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Enhanced Mitochondria-SR Tethering Triggers
Adaptive Cardiac Muscle Remodeling

Zuzana Nichtovg, Celia Fernandez-Sanz® Sergio De La Fuente;” Yuexing Yuan, Stephen Hurst(, Sebastian Lanvermann,
Hui-Ying Tsai, David Weaver, Ariele Baggett®, Christopher Thompson2; Cedric Bouchet-Marquis, Péter Véarnai®®, Erin L. Seifert,
Gerald W. Dorn®@, I, Shey-Shing Sheu, Gyérgy Csordés

BACKGROUND: Cardiac contractile function requires high energy from mitochondria, and Ca?* from the sarcoplasmic reticulum (SR).
Via local Ca?* transfer at close mitochondria-SR contacts, cardiac excitation feedforward regulates mitochondrial ATP production
to match surges in demand (excitation-bioenergetics coupling). However, pathological stresses may cause mitochondrial Ca*
overload, excessive reactive oxygen species production and permeability transition, risking homeostatic collapse and myocyte loss.
Excitation-bioenergetics coupling involves mitochondria-SR tethers but the role of tethering in cardiac physiology/pathology is
debated. Endogenous tether proteins are multifunctional; therefore, nonselective targets to scrutinize interorganelle linkage. Here,
we assessed the physiological/pathological relevance of selective chronic enhancement of cardiac mitochondria-SR tethering.

METHODS: We introduced to mice a cardiac muscle-specific engineered tether (linker) transgene with a fluorescent protein
core and deployed 2D/3D electron microscopy, biochemical approaches, fluorescence imaging, in vivo and ex vivo cardiac
performance monitoring and stress challenges to characterize the linker phenotype.

RESULTS: Expressed in the mature cardiomyocytes, the linker expanded and tightened individual mitochondria-junctional
SR contacts; but also evoked a marked remodeling with large dense mitochondrial clusters that excluded dyads. Yet,
excitation-bioenergetics coupling remained well-preserved, likely due to more longitudinal mitochondria-dyad contacts and
nanotunnelling between mitochondria exposed to junctional SR and those sealed away from junctional SR. Remarkably, the
linker decreased female vulnerability to acute massive [3-adrenergic stress. It also reduced myocyte death and mitochondrial
calcium-overload-associated myocardial impairment in ex vivo ischemia/reperfusion injury.

CONCLUSIONS: We propose that mitochondria-SR/endoplasmic reticulum contacts operate at a structural optimum. Although
acute changes in tethering may cause dysfunction, upon chronic enhancement of contacts from early life, adaptive remodeling
of the organelles shifts the system to a new, stable structural optimum. This remodeling balances the individually enhanced
mitochondrion-junctional SR crosstalk and excitation-bioenergetics coupling, by increasing the connected mitochondrial
pool and, presumably, Ca?*/reactive oxygen species capacity, which then improves the resilience to stresses associated with
dysregulated hyperactive Ca?* signaling.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.
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endoplasmic reticulum (ER) in cardiomyocytes  sites for molecule (eg, lipid) exchange, Ca** and reac-

M itochondria and sarcoplasmic reticulum (SR)/  protein tethers, which are crucial local communication
extensively form close contacts, secured by  tive oxygen species (ROS)/redox signaling.! Cytosolic
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Novelty and Significance

What Is Known?

+ Cardiac excitation-contraction coupling is mediated by local
Ca?" crosstalk between the transversal tubules and Ca?*
release units of the junctional sarcoplasmic reticulum (SR).

* Mitochondria, which fuel the heart with ATP, form close
contacts with the SR via protein tethers, providing
platform for local exchanges, including Ca?* transfer
from the Ca?* release units to the mitochondrial matrix,
which then enhances respiratory chain activity and ATP
production (excitation-bioenergetics coupling [EBC]).

» Up-or downregulation of endogenous tethering pro-
teins alters the geometry of mitochondria-junctional SR
contacts and EBC efficacy but upregulation may also
lead to increased reactive oxygen species production
and vulnerability to injuries involving oxidative stress.

What New Information Does This Article

Contribute?

+ Since endogenous mitochondria-SR tethering proteins are
multifunctional nonselective targets for studying the rel-
evance of interorganelle linkage, we studied the effects of
an engineered dedicated mitochondria-SR/endoplasmic
reticulum tether (linker) expressed from the time of cardio-
myocyte maturation under the Myh6 promoter in mice.

* Such chronic linker expression brought about profound
mitochondrial and SR remodeling characterized by the
formation of large dense mitochondrial clusters infiltrated
by the network SR but not junctional SR with individually
enhanced but fewer mitochondria-junctional SR contacts.

» EBC and contractile function remained well-preserved
and linker-mice were more tolerant to injurious in
vivo (acute massive adrenergic stress) and ex vivo
(ischemia/reperfusion) insults; likely due to adaptive
increase in nanotunnel-type mitochondrial networking
that spread the benefits and eased the risks of individ-
ually enhanced mitochondria-junctional SR contacts.

Cardiac muscle is energized by mitochondria. Mitochon-
dria-SR contacts locally direct Ca?* from cardiac excita-
tion to mitochondria to regulate mitochondrial ATP (EBC).
However, overshoot in mitochondrial Ca** may cause oxi-
dative stress and myocyte loss. Mitochondria-SR tethers
support EBC but their role in cardiac physiology/pathol-
ogy is debated. Endogenous tether proteins are multi-
functional; therefore, nonselective targets to address the
significance of interorganelle linkage. Here, we introduced
to mice a cardiac muscle-specific dedicated engineered
tether (linker) transgene. Expressed from cardiomyocyte
maturation, the linker enhanced individual mitochondria-
junctional SR contacts but evoked a marked remodeling
with large dense mitochondrial clusters that excluded
dyads. Yet, EBC remained well-preserved, likely due to
more longitudinal mitochondria-junctional SR contacts
and nanotunnelling between junctional SR-connected
and junctional SR-free mitochondria. Unexpectedly, the
linker improved tolerance to stressors: vulnerability to
acute massive adrenergic stress, infarct size, and myocar-
dial impairment upon ex vivo ischemia/reperfusion injury
were all dampened. We propose, mitochondria-SR con-
tacts have a structural optimum. Although acute increase
in tethering may correct for preexisting leftward-shift, a
rightward-shift from the optimum may augment injuries.
By contrast, chronic enhancement by the linker and the
ensuing adaptive remodeling resets the optimum to a
more stable and stress-tolerant state, opening a perspec-
tive for structural preconditioning as genetic therapeutic
strategy.

