. GFP-RyR2 KI mice would allow
regional, cellular and subcellular localization of GFP-RyR2 protein in live cells/tissue via
fluorescence-based imaging (e.g. fluorescence microscopy, super resolution imaging, etc.). This
would enable us to investigate the functional relevance of subcellular RyR2 distribution for

synchronous and graded intracellular Ca2+ release.

1.3.5 Imaging of cellular distribution of RyR2 clusters

Studies of the cellular expression and distribution of RyR2 have mostly depended on
microscopic imaging techniques. Microscopy uses the interactions of electromagnetic waves and
specimens to visualize objects that otherwise would not be within the resolution of the human
eye. Technical advancements produced various specialized light and electron microscopy
techniques to detect and monitor proteins in biological systems (175-177). As such, electron
microscopy, confocal fluorescent microscopy, stochastic optical reconstruction microscopy
(STORM), structured-illumination microscopy (SIM) and total internal reflection fluorescence
microscopy (TIRFM) have been used to study the distribution of RyR2 in cells and tissue (178).
Most studies focused on ventricular myocytes and heart tissue. In the following section, we will

discuss and evaluate former observations and potential shortcomings.
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1.3.5.1 Cellular fine-structure imaging using electron microscopy

Electron microscopy relies on the interaction of a beam of electrons and an ultra-thin
specimen when passing through it. EM requires chemical fixation (e.g.: glutaraldehyde) (179),
embedding of the specimen in resin and sub-micron thick samples slicing (180), and staining with
toxic substances (e.g.: osmium tetroxide) to enhance contrast (181, 182). In consequence, EM
cannot be used for in situ imaging. However, this technique has been applied to reveal details of
various cellular fine-structures (< 50nm) (47), due to the high resolution achieved with the smaller
wavelength of electrons.

Using thin-section transmission electron microscopy, Franzini-Armstrong reported in 1970
highly-ordered rows of regularly spaced electron-dense “feet-like™ structures at the interface
between the junctional SR and the t-tubules in the interior of skeletal myocytes (183). This study
led to the subsequent identification of these feet as the cytoplasmic domains of RyRs (123, 184,
185). Additionally, it instigated efforts to further define intracellular arrangements in skeletal and

cardiac cells.

1.3.5.1.1 Structural relations of L-type Ca2+ channels and RyRs

EM revealed that voltage-gated L-type Ca2+ channels clusters in invaginations of the
sarcolemma interfacing arrays of RyRs in the terminal cisternae of the SR (186—188).
Furthermore, it provided pivotal anatomic evidence to explain the distinct ECC mechanisms in
skeletal and cardiac muscle (31). In skeletal muscle, tetramerous collectives of voltage gated L-
type Ca2+ channels were found to anchor with the subunits of the homo-tetramer RyR1(189,
190). This finding significantly strengthened the credibility of the proposed molecular
mechanism that relied on direct interactions of the two channels to mediate skeletal ECC (191).
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In cardiac muscle, EM images showed that L-type Ca2+ channels are also localized in
juxtaposition to RyR2s. However, no particular grouping of the plasma membrane channel could
be determined (192, 193). Thus, physical interactions of the two components were rendered
unlikely. This supported the belief that cardiac ECC relies on CICR as described by Fabiato and
Fabiato (136, 140). Unfortunately, little is known about RyR2 distribution in live ventricular

cardiomyocytes.

1.3.5.2 Distribution of CRU using confocal imaging

Confocal fluorescence microscopy has provided the means for reliable assessment of
intracellular Ca2+ dynamics on a subcellular level. Emission light is temporally detected from a
line (line scan), or xy-segment (full frame mode) of interest via optical sectioning with a
resolution down to one-quarter of a micrometer (177, 194). Out-of-focus emission/excitation
light is thereby physically rejected by a pinhole.

Its application extends to living organisms, and thus facilitates spatiotemporal monitoring
of Ca2+-specific functional probes. Fluorescent indicators are commonly acetoxymethyl ester
(AM) derivatives of chelating agents. AM conjugation with carboxylic acids produces small
uncharged non-fluorescent compounds which can diffuse readily across membranes into cells. In
the cytosol, nonspecific esterases hydrolyze the entered chemicals and thereby unmask charged
carboxylic groups. Thus, these probes are trapped within the cell membrane and activated to
yield fluorescence intensity changes in stochastic response to Ca2+ binding. Fluo3/4-AM and
Rhod2-AM are high affinity BAPTA-based Ca2+indicators, that have been used extensively to
study elementary RyR2-mediated Ca2+ release events in various cell types and tissues (195).
They exhibit an increase of green or red fluorescence with Kd values for Ca2+ of ~335 nM and
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~570 nM, respectively. Their application allowed the characterization of morphometics of Ca2+
spark (196, 197). Four main parameters which represent the amount of released Ca2+
(amplitude), the rate of release flux (rate of rise), release termination (decay time) and the spatial
dimension of sparks (full width at half maximum, FWHM at peak amplitude) have been used to
define Ca2+ sparks. In general, rapid onset, with limited local spread and exponential decay
signify the spatiotemporal profile of Ca2+ sparks. Importantly, a high degree of variations of
detected parameters indicated that Ca2+ sparks are polymorphic (128, 129, 131, 198). Variability
in the recruitment of RyR2 channels within and among an individual CRU has been proposed to
cause this phenomenon. Initial activation of a single RyR2 channel (199, 200), only a fraction of
RyR2 within a CRU (128, 129, 201, 202), or the entire RyR2 cluster (203, 204) has been
proposed to be required for the generation of a Ca2+ spark. However, the exact number of RyR2
channels remains unclear to this date. Thus, population studies of Ca2+ sparks, rather than the
observation of stereotyped or all-or-none events, have been used to evaluate RyR2 mediated

Ca2+ release.

1.3.5.2.1 Ca2+ spark mapping

Confocal mapping of Ca2+ sparks has been used to indirectly localize CRUs.
In the interior of cardiomyocytes, RyR2 clusters at the interface between transverse tubules and
SR which runs along the Z-lines of sarcomeres are believed to act as CRUs (53, 153, 154, 205).
Interestingly, a recent functional investigation by Lukyanenko et al. (206) reported the detection

of a significant portion of RyR2-mediated events (~20%) in between Z-lines. Thus, the existence

of functional RyR2 units in the space between z-lines were proposed with an important role in

the propagation of Ca2+ transients across individual sarcomeres (207). Controversy, other
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studies showed that almost all RyR2 clusters are co-localized with a-actinin (59, 208), an
established Z-line specific marker. The reason underlying the discrepancy between functional
observations and localization studies remains unclear.

Additionally, functional studies have previously shown that CRUs are located near the
membrane (209-211). However, whether all RyR2 clusters are activated by Ca2+ influx through

the L-type Ca2+ channel, or similar function as previously reported in the interior is unclear.

1.3.5.3 Distribution of RyR2 clusters in cellular context using confocal imaging

Confocal microscopy has also the capability to localize structural fluorescence markers of
well-established cellular structures to provide context (177, 212). Unfortunately, the resolution of
confocal fluorescence microscopy is limited by the diffraction of light. Thus, it may only be used
to resolve two points of not more than approximately 250nm along the x-y axes and ~500nm
along the z-axis. Yet, the subcellular structure of individual RyR2 proteins in a cluster is much
smaller and cannot break the diffraction barrier (213). However, confocal fluorescence
microscopy has proven itself exceptionally useful to study protein expression/distribution in
subcellular context. It has been employed to define the location and track organelle-specific
dyes, fluorescently labeled and genetic encoded proteins to better understand their function and
dynamics in live cells. The plasma membrane has been targeted with amphiphilic dyes that
contain hydrocarbon chains that anchor the chemical in the membrane. Mitochondria have been
visualized with dyes that selectively accumulate in this organelle due to their membrane potential
gradient (178). Alternatively, antibodies against specific targets have been used to evaluate
contextual protein distribution. 3D distribution of anti-RyR2s has been extensively studied in
fixed and or permeabilized cells (53, 56-59, 153, 154, 205, 208, 214, 215).

37



Co-localization, the signal overlap/co-detection due to close spatial proximity below, or
close to the resolution limit of the applied technique, has been commonly used as relative
measure to describe cellular structures in microscopy. Studies confirmed tight association of
RyR2s with L-type Ca2+ channels. Additionally, confocal imaging showed highly ordered arrays
of RyR2 clusters in the cell interior of ventricular myocytes (53, 153, 154, 205). Intriguingly,
distinct subcellular patterns of RyR2 clusters were found in the periphery of ventricular

cardiomyocytes.

1.3.5.4 Distribution of RyR2 clusters in the periphery of cardiomyocytes

3D confocal imaging from independent groups showed two distinct structural features in
the peripheral region of mature cardiomyocytes. On one hand, so-called "double” rows of RyR2
clusters were reported. Analysis of the inter-cluster periodicity of this RyR2 arrangement
revealed bimodal distribution with peaks at ~0.7 um and long distance peak ~1.9 um. The latter
value has been found to define transverse spacing of the rows of RyR2 arrays in the interior of
cardiomyocytes and reflects sarcomere length (214). Thus, highly ordered double rows were
suggested to resemble arrays of RyR2 cluster interior, but additionally harbor regularly
interspaced clusters. On the other hand, an irregular pattern of RyR2 clusters was shown in the
outermost optical confocal z-planes of independent studies (57, 58, 214). However, the latter
observation was not further evaluated. Presumably this is due to the fact that other studies that

used total internal refection microscopy, did only report "double rows™ (56, 215).

1.3.5.4.1 Details of the distribution of peripheral RyR2 clusters detected via total reflection
microscopy imaging

38



As specialized form of fluorescence microscopy, TIRFM allows spatially selective
excitation of fluorophores in restricted regions of a specimen in immediate proximity to a
glass/water interface (216, 217). Prisms, or the objective itself are thereby used to achieve total
internal reflection. This phenomenon occurs when incident electromagnetic waves that travel
through a dense medium (high refractory index) strike an interface with a less dense medium
(lower refractory index) at an angle greater than the critical angle. At the critical angle refraction
is 90 degrees along the medium boundary, thus no transmission of incident light. However,
during total internal reflection an evanescent field is generated that is oriented along the surface
of separation. Such a field provides sufficient energy to excite fluorophores in close proximity to
the boundary, although it penetrates less than approximately 200nm into the medium with lower
refractory index due to its exponential decay with distance from the interface (216, 218).

TIRFM has been found to be a particular useful approach to image peripheral subcellular
targets in live cells. Background signals are dramatically reduced due to the lack of out-of-focus
excitation/emission from other regions, such as the cell interior. Soeller’s group applied TIRFM
to specifically study the relative distribution of NCX and RyR2 (56). They found highly-
organized double rows of anti-RyR2 signals in the periphery of antibody-stained
cardiomyocytes. Interestingly, individual RyR2 clusters appeared in a variety of sizes and shapes
within this arrangement. This was further investigated in a subsequent study suggesting more
complex intra-cluster organizations rather than stochastic circular close-packed arrays (155).
They detected elongated clusters that were estimated to contain a number of RyR2 channels
almost an order of magnitude smaller than previous studies suggested. These peripheral RyR2
clusters were localized in close proximity to one another, leading the authors to suggest intra-
cluster coupling to form functional “superclusters’. However, whether all individual RyR2
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clusters are functional and/or possess similar Ca2+ release properties than clusters in the interior
remains unknown. Importantly, both TIRFM studies did not report irregular RyR2 patterns, thus
the data are not consistent with confocal observations (57, 58, 214). To note is that both studies
were carried out in fixed and permeabilized ventricular myocytes that were gently sandwiched

between two coverslips to provide an interface for TIRF imaging.

1.3.5.5 Superresolution imaging -A novel approach to study the distribution of RyR2 clusters
Recently, two novel concepts have been developed to circumvent light’s diffraction

limitations (~250 nm) to acquire so called superresolution of biological fine-structures.

1.3.5.5.1 Light diffraction and optic resolution

Optic resolution defines the shortest distance between two radiating point sources which
still allows their distinction as individuals by an imaging system (218). Conventionally,
microscopic resolution is limited by the diffraction of electromagnetic waves (photons, or
electrons) when they pass through a circular aperture. Emitting point sources are imaged as so
called Airy disks and their lateral concentric and axial diffraction patterns (178, 219). The extent
of such interference, often referred to as convolution, or “blurring’, is described by the point
spread function (PSF).

The PSF is a microscope system-specific function that specifies the distribution of light
near the radiating point source. The PSF depends on the illumination wavelength (1) and the
optical properties of the microscope objective (numerical aperture, NA). Commonly, it is
determined empirically by imaging of spherical radiating point-like (e.g.: fluorescent) beads of
known sub-resolution size (220). Advanced microscopy techniques utilize computationally
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algorithms to extract information from images with known PSF and therewith overcome

resolution limits.

1.3.5.5.2 Targeted and stochastic superresolution approaches

Superresolution techniques can be classified as ‘targeted’ versus ‘stochastic’ readout
approaches (178, 221). Targeted readout methods (e.g.: SIM) rely on structured illumination that
spatially determine where fluorophores can adopt the fluorescent state (222, 223). In contrast,
stochastic readout techniques (e.g.: STORM) are based on photo-active properties of fluorescent
probes that randomly switch fluorescent states (175, 194)

Superresolution microscopy has been particularly useful to study molecular details of
cellular architectures. We will discuss the most common approaches and advancements in the

following section.

1.3.5.5.3 Details of the distribution of RyR2 clusters revealed by stochastic optical
reconstruction microscopy

As probe-based STORM relies on photo-switchable molecules. Such display fluorescence
intermittency, or “photo-blinking", the phenomenon of random switching between an emitting
and a non-emitting “dark’ states during continuous excitation, in a reducing/oxidizing
environment. Thiol-containing agents (e.g.: glutathione) stabilize stochastically entered non-
radiating triplet, or other dark states, which revive spontaneously or light-induced via oxidation
with molecular oxygen (175, 177).
Time-elapsed recording of transiently emitting molecules facilitates spatial separation of such
light sources from constant radiating, otherwise indistinguishable, background. Mathematical
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computation further allows the determination of the exact pixel light originated from. A
collective merging of all blinking molecule-positions leads to a superresolution image. The
resolution of such depends on labeling density and fluorophore properties, in particular, the
stability of their non-radiating state. STORM utilizes cyanine based synthetic fluorophores (175)
to facilitate fine-structure analysis with nanometer spatial resolution even in dense background
systems. Not limited by the diffraction of light, this method has provided details of 3D cellular
fine-structure (e.g.: microtubules, etc.) and features of organelles (e.g.: mitochondria, etc) at the
molecular level (176, 224). STORM reconstruction of photo-active membrane and organelle
marker signals allowed super-resolved imaging (~30—-60 nm spatial and 1-10 sec temporal
resolution) even in live cells (225).

Stochastic superresolution imaging has further defined the distribution of antibody-
labeled targets. As such as RyR2, structural protein junctophilin-2, Ca2+ buffer protein
calsequestrin and microtubule protein caveolin-3 were localized in the periphery of fixed and
permeabilized cardiac tissue and cells (56, 57, 226). A tight association of RyR2 with
junctophilin-2 was showed in the periphery of cardiomyocytes (57). In contrast, superresolution
revealed minimal (4.9%) co-localization of caveolin-3 and RyR2s (227). This is 23.7 % less than
estimations of diffraction limited confocal images suggested (178). To note is that stochastic
readout techniques that investigated RyR2s in cardiomyocytes exclusively focused on the
periphery of fixed and permeabilized cardiomyocytes (56, 57, 227). Studies acquired images
with ~30 nm lateral resolution via an approach the authors have described as reversible photo-

bleaching (RPM). Conceptually, this technique is the same as dSTORM (228, 229).
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Similarly, application of STORM may provide novel details of the distribution of RyR2
clusters. However, the development of selective antibodies conjugated to a fluorophore with a

stable dark state is required to utilize such a superresolution technique.

1.3.5.5.4 Details of the distribution of RyR2 clusters observed with structured-lllumination
microscopy

As illumination-based method, SIM utilizes spatially structured excitation to generate
moiré fringes (219). The latter describes interference patterns that appear in the product of two
superimposed non-identical opaque ruled patterns with transient gaps. Their coarse character
contrasts either of the original fine patterns and contains normally inaccessible high-resolution
information in the Fourier transform (219, 230).

For conventional microscopy, the diffraction of light limits detectable frequencies as a
circular ‘observable region’ in reciprocal space. Within low resolution information is found at
the origin and higher frequencies distant from the source center. The radius of the ‘observable
region’ depends on the objective lens aperture. Commonly microscopic imaging is performed
with illumination frequencies only at the center of the “observable region’. In contrast, SIM
utilizes sinusoidally striped structured-illumination to excite with a total of three diffraction
frequencies. In consequence, emission light from the sample contains the convolution of three
superimposed components in reciprocal space. Thus, images gained information that originate in
offset regions and was moved into the observable region, without physically altering the latter.
Arithmetic de-convolution facilitates extraction of such information. In consequence, recording
of image series illuminated at different pattern orientation (rotations) and phase allows
computational reconstruction with improved resolution (231, 232).
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Superresolution microscopy has extended our knowledge about the organization of CRUs
(56, 57, 226). Hitherto, the molecular organization of functional units of RyR2 receptors has
remained unresolved. Furthermore, functional correlations of Ca2+ release and RyR2 localization
is desired to gain new insight about the architecture of CRUs and changes in health and disease.

Application of targeted readout methods allowed super-resolved localization of the t-
tubule membrane system, even in living cardiomyocytes (233). Thus, it is promising to facilitate
in situ localization of RyR2 in live tissue and cells in the near future. To note is that the quality
of SIM imaging has been reported to depend on optimal illumination parameters used for
acquisition (231). These are specific for different wavelengths. Thus, potential benefit could
result from the development of probes that facilitate signal localization at distinct illumination
parameters. As such, our study is aimed to develop anti-GFP probes that yield distinct signals

additional to GFP-fluorescence.

1.3.5.6 Nanobodies — A novel tool to study the distribution of RyR2s

Immunoglobulin G proteins that are found in all vertebrates have been extensively used
for the localization of targets, such as peptides or proteins, in biological materials. These
monomer structure comprises two heavy and two light chains. Thus, they conventionally
assemble in an Y-structure. In detail, the light chain is composed of two domains, whereas the
heavy chain with four segments. Each domain, consists of ~110 amino acids and is classified by
their variability in sequence. Mostly conserved regions in light and heavy chain were termed
constant (CL; CH1, CH2, CH3 respectively). In contrast, domains at the N-terminal of both,
heavy and light chains (VH and VL), exhibited a high degree in variation of amino acid
composition. Their assembly is believed to provide hydrophobic interaction interfaces that
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facilitate adaptive epitope-specific binding at the exposed tips of the “Y’. As shown in Figure 4,
antigen-binding depends on the combination of both chains to form two identical flat or concave
interaction sites. The complex structure of IgG makes them large-sized molecules (~ 150 kDa;
90 nm) (234), which limits their flexibility, transportation and activity range.

Recently, a new type of antibody was discovered in llamas, other camelids and sharks
(235, 236). Classified as heavy chain antibodies (hcAbs), they derived their name from their
unusual composure of only heavy chains. Interestingly, antigen binding requires only a structural
fragment of these unique antibodies, so-called nanobodies. As depicted in Figure 4, These
nanobodies have been found to be the smallest intact antigen recognizing protein (~ 13 kDa)
reported yet (237, 238). Their small size and high affinity makes them an ideal research tool.
Furthermore, their unusual shape and flexibility enables them to reach and bind cavities of
antigens, which conventionally flat or concave antigen-binding sites could not interact with.
Their simplicity leads also to high refolding capacities, high solubility and thermal stability.
Additionally, they can be directly linked to commercial dyes. Also, to note is that nanobodies
have been found to provide hydrophilic interaction sites for antigens contrasting hydrophobic
binding interfaces in conventional antibodies. With all these advantages, they are an ideal tool as
targeting and delivery systems for protein visualization in tissue and cellular organisms (235,
236)

Ries et al. (239) employed this new approach to target GFP in a vast spectrum of
biological materials: 1) yeast, 11) a cell line and I11) cultured hippocampal rat neurons. Thereby,
they coupled anti-GFP nanobodies to fluorescence dyes (i.a.: Alexa Fluor 647) - fluorophores
switchable between a non-fluorescent and a fluorescent state upon the exposure with light — to
allow single-molecule localization super resolution imaging. They provided a convincing body
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of evidence that the use of nanobodies facilitated an efficient delivery of bright organic
fluorophores to GFP in all tested organisms. Thereby, the linkage error to the target generated by
the small anti-GFP nanobodies (~13kDa; 1.5nm x 2.5nm) could be minimized to ~5-10
nanometers (238, 239). This novel improvement, compared to conventional large-size AB
labeling, allows accurate nanometric spatial resolution in almost any GFP model to withdraw
information on a molecular level. More importantly, the unique specificity of anti-GFP
nanobodies permits unambiguous targeting of epitopes in complex systems, even when
genetically fused to other proteins. Thus, application of such anti-GFP probes in GFP-RyR2 Kl

mice may Yield novel detail of the distribution of RyR2.
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Figure 4 Structural features of conventional and llama heavy chain antibody
A structural comparison of a conventional immunoglobulin (Ig) G antibody and heavy chain
antibody (hcAbs) that is found in llama is graphically depicted. A monomer of IgG is composed

of two heavy (chain of blue ellipsoids) and light (chain of green ellipsoids) chains. The antigen-
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binding paratope (yellow box) of conventional 1gG is formed by the variable domains of heavy
and light chains (VH and VL). In contrast, only a fragment of the heavy chain antibody, termed
nanobody, or VHH domain in camelid hcAbs, is required for specific epitope targeting (adapted
from "Nanobodies as modulators of inflammation: potential applications for acute brain injury.
Rissiek et al. 2014 (240)).

1.4 Functional coupling of ER/SR Ca2+ release and mitochondrial Ca2+ homeostasis
Aside from the ER/SR, mitochondria provide intracellular Ca2+ stores. Due to their
tremendous capacity for Ca2+ uptake, they have also been described as Ca2+ sink (241). Ca2+
uptake is mediated by mitochondrial Ca2+ uniporter (MUP), a transmembrane protein in the
inner membrane of the organelle. Ligand (Ca2+) binding facilitates ion transport, which relies on
the large electrochemical gradient for Ca2+ across the inner mitochondrial membrane. MUP has
been described with very low affinity for Ca2+ that would require cytosolic Ca2+ levels to
elevate to ~5-10 UM to activate mitochondrial Ca2+ uptake. However, such cytosolic conditions
have never been reported in healthy cardiomyocytes. Thus, Rizzuto et al (242) suggested
functional coupling of mitochondria and juxta-positioned ER/SR in so called microdomains to
facilitate slow uptake of high Ca2+ concentrations (> 10 M) that can occur spatiotemporally
restricted under physiological conditions. However, whether such microdomains also allow Ca2+

uptake via MUP at lower Ca2+ levels remains controversial.

1.4.1 The role of mitochondrial Ca2+ transport in cardiac ECC
One of the most heated debates in the field of muscle physiology has focused on the

question whether spatiotemporal cytosolic Ca2+ elevation during cardiac ECC is affected by
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mitochondrial Ca2+ buffering on a beat-to-beat basis, or not. To this date, it remains unclear. A
large body of evidence has provided support for either fast mitochondrial Ca2+ uptake, or slow
Ca2+ accumulation and buffering of mitochondria in cardiomyocytes.

In consensus, it has been demonstrated that MUP has the kinetic ability to react to rapid
fluctuations in cytosolic Ca2+ levels on an instantaneously, near beat-to-beat, temporal scale.
In support, a high affinity binding side for Ca2+ in concentrations as low as 2nM was identified
in electrophysiological studies (241). However, whether such rapid alternations of mitochondrial
Ca2+ are necessary and/or even beneficial during ECC in cardiac cells has divided the field.

Dynamic mitochondrial Ca2+ uptake and efflux on beat-to-beat basis would require
substantial Ca2+ release and recycling from the SR. The amount of released Ca2+ would have to
exceed the buffer capacity of both, the cytosolic and mitochondrial matrix, to facilitate Ca2+
flux. At the same time, enough Ca2+ would have to be provided to cause cardiac contraction.
Additionally, ATP-dependent shuttling of Ca2+ into the SR would not be favorable from an

energetic point of view for the cells (241).

1.4.1.1 Mitochondrial Ca2+ Sparks, or Marks

Information have been gained from various approaches, spanning from assessments in
isolated mitochondria to intact heart (243, 244). Interestingly, multiple studies in permeabilized
cardiomyocytes (primary rat cells and cultures) reported caffeine and ryanodine sensitive
changes of mitochondrial Ca2+ levels. Therein, authors argued for rapid Ca2+ uptake by
mitochondria of local RyR2-mediated Ca2+ release from the SR (245, 246).

Hajndczky's group reported the existence of Ca2+ marks (mitochondrial Ca2+ sparks), a
term the authors created to describe transient Ca2+ elevations in the mitochondrial matrix that
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are elicited by Ca2+ sparks (245). Their observation was made in Rhod-2 loaded mitochondria in
permeabilized HOC2 cell cultures. In this set up, they detected transient elevations of local Ca2+
within a single mitochondrion in response to caffeine-triggered Ca2+ sparks. Spatiotemporal
features of Ca2+ marks were described with fast initiation phase (rate of rise < 50ms) and much
slower decay (full duration at half maximum ~215ms) than Ca2+ sparks. Interestingly, this study
showed also an increase in Ca2+ spark frequency and duration after the application of antimycin
A and carbonilcyanide p-triflouromethoxyphenylhydrazone. These drugs were used to inhibit
mitochondrial Ca2+ uptake. Thus, it was suggested that mitochondrial Ca2+ is directly
influenced by elementary RyR2-mediated Ca2+ release and vice versa (245).

However, evidence of the existence of Ca2+ marks, thus whether RyR2-mediated Ca2+
release directly influences mitochondrial Ca2+ levels, remains lacking in cardiomyocytes with

intact plasma membranes.

1.4.1.2 Species selectivity in Ca2+ dynamics between ER/SR and mitochondria

It should be noted that rapid intra-organelle Ca2+ dynamics between SR and
mitochondria during ECC have been indicated to be species selective. Using different
approaches, cardiomyocytes that were isolated from guinea-pig and rabbit yielded mitochondrial
Ca2+ transients on a beat-to-beat level, whereas rat, cat, ferret and hamster cells, or hearts, did
not (245). However, whether this phenomenon is the result of distinct intrinsic mechanisms of

mitochondrial Ca2+ uptake, or the presence of different regulatory elements remains unknown.
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1.5 Catecholaminergic polymorphic ventricular tachycardia (CPVT)

Catecholaminergic polymorphic ventricular tachycardia is a rare arrhythmogenic disorder
that presents with adrenergic induced bidirectional or polymorphic ventricular tachycardia (86,
137, 240). The disease manifests with physical exercise or emotional stress induced syncope and
sudden cardiac death early in life, without structural abnormalities of the heart and coronary
arteries. CPVT patients display normal electrocardiogram recordings at rest. Stressed individuals
experience an increase in monomorphic premature ventricular contractions (PVCs).These can
ultimately lead to bidirectional or polymorphic VT and cardiac arrest (33-38% of patients) (247,
248). Additionally, physical strain induced atrial arrhythmias have been also found in CPVT
diagnosed patients (247).

Untreated CPVT causes extremely high mortality (up to 50% by the age of 35) (86, 249,
250). Thus, CPVT has been suggested to be the underlying reason for ~ 12% of autopsy-negative
unanticipated deaths and more than 1% of unexpected death in infants (251, 252). In most cases,
first symptoms are observed already as toddlers and adolescents, although occasionally CPVT
does not occur until adulthood. The age of onset (first syncope) has been shown to be correlated
with the seriousness of the disease. Only 60% of patients survive longer than 10 years after a
CPVT diagnosis (253). Beta-blockers, such as flecainide and carvedilol, were found to reduce
syncope in CPVT patients, thus have therapeutically effects (254). Sever cases however required
the implantation of an automatic internal defibrillator (255). However, even with treatment,
lethal incidences occurred in up to 13% of CPVT patients (247, 256).

