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Abstract

Type-2 ryanodine receptors (RyR2) - the calciuneasé channels of cardiac
sarcoplasmic reticulum - have a central role irdigar excitation-contraction coupling.
In the heart, ischemia/reperfusion causes a rapdl sagnificant decrease in RyR2
content but the mechanisms responsible for thiscefare not fully understoodVe
have studied the involvement of three proteolyiistems —calpains, the proteasome
and autophagy— on the degradation of RyR2 in ranatl cardiomyocyte cultures
subjected to simulated ischemia/reperfusion (sIARE found that 8 h of ischemia
followed by 16 h of reperfusion decreased RyR2 eanby 50% without any changes
in RyR2 mRNA. Specific inhibitors of calpains anketproteasome prevented the
decrease of RyR2 caused by sl/R, implicating badithyways in its degradation.
Proteasome inhibitors also prevented the degradatfocalpastatin, the endogenous
calpain inhibitor, hindering the activation of caip induced by calpastatin degradation.
Autophagy was activated during sl/R as evidencethbyncrease in LC3-1l and beclin-
1, two proteins involved in autophagosome genanaimd in the emergence of GFP-
LC3 containing vacuoles in adenovirus GFP-LC3 tdansd cardiomyocytes.
Selective autophagy inhibition, however, inducecerevfurther RyR2 degradation,
making unlikely the participation of autophagy ifRsinduced RyR2 degradation. Our
results suggest that calpain activation as a resytoteasome-induced degradation of
calpastatin initiates RyR2 proteolysis, which idldwed by proteasome-dependent
degradation of the resulting RyR2 fragments. Therelse in RyR2 content during
ischemia/reperfusion may be relevant to the deereafs heart contractility after

ischemia.



1. Introduction

Ischemia/reperfusion (I/R) injury is a major causecell death in the heart [1].
The generation of reactive oxygen species and ribeease in intracellular calcium
concentration during ischemia and the subsequepérftesion produce oxidative
modification and proteolysis of several cardiactgirss [2-4], including sarcoplasmic
reticulum (SR) calcium handling proteins such asnpdine receptors (RyR2), sarco-
endoplasmic reticulum GaATPase (SERCA) and phospholamban [2, 3, 5-7]. The
decrease in the content of these SR proteins mageesate the characteristic calcium
mishandling observed after I/R [8]JRyR2, the calcium release channels of cardiac
sarcoplasmic reticulum, are particularly susceptibd ischemic injury. The tissue
content of RyR2 decreases (50 to 70%) after isch¢@jior after I/R [3, 5]. RyR2 plays
a crucial role in cardiac excitation-contractiorupting and its rapid down regulation
during I/R may adversely affect cardiac cell reegvand functionality [7, 10]. Greater
understanding of the pathways involved in RyR2 ddgtion is therefore relevant for
our ability to counteract the deleterious conseqasrof ischemia/reperfusion.

Calpains are calcium-dependent cysteine proteagestad during I/R, and are
therefore potential contributors to RyR2 degradafi@]. Calpains, however, produce
only limited proteolysis of their substrates andhewt proteolytic pathways further
degrade the resulting fragments [11].

There are two other systems involved in cellulastgin degradation in cardiac
myocytes—macroautophagy and the ubiquitin-prote@soamplex. Macroautophagy,
from now on referred to simply as autophagy, is egrddative process whereby
damaged proteins or organelles are sequestereduinled membrane autophagosomes

that fuse with lysosomes, where they are fully ddgd and their aminoacids are



recycled [12-14]. The proteasome is a barrel-sthagreteolytic complex that degrades
ubiquitinated or oxidized proteins [15, 16].

The aim of this work was to investigate the conttibn of calpains, the
proteasome and autophagy to RyR2 degradation folppwimulated I/R (sI/R) in a

neonatal rat cardiomyocyte culture model.

2. Methods

2.1. Materials

Dulbecco’s modified Eagle’s medium (DMEM), M199 med,
2-deoxy-D-glucose, pancreatin, 3-methyladenine,dEf4d clasto-lactacystipHactone
were purchased from Sigma-Aldrich Corp. Fetal beveerum (FBS), penicillin and
streptomycin were supplied by Biological Industri€ollagenase and newborn calf
serum were obtained from Invitrogen (Paisley, Sowt] UK). Plastic Petri dishes were
purchased from Falcon (BD Biosciences, Oxford, UMG-132 was acquired from
Calbiochem and all other chemicals were of anaytitade and purchased from Merck

Ltd. (Poole, Dorset, UK).

