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Increased Intermembrane Space [Ca?*] Drives
Mitochondrial Structural Damage in CPVT

Shanna Hamilton®, Radmila Terentyeva(®, Roland Veress(2, Fruzsina Perger, Zuzana Nichtova, Mark Bannister, Jinxi Wang(,
Sage Quiggle, Rachel Battershell®, Matthew W. Gorr®, Sandor Gydrke, Bum-Rak Choi(2, Christopher H. George®,
Andriy E. Belevych®, Gyérgy Csordds®, Dmitry Terentyev

BACKGROUND: Mitochondrial dysfunction caused by abnormally high RyR2 (ryanodine receptor) activity is a common finding
in cardiovascular diseases. Mechanisms linking RyR2 gain of function with mitochondrial remodeling remain elusive. We
hypothesized that RyR2 hyperactivity in cardiac disease increases [Ca?*] in the mitochondrial intermembrane space (IMS)
and activates the Ca?*-sensitive protease calpain, driving remodeling of mitochondrial cristae architecture through cleavage
of structural protein OPA1 (optic atrophy protein 1).

METHODS: We generated a highly arrhythmogenic rat model of catecholaminergic polymorphic ventricular tachycardia, induced
by RyR2 gain-of-function mutation S2236L(Ser2336Leu)*". We created a new biosensor to measure IMS-[Ca?*] in adult
cardiomyocytes with intact Ca?* cycling. We used ex vivo whole heart optical mapping, confocal and electron microscopy, as
well as in vivo/in vitro gene editing techniques to test the effects of calpain in the IMS.

RESULTS: We found altered mitochondrial cristae structure, increased IMS-[Ca?*], reduced OPA1 expression, and augmented
mito-reactive oxygen species emission in catecholaminergic polymorphic ventricular tachycardia myocytes. We show that
calpain-mediated OPA1 cleavage led to disrupted cristae organization and, thereby, decreased electron transport chain
supercomplex assembly, resulting in accelerated reactive oxygen species production. Genetic inhibition of calpain activity
in IMS reversed mitochondria structural defects in catecholaminergic polymorphic ventricular tachycardia myocytes and
reduced arrhythmic burden in ex vivo optically mapped hearts.

CONCLUSIONS: Our data suggest that RyR2 hyperactivity contributes to mitochondrial structural damage by promoting an
increase in IMS-[Ca*], sufficient to activate IMS-residing calpain. Calpain activation leads to proteolysis of OPA1 and
cristae widening, thereby decreasing assembly of electron transport chain components into supercomplexes. Consequently,
excessive mito-reactive oxygen species release critically contributes to RyR2 hyperactivation and ventricular tachyarrhythmia.
Our new findings suggest that targeting IMS calpain may be beneficial in patients at risk for sudden cardiac death.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.
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Editorial, see p 1404

lular calcium (Ca?*) cycling are common findings in mitochondrial function lead to excessive production of
various cardiovascular diseases (CVDs) such as heart reactive oxygen species (ROS), which disturb numerous
failure (HF), diabetic cardiomyopathy, and age-related  signaling pathways and systems in ventricular myocytes

Impaired mitochondrial function and aberrant intracel-  cardiac dysfunction.! Disease-associated defects in
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RyR2 Hyperactivity Remodels Mitochondria

Novelty and Significance

What Is Known?

+ RyR2 (ryanodine receptor) hyperactivity and mitochon-
drial structural damage are common findings in cardio-
vascular diseases.

* Excessive reactive oxygen species generation by defec-
tive mitochondria leads to RyR2 oxidation, promoting
RyR2 hyperactivity, contributing to arrhythmogenesis.

* Hyperactive RyR2s can disrupt mitochondrial function
by contributing to cytosolic Ca?* and, thereby, Na* over-
load. Consequent increase in activity of mitochondrial
Na*/Ca®/Li+ exchanger (NCLX) reduces the ability of
mitochondria to accumulate [Ca?*] in the mitochondrial
matrix.

What New Information Does This Article

Contribute?

» For the first time, we measure Ca?* in the intermem-
brane space of cardiac mitochondria and, contrary to
current dogma, show that [Ca?*] significantly accumu-
lates in this space, especially in conditions of RyR2
gain of function.

* We provide a molecular mechanism linking RyR2
hyperactivity with mitochondrial structural remodeling,
whereby increased Ca?* in the intermembrane space
activates calpain-mediated cleavage of mitochondrial
structural protein OPA1 (optic atrophy protein 1).

* We demonstrate that calpain-mediated cleavage of
OPA1 leads to cristae widening and loss of electron
transport chain supercomplexes, leading to emission
of damaging reactive oxygen species that further
increase RyR2 activity.

* Our data demonstrate the protective effects of inhibit-
ing calpain in the mitochondrial intermembrane space,
attenuating Ca?* mishandling at the cellular level and
preventing Ca®*-dependent arrhythmia at the organ
level.

Increased RyR2 activity due to gain-of-function muta-
tions, posttranslational modifications, or both, leads
to a proarrhythmic increase in cytosolic [Ca**] during
diastole, promoting Na* overload in myocytes from dis-
eased hearts. Increased cytosolic [Na*] increases the
activity of NCLX, interfering with the ability of mito-
chondria to retain Ca?* in the matrix. Using a mitochon-
drial intermembrane space—targeted Ca?" biosensor,
we found that Ca?" in this compartment does not
precisely follow cytosolic Ca?* dynamics and, instead,
accumulates during rapid pacing, significantly exceed-
ing cytosolic [Ca®*] during diastole. Both genetic and
pharmacological RyR2 activity enhancements reduced
Ca?* retention in mitochondrial matrix, leading to a
reciprocal increase in intermembrane space-[Ca®*] to
the levels sufficient for activation of intermembrane
space—residing Ca?—dependent protease p-calpain.
Activation of calpain evoked proteolysis of structural
protein OPA1, resulting in widening of mitochondrial
cristae. Subsequent decrease in the ability of cristae-
residing components of the electron transport chain to
form supercomplexes resulted in acceleration of mito-
reactive oxygen species production, oxidizing RyR2,
exacerbating proarrhythmic hyperactivation of the
channel. Given the prevalence of RyR2 hyperactivity
and mitochondrial dysfunction, this mechanism likely
contributes to Ca?" mishandling in a broad spectrum
of cardiovascular pathologies. Attenuating intracellular
Ca?" mishandling in diseased hearts by targeting inter-
membrane space calpain may be beneficial in patients
at risk for sudden cardiac death.

Nonstandard Abbreviations and Acronyms

AAV adeno-associated virus
AIF apoptosis-inducing factor
CAST calpastatin

CPVT catecholaminergic polymorphic
ventricular tachycardia

CVvD cardiovascular disease

ETC electron transport chain

HF heart failure

IMM inner mitochondrial membrane
IMS intermembrane space

JPH2 junctophilin-2
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MCU mitochondrial Ca2+ uniporter
MICU mitochondrial calcium uptake protein
NCLX mitochondrial Na*/Ca?*/Li* exchanger
OMM outer mitochondrial membrane
OPAT1 optic atrophy protein 1

ROS reactive oxygen species

RyR2 ryanodine receptor

shRNA short hairpin RNA

SR sarcoplasmic reticulum

TG thapsigargin

VDAC voltage-dependent anion channel
VM ventricular myocyte

VT ventricular tachycardia
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(VMs).28 It is well established that mitochondrial ROS
increases the activity of the sarcoplasmic reticulum (SR)
Ca?" release channel, the RyR2 (ryanodine receptor),
thereby driving spontaneous SR Ca?* release that impairs
contractile function and promotes deadly arrhythmias.'*®
In turn, abnormally high RyR2 activity may contribute to
mitochondrial dysfunction and, importantly, structural
damage of the organelle. This is especially obvious in
the case of the highly malignant inherited arrhythmia
syndrome, catecholaminergic polymorphic ventricular
tachycardia (CPVT),*5-% an arrhythmia most commonly
linked to gain-of-function mutations in RyR2.° Although
of growing interest, the exact mechanisms underlying
Ca?*-dependent damage of cardiac mitochondria remain
undefined.