The analysis of genomic DNA from CPVT patients linked the disease with the

chromosomal locus 1g42-43 (257). Since then, multiple subtypes of CPVT have been identified.
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The arrythmogenic mechanism of all CPVT classes share one key element, abnormality of
RyR2-mediated Ca2+ release (258).

The most common form of CPVT (CPVT1) is caused by autosomal dominant genetic
variation in the gene of RyR2 itself. Over 50 different missense mutations of RYR2 have been
directly linked to CPVT (86, 254), mainly accumulation in exon 16 of RYR2 (259, 260). Up to
79% of a cohort of CPVT patients were found to harbor mutations of RYR2, leading ~ 10% of

this population to pass away as a result of sudden death (258).

1.5.1 Mechanism underlying cardiac symptoms of CPVT

The mechanism that underlies CPVT has been extensively studied. In general, CPVT-
linked RyR2 mutations are believed to sensitize the channel to activation by Ca2+ and thus
increase the propensity of spontaneous Ca2+ release (86). NCX-mediated inward currents can
occur in response to a cytoplasmic Ca2+ overload. The excess Ca2+ is extruded by the forward
mode of NCX, leading to an unbalanced net exchange of charge. This can lead to delayed after-
depolarization (DADSs), arrhythmias and sudden death (12). Three distinct models have been

developed to explain altered RyR2-mediated Ca2+ release in CPVT.

1.5.1.1 FKBP12.6 dissociation leads to “leaky” RyR2 channels

The role of FKBP12.6 in the regulation of RyR2 remains controversial. Marks and
associates generated the hypothesis that dissociation of the FKBP12.6 enhances the activity of
RyR2 channels, which in turn lead to cardiac arrhythmias. A series of studies from them reported
evidence indicated that FKBP12.6 binds the cytosolic portion of RyR2 as “stabilizing™ element to
maintain the channel closed during diastole (66). They proposed that CPVT-associated mutations
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of RyR2 possess decreased binding affinity to FKBP12.6 already at basal conditions. Thus,
stress-induced PKA phosphorylation of RyR2 leads to loss of FKBP12.6 association, resulting
in"leaky” RyR2 channels with increased probability of Ca2+ release and prolonged opening. In
addition, Marks’ group applied 1,4-benzothiazepine derivatives, namely S107, and K201 (alias
JTV519) which restored the activity of RyR2 mutants. Authors attributed this phenomenon to
enhancement of the binding of FKBP12.6 to RyR2 (250, 261). The same group developed
FKBP12.6 KO and RyR2 R2474S knock-in mice that showed stress-induced cardiac arrhythmias
which could be prevented by the use of K201(262) and S107 (263), respectively.

Albeit all this evidence by one group, other groups challenged this hypothesis on various
levels. Lipid bilayer recordings of two independent groups showed that FKBP12.6 did not
altered RyR2 gating, neither at basal conditions nor after application of catecholamines (264,
265). Investigation of the mode of action of K201 revealed that suppression of RyR2-mediated
spontaneous Ca2+ release and reduced binding of radioactive labeled ryanodine occurred
independent of FKBP12.6 (266). This suggests a distinct mechanism underlying the
antiarrhythmic effects of this drug. In addition, in vivo and in vitro characterization of RyR2-
R4496C in mice demonstrated that K201 failed to prevent catecholamine-induced arrhythmias
and interactions of FKBP12.6 and RyR2 were not affected (267). This was surprising, since
Marks and colleagues have reported that the corresponding human RyR2 mutation (RyR2-
R4497C) impaired FKBP12.6 binding to RyR2 thus causing the cardiac disease linked symptoms
(262). Taken together, the role of FKBP12.6 in the arrhythmogenic mechanism of CPVT remains

unresolved.
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1.5.1.2 Stress-induced Store overload induced Ca2+ release

As graphically depicted in Figure 5, a second model has introduced the principle of store
overload-induced Ca2+ release (268). It relies on the regulation of the activity of RyR2 by the
luminal Ca2+ level. At rest, the concentration of free Ca2+ in the SR lumen remains below a
threshold that would cause spontaneous channel opening of RyR2s. However, during stress,
Ca2+ levels within the intracellular store increase in response to stress leading to SOICR when a
critical threshold of luminal Ca2+ is reached. CPVT-associated modifications of RyR2 are
believed to reduce the SOICR threshold below luminal Ca2+ concentrations observed during
stress and diastole. Thus, they cause spontaneous diastolic and stress-induced Ca2+ release. In
support of this theory, CPVT-linked mutations of RyR2 have been shown to increase the
sensitivity of RyR2 to luminal Ca2+, but not cytosolic Ca2+, in lipid bilayers, HEK293 cells,
cardiomyocyte and intact hearts (L433P; RR176Q/T2504M; S2246L; R2474S; N4104K;
Q4201R; R4496C; and 14867M;and N4895D) (83, 87, 89, 264, 267). Additionally, Chen and
colleagues demonstrated that the RyR2 A4860G mutation displays a loss of luminal Ca2+
activation (90). The recent finding of residues of RyR2 in the pore that act as luminal Ca2+
sensor provided compelling evidence for this model underlying CPVT (269). Nevertheless, it
should be noted that distinct CPVT-linked mutations (R176Q/T2504M and L433P) attenuated
Ca2+ dependent inhibition, thus affect the sensitivity of RyR2 to both, cytosolic and luminal

Ca2+ (264, 270).
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Figure 5 A model of stress-induced store overload induced Ca2+ release underlying CPVT
A graphic representation of Ca2+ release from the sarcoplasmic reticulum mediated by normal
RyR2 channels (A) and abnormal CPVT associated RyR2 mutations (B) in correlation to free
Ca2+ levels in the lumen of the SR. The concentration of free Ca2+ is schematically shown at
rest (blue fields) and when a rapid increase occurs as consequence of stimulation (orange areas)
by catecholamines or stress, that induces PKA mediated phosphorylation of RyR2. To note is
that differences in the resting level of free Ca2+ in normal (A) and abnormal CPVT SR (B) have
been suggested to be the result of SR autoregulation/adaptation (271). As intrinsic property of
RyR2, the threshold for SOICR is illustrated as red line. It has been indicated that the threshold
for SOICR is reduced in the CPVT SR as a result of the expression of RyR2 mutations. Thus,

severe Ca2+ spillover that can cause delayed after depolarization and cardiac arrhythmias has
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been proposed to happen when the free luminal Ca2+ concentration reaches the reduced SOICR
threshold in the from CPVT SR. (Adapted from “Functional consequences of protein kinase A-
dependent phosphorylation of the cardiac ryanodine receptor: sensitization of store-overload-
induced Ca2+ release.” by Xiao B. et al. The Journal of Biol. Chem. 2007 (101))

1.5.1.3 "Leaky  RyR2 channels result from abnormal intra-molecular interactions

The third theory suggests that destabilized intra-molecular interactions of domains of
RyR2 underlie CPVT (137). The N-terminal domain and the central domain of RyR2 are
associated via a tight zipping motif. CPVT-linked mutations of RyR2 have been proposed to
weaken inter-domain interactions and cause folding abnormalities, thus “unzipping" the channel
structure. This interference with autoregulation leads to "leaky” RyR2 channels with abnormal
Ca2+ release properties (272). Those have been proposed to lead ultimately to dysfunctional
RyR2-mediated Ca2+ release. In support, Matzusaki's group observed that synthetic peptides
that mimic sequences of CPVT mutant channels destabilize intra-domain interactions in RyR2
and lead to more frequent spontaneous Ca2+ release events (273, 274). Interestingly, different
CPVT mutations lead to distinct conformational folding patterns of RyR2 with abnormal

intramolecular interactions (273, 275).

Overall a combination of these three models possibly to underlie RyR2-associated CPVT.
However, further research is required to understand the molecular mechanism of CPVT. Current
diagnosis of CPVT relies mainly on family-histories and targeted DNA sequencing. However, in
the future whole genomic sequencing at birth might identify CPVT-mutation carriers before they

become symptomatic.
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1.5.2 Treatments of cardiac symptoms in CPVT patients

Pharmacological prevention of cardiac events in RyR2-assosiated CPVT-patients
involves mainly beta-blockers such as carvedilol and flecainide. These drugs are believed to
directly suppress the activity of RyR2. In support, among various tested beta blockers, only
carvedilol has been shown to inhibit SOICR in CPVT models (89, 90, 269). The mode of action
of flecainide that leads to its effective application as medication for CPVT remains debated (272,
273, 275). On one hand, flecainide was shown to reduce opening probability and mean open time
of RyR2 channels. On the other hand, flecainide was suggested to inhibit the Na channel to
prevent DADs, but not act on RyR2 directly (276).

Alternatively, more invasive surgical approaches have been shown to improve conditions
for humans with CPVT phenotypes. Left cardiac sympathetic denervation has been shown to
prevent individuals from ventricular tachyarrhythmias (277). Alternatively, the use of an
implantable cardioverter defibrillator (ICD) had beneficial effects on CPVT patients. However,
considering the age of most CPVT patients, surgical implementations are risky. Shock or pain

may cause stress and trigger ventricular arrhythmias, and sudden death.

1.5.3 CPVT-patients display intellectual disability

Aside from the arrhythmogenic symptoms, a significant portion of patients expressing
CPVT-associated RyR2 mutations also displayed intellectual disability (ID), cognitive deficits,
and other neurodevelopmental disorders (278-280). An adolescent girl carrying a missense
mutation of RYR2 (L4188P) represented with cognitive dysfunction, seizures and ventricular
tachycardia (280). Additionally, de novo missense mutations of RYR2 (G4955E) in a 9-year-old
boy caused ID, seizures and atrial arrhythmias (279). Although an increased body of evidence
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supports the link between RyR2 dysfunction and intellectual disability, the mechanism by which
CPVT-associated RyR2 mutations affect cognitive function is unknown.
A key step towards understanding the physiological and pathological roles of RyR2 in

intellectual abilities is the determination of the exact subcellular location of RyR2 clusters.

1.6 Neuronal Ca2+ signaling: ER as neuron-within-a-neuron

Neuronal Ca2+ signaling relies on a binary membrane system. On one hand, the plasma
membrane incorporates external input (e.g., excitatory and inhibitory stimuli) to produce action
potentials. On the other hand, a continuous ER system that spans throughout the entire cell, even
extending into dendritic spines and axonal terminals, facilitates responses to internal signals
(e.g., Ca2+, signaling molecules, etc.) via nonlinear Ca2+ release (2).

The ER has been described as neuron-within-a-neuron since it has many characteristics
that are normally affiliated with the plasma membrane (see Figure 6). Both are systems that have
integrative and regenerative properties. Furthermore, they possess a ‘memory" of preceding
events as a result of activity-dependent phosphorylation of ion channels in the plasma membrane
and accumulation of Ca2+ in the ER. Reciprocal interaction among these membrane systems
relies on cytosolic Ca2+ to regulate specific processes in neurons, including gene transcription,

excitability, synaptic transmission and plasticity.
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Figure 6 Neuron-within-a-neuron

The binary membrane system that is involved in neuronal Ca2+ signalling is graphically
depicted. The extensive ER system extends even into dendritic shafts and axonal terminals
(adapted from Berridge M. J. “Neuronal Calcium Signalling.” 1998 (2)).

1.6.1 Compartmentalized Ca2+ homeostasis in neurons

Spatial segregation of neurons into compartments allow subcellular-specific Ca2+
signaling (281, 282). Thus, molecular components that are involved in cytosolic Ca2+
homeostasis could be involved in distinct functions depending on their subcellular localization in
pre/post-synaptic terminals, axons, dendritic shafts and spines, or the soma.

As such, RyRs have become of great interest since it mediates Ca2+ release from the ER

which is present throughout neurons.
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1.6.2 Synaptic Ca2+ signaling in neurons

Elevation of cytosolic Ca2+ is an essential step in synaptic transmission. Both Ca2+
influx from the extracellular space and Ca2+ release from the intracellular stores contribute to
the cytosolic Ca2+ increase that drives many neuronal processes (2, 283, 284). In neurons, Ca2+
influx is mediated by various plasma membrane receptors and channels, including voltage-
dependent Ca2+ channels, N-methyl-D-aspartate (NMDA) receptors, alpha - amino-3-hydroxy-5-
methyl-4-isoxazolepropanoicacid (AMPA) receptors, whereas intracellular Ca2+ release is

governed by RyRs and IP3Rs (2, 283).

1.6.2.1 Role of RyRs in synaptic transmission

Although the significance of intracellular Ca2+ release is becoming increasingly
appreciated, it has been insufficiently explored yet. RyR-mediated Ca2+ release has been
suggested to be involved in synaptic transmission and signal propagation.

An increasing body of evidence indicates that an analogous CICR mechanism operates in
neurons. Thereby, Ca2+ influx signals are amplified upon neuronal activation by RyR-mediated
Ca2+ release (285, 286). This intracellular Ca2+ release has been proposed to contribute to a
major portion of cytosolic Ca2+ elevation that governs transmitter release, postsynaptic
signaling, gene transcription, pre and post-synaptic plasticity, learning and memory (2, 283,
284). However, the molecular basis and the exact roles of the specific RyR2 isoform in neuronal
Ca2+ signaling are poorly understood. Knowing the precise subcellular expression and

distribution of RyR2 is fundamental to the understanding their functional roles in neurons.
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1.6.2.2 Expression and distribution of RyRs in the brain

Misleadingly, RyR3 has been described as the “brain RyR isoform’ in literature. This
semantic misconception was introduced since RyR3 was first identified by sequence analysis
from cDNA isolated from rabbit brain (21). Nevertheless, all three RyR isoforms are expressed

in the brain.

1.6.2.2.1 Isoform specific distribution of RyR2 in the brain

RyRs have been extensively studied in striated muscle. However, little is known about
isoform-specific subcellular distribution and neuronal function of RyR2 proteins. Already in 1990,
radioactive binding assays showed that RyR2 is most abundantly expressed throughout the brain
(287). Subsequent [3H]-ryanodine binding experiments, mMRNA and antibody localization studies
showed similar results and further defined the regional and cellular expression of RyR2. Most
extensive levels of RyR2 directed probes were found in the hippocampus and cortex (287-292).
These brain regions are important for spatial learning, memory and cognition.

At a subcellular level, RyRs were found to be expressed in different compartments of
hippocampal neurons, including presynaptic terminals, dendritic spines, dendritic shafts, and the
soma (286, 288, 290, 293, 294). Consistent with these localizations of RyRs, functional studies
have implicated an important role of RyRs in synaptic transmission, long-term potentiation (LTP),
synaptic plasticity, and gene expression (285, 293, 295-301).

However, the precise subcellular localization and specific roles of the RyR2 isoform in
hippocampal neurons are largely undefined. This is due, in part, to the presence of all 3 RyR
isoforms in hippocampal neurons, the uncertain antibody specificity in the context of the whole

brain tissue, and the lack of isoform-specific functional probes for RyR2.

60



Intriguingly, training in a water-maze that is specifically designed to stimulate spatial
learning and memory led to an increase in the level of RyR2 mRNA and protein in hippocampus
(302-305). This observation suggests that RyR2 plays an important role in hippocampal
cognition. However, the role of RyR2-mediated Ca2+ release in the molecular mechanisms that

underlie such abilities remains unclear.

1.6.3 RyRsinLTP

A number of functional studies have demonstrated that RyRs are critically involved in the
induction of long-term potentiation (LTP), a major component of synaptic plasticity, learning and
memory (306, 307). LTP describes persistent (> 30min) strengthening of chemical synapses in
response to neuronal activity. Synaptic strength is defined as the product of three factors:
presynaptic release probability; number of neurotransmitter (NT) release sites and postsynaptic
response to a singular NT input (308). It is reflected by the amplitude of postsynaptic potentials,
which is increased during LTP in an input dependent fashion.

RyR modulator-sensitive Ca2+ release at pre- and post-synapse was reported to be
involved in LTP in various neurons. Enhanced activity of RyRs by caffeine or inhibiting of RyRs
by ryanodine or dantrolene has a marked effect on the capability of LTP, learning and memory
(309-311). However, these pharmacological studies do not distinguish the specific roles of each
RyR isoform. Antisense oligonucleotides have been used to selectively knockdown the
expression of RyR isoforms(292), but the effectiveness of this knockdown approach in intact
animals is not clear. Genetic knockout of RyR3 has been shown to affect learning and

memory(312), but this knockout approach is not feasible for RyR1 and RyR2, as RyR1 or RyR2
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deficient mice die early during embryonic development(28, 313). Altogether, assessment of the

functional roles of the specific RyR2 isoform in neurons has remained challenging.

1.6.3.1.1 RyR2in LTP and cognition

Only recently, RyR2 was directly linked to LTP and cognition by Marks and colleagues
(314, 315). They used knock-in mice that harbored RyR2 mutants with an altered
phosphorylation side at residue S2808. Expression of RyR2-S2808A prevented from stress-
induced learning disabilities and had beneficial effects in Alzheimer’s disease crossbreeds. In
contrast, RyR2-S2808D mice showed defective LTP and cognitive dysfunction. Furthermore,
they showed that their RyR2 directed benzodiazepine derivate, S107, rescued cognitive
impairment and the capability to produce LTP. As in the striated muscle field, Marks™ group
proposed that phosphorylation-dependent FKBP12.6 dissociation from RyR2 underlies the
neuro-pathogenic mechanism. However, the regulatory role of FKBP12.6 of the activity of RyR2
remains controversial (please see 1.5.1.1 FKBP12.6 dissociation leads to "leaky” RyR2
channels). Thus, other possible regulatory mechanisms should be explored to understand the
roles of RyR2 in neuronal function.

For instance, a knock-in mouse model that harbors a CPVT-linked RyR2 mutation
(RyR2-R4496C) would be an ideal candidate to evaluate the impact of the effects of enhanced
sensitivity to luminal Ca2+. Marks and colleagues suggested that K201 re-establishes the binding
of RyR2 by FKBP12. However, cardiac symptoms in RyR2-R4496C mice were not affected by
K201, indicating that the equivalent to the human RyR2-R4497C mutation does not lead to

FKBP12.6 dissociation (267).
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1.6.4 Non-linear Ca2+ release from ER in neurons

Intracellular Ca2+ events in neurons rely on the progressive loading of the ER. As
continuous network it provides both, a source and a reservoir for Ca2+. Despite its significance,
little is known about the factors that determine Ca2+ release from the ER in neurons.

Intriguingly, Ca2+ release in hippocampal neurons has been shown to be non-linear and
graded. A global intracellular Ca2+ event transiently prevented further stimulations. In addition,
Ca2+ influx in response to single plasma membrane depolarization was not sufficient to trigger
Ca2+ release from the ER. Nevertheless, trains of action potentials triggered Ca2+ release from
the ER in hippocampal neurons (316). In support, Ca2+ Sparks were found in hippocampal
neurons (297, 317-319). However, the impact of enhanced sensitivity of RyR2 to luminal Ca2+

remains to be elucidated in neurons.
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1.7 Research objective and specific aims

Recently, Chen’s group created a RyR2-(T1366-GFP) knock-in mouse model that expresses
a green fluorescence protein - tagged RyR2. Therewith, | can investigate the
expression/distribution of RyR2 in live cardiomyocytes. Additionally, Chen and associates
generated KI mice expressing a CPVT-linked RyR2-R4496C mutation (83, 87, 89, 269), with
enhanced sensitivity to luminal Ca2+. With these novel KI mice, I am in the unique position to

study RyR2 expression/distribution and function in various tissues.

The objective of this study is to define the functional significance of the subcellular
distribution of RyR2 in ventricular myocytes and hippocampal neurons. The working
hypotheses are that (1) highly ordered arrays of RyR2 clusters are the exclusive Ca2+ release
sites in the interior of ventricular myocytes; (2) the distribution of functional RyR2 CRUs at the
periphery of the cell is distinct from arrangements in the interior of ventricular cardiomyocytes
and (3) expression of CPVT-linked RyR2 mutation impairs hippocampus Ca2+ signalling, LTP
formation and cognitive abilities in knock-in mice. To test these hypotheses, three specific aims

are outlined as follows.

1.7.1 Define the subcellular distribution of RyR2 clusters and Ca2+ release sites in
ventricular myocytes

Highly ordered arrays of functional RyR2 clusters are believed to be critical for synchronous
Ca2+ release during stable graded ECC in ventricular myocytes. The subcellular distribution of

RyR2 has been extensively studied using anti-RyR2 antibodies. However, the use of antibodies
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requires fixation and/or permeabilization that renders the sample non-functional. Thus, little is
known about the subcellular distribution of functional RyR2 clusters in live cardiomyocytes.
Interestingly, a recent functional study by Lukyanenko et al. (206) reported the detection of

a significant portion of RyR2-mediated events (~20%) in between Z-lines. Thus, the existence of

functional RyR2 units in the space between z-lines were proposed with an important role in the
propagation of Ca2+ transients across individual sarcomeres (207). Controversially, other studies
showed that almost all RyR2 clusters are co-localized with a-actinin (59, 208), an established Z-
line specific marker. The reason underlying the discrepancy between functional observations and
localization studies remains unclear.

To investigate the surprising lack of compatibility | took advantage of the novel knock-in
mouse model that expresses GFP-tagged RyR2. | aim to correlate the RyR2 clusters and Ca2+
release sites in live ventricular myocytes. To achieve this goal, I first plan to define the exact
subcellular distribution of RyR2 clusters in ventricular myocytes. Therefore, | determined the
subcellular distribution of GFP-RyR2 clusters in live and fixed cells isolated from our KI mice
using confocal imaging. This will show whether fixation affects the distribution of RyR2 clusters
in cardiomyocytes. | further co-localized GFP-RyR2 signals with intracellular landmarks,
namely i) mitochondria; ii) transverse-axial-tubular system and iii) the Z-line residual protein
alpha-actinin. This will provide information to define the exact location of GFP-RyR2 clusters in
subcellular context. Secondly, I synchronously recorded Ca2+ sparks and GFP-RyR2 clusters in
live ventricular myocytes. This will reveal the position of CRUs in correlation with the location

of RyR2 clusters and help to explain discrepancy in former functional and localization studies.
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1.7.2 Determine the distribution of functional RyR2 units at the periphery of live
ventricular myocytes

The distribution of functional RyR2 units at the periphery of ventricular myocytes
remains unknown. Localization studies in fixed and permeabilized cardiomyocytes suggested
different patterns of RyR2 clusters at the periphery and the interior. Three different distributions
of RyR2 arrangements have been observed: (i) irregular/disordered, (ii) double rows, and (iii)
single rows. Evidence has suggested that functional RyR2 clusters are present near the
membrane (209-211). However, whether all RyR2 clusters in these distinct patterns function
similarly to those in the interior is unclear.

To address this issue, | used the GFP-RyR2 K1 mouse model to study the distribution and
function of RyR2 clusters near the sarcolemma in living ventricular myocytes. Using confocal
and TIRF imaging, | aim to determine the exact localization of GFP-RyR2 nearest to the
sarcolemma. To explore the possibility that the observations of different patterns of RyR2 occurs
due to protein trafficking effects, 1 will further record time series to evaluate the dynamics of
RyR2 clusters. Additionally, functional correlation of Ca2+ release events and the observed
RyR2 clusters will be provided via fluorescence monitoring of Ca2+ indicator loading
ventricular myocytes. This will reveal whether all RyR2 clusters in the patterns nearest to the

sarcolemma operate with similarly Ca2+ release properties to those in the interior.

1.7.3 Investigate the mechanism of cognitive disability associated with CPVT — linked
RyR2 mutations

A number of studies suggested a link between CPVT RyR2 mutations and cognitive
disability. However, the mechanism by which CPVT RyR2 mutations affect learning and
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memory is unknown. To address this question, | aim to determine the precise subcellular
localization and specific roles of the RyR2 isoform in different compartments (presynaptic
terminals, dendritic spines, dendritic shafts, and the soma) in neurons in regions associated with
cognitive functions, such as the hippocampus. I will use brain slices from the GFP-RyR2 knock-
in mice and an anti-GFP probe that I specifically generated to unambiguously localize GFP-
RyR2 in hippocampal neurons. This will allow us to reveal the exact subcellular location of
RyR2 clusters via confocal and SIM imaging. | further co-localized GFP-RyR2 signals with
neuronal markers for presynaptic terminals, dendritic spines and dendritic shafts. This will
provide context to define the exact location of GFP-RyR2 clusters at a subcellular level.

With this information, | further aim to assess the impact of a CPVT-linked RyR2 mutation
R4496C on presynaptic and postsynaptic function in hippocampal CA1 neurons in brain slices
from the RyR2 R4496C mutant mice. | will compare the capability to produce paired pulse
facilitation and long-term potentiation, the molecular mechanism underlying learning and
memory. Additionally, I will assess Ca2+ signaling in hippocampal neurons in intact brain slices.
I will further evaluate whether the behavior of RyR2 R4496C mutant mice is different from WT
littermates. Lastly, | aim to determine neuronal activity in hippocampal neurons to see whether
there are differences.

Overall, this will reveal novel insights into the impact of CPVT-associated RyR2-R4496C

mutation on cognitive function.
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CHAPTER 2 DISTRIBUTION AND FUNCTION OF CARDIAC RYANODINE

RECEPTOR CLUSTERS IN LIVE VENTRICULAR MYOCYTES

2.1 INTRODUCTION

Excitation-contraction coupling in cardiac muscle cells occurs via a mechanism known as
Ca2+-induced Ca2+ release (84, 320). In this process, depolarization of the transverse tubular
membrane activates the voltage-dependent L-type Ca2+ channel, resulting in a small influx of
Ca2+ into the cytosol. This Ca2+ entry then triggers a large Ca2+release from the sarcoplasmic
reticulum (SR)2 by opening the cardiac ryanodine receptor (RyR2) channel located in the SR
membrane and, subsequently, muscle contraction (84, 320). Hence, RyR2 acts as a
Ca2+ amplifier during Ca2+-induced Ca2+release. A potential problem with this
Ca2+ amplification process is that Ca2+ efflux from the SR could further activate RyR2 and
Ca2+ release. Such positive feedback would lead to regenerative Ca2+ release. However,

Ca2+ release from the SR in normal heart cells is graded and tightly controlled (128, 143, 144,
148, 203, 321, 322). How heart cells are able to achieve graded and stable amplification of
Ca2+ influx via the positive feedback process of Ca2+-induced Ca2+ release is not completely
understood.

The distribution of RyR2 in cardiomyocytes is believed to play a critical role in achieving
the gradation and stability of Ca2+-induced Ca2+ release. RyR2 proteins are organized in the
form of clusters in cardiomyocytes. These RyR2 clusters represent the elementary Ca2+ release
units (53, 129, 143-145, 321, 323, 324). Activation of these elementary Ca2+release units (RyR2
clusters) produces elementary Ca2+ release events, known as Ca2+ sparks (128-131, 146). The
spatiotemporal summation of these Ca2+ sparks is thought to underlie the global Ca2+ transients
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(131). The gradation of SR Ca2+ release in response to Ca2+ influx could then be achieved by
recruiting various numbers of Ca2+ release units (128-130, 146, 325).

The distribution and organization of RyR2s in cardiomyocytes have been extensively
investigated (58, 153, 211, 214, 326). It has been shown that RyR2 clusters are associated with
transverse tubular membranes located along z-lines (53, 153, 154, 205). Interestingly, a

significant portion of RyR2 clusters (~20%) was found to be located between z-lines (206).