[Ca*] ([Ca®*]) spikes that mediate cardiac excitation-
contraction coupling also propagate to mitochondria
and facilitate oxidative phosphorylation via stimulating
Ca?*-sensitive matrix dehydrogenases of the tricarbox-
ylic acid cycle. This regulatory loop is also known as
the excitation bioenergetics coupling (EBC).2* Since
endogenous mitochondria-ER/SR tether proteins have
multiple functions,” their genetic targeting is not suit-
able for selectively studying mitochondria-SR tethering
and its structural-functional roles. For instance, Mfn2
(mitofusin-2) controls mitochondrial fusion, quality
control, and mitophagy in cardiomyocytes® Mfn2 and
PTPIP51 (protein tyrosine phosphatase interacting
protein 51) loss or gain of function have been associ-
ated with respective decrease or increase in mitochon-
dria-SR tethering, local Ca?* crosstalk and the EBC.%7
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Apparently, gain of function exacerbated, while loss of
function protected against cardiac ischemia-reperfu-
sion injury®'® However, potential direct roles in mito-
chondrial integrity and mitochondria-associated cell
death pathways (mitochondrial permeability transition
pore [mPTP] or Bax/Bak [Bcl-2 homologous antago-
nist/killer] activation)'" could not be excluded. Here, we
genetically engineered a dedicated tether (linker) com-
posed of a mRFP (monomeric red fluorescent protein)
with N-and C-terminal outer mitochondrial membrane
(OMM) and ER/SR membrane-targeting domains and
spacer helices, with overall tethering distance =10 to 20
nm (Figure 1A).'? We introduced this linker into mouse
as a cardiac muscle-specific (Myh6-driven) transgene
(Tg), using a tetracycline-switchable (Tet-off) promoter
system (Figure 1A). Acute adenoviral delivery of such
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Nonstandard Abbreviations and Acronyms v left ventricle/ventricular
mCRC mitochondrial Ca?* retention capacity
Cl cardiac index Mfn2 mitofusin-2
co cardiac output mPTP mitochondrial permeability transition pore
CSA cyclosporine A mRFP monomeric red fluorescent protein
EBC excitation bioenergetics coupling nSR network SR
FAD flavin adenine dinucleotide ROS reactive oxygen species
HR heart rate SR sarcoplasmic reticulum
I/R ischemia/reperfusion SR/ER sarco-endoplasmic reticulum
IFM interfibrillar mitochondria TEM transmission electron microscopy
JSR junctional SR VCM ventricular cardiomyocyte
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Figure 1. Mitochondria-sarco-endoplasmic reticulum (SR/ER) linker expression and basal functional phenotype in the linker-
mouse hearts.

A, Schematic of the engineered tether (linker) between the outer mitochondrial membrane (OMM) and ER/SR. Helical spacers (18x, 9x repeats)
keep the membrane gap distance <20 nm. B, Immunoblots of mRFP (monomeric red fluorescent protein) in heart lysates of control, linker- and
Doxy-linker-mice. mRFP is only expressed in the linker hearts. VDAC (voltage-dependent anion channel) serves as loading control. C-L, Basal
echocardiography parameters for male () and female () control (Ctr, black), linker (Lnk, red) and Doxy-linker (Lnk/Doxy+, cyan) mice. M,
Body weights. Doxycycline administration is indicated under the graphs. Data are normalized to Ctr in each sex. See absolute values in Figure S2.
Means+SEM. N is indicated bar wise. Statistics as shown in gray box. BW indicates body weight; CO, cardiac output; FS, fractional shortening;
HR, heart rate; LVAW, LV anterior wall; LVEDV/LVESYV, LV end diastolic/systolic volume; and SV stroke volume.
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Figure 2. Mitochondrial and sarcoplasmic reticulum (SR) remodeling in the linker myocardium.

A, Representative transmission electron microscopy (TEM) montages of a control (Ctr) and a linker-expressing (Lnk) cardiomyocyte (yellow
shade) in perfusion-fixed papillary muscles. Note the large mitochondrial (cyan shade) clusters in Lnk that can reach from the perinuclear area
to the intercalated disc. B, Mitochondrial densities (mitochondria-occupied area of the sarcoplasm). n=14 myocytes each from N=4 Lnk and

4 Ctr hearts; 3—4 myocytes/heart; means*SEs. P values from mixed-effects regression/FisherLSD. C, Relative expression of matrix protein
mtHsp70, mitochondrial biogenesis regulator Pgc1a, jSR-resident calsequestrin (Csq), network SR (nSR)/ER-resident calreticulin (Crt) and
SERCAZ2a (sarco-endoplasmic reticulum Ca?* ATPase). Pooled data from ventricular myocyte (VCM) lysates (N=4 hearts each). Band densities
were normalized first to the total protein in the lane (from Ponceau-S gel image), then to the mean of the respective Ctr. Means£SEs. P was
calculated for each protein by Mann-Whiney Rank-sum test. See all Pvalues in Supplemental Material (Data Set). LD indicates lipid droplet; m,
mitochondria; and Nu, nucleus.

linker enhanced the EBC and corrected the contrac-  mitochondria and mitochondria-SR contacts with net
tile deficiency in a diabetic cardiomyopathy model.”®  improved contractility, well-preserved bioenergetics,
Our studies using chronic postnatal expression in the  and protection in injurious -adrenergic stress and ex
cardiac muscle revealed a profound remodeling of the  vivo ischemia-reperfusion injury.
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METHODS

Data Availablity

The original data that support the findings of this study are
available from the corresponding authors upon reasonable
request.

Please refer to the Expanded Materials and Methods for
a detailed description of experimental methods and see the
Major Resources Table in the Supplemental Materials.

Experimental Animals

All studies adhered to the National Institutes of Health Guide
for the Care and Use of Laboratory Animals; the protocols were
approved by Thomas Jefferson and Washington University's
Institutional Animal Care and Use Committee. Both sexes, 12
to 18 week-old adults and pups at postanatal days 1-21 (P1-
P21) were used for experiments.