During ischemia-reperfusion, intracellular Ca?" over-
load evokes massive Ca?* influx into the mitochondrial
matrix via MCU (mitochondrial Ca?" uniporter), lead-
ing to mitochondria permeability transition and activa-
tion of cell death pathways.'®'" However, in conditions
less catastrophic than ischemia-reperfusion injury such
as HF or cardiac hypertrophy, matrix [Ca?*] was shown
to be reduced, suggesting that other mechanisms are
involved."?™"® Furthermore, key proteins that maintain
mitochondria structure such as prohibitins and OPA1
(optic atrophy protein 1) are located outside of the
matrix, between outer and inner mitochondria mem-
branes (OMM and IMM, respectively)."”'® Although there
is substantial data implicating changes in matrix [Ca?*] in
cardiac pathophysiology, there is no information on [Ca?*]
in the mitochondrial intermembrane space (IMS). This
compartment is generally thought to have [Ca®*] equal to
that of the cytosol, as the OMM is considered permeable
for Ca?".'® However, to our knowledge, this has not been
experimentally confirmed as IMS [Ca?*] was not mea-
sured directly in cardiac VMs due to the lack of appropri-
ate molecular tools.

Previous studies revealed that u-calpain, an impor-
tant Ca®-dependent cysteine protease that senses
[Ca?*] in the micromolar range, is localized in the IMS.2021
It is plausible that under conditions accompanied by
increased RyR2 activity, IMS-[Ca?'] may reach these lev-
els, sufficient to activate p-calpain in this compartment.
Importantly, recent works from several laboratories sug-
gest that calpain inhibition can improve mitochondrial
function in diseased or aging hearts?>?® However, the
mechanisms of calpain-dependent mitochondrial injury
in CVD remain unknown. Intriguingly, expression levels
of IMS-located mitochondrial structural protein OPA1
are decreased in HR?*® Whether Ca?*-dependent calpain
activity in the IMS can lead to proteolysis of mitochon-
drial proteins and, thus, drive changes in mitochondrial
structure is yet to be explored.

To test the hypothesis that RyR2 hyperactivity evokes
changes in IMS-[Ca*"], we created a unique gain-of-
function RyR2 rat model of CPVT and a novel, targeted
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genetic Ca®* probe. Using this linear model of disease-
associated RyR2 dysfunction, we demonstrate that
increased Ca?*-dependent calpain activity in the IMS
drives mitochondrial structural remodeling, increasing
mito-ROS production, and this contributes to cardiac
arrhythmia. Furthermore, we show that gene delivery
approaches to reduce IMS calpain activity in CPVT can
attenuate mitochondrial structural damage and dysfunc-
tion, reducing proarrhythmic disturbances in intracellular
Ca?* cycling. These data reveal the previously unappreci-
ated importance of IMS-[Ca?*] in mitochondrial structure,
which does not simply follow cytosolic [Ca%], as well
as the strong therapeutic potential of targeting Ca?*-
dependent processes in this subcompartment to attenu-
ate Ca?*-dependent arrhythmia in CVD.

METHODS
Data Availability

Data supporting the findings of this study are available from the
corresponding authors upon reasonable request. Detailed mate-
rials and methods are described in the Supplemental Material.
Key research materials are listed in the Major Resources Table
in the Supplemental Material. All procedures involving animals
were performed following the National Institutes of Health
Guide for the Care and Use of Laboratory Animals published
by the US National Institutes of Health (National Institutes of
Health Publication No. 85-23, revised 201 1). Procedures were
approved by the Institutional Animal Care and Use Committee
of The Ohio State University, The University of Arizona, or
Thomas Jefferson University.

Statistical Analysis

Statistical analyses were performed using Origin 2020Pro
(OriginLab) and R software. For each experiment, the number
of animals (N) and the number of VMs (n) used are indicated.
Data are expressed as meantSD. P values are provided with
2 significant digits, and values of A<0.050 were considered
significant (*). When we used individual isolated VMs from rat
hearts, data were analyzed using a 2-level random intercept
model to account for multiple cells (data points) from one ani-
mal and hierarchical data.'®?"?® For nonhierarchical data (iso-
lated VMs from one rat heart per animal, for example), the
Shapiro-Wilk tests were performed to determine normality of
data. More detail is given in the Supplementary Material.

RESULTS

The Novel RyR2-S2236L“” Rat Model of CPVT
Exhibits a Strong Arrhythmogenic Phenotype

To directly test whether a disease-associated increase
in RyR2 activity modulates IMS-[Ca®], we created the
first rat model of RyR2-associated CPVT. The malignant
RyR2-S2236L) mutation (Figure 1A) was chosen as it
induces archetypical CPVT phenotype in humans (RyR2-
S2246L.47): Figure S1).29-82
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Figure 1. The novel RyR2-S2236L“/” rat model of catecholaminergic polymorphic ventricular tachycardia (CPVT) exhibits a
robust arrhythmogenic phenotype.

A, Chromatogram demonstrating CRISPR/Cas9 (clustered regularly interspaced short palindromic repeats/CRRISPR-associated protein
9)-mediated heterozygous RyR2-S2236L“/7 mutation. B, In vivo electrocardiograms of littermate control and CPVT rats, before and after
intraperitoneal (IP) injection with epinephrine (1 mg/kg) and caffeine (120 mg/kg) as arrhythmia challenge. C, Arrhythmia score based on the
most severe arrhythmia was applied: no arrhythmias=0; isolated premature ventricular complex (PVC)=1; nonsustained ventricular tachycardia
(VT; <30 s)=2; sustained VT (>30 s)=3; and ventricular fibrillation=4. Ventricular tachycardia was defined as >3 consecutive PVCs. *F<0.05,
Mann-Whitney U test. VT incidence (%), Fisher exact test. Total VT duration (minutes), Mann-Whitney U test. Average VT duration (minutes),
*<0.05, Mann-Whitney U test. Number of VTs, Mann-Whitney U test. N for in vivo ECG experiments: control (Ctrl): N=15 (7 female, 8 male)
rats; CPVT: N=17 (10 female, 7 male) rats. D, Simultaneous action potential and intracellular Ca?* recordings under $-adrenergic stimulation
with isoproterenol (ISO; 50 nmol/L) and corresponding pooled data for action potential duration (AF’D)50, APD,,, frequency of delayed after
depolarizations (DADs), and extra-systolic action potentials (APs). Data are presented as mean+SD, 2-level random intercept model. Control:
n=7 cells, N=4 (3 female, 1 male) rats; CPVT: n=6 cells, N=4 (1 female, 3 male) rats. E, The image shows the ventricular myocyte expressing
sarcoplasmic reticulum (SR) Ca®* probe G-CEPIA1er. Representative G-CEPIATer fluorescence recorded in control (Ctrl, black) and CPVT
(red) ventricular myocytes. Myocytes were treated with ISO (50 nmol/L) and paced for 5 minutes at 2 Hz prior to application of thapsigargin (20
pmol/L, 5 minutes) to inhibit SERCA2a (cardiac sarcoplasmic reticulum calcium ATPase) activity. Caffeine (CAFF; 10 mmol/L) was used to fully
empty the SR. The signal was normalized to the minimum fluorescence obtained after caffeine application. Two-level random intercept model.
Control: n=19 cells, N=6 (3 female, 3 male) rats; CPVT: n=20 cells, N=5 (3 male, 2 female) rats.

Patients with CPVT under basal conditions do not  echocardiography recordings did not reveal gross struc-
exhibit profound changes in cardiac function and gross  tural remodeling of the heart in CPVT rats, given pre-
structural remodeling of the heart®3¥%* In line with this,  served left ventricle posterior wall size and calculated left
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ventricle mass compared with littermate controls (Table
S2). Ejection fraction, fractional shortening, and E/E’
were unchanged, indicating no alterations in systolic and
diastolic function.