These RyR2 clusters located in the middle of the sarcomere are thought to play an important role
in the propagation of Ca2+ transients (207). However, other studies showed that nearly all RyR2
clusters are co-localized with a-actinin (59, 208), a marker of the z-line. The reason for this
discrepancy is unclear. It is important to note that nearly all studies on RyR2 distribution in
cardiomyocytes were carried out in fixed and/or permeabilized cells or tissues using
immunostaining with anti-RyR2 antibodies. It is unclear whether cell or tissue fixation and/or
permeabilization would alter the distribution and organization of RyR2. It is also uncertain
whether the anti-RyR2 antibodies used recognize RyR2 unrelated epitopes. These concerns
warrant the need to study the distribution of RyR2 directly in a more physiological setting.
Information on the distribution of functional groups of RyR2s is also lacking. It is unclear
whether the distribution of functional groups of RyR2s correlates with that of RyR2 clusters
detected in fixed, permeabilized cardiac cells. Using mitochondria as markers, Lukyanenko et
al. (206) showed that most of the Ca2+ sparks (functional groups of RyR2s) were detected in
regions between mitochondria, where z-lines are thought to be located. However, a significant
portion of Ca2+ sparks was also detected in regions near the middle of mitochondria. These

indirect studies suggest that functional groups of RyR2s may exist between z-lines in the middle
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of sarcomere. However, a direct correlation between Ca2+ sparks and RyR2 clusters has yet to
be demonstrated.

To circumvent these potential problems with respect to antibody specificities or sample
handling, we generated a knock-in mouse model expressing a GFP-tagged RyR2. Using confocal
fluorescence imaging, we directly determined the distribution of RyR2 clusters in live
cardiomyocytes isolated from the GFP-RyR2 mice. We found that nearly all GFP-RyR2 clusters
were localized to the z-line zone and associated with transverse, but not longitudinal, tubules. On
the other hand, GFP-RyR2 clusters were not co-localized with mitochondria, although they are in
close proximity. Co-detection of GFP-RyR2 clusters and Ca2+ sparks revealed that Ca2+ sparks
originate exclusively from RyR2 clusters. These studies shed novel insights into the distribution

of RyR2 clusters and its functional correlation in living cardiomyocytes.
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2.2 EXPERIMENTAL PROCEDURE
2.2.1 Generation of a knock-in mouse model expressing a GFP-tagged RyR2

A genomic DNA phage clone containing part of the mouse cardiac ryanodine receptor
gene was isolated from the lambda mouse 129-SV/J genomic DNA library (Stratagene) and used

to construct the RyR2 GFP knock-in targeting vector. This genomic DNA fragment (~15 kb) was

released from the lambda vector by Notl and subcloned into pBluescript to form the RyR2
genomic DNA plasmid. PCR-based site-directed mutagenesis was performed to generate a 660-
bp DNA fragment containing the Ascl site inserted after residue Thr-1366 using the RyR2
genomic DNA plasmid as a template. The GFP flanked by glycine-rich linkers was inserted into
this fragment via the Ascl site. A 5.7-kb Notl-BamHI fragment was then subcloned into the
targeting vector that contains a neomycin selection cassette flanked by FRT sites using Notl and
BamHI to form the 5" arm. A 5.4-kb Sall-Xhol fragment was inserted into the targeting vector to
form the 3’ arm. All PCR fragments used for constructing the targeting vector were confirmed by
DNA sequencing. The targeting vector was linearized with Notl and subsequently electroporated
into R1 embryonic stem (ES) cells. G418-resistant ES clones were screened for homologous
recombination by Southern blotting using an external probe. Briefly, genomic DNA was
extracted from G418-resistant ES cell clones. ES cell DNA was digested using Ncol, separated
on a 0.8% (w/v) agarose gel, and subsequently blotted onto a nitrocellulose membrane. A DNA

probe (~700 bp) was generated by PCR from mouse genomic DNA using the specific primers 5'-

GAGGAAGTACAGATCAGTTCTTA-3' (forward) and 5'-AGCCTAGAGA
CTTTCCCTTTCAC-3’ (reverse). The PCR product was subsequently radiolabeled using

[3°P]dCTP by random priming (Invitrogen). DNA blots were hybridized with the radiolabeled
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probe and visualized by autoradiography. Eight positive homologous recombinants were
detected of 780 ES cell clones, two of which were microinjected into blastocysts from C57BL/6J
mice to generate male chimeras. Male chimeras were bred with female 129sve mice to generate
germ line-transmitted heterozygous GFP-RyR2-neo knock-in mice. GFP-RyR2-neo male mice
were bred with female mice that express Flp recombinase to remove the selectable marker (the
neomycin-resistant gene, neo). The genotypes from F1 generation without neo were determined
by PCR using DNA from tail biopsy specimens using the DNeasy tissue kit from Qiagen and the
DNA primers PRIMER1 (5'-ATATCACTCCTAGACATACCCTCA-3', forward), PRIMER2
(5-CTTCAGCTCGATGCGGTTCAC-3’, forward) and PRIMER3 (5'-

AGACCAGACAAGCCATCACACTA-3, reverse).

2.2.2 lIsolation and fixation of ventricular myocytes
Ventricular myocytes were isolated using retrograde aortic perfusion as described

previously (266). Isolated cells were kept at room temperature in Krebs-Ringers-HEPES (KRH)
buffer (125 mM NacCl, 12.5 mM KCI, 25 mM HEPES, 6 mM glucose, and 1.2 mMMgCI2, pH
7.4) containing 20 mM taurine, 20 mM 2,3-butanedione monoxime, 5 mg/ml albumin, and 0.5-1
mM free Ca2+ until use. A portion of the isolated cells from the same mouse heart was fixed by
4% (w/v) paraformaldehyde in Ca2+ free KRH solution for 10 min at room temperature. Excess
paraformaldehyde was removed by washing with KRH containing glycine (0.5 M). The fixed

cells were kept in KRH buffer and stored at 4 °C until use.
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2.2.3 Staining of live cardiomyocytes

Live ventricular myocytes were stained with 3 uM di-8-ANEPPS (Invitrogen) or 2 uM
MitoTracker Red-FM (Invitrogen) in KRH buffer containing 0.5-1 mM Ca2+ for 5-20 min at
room temperature. The stained cells were washed three times for 5 min each with KRH solution

containing 0.5-1 mM Ca2+ and kept at room temperature until use.

2.2.4 Cell permeabilization

Fixed ventricular myocytes were permeabilized with 1% (v/v) Triton (EMD Millipore) in
KRH solution for 1 h. The permeabilized cells were washed three times and blocked with
BlockAid blocking solution (Molecular Probes) overnight at 4 °C. Myocytes were washed again
and incubated with primary monoclonal anti-a-actinin antibody (A7811; Sigma) diluted to 250
ng/ml in blocking solution for 1 h at room temperature. Cells were then washed three times for
10 min each in blocking solution before incubated with a secondary antibody (4 ng/ml), Alexa
Fluor 633-conjugated anti-mouse goat IgG (H+L) (Molecular Probes), for 45 min at room
temperature. After further washes with KRH buffer three times for 10 min each, cells were kept

in Ca2+ free KRH at 4 °C until imaging.

2.2.5 Single cell imaging of GFP-RyR2 clusters, mitochondria, transverse/longitudinal

tubules, and a-actinin in isolated ventricular myocytes

All imaging of live isolated ventricular myocytes was performed within 4—6 h after cell

isolation. Isolated myocytes were placed onto laminin-coated micro glass coverslips (VWR, no.
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1). After 5-10 min, unattached myocytes were gently removed via KRH buffer exchange (0.5-1
mM Ca2+). Cells were then staged onto the microscope for confocal imaging. Cell integrity was
tested by pacing at 2-3 Hz. Only cardiomyocytes that followed electrical pacing were selected
for subsequent live cell imaging. Fixed and permeabilized cardiomyocytes were transferred onto
non-coated micro glass coverslips (VWR, no. 1) and allowed to settle to the coverslip for at least
10 min before imaging. Images were acquired with an inverted Nikon A1R scanning confocal
microscope system equipped with a Nikon 60x/numerical aperture 1.2 Plan-Apochromat water
immersion objective and selective excitation and emission filters. Excitation light was provided
by argon (488 nm; Coherent Sapphire), yellow diode (561 nm; Coherent Sapphire), and red
diode (635 nm; Coherent Sapphire) lasers to detect GFP (maximum excitation of 488 nm and
maximum emission of 510 nm), di-8-ANEPPS (maximum excitation of 488 nm and maximum
emission of 630 nm), MitoTracker Red-FM (maximum excitation of 581 nm and maximum
emission of 644 nm), and Alexa Fluor 633-conjugated secondary antibody (maximum excitation
of 630 nm and maximum emission of 650 nm). Basic image processing and spectral fluorescence
unmixing for co-detection and analysis of GFP and di-8-ANEPPS fluorescence signals were

performed using the NIS Elements AR 4.13 software (Nikon).

2.2.6 Line scanning confocal imaging of individual Ca2+ sparks in GFP-RyR2 ventricular
myocytes

Ventricular myocytes isolated from GFP-RyR2 mice were loaded with Rhod-2 AM (5
uM; Invitrogen) for 20 min at room temperature. The cells were then washed with KRH buffer
three times and transferred onto laminin-coated cover glasses (VWR, no. 1). After mounted onto
the detection stage, they were superfused with KRH solution containing 1.8-2 mM free Ca2+ at
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35-37 °C. Confocal line scan Ca2+ imaging was performed to record individual Ca2+ release
events using the Nikon A1R confocal microscope system equipped with a Nikon 60x/numerical
aperture 1.2 Plan-Apochromat water immersion objective. Images of Ca2+ release events were
acquired at a sampling rate of 1.8-1.9 ms/line along the longitudinal axis of the myocytes in the

line scan mode.

2.2.7 Monitoring mitochondrial and cytosolic Ca2+ in ventricular myocytes isolated from
GFP-RyR2 knock-in mice

Ventricular myocytes were loaded with Rhod-2 AM (2.5-5.0 uM) at 4 °C for 75 min to
facilitate loading of Rhod-2 AM to mitochondria as previously described (327-329). Cytosolic
Rhod-2 dye was removed through incubation at 37 °C for 3—4 h until a clear mitochondrial
pattern of Rhod-2 labeling was observed. The cells were then superfused with KRH buffer
containing 3 mM extracellular Ca2+ and paced at 3 Hz for 30-60 s. The fluorescence signals of
GFP and Rhod-2 were co-detected using confocal fluorescence microscopy. For monitoring
cytosolic Ca2+ level, the Rhod-2-loaded cells were incubated with Fluo-4 AM (2.5-5 uM) in
KRH buffer containing 0.5 mM Ca2+ for 25 min at room temperature. The Fluo-4/Rhod-2-
loaded cells were then washed and superfused with KRH containing 3 mM extracellular
Ca2+ and paced again at 3 Hz for 30-60 s. The fluorescence signals of Fluo-4, GFP, and Rhod-2

were co-detected using confocal fluorescence microscopy.

2.2.8 Computer analysis
All image processing and detection methods were implemented using MATLAB (The

Mathworks Inc., Boston, MA).
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2.2.8.1 RyR2- segmentation

GFP-RyR2 x-y images were processed as follows. First, a histogram-based normalization
procedure was applied to the images to adjust the range to the background fluorescence level.
The normalization ensured that the resulting images were not affected by outlier pixels in the
image. Noise filtering and GFP-RyR2 enhancement was performed by applying a two-

dimensional convolution using a Gaussian template with a ¢ value of ~1 um (twice the diameter

of the microscope's point spread function). The resulting convolved image was rescaled to the
interval [0.1], and all regions above 0.5 were marked as candidates for GFP-RyR2. Regions
smaller than 0.1 um2 were discarded, and regions containing more than one local maxima
(because of noise) were smoothed by means of a median filter until left with a single central

maxima. Spatial resolution ranged from 0.03 to 0.1 pm.

2.2.8.2 Cluster size measurement
For each detected GFP-RyR2 cluster, cluster size was defined as the distance at which the
intensity decays to 80% of its maximum, measured by Gaussian fits to eight cross-sections of the

cluster taken in angular increments of 45°.

2.2.8.3 Automated spark detection and localization

Line scan images were normalized using a time-dependent basal fluorescence level to
correct for temporal drifts in the basal fluorescence. Sparks were detected from the normalized
images by using a custom watershed segmentation method with a size-dependent stopping rule.

Background noise was estimated to filter sparks using amplitude thresholding. Sparks producing
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a goodness of fit in the exponential decay fit R2 < 0.85 were excluded from the analysis. All
detected sparks were validated manually. The distance from the spark initiation focus to the

nearest RyR2 cluster was measured.

2.2.9 Statistical analysis
All values shown are means = S.E. unless indicated otherwise. To test for differences
between groups, we used unpaired Student's t tests (two-tailed). A p value of <0.05 was

considered to be statistically significant.
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2.3 RESULTS

2.3.1 Generation of a knock-in mouse model expressing a GFP-tagged RyR2
To study the distribution of RyR2 clusters and the correlation of their distribution to function in
living cells, we generated a knock-in mouse model expressing a GFP-tagged RyR2 (Figure 7A).
The GFP was inserted into RyR2 after residue Thr-1366 (Figure 7B). To minimize potential
steric hindrance, the GFP sequence was flanked by 10-residue Gly-rich linkers on both sides of
the GFP (Figure 7B). The three-dimensional location of the inserted GFP was mapped previously
to subdomain 6 in the “clamp” region of the three-dimensional structure of RyR2 (Figure 7C)
(40). The GFP-tagged RyR2 formed caffeine- and ryanodine-sensitive functional Ca2+ release
channel (40), indicating that the insertion of GFP did not grossly alter the structure and function

of the RyR2 channel. We also did not observe gross defects in the GFP-tagged RyR2 mice.

2.3.1.1 Distribution of RyR2 clusters in live and fixed ventricular myocytes

To determine the distribution of RyR2 in living cells, we isolated ventricular myocytes from
GFP-RyR2 mouse hearts in the presence of low concentrations of Ca2+ (0.5-1.5 mM) to
minimize spontaneous contraction. The GFP fluorescence signal was then detected using a
confocal microscope in a line scan mode. As shown in Figure 8, GFP-RyR2s were clearly
detected as highly organized discrete clusters in the interior and at the periphery of the cell
(Figure 8). A majority of these clusters were distributed in highly ordered transverse rows with
an average spacing of 1.88 um (Figure 8a and Table 1). Some of the GFP-RyR2 clusters were
dislocated, particularly within or near the perinuclear region (Figure 8b) or in other regions of the
cell (Figure 8c). These observations are consistent with those reported previously (58, 153, 211,
214, 326). We also detected intercalated GFP-RyR2 clusters at the periphery of isolated live
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ventricular myocytes (Figure 8d), similar to those described previously in fixed cardiac cells (58,

214).

To ascertain whether the fixation procedure commonly used in immunostaining studies of
RyR2 distribution in cardiac cells would alter the distribution of RyR2 clusters, we repeated the
confocal imaging studies on isolated, fixed ventricular myocytes from the GFP-RyR2 mouse
heart (Figure 9). The overall distribution, distance between rows of GFP-RyR2 clusters, the
nearest distance, and the GFP-RyR2 cluster size in live and fixed ventricular myocytes were
found to be similar (Table 1). Thus, fixation does not significantly alter the distribution of RyR2
clusters in ventricular myocytes. It should be noted that no green clusters were detected in wild

type ventricular myocytes (not shown).

Table 1 GFP-Ryr2 cluster distribution in live and fixed ventricular myocytes

The properties of GFP-RyR2 cluster distribution were determined from confocal fluorescence
images of live and fixed ventricular cardiomyocytes isolated from the same GFP-tagged RyR2

knock-in mice. The data shown are means + S.E.

Longitudinal Mean

i Mean nearest Cluster No. of
distance between neiahbor cluster densit cells
GFP-RyR2 cluster g radius y
rows
o . m No. per
n B H um2
_ 0.383 0.294 +
Live cells 1.880+0.172 0.759 + 0.029 0.049 0.054 10
_ 0.394 0.314 £
Fixed cells 1.855 £ 0.096 0.771 £ 0.023 0052 0.063 11

79



2.3.1.2 Location of RyR2 clusters in the z-line zone in ventricular myocytes
It has been proposed that a significant portion (~20%) of RyR2 clusters is associated with

the network SR and that these network SR-associated RyR2 clusters are located between z-lines
(206). To directly determine the distribution of RyR2 clusters in relation to the z-line, we marked
the z-line zone in fixed ventricular myocytes isolated from the GFP-RyR2 mouse heart by using
an anti-a-actinin antibody, a commonly used marker for z-lines. Staining with the anti-a-actinin
antibody revealed the z-line zone in a typical striated pattern (Figure 10, A and a). Interestingly,
regions with dislocated or coiled z-lines were frequently detected (Figure 10, A and b), similar to
those reported previously (59, 208). The distribution of GFP-RyR2 clusters in the same cell is
shown in Figure 10B. The merged image of a-actinin staining and GFP-RyR2 signals is shown in
Figure 10C. Remarkably, nearly all GFP-RyR2 clusters are localized within the z-line bands of
a-actinin staining (Figure 10, C and a), even in regions with dislocated or coiled z-lines (Figure

10 C and b). There are only a few GFP-RyR2 clusters (~0.6%) that were detected between z-

lines. Therefore, these observations suggest that RyR2 clusters nearly strictly follow the z-lines.

2.3.1.3 Co-localization of RyR2 clusters with tubular system in ventricular myocytes

Previous immunostaining studies showed that RyR2 clusters were co-localized with both
transverse and longitudinal tubules in fixed cardiomyocytes (154, 206, 215). To determine
whether GFP-RyYR2 clusters are co-localized with transverse and/or longitudinal tubules in living
cells, we labeled the tubular-system in ventricular myocytes isolated from the GFP-RyR2 mouse
heart with the di-8-ANEPPS dye. We then simultaneously detected the GFP and di-8-ANEPPS

signals using confocal spectral imaging. As shown in Figure 11A, the di-8-ANEPPS dye labeled
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the sarcolemma, and the transverse (Figure 11A, panel a) and longitudinal tubules (Figure

11A, boxes b and c), similar to those reported previously (154, 208, 215, 330). Figure 11B shows
the distribution of GFP-RyR2 clusters. Merging the GFP signals with those of di-8-ANEPPS
revealed that nearly all the GFP-RyR2 clusters were co-localized with the transverse tubules
(Figure 11C, boxes a and b). Only few GFP-RyR2 clusters (<0.1%) were associated with the
longitudinal tubules in a given confocal image of an entire cell (Figure 11C, box c), similar to
that described previously (208, 215). Therefore, RyR2 clusters are primarily co-localized with

transverse, but not longitudinal tubules.

2.3.1.4 Relative distribution of RyR2 clusters and mitochondria in ventricular myocytes

It has been suggested that there is a tight Ca2+ transmission between mitochondria and
SR via RyR2s (331). It is of interest then to examine the relative distribution of RyR2 clusters
and mitochondria. To this end, we labeled the mitochondria using the MitoTracker Red dye in
isolated ventricular myocytes from the GFP-RyR2 mutant heart. The GFP and MitoTracker Red
signals were then simultaneously detected using confocal line scan imaging. The distribution of
mitochondria and GFP-RyR2 clusters is shown in Figure 12 (A and B, respectively).
Interestingly, GFP-RyR2 clusters were located in regions between mitochondria (Figure
12C, box a). Some GFP clusters were located in regions without mitochondria (Figure
12C, boxes b and c). These results suggest that RyR2 clusters are not co-localized with

mitochondria, although they are in close proximity with each other.

2.3.1.5 Co-localization of GFP-RyR2 clusters and Ca2+ sparks in ventricular myocytes
Previous studies showed that Ca2+ sparks primarily occurred along z-lines where RyR2 clusters

81



were thought to be located (205, 332), suggesting that Ca2+ sparks originate from RyR2 clusters.
To directly correlate the occurrence of Ca2+ sparks and the location of RyR2 clusters, we
simultaneously recorded GFP and Ca2+ spark signals in ventricular myocytes isolated from
GFP-RyR2 mouse hearts using confocal line scan imaging. As shown in Figure 13, GFP-RyR2
clusters were depicted as green bands in the line scan images (middle green panel). Spontaneous
Ca2+ sparks were clearly detected as brief, localized small Ca2+ transients (top panel). Close
examination of the line scan image showed that all Ca2+ sparks were initiated within the green

bands (bottom panel).

To quantify the distribution of Ca2+ sparks (n = 447) in relation to GFP-RyR2 clusters,
we measured the distance from spark initiation sites to the center of the nearest GFP-RyR2
cluster (Figure 14, A and B). We found that 99.6% of Ca2+ sparks were initiated within the
mean GFP-RyR2 cluster size. Only 0.4% of Ca2+ sparks (2 of 447) were initiated outside the
mean GFP-RyR2 cluster size (Figure 14C). One off center Ca2+ spark was located very close to
the boundary of the GFP-RyR2 cluster (Figure 14D, panel a). The other off center Ca2+ spark
was detected in a region with an irregular distribution of GFP-RyR2 clusters (Figure 14D, panel
b). Hence, it is possible that this single off center Ca2+ spark may come from an out of focus,
misregistered GFP-RyR2 cluster. Therefore, simultaneous detection of GFP-RyR2 clusters and
Ca2+ sparks reveals that Ca2+ sparks exclusively originate from the RyR2 clusters. Because
nearly all GFP-RyR2 clusters are localized along z-lines (Figure 10), the lack of Ca2+ sparks

between GFP-RyR?2 clusters indicates that Ca2+ sparks are unlikely to occur between z-lines.
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2.3.1.6 Influence of Ca2+ release from GFP-RyR2 clusters on mitochondrial Ca2+ level in
ventricular myocytes

Considering that GFP-RyR?2 clusters are not co-localized with mitochondria (Figure 12),
it is of interest to determine whether Ca2+ release from GFP-RyR2 clusters could influence the
Ca2+ level in mitochondria. To monitor mitochondrial Ca2+ level, we loaded the GFP-RyR2
ventricular myocytes with Rhod-2 AM using the protocol of Trollinger et al.(328) with cold
loading followed by warm incubation. As shown in Figure 15A, we observed a pattern of Rhod-2
loading similar to that of MitoTracker Red staining (Figure 12), suggesting Rhod-2 loading to
mitochondria as reported previously (327-329). Like the relative distribution of GFP-RyR2
clusters and MitoTracker Red staining (Figure 12), GFP-RyR2 clusters are also not co-localized
with Rhod-2 labeling (Figure 15, B and C). To promote the occurrence of Ca2+ sparks, we
electrically stimulated the GFP-RyR2 ventricular myocytes at 3 Hz in the presence of elevated
extracellular Ca2+ (3 mM) and monitored mitochondrial Ca2+ level during and after the
cessation of stimulation. We observed beat to beat mitochondrial Ca2+ transients during
stimulation (Figure 15D—F). However, after cessation of stimulation, we could not detect
significant local, transient elevations of Ca2+ or Ca2+ sparks in regions corresponding to either
mitochondria or GFP-RyR2 clusters (Figure 15D). On the other hand, Ca2+ sparks were readily
detected after loading the cells with Fluo-4 AM (Figure 15G). These observations suggest that
Ca2+ release from GFP-RyR2 clusters in the form of Ca2+ sparks does not seem to substantially

influence mitochondrial Ca2+ level.
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Figure 7 Generation of GFP-tagged RyR2 knock-in mice.

A, in-frame insertion of GFP into exon 31 of RyR2 was achieved via homologous recombination
as illustrated. B, a linear structure of RyR2 showing disease hot spot regions (gray boxes;
MH/VT I-111) harboring mutations associated with malignant hypothermia (MH) or ventricular
tachyarrhythmias (VT). Divergent regions in RyR (pink boxes; DR I-111) are also indicated. GFP
flanked by glycine-rich linkers was inserted into RyR2 after residue Thr-1366. C, localization of
the inserted GFP to the “clamp region” in the cytosolic assembly of the three-dimensional
structure of RyR, viewing from the T-tubule (left), SR (center), and the side of the channel
(right) (used with permission from Hiess et al, J Biol Chem, 2015 (333)).
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Figure 8 Distribution of GFP-RyR?2 clusters in live ventricular myocytes.

A representative confocal fluorescence image of a live ventricular myocyte (n = 109) isolated
from GFP-RyR2 knock-in mice (top panel) shows the distribution of GFP-RyR2 clusters. Panels
a—d show organization details in different regions: the cell interior (panel a), the perinuclear
region (panel b), regions with disordered cluster distributions (panel c), and the subsarcolemmal
region (panel d). Red arrowheads indicate intercalated GFP-RyR2 clusters at the periphery of the
cell (used with permission from Hiess et al, J Biol Chem, 2015 (333)).

85



Figure 9 Distribution of GFP-RyR?2 clusters in fixed ventricular myocytes.

A representative confocal fluorescence image of a fixed ventricular myocyte (n = 84) isolated
from GFP-RyR2 mice (top panel) shows the distribution of GFP-RyR2 clusters. Panels a—

d show GFP-RyR2 cluster distribution in the cell interior (panel a), the perinuclear region (panel
b), regions with disordered clusters (panel c), and the subsarcolemmal region (panel d). Red
arrowheads indicate intercalated GFP-RyR2 clusters at the periphery of the cell (used with
permission from Hiess et al, J Biol Chem, 2015 (333)).
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Figure 10 Co-localization of GFP-RyR2 clusters with the z-line zone.

A, a representative confocal fluorescence image of a fixed, permeabilized GFP-RyR2 ventricular
myocyte (n = 39) stained with anti-a-actinin antibody. B, GFP-RyR2 cluster fluorescence signals
of the same cell. C, merged image of the a-actinin and GFP-RyR2 signals. The panels at

the right show ordered (panel a) and disordered (panel b) co-distributions of a-actinin and GFP-
RyR2 clusters. (used with permission from Hiess et al, J Biol Chem, 2015 (333)).
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Figure 11 Relative distribution of GFP-RyR?2 clusters and the tubular system.

A, the tubular membrane system in live GFP-RyR2 ventricular myocytes (n = 27) was labeled
with di-8-ANEPPS and visualized with confocal fluorescence imaging. B, GFP-RyR2 cluster
fluorescence signals of the same cell. C, merged image of the di-8-ANEPPS and GFP-RyR2
signals. The panels at the bottom show co-localization of GFP-RyR2 clusters with transverse
tubules (panel @), no co-localization of GFP-RyR2 clusters with longitudinal tubules (panel b),
and co-localization of a few GFP-RyR2 clusters with longitudinal tubules located near the

perinuclear region (panel ¢) (used with permission from Hiess et al, J Biol Chem, 2015 (333)).
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Figure 12 Relative distribution of GFP-RyR2 clusters and mitochondria.

A, mitochondria in live GFP-RyR2 ventricular myocytes (n = 24) were labeled with MitoTracker
Red-FM and visualized with confocal fluorescence imaging. B, GFP-RyR2 cluster fluorescence
signals of the same cell. C, merged image of the MitoTracker Red-FM and GFP-RyR2 signals.
The panels at the bottom show GFP-RyR2 clusters located between mitochondria (panel @) or in
areas that are devoid of mitochondria in the interior (panel b) or at the periphery (panel c) of the

cell (used with permission from Hiess et al, J Biol Chem, 2015 (333)).
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Figure 13 Co-localization of Ca2+ sparks and GFP-RyR2 clusters in live ventricular
myocytes.

A, mitochondria in live GFP-RyR2 ventricular myocytes (n = 24) were labeled with MitoTracker
Red-FM and visualized with confocal fluorescence imaging. B, GFP-RyR2 cluster fluorescence
signals of the same cell. C, merged image of the MitoTracker Red-FM and GFP-RyR2 signals.
The panels at the bottom show GFP-RyR2 clusters located between mitochondria (panel a) or in
areas that are devoid of mitochondria in the interior (panel b) or at the periphery (panel c) of the
cell (used with permission from Hiess et al, J Biol Chem, 2015 (333)).
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Figure 14 Distribution of Ca2+ sparks in relation to GFP-RyR2 clusters in live ventricular
myocytes.