2.2. Primary culture

All animal experiments were approved by the Aniale and Use Committee of
the University of Chile and conformedttee Guide for the Care and Use of Laboratory
Animals publishedby the National Institutes of Health (NIH Publicati No. 85-23,
1996). Cardiomyocytes were isolated from heartsnfane- to three-day-old Sprague
Dawley rats by enzymatic digestion using pancredti@ mg/ml) and collagenase (0.2

mg/ml) as described previously [17]. Cells were-piaged to discard non-myocyte cells



and the myocyte-enriched fraction was plated atxWL®cells/mnf on gelatin-
precoated 35-mm dishes and grown in DMEM/M199 (4riBdium with 10% (w/v)
FBS for 24 h before the experiments. Cardiomyocylaures were at least 95% pure as
evaluated either morphologically or with aftmyosin heavy chain antibody (Vector

Laboratories, Burlingame, CA, US) as described.[18]

2.3. Simulated ischemia/reperfusion

Cells were incubated in ischemia-mimicking solusoncontaining (in
mM) HEPES (5), 2-deoxy-D-glucose (10), NaCl (13@%;| (12), MgCh (0.5), CaC}
(1.3), lactic acid (20), pH 6.2, under 100% nitnod€&, < 1%) at 37°C for 8 h. The
lack of glucose or other nutrients together wite tow pH and high potassium and
lactate concentrations, mimic the changes occuirngye myocardiumin vivo during
no-flow ischemia [19] Reperfusion was initiated by changing the isclaemimicking
solution to DMEM/M199 (4:1) supplemented with 10%/\{) FBS; incubation was
continued for 16 h.in 95% air, 5% GQParallel controls were similarly incubated but in
buffer containing (in mM) HEPES (5), D-glucose (2BJClI (139), KCI (4.7), MgGl
(0.5), CaCj} (1.3), pH 7.4 in 95% air, 5% CCand were “reperfused” with the same

solutions as cells subjected to slI/R.

2.4. Incubation of cardiomyocytes with inhibitors urilg simulated
ischemia/reperfusion

To evaluate the involvement of calpains, proteasommed autophagy on the
degradation of RyR2, we performed slI/R in the preseof specific inhibitors for each
different degradation pathway. To inhibit calpaimge used 29uM E64d, a

concentration that completely prevented calpainvaion during sI/R. Proteasomes



were inhibited by 25 uM clasto-lactacystiitactone (Lac) or 4.2 uM MG 132. These
concentrations effectively blocked proteasomalvégti as judged by the accumulation
of ubiquitinated proteins detected in Western blnsl were similar to those used in

other works [20, 21]. To inhibit macroutophagy vwsed 10 mM 3-methyladenine [22].

2.5. Preparation of whole cell lysates and West#ats

Cardiomyocytes, rinsed twice with PBS to eliminateead cells, were
homogenized in cold lysis buffer containing (in mNljis-HCI (75), NaCl (225),
EDTA (1.5), Nonidet P-40 (4.5%, wl/v), sodium vanda5), sodium fluoride
(40), sodium pyrophosphate (10), N-ethylmaleimid®)(and a protease inhibitor
cocktail (Complete, Roche Diagnostics, Mannheimyn@ay); final pH 7.4. The
lysate was centrifuged at 4°C (10 min at 10,000 argl the supernatant was collected.
Proteins were separated by SDS-PAGE (3.5-8% gradels for RyR2, 15% gels for
microtubule associated protein light chain 3 (LO3-lor 8% gels for beclin-1,
calpastatin and ubiquitin) and transferred onto PVibembranes (Millipore Corp.,
Bedford, MA). Membranes were probed with the folilogv primary antibodies: anti-
RyR2 (Affinity Bioreagents), anti-LC3B for LC3-1 dnLC3-lIl (Cell Signaling),
anti-beclin-1 (Santa Cruz Biotechnology), anti-eatatin (Santa Cruz Biotechnology)
or antif-actin (Sigma). After incubation with the appropeiasecondary antibody,
antigen-antibody reaction was detected by ECL (Astm@m, Biosciences). Blots were
quantified by densitometric analysis using the wgafe Quantity One (BioRad,
Hercules, CA); results were normalized with resgedBactin, a protein that did not
change in this sI/R model. Blots were only visualmpared when testing with anti-

ubiquitin antibodies (Cell Signaling, 1: 200,00Qu¢lon).



2.6. Semi-quantitative RT-PCR

We measured the amounts of RyR2 mRNA during sl/Rgushe following
oligonucleotides: RyR2 (forward, 5-CTACTCAGGATGAGQGCGA-3’; reverse, 5'-
CTCTCTTCAGATCCAAGCCA-3), B-actin (forward, 5-
TACATGGCTGGGGTCTTGAA-3’; reverse, 5-TCTACAATGAGCTGGTGTG-3)).
After DNA denaturation (3 min, 94°C), the followitigermal profile was performed: 30
cycles of 30 s at 94°C, 30 s at 52°C and 1 mirR&€C plus a final 10 min elongation
step at 72°C. Expression of mMRNA was evaluated fethidium bromide-stained
agarose gel electrophoresis. Expression levels wateulated as the ratio of the

respective RyR2 an@-actin bands and normalized to the control.