To confirm the CPVT phenotype in vivo, we performed
an ECG with arrhythmia challenge, a widely used protocol
to elicit arrhythmias in animal models of CPVT (Figure 1B
and 1C; Figure S2). Injection of epinephrine (1.5 mg/kg)
and caffeine (120 mg/kg) induced significantly higher
incidences of bigeminy, bidirectional ventricular tachycar-
dia (VT), and ventricular fibrillation in vivo in heterozygous
CPVT animals, as indicated by a higher arrhythmia score
(*P=3.2x107%), and an overall increased incidence of VT
("P=2.0x107%).

Simultaneous whole cell patch clamp and Ca?* imag-
ing with fluorescent Ca?* indicator Rhod-2 demonstrated
that under B-adrenergic stimulation with isoproterenol
(50 nmol/L), CPVT VMs exhibit severe Ca2* mishan-
dling compared with controls. There is no obvious Ca?*
mishandling in CPVT VMs under baseline conditions
(Figure S3). Periodically paced CPVT VMs in the pres-
ence of isoproterenol have a high propensity to generate
spontaneous Ca?* release during diastole, which causes
arrhythmogenic delayed afterdepolarizations, a hallmark
of CPVT (Figure 1D; Figure S4). Importantly, delayed
afterdepolarizations occurred without significant electro-
physiological remodeling (Figure S5; Figure 1D), imply-
ing that these are Ca?*-driven.

To confirm that RyR2-S2236L%" VMs exhibit
increased SR Ca’* leak, SR Ca®* biosensor G-CEPIA1er
was expressed using an adenovirus vector construct.*3°
After 36 to 48 hours in culture, isoproterenol-treated
VMs were exposed to thapsigargin, an SR-Ca?* ATPase
inhibitor (TG, 20 pmol/L), to unmask RyR2-mediated SR
Ca?* leak. Data presented in Figure 1E demonstrate a
2-fold increase in leak rate in CPVT VMs versus controls
(*P=0.033).

Hyperactivity of RyR2 in CPVT Increases
Mitochondrial ROS and Disrupts Mitochondrial
[Ca?*] Handling

It has been demonstrated previously that increasing
RyR2 activity leads to spontaneous SR Ca?* release and
evokes increased mitochondrial ROS emission.* This
exacerbates RyR2 dysfunction in a vicious feedback
cycle. Indeed, in this study, adenoviral genetic probe MLS-
HyPer7'3%6 confirmed significantly increased mitochon-
drial ROS in cultured CPVT VMs versus controls treated
with isoproterenol (Figure 2A, *P=1.0x107*). Represen-
tative fluorescence recordings demonstrating changes
in mitochondrial ROS before and after isoproterenol are
found in Figure S6. Importantly, the increase in mitochon-
drial ROS in CPVT VMs was in parallel with increased
RyR2 oxidation (Figure 2B, *F=0.008). Using adenoviral
genetic probe mtRCamp1h,"3" our data reveal reduced
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[Ca?*] in the mitochondrial matrix of periodically paced
CPVT VMs challenged with isoproterenol (50 nmol/L)
compared with controls (Figure 2C, *P=0.004; Figure
S7, *P=4.88x107"). These data suggest that increased
mitochondrial ROS production occurs in CPVT VMs with
increased RyR2 leak, despite reduced mitochondrial
matrix [Ca?*]. Of note, Western blot analysis did not reveal
changes in expression levels of voltage-dependent anion
channel (VDAC) and MCU, the main Ca?" pathways
residing in outer and inner mitochondrial membranes,
respectively (Figure 2D and 2E). Expression levels of
auxiliary proteins of mitochondria Ca?* uptake complex
MCUb®® and MICU (mitochondrial calcium uptake pro-
tein) 2% were not changed, while MICU1, a negative
regulator of MCU,*® was decreased (*P=0.004). Despite
this change, Ca?* uptake into the matrix was similar in
control and CPVT, as demonstrated by experiments in
permeabilized VMs using an identical intracellular solu-
tion (Figure S8). Given that matrix Ca?* levels depend
on NCLX (mitochondrial Na*/Ca**/Li* exchanger) activ-
ity,' we measured intracellular [Na*] using fluorescence
indicator ING-2. Field-stimulated CPVT VMs loaded with
ING-2 and treated with 50 nmol/L isoproterenol showed
a significant increase in intracellular [Na*] (Figure S9,
*P=0.043). Stabilization of intracellular Ca?* handling
using mitochondrial ROS scavenger MitoTEMPO* (5
pmol/L, 20 minutes pre-incubation) reversed cytosolic
Na* overload and restored matrix Ca?* accumulation in
CPVT VMs (Figure S10).

Mitochondrial IMS [Ca?*] Is Increased in
Conditions of RyR2 Hyperactivity

We reasoned that increased diastolic [Ca?*] in the cytosol
and the reduced ability of the mitochondria to accumu-
late Ca?* in the matrix could lead to an increase in [Ca?]
in mitochondrial IMS. Given that the current dogma is
that the IMS is permissive to Ca?*, we directly measured
Ca?* in this compartment with a genetic biosensor. We
adapted the cytosolic genetic Ca** probe GECO1.24? (Kd
[dissociation constant] of 1.15 pmol/L for Ca**) by add-
ing the first 140 amino acids of the MCU complex pro-
tein MICU1 to the N-terminal of the coding sequence*
(Figure 3A). Adenovirus was generated for the expres-
sion of the probe in cultured rat VMs. Rings of green
fluorescent protein were evident in Ad-IMS-GECO1.2-
infected VMs after 36 hours, suggestive of correct probe
targeting between the OMM and IMM.

To verify correct targeting to the IMS, we added an
APEX2 (ascorbate peroxidase 2) tag* to the C-terminal
of the probe and generated adeno-associated virus
(AAV) with cardiac specificity. Rats were tail vein injected
with  AAV9-aMHC-IMS-GECO1.2-APEX2  (10'?
viral particles per rat), and left ventricular tissue slices
were assessed 4 weeks later by transmission electron
microscopy (Figure 3B). Tissues were treated with the
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Figure 2. Catecholaminergic polymorphic ventricular tachycardia (CPVT) rat ventricular myocytes have increased mito-reactive

oxygen species (ROS) production and reduced matrix [Ca?*].

A, Images show mitochondrial MLS-HyPer7 ROS probe localization in live ventricular myocytes, validated by overlap with mtRFP (mitochondrial
RFP [red fluorescent protein]). Representative MLS-HyPer7 fluorescence recorded in control (black) and CPVT (red) ventricular myocytes.
Myocytes were treated with isoproterenol (1ISO; 50 nmol/L) for 5 minutes before pacing at 2 Hz for 5 minutes. Fluorescence was normalized

to minimum (dithiothreitol [DTT]; 5 mmol/L) and maximum (2,2"-dithiodipyridine [DTDP]; 200 pmol/L) fluorescence. Data are presented as
meanzSD, *F<0.05, 2-level random intercept model. Control: n=27 cells, N=6 (3 female, 3 male) rats; CPVT: n=14 cells, N=4 (2 female, 2 male)
rats. B, Representative Western blots for immunoprecipitated RyR2 (ryanodine receptor) from freshly isolated ventricular myocytes and oxidation
using anti-DNP antibody. Pooled data for normalized optical density (OD; %) of DNP signal normalized to RyR2, Student ¢ test. Control: N=5
control (3 female, 2 male) rats; CPVT: N=6 (3 female, 3 male) rats. C, Images show mitochondrial mtRCamp 1h matrix Ca** probe localization

in live ventricular myocytes, validated by overlap with mtGFP (mitochondrial GFP [green fluorescent protein]). Representative mtRCamp1h
fluorescence recorded in control (black) and CPVT (red) ventricular myocytes. Myocytes were treated with isoproterenol for 5 minutes before
pacing at 2 Hz for 5 minutes. Two-level random intercept model. Control: n=14 cells, N=6 (3 female, 3 male) rats; CPVT: n=12 cells, N=6 (2
female, 4 male) rats. D, Representative Western blot of MCU (mitochondrial Ca** uniporter), MCUb (mitochondrial Ca?* uniporter subunit dominant
negative subunit beta), MICU1 (mitochondrial Ca?* uptake protein 1), MICU2 (mitochondrial Ca?* uptake protein 2), Hsp60 (heat shock protein
60), and pooled data for OD normalized to Hsp60. Control: N=8 to 10 (4-5 female, 4-5 male) rats; CPVT: N=8 to 10 (4-5 female, 4-5 male)
rats. E, Representative Western blot of voltage-dependent anion channel (VDAC) and loading control Hsp60 and pooled data for OD normalized
to Hsp60, Mann-Whitney U test. Control: N=4 (2 female, 2 male) rats; CPVT: N=4 (2 female, 2 male) rats.