A, arepresentative image of Ca2+ sparks and GFP-RyR2 clusters recorded simultaneously using
confocal line scanning as described in the legend to Figure 13. B, automated detection and
localization of Ca2+ spark initiation sites (marked by white crosses) and centers of GFP-RyR2
clusters (indicated by a green line). C, distribution of the distance from spark initiation sites to
the center of nearest GFP-RyR2 clusters. D, line scan images of off-center Ca2+ sparks and
GFP-RyR2 clusters shown as green bands. Crosses mark the spark initiation sites (used with
permission from Hiess et al, J Biol Chem, 2015 (333)).
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Figure 15 Influence of depolarization-induced Ca2+ release and Ca2+ sparks on
mitochondrial Ca2+ level in GFP-RyR2 ventricular myocytes.

A, mitochondria in live GFP-RyR2 ventricular myocytes (n = 16) were loaded with Rhod-2 AM
and visualized with confocal fluorescence imaging. B, GFP-RyR2 cluster fluorescence signals of
the same cell as in A. C, merged image of the Rhod-2 labeling and GFP-RyR2 signals. D,
fluorescence signals of Rhod-2 loaded GFP-RyR2 ventricular myocytes (n = 28) during and after
termination of pacing at 3 Hz in the presence of 3 mM extracellular Ca2+. E, GFP-RyR2 cluster
fluorescence signals of the same cell as in D. F, merged image of the Rhod-2 and GFP-RyR2
signals. G, cytosolic Ca2+ transients and Ca2+ sparks revealed by Fluo-4 in GFP-RyR2
ventricular myocytes (n = 16) during and after termination of pacing at 3 Hz in the presence of 3
mM extracellular Ca2+ (used with permission from Hiess et al, J Biol Chem, 2015 (333)).
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2.4 DISCUSSION AND CONCLUSION

The present study investigates the distribution of RyR2 clusters and its function correlation
in live ventricular myocytes using knock-in mice expressing a GFP-tagged RyR2. Nearly all
studies on RyR2 distribution in cardiac cells have been carried out in fixed/permeabilized cells. It
is unclear whether fixation and permeabilization could alter the distribution and organization of
RyR2. To address this potential concern, we determined and compared the distribution of RyR2
clusters in live and fixed/permeabilized cardiomyocytes from GFP-tagged RyR2 mice. No
differences in RyR2 distribution were detected between live and fixed cardiomyocytes.
Furthermore, the distribution and organization of GFP-RyR2 clusters in live cardiomyocytes are
very similar to those revealed by immunofluorescence labeling using anti-RyR2 antibodies. Thus,
the fixation and permeation procedure is unlikely to grossly affect the distribution and organization
of RyR2.

Our co-detection of GFP-RyR2 clusters and a-actinin, acommonly used marker for z-lines,
revealed that virtually all GFP-RyR2 clusters are localized in the z-line zone. This strict co-
localization of RyR2 clusters and the z-line zones has also been observed using fluorescent anti-
RyR2 antibodies (59, 208). Different from these observations, Lukyanenko et al. (206) reported

that a significant portion of RyR2 clusters (~20%) were located between z-lines in the middle of

the sarcomere, although no direct co-localization of RyR2 clusters and z-lines was shown in their
study. These RyR2 clusters located at sites away from the z-lines were thought to play an important
role in the spread of Ca2+ transients along the myofilaments (207). Chen-lzu et al. (58) did find
some RyR2 clusters located between two rows of RyR2 clusters at the periphery, but not in the
interior, of isolated, fixed cardiomyocytes. Similarly, we also observed these intercalated GFP-

RyR2 clusters at the periphery of isolated live cardiomyocytes. However, very few GFP-RyR2

93



clusters were detected between z-lines in the interior of the cell. The reason for this potential
discrepancy is unclear. It is interesting to note that the distribution and organization of RyR2
clusters and z-lines are not always in a regular striated pattern in cardiomyocytes. There are regions
in which both the RyR2 clusters and z-lines are dislocated. Some of the dislocated RyR2 clusters
in one area of the cell appeared to be located between the z-lines of the adjacent area, but they
were in fact strictly co-localized with the z-line bands of a-actinin despite their irregular patterns
of distribution. Thus, some of the RyR2 clusters that appear to be located in the middle of the
sarcomere may have resulted from dislocated or misregistered RyR2 clusters/z-lines.

Ca2+ sparks have been detected mainly along z-lines in cardiomyocytes (205, 332). This
is consistent with the distribution of RyR2 clusters along z-lines. However, Lukyanenko et al.
(206) showed that a significant portion of Ca2+ sparks occurred between z-lines, suggesting that
functional groups of RyR2s may exist between z-lines or in the middle of the sarcomere. It is
important to point out that in the study of Lukyanenko et al., mitochondria were used as an indirect
structural marker for localizing the site of Ca2+ sparks in relation to z-lines. Given the existence
of dislocated RyR2 clusters/z-lines, it is unclear whether Ca2+ sparks detected in the middle of the
sarcomere truly originated from functional groups of RyR2 resided between z-lines. To determine
whether Ca2+ sparks occur between z-lines, we co-detected GFP-RyR2 clusters and Ca2+ sparks
simultaneously in GFP-RyR2 cardiomyocytes. We found no Ca2+ sparks occurring between GFP-
RyR2 clusters. Ca2+ sparks originated exclusively from GFP-RyR2 clusters. Because nearly all
GFP-RyR2 clusters are localized in the z-line zones, it follows that Ca2+ sparks originated from
GFP clusters would also be localized in the z-line zones. Thus, our data are inconsistent with the

proposition that Ca2+ sparks occur between z-lines.
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Ventricular myocytes contain transverse and longitudinal tubules. RyR2 clusters were
primarily co-localized with transverse tubules in fixed cardiac cells (208, 215). Consistent with
this, we also found that GFP-RyR2 clusters were mainly co-localized with the transverse tubules
in live cardiomyocytes. Only a few GFP-RyR2 clusters were co-localized with the longitudinal
tubules. There is also no close co-localization between RyR2 clusters and mitochondria in live
cardiomyocytes. GFP-RyR2 clusters were detected in areas without mitochondria or were absent
in a zone with mitochondria. Nearly all GFP-RyR2 clusters were located in regions that are devoid
of mitochondria. In line with the lack of co-localization of GFP-RyR2 clusters and mitochondria,
we could not detect significant local, transient elevations of mitochondrial Ca2+ level as a result
of Ca2+ sparks from GFP-RyR2 clusters. Taken together, RyR2 clusters appear to follow the z-
lines, but not the tubular system or the mitochondria.

In summary, in the present study, we employed a novel GFP-tagged RyR2 mouse model
to directly visualize RyR2 clusters in live and fixed ventricular myocytes. The distribution of GFP-
RyR2 clusters was similar in live and fixed cardiomyocytes. GFP-RyR2 clusters nearly strictly
follow the z-lines and are closely associated with the transverse, but not longitudinal tubules. GFP-
RyR2 clusters are located in areas that are devoid of mitochondria. Co-detection of GFP-RyR2
clusters and Ca2+ sparks reveals that Ca2+ sparks exclusively originate from RyR2 clusters. The
GFP-RyR2 mice represent a useful model for studying the distribution, dynamics, and structure-

function correlation of RyR2 clusters in the heart and other tissues in vivo.
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CHAPTER 3 DYNAMIC AND IRREGULAR DISTRIBUTION OF CARDIAC
RYANODINE RECEPTOR IN THE PERIPHERY OF LIVE VENTRICULAR
MYOCYTES
3.1 INTRODUCTION

Cardiac Ryanodine receptors (RyR2s) are intracellular Ca2+ release channels. They
reside in the sarcoplasmic reticulum (SR) membrane of myocytes and are crucial for excitation-
contraction coupling (ECC)(3, 320). In this process, membrane depolarization leads to a small
Ca2+ influx into the cytosol via the voltage-dependent L-type Ca2+ channel. This subsequently
triggers a more substantial Ca2+ release from the SR via RyR2s, leading to muscle contraction
(3, 320). This RyR2-mediated Ca2+ amplification is known as Ca2+-induced Ca2+ release
(CICR). As a positive feedback mechanism, CICR has the inherent potential for unwanted self-
regenerative Ca2+ release. However, despite potential regeneration, cardiac ECC is graded and
tightly controlled (128, 143, 144, 148, 203, 321, 322). The distribution and function of RyR2s
are believed to be crucial for graded CICR during ECC. Stern (143) showed that close proximity
of voltage-dependent L-type Ca2+ channels and RyR2s permit graded coupling between Ca2+
influx and Ca2+ release.

RyR2s themselves have been found to arrange into clusters, which are thought to be the
elementary functional units (53, 129, 143-145, 321, 323, 324). Ca2+ release from one of these
elementary units has been termed Ca2+ spark (128-131, 146). Global Ca2+ events are the
spatiotemporal summation of Ca2+ sparks (131). Hence, graded SR Ca2+ release is explicable
via the recruitment of variable numbers of RyR2 Ca2+ release units (128-130, 132, 146,

325). The effectiveness of such recruitment would depend on the distribution of the RyR2 Ca2+
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release units or RyR2 clusters. The spacing of these RyR2 clusters has also been suggested to be
an important determinant of the initiation of spontaneous propagating Ca2+ events (150). Thus,
understanding the distribution of RyR2 clusters is important for elucidating the fundamental
mechanism of CICR.

The distribution of RyR2s has been extensively studied (53, 56-59, 153, 154, 205, 208,
214, 215). Tightly-organized arrays of RyR2 clusters with single transverse rows have been
found in the interior of ventricular myocytes. In contrast, different patterns of RyR2 distribution
were observed in the peripheral region. On the one hand, three-dimensional (3D) confocal
imaging studies showed an irregular pattern of distribution of RyR2 clusters in the outermost
optical confocal z-planes (57, 58, 214). On the other hand, total internal reflection fluorescence
(TIRF) imaging (56, 215) reported a "double row" pattern of distribution of RyR2 clusters near
the sarcolemmal membrane. The exact reason for this discrepancy is unclear. Confocal imaging
collects light from optical segments greater than 500nm (217, 218). Hence, disordered
distribution observed by confocal imaging could be due to the capture of signals from multiple
layers near, but not only from, the periphery. In contrast, TIRF imaging is used to capture signals
close to the cell surface (217, 218). Thus, one would propose that double-rows of RyR2 clusters
observed using TIRF may reflect RyR2 distribution in the periphery.

Nearly all studies of the distribution of RyR2 clusters have been carried out in fixed and
permeabilized cells/tissues using RyR2 antibody immunostaining (53, 56-59, 153, 154, 205,
208, 214, 215, 326, 334). Hence, sample preparation (fixation and permeabilization) required for
immunostaining may change cellular structures, besides rendering the cells/tissues non-
functional (152). Furthermore, the specificity and accessibility of the antibodies may be of
concern under some experimental conditions. Moreover, it appears that there are 3 patterns of
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distribution of RyR2 clusters located near the sarcolemmal membrane of cardiomyocytes: (i)
irregular/disordered, (ii) double rows, and (iii) single rows. Although, it is well known that there
are functional RyR2 clusters located near the membrane (209-211), whether all these RyR2
clusters with different patterns of distribution are activated by Ca2+ influx through the L-type
Ca2+ channel or function similarly to those in the interior is unclear. These issues make the need
to study the in situ distribution and function of RyR2 clusters in living cells without tissue
fixation and permeabilization for the use of antibodies clearly evident.

We recently generated a knock-in mouse model expressing a GFP-tagged RyR2 (333).
This model provides a tool to study the distribution and function of RyR2 clusters in intact live
cells without the need for immunostaining, thus avoiding aforementioned concerns. In a previous
study (333), we revealed highly-organized arrays of GFP-RyR2 clusters that correlate with the
Ca2+ release sites in the interior of ventricular myocytes. In the present study, we employed 3D
confocal imaging and TIRF microscopy to determine and compare the distribution of GFP-RyR2
in the interior and periphery in isolated ventricular myocytes and in intact hearts from the GFP-
RyR2 mice. We confirmed the existence of tightly-ordered arrays of GFP-RyR2 clusters in the
cell interior. In contrast, an irregular pattern of distribution of GFP-RyR2 clusters was observed
in the periphery using both imaging techniques. Moreover, unlike interior RyR2 clusters that
showed litter detectable movement, irregularly distributed peripheral RyR2 clusters displayed
dynamic movements that are modulated by RyR2 modulators. Furthermore, we found that
peripheral RyR2 clusters with an irregular distribution pattern function with a Ca2+ release
profile similar to that of RyR2 clusters in the interior. These observations shed novel insights

into the distribution and function of RyR2 clusters in the periphery of living cardiomyocytes.
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3.2 EXPERIMENTAL PROCEDURES
3.2.1 Animal studies

All animal studies were approved by the Institutional Animal Care and Use Committees
at the University of Calgary and were performed in accordance with US National Institutes of
Health guidelines. Adult knock-in mice expressing a GFP-tagged RyR2 (333) and wild type

(WT) control littermates (8—16 weeks of age) of both sexes were used.

3.2.2 Isolation of intact hearts

A Langendorff apparatus (93) was employed to perfuse excised hearts from GFP-RyR2
knock-in mice with Krebs-Ringers-HEPES (KRH) buffer (NaCl, 125 mM; KCI, 12.5 mM;
HEPES, 25 mM; glucose, 6 mM; MgCI2, 1.2 mM; taurine, 20 mM; 2,3-butandion-monoxim, 20
mM; albumin, 5 mg/ml; CaCl2, 0 — 1 mM; pH 7.4; oxygenated with 95% O2 and 5% CQO2) at
room temperature. Hearts were then placed onto a recording chamber for 3D confocal live cell

imaging of GFP fluorescence signals in epicardial ventricular myocytes.

3.2.3 Single mouse ventricular myocyte preparation for confocal GFP-RyR2 imaging

Single ventricular myocytes were isolated from GFP-RyR2 knock-in mouse hearts using
collagenase type Il (Worthington Biochem) and protease digestion. Isolated cells were placed
onto laminin-coated glass coverslips in the presence of KRH buffer. After up to 2 hours of
settling, unattached myocytes were gently removed via KRH buffer exchange and remaining
myocytes transferred onto a recording chamber. Cell integrity was tested via pacing at 2Hz. Only
cardiomyocytes that followed electrical pacing were selected for subsequent 3D confocal live
cell imaging of GFP-RyR2, as previously described (333).
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3.2.4 3D confocal live cell imaging

A Confocal (xy galvano/resonant) imaging was performed with an inverted Nikon A1R,
or A1Rplus microscope system equipped with a Plan-Apochromat 60x/1.2-NA water immersion
objective, or Plan-Apochromat 60x/1.27-NA oil immersion objective and selective excitation and
emission filters. 3D confocal z-stacks of GFP-RyR2 (Ex/Em 488/510nm) were acquired in 0.2-
0.3 um z-increments from a region of interest with a vertical/axial thickness of 25-40um. All

imaging of live cells and tissue was performed no longer than 8 hours after their isolation.

3.2.5 Confocal single-cell Ca2+ imaging

Ventricular myocytes isolated from GFP-RyR2 mice were loaded with Rhod-2 AM Ca2+
indicator (2.5-5 uM; Invitrogen) in KRH buffer for 20 minutes at room temperature (93). After
20 minutes de-esterification of Rhod-2 AM, the cells were washed, transferred onto laminin-
coated cover glasses and permitted to adhere for up to 2 hours. The myocytes were then placed in
a recording chamber and exposed to KRH solution containing 2-3 mM free Ca2+ at which
spontaneous Ca2+ release events could be detected.

High-speed confocal xy resonant imaging was employed at interior and outermost
peripheral xy-planes within the same cell to simultaneously record individual Ca2+ release
events and GFP-RyR2 fluorescence signals. Excitation light was provided by argon (488 nm)
and diode (561nm) lasers to detect GFP-RyR2 (Ex/Em 488/510 nm) and Rhod-2 AM Ca2+
indicator signals (Ex/Em 550/580 nm). Image series of Ca2+ release events were acquired in

25.5um optical sections at a sampling rate of 50-60 frames per second (FPS).
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3.2.6 GFP-RyR2 cluster imaging in ventricular myocytes using a TIRF microscope
Isolated ventricular myocytes from GFP-RyR2 mice and wild-type littermates were
transferred onto 35 mm glass-bottomed micro-dishes with or without laminin-coating (Ibidi,
Minitube, Canada). Cell adhesion was permitted for up to 2 hours in KRH buffer (0.5-1
mM Ca2+), before staging the dishes onto the microscope. Data were acquired with an inverted
Carl Zeiss Elyra LSM780 microscope equipped with an alpha Plan-Apochromat 100x/1.46-NA
oil immersion objective and excitation and emission filters. Excitation light was provided by
HRdiode488-100 laser (488 nm) to detect GFP. Images of the periphery (TIRF mirror angle

>64°) and the interior (angle 0) of the same cell. Layers in between were recorded in stacks with

0.25-0.3 um z-steps (mirror angle 59-62°) with highly-inclined and laminated optical sheet
(HILO) illumination (152) for molecular imaging. Whole image intensity profiles for Fourier
transforms were obtained with Fiji (ImageJ). The intensity profiles were Gaussian fitted and
relative intensity was used for pattern analysis. Time-lapse series were recorded at rates of 1-6
frames per minute for at least 12 minutes with exposure times less than 100 ms per image.

TrackMate (335) ImageJ plugin was used for advanced cluster dynamic analysis.

3.2.7 Ca2+ imaging in live GFP-RyR2 expressing cells via a TIRF microscope

Ventricular myocytes isolated from GFP-RyR2 mice were loaded with Fluo-4 AM Ca2+
indicator (2.5-5 uM; Invitrogen) plus 0.02% Pluronic F-127 in KRH buffer for 20 minutes at
room temperature. The cells were then washed, and transferred onto 35mm glass-bottomed
micro-dishes (Ibidi; Minitube Canada). Cell adhesion was permitted for up to 2 hours.
Spontaneous Ca2+ release events were recorded in KRH solution containing 2-3 mM free Ca2+.

Time series were acquired with the same TIRF microscope as described above. Excitation light
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was provided by HRdiode488-100 laser (488 nm) to detect GFP and simultaneously Fluo-4 Ca2+
indicator signals (maximum emission of 506 nm). Images of the periphery and interior of the

same cell were obtained. Ca2+ dynamics were recorded at 50-60 FPS in multiples of 10 seconds.

3.2.8 Computational image analysis
Ventricular myocytes isolated from GFP-RyR2 mice were loaded with Fluo-4 AM Ca2+
Basic image processing of fluorescence signals was performed using the NIS Elements AR 4.13

software (Nikon); ZEN Black (Zeiss) and Fiji (ImageJhttps://imagej.nih.gov/ij/). Spark detection

and characterization system was implemented and performed using MATLAB (The Mathworks

Inc., Boston).

3.2.9 Automated spark detection and analysis

Ventricular myocytes isolated from GFP-RyR2 mice were loaded with Fluo-4 AM Ca2+
GFP-RyR2 cluster signals were revealed via average projection from temporal fluorescence
image sequences. The brightest GFP-RyR2 cluster sites from each cell were determined semi-
automated after application of an intensity threshold.

Ca2+ release images were partitioned using a regular square lattice of size 0.5 um. In
each image of a sequence, the mean fluorescence value was extracted for each grid site to obtain
a temporal fluorescence signal for each grid site. Ca2+ indicator fluorescence signals (f)
corresponding to grid sites that coincided with GFP-RyR2 clusters were used for subsequent
analysis. Signal at each site was normalized using the baseline value (fO) defined as the lower
1% of the fluorescence signal. The continuous wavelet transform was calculated using a gauss2
wavelet family function, with two scales, one corresponding to short/spark-like events (~150ms)
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and one associated to long events (~450ms). Ca2+ release event candidates were detected by
wavelet thresholding using two sets of heuristic threshold values specific to confocal and TIRF
microscopy images.

For the present study, only non-propagating spark-like release events were considered.
Thus, events that appeared in both temporal scales and events in the longer temporal scale were
discarded. Such events were assumed to correspond to propagating Ca2+ release (e.g. mini-
waves and waves). For each of them, the following features were determined: absolute peak
amplitude, local baseline, amplitude relative to the local baseline, rate of rise, time to peak, full
duration at half maximum and exponential decay time. This set of features was used to further

filter events satisfying pre-established criteria to exclude false positives.

3.2.10 Statistical analysis
All values shown are means £ SEM unless indicated otherwise. To test for differences
between groups, we used unpaired Student's t-tests (two-tailed). p values smaller than 0.05 were

considered to be statistically significant.
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3.3 RESULTS
3.3.1 Confocal imaging of interior and peripheral distribution of RyR2 clusters

To study the distribution of RyR2 in different subcellular regions of live ventricular
myocytes, we employed our recently generated knock-in mouse model expressing a GFP-tagged
RyR2 (333). Using 3D confocal imaging, we detected GFP fluorescence in ventricular myocytes
isolated from adult GFP-RyR2 mouse hearts. As shown in Figure 16Aa, GFP-RyR2s in the
interior were organized as arrays of tightly ordered clusters. In contrast, imaging focusing near
the periphery showed irregular distribution and appearance of RyR2 clusters (Figure 16Ab). To
exclude the possibility that the irregular distribution of RyR2 clusters in the periphery was
artificially introduced by cell isolation, we imaged intact hearts from GFP-RyR2 mice. As shown
in Figure 16Ba, optical confocal z-stack planes of the left ventricle showed highly organized
arrangements of GFP-RyR2 clusters in the cell interior. In contrast, the distribution of GFP-
RyR2 clusters in the periphery of the same area was disordered (Figure 16Bb). These data
indicate that the observation of different distribution patterns of GFP-RyR2 clusters in the
interior and periphery was not the result of cell isolation. Thus, RyR2 clusters are organized in a
highly-ordered manner in the interior, but in an irregular pattern in the periphery of live

ventricular myocytes.

3.3.2 Distribution of RyR2 clusters in the interior and periphery assessed using a TIRF
microscope

Previous TIRF studies reported organized arrangements of RyR2 clusters as double rows in
the cell periphery of fixed and permeabilized ventricular myocytes (56, 215), which is different
from that observed in GFP-RyR2 expressing cells (Figure 16). To compare the imaging data, we
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also employed a TIRF microscope to determine the distribution of GFP-RyR2s in different
subcellular layers within the same live ventricular myocyte. As shown in Figure 17Aa and Figure
22A& Figure 23A, imaging with epi-fluorescent illumination that was focused on the interior
showed highly-ordered, single-row arrays of GFP-RyR2 clusters. Highly inclined and laminated
optical sheet (HILO) illumination (angle < critical angle) showed arrays of GFP-RyR2 clusters in
intermediate layers (Figure 17Ab, Figure 23B). TIRF imaging of the same cell showed irregular
distribution of GFP-RyR2 clusters in the periphery (Figure 17Ac and Figure 22A & Figure 23A).
As a control, ventricular myocytes isolated from wild-type littermate mouse hearts, yielded no
detectable fluorescence signal under the identical imaging conditions (Figure 22B). As shown in
Figure 17B, two-dimensional Fourier transformations were derived from the respective
fluorescence images. Distinct maxima were observed in the transforms in the interior (Figure
17Ba, Figure 24) and intermediate layers (Figure 17Bb). In contrast, peripheral GFP-RyR2
clusters did not show intensity peaks in Fourier space (Figure 17Bc, Figure 24). Quantitative
comparison of image sets from 13 cells is shown in Figure 17C. These data indicate the absence
of patterns/regularity of GFP-RyR2 clusters in the periphery and the presence of ordered GFP-
RyR2 distribution in the intermediate layers and interior of the same ventricular myocyte. Note
that irregularly distributed peripheral RyR2 clusters were observed in the presence or absence of
laminin used for coating the glass-coverslips to facilitate cell attachment (Figure 24G, H). Also
note that although our TIRF imaging did not detect the double-row pattern of distribution of
RyR2 clusters, HILO illumination did reveal the presence of RyR2 clusters with the double-row
pattern of distribution (Figure 23B). These observations suggest that RyR2 clusters with the
double-row pattern of distribution are located more interior than the irregularly distributed RyR2
clusters.
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3.3.3 Dynamics of RyR2 clusters in the periphery and interior of live ventricular myocytes

To determine whether there are dynamic changes in RyR2 cluster distribution, we recorded
time-lapse image series of interior and peripheral GFP-RyR2 clusters using a TIRF microscope.
As shown in Figure 18A, nearly all GFP-RyR2 clusters in the interior appeared to be stationary
under our imaging conditions. Similarly, the majority of peripheral GFP-RyR2 clusters appeared
to remain at stable positions (Figure 18B a-e; f/g blue tracks). However, movements were
observed with some RyR2 clusters in the periphery. As indicated in Figure 18B, translocation of
GFP-RyR2 clusters along the z-axis was observed as dis/re-appearance of GFP-RyR2 signals
(Figure 18B a-c zoom: z-Translocation — pink dashed circle). GFP-RyR2 cluster fusion (Figure
18B d-e zoom: Fusion -turquois dashed circle) and unit separation (Figure 18B b-e zoom: purple
dashed circle) were also detected as GFP fluorescence signal merging/splitting. Additionally,
considerable Xy movements were observed (Figure 18B f: red track). These observations indicate
that, unlike interior RyR2 clusters, peripheral RyR2 clusters display dynamic movements that are
readily detectable under our imaging conditions.

To determine whether the movements of these peripheral RyR2 clusters are regulatable, we
assessed the impact of reduced extracellular Ca2+, caffeine (a RyR2 agonist), and tetracaine (a
RyR2 inhibitor) on the movements of peripheral RyR2 clusters using time-lapse TIRF imaging
(Figure 19). We found that tetracaine (2 mM) dramatically diminished the fraction of cells that
displayed cluster movements (Figure 19A,B). Furthermore, reducing the extracellular Ca2+
concentration from 2 to 0.5 mM markedly decreased the fraction of cells that showed cluster
movements (Figure 19C). Interestingly, the effect of reduced extracellular Ca2+ on cluster
movements could be reversed by the addition of caffeine (1 mM) (Figure 19D). These data
indicate that the movements of these irregularly distributed peripheral RyR2 clusters are affected
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by Ca2+ and other RyR2 modulators, suggesting that the movement of these peripheral RyR2

clusters may be regulated by their own activities.