Linker-Mice

Tet-off  linker-mice  ("9(Myh6/ tetO-linker)x'¥9(Myh6/{TA)
xMi2V" Figure 1A) were created in the Dorn lab using a bi-
transgenic strategy.'* Heterozygous breeding yielded offspring
either bitransgenic or nontransgenic (NTg) for MyH6/tetO-
linker and MyhB6/tTA. Hence, the N/N(Myh6/ tetOlinker)xN'&
NTo(Myh6/tTAXMFn2"" sub-colony was assigned as control.
Linker-mice on regular chow constitutively express the linker in
the heart. To halt expression, doxycycline-supplemented chow
(Doxy-diet) was provided for 3 to 7 weeks.

Quantification and Statistical Analysis

Statistical analysis was performed using SigmaPlot/SigmaStat
(Systat/Inpixon), Statsmodels (Python) or SPSS (IBM) soft-
ware. See further details within the corresponding figure leg-
end and Expanded Methods.

Representatives

Representative term is reserved for images that have been
selected from a collection of 10+ (fluorescence) or 50+ (elec-
tron microscopy) images in a way that they reflect (fit with) the
quantitative analysis. Images or graphs that are typical exam-
ples of a formation or illustrate an original recording are termed
exemplar image or exemplar graph/recording.

RESULTS
Validation of the Linker-Mouse

Given a robust mitochondrial and SR remodeling
phenotype in the linker-mice (see later), we focused
this study to the impact of the linker itself on car-
diac structure-function under normal and stressed
conditions. Linker mRNA was detectable in the heart
from age P7 (Figure S1C). Linker-expressing mRFP-
fluorescent ventricular cardiomyocytes (VCMs) were
evident from P14 (240% of the cells) and by P21,
>80% of the myocytes were red-fluorescent (Figure
S1A and S1B), consistent with the mouse Myh6 pro-
moter activity to follow myocyte maturation (Myh7/
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Myh6 switch).'®'® Linker-mice appeared healthy,
grew, bred, and generally lived/thrived normally. No
linker mMRNA or mRFP was detectable in the adult
brain, liver, or skeletal muscle of linker-mice (not
shown). Mitochondria of adult linker-VCMs were
decorated by mRFP (Figure STE immunogold), con-
sistent with extensive close interfaces between SR
and mitochondrial networks (Figure S1F and S1G).
Doxy-diet effectively halted linker/mRFP expression
(Figure 1B; Figure S1A). Returning to normal diet
could not resume linker expression (not shown), likely
owing to long-term doxycycline depot formation.'”
Linker-VCMs were similarly sized to control (based on
fura2-fluorescent pixels/cell, not shown) or to VCMs
of linker-mice on Doxy-diet (Doxy-linker-mice; Figure
S1A adult versus adult Doxy). Since the genetic back-
ground included the C57BI/6J strain carrying a null
mutation in the Nnt (nicotinamide nucleotide transhy-
drogenase) gene, we tested if the linker-mice carried
the mutation. Importantly, NNT plays protective role in
oxidative stress. Polymerase chain reaction genotyp-
ing showed that the linker-mice expressed the wild-
type Nnt gene (Figure S1D).

Linker-Mouse Heart Is Functionally Normal With
Increased Contractility and Well-Maintained
Exercise Performance

Basal cardiac parameters were assessed in adult
male and female control, linker-and Doxy-linker-mice.
Linker-mice had normotrophic hearts (similar heart
weight/body weight ratios to control, not shown). Trans-
thoracic echocardiography revealed a compensated
left-ventricular (LV) hypercontractility in both sexes
with decreased LV end-systolic/diastolic volumes
(Figure 1C and 1D; Figure S2A and S2B), preserved
stroke volume (Figure 1E; Figure S2C), increased ejec-
tion fraction (Figure 1F; Figure S2D) and fractional
shortening (Figure 1G; Figure S2E). Consistently, both
end-systolic and end-diastolic LV anterior wall thick-
nesses were increased in the linker-hearts (Figure 1H
and 1I; Figure S2F and S2G). This hypercontractility
could be reversed by removing the linker (Doxy-linker-
mice, cyan-filled in Figure 1C through 1I; Figure S2A
through S2G). Heart rate (HR; Figure 1J; Figure S2H),
cardiac output (CO; Figure 1K; Figure S2I) and the
cardiac index (Cl, *CO normalized to body weight¥?;
Figure 1L; Figure S2J) were not significantly affected
by linker expression; nor was the systolic blood pres-
sure (Figure S3A) suggesting no significant impact
on the peripheral circulation. LV wall histology of the
linker-hearts was similar to the control; with no signifi-
cant difference in fibrotic areas (Figure S3B and S3C;
fibrotic/total area 2.05+0.5% versus 2.6+0.6%,
meanstSD). Collectively, linker-mouse hearts dis-
played increased LV contractility with otherwise
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normal cardiac function, without an overt hypertrophic
phenotype.

Cardiac exercise performance was compared using
a graded maximal exercise protocol on treadmill (Fig-
ure S3D and Expanded Methods)."® Performance was
assessed by the maximum speed reached (Figure S3E)
and the time spent on the treadmill belt (Figure S3F), and
no significant difference was found between control and
linker groups.