3,3'-diaminobenzidine. In tissue expressing the probe
with the APEX2 tag treated with 3,3"-diaminobenzidine
for 10 minutes (left images), IMM is well-defined. Forty
minutes of exposure with 3,3"-diaminobenzidine (right
images) revealed increased particle density in the IMS.
This particle density is caused by a reaction between the
APEX2 tag and 3,3'-diaminobenzidine, therefore only
occurring where the probe is located. This demonstrates
correct localization of the IMS-GECO1.2 Ca?* probe in
the IMS of mitochondria.

The general consensus is that IMS-[Ca®*] equals
[Ca?] in the cytosol, given that Ca?* flux via the OMM

1390 December b, 2025

high-conductance Cl—-channel (VDAC) is fast. To test
this, using fast resonant scanning to improve temporal
resolution (7 ms per frame), we performed experiments
in periodically paced isoproterenol-treated (50 nmol/L)
VMs expressing IMS-GECO1.2. As seen in Figure 3C,
IMS-[Ca?*] dynamically changes upon VM electrical stim-
ulus, and both basal and peak [Ca?*] in this compartment
rise upon increasing stimulation frequency from 0.2 to 2
Hz (basal: *P=2.0x107% peak: *P=0.002). Next, we per-
formed experiments where IMS-[Ca?*] was monitored in
parallel with recording of cytosolic Ca?* transients using
far red fluorescent Ca?* indicator Calbryte 630-AM,

Circulation Research. 2025;137:1385-1403. DOI: 10.1161/CIRCRESAHA.125.326841
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Figure 3. Mitochondrial intermembrane space [Ca?*'] does not mirror cytosolic [Ca?'] and is increased in conditions of RyR2
(ryanodine receptor) hyperactivity.

A, Top, Schematic of intermembrane space (IMS) Ca?* probe IMS-GECO1.2 location, between the outer and inner mitochondrial membranes
(OMM and IMM, respectively). Bottom, Localization of IMS-GECO1.2 in ventricular myocytes, showing ring-like structures. B, Transmission
electron micrographs of mitochondria in rat ventricular myocytes. Samples from rats injected with adeno-associated virus (AAV) 9-aMHC (alpha
myosin heavy chain)-IMS-GECO1.2-APEX2 (ascorbate peroxidase 2) were treated with 3,3-diaminobenzidine (DAB) chemical for 10 and 40
minutes. Left; 10-minute DAB treatment, demonstrating clear inner mitochondrial membranes and cristae. Right; The chemical reaction that
occurs between the APEX2 tag and DAB leaves a dense particle in the IMS, indicating correct localization of IMS-GECO1.2 in the IMS. C,
Representative recording of IMS Ca?* in control ventricular myocyte (VM) expressing IMS-GECO1.2 subjected to field stimulation at 0.2, 0.5,
and 2 Hz in the presence of 50-nmol/L isoproterenol (ISO). Pooled data for basal and peak [Ca*'],, at 0.2 Hz (n=15) and 2 Hz (n=10). Data
are presented as mean£SD, *P<0.05, 2-level random intercept model. N=6 control (3 female, 3 male) rats. D, Representative IMS-GECO1.2
(left) and cytosolic GECO1.2 (right) fluorescence recorded simultaneously in control VM treated with ISO for 5 minutes before pacing at 0.2
and 2 Hz. E, Superimposed traces of cytosolic GECO1.2 (black) and IMS GECO1.2 (blue) Ca®". Center and Right, Pooled data for time-to peak
and decay rate for cytosolic and IMS Ca?*. Cytosolic: n=86, N=6 (2 male, 4 female) rats; IMS: n=40. N=7 (5 male, 2 female) rats. Two-level
random intercept model. F, Representative IMS-GECO1.2 fluorescence recorded in control (black) and catecholaminergic polymorphic ventricular
tachycardia (CPVT; red) ventricular myocytes. Myocytes were treated with ISO for 5 minutes before pacing at 2 Hz for 5 minutes. Two-level
random intercept model. Control: n=12 cells, N=4 (3 female, 1 male) rats; CPVT: n=14 cells, N=6 (4 female, 2 male) rats.

demonstrating markedly different dynamics of cytosolic
and IMS Ca?* signals (Figure 3D). Given that genetic and
chemical Ca?* indicators can have significant differences
in kinetics, we generated a cytosolic adenoviral GECO1.2

Circulation Research. 2025;137:1385-1403. DOI: 10.1161/CIRCRESAHA.125.326841

construct*? Importantly, by using the same probe with the
same kinetics, one cytosolic, and one IMS-targeted, our
data suggests that contrary to the established narrative,
Ca?* transients in the IMS do not, in fact, follow cytosolic
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Ca?* transients. Instead, Ca?* in the IMS has a ~b0%
slower time-to-peak and decay rate (Figure 3E; time-to-
peak: *P=756x107%; cytosol: *P=9.90x10-%°). The lat-
ter explains why IMS Ca?* accumulates upon increasing
stimulation frequency.

Next, we assessed whether IMS-[Ca?t] was differ-
ent in isoproterenol-treated CPVT VMs compared with
controls (Figure 3F). In control VMs, there is a significant
accumulation of [Ca?*] in the IMS, with an initial peak
[Ca?'] upon the start of electrical stimulation, followed
by a steady state [Ca?*] of 1 umol/L. Importantly, IMS-
[Ca?*] is significantly increased in CPVT VMs, with an
initial peak [Ca?*] of 3.6 umol/L and a steady state [Ca?*]
of 2 pmol/L (Figure 3F; initial: “P=0.002; steady state:
*P=0.039). These data suggest that IMS-[Ca**] does
not closely mirror cytosolic [Ca?'] dynamics, but there is
a significant accumulation of Ca?* in this compartment
under continuous periodic stimulation. In addition, these
data suggest that under conditions of RyR2 hyperactiv-
ity post-p-adrenergic activation such as CPVT, there is
increased [Ca?*] in the IMS.

Increased IMS [Ca?*] Evokes Calpain-Mediated
Cleavage of Mitochondrial Structural Protein
OPA1

We reasoned that a 2-fold increase in IMS-[Ca?*] in
CPVT could contribute to the changes observed in mito-
chondrial structure and ROS production through the
activity of Ca?*-dependent IMS p-calpain, given that
p-calpain senses [Ca*] in the micromolar range.*®#¢ Cal-
pains are present in the cytosol and the mitochondria,
and it is well established that their cysteine protease
activity leads to cleavage of structural proteins such as
JPH2 (junctophilin-2).2'4%48 |n mitochondria, OPA1 is a
protein implicated in flattening of mitochondrial cristae.*
Cleavage of OPA1 would change the structural integrity
of the mitochondria and lead to widening of cristae, and
we hypothesized that this may be a calpain target. Of
note, expression of full-length OPA1 was significantly
reduced in CPVT VMs compared with controls (Fig-
ure 4A, *FP=0.004).