2.7. Immunocytochemistry of LC3-II
Cardiomyocytes were transduced with adenovirus @GigBed LC3 at a
multiplicity of infection of 100 for 4 hours beforel/R. Autophagosomes were

guantified in cardiomyocytes via fluorescence imagyf GFP-LC3 as described [22].

2.8. Other procedures

Lactate dehydrogenase (LDH) activity in the cultumedium, determined by
measuring the decrease in NADH spectrophotomédilyieal340 nm, was normalized to
total LDH activity. DNA fragmentation was deterrath in methanol permeabilized
cardiomyocytes labeled with propidium iodide; thé451 population was quantified
by flow cytometry [23]. Calpain activity and pratecarbonylation were determined
with commercial kits according to the manufactwgenstructions (Calbiochem and
Chemicol International, respectively). Protein wdetermined according to Hartree

[24].



2.9. Statistical analysis
Data are shown as mean = S.E.M. of the numberf(mdependent experiments.
Data were analyzed by Student’s t-test or one-wBl{DXA followed by Tukey’s test.

Differences were considered significant at P < 0.05

3. Results

3.1. Characterization of the simulated ischemiagréysion model

First, we evaluated the effects of simulated isabéeperfusion on the viability
of neonatal cardiomyocytes. Our protocol (ischemaia 8 h, reperfusion for 16 h)
resulted in a diminution in viability characterizéyy changes in morphology with
appearance of rounded cells (not shown) and inededDH leakage (Fig. 1A),
suggestive of necrotic cell death. In contrastpapsis, as evaluated by flow cytometry
of propidium iodide-stained cells, was not sigrafidy different after sI/R when
compared with time-matched controls (Fig. 1B). Ehessults indicate that sl/R
produces necrotic but not apoptotic cell death. €MiR model was also associated with
increased oxidative stress [2, 4, 25]. Enhancetepr@arbonylation, a marker of severe
oxidative damage, was clearly visibly in severabteins present in cells extracts

obtained after sl/R (Fig. 1C).

3.2. Decreased RyR2 content after sI/R in cultwadiomyocytes
The content of RyR2 decreased significantly (50%6ells subjected to sl/R

(Fig. 2A) in agreement with previous reports [39h, The amount of RyR2 mRNA,



did not change during sI/R (Fig. 2B), suggestingt tthe decrease in RyR2 protein

content was caused by protein degradation.

3.3. Calpains are involved in RyR2 degradation

Calpains, which are activated during ischemia, rdoutte to the degradation of
several structural proteins in cardiomyocytes [2, 26, 27]. The protective effect of
leupeptin, a cysteine protease inhibitor, on RyR&gin levels suggests that calpains
degrade RyR2 during I/R [3]. We measured calpativity and evaluated the effect of
E64d (29uM), a specific calpain inhibitor, on RyR2 degradati There was a small
but significant increase in calpain activity in \vdocell lysates prepared from
cardiomyocytes subjected to sl/R and this was mriexke by E64d (Fig. 3A). This
calpain inhibitor also prevented RyR2 degradationrd) sI/R (Fig. 3B), confirming
that calpains contribute to this degradation. Addiof E64d to cardiomyocytes did
not change RyR2 content under control conditiorm$ $hown) and had no effect on the
appearance of polyubiquitinated proteins in Westdots (not shown), indicating that

proteasomal activity was insensitive to E64d.

3.4. Proteasomes are involved in RyR2 degradation

The proteasome is the primary site for the degrawdaif intracellular
proteins [16]. Activation of calpain increasestpasomal protein degradation [28]. We
investigated the effects of two proteasome inhibijtalasto-lactacystirg-lactone (Lac)
and MG 132, on sl/R-induced RyR2 degradation. Latwbits chymotrypsin- and
trypsin-like proteolytic activities while MG 132, structurally unrelated inhibitor,
inhibits chymotrypsin- and caspase-like proteolgutivities of the proteasome. Lac (at

25 uM) increased markedly the amounts of ubiquitingbedteins (Fig. 4A); similar
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results were observed with MG 132 (at gM, not shown), indicating that these agents
effectively inhibited proteasomal activity at thencentrations used. Both inhibitors
completely prevented the decrease in RyR2 contdluwing sI/R (Fig. 4B). Neither
inhibitor affected the amount of RyR2 in controtdiamyocytes (data not shown).

These results suggest that both calpains and tbeegsome mediate RyR2
degradation during sI/R in cultured cardiomyocytége fact that specific inhibitors for
each pathway can independently and effectively gmeRyR2 degradation suggests a
relationship between both degradation systems.