Mitochondria and SR Remodeling in the Hearts
of Adult Linker-Mice

VCM mitochondria distribute to 3 regional groups: peri-
nuclear, subsarcolemmal, and interfibrillar mitochon-
dria (IFM). Transmission electron microscopy (TEM) of
linker-expressing LV muscle revealed a vast redistribu-
tion of mitochondrial clusters. IFM that normally often
form longitudinal beads-on-string clusters between
myofibrils, also tended to form massive clusters, often
connected with the perinuclear pool (Figure 2A). Mor-
phometric analysis revealed an increase in mitochondrial
density (Figure 2B). Consistently, Western blot analysis
found the matrix protein mtHsp70 (mitochondrial heat
shock protein 70) abundance higher in linker-VCMs
(Figure 2C). Protein levels of Pgc1a (peroxisome prolif-
erator-activated receptor-gamma coactivator 1-alpha), a
transcriptional coactivator for mitochondrial biogenesis,
were not elevated in linker-VCMs (Figure 2C), indicating
that the mitochondrial population was in a net steady
state. The large mitochondrial clusters appeared well-
infiltrated by network SR (nSR; Figure S1F and S1G).
Protein abundances of the luminal junctional SR (jSR)
marker calsequestrin, NSR/ER marker calreticulin and
the SERCAZ2a (sarco-endoplasmic reticulum Ca?*-
ATPase) in linker-VCM lysates were not significantly
different from the control (Figure 2Cii). Notably, the
increased mitochondrial density in the linker-hearts
was not overall reflected in the abundance of inner
mitochondrial membrane proteins. MCU (Mitochondrial
calcium uniporter), the pore-forming subunit of the mito-
chondrial Ca?* uniporter (Figure S4A) and components
of the respiratory complexes |-V (Figure S4C) were not
changed significantly in the linker; while the transmem-
brane MCU regulator EMRE (Essential MCU regulator;
Figure S4A), and housekeeper prohibitin (Figure S4C)
were elevated. For potential functional significance of
the increase in EMRE, we performed a crude assess-
ment of the Ca?* activation of mitochondrial Ca?* uptake
in permeabilized VCMs (Figure S4B). We compared the
mitochondrial Ca?* uptake rates as the initial rate of
postpeak [Ca?*] clearance of added Ca?* pulses (from
Figure S7B). No significant difference was detected in
the mitochondrial Ca?* uptake rates in linker versus con-
trol, suggesting no major alteration in the MCU complex
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activity. The abundance of proteins with reported mito-
chondria-jSR tether function in the heart, Mfn2 and
PTPIP51 was not significantly altered in the linker-heart
(Figure S4D).

IFM are often spaced by Z lines, where the transver-
sal side of the mitochondria forms close contact with
the dyadic jSR (Figure 3A), to support the EBC. TEM
analysis found the individual mitochondria-jSR contacts
in the linker-LV myocardium to be larger, with a greater
segment of transversal OMM within <60 nm proximity to
jSR (Figure 3C), and tighter, with shorter minimum gap
distance (Figure 3E) and almost doubled OMM sub-seg-
ment in O through 20 nm proximity but unchanged in 20
through 50 nm proximity (Figure 3D). These data indi-
cated that the linker selectively enhanced the tight (<20
nm gap) mitochondria-jSR interfaces. Importantly, there
was no significant difference between control and linker
in the transversal-side OMM length and in the perimeter
of contact-forming mitochondria (Figure 3F and 3G).
However, in the linker-myocytes, the count of canonical
(transversal-side) mitochondria-jSR contacts per sar-
coplasmic area was decreased (Figure 3H). This was
largely due to exclusion of dyads from the large dense
mitochondrial clusters (Figure 3I).

Collectively, the engineered linker expressed from the
time of cardiomyocyte maturation appeared to remodel
the mitochondria and SR, leading to the enhancement of
individual close mitochondrial interfaces with the SR, but
with fewer mitochondria engaging in jSR contacts along
the Z-discs.

Well-Preserved EBC and Metabolic Fitness in
the Linker-Myocytes

Next, we examined how the linker-associated remodel-
ing affected the EBC and respiratory fitness. EBC was
assessed in freshly isolated VCMs by the changes in the
respiratory chain electron donors NAD(P)H and FADH,
in response to electric field stimulation in the presence
of isoproterenol. To let the myocytes work, contractile
activity was not inhibited. The prestimulation NAD(P)H
autofluorescence was not significantly altered in the
linker-VCMs. Maximum fluorescence upon cyanide and
antimycin A/rotenone addition was elevated (Figure
4A), likely due to more densely packed mitochondria per
cell (more epifluorescence per pixel from the clusters).
The ratio of NAD(P)H and flavin adenine dinucleotide
(FAD) autofluorescence was taken to eliminate motion
artifacts during stimulation. After correcting the fluores-
cence bleed-through from linker-mRFP to FAD auto-
fluorescence, the effects of the linker and increasing
stimulation frequencies were modeled using general-
ized estimating equations with a nested, hierarchical
covariance structure suited for repeated measurements
done in several technical replicates from each animal.
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Figure 3. Mitochondria-junctional SR (jSR) contacts are individually enhanced but less frequent in the linker heart.

A-H, Transmission electron microscopy (TEM) analyses of mitochondria-jSR contacts in longitudinal sections of left ventricle (LV) papillary muscles.
A, Images of typical mitochondrion-jSR contacts occurring at Z-lines from a control (Ctr) and a linker (Lnk) myocyte. Shades: Mitochondrion-yellow,
jSR-red, transversal tubule (TT)-blue, network SR (nSR)-purple. LT indicate longitudinal and transversal sides of the interfibrillar mitochondria
(IFM; T-side faces SR in the canonical orientation). Zoomed image: T-side traced for the contact length normalization. B, Mitochondria-jSR contact
analysis using the MitoCare Tools ImageJ/Fiji plugin; here, instead of surface segments of the whole mitochondrion (Mito), T-side segments

are binned. € and D, Gap distance distribution of mitochondrial T-side segments at <560 nm proximity of jSR. C, cumulative (10 nm) binning. D,
Exclusive, 0-20 nm and 20-50 nm distance bins (larger T-side portion in the 020 nm bin indicate tighter contact in the Lnk). E, Minimum outer
mitochondrial membrane (OMM)-jSR distances in the individual mitochondria-jSR contacts. F, Mean perimeter of the mitochondria forming jSR
contact. G, Lengths of the mitochondrial T-sides involved in contact formation. H, Prevalence of mitochondria-jSR contacts per sarcoplasmic

area per cell. For all, n~=14 (Ctr) and 17 (Lnk) whole myocyte cross-sectional areas from N=4 Ctr and 4 Lnk hearts. 3-5 cells/heart with 8-198
(median 37) contacts/cell. Bars represent meanstSEs. Pvalues were obtained as described in the gray text box. (Continued)
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By the generalized estimating equation model, the
basal NAD(P)H/FAD ratio was significantly lower in
linker than control (Figure 4C; O Hz, 11.7£3.3 versus
16.31£2.7; P=0.010).