To test the hypothesis that RyR2-mediated SR Ca?*
leak may alter IMS calpain activity and, thus, expression
of full-length OPAT1 protein, we treated VMs isolated
from control rat hearts with low-dose caffeine (200
pmol/L, 5 minutes) and isoproterenol (50 nmol/L, 5
minutes) and paced for 5 minutes at 2 Hz. Low-dose
caffeine is known to increase RyR2 activity and has
been used as an approach to mimic Ca?* mishandling
in CPVT# Similar to our observations in CPVT VMs, we
confirmed that this approach also increased IMS-[Ca**]
and reduced matrix [Ca?*] (Figure 4B and 4C). Isolated
VMs treated with low-dose caffeine had reduced expres-
sion of full-length OPA1 protein (*P=0.004), and impor-
tantly, this reduction could be rescued by pretreatment
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with calpain inhibitors, MDL-28170 (5 pumol/L, 30 min-
utes; Figure 4D) and E64d (20 pmol/L, 30 minutes; Fig-
ure S11). There was no change in other documented or
potential mitochondrial and cytosolic calpain targets (AIF
[apoptosis-inducing factor] 1, MICU1, ANT (adenine
nucleotide transporter), and JPH2).2" 4748

Next, to directly test whether OPA1 is a target of
calpains, we performed a cleavage assay®® using an
N-terminal FLAG (peptide tag DYKDDDDK)-tagged,
C-terminal HA-tagged OPA1 construct (Figure 4E).
Lysates from these OPA1/HEK293 (human embryonic
kidney 293) cells co-expressing calpain 1 (u-calpain)
or calpain 2 (M-calpain) plasmids were used for these
assays in the presence and absence of Ca*" and calpain
inhibitor MDL-28170. Western blot analysis revealed sev-
eral N-terminal and C-terminal OPA1 cleavage products
in the presence of calpain, confirming that IMS structural
protein OPA1 is indeed a target of this cysteine Ca?*—
dependent protease. Collectively, these data suggest that
elevated IMS-[Ca*] in CPVT drives calpain-mediated
cleavage of mitochondrial structural protein OPA1.

To confirm whether loss of full-length OPA1 had
effects on ROS production and intracellular Ca?*
cycling, we knocked down OPA1 expression in con-
trol VMs using short hairpin RNA (shRNA) to mimic
CPVT. Knockdown was confirmed by the Western blot
(Figure BA). Matrix ROS probe MLS-HyPer7 revealed
that OPA1 shRNA significantly increased mitochon-
drial ROS emission (*P=1.0x107*), suggesting that
the lack of full-length OPA1 protein does contribute to
mitochondrial dysfunction (Figure 5B). The functional
impact of changes in cristae structure morphology was
previously ascribed to destabilization of electron trans-
port chain (ETC) complexes, reducing the efficiency
of oxidative phosphorylation and increasing mito-ROS
emission.’'% Using blue native gel electrophoresis
(BN-PAGE), we assessed the impact of OPA1 knock-
down with shRNA on assembly of ETCs into large
multimolecular supercomplexes, that is, respirasomes.
Figure BC demonstrates a significant reduction in
bands of high molecular weight entities for complexes
| (*F=0.026), Il (*F=0.004), and IV (*FP=0.023), con-
firming destabilization of ETC supercomplexes by OPA1
shRNA. OPA1 knockdown did not fully recapitulate the
CPVT phenotype. In contrast to CPVT, isoproterenol-
treated OPA1 knockdown VMs did not exhibit changes
in Ca?* transient amplitude and SR Ca?®* content mea-
sured using cytosolic Ca?* indicator Fluo-3 (Figure 5D).
However, OPA1 knockdown—mediated reduction in
ETC supercomplexes was observed in parallel with an
increase in spontaneous Ca?* waves (‘P=7.1x107"").
These data indicate that loss of full-length OPA1 medi-
ates changes in mitochondrial cristae structure that is
associated with increased mitochondrial ROS emission,
which subsequently evokes RyR2 dysfunction contrib-
uting to intracellular Ca?* mishandling.

Circulation Research. 2025;137:1385-1403. DOI: 10.1161/CIRCRESAHA.125.326841
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Figure 4. Increased [Ca?*] in the intermembrane space evokes calpain-mediated cleavage of mitochondria structural protein
OPA1 (optic atrophy protein 1).

A, Representative Western blot of optic atrophy 1 protein (OPA1) and Hsp60 (heat shock protein 60) and pooled data for OD normalized to
Hsp60. Data are presented as meanSD, *F<0.05, Student ¢ test. Control: N=8 (4 female, 4 male) rats; catecholaminergic polymorphic ventricular
tachycardia (CPVT): N=8 (4 female, 4 male) rats. B, Representative mtRCamp 1h fluorescence recorded in control ventricular myocyte, before

and after application of low-dose caffeine (200 umol/L) to evoke RyR2 (ryanodine receptor)-mediated sarcoplasmic reticulum (SR) Ca2* leak.
Myocytes were treated with isoproterenol (ISO; 50 nmol/L) for 5 minutes before pacing at 2 Hz for 5 minutes, followed by application of low-dose
caffeine and pacing at 2 Hz for 5 minutes, Student ttest. n=10 cells, N=4 (1 female, 3 male) rats. C, Representative intermembrane space (IMS)-
GECO1.2 fluorescence recorded in control ventricular myocyte, before and after application of low-dose caffeine to promote RyR2-mediated SR
Ca?* leak. Myocytes were treated with ISO for 5 minutes before pacing at 2 Hz for 5 minutes, followed by application of low-dose caffeine and
pacing at 2 Hz for 5 minutes, paired Student ¢ test. n=12 cells, N=4 (3 female, 1 male) rats. D, Representative Western blots demonstrating OPA1
expression in control myocytes, normalized to HspB0 expression. Myocytes were treated with ISO for 5 minutes and paced for 5 minutes (2 Hz)

in the absence and presence of low-dose caffeine. A subset of caffeine-treated myocytes was also preincubated with calpain inhibitor MDL-
28170 (10 pmol/L, 30 minutes) before processing, 1-way ANOVA with Bonferroni post hoc, N=4 (3 female, 1 male) rats. E, Western blot images
demonstrating mitochondrial structural protein OPA1 are cleaved by calpain. An N-terminal FLAG (peptide DYKDDDDK)-tagged and C-terminal
3xHA (3x human influenza hemagglutinin protein)-tagged OPA1 construct was coexpressed in HEK293 (human embryonic kidney 293) cells
with CAPN (calpain) 1 or CAPN2 for 24 hours. Cell lysates were in the presence or absence of Ca** (50 pymol/L or 2 mmol/L), as well as calpain
inhibitor MDL-28170 (10 umol/L) for 20 minutes before processing.

We utilized CAST (calpastatin), an endogenous inhibitor
of calpain that is expressed ubiquitously in cells.?65" To
specifically inhibit the activity of calpain in the IMS, we
again fused the first 140 amino acids of MICU1 to the N
terminus of CAST.

Preventing Calpain-Mediated OPA1 Cleavage
in the IMS Restores Mitochondrial Structure
Reducing Mito-ROS and Intracellular Ca*
Mishandling

Given the significant role of OPA1 in mitochondrial cristae
maintenance,’*°® we next sought to determine whether
inhibition of calpain-mediated OPA1 cleavage could
offer protection against mitochondrial structural remod-
eling and aberrant SR Ca?" release that we observed.