3.3.4 Confocal imaging of Ca2+ release at the interior and peripheral RyR2 clusters

Our recent studies showed the distribution and function of RyR2 clusters in the interior of
ventricular myocytes (333). However, whether peripheral RyR2 clusters with an irregular pattern
of distribution function with Ca2+ release properties similar to those of interior RyR2 clusters is
unclear. To address this question, we determined and compared local non-propagating
spontaneous Ca2+ release events at the peripheral and interior GFP-RyR2 clusters within the
same cells. We employed high-speed confocal imaging to simultaneously record GFP-RyR2
locations and Rhod 2-AM signals in the interior and peripheral focal planes of the same
myocytes. As shown in Figure 20A, highly ordered arrays of GFP-RyR2 clusters were found in
the interior. In contrast, peripheral focus showed irregular distribution of GFP-RyR2 clusters.
Spontaneous elementary release events, Ca2+ sparks, were clearly detected at the GFP-RyR2
cluster locations as small spatiotemporally restricted small increases in Rhod 2 fluorescence
intensity (Figure 20A - dashed orange circles). Figure 20B shows quantitative comparison of
elementary Ca2+ release characteristics, including (a) amplitude; (b) rate-of-rise; (c) duration at
half maximum; and (d) decay time; observed in the periphery and interior of the same cells.
These data demonstrate that peripheral RyR2 clusters with an irregular pattern of distribution are

functional with a Ca2+ release profile similar to that of interior RyR2 clusters.
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3.3.5 Ca2+ release at the interior and peripheral RyR2 clusters assessed by a TIRF
microscope

Confocal imaging allows only diffraction-limited optical sectioning (217, 218). To
overcome this limitation, we employed a TIRF microscope in the TIRF mode. We recorded
spontaneous Ca2+ release events at GFP-RyR2 clusters in the interior and periphery of the same
ventricular myocytes. As shown in Figure 21A, image series of the interior and periphery
showed GFP-RyR2 clusters as stationary fluorescence peaks throughout the recording. In
contrast, Ca2+ release events were detected as temporally and spatially restricted intensity
fluctuations of the cytosolic Ca2+ indicator (Fluo4-AM) fluorescence. Ca2+ sparks appeared
clearly at GFP-RyR2 clusters (Figure 21A - dashed red circles). Analysis of Ca2+ release
characteristics, including (a) amplitude; (b) rate-of-rise; (c) duration at half maximum; and (d)
decay time; observed in the periphery and interior of the same cells are summarized in Figure
21B. These data further support the notion that the irregularly distributed RyR2 clusters in the
periphery function with a Ca2+ release profile similar to that of RyR2 clusters in the interior of
live ventricular myocytes. Thus, both the confocal and TIRF imaging studies demonstrate that
the characteristics of Ca2+ sparks detected in the interior and periphery are similar. This
similarity suggests that a major portion of the Ca2+ signals detected in the periphery are unlikely

to be due to the diffusion of Ca2+ from Ca2+ sparks originated from the interior.
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Figure 16 Different distribution of GFP-RyR2 clusters in the periphery and interior of live
isolated ventricular myocytes and intact heart

Representative confocal images from z-stack of (A) live ventricular myocytes (n = 10) and (B)
intact hearts (n = 14 scans from 3 hearts) isolated from mice expressing a GFP-tagged RyR2 are
shown. Imaging focusing on the interior showed highly ordered arrays of GFP-RyR2 clusters
(green puncta) with clear single transverse rows in both, live isolated cells and tissue (Aa and
Ba). In contrast, optical confocal z-planes near the periphery showed irregular distribution of
RyR2 clusters within the same cell/tissue (Ab and Bb). Enlarged images of selected areas are

shown on the right. (used from accepted manuscript 2017BIOPHY SJ307979R)
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Figure 17 TIRF imaging of the distribution of GFP-RyR2 clusters in different layers within
the same ventricular myocytes

Fluorescence images (A) and corresponding 2D Fourier transforms (B) of different layers within
the same ventricular myocytes isolated from GFP-RyR2 mice are represented. Imaging of epi-
fluorescent illuminated (angle = 0) interior showed highly-ordered, single-row arrays of GFP-
RyR2 clusters (Aa). Highly inclined and laminated optical sheet illumination (angle < critical
angle) of the same cell displayed arrays of GFP-RyR2 clusters with intercalated units in
intermediate layers (Ab). Irregular distribution of GFP-RyR2 clusters was found in the periphery
through TIRF imaging (Ac). Distinct maxima were observed in representative Fourier space of
the interior (Ba) and intermediate layers (Bb). In contrast, Fourier transform of the TIRF image
of peripheral GFP-RyYR2 clusters did not reveal intensity peaks (Bc). Quantitative pattern
comparison of different layers within the same cell (n = 13 cells) is shown in panel C. (used from
accepted manuscript 2017BIOPHYSJ307979R).
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Figure 18 Time-lapse TIRF Imaging of Dynamics of GFP-RyR2 Clusters in the Periphery
and Interior of Live Ventricular Myocytes

Representative images from time-lapse series of interior and peripheral GFP-RyR2 clusters,
recorded using a TIRF microscope, are shown. Arrays of ordered GFP-RyR2 clusters were found
in the interior. All GFP-RyR2 fluorescence signals (clusters 1-8) in the interior remained

stationary (A a/b). TrackMate advanced cluster dynamic analysis showed only minimal x-, y-
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signal movements (A c/d blue tracks). In contrast, distribution of signals appeared disordered in
the periphery (b a-e). The majority of peripheral GFP-RyR2 signals remained at same positions
(B a-e; f/g blue tracks). However, multiple clusters displayed dynamic movements: (i)
Translocation along the z-axis (B a-c zoom — pink dashed circle); (ii) GFP-RyR2 cluster fusion
(B d-e zoom: turquois dashed circle); and (iii) unit separation (B b-e zoom: purple dashed
circle). Additionally, TrackMate analysis showed major xy movement (B f: red track). (n=5
cells) (used from accepted manuscript 2017BIOPHYSJ307979R)

112



A 2mM Ca?*

E —1um
£¥
.- 1 mm 2mM Ca2*
Lo 9/12
3 & 2 [ 2mM Ca?* + 2mM Tetracaine
6 é 3 0.5mM Ca?*
[ e
2 4 0.5mM Ca?* + 1mM Caffeine
S
S8 20 1/8
=
e 0/8

Figure 19 Movements of GFP-RyR2 clusters in the periphery of live ventricular myocytes
are affected by RyR2 modulators

Representative images from time-lapse TIRF series of peripheral GFP-RyR2 clusters were
recorded in the presence of (A) 2 mM extracellular Ca2+, (B) 2 mM extracellular Ca2+ plus 2
mM tetracaine, (C) 0.5 mM extracellular Ca2+, and (D) 2 mM extracellular Ca2+ plus 1 mM
caffeine. Representative GFP-RyR2 cluster separation/fusion is highlighted by yellow dashed
circles. (E) Fraction of cells that showed GFP-RyR2 cluster movement (n = 8-9 cells) (used from
accepted manuscript 2017BIOPHY SJ307979R)
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Figure 20 Confocal imaging of spontaneous Ca2+ release events at GFP-RyR2 clusters in
the interior and periphery within the same ventricular myocytes

High-speed confocal imaging of spontaneous Ca2+ release (red fluorescence) at GFP-RyR2
clusters (green puncta) at the interior and peripheral confocal focus planes of the same

ventricular myocyte is shown. Distribution of GFP-RyR2 clusters in the interior was found
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highly-ordered, contrasting irregular patterns at the periphery (GFP-RyR2). Ca2+ sparks were
detected at GFP-RyR2 locations as spatiotemporally restricted small increases in Rhod-2
fluorescence intensity (A). Quantitative comparison of characteristics of elementary Ca2+
release at RyR2 clusters (a) amplitude; (b) rate-of-rise; (c) duration at half maximum; and (d)
decay time; (n = 16 cells; 927 Ca2+ spark events in interior and 774 Ca2+ spark events in the
periphery; f, frame) (used from accepted manuscript 2017BIOPHY SJ307979R).
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Figure 21 TIRF imaging of spontaneous Ca2+ release events at GFP-RyR2 clusters in the
interior and periphery within the same ventricular myocytes

Spontaneous Ca2+ release at GFP-RyR2 clusters was recorded in the interior and periphery of
the same ventricular myocyte with a TIRF microscope. Images from the time series (50-60 FPS)

of GFP-RyR2 clusters were observed as stationary fluorescence peaks throughout the recording,
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as displayed. Their distribution appeared highly-ordered in the interior and disordered in the
periphery of the same cell (A). Ca2+ sparks appeared clearly at GFP-RyR2 clusters as transient
and spatially restricted elevations in fluorescence signals (A). Quantitative comparison of
characteristics of elementary Ca2+ release at RyR2 clusters (a) amplitude; (b) rate-of-rise; (c)
duration at half maximum; and (d) decay time are shown (n = 10 cells; 1872 Ca2+ sparks in
interior and 4153 Ca2+ sparks in periphery; f, frame). (used from accepted manuscript
2017BIOPHYSJ307979R)
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Figure 22 Fluorescence Signal Detection with a TIRF Microscope in the Interior and

Periphery of Ventricular Myocytes Isolated from GFP-RyR2 Mice and WT Littermates

Representative confocal images from z-stack of (A) live ventricular myocytes (n = 10) and (B)
intact hearts (n = 14 scans from 3 hearts) isolated from mice expressing a GFP-tagged RyR2 are
shown. Imaging focusing on the interior showed highly ordered arrays of GFP-RyR2 clusters
(green puncta) with clear single transverse rows in both, live isolated cells and tissue (Aa and
Ba). In contrast, optical confocal z-planes near the periphery showed irregular distribution of
RyR2 clusters within the same cell/tissue (Ab and Bb). Enlarged images of selected areas are
shown on the right. (used from accepted manuscript 2017BIOPHY SJ307979R).
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Figure 23 Imaging of Layers between the Interior and Periphery within the Same

Ventricular Myocytes Detected using a TIRF Microscope

A. Representative images of periphery and interior in the same ventricular myocytes isolated
from GFP-RyR2 mice were taken with a TIRF microscope. B, Optical z-stack planes (z stack
distance 0.25um; plane p1-24) of layers with HILO illumination of the same cell. (n = 14 cells).
(used from accepted manuscript 2017BIOPHY SJ307979R).
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Figure 24 Fourier Transformation of Interior and Peripheral GFP-RyR2 Cluster Images
with Different Area Sizes and Effects of Laminin on the Distribution of GFP-RyR2

Clusters in the Periphery and Interior of live Ventricular Myocytes

Fluorescence image areas with different sizes (A-F, panel a), corresponding 2D Fourier
transforms (A-F, panel b), and intensity profiles derived from the Fourier transforms (A-F, panel

c) of the interior (A-C) and the periphery (D-F) of live ventricular myocytes isolated from GFP-
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RyR2 mice are represented. Imaging of epi-fluorescent illuminated (angle = 0) interior showed
highly-ordered, single-row arrays of GFP-RyR2 clusters (A-C, a). Irregular distribution of GFP-
RyR2 clusters was found in the periphery through TIRF imaging (D-F, a). Distinct maxima were
observed in all representative Fourier space of the interior (A-C, c), even in pattern analysis of
areas as small as 5.5x3.5um (A, c). In contrast, Fourier transform intensity profiles of the TIRF
image of peripheral GFP-RyR?2 clusters did not reveal intensity peaks in images with identical
areas (D-F, c). Panels G and H shows TIRF images (a) and epi-fluorescence images (b) obtained
from isolated GFP-RyR2 ventricular myocytes attached to glass coverslips with (G) and without
(H) laminin coating. (used from accepted manuscript 2017BIOPHY SJ307979R)
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3.4 DISCUSSION AND CONCLUSION

The distribution of RyR2 clusters (the Ca2+ release units) is believed to be a critical
determinant of controlled Ca2+ release and thus the stability of ECC in the heart. Although the
distribution and function of RyR2 clusters in the interior of cardiomyocytes have been
extensively studied, the distribution and function of RyR2 clusters in the periphery is poorly
understood. This is in part due to the difficulty in imaging the distribution and function of
peripheral RyR2 clusters. In the present study, we employed a unique knock-in mouse model
expressing a GFP-tagged RyR2 to determine the distribution and function of GFP-RyR2 clusters
in the periphery of live ventricular myocytes using confocal and TIRF microscopy. We found
RyR2 clusters in the interior are organized in a highly-ordered striated pattern with little
detectable movement. In contrast, peripheral RyR2 clusters are arranged in an irregular pattern
with dynamic movements that are affected by RyR2 modulators. Importantly, the irregularly
distributed peripheral RyR2 clusters are functional with a Ca2+ release profile similar to that in
the interior. However, the physiological significance of these irregularly distributed peripheral

RyR2 clusters has yet to be defined.

3.4.1 Discrepancies regarding the distribution of peripheral RyR2 clusters

Previous studies have shown two different patterns of distribution of RyR2 clusters in the
peripheral region of ventricular myocytes. 3D confocal microscopy showed disordered
distribution of RyR2 clusters in the outermost optical confocal z-planes (57, 58, 214). In contrast,
RyR2 clusters displayed a "double row" feature in images obtained by TIRF microscopy (56,
215). The exact reasons for this discrepancy are unclear. Differences in sample preparation

and/or antibody binding conditions may account for these different observations. Furthermore,
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the optical sectioning capability of the imaging techniques used differs. On the one hand,
employment of pinholes in confocal microscopy can only restrict light collection to optical
segments greater than 500nm in thickness (217, 218).Thus, the observed irregular pattern of
RyR2 clusters may reflect combined signals from multiple layers near, but not exclusively from,
the periphery. On the other hand, evanescent fields generated during TIRF imaging illuminate
only the near field (=100 nm)(217, 218). Thus, only fluorophores in close proximity to the cell
surface at the cell-glass coverslip interface are excited and imaged. Therefore, one would expect
that the periphery just beneath the plasma membrane is occupied by double-rows of RyR2
clusters. However, we found an irregular pattern of distribution of GFP-RyR2 clusters using both
the confocal and TIRF imaging in the periphery of live ventricular myocytes. On the other hand,
we observed double rows of RyR2 clusters using HILO illumination. Together, these
observations suggest that double rows of RyR2 clusters are located more interior than the
irregularly distributed RyR2 clusters.

A possible reason for the differences between our study and former TIRF studies (56, 215)
may be due to the use of fixed and permeabilized cardiomyocytes versus live ventricular
myocytes in the present study. In our experience, we found that live ventricular myocytes adhere
readily to the glass coverslips, forming multiple contacts with the surface of the coverslips,
whereas, fixed and permeabilized cells did not adhere to the glass coverslips. The lack of contact
of fixed and permeabilized cells to the surface of coverslips would make TIRF imaging of the
cell periphery difficult. To circumvent this problem, Jayasinghe et al.(215) embedded fixed
myocytes in agarose blocks. These blocks were permeabilized, stained with anti-RyR2 antibody,
and mounted for TIRF imaging. Another TIRF study (56) used antibody-labeled, fixed and
permeabilized cells in suspension. It is important to note that in both studies, the fixed,
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permeabilized cells were stacked between two coverslips. However, whether agarose embedding
and/or application of mechanical forces affects the distribution of peripheral RyR2 clusters is
unclear. The peripheral layers could have been altered and/or shifted out of the TIRF detection
range by these mechanical stresses. In this regard, our live cell imaging approach revealed in situ
distribution of RyR2 clusters in the periphery of living and excitable cardiomyocytes.

It should be noted that the areas detected by TIRF imaging are much smaller than the areas
of the cells, and the shapes of the illuminated areas are always irregular. This is expected if the
areas detected by TIRF reflect the areas of the live cells contacting the glass-coverslip. The small
size and irregularity of the contact areas would make the detection of long-range
orderliness/patterns difficult, if not impossible. This also raises an important question of whether
the contact areas detected by TIRF are large enough to determine the relative orderliness of the
distribution of RyR2 clusters located in different regions of the cell. To address this question, we
performed Fourier transformation of fluorescence images obtained from the interior and
peripheral areas with different sizes. We found that an epi-fluorescent image from the interior
with an area as small as 5.5 x 3.5 um is sufficient to reveal intensity peaks (orderliness). On the
other hand, a TIRF image from the periphery with the same area showed no intensity peaks
(Figure 24 A-F). Note that the TIRF images yield brighter signals and more detailed Fourier
transforms than epi-fluorescent images. Thus, the absence of peaks in the Fourier space of TIRF
images is unlikely due to optical differences in the detection techniques. Therefore, although it
may not be large enough to detect long-rang orderliness/patterns, the peripheral contact area
detected by TIRF (>5.5 x 3.5 um) is large enough to assess the orderliness of peripheral RyR2
clusters relative to that in the interior.

There are also other factors that may potentially affect the distribution of RyR2 clusters in
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the periphery. For instance, the use of laminin may affect the adhesion of live cardiomyocytes to
the glass-coverslip and hence the pattern of distribution of RyR2 clusters in the periphery. To test
this possibility, we compared the patterns of distribution of peripheral GFP-RyR2 clusters in the
presence and absence of laminin. We found an irregular pattern of distribution of GFP-RyR2
clusters in the periphery in the presence or absence of laminin (Figure 24G, H), different from
that in the interior. Therefore, it is unlikely that the irregular pattern of distribution of RyR2
clusters observed in the periphery is due to the use of laminin. In addition, it is possible that the
pattern of distribution of RyR2 clusters in the periphery may vary from species to species. In the
present study, we employed cardiomyocytes isolated from the GFP-RyR2 knock-in mice,
whereas, rat or rabbit cardiomyocytes were used in other studies (56-58, 214, 215). However, it
is important to note that the irregularly distributed RyR2 clusters were also observed in the
peripheral region of rat and rabbit cardiomyocytes in other studies (58, 214). Hence, mouse, rat,
and rabbit cardiomyocytes express these irregularly distributed RyR2 clusters in the peripheral
region of the cell. It is also possible that the insertion of GFP into the RyR2 sequence may affect
the distribution of peripheral RyR2 clusters. However, the insertion of GFP does not seem to
significantly alter the distribution of RyR2 clusters in the interior. Furthermore, as mentioned
above, irregularly distributed non-GFP-labelled, native RyR2 clusters have also been detected in
the periphery of rat and rabbit cardiomyocytes (58, 214). Hence, the irregular pattern of
distribution of GFP-tagged RyR2 clusters observed in our GFP-RyR2 mouse cardiomyocytes is

unlikely to be a region-specific artifact resulted from the insertion of GFP.
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3.4.2 Movements of RyR2 clusters

Chen-lzu et al.(58) and Jayasinghe et al.(215) suggested that RyR2 trafficking and protein
turnover potentially have led to the different peripheral patterns of distribution of RyR2 clusters
in antibody-stained ventricular myocytes. Cell fixation might have captured a snapshot of the
migration of RyR2 clusters from the interior towards the surface along the SR membrane system
(and vice versa). However, our time-lapse TIRF imaging revealed that the majority of irregularly
distributed GFP-RyR2 clusters were stationary in the periphery of live ventricular myocytes.
Also, all GFP-RyR2 clusters in the interior of these cells showed little detectable movements
during the entire recording period (>20 minutes). Thus, the irregular distribution of peripheral
RyR2 clusters is unlikely to be the consequence of trafficking of all superficial clusters.
Furthermore, the peripheral RyR2 clusters that underwent dynamic movements were closely-
localized with those stationary RyR2 clusters. Thus, it is unlikely that the movement of these
RyR2 clusters resulted from movement induced by a patch of cell membrane. Such membrane
movements would be expected to affect a large membrane area, which would simultaneously
affect the movement of many closely juxtaposed RyR2 clusters. However, this is clearly not the
case. We observed x-, y- and z-directed translocation of GFP-RyR2 clusters. We also observed
fusion, or separation of GFP-RyR2 clusters in the periphery. Importantly, we found that these
movements are affected by extracellular Ca2+ concentrations and the RyR2 activator (caffeine)
and inhibitor (tetracaine). These observations suggest that the movement of irregularly
distributed RyR2 clusters in the periphery is a regulated process. The detailed mechanism
underlying these complex dynamic movements of peripheral RyR2 clusters has yet to be defined.

It is important to point out that it is much more difficult to detect movements of RyR2
clusters located in the cell interior. The interior RyR2 clusters are likely to be confined to the
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small area of the narrow t-tubules. It is also hard to resolve RyR2 clusters located deeper into the
myocytes due to lower z-resolution and optical aberrations. Therefore, under our imaging
conditions, we cannot rule out that interior RyR2 clusters may also undergo dynamic
movements. In this regard, it is of interest to note that RyR2 tetramers within a cluster are mobile
(55). It is also important to know that each RyR2 cluster may contain multiple smaller clusters
(56). Thus, each of the GFP fluorescent spots observed in our study could be composed of
multiple clusters of RyR2, which is consistent with our observations that GFP-RyR2 clusters

detected in the periphery can undergo fusion into a big cluster or separation into smaller clusters.

3.4.3 Function and relevance of peripheral RyR2 clusters

The distribution of RyR2 clusters is believed to be an important determinant of normal
Ca2+ release in the heart. Highly ordered arrays of RyR2s in the interior are proposed to underlie
stable, graded CICR during ECC. However, little is known about the functional relevance of
peripheral RyR2 clusters. On the one hand, Dan et al. (214) showed that during cardiomyocyte
maturation the distribution of RyR2 clusters in the periphery changed dramatically. Local non-
uniformities in the growth of sarcomeres has been proposed to underlie the appearance of
dislocated RyR2s (58, 336). Thus, one might speculate that these irregularly distributed RyR2
clusters in the periphery reflect those observed in early development. On the other hand,
peripheral RyR2 clusters have been suggested to be involved in centripetally propagating Ca2+
release (214). Spacing between functional RyR2 units in the periphery of cardiomyocytes has
also been suggested to be a determinant of the probability of initiation of global Ca2+ waves
(150). However, despite these functional implications, it has remained unclear whether
peripheral RyR2 clusters with an irregular pattern of distribution are functional and have Ca2+
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release properties similar to those of interior RyR2 clusters. Our confocal and TIRF recordings
of Ca2+ release at RyR2 clusters in the periphery demonstrated that irregularly distributed
peripheral RyR2 clusters are indeed functional. Furthermore, we showed that peripheral RyR2
clusters possess the same Ca2+ release profile as clusters in the interior. Therefore, peripheral
RyR2 clusters may play a role in determining the Ca2+ release profiles in the region just beneath
the cell surface of ventricular myocytes.

Irregular distribution of RyR2 clusters has been observed in the setting of cardiac
hypertrophy and heart failure (337). This irregular distribution of RyR2 clusters has been
implicated in the generation of Ca2+ waves and triggered arrhythmias. However, we found
irregular distribution of functional RyR2 Ca2+ release units in the periphery of live, presumably
healthy, cardiomyocytes. Thus, by itself, irregular sub-membrane distribution of RyR2 clusters
does not necessarily associate with cardiac pathology. It may have potentially unique

physiological roles in Ca2+ signaling in cardiac cells, which remain to be investigated.

3.4.4 Conclusion
In the present study, we employed a GFP-tagged RyR2 mouse model to compare the
distribution and function of RyR2 clusters in the periphery and interior of live ventricular
myocytes. We found that the distribution of RyR2 clusters in the periphery is irregular and
dynamic, different from those in the interior. We also demonstrated that peripheral RyR2 clusters
form functional Ca2+ release units with a similar Ca2+ release profile as that in the interior. Our
results shed novel insights into the distribution and function of RyR2 clusters in the periphery of

intact cardiomyocytes.
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CHAPTER 4 The Arrhythmogenic RyR2 Mutation R4496C Enhances Neuronal

Excitability and Impairs Hippocampal Long-term Potentiation, Learning, and Memory

4.1 INTRODUCTION

Ryanodine receptor type 2 (RyR2) is an intracellular Ca2+ channel that plays an essential
role in excitation-contraction coupling in cardiac muscle by governing the release of Ca2+ from
the sarcoplasmic reticulum (3). RyR2 is also a critical player in the pathogenesis of cardiac
arrhythmias. A large number of naturally occurring RyR2 mutations have been associated with
catecholaminergic polymorphic ventricular tachycardia (CPVT) (86). The arrhythmogenic
mechanism of RyR2-associated CPVT has been extensively investigated. It is generally believed
that CPVT-linked RyR2 mutations sensitize the channel to activation by Ca2+, which increases
the propensity for spontaneous Ca2+ release, delayed afterdepolarization, and triggered
arrhythmias (86). In addition to the heart, RyR2 is the most abundantly expressed RyR isoform
in the brain, especially in the hippocampus and cortex, regions that are important for
learning/memory and cognition (287-292, 338, 339) Interestingly, the level of RyR2 mRNA and
protein in hippocampus was markedly increased following intensive training in a water-maze
task (302-305). These observations suggest that RyR2 plays an important role in hippocampal
synaptic plasticity and learning/memory. As such, altered RyR2 function is expected to have
pathological impact on cognitive function. Indeed, apart from the arrhythmogenic phenotypes, a
significant portion of patients harboring CPVT-linked RyR2 mutations also displayed intellectual
disability, cognitive deficits, and other neurodevelopmental disorders (278-280). Although an

increased body of evidence demonstrates the link between CPVT RyR2 mutations and
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intellectual disability, the mechanism by which CPVT RyR2 mutations affect cognitive function
IS unknown.

To gain insights into the roles of RyRs in neuronal function, numerous studies have
investigated the cellular and subcellular localizations of RyRs in the brain. It has been shown that
RyRs are expressed in different compartments in hippocampal neurons, including presynaptic
terminals, dendritic spines, dendritic shafts, and the soma (286, 288, 290, 293, 294). Therein,
they have been suggested to be involved in various neuronal functions. Consistent with these
subcellular localizations of RyRs, functional studies have implicated an important role of RyRs
in synaptic transmission, long-term potentiation (LTP), synaptic plasticity, and gene expression
(285, 293, 295-301). However, the precise subcellular localization and specific roles of the
RyR2 isoform in different compartments (presynaptic terminals, dendritic spines, dendritic
shafts, and the soma) in hippocampal neurons are largely undefined. This is due, in part, to the
presence of all 3 RyR isoforms in hippocampal neurons, the uncertain antibody specificity in the
context of whole brain tissue, and the lack of isoform-specific functional probes for RyR2.

To be able to specifically define the subcellular localization of the RyR2 isoform in the
brain, in the present study, we used a knock-in (KI) mouse model that expresses a green
fluorescence protein (GFP)-tagged RyR2. To increase the specificity and sensitivity of GFP
detection, we generated a GFP-specific probe. Using these new reagents, we unambiguously
localized RyR2 in the dendritic shafts and soma, but not in the presynaptic terminals or dendritic
spines, in hippocampal neurons. Furthermore, to specifically assess the impact of CPVT RyR2
mutations, we employed a KI mouse model expressing a CPVT-linked human RyR2 mutation
R4496C that enhances channel function (83, 86, 87, 267, 269). We found that the CPVT RyR2-
R4496C mutation had no effect on presynaptic short-term facilitation. On the other hand, we
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showed that the R4496C mutation impaired hippocampal LTP, learning and memory. We also
showed that a CPVT RyR2 mutation increased the occurrence of spontaneous Ca2+ transients
and action potential firing, suggesting RyR2 as an important determinant of neuronal excitability.
Therefore, our data reveal the precise subcellular localization of RyR2 in hippocampal neurons
and the functional consequences of a CPVT RyR2 mutation for neuronal excitability and
cognitive function. Our results provide novel insights into the mechanisms of intellectual

disability associated with RyR2 mutations.
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4.2 EXPERIMENTAL PROCEDURE

4.2.1 Animal studies

All animal studies were approved by the Institutional Animal Care and Use Committees
at the University of Calgary and were performed in accordance with US National Institutes of
Health guidelines. Adult knock-in mice expressing a GFP-tagged RyR2 (GFP-RyR2) (333),
heterozygous RyR2-R4496C (RC) (269) and wild type (WT) control littermates (3-4 month of

age) of both sexes were used.

4.2.2 Generation and labeling of GFP-specific probe

The cDNA encoding the GFP binding protein cAbGFP4 (237, 340) was amplified by
PCR using a forward primer: GCACAGGTTCAACTGGTGGAAAGC and a reverse primer:
TTATTATTTAGAGCTCACCGTCACCTG. The PCR fragment was then subcloned into the
pPET28HMT expression vector using the Sspl restriction enzyme. The sequence of the PCR
fragment was confirmed by DNA sequencing. The GFP binding protein fused to the C-terminus
of the polyhistidine-tagged maltose-binding-protein was overexpressed in DH5a E. coli cells and
purified using the HisPur™ Ni-NTA Resin (Thermo Fisher; 8821). The recombinant fusion
protein (the GFP-probe) was diluted in PBS (NaCl, 137 mM; KCI, 2.7 mM; Na2HPO4, 10 mM,;
and KH2PO4, 1.8 mM; pH 7.4) and conjugated with the succinimidyl — ester of Alexa Fluor 647
(Thermo Fisher; A20106) for at least 1 hr at room temperature. Excess dye was removed using
the Zeba™ Spin Desalting Columns (Thermo Fisher; 89882) and the fluorescently labelled GFP-

probe (30 pg/ml) was stored at 4 degree until use.
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4.2.3 Preparation of brain slices for imaging

GFP-RyR2 mice and WT littermates (3-4 month old) were anesthetized and
transcardially perfused with pre-chilled carbogen-bubbled artificial cerebrospinal fluid (aCSF)
(NaCl, 125 mM; KClI, 3.25 mM; MgClI2, 1.5 mM; and CaCl2, 1.5 mM; D-glucose, 25 mM; and
NaHCO3, 25 mM; pH 7.4 adjusted with NaOH) or with the slicing solution (N- methyl D-
glucamine 119.9 mM, KCI 2.5 mM, NaHCO3 25 mM, CaCl2 1.0 mM, MgCI2 6.9 mM,
NaH2PO4 1.4 mM, glucose 20 mM, pH 7.4). They were then sacrificed by decapitation and
whole brains were submerged rapidly into ice cold aCSF or slicing solution, bubbled with 95%
02 and 5% CO2. For confocal and structured illumination microscopy (SIM), coronal sections
(150 um) were collected and fixed with paraformaldehyde (4%) in aCSF for <5 min at room
temperature (RT). The reaction was stopped using aCSF containing glycine (0.5 M). Free
floating sections were then blocked with a mixture (v/v = 50%) of BlockAid™ Blocking
Solution (Molecular Probes; B10710) and Image-iT™ FX Signal Enhancer (Molecular Probes;
136933) for 1-2 hr at RT. Blocked brain slices were labeled with the GFP-probe for 30-45 min at
RT, washed, mounted and imaged. For co-localization studies, the GFP-probe stained slices were
permeabilized for 15 min with Triton X-100 (0.1%) and stained with Rhodamine Phalloidin
(Thermo Fisher; R415) for 1 hr at RT or overnight at 4 °C with primary antibodies against
synaptophysin (Millipore; MAB5258 - SY38 clone), syntaxin (Enzo Life Sciences; ADI-VAM-
SV013 — SP6 clone) or microtubule-associated protein 2 (MAP2)(Sigma; M1406 AP-20 clone).
Brain slices that were treated with primary antibodies were further incubated for 1-2 hr at RT
with rhodamine-conjugated secondary antibody (rhodamine (TRITC) AffiniPure™ goat anti-
mouse IgG (H+L)) (JacksonImmuno Research Laboratories Inc.; 115-025-003) before they were
embedded in Prolong™ Gold Antifade Mountant (Thermo Fisher; P36930) for subsequent
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imaging.