EBC pregauges the workload by the Ca®* signals
diverted from the excitation-contraction coupling to the
mitochondrial matrix under 3-adrenergic and electric stim-
uli. The net effect on NAD(P)H/FADH, levels will depend
on the workload increase and related ATP usage, which, in
the isolated plated VCMs can vary cell-to-cell. Accordingly,
upon field-stimulation with increasing pacing frequency
(1 Hz—2 Hz—5 Hz) cells may present decrease or no
change in NAD(P)H/FAD ratio, likely reflecting the EBC
to undershoot or evenly balance the workload increase;
or an increase, suggesting EBC overshoot (Figure 4B).
Overshoot may occur in electrically paced VCMs;” owing
to smaller workload (contractions meet less resistance)
out of the tissue context. According to the generalized
estimating equation model, with the increasing pacing
frequency, the control myocytes’ NAD(P)H/FAD ratio
tended to decrease (P=0.077); importantly, this response
was significantly different from the slight increase in the
linker-myocytes (P=0.007; Figure 4C; Table S1). These
data may reflect basally somewhat more active (perhaps
in connection with the hypercontractility) linker-VCMs that,
under the combined stress (isoproterenol) and electric
stimulation effectively raise matrix reducing equivalents to
similar levels with the control.

Together, these data suggest a well-preserved net
EBC in the linker-myocytes; despite having fewer mito-
chondria-jSR contacts.

Overall metabolic fitness was assessed based on res-
piration of primary VCMs in glucose/L-Glutamine-sup-
plemented medium. Basal O, consumption rate and its
oligomycin-sensitive component (oxidative phosphoryla-
tion) were similar between control and linker-myocytes
(Figure SBA, basal, OM). These parameters carry limited
relevance in nonworking unstimulated VCMs. Maximum,
uncoupled O, consumption rate (uncoupler carbonyl
cyanide p-(tri-fluromethoxy)phenyl-hydrazone, Figure
SBA) and maximum mitochondrial respiration (Figure
SBB) that reflect the overall metabolic capacity of the
mitochondrial pool were not significantly higher in the
linker-VCMs, despite the increased mitochondrial den-
sity; consistently with the unchanged protein levels of
respiratory complexes (Figure S4C).

To assess the proton motive force, the accumulation
of the potentiometric dye tetramethylrhodamine methyl
ester (TMRM) was compared in VCMs. TMRM loading
caused similar %-increases of the baseline (background)
fluorescence of linker-and control myocytes, indicating

Mitochondria-SR Tethering and Cardiac Remodeling

that the mitochondrial inner membrane potential, AW in
the linker-mitochondria was as well maintained as in the
control or even better (% increase started from higher
baseline because of the mRFP; Figure S5C and SbD).

Linker-Myocytes Have Enhanced Ca?* Signaling
Capacity

The increased contractility and substantial reorganization
of mitochondria and SR urged us to examine how the linker
impacted VCM Ca?* signaling. [Ca®*], responses to electric
field-stimulation were monitored in freshly isolated VCMs
loaded with Fura2/AM using an ultra-fast epifluorescence
imaging system. The superfusate contained isoproterenol
100 nmol/L, to provide B-adrenergic tone and the fol-
lowing field-stimulation protocol was applied: O Hz (rest/
baseline)-1 Hz-0 Hz-5 Hz-0 Hz-1 Hz-0 Hz (as shown in
Figure 4D). Prestimulation [Ca?*]_(Fura-2 ratio) was similar
between control and linker (Figure 4E; Figure SBE) and
so were the diastolic [Ca®*]_levels during field-stimulation
(Figure 4F; Figure SBF bottom). However, the correspond-
ing [Ca?*]_spike amplitudes were significantly greater in the
linker-myocytes at all frequencies (Figure 4G; Figure S5F
top). As a crude assessment of the SR Ca?* pool, it was fully
discharged with a saturating dose (10 mmol/L) of caffeine
following the poststimulation rest period (Figure 4H and 41;
Figure S5G). The corresponding [Ca®*]_spike had substan-
tially (2.5-fold) greater magnitude in the linker-myocytes,
relative to control (Figure 41).

These results indicate an increased SR Ca?" pool,
possibly due to the expanded nSR infiltrating the large
mitochondrial clusters (Figure S1F and S1G). The pac-
ing-associated larger Ca?* spikes may have contributed
to the increased contractility of the linker myocardium
and to the well-maintained EBC.

Clustered Mitochondria in Linker-Myocytes
Form Nontransversal Contacts With jSR and Are
More Interconnected Via Nanotunnels

While EBC efficacy in the linker-myocytes was structur-
ally supported at the individual IFM-jSR contacts (expan-
sion and tightening), this was countered by scarcer
canonical contacts (Figure 3H), owing to the exclusion of
dyads from the large dense mitochondrial clusters (Fig-
ure 3I). To understand if/how these large mitochondrial
clusters contributed to the EBC, we looked for potential
structural adaptations and identified 2 major differences
from control. (1) Mitochondria on the surface of the clus-
ter frequently contacted dyads in longitudinal orienta-
tion (Figure 5A). Longitudinal dyad contacts were >2.5x

Figure 3 Continued. I. Exemplar immunofluorescence image of RyR2 (ryanodine receptor) (i, green, 488 nm) and its overlay with mRFP
(monomeric red fluorescent protein; ii, green/red respective components) in a linker-expressing ventricular myocyte (VCM). RyR2 leaves large
empty areas (eg, the white dashed contour), which are filled with tightly packed mRFP-decorated mitochondrial clusters. 2x zoom: packed rings of
linker mRFP, contouring the mitochondria and lacking green/RyR2 fluorescence.
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more prevalent in the linker (Figure 5B). (2) To participate
in EBC, inner mitochondria of the dense clusters would
need to connect with the outer mitochondria that can
form dyad contacts. TEM analyses (greater sampling
power than tomography), revealed >3-fold more frequent
nanotunnel-type mitochondrial continuities' in the linker-
myocytes (Figure 5C and 5D). High-resolution EM tomog-
raphy (focused ion beam scanning electron microscope
[FIB-SEM]) of linker-LV corroborated these results by
capturing elaborate nanotunnel networking between mito-
chondria (Figure 5E arrows, Video S1). To further investi-
gate if nanotunnels were connecting outer mitochondria