Circulation Research. 2025;137:1385-1403. DOI: 10.1161/CIRCRESAHA.125.326841

To assess whether inhibition of IMS-resident calpain
was protective at the cellular level, isolated CPVT VMs
were infected with an adenovirus containing IMS-CAST-
FLAG. After 48 hours in culture, expression was confirmed
with the FLAG antibody. Importantly, full-length OPAT1
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® increases mito-reactive oxygen species (ROS) emission and leads to intracellular Ca?* mishandling.
g A, Representative Western blots demonstrating OPA1 and Hsp60 (heat shock protein 60) protein expression in control myocytes, and control
Q myocytes expressing OPA1-short hairpin RNA (shRNA). The bar graph represents pooled data for OPA1 optical density (mean£SD). Hsp60
_'cT‘o was used as a loading control. N=6 (3 male, 3 female), *F<0.05, paired Student t test. B, Representative MLS-HyPer7 mitochondrial ROS probe
N fluorescence recorded in control (black) and control+OPA1 shRNA (red) ventricular myocytes. Myocytes were treated with isoproterenol (ISO;
] 50 nmol/L) for 5 minutes before pacing at 2 Hz for 5 minutes. Fluorescence was normalized to minimum (dithiothreitol [DTT]; 5 mmol/L) and

maximum (2,2’-dithiodipyridine [DTDP]; 200 pumol/L) fluorescence. Two-level random intercept model. Control: n=27 cells, N=6 (3 female,

3 male) rats; control+OPA1 shRNA: n=28 cells, N=4 (2 female, 2 male) rats. C, Representative BN-PAGE blots of electron transport chain
complexes from control and control+OPA1 shRNA rat ventricular myocytes. Supercomplexes (SCs) are indicated by a black bar, paired Student
ttest. N=6 (3 female, 3 male) rats. D, Fluo-3 fluorescence (F/F,) profiles of ventricular myocytes undergoing 2-Hz pace-pause protocol in

the presence of ISO for assessment of intracellular Ca** handling and spontaneous Ca?* waves (SCWs) and high-dose caffeine (10 mmol/L)
treatment for assessment of sarcoplasmic reticulum (SR) Ca®* content. Two-level random intercept model for Ca®* transient amplitude and SCW
latency, the Mann-Whitney U test for SCW frequency, and the Fisher exact test for cells exhibiting SCWs. Control: n=47 cells for Ca?* transient
amplitude, SCW frequency, and cells exhibiting SCWs, n=43 cells for SCW latency, n=13 cells for caffeine transient amplitude, N=8 (6 female, 2
male) rats; control+OPA1 shRNA: n=49 cells for Ca?* transient amplitude, SCW latency, SCW frequency, and cells exhibiting SCWs, n=20 cells
for caffeine transient amplitude, N=(2 female, 2 male).
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expression was also increased in CPVT VMs expressing  restored ETC supercomplexes (Figure 6C, “P=0.005)
the construct versus nonexpressing CPVT controls (Fig-  and significantly attenuated mitochondrial ROS emission
ure 6A, *P=0.026). Furthermore, IMS-CAST expression in CPVT VMs (Figure 6B, *F=0.002). Inhibition of IMS
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Figure 6. Expression of calpain inhibitor CAST (calpastatin) in the intermembrane space (IMS) reduces mito-reactive oxygen
species (ROS) emission and normalizes intracellular Ca? handling in catecholaminergic polymorphic ventricular tachycardia
(CPVT) ventricular myocytes.

A, Representative Western blot images demonstrating expression of IMS-CAST-FLAG (peptide DYKDDDDK-tag) in CPVT ventricular myocytes,
visualized by a band when probed for FLAG expression. Bar graph represents pooled data for optical density for OPA1 (optic atrophy protein

1; meanSD). Hsp60 (heat shock protein 60) was used as a loading control. N=4 (2 male, 2 female), *F<0.05, paired Student ¢ test. B,
Representative MLS-HyPer7 mitochondrial ROS probe fluorescence recorded in CPVT (red) and CPVT+IMS-CAST (blue) expressing ventricular
myocytes. Myocytes were treated with isoproterenol (ISO; 50 nmol/L) for 5 minutes before pacing at 2 Hz for 5 minutes. Fluorescence was
normalized to minimum (dithiothreitol [DTT]; 5 mmol/L) and maximum (2,2’-dithiodipyridine [DTDP]; 200 umol/L) fluorescence. Two-level random
intercept model. CPVT: n=9 cells, N=4 animals (2 female, 2 male); CPVT+CAST n=16 cells, N=3 animals (1 female, 2 male). C, Representative
BN-PAGE blots of electron transport chain complexes from CPVT and CPVT+IMS-CAST rat ventricular myocytes. Supercomplexes (SCs) are
indicated by a black bar, paired Student ¢ test. N=6 CPVT (3 female, 3 male) rats. D, Fluo-3 fluorescence (F/FO) profiles of ventricular myocytes
undergoing 2-Hz pace-pause protocol in the presence of ISO for assessment of intracellular Ca** handling and spontaneous Ca?* waves (SCWs)
and high-dose caffeine (CAFF, 10 mmol/L) treatment for assessment of sarcoplasmic reticulum (SR) Ca?* content. Two-level random intercept
model for Ca?* transient amplitude and SCW latency, the Mann-Whitney U test for SCW frequency, and the Fisher exact test for cells exhibiting
SCWs. CPVT: n=33 cells for Ca?* transient amplitude, SCW latency, SCW frequency, and cells exhibiting SCWs, n=36 cells for caffeine transient
amplitude, N=8 (4 female, 4 male) rats; CPVT+CAST short hairpin RNA (shRNA): n=19 cells for Ca?* transient amplitude, SCW frequency, and
cells exhibiting SCWs, n=15 cells for SCW latency, n=7 cells for caffeine transient amplitude, N=4 (2 female, 2 male) rats.
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calpain also improved intracellular Ca?* handling, signifi-
cantly delaying the onset of spontaneous Ca?* waves to
occur in CPVT VMs (Figure 6D, *P=1.0x107). Of note,
this improvement in Ca** homeostasis evoked by IMS-
CAST occurs although there is still a gain-of-function
mutation in the RyR2 channel, suggesting that mitochon-
drial remodeling and dysfunction are significant contribu-
tors to the arrhythmogenic phenotype of CPVT.

We reasoned that the restoration of ETC super-
complexes and functional improvements in CPVT VMs
expressing IMS-CAST were due to reduced OPA1 cleav-
age and, thus, a reduction in cristae diameter. To assess
this, we generated AAV9-IMS-CAST and injected rats
in vivo via the tail vein with 10" viral particles, before
assessing hearts by transmission electron microscopy 4
weeks later (Figure 7A). Importantly, inhibition of calpain
in the IMS via IMS-CAST expression reduced cristae
diameter in CPVT VMs, indicating that calpain-mediated
OPAT1 cleavage indeed contributes to structural remodel-
ing of mitochondria in CPVT hearts.

Inhibition of Calpain in the Mitochondrial IMS
Attenuates Arrhythmic Potential

Finally, to test directly whether IMS calpain inhibition
could reduce arrhythmic potential not just at the cellu-
lar level, but in the whole heart, we performed ex vivo
optical mapping experiments (Figure 7B through 7H).
CPVT rats were injected with AAV9-aMHC-IMS-CAST
(102 viral particles per rat, tail vein), and 4 weeks post-
injection, hearts were removed for study. Langendorff-
perfused hearts were stained with voltage-sensitive dye
Di-4-ANEPPS and challenged with 100-nmol/L iso-
proterenol.®® This protocol did not elicit arrhythmias in
hearts from control littermates. Hearts from CPVT ani-
mals demonstrated rare spontaneous VT. To gain insight
into mechanisms of VT initiation, hearts were subjected
to a standard arrhythmia challenge rapid pacing proto-
col. Arrhythmia was evoked by short bouts of fast pacing
(5—15 stimuli at 100-ms cycle length). As presented in
Figure 7B through 7H, VT was triggered by focal activity,
with focal activity distributed randomly in a classical CPVT
pattern. We did not find differences in conduction veloc-
ity and action potential duration between groups (Fig-
ure 7G), suggesting a lack of gross structural changes of
cardiac tissue in CPVT, in line with previous reports.92334
Importantly, IMS-CAST expression eliminated VT in
Langendorff-perfused isoproterenol-challenged RyR2-
S2236L%") hearts, highlighting the key role of IMS cal-
pain activation for arrhythmogenesis in CPVT.

DISCUSSION

In this study, using a novel rat model and a new genetic
tool, we demonstrate a new mechanism, whereby path-
ological enhancement of RyR2 activity contributes to
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mitochondrial damage by increasing Ca®" in the mito-
chondrial IMS. Thus, our work challenges the dogma that
IMS-[Ca?*] is equivalent to cytosolic [Ca?*]. We found
that an increase in IMS-[Ca?*] driven by RyR2 hyperac-
tivity promotes calpain-mediated degradation of OPAT.
This causes structural changes in cristae organization,
resulting in destabilization of ETC supercomplexes and
an exacerbation of mito-ROS production and proarrhyth-
mic RyR2 activity (Figure 8).