The degradation of calpastatin, a highly specifidagenous inhibitor of calpain
[29], is necessary for calpain activation during [80]. We measured the content of
calpastatin following sI/R and investigated theeeff of proteasome inhibition on
calpastatin levels. The amount of calpastatin gr&stly diminished (by 50%) after
sI/R and this decrease was totally prevented by(Eag 4C). Lac also prevented the
increase in calpain activity observed after sl/Ry(BD). We conclude that proteasomal

activity promotes calpain activation by inducing ttreakdown of calpastatin.

3.5. Autophagy is activated by s I/R but is notlicaged in RyR2 degradation

Beclin-1 and LC3-II, two proteins involved in theriation of autophagosomes,
are specific markers for the activation of autophad2-14, 31]. As found in other
models of I/R [31, 32] there was a significant gase in both LC3-1l and beclin-1 after
sl/R (Fig. 5A-B), suggesting that autophagy inceghsinder these conditions. We
confirmed this increase by transducing cells withGRP-LC3 tagged adenovirus.
Activation of autophagy is seen as a punctuaterdsment pattern arising from the
formation of autophagic vacuoles [22]. Images ot#di by immunofluorescence

microscopy of GFP-LC3 transfected cardiomyocytesnsd that the number of cells
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with vacuoles increased after sl/R (Fig. 5C). Ehessults indicate that autophagy is
activated during sI/R. Inhibition of autophagy ®ynethyladenine (3-MA; 10 mM) did
not prevent, however, the RyR2 decrease inducesl/Bybut rather stimulated a further
decrease (Fig. 5D). Additionally, RyR2 content wsagificantly diminished by 3-MA
in control cells not subjected to sl/R. (Fig. 5utophagy thus seems not to be

involved in the degradation of RyR2 induced by slI/R

4. Discussion

Our present results indicate that RyR2 is degratledhg sI/R by the concerted
actions of calpains and the proteasome. Autophagyontrast, has no role in this
process. We have also shown that the proteasontebtdad to calpain activation after
sl/R by promoting breakdown of calpastatin.

In our model system we observed increased oxidattwess and necrotic cell
death but saw no evidence of increased apoptasiagieement with other reports
showing that total deprivation of oxidizable subt#s causes cardiomyocyte death
exclusively by necrosis due to the rapid loss oPAB3]. The extent of LDH leakage
during sl/R represented only 35% of the total LDdtiggesting that this protocol
produced rather mild ischemia (65% of the cellsvisung). Nevertheless, surviving
cells exhibited a 50% decrease in RyR2 content. 8heunts of RyR2 mRNA were
unaffected by sI/R and the amount of RyR2 protess ustained when sl/R was
accompanied by calpain or proteasome inhibitors.aégime therefore that RyR2 was
degraded by both calpains and the proteasome dsiViRg

Our observation of the role of calpain in RyR2 su$ previous results showing
that leupeptin prevents the decrease in RyR2 cbmidarolated hearts subjected to I/R

[3]. Experiments in vitro have shown, however,ttbaogenously added calpain II
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degrades RyR2 in isolated cardiac SR vesicles wrtiduction of two proteolytic

fragments of 150 and 350 KDa. There was no furttegradation of the 150 KDa
fragment even when proteolysis was allowed to prdder 30 minutes at a relatively
high concentration of calpain [34]. If calpain deygs similar activity in whole cells,

there must be other pathways for degrading thdtieglarge RyR2 fragments.

Proteasomes are reportedly inhibited by I/R, big inhibition is not complete
and depends on the extent and duration of ischémid5, 36]. We did not find an
increase in ubiquitinated proteins after sI/R iomegal cardiomyocytes, suggesting that
in our model, proteasomes were either not inhibedheir remaining activity was
enough to degrade the proteolytic fragments pradlbgecalpain.

Polyubiquitination is a general signal for proteasbdegradation. Some forms of
polyubiquitination and monoubiquitination, howevikayve roles in protein localization,
protein function and cell signalling [37, 38]; mower, oxidized proteins can be
degraded by the proteasome without previous ubigdion [39]. Accordingly, we did
not investigate the ubiquitination of RyR2 duringRs because, as stated above,
ubiquitination of one specific protein cannot b&eta as equivalent to proteasomal
degradation. The specific proteasome inhibitorac land MG 132, completely
prevented RyR2 degradation; this result, togethdr the observation that proteasomal
inhibition did not lead to large fragments recoguaizby the antibody to RyR2,
suggested that calpains were also inhibited irptesence of Lac.

The regulation of calpaim vivo is not fully understood. The calpain/calpastatin
ratio may be a better indicator of calpain potéra@ivity than calpain activity alone. In
isolated hearts subjected to I/R, the calpain/cafien ratio increases shortly after I/R;
this increase occurs mainly through increased s#dfia degradation, which is not

prevented by calpain inhibitors [40]. Although &kdown of calpastatin by the
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proteasome has been demonstratedtro [41], this is the first evidence for a role of
the proteasome in calpastatin degradation, whidlrim promotes calpain activation in
cell cultures during sl/R.