4.2.4 Confocal and structured illumination microscopy (SIM) imaging

High resolution confocal xy imaging was performed with an inverted Nikon A1Rplus
microscope system equipped with a Plan Fluor DIX H N2 40x/1.3-NA oil immersion objective
or Plan-Apochromat alpha 60x/1.27-NA oil immersion objective and selective excitation and
emission filters. Large image acquisition was performed through automated fluorescence-based
image stitching (50% image overlay). The fluorescence signals of GFP-RyR2 (Ex/Em 488/510
nm), rhodamine-conjugated phalloidin, anti-mouse (EX/Em 561/594 nm), and the GFP-probe
(Ex/Em 638/665 nm) were acquired at the indicated excitation and emission wave lengths. SIM
superresolution was performed on an inverted Carl Zeiss ELYRA LSM 780 microscope PS1
system equipped with an Plan-Apochromat DIC M27 63x/1.4 oil immersion objective and
excitation and emission filters. For each color, raw image z-stacks were acquired in 0.1 pym z-
increments from a region of interest with a vertical/axial thickness of 5 um using 5 rotations, 5
phases. Zeiss ZEN 2012 black software (Zeiss,Germany) was used for channel alignment and

SIM image reconstruction.

4.2.5 Confocal Ca2+ imaging of hippocampal neurons in brain slices

Coronal brain slices (300 um) from RyR2 WT and RyR2-R4496C mutant mice (3-4
months old) expressing the GCaMP6f Ca2+ sensing probe driven by the Thyl promotor were
mounted onto an inverted Nikon A1 microscope system, equipped with a Plan-Apochromat 1-WI
60x/1.2-NA water immersion objective and selective excitation and emission filters. High-speed
confocal xy microscopy was employed to acquire image series of Ca2+ transients in 150 um
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optical sections at a sampling rate of 1.1 frames per second (FPS). GCaMP6f fluorescence
signals (Ex/Em 488/510 nm) from hippocampal cells in the CA1 region were continuously
recorded at the resting condition (spontaneous Ca2+ transients) for 15 min, followed by the

addition of KCI (50 mM) (KCl-induced Ca2+ transients).

4.2.6 Single cell patch-clamp recording

Action potentials were measured in pyramidal CA1 neurons of transverse dorsal
hippocampal slices (260 um) from RyR2 WT and RC mutant mice (3-4 months old) using
whole-cell patch clamp with an Axopatch 700B amplifier (Axon Instruments). AP firing was
recorded utilizing external solution (NaCl 124 mM, KCI 2.5 mM, HEPES 5 mM, glucose
12.5 mM, MgClI2 2 mM, CaCl2 2 mM, pH, 7.4) and soft-glass recording pipettes (Sutter
Instruments; Novato CA) filled with an internal solution (potassium gluconate 135 mM, KCI 10
mM, HEPES 10 mM, CaCl2 1 mM, MgCI2 1 mM, EGTA10 mM, ATP1 mM, GTP 0.1 mM, and
pH 7.4 adjusted with KOH). The pipette resistance was 4—-6 MQ after filling with internal
solution. Spontaneous AP firing by pyramidal cells in the CA1 region was recorded at RT in
whole cell current clamp mode. For the measurement of current triggered APs, APs were
initiated by injecting current from 0 to 300 pA for 1 s in 10 pA steps at 10 s intervals (341). Data

were acquired and analyzed using pPCLAMP 10.4 (Molecular Devices; Sunnyvale CA).

4.2.7 Electrophysiological recording of short-term plasticity and long-term
potentiation in hippocampal Schaffer collaterals

Schaffer collateral fibers were stimulated in stratum radiatum at the CA3 — CA2
boundary to record field excitatory postsynaptic potentials (fEPSPs) in the CA1 stratum radiatum
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(in ~220-280 um distance from stratum pyramidale) of transverse dorsal slices (300 um) from
RyR2 WT and R4496C mutant mice (3-4 months old). The slope of fEPSPs were determined
from peaks that occurred ~2-6 ms after the stimulation to avoid potential interference from cell
body population spikes as described by Low et al.(342) and Turner et al. (343). Paired pulse
facilitation was assessed via current stimulation (60 pA) with inter-stimulus intervals of
20-300 ms. The baseline was established for at least 20 min before a series of 15 sets of two
consecutive pulses was applied. fEPSP slopes of the initial pulse (P1) was set in relation to the
fEPSP slope recorded in response to a secondary pulse (P2) yielding the paired pulse ratio
(P2/P1) for comparison. Long-term potentiation (LTP) was induced using a tetanic high-
frequency stimulation (HFS; 4 trains of 100 pulses at 100 Hz, with 20 s intervals). Synaptic
responses were recorded for at least 30 min after tetanization and quantified as the slope of the
evoked fEPSP as percentage of the baseline. The baseline was recorded for at least 20 min. Basal
excitatory synaptic transmission was assessed via comparison of input-output relations: current

input versus (i) slopes of fEPSP and (ii) Schaffer fiber volley amplitude

4.2.8 Spatial learning and memory test

Spatial learning and memory were evaluated using the Morris water maze (MWM) task
(344). Experiments were carried out blindly. RyR2-R4496C mutant mice and RyR2 WT
littermates were trained to localize a hidden escape platform (10 x 10 cm) in a circular pool
(116.84 cm in diameter, 50 cm in depth) (San Diego Instruments, CA) via distal visual cues. The
platform was submerged 1-2 cm beneath the surface in water (22-24°C) which was rendered
opague by addition of milk powder. The localization of the pool in relation to visual cues was
maintained constant during the entire task. The cues were distinct in color and size. Digital
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division of the tracking area (pool) into four quadrants was performed by the SMART video
tracking system, Smart 3.0 (Panlab Harvard Apparatus; Barcelona Spain). The escape platform
was placed in the centre of the south-west quadrant for the entirety of the learning phase (4
training days) and digitally defined as target. Spatial training consisted of 4 days with 1 session
comprising 5 trials per mouse. Mice were released with their heads facing the pool wall at one of
four entry locations (north, east, south and west) in non-repetitive random order. Swimming was
automated video-tracked until the subject found the escape platform and remained on it (> 5 s),
or until a maximum of 1 minute. Mice that did not locate the hidden platform within the time
limit of 60 seconds were guided to the escape platform until they spent >10 seconds on it. In
between trials (inter-trial interval > 10 min), mice were housed in heated cages to avoid
performance deficits due to exhaustion, or hypothermia. The latency and swimming speed to
reach the escape platform were recorded for comparison. After the learning phase, memory
retention was evaluated by one probe trial 24 hours after the last training session. The escape
platform was removed before mice were released from the north entry point into the pool. Their
swimming was video-tracked for 60 seconds. The area at the location of the removed hidden
platform was defined as target and the south-west quadrant the target quadrant. The percentage
of time mice spent in the target quadrant (including the target) were measured for comparison.
The mean swim speed was also determined to evaluate potential differences caused by

performance dysfunction due to physical disabilities.

4.2.9 Novel object recognition
RyR2-R4496C mutant mice and RyR2 WT littermates were habituated for 10 min per
mouse in an equally illuminated, odor-free, white, plastic box (40x40x50 cm?®) embedded with
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fresh aspen shavings and shreds. In between each mouse trial the box was wiped with ethanol to
avoid odor-induced stress. 24 hours after habituation, two identical objects ware placed at equal
distance to each other and the corners into the box. Each mouse was placed into the center, and
allowed to move freely for 10 min. Mice were video recorded during this familiarizing phase.
Side preferences was evaluated by dividing the time a mouse spent exploring one object by the
time they spent at the other object. Twenty-four hours later, one of the objects was replaced by a
novel object. The other object remained constant. The selection of a familiar object to be
replaced was random. Each mouse was again placed into the center of the box and allowed to
move freely for another 10 min while videotaped. General exploration was evaluated by
determining the time exploring at the objects. The discrimination ratio describes the time a
mouse explored the novel object divided by the total time it spent exploring (novel and familiar

objects). The above experiments were carried out blindly.

4.2.10 Computational image analysis
Basic image processing of fluorescence signals was performed using the NIS Elements
AR 4.13 software (Nikon); ZEN 2012 black software (Zeiss, Germany) and Fiji (ImageJ

https://imagej.nih.gov/ij/; NIH). Colocalization analysis was processed with the customized

program ImageTrak (345) written by PKS. Electrophysiological recordings were acquired and
analyzed using pCLAMP 10.4 (Molecular Devices; Sunnyvale CA). Behavioral video tracking

was performed using SMART 3.0 (Panlab Harvard Apparatus; Barcelona Spain).

4.2.11 Statistical Analysis
All values shown are means + standard error of means (SEM) unless indicated otherwise.
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To test for differences between groups, we used unpaired Student's t-tests (two-tailed). P values

smaller than 0.05 were considered to be statistically significant.
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4.3 RESULTS
4.3.1 Specific localization of RyR2 in the brain using GFP-RyR2 knock-in mice and
a novel GFP probe

Given the presence of all 3 RyR isoforms in the brain, it is difficult to specifically localize
the RyR2 isoform in brain tissue. To circumvent these problems, we have generated a knock-in
mouse model in which the RyR2 isoform is tagged by the green fluorescent protein (GFP). We
performed confocal imaging of brain slices from the GFP-tagged RyR2 mice to directly visualize
the location of the GFP-RyR2 isoform in hippocampus, a region known to be important for
learning, memory, and cognition. As shown in Figure 25, strong green fluorescence signals were
detected in the hippocampus in GFP-RyR2 brain slices (Figure 25Aa). In contrast, only weak
auto-fluorescence green signals were detected in similar areas of brain slices from wild-type
(WT) littermates (i.e. without GFP) (Figure 25Ad). Confocal imaging with higher magnification
further revealed the location of GFP-RyR2s in the soma and dendrites of pyramidal shaped cells
in the CAL region (Figure 25Ba), and of granule cells in the dentate gyrus region (Figure 35A) in
hippocampus. Again, only weak auto-fluorescence green signals were detected in the CA1 and
dentate gyrus regions in WT brain slices (Figure 25Bd and Figure 35D).

To further minimize auto-fluorescence green signals and to increase the sensitivity and
specificity of GFP detection, we generated a red fluorescent, GFP-specific probe in which a
GFP-binding protein (GBP) (or GFP-nanobody) was fused to the C-terminus of the maltose-
binding protein (MBP). This MBP-GBP fusion protein was expressed, purified, and labelled with
Alexa Fluor 647 (AF647) dye. To test the specificity of this novel GFP probe, we incubated the
GFP probe with fixed ventricular myocytes isolated from the GFP-RyR2 mouse hearts. As
shown in Figure 34, GFP-RyR2s in ventricular myocytes form clusters that are organized in a
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highly ordered striated pattern. Importantly, the signals of the red GFP probe detected in
ventricular myocytes are superimposed with those of the GFP (Figure 34). Similarly, we found
that the red GFP probe signals detected in the CA1 and dentate gyrus regions in the GFP-RyR2
brain slices are also superimposed with those of the GFP (Figure 25Ba, b, ¢ and Figure 35A, B,
C). On the other hand, little or no red GFP probe signals were detected in the same areas of WT
(no-GFP) brain slices (Figure 25Bd, e, fand Figure 35D, E, F). Taken together, these data
indicate that the AF647-labelled MBP-GBP fusion protein is a highly specific probe for GFP-
RyR2 in brain slices. These results also demonstrate that RyR2s are highly expressed in cells in
the areas of CA1 and dentate gyrus of the hippocampus.

4.3.2 Subcellular localization of RyR2 in hippocampal neurons using confocal
imaging

Functional studies have suggested that RyRs play an important role in Ca2+ handling in
various compartments in hippocampal neurons (285, 295, 317). However, it is unclear whether
the RyR2 isoform is involved in Ca2+ handling in all or only some specific neuronal
compartments. To address this question, we first determined the subcellular localization of GFP-
RyR2 in hippocampal neurons by performing co-localization analysis of GFP-RyR2 with well-
established markers for different neuronal compartments. Using our novel and specific GFP
probe, we found that there is little or no co-localization of GFP-RyR2 signals with synaptophysin
or syntaxin staining, both of which are well-established markers for presynaptic terminals, in
hippocampal CAL neurons (Figure 26A, Figure 37A) and in granule cells of dentate gyrus
(Figure 36A,; Figure 37B). We also found only minimal/partial co-localization of GFP-RyR2
signals with phalloidin staining, a well-established marker for dendritic spines, in the
hippocampal CA1 (Figure 26B) and dentate gyrus (Figure 36B) regions. In contrast, we found
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that the GFP-RyR2 signals were extensively co-localized with the staining of the microtubule 2
associated protein 2 (MAP2), a well-established marker for postsynaptic sites (dendrites and
soma), in the hippocampal CA1 (Figure 26C) and dentate gyrus (Figure 36C) regions. Clearly,
the GFP-RyR2 signals were detected throughout dendritic shafts of CA1 pyramidal neurons and
granule cells of dentate gyrus (Figure 26C, Figure 36C). These data indicate that the RyR2
isoform is specifically localized throughout the dendritic shaft and soma, but not at the
presynaptic terminals or the dendritic spines of CA1 pyramidal neurons and dentate gyrus

granule neurons in hippocampus.

4.3.3 Subcellular localization of RyR2 in hippocampal neurons using
superresolution imaging

To further define the subcellular localization of RyR2, we performed co-localization
studies of GFP-RyR2 and well-established neuronal markers using structured illumination
microscopy (SIM)-based super-resolution imaging. As shown in Figure 27 and Figure 38, SIM
superresolution imaging revealed fine details of staining of synaptophysin, phalloidin, MAP2,
and GFP-RyR2 in hippocampal CA1 (Figure 27) and dentate gyrus (Figure 38) regions with
staining patterns very similar to those observed using confocal imaging. Consistent with our
findings using confocal imaging, SIM super-resolution imaging also showed that there is a
minimal/partial overlap between the GFP-RyR2 signals and the synaptophysin or phalloidin
staining signals in hippocampal CA1 (Figure 27A) or dentate gyrus (Figure 38A) regions. In
contrast, there is an extensive overlap of signals of GFP-RyR2 and MAP2 staining in
hippocampal CAL (Figure 27A) and dentate gyrus (Figure 38A) regions. Quantitative analysis of
colour overlap in SIM images showed that there is ~50% overlap between GFP-RyR2 and MAP2
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signals, whereas, there is <5% overlap between GFP-RyR2 and synaptophysin or phalloidin
signals in CA1 and dentate gyrus regions (Figure 27B, Figure 38B). Taken together, our confocal
and super-resolution imaging studies clearly demonstrate that RyR2 is localized throughout the
dendritic shaft and soma, but not at the presynaptic terminals or the dendritic spines in

hippocampal CAL neurons and in the granule cells of dentate gyrus.

4.3.4 The CPVT RyR2 mutation R4496C has no significant impact on presynaptic
short-term facilitation

We next investigated how arrhythmogenic RyR2 mutations affect synaptic transmission.
We first determined the impact of a CPVT-causing RyR2 mutation R4496C on presynaptic short
term plasticity. The RyR2 R4496C mutation was identified in patients with CPVT and has been
shown to enhance the sensitivity of RyR2 to Ca2+ activation (83, 86, 87, 267, 269). We
performed the paired-pulse stimulation protocol to assess presynaptic short-term facilitation in
hippocampal Schaffer collaterals in brain slices from RyR2 R4496C mutant and WT mice. As
shown in Figure 28, there was no significant difference in paired pulse facilitation between the
RyR2 R4496C mutant Schaffer collaterals and those of the WT (Figure 28A, B) with a paired
pulse facilitation profile similar to that reported previously (346). Maximal facilitation (~160%)
was observed at secondary pulses (P2) 40-60 ms after the initial pulse (P1) in both the WT and
RyR2-R4496C mutant (Figure 28B). There were also no significant differences in the amplitude
of Schaffer fiber volleys nor in the field excitatory postsynaptic potential (EPSP) slopes in
relation to the current input between the WT and RyR2 R4496C mutant (Figure 28C, D),
indicating that the WT and R4496C mutant hippocampal Schaffer collaterals exhibited similar
basal synaptic activity. Thus, these observations demonstrate that the CPVT R4496C mutation
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does not significantly affect presynaptic short-term plasticity, consistent with the absence of

RyR2 expression at the presynaptic terminals.

4.3.5 The CPVT RyR2 R4496C mutation impairs long-term potentiation (LTP) in

hippocampal Schaffer collaterals

Although RyR2s are absent at presynaptic terminals, they are highly expressed at
postsynaptic sites. It is then possible that CPVT RyR2 mutations may affect postsynaptic
plasticity. To test this possibility, we measured LTP at Schaffer collateral — CA1 synapses in
brain slices from the CPVT RyR2 R4496C mutant mice and WT littermates. As shown in Figure
29, fEPSP slopes in response to stimulation of Schaffer collaterals in both the WT and R4496C
mutant brain slices remained increased (> 130%) for at least 30 min after a train of high
frequency stimulation (HFS), indicating the presence of long-term potentiation (LTP) (Figure
29A,B). However, the extent of LTP was significantly reduced in R4496C mutant compared to
that in WT (Figure 29C). Again, there were no significant differences in the amplitudes of fiber
volleys or fEPSP slopes in relation to the current input between WT and R4496C mutant brain
slices. Therefore, these data support the notion that the CPVT RyR2 mutation impairs

hippocampal LTP.

4.3.6 The CPVT RyR2 R4496C mutation impairs learning and memory

Given the link between hippocampal LTP and learning/memory, it is possible that CPVT-
causing RyR2 R4496C mutation, which impairs hippocampal LTP, may also affect learning and
memory. To test this possibility, we performed Morris water maze (MWM) tests on the mutant
mice and their WT littermates (3-4 months) to evaluate their spatial learning and memory. As
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shown in Figure 30, the RyR2 R4496C mice required significantly longer time than WT mice to
find the submerged platform in the MWM task (Figure 30A) and spent significantly less time in
the target quadrant in the probe test 24 hrs after the last training session (Figure 30B,C). It should
be noted that there is no difference in the mean swim speed between the WT and RyR2 R4496C
mutant mice (Figure 39), indicating similar locomotion performance in WT and R4496C mice.
We also carried out novel object recognition (NOR) tests to evaluate their capability in object
recognition and memory. We found that the RyR2 R4496C mutant mice spent significant less
time exploring the novel object than WT mice (Figure 30D). Note that both WT and R4496C
mutant mice showed no side preference in the NOR tests (Figure 39B), and that there is no
significant difference in the exploration time between WT and R4496C mutant mice (Figure
39C). Collectively, these results indicate that the CPVT RyR2 R4496C mutation impairs both

hippocampal LTP, learning, and memory.

4.3.7 The CPVT RyR2 R4496C mutation increases spontaneous Ca2+ transients in
hippocampal CA1 neurons.

Neuronal excitability is believed to be a critical determinant of LTP, learning, and
memory (2, 347, 348). It is thus reasonable to propose that impairment in LTP, learning, and
memory observed in the R4496C mutant mice may result from altered neuronal excitability. To
test this hypothesis, we crossed the RyR2 R4496C mutant mice with Thyl GCaMP6f transgenic
mice that express a genetically encoded fluorescence Ca2+ indicator GCaMP6f (349). Under the
control of the Thyl promoter, the GCaMPG6f protein is highly expressed in neurons in the
hippocampus and cortex, and is capable of reporting both spontaneous and evoked Ca2+
transients (350-352). We then assessed the neuronal excitability of hippocampal CA1 neurons in
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brain slices from RyR2 WT/GCaMP6f and RyR2-R4496C/GCaMP6f mice by monitoring
spontaneous Ca2+ transients that are known to result from the firing of action potentials (APs) in
neurons (353-355). As shown in Figure 31, among the hippocampal CA1 neurons that responded
to KCI depolarization, only a small fraction of these KCI responsive neurons in WT brain slices
showed spontaneous Ca2+ transients at rest (Figure 31A, C, D). Note that here KCI
depolarization was used to localize active neurons. On the other hand, the fraction of KCI-
sensitive hippocampal CAL neurons that exhibited spontaneous Ca2+ transients in RyR2-
R4496C mutant brain slices at rest was markedly increased (Figure 31B, D, E) compared to that
in WT (54.7£5.9% in R4496C vs 22.1+4.6% in WT, P<0.01). The average cumulative duration
of spontaneous Ca2+ transients in R4496C hippocampal CA1 neurons was also significantly
longer than that in WT (Figure 31F). These results indicate that CPVT RyR2 R4496C mutation
increases the occurrence of spontaneous Ca2+ transients, suggesting increased neuronal

excitability.

4.3.8 The CPVT RyR2 R4496C mutation increases spontaneous and triggered

action potential (AP) firing in hippocampal CA1 neurons
To directly assess the impact of CPVT RyR2 R4496C mutation on neuronal excitability,

we performed single cell patch clamp recordings in hippocampal CA1 pyramidal neurons in
brain slices from the WT and RyR2 R4496C mutant mice. As shown in Figure 32, spontaneously
firing APs were detected in both WT and R4496C mutant hippocampal CA1 pyramidal neurons.
However, the fraction of CAl pyramidal neurons that displayed spontaneous AP firing was
substantially higher in R4496C brain slices than in WT (Figure 32A, B) (P <0.05). Furthermore,
the current threshold required to trigger AP firing in R4496C mutant CA1 pyramidal neurons by
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current injection was significantly lower than that needed to trigger AP firing in WT neurons
(Figure 32C, D, E) (P<0.05). The frequency of current-triggered APs in R4496C mutant CAl
pyramidal neurons was markedly increased compared to that in WT neurons (Figure 32C, D, F)
(P<0.05). These data demonstrate that the CPVT R4496C mutation increases neuronal

excitability of hippocampal CA1 pyramidal neurons.

4.3.9 Basal activity-dependent LTP induction in RyR2 R4496C mutant
hippocampal CA1 neurons

The CPVT RyR2 R4496C mutation resulted in impaired hippocampal LTP and increased
neuronal excitability in hippocampal CA1 neurons. This suggests a potential link between
enhanced neuronal excitability and impaired LTP. To test this potential link, we measured LTP
in hippocampal Schaffer collaterals in brain slices from the RyR2 R4496C mutant and WT mice
with low and high basal stimulation current before high frequency stimulation (HFS). As shown
in Figure 33, when a small basal stimulation current (20 pA) was used, significant LTP (>130%)
could be induced by HFS in RyR2 R4496C mutant hippocampal Schaffer collaterals, although it
was much smaller than that in WT (Figure 33A). However, no LTP in R4496C mutant
hippocampal Schaffer collaterals could be induced by HFS when a larger basal stimulation
current (100 pA) was applied, whereas, significant LTP could still be induced in WT
hippocampal Schaffer collaterals under the same conditions (Figure 33B). These data indicate
that LTP induction in RyR2 R4496C mutant hippocampal Schaffer collaterals is highly sensitive
to the strength of basal stimulation. These results also suggest that the impaired hippocampal
LTP, learning, and memory observed in RyR2 R4496C mutant mice may result from the
increased neuronal excitability.
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Figure 25 Subcellular localization of GFP-RyR2 in hippocampus

Representative confocal fluorescence images of hippocampus in brain slices (150 um) from mice
expressing the GFP-tagged RyR2 (Aa-c) and WT littermate (Ad-f) are shown (n = 16 from 8
brains). GFP-fluorescence (Aa,d), GFP-probe staining (Ab,e), and overlay of the GFP and GFP-
probe signals (Ac,f) are depicted. GFP-fluorescence (Ba,d), GFP-probe staining (Bb,e), and
overlay of the GFP and GFP-probe signals (Bc,f) in the stratum pyramidale (s.py) and stratum
radiatum (s.ra.) areas in the hippocampal CAL region in brain slices from mice expressing the
GFP-tagged RyR2 (Ba-c) and WT littermate (Bd-f) are shown (n = 25 from 8 brains)

(unpublished manuscript).

148



CA1 region

CA1 region

CA1 region

/ ? \
/ ] A
. .

Figure 26 Co-localization of GFP-RyR2 with synaptic markers in hippocampal CA1 region

using confocal imaging
Representative high-resolution confocal fluorescence images of hippocampal CAL region in
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brain slices from mice expressing a GFP-tagged RyR2 that were co-stained with the GFP-probe
(displayed in green) and the presynaptic major vesicle protein synaptophysin (A); the F-actin
targeting phalloidin (B); or the microtubule-associated protein 2 (MAP2) (C) are shown (n =30
from 8 brains). GFP-probe staining (a,d), synaptic marker staining (b,e) and overlay of the GFP-
probe and synaptic marker signals (c,f) are depicted. Dendritic branch points are indicated by

white arrows (Cd-f). (unpublished manuscript).
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Figure 27 Co-localization of GFP-RyR2 with synaptic markers in hippocampal CALl region

The co-localization of GFP-RyR2 and synaptic markers was determined using structured-
illumination microscopic (SIM) imaging of the hippocampal CA1 region. Brain slices were

prepared from GFP-RyR2 mice and co-stained with the presynaptic major vesicle protein
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synaptophysin (Aa-d), the F-actin targeting phalloidin (Ae-h), or the microtubule-associated
protein 2 (MAP2; Ai-l). The synaptic marker fluorescence (Aa,e,i), GFP-probe staining (Ab,f,)),
overlay of the GFP-probe and synaptic marker signals (Ac,g,k), and the extent of overlapping
signals between the GFP-probe and synaptic markers (Ad,h,l) are shown. Overlapping signals
between GFP-RyR2 and synaptophysin, phalloidin or MAP2 were quantified in panel B. Data

shown are mean £ SEM (n = 6 images from 3 brains). (unpublished manuscript).
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Figure 28 CPVT RyR2 Mutation R4496C has no significant effect on presynaptic short-

term facilitation

Representative traces of paired pulse recordings in Schaffer collaterals in dorsal hippocampal
slices from RyR2 WT (Aa) and RyR2-R4496C (RC) mutant (Ab) mice (3-4 months old) are

shown. Stimulus input current for Schaffer collaterals was 60 pHA. The relationship between

paired pulse ratio and rest interval in WT and R4496C mutant brain slices is shown in panel B.