A new rat model of CPVT was used in this study to
define the effects of RyR2 hyperactivity on mitochondrial
structure and ROS production (Figure 1). Importantly, our
new RyR2-S2236L%“" rat model recapitulates key fea-
tures of CPVT pathogenesis and phenotype in humans,®
demonstrating no overt functional and structural changes
of the heart (Figure S2; Table S2). In vivo rats injected
with epinephrine and caffeine demonstrate bidirectional
polymorphic VT, a hallmark of clinically presenting CPVT
(Figure 1B and 1C). Ex vivo membrane potential optical
mapping experiments corroborate that VT is triggered by
focal activity in CPVT hearts (Figure 7B). Isolated CPVT
VMs challenged with isoproterenol show spontaneous
RyR2-mediated SR Ca** release (Figures 1D and 6D;
Figure S4) that underlies delayed afterdepolarizations
and extra-systolic APs (Figure 1D). Thus, the model used
in this study provides an opportunity to study the effects
of RyR2 gain of function on mitochondrial structure and
its impact on arrhythmogenesis.

Abnormally high RyR2 activity and defective mito-
chondria are common parallel findings in CVDs.3-51559-62
Increased mitochondrial ROS production in diseased
hearts affects RyR2 directly via oxidation of reactive cys-
teines of the channel*®375% or indirectly, via oxidation of
CaMKIl, which subsequently promotes its phosphoryla-
tion of RyR2 at Serine-2814.65%8 Substantial evidence
suggests that both these modifications pathologically
increase RyR2 activity. More recent studies suggest that
hyperactive RyR2s can also affect mitochondria as well,
and partial RyR2 inhibition can prevent its pathological
consequences.*5%9 Consistent with previous reports,
here, we found that mito-ROS and RyR2 oxidation are
increased (Figure 2A and 2B), while mitochondrial matrix
[Ca?*] is reduced in CPVT rat VMs under B-adrenergic
stimulation (Figure 2C). Changes in matrix [Ca®"] can
affect ATP production by altering activities of several
mitochondrial Ca?*—dependent dehydrogenases that
control production rates of NADH (reduced nicotin-
amide adenine dinucleotide) and FADH, (reduced flavin
adenine dinucleotide) and, thereby, activity of the elec-
tron transport chain.”'™ However, the exact mechanisms
linking changes in mito-Ca?* and pathological mito-ROS
production remain elusive. Furthermore, our experiments
demonstrate that mito-ROS is already increased in CPVT
VMs under basal conditions (Figure S7), where low matrix
[Ca?]levels in CPVT VMs are indistinguishable from con-
trols (Figure S8). This suggests severe lasting damage
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Figure 7. Endogenous calpain activity in the intermembrane space contributes to mitochondrial structural remodeling and
arrhythmia in catecholaminergic polymorphic ventricular tachycardia (CPVT).

A, Representative transmission electron micrographs of ventricular myocytes from control, CPVT, and CPVT rats injected with intermembrane
space-targeted calpain inhibitor calpastatin (adeno-associated virus [AAV] 9-aMHC (alpha myosin heavy chain)-intermembrane space [IMS]-
CAST [calpastatin]). Hearts were removed from rats 4 weeks after injection and fixed in 2.56% glutaraldehyde solution. Data are presented as
meantSD, *F<0.05, 2-level random intercept model. Control: N=6 (3 female, 3 male) rats; CPVT: N=7 (5 female, 2 male) rats; and CPVT+CAST:
N=4 (2 female, 2 male) rats. B and C, Representative activation maps (A) and corresponding action potentials (B) at 100-ms pacing frequency
under 100-nmol/L isoproterenol (ISO). Scale bar for activation map=1 mm. CPVT hearts showed focal activity (*), which initiated the formation
of reentry (white arrows) under fast pacing. Numbers 1 to 3 on activation maps indicate the time point in action potential traces. C, Ventricular
tachycardia (VT) incidence (%). Freeman-Halton extension of the Fisher exact probability test. D, Total VT duration (minutes), Kruskal-Wallis
ANOVA. E, An arrhythmia score based on the most severe arrhythmia was applied: no arrhythmias=0; nonsustained VT (<30 s)=1; sustained VT
(>30 s)=2; and nonterminating VT=3. VT was defined as >3 consecutive premature ventricular complexes, Kruskal-Wallis ANOVA. F, Rise time
(ms), 1-way ANOVA with Bonferroni post hoc. G, Conduction velocity (m/s), 1-way ANOVA with Bonferroni post hoc. H, Action potential duration,
APD,, (ms), 1-way ANOVA with Bonferroni post hoc. N for ex vivo optical mapping experiments: control: N=10 (4 female, 6 male); CPVT: N=9 (4
female, 5 male) rats; and CPVT+CAST: N=10 (4 female, 6 male) rats.
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Figure 8. Schematic of proposed mechanism.

Enhancement of RyR2 (ryanodine receptor) activity contributes to mitochondrial dysfunction by facilitating Ca?* accumulation in the mitochondrial
intermembrane space (IMS). RyR2-driven increase in cytosolic Ca* during diastole promotes intracellular Na* overload, reducing mitochondria
matrix Ca?* retention capacity due to increased NCLX (mitochondrial Na*/Ca?*/Li* exchanger) activity. Reciprocal increase in IMS-[Ca?*]
promotes calpain-dependent degradation of OPA1 (optic atrophy protein 1). It causes structural changes in cristae organization, resulting in
destabilization of electron transport chain (ETC) supercomplexes, which increases mito-reactive oxygen species (ROS) production, exacerbating
proarrhythmic RyR2 dysfunction. Inhibition of IMS calpain by expressing IMS-targeted calpastatin restores cristae architecture and ETC
supercomplexes. It reduces mito-ROS mishandling, attenuating RyR2 dysfunction, thereby preventing proarrhythmic spontaneous sarcoplasmic

reticulum Ca?* release. The image was made with Biorender.

of CPVT mitochondria beyond its impaired ability to
retain matrix Ca?* under acute p-adrenergic stimulation.
Attempts to restore matrix [Ca?*] by pharmacologically
enhancing or genetically overexpressing MCU led to dis-
parate results. In some cases, protection and restoration
of ROS homeostasis are evidenced'®'¢™™ while being
ineffective in others.#121877 Fyrthermore, approaches
designed to reduce MCU activity and, thereby, promote
subsequent reduction in matrix [Ca?*] did not produce
deleterious effects.?”®"” On the contrary, it displayed
reduced mito-ROS production.*'2'37® Together, these
data suggest that reduced matrix [Ca?*] is unlikely to be
the major cause of increased ROS production by mito-
chondria in diseased hearts.