Autophagy, which in the heart, is normally respblesior limited degradation of
long-lived proteins and organelles, is increasdtbviong I/R [31, 32]. Changes in
specific marker proteins indicate that autophagy &bo increased in our model of
sl/R. RyR2 is a long-lived protein [42]; this fesguplus its location in the SR,
suggested that autophagy might be the primary dagmn mechanism. Our results
have not supported this hypothesis. The enhancghdigtion of RyR2 produced as a
consequence of the inhibition of autophagy may thrébatable to a compensatory up-
regulation of proteasomal activities or other pobtec pathways.

Neonatal cardiomyocytes are phenotypically differefiom their adult
counterparts but posses functional RyR2 [43, 4@h the assumption that proteolytic
processing is similar in adult and neonatal cells,feel that our model is appropriate
for investigation of RyR2 degradation after sl/R.

In summary our results suggests that proteasomgtadation of calpastatin
during sl/R enhances calpain activation, whichuim tproteolyses RyR2. The resulting
fragments are then fully degraded by the proteasome

RyR2 has a key role in cardiac excitation-contaactcoupling [45]. Down
regulation of RyR2 may be responsible, at leagpart, for the reversible contractile
dysfunction, or stunning, that follows IR [46, 4RyR2 down regulation will also alter
the relative contribution of SR calcium release &ntype calcium channel-mediated
calcium entry to calcium increase during systolg].[4 his change may alter calcium
signalling in the heart and contribute to the adeetardiac remodelling produced by

myocardial ischemia [49]. The attenuation of RyR&gmhdation by calpain or
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proteasome inhibitors may serve to maintain cotiteatunction. This effect could be
the basis of the protective effects of calpastati@rexpression [50] and of inhibitors of

the proteasome [51] or calpain [30] observed ireexpental models of I/R

Acknowledgments

This work was funded by Fondo Nacional de Invesiia Cientifica y Tecnoldgica,

(grant numbers 1080481, 1080497), Fondo Mejoramidatla Calidad de la Educacion
Superior (MECESUP) UCHO802, Centro de Estudios ®ldkres de la Célula (grant
number 15010006). We thank to Dr Cl Pogson forheip in the manuscript revision.

Z.P. holds a Ph.D fellowship from CONICYT, Chile.



15

References

[1]
[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]
[12]

[13]

[14]
[15]

[16]

D.M. Yellon, D.J. Hausenloy, Myocardial repesfan injury, The New England
journal of medicine 357 (2007) 1121-1135.

P.K. Chohan, R.B. Singh, N.S. Dhalla, T. Nettdlan, L-arginine administration
recovers sarcoplasmic reticulum function in isclemeperfused hearts by
preventing calpain activation, Cardiovascular rese&9 (2006) 152-163.

R.B. Singh, P.K. Chohan, N.S. Dhalla, T. Neitlan, The sarcoplasmic
reticulum proteins are targets for calpain actiothie ischemic-reperfused heatrt,
Journal of molecular and cellular cardiology 37020101-110.

S.R. Powell, P. Wang, H. Katzeff, R. ShringaiguC. Teoh, I. Khaliulin, D.K.
Das, K.J. Davies, H. Schwalb, Oxidized and ubigaited proteins may predict
recovery of postischemic cardiac function: essénbée of the proteasome,
Antioxidants & redox signaling 7 (2005) 538-546.

R.M. Temsah, T. Netticadan, D. Chapman, S. TakeS. Mochizuki, N.S.
Dhalla, Alterations in sarcoplasmic reticulum fuootand gene expression in
ischemic-reperfused rat heart, The American jouafgbhysiology 277 (1999)
H584-594.

S. Takeda, S. Mochizuki, H.K. Saini, V. Elimhad.S. Dhalla, Modification of
alterations in cardiac function and sarcoplasmitcukim by vanadate in
ischemic-reperfused rat hearts, J Appl PhysiolZ2®%) 999-1005.

J. An, ZJ. Bosnjak, M.T. Jiang, Myocardial fection by isoflurane
preconditioning preserves Ca2+ cycling proteinsepehdent of sarcolemmal
and mitochondrial KATP channels, Anesthesia andgasaa 105 (2007) 1207-
1213, table of contents.

E. Murphy, C. Steenbergen, Mechanisms undeglyatute protection from
cardiac ischemia-reperfusion injury, Physiologiealiews 88 (2008) 581-609.
R.J. Domenech, G. Sanchez, P. Donoso, V. PdaMacho, Effect of
tachycardia on myocardial sarcoplasmic reticulund &a2+ dynamics: a
mechanism for preconditioning?, Journal of molecalad cellular cardiology
35 (2003) 1429-1437.

R. Zucchi, F. Ronca, S. Ronca-Testoni, Modafatof sarcoplasmic reticulum
function: A new strategy in cardioprotection?, Phacology & Therapeutics 89
(2001) 47-65.