Mitochondria-SR Tethering and Cardiac Remodeling

of the cluster (eligible for dyad contact) with the inner
mitochondria, first, via TEM analysis, we sorted nanotun-
nel-connected mitochondria by their localization relative to
myofibrils into 3 groups (Figure 5F). (1) Peripherysinside:
either an inner mitochondrion-connected nanotunnel
contacts the myofibril (Figure 5Ci and 5Fi) or a myofibril-
contacting outer mitochondrion forms a nanotunnel-like
extension directed inside the cluster (Figure 5Cii and 5Fii).
(2) Insidesinside: inner nanotunnel is connected with an
inner mitochondrion (no myofibril contact; Figure 5Ciii and
BFiii). (3) Peripherysperiphery: both the nanotunnel and
connected mitochondrion are in close proximity to the
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Figure 4. Assessment of excitation bioenergetics coupling (EBC), metabolic fitness and Ca?* signaling in the linker myocytes.
A-C, NAD(P)H and flavin adenine dinucleotide (FAD) autofluorescence imaging in ventricular myocytes (VCMs) freshly isolated from control (Ctr) and
linker (Lnk). Isoproterenol 100 nmol/L was added to the superfusate to provide sympathetic tone. After baseline recording, electric field stimulation
(FS) at increasing frequencies (1-2-5 Hz) was applied then stopped (ns), followed by sequential additions of caffeine (Caf 10 mmol/L), NaCN (CN
40 pmol/L), and antimycin A+rotenone (A+R, 10 umol/L/0.25 umol/L). A, NAD(P)H autofluorescence at baseline (basal), after respiratory complex
IV (NaCN) and additional complex | and Il (A+R) inhibition. Means=SE, N=8 hearts each. B, Representative timecourses of NAD(P)H/FAD ratio from
individual Ctr and Lnk myocytes (n>170 each). €, Cumulated corrected NAD(P)H/FAD ratio levels at the indicated steps of the stimulation protocol,
collected from corresponding timecourse trace segments. Before forming the ratio, minimum FAD fluorescence at NaCN or A+R was subtracted

to correct for mRFP (monomeric red fluorescent protein) crosstalk (see details in Expanded Methods in Supplemental Material). Means£SEs, n=7
independent experiments (one Ctr and Lnk heart each; 4-8 technical replicates/coverslips; 2-8 VCMs/field). DI, [Cag*]C (Fura-2 ratio) responses

of primary VCMs to sequential FS periods at 1 Hz, 5 Hz, 1 Hz, each followed by a short (30 seconds) pause. After the last pause, caffeine (caff, 10
mmol/L) is added to discharge SR Ca?*. Isoproterenol 100 nmol/L is present throughout to provide sympathetic tone. D, Representative timecourses
from a Ctr and Lnk (red) VCM (n [cells]=39 for Ctr and 53 for Lnk). Boxed segments in (i and ii) are overlaid on expanded timescale in (jii). E-,
Cumulated parameters extracted from the timecourses. For each experiment (pair of hearts), individual cells were normalized to the mean of the control
(see Figure SBE through S5G for values without normalization to Ctr). E, Basal Fura-2 ratios. F, Diastolic [CaQ*]C at the indicated FS frequencies. G,
[Ca?*]_spike amplitudes (systolic-diastolic difference) during FS. E-G, N=4 pairs of hearts; 2-6 coverslips each (2—7 VCM/field). Mean+SE. P was
calculated using mixed random intercept model for E; for F and G, 2-way RM ANOVA on rank-transformed data, Holms-Sidak all-pairwise post hoc
comparison. H, Exemplar timecourse of the caffeine response in a linker-VCM (n=10 cells). I, Amplitudes of caffeine responses, (see also Figure S5G).
n=15 (Ctr) and 10 (Lnk) myocytes (N=3 pairs of hearts, 37 VCMs each. Means£SEs. 2 mixed random intercept model).
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Figure 5. Altered communication of mitochondria in large clusters with the junctional SR (jSR) and each-other.

A, Exemplar transmission electron microscopy (TEM) image from a linker-mouse left ventricle (LV) papillary muscle showing a mitochondrion-jSR
contact along the longitudinal (L) side of the mitochondrion at the periphery of a large mitochondrial cluster. B, L-side mitochondria-jSR contact
occurrences as % of all (L+T-side) contacts in Ctr and Lnk myocardium. C, Exemplar TEM images of nanotunnels and connected mitochondria
(cyan shade) with different positioning in the large clusters of the linker myocytes (i=iii) and in a row-like interfibrillar mitochondria (IFM) cluster
of a control myocyte (iv). D, Occurrence of nanotunnel-type inter-mitochondrial communication in Ctr and Lnk (from 2D TEM analysis) per
myocyte (top) and per sarcoplasmic area (bottom). E, Focused ion beam scanning electron microscopy (FIB-SEM) tomographic visualization of
nanotunnels (arrows) in a linker LV wall sample. The high 3D-resolution (5 nm voxels) gives high confidence in membrane continuities. Individual
mitochondria are distinctly colored to follow continuities. Note the multiple nanotunnels connecting the green mitochondrial bodies and the blunt-
ended nanotunnel-like processes indicative of additional (dynamic) future or past continuities. See also Video Sl. F, Schematic for grouping the
nanotunnels by their relation to the cluster periphery/border (myofibrils). PeripherySinside (periph$Sinside) peripheral nanotunnel(s) contact(s)
inner mitochondrion (i) or peripheral/outer mitochondrion forms nanotunnel “inward” (ii). InsideSinside: nanotunnel and connected mitochondrion
are both deep in the clusters (iii). PeriphSPeriph nanotunnel and connected mitochondrion are both adjacent to myofibril (iv). Each group is
exemplified by the TEM images in C, with matching labels. Bar graph: Distribution of the 3 groups expressed as % of all nanotunnels in Lnk
myocytes. TEM analysis: N=4 hearts/condition. n~=3-5 cell/heart, Means£SEs. P determined by mixed random intercept model (B and D) and
y? test (F, against even distribution; with nanotunnel counts 142, 79, and 15 in the respective groups). G, Right, Exemplar volume rendering of
nanotunnel-connected mitochondria (yellow) and nearby dyads from a FIB-SEM (Thermo/FEI Helios 4) tomography volume. Segmentation of the
T-tubule (cyan) and SR (red) networks is partial; focused on the dyad junction areas (see also Video S2). Scheme and table: 3D analysis of the
prevalence of nanotunnel-forming mitochondria that also contact dyad/jSR. Mitochondrial cross sections from the top and bottom slices of FIB-
SEM tomography stacks (from 2 linker hearts) were followed inside the whole volume. Limitation: mitochondria with a cross-sectional surface at
the top/bottom slice will have a part outside the volume. Even so, almost all nanotunnel-forming mitochondria have jSR contact (Table).

myofibril (Figure 5CIV and 5FIV). In the linker-myocytes,  of nanotunnel-forming mitochondria in the linker-LV also
the majority (>60%) of nanotunnels belonged to the  had close contact with a dyad (44 out of 49, counted in 2
first group and just a minuscule (5%) portion to the third  independent FIB-SEM volumes, Figure 5G).

group (Figure BF bar graph). Three-dimensional analysis Thus, the linker-induced reorganization of mitochondria
of the cooccurrence of jSR contacts revealed that >80%  to large clusters with fewer canonical mitochondria-jSR
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contacts drew multiple structural adaptations to maintain
effective EBC. This included direct enhancement of individ-
ual contacts, frequent contact formation with longitudinally
oriented dyads and nanotunnel-type continuities between
peripheral and internal mitochondria of the clusters.