The main source of ROS in mitochondria is the ETC.”
ETC complexes are located in mitochondrial cristae,
and their compact organization is pivotal for ETC effi-
ciency.538%8" Importantly, many structural proteins that are
critical for cristae formation and stabilization are found in
the mitochondrial IMS. The dynamin-related protein OPA1
is one such protein central for maintaining cristae mor-
phology, with the long, IMM-bound isoform forming tight

1398 December b, 2025

cristae junctions, while the short isoform is soluble. Down-
regulation of OPA1 is associated with reduced respira-
tion due to a reduction in stabilized ETC supercomplexes
and increased mito-ROS production.?3%88" Proteolysis of
OPAT1 by proapoptotic proteins leads to adverse conse-
quences.?® However, whether impaired Ca?* handling can
affect OPA1 integrity remained unknown. Importantly, the
major protease p-calpain, activated when [Ca®*] reaches
micromolar range, was found in the mitochondrial IMS 202!
The current consensus is that IMS-[Ca?'] is equal to [Ca?*]
in cytosol, given the high permeability of the OMM to the
ion.' Should this be the case in the heart, IMS calpain
activation in VMs would be unlikely other than in condi-
tions such as ischemia-reperfusion injury, where massive
intracellular Ca?* overload reaches the micromolar range
for long periods of time? Using a newly designed IMS-
Ca?* biosensor, our new data have challenged this dogma.
Our experiments using an IMS-GECO1.2 clearly demon-
strated that in isoproterenol-treated, periodically paced
VMs, IMS-[Ca?*] reaches micromolar range (Figure 3C
through 3E). The main route for Ca?* to enter and leave
intermitochondrial space is VDAC, a highly expressed
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anion channel in the OMM that transports small mol-
ecules including ATR'98 VDAC transduces a wide vari-
ety of cellular inputs, and importantly, its activity exhibits
strong dependence upon cytosolic [Ca**]. In detailed
work using rat liver isolated mitochondria, the Hajnéczky
group showed that Ca®" permeability of VDAC is minus-
cule at low [Ca**]cyt®* VDAC Ca?* permeability increases
several-fold at supramicromolar [Ca?*], which is within the
range that cytosolic [Ca?*] reaches at the peak of Ca?*
transient in VMs under B-adrenergic stimulation.'5698°
Critically, cytosolic [Ca?*] drops rapidly upon cessation of
SR Ca?* release in VMs, which must lead to an abrupt
reduction in VDAC Ca?* permeability, effectively entrap-
ping Ca?* in IMS for longer, as evidenced by the com-
parison of the dynamics of cytosolic and IMS transients
recorded using the same biosensor GECO1.2 expressed
cytosol and IMS, respectively (Figure 3E). Accordingly,
we found substantial accumulation of IMS-[Ca?*] upon
increasing stimulation frequency in VMs treated with
isoproterenol (Figure 3B and 3C). Moreover, we found
augmented IMS Ca?* accumulation in conditions promot-
ing spontaneous RyR2-mediated SR Ca®* release both
under pharmacological intervention with low-dose caf-
feine (Figure 4B) or in our genetic gain-of-RyR2 function
model (Figure 3F).

In addition, we found a significant reduction in the
capacity of mitochondria to accumulate Ca?* in the
matrix in CPVT VMs (Figure 2C) and in control VMs
treated with low-dose caffeine (Figure 4B). Previously,
it was shown that there is a steep Ca?* dependency of
MCU-mediated uptake in cardiomyocytes®® Therefore,
MCU-mediated Ca?* uptake is negligible in periodically
stimulated VMs under basal conditions, despite a strong
driving force through heavily charged IMM (Figure S7).
Uptake becomes pronounced upon [-adrenergically
induced increase in cytosolic Ca?* transients.* Our
experiments using permeabilized VMs expressing
mtRCamp1h confirmed steep Ca?* dependence of mito-
chondrial matrix Ca?* uptake (Figure S8). However, we
found that application of as little as 200 nmol/L [Ca?*]
into the bath solution is sufficient for uptake initiation,
consistent with an earlier estimation by the Bers group.#”
Thus, diminished Ca®* transient amplitude at elevated
diastolic Ca?* levels in CPVT cannot fully explain the
pronounced decrease in matrix [Ca?*] in diseased
isoproterenol-treated VMs. Furthermore, immunoblot
analysis demonstrates a significant decrease in levels of
MICU1 (Figure 2E), a negative regulator of MCU, which
would be expected to increase MCU activity in CPVT.°
Apparently, this adaptive change is insufficient to over-
come the loss of matrix [Ca?*]. In addition, MICU1 has
been established as another regulator of cristae archi-
tecture.®® This could suggest that not the loss from the
MCU complex, but mitochondrial structural change may
underlie MICU1 expression levels’ reduction in CPVT
VMs. We reasoned that the reduced capacity of the
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matrix to retain Ca?* stems from the increased activity
of NCLX due to cellular Na* overload.'®*'¢" Our experi-
ments using Na*-sensitive dye demonstrate a signifi-
cant increase in cytosolic [Na*] in paced CPVT VMs in
the presence of isoproterenol (Figure S9). Furthermore,
reduction of Na* overload in CPVT VMs by attenua-
tion of intracellular Ca?* mishandling by scavenging of
mitochondria ROS*'® restored the ability of mitochon-
dria to accumulate Ca®* in the matrix (Figure S10). Na*-
dependent reduction of mitochondria's ability to retain
Ca?* in its matrix could be the major contributor to the
increased Ca?* in IMS in diseased VMs.

Of note, the increase in IMS-[Ca?*] in CPVT VMs was
accompanied by decreased OPA1 levels (Figure 4A).
Furthermore, acute hyperactivation of RyR2 mirrored
the results obtained in CPVT myocytes, significantly
decreasing levels of OPA1, which was prevented by pre-
incubation of VMs with pharmacological calpain inhibi-
tors MDL-28170 (Figure 4D) and E64d (Figure S11).
Experiments in a heterologous system confirmed OPA1
as a bona fide calpain target (Figure 4E). Importantly,
transmission electron microscopy experiments revealed
cristae widening in CPVT heart samples, which was
attenuated by AAV-mediated expression of IMS-targeted
CAST, an endogenous calpain inhibitor®” (Figure 7A).
Together, these data provide new mechanistic insight
into the dynamics between intracellular Ca?* homeosta-
sis in CVD and modulation of mitochondrial structure.

Emerging evidence suggests that calpains may be
promising therapeutic targets to treat various forms of
CVD. Pharmacological inhibition of cytosolic calpains
showed improvement of Ca®*-induced Ca®* release in
hypertrophy and HF by reversing loss of tight contacts
between SR and T-tubules due to calpain-dependent
proteolysis of a dyadic structural protein JPH2.%® Fur-
thermore, inhibition or genetic knock-out of calpain was
shown to significantly reduce post-ischemia-reperfusion
injury, improving mitochondria function and reducing
mito-ROS production.®® Of note, calpain loss of function
was protective in less extreme conditions such as the
aged heart or pharmacologically induced ER stress.?3%°
Both aging and ER stress were associated with a proar-
rhythmic increase in RyR2 activity due to channel oxi-
dation.3%® Our data demonstrate that direct inhibition of
calpain in the IMS with CAST reduces mito-ROS pro-
duction and markedly suppresses proarrhythmic spon-
taneous Ca?* waves in isolated CPVT VMs (Figure 6).
Importantly, calpain inhibition increased OPA1 levels
in CPVT VMs, while OPA1 knockdown using shRNA
increased mito-ROS, promoting spontaneous RyR2-
mediated SR Ca?* release in VMs from control hearts
(Figure 5). This further corroborates the important role of
Ca?*-calpain—dependent degradation of OPA1 in proar-
rhythmic feedback of mitochondria on RyR2 function via
ROS. At the tissue level, RyR2-mediated Ca®* mishan-
dling in RyR2-S2236L“" hearts was associated with
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focal activity evolving into VT under catecholaminergic
stimulation, a hallmark of CPVT (Figure 7B). Importantly,
AAV9-mediated expression of IMS-targeted CAST dra-
matically reduced arrhythmogenicity in CPVT rat hearts.
This suggests that Ca?*-dependent mitochondria dam-
age, secondary to RyR2 gain-of-function mutation, plays
a pivotal role in arrhythmia precipitation. Furthermore,
our findings have much broader implications for various
forms of CVD accompanied by increased RyR2 activity
and, thus, high arrhythmic potential, including HF or age-
dependent cardiac dysfunction.

To summarize, our data suggest that RyR2 hyperactiv-
ity increases [Ca®*] in the mitochondrial IMS. This drives
IMS calpain—mediated proteolysis of OPA1 and evokes
disruption of mitochondrial cristae, loss of ETC super-
complexes, and excessive release of damaging ROS.
Critically, this contributes to RyR2 hyperactivation and
ventricular tachyarrhythmia. Therefore, attenuating intra-
cellular Ca?* mishandling in diseased hearts by targeting
IMS calpain may be beneficial in patients at risk of sud-
den cardiac death.
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