D.E. Goll, V.F. Thompson, H. Li, W. Wei, J. 69 The calpain system,
Physiological reviews 83 (2003) 731-801.

A.J. Meijer, P. Codogno, Regulation and roleaotophagy in mammalian cells,
The international journal of biochemistry & celblbgy 36 (2004) 2445-2462.

L. Yan, D.E. Vatner, S.J. Kim, H. Ge, M. Maskar, W.H. Massover, G. Yang,
Y. Matsui, J. Sadoshima, S.F. Vatner, Autophagychmonically ischemic
myocardium, Proceedings of the National Academyciences of the United
States of America 102 (2005) 13807-13812.

R. Kiffin, U. Bandyopadhyay, A.M. Cuervo, Oxative stress and autophagy,
Antioxidants & redox signaling 8 (2006) 152-162.

C. Patterson, D. Cyr, Welcome to the machmeardiologist's introduction to
protein folding and degradation, Circulation 106(2) 2741-2746.

S.R. Powell, The ubiquitin-proteasome system cardiac physiology and
pathology, American journal of physiology 291 (2p6f.-H19.



[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

16

R. Foncea, M. Andersson, A. Ketterman, V. Risley, M. Sapag-Hagar, P.H.
Sugden, D. LeRoith, S. Lavandero, Insulin-like giiloiactor-I rapidly activates
multiple signal transduction pathways in cultured cardiac myocytes, The
Journal of biological chemistry 272 (1997) 19115-24.

R.K. Li, D.A. Mickle, R.D. Weisel, J. Zhang, M. Mohabeer, In vivo survival
and function of transplanted rat cardiomyocytesc@ation research 78 (1996)
283-288.

R.J. Diaz, G.J. Wilson, Studying ischemic mmditioning in isolated
cardiomyocyte models, Cardiovascular research @0§2286-296.

T. Okamura, S. Taniguchi, T. Ohkura, A. Yoshidd. Shimizu, M. Sakai, H.
Maeta, H. Fukui, Y. Ueta, I. Hisatome, C. Shigemasanormally high
expression of proteasome activator-gamma in thymeioplasm, The Journal of
clinical endocrinology and metabolism 88 (2003)4-3383.

C. Dong, S.C. Upadhya, L. Ding, T.K. Smith, NA. Hegde, Proteasome
inhibition enhances the induction and impairs thaintenance of late-phase
long-term potentiation, Learning & memory (Cold fBgr Harbor, N.Y 15
(2008) 335-347.

A. Hamacher-Brady, N.R. Brady, R.A. GottlieBnhancing macroautophagy
protects against ischemia/reperfusion injury ind@ar myocytes, The Journal of
biological chemistry 281 (2006) 29776-29787.

A. Criollo, L. Galluzzi, M.C. Maiuri, E. Tasaeair, S. Lavandero, G. Kroemer,
Mitochondrial control of cell death induced by hypemotic stress, Apoptosis
12 (2007) 3-18.

E.F. Hartree, Determination of protein: a nimdtion of the Lowry method that
gives a linear photometric response, Analyticathemistry 48 (1972) 422-427.
E. Robin, R.D. Guzy, G. Loor, H. Iwase, G.Baya, J.D. Marks, T.L. Hoek,
P.T. Schumacker, Oxidant stress during simulatedhemmia primes
cardiomyocytes for cell death during reperfusiome TJournal of biological
chemistry 282 (2007) 19133-19143.

J. Inserte, D. Garcia-Dorado, M. Ruiz-MeanaAullo, P. Pina, J. Soler-Soler,
Ischemic preconditioning attenuates calpain-mediakegradation of structural
proteins through a protein kinase A-dependent nmeéshg Cardiovascular
research 64 (2004) 105-114.

J.P. French, J.C. Quindry, D.J. Falk, J.L.ilgt&¥. Lee, K.K. Wang, S.K.
Powers, Ischemia-reperfusion-induced calpain aitma and SERCAZ2a
degradation are attenuated by exercise trainingcatphin inhibition, American
journal of physiology 290 (2006) H128-136.

I.J. Smith, S.L. Dodd, Calpain activation cesisa proteasome-dependent
increase in protein degradation and inhibits the #gignalling pathway in rat
diaphragm muscle, Experimental physiology 92 (2@®&1)-573.

R.A. Hanna, R.L. Campbell, P.L. Davies, Calotbound structure of calpain
and its mechanism of inhibition by calpastatin, Nat456 (2008) 409-412.

P.N. Khalil, C. Neuhof, R. Huss, M. Pollhamm&t.N. Khalil, H. Neuhof, H.
Fritz, M. Siebeck, Calpain inhibition reduces imtasize and improves global
hemodynamics and left ventricular contractility & porcine myocardial
ischemia/reperfusion model, European journal ofpiagology 528 (2005) 124-
131.