Improved Performance of the Linker-Heart
Helps to Overcome Acute High-Dose
Catecholamine-Induced Decompensation in
Females

Mitochondria-SR/ER contact enhancement has been
implicated in multiple cell/tissue injury paradigms.’ Here,
we investigated how the linker affected cardiac vulner-
ability to injurious stresses. In the first stress paradigm,
pathologically high-dose isoproterenol (300 mg/kg)
bolus was administered intraperitoneally. We focused
on the acute/subacute 24 hours period postinjection, to
avoid potential tissue remodeling/fibrosis. Cardiac func-
tion was monitored by echocardiography before (basal)
isoproterenol injection, then 30 seconds, 30 minutes,
and 24 hours postinjection. Similar early time points
were examined in a rat model of acute stress-induced
heart failure (takotsubo syndrome).?° The initial (30 sec-
onds) response was consistent with an increased sym-
pathetic tone: male/female control and linker groups all
showed an increase in HR (Figure 6E) and contractil-
ity (ejection fraction increase, Figure 6C; decrease in
LV end diastolic/systolic volume, Figure 6A and 6B).
Doxy-linker-mice responded similarly to controls (Figure
S6), except that, for unclear reasons, they had slightly
higher basal HR with no significant increase at 30 sec-
onds (Figure S6E). The post-initial (30 minutes) phase
was dominated by a drop in HR in all groups to below-
basal levels (except linker-and Doxy-linker-males, Fig-
ure 6E; Figure S6E), and a recovery from the increased
contractility in linker and control (Figure 6A and 6B 30
seconds versus 30 minutes). This likely involved a com-
pensatory circulatory reaction with a transient freezing
behavior (not shown) that had been also observed by
others using similar treatment®’ and considered as a
vagal reflex.?? To preserve basal CO, the drop in HR at
30 minutes was compensated by an increase in stroke
volume in all males and linker-females but not/less in the
control and Doxy-linker-females (Figure 6D, 6F, and 6G;
Figure S6D, S6F, and S6G). The increase in stroke vol-
ume upon the HR drop prevented a drop in CO in most
(7/10) of the linker-males, 4/8 linker-females, 4/9 con-
trol males but in only 2/10 control females (Figure 6G,
AHR <1, points on or above the isoCO line). In the rest,
the HR drop @30 minutes was followed by a CO drop;
in some mice, including 5 control females (50% of those
with HR drop), down below 10 mL/min (Figure 6F, below
dashed line). These 5 control females also had the low-
est Cl (Figure 6H, bins 0—1.2 mL/min per body surface”)
and 3 of them died within an hour (Figure 6G, crosses,
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Figure 61). Of 6 Doxy-linker-females, one died just before
the 30 minutes postinjection echocardiography, 4 pre-
sented a drop in HR, all decompensated (Figure S6G,
open cyan symbols in pink-shaded area). One decom-
pensated Doxy-linker-female died after a further plunge
in HR (214/min), CO (6.1 mL/min) and CI (0.68 mL/
min per body-surface”) at 60 minutes postinjection (time
point not shown; recorded only for a subset of animals;
Figure S6G, cyan cross, Figure S6).

Thus, the reaction to pathologically high-dose isopro-
terenol involved a critical post-initial phase with a plunge
in HR. Many of the control and Doxy-linker-females
became severely decompensated, with dangerously low
Cls and early fatalities. Strikingly, linker-females compen-
sated much better, without mortality, presumably due to
the better-maintained contractility and energetics of the
linker-hearts.

Similarisoproterenol bolus has been reported to induce
myocyte injury that was reversible?® or progressed to type
2 (nonocclusive, relative hypoxia) myocardial infarction?'
in Cb6BI/6J mice. 2 weeks postinjection, ejection frac-
tion was normal in,?® decreased in,®' while in the current
study, in a subcohort of 32 mice sampled from all groups,
it was rather increased (by 20£33% mean+SD) but so
it was in a small cohort of saline-injected sham animals
(12£21% meanxSD, n=6, not shown). The better long-
term tolerance in our mice might be due to the mixed
background, carrying the WT Nnt gene providing better
resistance to oxidative stress.?*

Linker-Hearts Are Protected From Ex Vivo I/R
Injury

Increased expression of an endogenous mitochondria-
ER/SR tether component, PTPIP51 has been reported
to positively correlate with the severity of cardiac isch-
emia/reperfusion (I/R)."° Here, we tested, using an ex
vivo model, how long-term enhancement of mitochon-
dria-ER/SR tethering by the linker affected myocardial
I/R injury. Control and linker-hearts were Langendorff-
perfused with Krebs-Henseleit/bicarbonate buffer for
20 minutes (equilibration), then subjected to 40 minutes
of no-flow global ischemia followed by 60 minutes of
reperfusion, while continuously monitoring the perfu-
sion pressure and LV pressure (Figure 7A). The loss and
recovery in LV contractility (+dP/dt ) were used as
functional readouts for the I/R injury (Figure 7B), and
the infarct size for the extent of the injury (Figure 7C).
Since I/R injury is more pronounced in males,?® only
male cohorts were used. dP/dt__ dropped near-zero in
both groups during ischemia (Figure 7B, 20-60 min-
utes). Strikingly, while in the control hearts, even after
60 minutes of reperfusion, the recovery was small (still
significant increase from the ischemic levels, Figure 7B,
black ##4#), the linker-hearts showed relatively rapidly
developing substantial recovery (Figure 7B, 60-120
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Figure 6. Improved resistance to acute massive f-adrenergic stress in the linker-mice.