Note that there are no significant differences in the amplitude of fiber volleys (C) or in the fEPSP
slopes (D) in relation to the current input between the WT and RyR2 R4496C mutant brain

slices. Data shown are mean = SEM (n = 10 slices from 8 WT and 7 RC brains)
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Figure 29 Impairment of long-term potentiation in the Schaffer Collaterals of CPVT RyR2
R4496C mutant brain

Synaptic response to tetanic high-frequency stimulation (HFS, 4 trains of 100 pulses at 100 Hz
with 20s intervals) was assessed using field excitatory postsynaptic potential (fFEPSP) recordings

in the CA3-CAL neuronal connections of RyR2 WT and R4496C mutant mouse brain slices (3-4
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months old). The baseline was recorded for at least 20 min. Synaptic potentiation was determined
by measuring the slope of the evoked fEPSP as percentage of the baseline before and 30 min
after a HFS. (A) Representative fEPSP traces under basal conditions (dashed lines) and after
HFS (solid lines) in WT (Aa) and R4496C mutant (Ab) brain slices. (B) fEPSP slopes in
Schaffer collaterals in both the WT and R4496C mutant brain slices remained increased (> 130%
indicated by the dashed line in Ba) for at least 30 min after HFS. (C) Average fEPSP slopes in
WT and R4496C mutant brain slices (at 40-50 min). Note that there are no significant differences
in the amplitude of fiber volleys (D) and fEPSP slopes (E) in relation to the current input
between WT and R4496C mutant brain slices. Data shown are mean + SEM (n = 14 brain slices
from 7 WT, and 15 brain slices from 8 R4496C) (*P<0.01). (unpublished manuscript).
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Figure 30 Cognitive Deficits in mice harboring CPVT RyR2 Mutation R4496C

Spatial learning was assessed in mice harboring the CPVT-linked RyR2 R4496C mutation (RC)
and WT littermates using the Morris water maze (MWM) test. (A) The latency to reach the target
escape platform during the training period (days 1-4) of RyR2-WT and RyR2-R4496C mice. (B)
Representative swimming traces in MWM test of the WT (Ba) and RyR2-R4496C mutant (Bb)
mice. Red sphere indicates entry point. Green square indicates the position of the platform. (C)
Time spent in the target quadrant (bottom left quadrant) after removing the platform (green
square) in the probe test 24-hr after the last training session. (D) The percentage of time spent in
the novel object during the Novel Object Recognition (NOR) test in WT and R4496C mutant
mice. Data shown are mean £ SEM (n = 8 for WT and 8 for R4496C) (*P<0.05). (unpublished

manuscript).
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Figure 31 CPVT RyR2 mutation R4496C enhances spontaneous Ca2+ transients in
hippocampal CA1 neurons.

Hippocampal brain slices (300 um thick) were prepared from RyR2 WT and R4496C mutant
mice (3-4 months old) expressing the GCaMP6f Ca2+ sensing probe. GCaMP6f fluorescence
signals from individual hippocampal CAL neurons were continuously recorded at the resting
condition (spontaneous Ca2+ transients) for 15 min, followed by the addition of KCI (50 mM)

(KCl-induced Ca2+ transients) using the Nikon A1R laser confocal microscope in the XY-scan
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mode. (A, B) GCaMP fluorescence images of hippocampal CA1 neurons in RyR2 WT (A) and
R4496C mutant (B) mouse brain slices at rest (a) and after KCI perfusion (b). Fluorescence
traces of spontaneous and KClI-induced Ca2+ transients in individual RyR2 WT (C) and R4496C
(E) CAL neurons are shown. (D) The fraction (%) of neurons showing spontaneous Ca2+
transients under the resting condition (i.e. the percentage of neurons showing spontaneous Ca2+
transients among all neurons responded to KCI). (F) Total duration of spontaneous Ca2+
transients (%) was defined as the percentage of total duration of spontaneous Ca2+ transients
over the period of 15 min recording at rest (%, total Ca2+ transient duration/neurons/15min-
recording period). Data shown are mean £ SEM (n = 13 slices from 3 WT brains with 431
neurons, and n = 13 slices from 4 R4496C brains with 392 neurons) (*P<0.01). (experiment

conducted by Dr. Sun; unpublished manuscript).
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Figure 32 CPVT RyR2 mutation R4496C enhances spontaneous and triggered action
potential firing in hippocampal CA1 neurons.

Hippocampal brain slices (260 um thick) were prepared from RyR2 WT and R4496C mutant
mice (3-4 months old). Action potential firing was recoded using whole-cell patch clamp with an
Axopatch 200B amplifier. (A) Representative traces of membrane potential recordings showing
spontaneous action potential (SAP) firing in RyR2 WT (black trace) and R4496C mutant (red
trace) mouse hippocampal CAL neurons. (B) Fraction (%) of RyR2 WT and R4496C (RC) CA1l
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neurons displaying sAP firing. Note that the GOF RyR2 mutation R4496C markedly increases
the percentage of CA1 neurons showing sAP firing. (C, D) Representative traces of membrane
potential recordings showing AP firing after current injection of 150 pA into the RyR2 WT (C)
and R4496C mutant (D) hippocampal CAL neurons. (E) Current threshold (pA) was defined as
the minimum current injection required to trigger the first AP firing in WT and R4496C (RC)
mouse hippocampal CAL neurons. Note that the R4496C mutation reduces the current threshold
for triggering AP firing. (F) The frequency of current injection-triggered APs. Not that the
R4496C mutation increases the AP firing frequency in hippocampal CAL neurons. Data shown
are mean = SEM (n = 14 neurons in slices from 3 WT brains, and n = 14 neurons in slices from 3
R4496C brains) (*P<0.05). (experiment conducted by Dr. Yao; unpublished manuscript).
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Figure 33 Effect of basal stimulation on LTP induction in RyR2 WT and R4496C mutant
hippocampal CA3-CALl pathway

Synaptic transmission in response to tetanic high-frequency stimulation (HFS; 4 trains of 100
pulses at 100 Hz, with 20-sec intervals) was assessed in Schaffer collaterals of RyR2 WT and
R4496C (RC) mutant brain slices (300 pum; 3-4 months) after conditioning with 20 pAmp (A) (n
=7 brain slices from 4 WT mice, and n = 6 brain slices from 3 R4496C mice) and 100 pAmp (B)
(n =5 brain slices from 3 WT mice, and n = 6 brain slices from 4 R4496C mice) current input.
Average slopes (20min) of baseline field excitatory postsynaptic potentials (fEPSP) were
compared to average slopes of the fEPSP recorded 20 to 30 min after HFS as percentage of the
baseline (Ab and Bb). Dashed lines indicate 130% LTP. Data shown are mean + SEM (*P<0.01).

(unpublished manuscript).
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Figure 34 Co-detection of GFP fluorescence and GFP-probe staining in ventricular
myocytes isolated from the GFP-RyR2 mice

Representative confocal images of ventricular myocytes isolated from GFP-RyR2 expressing
mice are displayed. Localization of GFP-RyR2 by virtue of the GFP fluorescence (A) and signals
of AF647 conjugated GFP-probe (B) showed typical single-rowed arrays of RyR2 clusters in the
interior of ventricular myocytes. (C) Signal overlap between GFP-RyR2 and GFP-probe

fluorescence. (unpublished manuscript).
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Figure 35 Subcellular localization of GFP-RyR2 in hippocampal dentate gyrus granule
neurons in brain slice

Representative high-resolution confocal images of the dentate gyrus (DG) in GFP-probe labelled
brain slices (150 pum) are shown. GFP-RyR2 fluorescence (A) and GFP-probe signals (B)
overlap in the dendrites and soma of granule-shaped cells in DG (C). There are little GFP-RyR2
fluorescence (D), GFP-probe signals (E), or overlay of these signals (F) in DG in WT brain slices

(n = 25 from 8 brains). (unpublished manuscript).
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Phalloidin

Figure 36 Co-localization of GFP-RyR2 with synaptic markers in hippocampal dentate
gyrus region using confocal imaging
Representative high-resolution confocal fluorescence images of hippocampal dentate gyrus

region in brain slices from mice expressing a GFP-tagged RyR2 that were co-stained with the
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GFP-probe (displayed in green) and the presynaptic major vesicle protein synaptophysin (A); the
F-actin targeting phalloidin (B); or the microtubule-associated protein 2 (MAP2) (C) are shown
(n =35 from 8 brains). GFP-probe staining (a,d), synaptic marker staining (b,e) and overlay of
the GFP-probe and synaptic marker signals (c,f) are depicted. Dendritic branch points are

indicated by white arrows (Cd-f). (unpublished manuscript).
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Figure 37 Localization of GFP-RyR2 and presynaptic vesicle fusion protein syntaxin in
CA1 and dentate gyrus regions using confocal imaging

Representative high-resolution confocal fluorescence images of hippocampal CAl (A) and
dentate gyrus (B) regions in brain slices from mice expressing a GFP-tagged RyR2 that were co-
stained with the GFP-probe (displayed in green) and the presynaptic vesicle fusion protein
syntaxin are shown (n = 8 from 3 brains). GFP-probe staining (a,d), syntaxin staining (b,e) and

overlay of the GFP-probe and syntaxin signals (c,f) are depicted. Not that there is only marginal
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signal overlap between GFP-RyR2 and syntaxin signals in CAl region (Ac,f) or in the DG

region (Bc,f). (unpublished manuscript).
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Figure 38 Co-localization of GFP-RyR2 with synaptic markers in hippocampal dentate
gyrus region using super-resolution imaging
The co-localization of GFP-RyR2 and synaptic markers was determined using structured-

illumination microscopic (SIM) imaging of the hippocampal dentate gyrus region. Brain slices
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were prepared from GFP-RyR2 mice and co-stained with presynaptic major vesicle protein
synaptophysin (Aa-d), the F-actin targeting phalloidin (Ae-h), or the microtubule-associated
protein 2 (MAP2; Ai-l). The synaptic marker fluorescence (Aa,e,i), GFP-probe staining (Ab,f,j),
overlay of the GFP-probe and synaptic marker signals (Ac,g,k), and the extent of overlapping
signals between the GFP-probe and synaptic markers (Ad,h,l) are shown. Overlapping signals
between GFP-RyR2 and synaptophysin, phalloidin or MAP2 were quantified in panel B. Data
shown are mean = SEM (n = 6 from 3 brains). (unpublished manuscript).
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Figure 39 Effect of the CPVT RyR2 R4496C mutation on swimming speed, side preference,
and exploration time

The mean swimming speed in Morris water maze test (A), and the side preference (B) and
exploration time (C) in novel objective recognition test of WT and RyR2-R4496C mutant mice
are shown. Note that there are no significant differences in these parameters between the WT and
R4996C mutant mice. Data shown are mean £ SEM (n = 8 for WT, and 8 for R4496C) (ns, non-
significant). (unpublished manuscript).
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4.4 DISCUSSION AND CONCLUSION

Ryanodine receptor type 2 (RyR2) is predominantly expressed in the heart and brain (23).
Given this tissue distribution, defective RyR2 function is expected to cause diseases in both the
heart and brain. Indeed, enhanced RyR2 function as a result of naturally occurring mutations in
RyR2 can lead to lethal cardiac arrhythmias, such as catecholaminergic polymorphic ventricular
tachycardia (CPVT) (86). A number of CPVT RyR2 mutations have also been associated with
intellectual disability and cognitive deficits (278-280). While the arrhythmogenic mechanisms of
CPVT RyR2 mutations have been well understood, the mechanism by which CPVT RyR2
mutations cause cognitive dysfunction is unknown.

It is well known that Ca2+ signaling in neurons occurs locally in spatially segregated
compartments with different functional roles (281, 282). Depending on their subcellular
localization (presynaptic terminals, dendritic spines, dendritic shafts, or soma), RyRs could play
a role in synaptic transmission, postsynaptic signaling, synaptic plasticity, or gene expression
(285, 293, 295-301). Therefore, knowing the precise subcellular localization of RyRs is
fundamental to the understanding of the functional roles of RyR-mediated local Ca2+ signaling
in neurons.

Given its pivotal importance, the cellular and subcellular distributions of RyRs have been
extensively investigated. RyRs have been shown to be expressed in different compartments,
including presynaptic terminals, dendritic spines, dendritic shafts, and the soma in hippocampal
neurons (286, 288, 290, 293, 294). However, despite these efforts, little is known about the
precise subcellular distribution of the RyR2 protein in these neurons. Although anti-RyR2
antibodies have been used to localize RyR2 in the brain (286, 294), it is unclear whether these
anti-RyR2 antibodies also recognize other proteins in the context of whole brain tissue. Hence,
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the presence of different RyR isoforms in hippocampal neurons and the uncertain specificity of
the antibodies used made the precise subcellular localization of the RyR2 protein difficult. To
avoid these potential problems, we developed a novel platform to definitively localize RyR2 in
brain tissue. We employed a knock-in mouse model that expresses a GFP-tagged RyR2 (333).
The in-frame insertion of GFP into RyR2 allows us to distinguish RyR2 from the other RyR
isoforms. Furthermore, we generated a novel AF647-conjugated, GFP-specific probe, which is
composed of a GFP-binding protein (or anti-GFP nanobody) (239, 356) fused to the C-terminus
of the maltose-binding protein. This novel fluorescent GFP-probe is highly specific for GFP, as it
shows strong specific staining in GFP-RyR2 expressed heart and brain tissues, but little
detectable signals in WT heart and brain tissues without the expression of GFP-RyR2. Using this
novel platform and high resolution confocal and SIM super-resolution imaging, we
unambiguously localized RyR2 in dendrites and the soma, but not in presynaptic terminals or
dendritic spines, in pyramidal neurons in the hippocampal CAL region and in granule cells of the
dentate gyrus. Our unique GFP-RyR2 platform, therefore, uncovers a previously unappreciated
pattern of subcellular distribution of RyR2.

This novel subcellular distribution of RyR2 has important implications for the role of RyR2
in neurons. Although a large number of studies have indicated the involvement of RyRs in
presynaptic transmission in hippocampal Schaffer collaterals (295, 299, 300, 357-359), the
specific role of RyR2 in this process is unclear. The absence of RyR2 in presynaptic terminals
observed in our study would argue against a major role of RyR2 in presynaptic short-term
plasticity. In support of this view, we found that genetically enhancing RyR2 function did not
significantly alter presynaptic short-term facilitation. Similarly, the failure to detect RyR2 in
dendritic spines also argues against a significant role that RyR2 may play in Ca2+ signaling in
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dendritic spines. The RyR-mediated Ca2+ signalling in presynaptic terminals or dendritic spines
of CAl pyramidal neurons observed in previous studies may be attributable to other RyR
isoforms (RyR1 and/or RyR3) (285, 295, 298, 300, 357, 358). However, direct comparison of
isoform-specific functions has remained challenging due to methodologically restrains.

In the brain, RyR2 is most abundantly expressed in the hippocampal region as shown
before (287-292). Consistent with its hippocampal expression, RyR2 has been shown to play a
critical role in hippocampal LTP, learning, and memory (303-306, 360). Altered RyR2 function
can lead to impaired LTP and cognitive deficits (314, 315). However, the impact of CPVT RyR2
mutations on hippocampal LTP induction, learning, and memory is completely unknown. To
assess the effect of CPVT mutations on cognitive dysfunction, we employed a knock-in mouse
model harboring a CPVT RyR2 R4496C mutation. We found that the CPVT RyR2 R4496C
mutation exerted no significant effect on presynaptic short-term facilitation, but significantly
impaired hippocampal long-term potentiation (LTP), learning, and memory. These observations
are consistent with the intellectual disability observed in CPVT patients with RyR2 mutations.
Furthermore, we found that this RyR2 R4496C mutation markedly increased the excitability of
hippocampal neurons. Since neuronal excitability is thought to be a critical determinant of LTP,
learning, and memory (2, 347, 348), our data suggest that CPVT RyR2 mutations may cause
intellectual disability by impairing hippocampal LTP, learning, and memory as a result of
enhanced neuronal excitability. Hence, our findings provide important new insights into the
mechanism of cognitive dysfunction associated with CPVT RyR2 mutations.

In summary, in the present study, we established a novel platform for defining the
subcellular expression and distribution of RyR2 in the brain. We demonstrated that RyR2 is
specifically localized to the dendritic shafts and soma, but not the presynaptic terminals or
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dendritic spines of hippocampal CA1 pyramidal and dentate gyrus granule neurons. We also
showed that a CPVT-causing RyR2 mutation R4496C enhances neuronal excitability and
impairs LTP, learning, and memory. Our data shed new insights into the mechanism of
intellectual disability associated with CPVT RyR2 mutations. These results also have important

implications for other neurological disorders associated with RyR2 dysfunction.
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CHAPTER S DISCUSSION AND FUTURE DIRECTIONS

5.1 The distribution of functional RyR2 Ca2+ release units in the ventricular myocytes

ECC is one of the most fundamental processes in muscle physiology. In the heart, it
describes the sophisticated mechanism underlying the coupling of plasma membrane
depolarization to intracellular Ca2+ release that ultimately leads to cardiac contraction (3, 320).
Extensive research over the past decade provided evidence to advance our understanding of the
signaling pathway during ECC. CICR has been identified as a key element in this process
allowing the amplification of Ca2+ influx via RyR2-mediated Ca2+ release from the SR. In
normal heart cells CICR is graded and tightly controlled (128, 143, 144, 148, 203, 321, 322).
How cardiomyocytes are able to maintain graduation and stability of CICR via this positive
feedback mechanism is not completely understood. The “local control” theory by Stern has
provided a compelling model to explain this phenomenon (143, 144, 323, 361). Therein, isolated
groups of voltage-gated L-type Ca2+ channels in the plasma membrane are functionally coupled
exclusively to RyR2 clusters that act as CRUs (53, 129, 143-145, 321, 323, 324). Activation of
an individual functional RyR2 cluster produces an elementary Ca2+ release event, known as
Ca2+ spark (128-131, 146). The spatiotemporal summation of Ca2+ sparks is believed to
underlie global Ca2+ transients (131). Thus, graded SR Ca2+ release in response to Ca2+ influx
could then be achieved by recruiting various numbers of Ca2+ release units (128-130, 146, 325).
In consequence, the distribution of functional RyR2 clusters is believed to be a critical

determinant for CICR, hence cardiac contraction.

5.1.1 The distribution of RyR2 clusters is similar in live and fixed cells
The distribution of RyR2s in cardiomyocytes has been extensively investigated using
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antibodies in fixed and permeabilized cardiomyocytes (58, 153, 211, 214, 326). However, little is

known about in situ distribution of RyR2 clusters ventricular myocytes.

5.1.2 Our novel mouse model expressing GFP-tagged RyR2

We recently generated mice expressing GFP-tagged RyR2. The genetic basis underlying
this mouse model has been explored in a previous study. Insertion of GFP-encoding cDNA into
the DR2 of the cDNA of RyR2, specifically after residue Thr1366 (RyR2Thr1366-GFP), was
achieved via homologous recombination. HEK293 cells that expressed RyR2-Thr1366-GFP
showed WT-like Ca2+ release with typical caffeine - and ryanodine sensitivity. Furthermore,
cells that expressed the construct emitted GFP fluorescence signals upon excitation at 488 nm.
3D reconstruction of purified RyR2T1366-GFP from cryo-EM data showed structurally intact
channels with one GFP molecule per subunit. Taken together, these results demonstrate that the
expression of the cDNA of RyR2T1366-GFP leads to the formation of WT-like functional Ca2+
release channels with GFP tags (40).

In the present study, we showed for the first time that genetic knock-in of
RyR2Thr13366-GFP into mice provide a reliable tool to study in situ RyR2 distribution. No
gross structural, nor functional abnormalities of the heart were observed in these mice. At a
cellular level, RyR2s are expected to cluster in the terminal cisternae of the SR juxta-positioning
the t-tubular invaginations of the sarcolemma along the z-lines. Indeed, GFP-RyR2 fluorescence
signals was detected in highly organized arrays co-localizing with markers for the z-line and
sarcolemma invaginations in the interior of isolated cardiomyocytes. The single transverse rows
of this arrangement were spaced with inter-row distances of approximately 1.85 um. This
distance is in the range that has been reported to describe the extent of a sarcomere, the
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elementary structural unit of muscle fibres, in healthy non-contracted cardiomyocytes (362). This

makes one confident that the observed results truly represent in situ distribution of RyR2.

5.1.3 Distribution of GFP-RyR2 in fixed ventricular myocytes

Most localization studies of RyR2 have relied on the use of antibodies. Thus, they
required sample preparation, such as fixation. Therewith, biochemical reactions are terminated to
prevent decay. However, one might be concerned since long term exposure of chemicals that are
required for this process might alter, or even damage, cellular structures.

In the present study, we showed, for the first time, the distribution of GFP-RyR2 clusters
in live cardiomyocytes. Furthermore, we re-evaluated previous localization studies that used
chemical fixation. We demonstrated that exposure of isolated cardiomyocytes to 4%
paraformaldehyde for 5-10 minutes showed similar distribution of GFP-RyR2 clusters as
observed in the interior of live ventricular myocytes. Thus, the correct use of fixatives allows the

study of “in situ’-like distribution of RyR2 clusters.

5.1.4 RyR2s located between z-lines in the interior of ventricular myocytes

Indirect functional studies suggested the existence of SR-associated RyR2 clusters that
are located between z-lines (206). RyR2 clusters at these sites have been proposed to harbor a
key role in the propagation of Ca2+ release along the myofilaments (207). To directly evaluate
this proposal, we directly determined the distribution of RyR2 clusters in relation to the z-line.
We co-localized GFP-RyR?2 signals and z-line zone marker, a-actinin, in ventricular myocytes
isolated from our KI mice. Signals from both elements occurred in close proximity, even in areas
of the cell which appeared disordered at first sight. In conclusion, we could not detect GFP-
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RyR2 clusters in between z-line zones. However, the resolution of our confocal microscope is
limited. Potentially, small clusters or individual channels of RyR2 do not emit enough light to be
detected in our setting. Nevertheless, these units might still allow RyR2 mediated Ca2+ release
from the SR. This concern makes the need for synchronous localization of GFP-RyR2 and

elementary Ca2+ release, Ca2+ sparks evident.

5.1.5 RyR2 clusters are the origin of Ca2+ sparks
Lukyanenko et al. (206) reported that a significant portion of Ca2+ sparks (~20%) were

detected at sites away from z-lines. In this study, they used permeabilized cells that were treated
with Fluor3 and BODIPY TR-X ryanodine to map Ca2+ sparks in relative spatial correlation to
the marker. Importantly, these authors have stated that they originally developed BODIPY TR-X
ryanodine to visualize RyR2 directly. However, instead of binding to RyR2 they found this probe
to sequester in mitochondria. As such they used it to define the z-line as BODIPY TR-X
ryanodine void space. Authors also acknowledged that the ryanodine - based dye might interfere
with the activity of RyR2, however they neglected it due to the concentration in which they
applied it in (0.1uM). Altogether, such indirect spatial correlation for Ca2+ release site mapping
raises concerns.

We could not detect GFP-RyR2 clusters in between z-lines in live ventricular myocytes.
Nevertheless, RyR2 CRUs that may have functional relevance could have been potentially
missed by our localization technique due to our detection limitation. To evaluate whether
physiologically relevant Ca2+ release events occur at sites other than GFP-RyR2 clusters, we
determined the origin of Ca2+ sparks in correlation to the center of GFP-RyR2 signals. To this

end, we loaded ventricular cardiomyocytes that were isolated from our GFP-RyR2 mice with
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Rhod-2 AM, a Ca2+ indicator with a Kd for Ca2+ of ~570 nM, to monitor physiologically
relevant Ca2+ release events. Thus, our study did not require permeabilization and cell
membrane integrity and interactions with voltage-gated L-type channels remained intact.
Spontaneous Ca2+ sparks were triggered via SR Ca2+ overload through application of high
external Ca2+ concentrations (> 2 mM). Our analysis of Ca2+ sparks revealed that highly
ordered GFP-RyR?2 clusters at the z-line zone are the origin of Ca2+ release sites. Thus, we

conclude that graded and stable CICR during ECC relies on these sites.

5.1.6 Ca2+ sparks did not lead to detectable changes in mitochondrial Ca2+ levels

The question of whether mitochondrial Ca2+ transport affects the cytosolic Ca2+
concentration during ECC on beat-to-beat basis remains unclear (243). Most studies that
addressed this uncertainty used Ca2+-specific fluorescence indicators that predominantly
accumulate in mitochondria (Rhod 2-AM; indo 1-AM; or Fluro3-AM). Therewith, mitochondrial
Ca2+ levels can be monitored to understand uptake Kkinetics and store capacity of the
mitochondrial matrix.

Fluorescence probes that remained in the cytosol have to be efficiently removed to
specifically detect mitochondrial Ca2+ dynamics and avoid signal “contamination’. Quenching
of cytosolic probes with Mn2+ (363-366), high temperature treatment (327, 329) and dye wash
out after permeabilization (245, 246, 331, 367) have been applied to eliminate residue dyes in the
cytosol.

Concerns have been raised in applications of Mn2+. Potential interference with Ca2+
transport and quenching of mitochondrial signals by manganese has been described by Gavin et
al. (368). However, these observations have been challenged by a subsequent study, showing that
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Mn2+ did affect mitochondrial Ca2+ (364). Nevertheless, Mn2+ should be used with caution
during measurements of mitochondrial Ca2+ levels.

Alternatively, extrusion of cytosolic indo 1-AM dye through plasma membrane anion
pumps was promoted in rat ventricular myocytes via incubation at 37 °C after loading at RT
(327, 329). However, the efficiency of this protocol for indo-1 removal from the cytosol might
not be optimal. Trollinger et al. (328) developed an adaptation of this technique that incorporated
the concept in rabbit cardiomyocytes. Loading of the cell with Rhod2-AM at 4 °C, hence cold
loading, allows the membrane-permeable compound to equilibrate throughout the cell before
esterases trap the dye mainly in mitochondria. Therewith, the selectivity of mitochondrial
staining is supposedly significantly improved.

Lastly, permeabilization of the sarcolemma via application of detergents has been used to
allow cytosolic dye to exit. However, cell permeabilization causes the loss of membrane
integrity, regulatory coupling of L-type Ca2+ channels and RyR2 units and structural stress.
Thus, permeabilized cells might not reflect healthy Ca2+ homeostasis and signaling. Previous
studies in permeabilized cardiomyocytes (245, 246, 331, 367) supported direct coupling of
elementary RyR2-mediated Ca2+ release and fast mitochondrial Ca2+ elevation, via the
observation of marks (mitochondrial Ca2+ sparks). However, little is known about the influences
of Ca2+ sparks on mitochondrial Ca2+ levels in intact cardiomyocytes (without the use of

Mn2+).

With our KI mouse models expressing GFP-RyR2, we found ourselves in the unique
position to determine whether elementary RyR2-mediated Ca2+ release directly affects
mitochondrial Ca2+ levels. In our study, we did not see GFP-RyR2 co-localization with
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mitochondria-specific indicator Mitotracker-Red. Nevertheless, we have to acknowledge that
confocal imaging does not allow one to resolve the interface of GFP-RyR2 clusters and
mitochondria. Thus, functional assessments are required to determine whether elementary SR-

Ca2+release influences mitochondrial Ca2+ levels.

To specifically monitor mitochondrial Ca2+ concentrations in direct response to spontaneous
Ca2+ sparks, we used cold loading of mitochondria with Rhod2-AM, as described by
Trollinger et al.(328). We then applied heat treatment to efficiently eliminate cytosolic dye that
remained. The resulting Rhod 2 fluorescence was detected in patterns of fibers with block-like
elements (Figure 15), resembling the localization of mitochondria-specific marker, Mitotracker-
Red, in the interior of ventricular myocytes (Figure 12). Signal voids between individual
segments indicated effective elimination of cytosolic dye, thus selective staining of
mitochondria. The cells followed pacing, verifying their viability. Intra luminal Ca2+ build-up in
the SR was achieved via application of extracellular Ca2+ (> 2-3 mM) in combination with
electric stimulation. Abrupt stopping of pacing in these cells led to SOICR.

We did not detect any marks in live ventricular myocytes, however, we clearly detected
Ca2+ sparks in the same cell in subsequent monitoring of the cytosolic Ca2+ concentration.
Thus, we conclude that elementary RyR2-mediated Ca2+ release does not affect mitochondrial
Ca2+ levels.