Y. Matsui, H. Takagi, X. Qu, M. Abdellatif, Hakoda, T. Asano, B. Levine, J.
Sadoshima, Distinct roles of autophagy in the hehnting ischemia and



[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]
[46]

17

reperfusion: roles of AMP-activated protein kinased Beclin 1 in mediating
autophagy, Circulation research 100 (2007) 914-922.

Y. Matsui, S. Kyoi, H. Takagi, C.P. Hsu, N. H®aran, T. Ago, S.F. Vatner, J.
Sadoshima, Molecular mechanisms and physiologigaif&cance of autophagy
during myocardial ischemia and reperfusion, Autgy (2008) 409-415.

T. Tatsumi, J. Shiraishi, N. Keira, K. Akashh. Mano, S. Yamanaka, S.
Matoba, S. Fushiki, H. Fliss, M. Nakagawa, Intradal ATP is required for
mitochondrial apoptotic pathways in isolated hygoxat cardiac myocytes,
Cardiovascular research 59 (2003) 428-440.

D.P. Rardon, D.C. Cefali, R.D. Mitchell, S.\Nkeiler, D.R. Hathaway, L.R.
Jones, Digestion of cardiac and skeletal musclectijomal sarcoplasmic
reticulum vesicles with calpain Il. Effects on th@a2+ release channel,
Circulation research 67 (1990) 84-96.

A.L. Bulteau, K.C. Lundberg, K.M. Humphries, Al Sadek, P.A. Szweda, B.
Friguet, L.l. Szweda, Oxidative modification anédativation of the proteasome
during coronary occlusion/reperfusion, The Jouwofdbiological chemistry 276
(2001) 30057-30063.

N. Gurusamy, S. Goswami, G. Malik, D.K. Dasxi@ative injury induces
selective rather than global inhibition of proteasb activity, Journal of
molecular and cellular cardiology 44 (2008) 419-428

M. Miranda, A. Sorkin, Regulation of receptorand transporters by
ubiquitination: new insights into surprisingly slari mechanisms, Molecular
interventions 7 (2007) 157-167.

G. Mearini, S. Schlossarek, M.S. Willis, L. i@ar, The ubiquitin-proteasome
system in cardiac dysfunction, Biochimica et biogbg acta 1782 (2008) 749-
763.

A. Divald, S.R. Powell, Proteasome mediatesiaeal of proteins oxidized
during myocardial ischemia, Free radical biologyn&dicine 40 (2006) 156-
164.

D. Enns, M. Karmazyn, J. Mair, A. Lercher, Kountchev, A. Belcastro,
Calpain, calpastatin activities and ratios duringyonardial ischemia-
reperfusion, Molecular and cellular biochemistryl Z2002) 29-35.

M.E. Doumit, M. Koohmaraie, Immunoblot analyof calpastatin degradation:
evidence for cleavage by calpain in postmortem teysdournal of animal
science 77 (1999) 1467-1473.

Z. Kubalova, D. Terentyev, S. Viatchenko-Kangki, Y. Nishijima, I. Gyorke,
R. Terentyeva, D.N. da Cunha, A. Sridhar, D.S. ald, R.L. Hamlin, C.A.
Carnes, S. Gyorke, Abnormal intrastore calcium aigg in chronic heart
failure, Proceedings of the National Academy oke&ces of the United States of
America 102 (2005) 14104-141009.

S. Seki, M. Nagashima, Y. Yamada, M. TsutsutitaKobayashi, A. Namiki, N.
Tohse, Fetal and postnatal development of Ca2sigats and Ca2+ sparks in
rat cardiomyocytes, Cardiovascular research 583pP585-548.

T. Korhonen, S.L. Hanninen, P. Tavi, Modelexfcitation-contraction coupling
of rat neonatal ventricular myocytes, Biophysicairpal 96 (2009) 1189-1209.
D.M. Bers, Cardiac excitation-contraction cbng, Nature 415 (2002) 198-205.
C. Valdivia, J.O. Hegge, R.D. Lasley, H.H. Uifia, R. Mentzer, Ryanodine
receptor dysfunction in porcine stunned myocardiliime American journal of
physiology 273 (1997) H796-804.



[47]

[48]

[49]

[50]

[51]

18

S.J. Kim, R.K. Kudej, A. Yatani, Y.K. Kim, GTakagi, R. Honda, D.A.
Colantonio, J.E. Van Eyk, D.E. Vatner, R.L. RasnoussS.F. Vatner, A novel
mechanism for myocardial stunning involving impdir€a(2+) handling,
Circulation research 89 (2001) 831-837.

K.M. Dibb, H.K. Graham, L.A. Venetucci, D.A. igher, A.W. Trafford,

Analysis of cellular calcium fluxes in cardiac migs¢o understand calcium
homeostasis in the heart, Cell calcium 42 (2003)5102.

l. Bodi, G. Mikala, S.E. Koch, S.A. Akhter, Achwartz, The L-type calcium
channel in the heart: the beat goes on, The Joofrdinical investigation 115
(2005) 3306-3317.

A. Maekawa, J.K. Lee, T. Nagaya, K. Kamiya, Yasui, M. Horiba, K. Miwa,

M. Uzzaman, M. Maki, Y. Ueda, I. Kodama, Overexgres of calpastatin by
gene transfer prevents troponin | degradation antkliarates contractile
dysfunction in rat hearts subjected to ischemiafrieysion, Journal of molecular
and cellular cardiology 35 (2003) 1277-1284.

H. Luss, W. Schmitz, J. Neumann, A proteasonmhibitor confers

cardioprotection, Cardiovascular research 54 (20@R)151.



19

Figurelegends

Fig. 1. Effect of simulated ischemia-reperfusion on camayocyte death. (A) Release
of LDH to the culture medium was determined as mdex of necrosis and was
expressed as % of total activity (n=7) (B) DNA fmagntation was detected by
measuring sub-G1 DNA with propidium iodide labdllifollowed by flow cytometry in

permeabilized cells (n=3). Results are expressecklaive sub-G1 DNA respect to
C/R. (C) A representative Western blot for carbated protein content of total cell
lysate (left) and Coomassie Blue staining of thmes&VDF membrane as load control

(right). Values are given as mearSEM. *P<0.05

Fig. 2. RyR2 protein and mRNA content following simulatesthiemia-reperfusion.
(A) Representative Western blots obtained in to&dl lysates reacted with anti-RyR2
or antif3-actin. The graph bars show the ratio RyRa¢ttin calculated from
densitometric analysis of Western blots like that®wn in the figure (n=9). (B)
Semiquantitative RT-PCR for RyR2 aifidactin mRNAs (n=3). Values are given as

meant SEM. *P<0.05

Fig. 3. Activation of calpains during simulated ischemigadusion results in RyR2
degradation. (A) Effect of E64d (38M) during sl/R on calpain activity measured
vitro in whole cell lysates (n=4). (B) Representative Wsblots obtained from total
cell lysates with anti-RyR2 and arfttactin. The graph bars show the ratio RyR2/
actin calculated from densitometric analysis of Wes blots like those shown in the
figure. Values are expressed as meaSEM. *P<0.05 C/R vs I/RP<0.05 I/R vs

I/R+E64d
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Fig. 4. Proteasomal degradation of RyR2 during simulatetemia-reperfusion. (A)
Representative Western blot, obtained with antquitin antibody, of whole cell
lysates obtained from controls or following sl/R time presence and absence of the
proteasome inhibitor Lac (2pM); Coomassie blue staining of the same PVDF
membrane is shown as load control (right). (B) Repntative Western blots obtained
in total cell lysates with anti-RyR2 or afdtactin in controls and after sI/R in the
presence of the proteasome inhibitors Lac [R5 and MG-132 (4.2uM). The bar
graph shows the ratio RyHRActin calculated by densitometric analysis. (C)
Representative Western blots obtained with anpasthtin or ant@-actin in total cell
lysates from cells in which sI/R was performed lne tpresence of the proteasome
inhibitor Lac. The graph bars show the ratio caip@sp-actin calculated from
densitometric analysis of Western blots like thsisewn in the figure. (D) Effect of Lac
on calpain activity during sl/R. The activity wassassedn vitro using whole cell
lysates (n=4). Values are expressed as nte®#M (n=7). *P<0.05 C/R vs I/RP<0.05

I/IR vs I/R+Lac or I/R+MG-132.

Fig. 5. Inhibition of macroautophagy increased RyR2 degradaduring simulated
ischemia-reperfusion. Representative Western blugined with anti-LC3B or anfi-
actin, of whole cell lysates obtained from contraigollowing slI/R. Blots were assayed
with anti-LC3B (A) or anti-Beclin-1 (B). The barawhs show the ratios LC3{BHactin
(A, n=7) and beclin-P-actin (B, n= 6) calculated from densitometric gsa of
Western blots like those shown in the figure. (QoFescent images of GFP-LC3
transduced cardiomyocytes in control conditions faliowing sI/R. Bar graphs
represent the percentage of cells exhibiting mdrant5 vacuoles, a sign of

macroautophagy (n=3). (D) Representative Westeoh bbtained with anti-RyR2 or
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antif3-actin of whole cell lysates obtained from controlsfollowing sl/R with and
without the macroautophagy inhibitor 3-MA (10 mMJhe bar graphs show the ratios
RyR2B-actin calculated by densitometric analysis. Valaes expressed as mean

SEM (n=6). *P<0.05 C/R vs I/EP<0.05 I/R vs /R+3-MA.
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Figure 4
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