One might argue that subsequent measurements of cytosolic and mitochondrial Ca2+
does not allow a direct correlation of Ca2+sparks and instant changes in mitochondrial Ca2+.
However, we demonstrated that in cells that readily produce Ca2+sparks, mitochondrial Ca2+
remained unaffected throughout the cell. It is possible that no Ca2+sparks occurred during the
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assessment of mitochondrial Ca2+ levels. Nevertheless, the large number of Ca2+ release events
observed with cytosolic probes renders this scenario unlikely.

Simultaneous detection via light microscopy of two fluorescence Ca2+ indicators in
cytosol and mitochondria has been criticised to be particularly prone to misinterpretation. The
risk of channel bleeding and insufficient spatial resolution to separate signals potentially lead to
signal ‘contamination’.

Rapid SR-mitochondrial Ca2+ transport during ECC has been indicated to be a species —
selective characteristic (329). Interestingly, observations that were made in rodent cardiomyocyte
(guinea pig vs rats) showed distinct results. In our study, we have shown that in mouse cells,
elementary Ca2+ release from the SR did not lead to detectable changes of mitochondrial Ca2+
levels. This novel finding might help to understand in the future whether this phenomenon is the
result of distinct intrinsic mechanisms of mitochondrial Ca2+ uptake, or the presence of different
regulatory elements.

However, it should be noted that different Ca2+ indicators (indo-1-AM vs rhod2-AM),
were used to monitor Ca2+ levels in the mitochondrial matrix. Both dyes have been used in
various studies to monitor physiologically relevant Ca2+ levels in cardiac cells. Nevertheless,
their difference in Kd values for Ca2+ (indo-1 ~ 250 nM vs Rhod-2 ~570 nM) should be of
consideration. Their concentration range over which Ca2+ binding leads to changes in

fluorescence intensity (~ between 0.1- and 10-fold the Kd value) is different.

5.2 Dynamic and irregular distribution of RyR2 clusters at the periphery of Ventricular
myocytes
In agreement with previous studies (53, 56-59, 153, 154, 205, 208, 214, 215, 326, 334),
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highly-organized arrays of RyR2 clusters were found in the interior of live ventricular myocytes
that act as CRUSs to facilitate stable and graded CICR during ECC. However, distribution of

RyR2 clusters at the periphery of live cells remains unknown.

5.2.1 Three layers with different distribution patterns of RyR2 clusters

In our study, confocal, TIRF, HILO and EPI fluorescence imaging revealed three distinct
patterns of distribution of RyR2 clusters within the same live ventricular myocytes.
Irregular/disordered arrangements were found closest to the sarcolemmal membrane. Tightly-
ordered arrays were confirmed in the interior and a double row feature was found in between.
These results support previous 3D confocal imaging studies that showed irregular distribution of
RyR2 clusters in the outermost optical confocal z-planes of fixed and permeabilized
cardiomyocytes (57, 58, 214). However, our findings contrast former TIRF and dSTORM studies
that reported “double row™ arrangements of RyR2 clusters near the sarcolemmal membrane (56,
215, 227).

This discrepancy has potentially been caused by distinct cell placement for imaging. Our
live cardiomyocytes naturally adhered to the glass interface when transferred in free suspension
onto a coverslip. However, former studies required cell fixation and permeabilization for
antibody-based localization of RyR2. Thus, they had to resort to "gentle sandwiching™ between
two coverslips to force cardiomyocytes in proximity to the glass interface to facilitate TIRF and
STORM imaging. Such mechanical force might have shifted the "double-row" layer into focus.

The novel finding of diverse patterns of distribution of RyR2 revealed the complexity in
the periphery of cardiomyocytes. It shows the need for subcellular layer-specific definition of
structures in the periphery of cardiomyocytes. Generalized interpretation of “peripheral patterns
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of molecular components should be re-evaluated since it might not allow to resolve the
complexity of elements in the periphery of cardiomyocytes. For example, it might help to
understand interactions of junctophilin-2 (JPH2) with RyR2 in cardiomyocytes.

JPH2, has been identified as a key structural element of dyadic clefts with interactions
with both plasma membrane and SR. They are believed to maintain microdomains in the interior
of cardiomyocytes that are essential for CICR, and in turn for ECC (41). The skeletal isoform of
this protein has been shown to directly connect with RyR1 and L-type Ca2+ channels (369).
However, a recent study reported association of JPH2 with RyR2 clusters with different
distribution from dyad to dyad in the “periphery” of fixed and permeabilized cardiomyocytes
(57). Their observations were made in a peripheral layer with “double row" distribution of RyR2.
However, the relationship of JPH2 and irregularly distributed RyR2 clusters nearest to the
sarcolemma remains unknown. Our GFP-RyR2 mouse model may provide a useful tool to

evaluate JPH2-RyR?2 interactions at the outmost peripheral layer in the future.

5.2.2 Cell area

One might have concerns that long-range orders are difficult to determine in small areas
that are provided by adhesion points of a rod-shaped cardiomyocyte. We addressed this issue in
two ways. On one hand, we coated the glass surface with laminin, an extracellular matrix
protein, to increase cell adhesion. Therewith, we increased the area of cardiomyocytes that could
be imaged in TIRF mode. We confirmed that the laminin-use did not affect GFP-RyR2
distribution. TIRF images and Fourier transforms acquired with and without laminin pre-
treatment of coverslips were indistinguishable.

On the other hand, we evaluated whether small areas, relative to the area of the cell,
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harbor sufficient information to compare relative orderliness of the distribution of RyR2 clusters
located in different regions of the cell. We provided compelling evidence that areas as small as

5.5 x 3.5 um are sufficient to gain reliable and reproducible results.

5.2.3 Implications of the movements of RyR2 clusters

A previous report showed tight association of junctophilin-2 with RyR2 clusters ( ~90%)
in “double rows™ of cardiomyocytes (57). However, little is known about structural elements that
potentially maintain micro-arrangements in the layer nearest to the sarcolemma.

Our study revealed RyR2-modulator sensitive movements of RyR2 clusters near the
sarcolemma in live cells. We found various dynamics of GFP-RyR2 signals, such as separation
and fusion, Xy — and z-translocation. This was an unexpected and exciting finding. Although the
majority of clusters maintained their position within the recorded time span, a significant number
of irregularly distributed GFP-RyR2 signals displayed movement. This leads one to speculate
that a complex subcellular system is specifically present near to sarcolemma. One the one hand,
it stabilizes the positioned irregularly distributed RyR2 clusters. On the other hand, it has to
facilitate fast re-arrangements of transmembrane channels in a fashion that depends on the
activity of RyR2s. Micro-structures, similar to those in the interior, could account for the
stabilizing element. Additionally, Ca2+ dependent vesicular transport could provide a
mechanism that allows RyR2 cluster movements.

In favour of this model is the fact that multiple vesicle fusion apparatus, such as secretory
vesicle-associated proteins, mediate membrane fusion or vesicle separation in response to Ca2+
binding (370). Opposing this hypothesis, former localization studies of RyR2 (e.g. EM data)
have not reported the presence of RyR2 in vesicles near the sarcolemma. However, there is an
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argument that potentially explains this phenomenon. Most localization studies have required on
cell fixation and permeabilization to localize RyR2 via antibodies. Thus, studies applied agents
that dissolve phospholipids, such as vesicle membranes. Thus, these techniques might not have
detected RyR2 cluster containing vesicles. However, this remains speculative at this point.

In future prospective, the molecular apparatus that underlies stabilization and dynamic
movement of irregularly distributed RyR2 clusters near the plasma membrane needs to be further
investigated. As a potential next step, co-localization of RyR2 clusters and markers for vesicles,

or JPHZ2, in live cardiomyocytes could provide evidence for the suggested models.

5.2.4 Functionality of irregular distributed RyR2 clusters

Convincing evidence has been provided that voltage gated L-type Ca2+ channel-
mediated Ca2+ influx leads to Ca2+ release via RyR2 in the periphery of cardiomyocytes.

Co-localization studies have been indirectly shown the presence of both molecular
components in peripheral couplings of atrial and ventricular myocytes (211, 334). Additionally,
ryanodine sensitive Ca2+ sparks were reported in the periphery of detubulated
cardiomyocytes(210). In a more direct approach, a study that applied whole cell patch clamp
measurements in tandem with confocal line scan imaging of Ca2+ sensitive fluorescence probes
characterized peripheral Ca2+ spark generation (209). They detected peripheral Ca2+ sparks
with short (~ 4.5ms) and long (~ 41ms) rise times. The authors argued that dynamic recruitment
of small, non-uniform cohorts of RyR2 channels accounted for this finding. Our finding of
dynamic distribution of RyR2 clusters supports this notion. Nevertheless, their imaging might
not have been able to distinguish between different layers of RyR2 clusters in the periphery of
cardiomyocytes.
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Our discovery of three layers of RyR2 cluster distribution raises the question: Are all
types of RyR2 clusters in the periphery, with distinct arrangements, activated by Ca2+ entry
through the L-type Ca channels during membrane depolarization, or only particular layers?
Furthermore, do all peripheral RyR2 clusters possess similar Ca2+ release properties to those of
RyR2 clusters located in the cell interior?

Our simultaneous assessment of Ca2+ sparks and the locations of GFP-RyR2
demonstrated that irregular distributed CRUs possess properties similar to those in the interior.
Therewith, cells have the potential to rapidly generate distinct spatiotemporal Ca2+ release

events. However, functional implications remain to be determined.

5.2.5 Possible implication of peripheral RyR2 clusters in vesicle transport

Ca2+ release from dynamic irregularly distributed RyR2 clusters could be involved in
various Ca2+ dependent mechanisms and pathways in the periphery of cardiomyocytes.
Our observation of RyR2-modulator sensitive movements may lead one to speculate that
peripheral CRUs are involved in vesicular transport. In support of this hypothesis, partial co-
localization of RyR2 and caveolin-3 (~28%) was reported at the periphery of fixed
cardiomyocytes (215). Caveolin-3 is a constituent of the caveolae plasma membrane and has
been used to mark t-tubules. Their oligomerization can facilitate clathrin-independent raft-
dependent vesicle formation and endocytosis (371). This hypothesis was strengthened by the
recent discovery of a protein that binds directly to caveolin and the cytosolic region of RyR2.
Therewith, heart LIM protein mediates protein-protein interactions and forms a complex with
RyR2 and caveolin-3 in heart cells (372). Nevertheless, direct evidence for this theory is still
lacking. Monitoring RyR2-modulator dependent formation of caveolin-3 oligomers at CRU near
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the plasma membrane of live cells would provide such confirmation. However, most caveolin-3
localizations relied on antibodies. A genetic visualization approach might will overcome this

issue in the future.

5.2.6 Fine-structure and size of RyR2 clusters in ventricular myocytes

The exact nature, arrangement and number of RyR2 channels within a CRU in
cardiomyocytes remains debated. A number of localization studies with different approaches
suggested estimates of single digits to hundreds of RyR2 channels per functional unit (41, 53,
56-60, 334, 373). The resolution in experimental design is not high enough to address this issue,
but provides novel insights that have important implications. Our discovery of diverse
distribution patterns in distinct layers of the cell, potentially aids the understanding of the large
variance in numbers that were suggested to form CRUs. Additionally, complexity might be
explained since we demonstrated that the shape and size of peripheral RyR2 clusters is a
dynamic feature. Therefore, it might be beneficial if future studies of CRU are carried out in a

subcellular-specific manner.

5.3 Unambiguous RyR2 cluster distribution in hippocampal Neurons

It has remained a challenge to specifically localize the RyR2 protein in the brain, since all
RyR isoforms are present. Previous studies of RyR2s in brain tissue relied on targeting of
messenger RNA (mMRNA), or the use of conventional anti-RyR2 antibodies (374, 375).
Unfortunately, these approaches have limitations, which might not allow to definitively and

unambiguously determine the neuronal distribution of RyR2 in hippocampal neurons.
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The distribution of RyR2 mRNA has been extensively studied in brain tissue via in situ
hybridization (30, 294, 302). However, mRNA locations might not reflect the position of RyR2
protein. Post-translational modifications, such as phosphorylation, oxidation and nitrosylation of
RyR2 have been found to significantly alter RyR2 activity and distribution (30, 314, 315, 374).
Furthermore, the expression of RyR2 mRNA has been shown to undergo dynamic changes during
brain development (embryo to adulthood) in various species, including humans (30).

Alternatively, RyR2 antibodies have been used to localize RyR2 in intact hippocampal
tissue (286, 292, 294). However, the specimen thickness, the range of neuronal cell types, and the
complexity of arborization networks, may lead one to be concerned about the specificity of
antibodies and accessibility of targets, under some experimental conditions. Hence, subcellular

distribution of RyR2 requires verification in intact preparations of adult brain.

In consensus with previous mRNA and conventional antibody-mediated localization
studies, we found most extensive GFP-RyR2 expression in the hippocampus of intact brain
preparations from our KI mice (Figure 25). Using high resolution confocal and SIM
superresolution imaging, we further unambiguously localized RyR2 in dendritic shafts and soma,
but not at presynaptic terminals and dendritic spines, of pyramidal shaped cells in the CA1 region
(Figure 25; Figure 26; Figure 27; and Figure 37), and in the dendrites of granule cells in the dentate
gyrus (Figure 35; Figure 36; Figure 37 and Figure 38). These results have significant implication.
On the one hand, they call former suggestions that RyR2 are present in presynaptic terminals of
mossy fibers of the CA3 pyramidal neurons (359) and dentate gyrus granule neurons (294) into
question. Furthermore, our findings finally clarify that RyR2s are expressed throughout the
dendritic shaft (Figure 26 and Figure 27) and not preferentially at dendritic branching points of
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pyramidal CA1 neurons as suggested by functional studies (297, 317, 319). Furthermore, our
subcellular localization study renders the observation of RyR antagonist/agonists-sensitive release
of Ca2+ from internal stores in dendritic spines of hippocampal CAL neurons (281, 285) unlikely
to be mediated by RyR2. Somatic localization of RyR2s may also help to understand their potential
implication in complex Ca2+ signals, such as specialized Ca2+ waves that were particularly

effective in activating gene expression and protein synthesis in hippocampal CA1 neurons (319).

5.4 Neuronal functions of RyR2 clusters in dendritic shafts and soma of hippocampal
neurons

Functional studies have indicated that RyRs play pivotal roles in Ca2+ handling in
hippocampal neurons. However, the involvement of RyRs in distinct neuronal processes remains
controversial.

Presynaptic functional implications of RyRs in axonal terminals of hippocampal CA3
neurons were supported by pharmacological (299, 300, 357, 376, 377) and shRNA knockdown
(359) studies. However, these findings were opposed by an observation of unaffected
neurotransmitter release after application of RyR antagonists (378). Similarly, postsynaptic
activities of RyRs have been vigorously examined. Analysis of neuronal localized Ca2+ release
event appearance in hippocampal slices suggested RyRs to be located preferentially at branch
points of dendrites of pyramidal cells (297, 317, 318). In contrast, RyR-antibody signals were
localized throughout the dendritic shafts of cultured hippocampal sections (379). Additionally,
Watanabe S. et al. reported RyR-mediated Ca2+ release events just under the plasma membrane

of the cell body of hippocampal neurons in intact brain slices (319).
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These discrepancies may be explained by the fact that former studies suffer from two major
problems. On the one hand, most functional assessments were made in developing systems (294).
On the other hand, there are no isoform-specific reagents available to study neuronal RyR2
functions. Direct evidence for isoform-specific functions of RyRs is lacking. A number of
pharmacological studies have indicated that different RyRs are critically involved in the induction
of LTP, a major component of synaptic plasticity, underlying learning and memory (306, 307,
309-311). However, these studies did not distinguish the specific roles of each RyR isoform. In
general, extracellular drugs, such as i) ryanodine; ii) caffeine; and iii) dantrolene, have been
employed to investigate neuronal functions of RyRs. Ryanodine acts on all three isoforms. It locks
the channels in a semiconducting open state at low concentrations, whereas high concentrations of
ryanodine (> 10 uM) completely block RyR mediated Ca2+ release (110). Caffeine, and agonist
of RyRs, has been shown to have multiple other molecular targets that are involved in cellular
Ca2+ signaling, including phosphodiesterases, GABAA receptors, adenosine Aza receptors and
possibly AiRs (117). Also, whether RyRs antagonist dantrolene affects specific RyR isoforms
remains uncertain. In vitro studies and ligand binding assays with native and recombinant RyRs
indicated that the Ca2+ channel blocker, dantrolene, act specifically on RyR1, but not on RyR2
(118-120). Furthermore, RyR1 and RyR3, but not the RyR2 isoform, were reported to provide in
vivo targets for dantrolene inhibition (121). However, this matter has been put into question.
Dantrolene rescued RyR2-mediated arrhythmogenic delayed after-depolarizations in a patient-
specific stem cell model (380). Furthermore, dantrolene has been found to directly interact with
RyR2 that were incorporated in artificial bilayer membranes (381). Thus no isoform-specific

pharmacological reagents to determine isoform-specific neuronal functions of RyR2.
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Alternatively, antisense oligonucleotides have been used to selectively knockdown the
expression of RyR isoforms (292), but the effectiveness of this knockdown approach in intact
animals is not clear. Genetic knockout of RyR3 has been shown to affect learning and memory
(312), but this knockout approach is not feasible for RyR1 and RyR2, as RyR1 or RyR2 deficient
mice die early during embryonic development (28, 313). Hence, the development of novel models

is required to assess the functional roles of a specific RyR isoform.

5.5 Perspective and future directions

Aside from experiments that could evaluate aforementioned theories and models, | will use
the following section to propose other directions and interest fields in which our novel research
tools may provide aid to localize GFP-tagged proteins and understand their functional roles in the

future.

5.5.1 Superresolution imaging of anti-GFP nanobody-tagged GFP-RyR2

In our study, we demonstrated selective and specific targeting of GFP-RyR2 in tissue and
cells from our KI mice using the AF-647 conjugated anti-GFP nanobody. Therewith, we
developed a novel platform to unambiguously define the location of this intracellular RyR2
channel. However, this approach has not been taken advantage of to its full potential yet. AF-647
is a photoactive dye that has been shown to facilitate STORM imaging. Experiments were
performed in which this superresolution technique was employed for image acquisition in the
interior of anti-GFP nanobody stained ventricular myocytes. Preliminary data, showed clear
reconstruction of highly-ordered arrays of GFP-RyR2 in the interior. However, the quantum

yield of blinking events has to be increased before reliable conclusions can be made about the
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fine structure and number of RyR2 channels of individual clusters. Therefore, several factors
have to be optimized, such as sample preparation and anti-GFP nanobody binding, acquisition
redox conditions and handling.

After establishing an optimal approach to perform STORM in single cells, similar set ups
may be usable to determine the location of GFP-RyR2 in tissue specimens with nanometric

resolution.

5.5.1.1 Application of anti-GFP nanobody to other studies

Our anti-GFP nanobody probe itself may also provide a useful tool for various other
studies that use GFP fusion proteins. It is simple to handle, requires no permeabilization by
detergents, nor secondary antibodies and is highly specific. Selective binding was detected in
specimens treated for only 30 min at RT with GFP probe dilutions. On one hand, it provides a
secondary verification of green GFP fluorescence in red (Ex/Em 650/668 nm). On the other

hand, it can be used to perform STORM superresolution.

5.5.2 Subcellular RyR2 cluster distribution in other neurons

In our study, we defined the subcellular distribution of RyR2 in hippocampal neurons
with a focus on CAl and DG. Aside from these, other neurons are present in this complex brain
region that potentially express RyR2. For instance, conventional antibody-based RyR2-
localization by Shimizu et al. (286) indicated that RyR2 is present in the axons, but not at the
terminal of mossy fiber-CA3 synapses. This was supported by additional functional studies that
reported caffeine- and nicotine- sensitive transmitter release (382) (310). However, little is
known about RyR2s in the postsynaptic side of these connections.

193



In addition, cells in other brain regions have been indicated to express RyR2. Purkinje
cells in the cerebellum were among the first sites that were reported to harbor RyRs (383).
Although most studies have shown that RyR1 is the predominant isoform in these cells, the
presence of RyR2 has been also demonstrated by mRNA studies (384) with antisense
oligonucleotide mediated KO (385) and antibody localization in the avian brain (386, 387).
Functional studies showed RyR modulator-sensitive neurotransmitter release from basket cells
onto Purkinje cells (388, 389). However, which RyR isoform mediates intracellular Ca2+ release
to generate inhibitory GABAergic signals in the presynaptic side of this interneuron connections
remains unclear. Our novel platform to unambigously localize GFP-RyR2 on a subcellular level

in brain tissue might allow are to adress this issue.

Also, a previous Ca2+ imaging study found Ca2+ spark like events in dendrites of L2/3
pyramidal neurons of the somatosensory neocortex (317). In agreement, preliminary images that
we acquired from GFP-probe stained intact brain slices derived from our GFP-tagged RyR2 mice
showed extensive staining in the cortex (data not shown). This exciting finding should be
explored in further detail. Defining the subcellular distribution of RyR2 in these cells may lead to

novel insight into the functional involvement of RyR2 in these neurons.

5.5.3 RyR2 as a pharmacological target for improving cognitive function

Carvedilol is a clinically used beta-blocker that has been used to prevent cardiac
arrhythmias in human CPVT-patients and SOICR in models that express CPVT-linked RyR2
mutations (89, 90, 269). Compelling evidence has been provided that this drug directly
suppresses the activity of RyR2. However, whether this drug has beneficial effects on cognitive
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functions in people that carry CPVT-associated RyR2 mutations remains unknown. With our
RyR2-R4496C mice, we are in the unique position to directly address this important question in

the near future.

5.5.4 Abnormal RyR2-mediated Ca2+ release underlying other brain diseases

Various studies have shown that abnormal expression and function of RyR has been
linked to Alzheimer disease (AD). RyRs have been indicated in multiple aspects of the
pathogenic mechanism, including i) amyloid plague generation, ii) neuronal death; iii) synaptic
dysfunction; and iv) memory and learning impairment. These observations were made in
systems, such as cell cultures, transgenic mouse models and human AD-affected brains (374).

Most recently, abnormal activity of RyR2 has been linked to cognitive dysfunction and
Alzheimer’s disease (AD) by Marks and colleagues (314, 315). They reported that mice which
expressed a RyR2 mutation, that mimics constitutive PKA phosphorylation of residue S2808D,
led to impaired cognitive behaviour. In contrast, mice that harbored RyR2-S2808A, a mutation
that prevents PKA phosphorylation at this site, rescued stress-induced dysfunction. In addition,
they showed that an AD mouse model that expresses RyR2-S2808A had improved cognition.

Marks group attributed abnormal brain function to altered activity of RyR2 to
dissociation of FKBP12.6. However, the regulation of RyR2 activity by FKPB12.6 is highly
controversial. Two independent groups showed that FKBP12.6 does not affect gating of RyR2
(101, 265). In addition, the importance of the phosphorylation site S2808 in RyR2 has been put
into question since this residue mainly occurs in its phosphorylated state at basal conditions
(102). In our study, it was demonstrated that altered sensitivity of RyR2 to luminal Ca2+ is
linked to learning and memory defects. It might be beneficial to re-evaluate former findings in
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this context.

56 SUMMARY

The present studies have demonstrated the subcellular distribution and function of cardiac
ryanodine receptor in ventricular myocytes and hippocampal neurons.

Effective, graded and stable excitation-contraction coupling critically depends not only
on the expression of RyR2, but also on its distribution. Despite its importance, little is known
about the distribution and organization of RyR2 in living cells. To study the distribution of RyR2
in living cardiomyocytes, we generated a knock-in mouse model expressing a GFP-tagged RyR2
(GFP-RyR2). Confocal imaging of live ventricular myocytes isolated from the GFP-RyR2 mouse
heart revealed clusters of GFP-RyR2 organized in rows with a striated pattern. Similar
organization of GFP-RyR2 clusters was observed in fixed ventricular myocytes.
Immunofluorescence staining with the anti-a-actinin antibody (a z-line marker) showed that
nearly all GFP-RyR2 clusters were localized in the z-line zone. There were small regions with
dislocated GFP-RyR?2 clusters. Interestingly, these same regions also displayed dislocated z-
lines. Staining with di-8-ANEPPS revealed that nearly all GFP-RyR2 clusters were co-localized
with transverse but not longitudinal tubules, whereas staining with MitoTracker Red showed that
GFP-RyR2 clusters were not co-localized with mitochondria in live ventricular myocytes. We
also found GFP-RyR?2 clusters interspersed between z-lines only at the periphery of live
ventricular myocytes. Simultaneous detection of GFP-RyR2 clusters and Ca2+ sparks showed
that Ca2+ sparks originated exclusively from RyR2 clusters. Ca2+ sparks from RyR2 clusters
induced no detectable changes in mitochondrial Ca2+ level. These results reveal, for the first
time, the distribution of RyR2 clusters and its functional correlation in living ventricular
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myocytes.

RyR?2 clusters located in the interior of cardiomyocytes are arranged in highly-ordered
arrays. However, little is known about the distribution and function of RyR2 clusters in the
periphery of cardiomyocytes. A knock-in mouse model expressing a green fluorescence protein
(GFP)-tagged RyR2 was used to localize RyR2 clusters in live ventricular myocytes by virtue of
their GFP fluorescence. Confocal imaging and total internal reflection fluorescence (TIRF)
microscopy were employed to determine and compare the distribution of GFP-RyR2 in the
interior and periphery of isolated live ventricular myocytes and in intact hearts. We found
tightly-ordered arrays of GFP-RyR2 clusters in the interior, as previously described. In contrast,
irregular distribution of GFP-RyR?2 clusters was observed in the periphery. Time-lapse TIRF
imaging revealed dynamic movements of GFP-RyR2 clusters in the periphery, which were
affected by external Ca2+ and RyR2 activator (caffeine) and inhibitor (tetracaine), but little
detectable movement of GFP-RyR2 clusters in the interior. Furthermore, simultaneous Ca2+-
and GFP-imaging demonstrated that peripheral RyR2 clusters with an irregular distribution
pattern are functional with a Ca2+ release profile similar to those in the interior. These results
indicate that the distribution of RyR2 clusters in the periphery of live ventricular myocytes is
irregular and dynamic, which is different from that of RyR2 clusters in the interior.

RyR2 is abundantly expressed in the heart and brain. Not surprisingly, naturally
occurring mutations in RyR2 have been associated with both cardiac arrhythmias (e.g.
catecholaminergic polymorphic ventricular tachycardia, CVPT) and intellectual disability. While
the mechanisms underlying RyR2-linked CPVT have been well characterized, little is known
about the mechanism of intellectual disability associated with CPVT RyR2 mutations. To better
understand the role of RyR2 in cognitive function, we generated a knock-in mouse model
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harboring a green fluorescent protein (GFP)-tagged RyR2 and a highly specific GFP probe to
define the subcellular localization of RyR2 in hippocampus. Using this novel platform, we
unambiguously localized RyR2 to the dendrites and soma, but not presynaptic terminals or
dendritic spines of hippocampal CA1 pyramidal and dentate gyrus granule neurons. Furthermore,
we assessed the impact of a CPVT RyR2 mutation R4496C on presynaptic and postsynaptic
function of hippocampal CAL neurons in brain slices from the RyR2 R4496C mutant mice. We
found that the CPVT RyR2 R4496C mutation had little effect on presynaptic short-term
facilitation. On the other hand, the CPVT R4496C mutation markedly enhanced the excitability
of hippocampal CAL neurons, diminished hippocampal long-term potentiation, and impaired
learning and memory in mice. Collectively, our data reveal, for the first time, the precise
subcellular distribution of RyR2 in hippocampus and the postsynaptic action of a CPVT RyR2
mutation in neuronal excitability, long-term potentiation, learning, and memory. These data
provide novel insights into the mechanisms of intellectual disability associated with RyR2

dysfunction.
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