Mice were injected intraperitoneally with a single 300 mg/kg isoproterenol bolus. Echocardiography was performed before (Basal), then 30 s, 30
min, and 24 h postinjection. A-F, Cumulated time points for the indicated parameters for male (&) and female (%) mice. Means are shown as
pseudo-timecourses (control [Ctr], black; linker [Lnk], red). Individual animals are shown as vertical scatters. MeanstSEs. N=13 Ctr ¢, 10 Ctr 8 ,
11 Lnk %, 15 Lnk & . Gray box: statistical analysis information. G, Individual stroke volume (SV) versus heart rate (HR) fold changes from basal to
the 30 min point. To maintain cardiac output (CO; blue dashed iso-CO line), an HR drop would be compensated by a proportional increase in SV.
Mice with HR <1x under the iso-CO line (pink-shaded area) are not fully compensating (those with HR <1x and SV <1x are decompensating).
Most control females are in the pink-shaded area. ¥, animal died in the first hour. H, Cl distribution at 30-minute postisoproterenol. Bins contain %
portions of all Ctr or Lnk mice (actual males/female distribution is indicated by the symbols on top of the bins). Note that 5 Ctr and only one linker
female have Cl <1.2 mL/min per body-surface®. I, Survival traces (as labeled) at the indicated time points. Only control females died in 1 hour
postinjection. See Doxy-linker mice in Figure S6.

minutes and inset i). After 60 minutes of reperfusion,  pink), suggesting that the bulk of cell death was anoxic
the recovered contractility (dP/dt_ ) was >6x greater and mPTP (hyper)activity impacted more the functional
in the linker than in the control heart (Figure 7B, inset i, recovery of the surviving myocardium.

0.68£0.2 mmHg/ms versus 0.1£0.02 mmHg/ms). The Thus, linker expression seems to be protective against
infarct size was also substantially (by ~27%) reduced both, the anoxic myocyte death and the loss in function
in the linker-hearts (51£6% versus 70£6%, Figure 7C,  of surviving myocytes during reperfusion; and this latter
red versus black). To assess the injury component involv-  portion of the protective effect likely involves a dampened
ing the activation of the mPTP, the experiments were  activation of the mPTR. To differentiate if the protection
repeated in the presence of the cyclophilin D inhibitor,  took place via mitigating the upstream Ca?* overload
cyclosporine A (CSA 2 pmol/L), upon which the recovery ~ and ROS exposure or via altering the mPTP sensitivity
of control LV contractility markedly improved (Figure 7B, or mitochondrial Ca?* tolerance, the mitochondrial Ca?*
inset ii gray versus black), to an extent comparable to  retention capacity (nCRC) of linker and control VCMs
that in the untreated or CSA-treated linker-hearts (Fig- ~ was compared. In suspensions of permeabilized myo-
ure 7B, inset ii gray versus red and pink). Notably, the cytes the mitochondrial clearance of sequential Ca?*
infarct size was not affected significantly by the CSA  boluses (CaCl, 3.75 pmol/L) was monitored fluorometri-
treatment (Figure 7C black versus gray, red versus cally, simultaneously with AW . mCRC was defined as
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Figure 7. Linker-mediated protection from ex vivo ischemia/reperfusion (I/R) injury.

A, Exemplar LabChart record of LV pressure (LVP) and perfusion pressure (PP). Three phases of the experiment are indicated: equilibration/
stabilization (Stabil, 20 min), no-flow ischemia (Isch, 40 min), reperfusion (60 min). B, Timecourses of LV contractility (dP/dt__) from control
(black/gray) and linker (red/pink) hearts without (black/red) or with (gray/pink) CSA (2 pmol/L) in the buffer. Inset i, the initial period of
reperfusion on expanded scale. Inset ii, bar graph representation of +dP/dtmax values at the end of reperfusion. C, Infarct sizes (weighted
average of triphenyltertazolium chloride-positive %areas of LV slices). Means=SE, N=6 animals/group/condition. Gray boxes: statistical analysis

information.

the number of boluses until mitochondrial uptake either
stopped (no postpeak decrease in [Ca®*]) or reverted to
Ca?* release (turn from decrease to increase in [Ca9+]c)
before the next addition. To better isolate mitochondrial
Ca?* uptake, SERCA and Nclx (the mitochondrial Na*/
Ca?* exchanger), were respectively blocked by thapsi-
gargin and CGP37157. To capture mPTP activity, the
experiments were performed either in the absence (Fig-
ure S7A and S7C) or presence (Figure S7B and S7D) of
CSA. mCRC was not significantly different between con-
trol and linker-VCMs, regardless of CSA. CSA effectively
doubled mCRC in both groups. Collectively, the linker
was protective in ex vivo I/R injury likely via mitigating
anoxic cell death and myocyte damage linked to the acti-
vation of the mPTP. Since the mCRC of permeabilized

Circulation Research. 2023;132:e171-e187.DOI: 10.1161/CIRCRESAHA.122.321833

linker-VCMs is unchanged, it is conceivable that the
core site(s) of linker-mediated protection is/are other
than the bulk mitochondrial matrix Ca?* handling. Per-
haps, the linker-associated mitochondria/SR remodeling
and adaptive reformatting of mitochondria with individu-
ally expanded dyad-contacts and presumably enhanced
Ca?*/ROS crosstalk, also mitigate the reperfusion-asso-
ciated Ca?* and ROS dysregulations.

DISCUSSION

We aimed to assess the physiological/pathological rel-
evance of constitutive mitochondria-SR tethering in the
cardiac muscle using an engineered mitochondrion-SR
tether/linker. Postnatal cardiac muscle-specific constitutive
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expression of the linker brought about major multi-level
remodeling of the mitochondrial and SR networks in
mature myocytes with mitochondrial crowding and individu-
ally enhanced but fewer mitochondria-jSR contacts. Func-
tionally, linker-hearts had improved contractility, VCMs had
stronger sarcoplasmic Ca?* signaling, well-preserved EBC,
AW~ and mitochondrial respiration capacity. The linker
seemed to protect from early decompensation during mas-
sive adrenergic stress in the most vulnerable female cohort
and ameliorated ex vivo /R injury.

Choice of Linker

Mitochondria-SR/ER contacts are spatially-temporally
defined by interorganelle protein tethers. The linker was
expressed under the cardiac muscle-specific Myh6 pro-
moter, to avoid potential indirect cardiac effects upon
expression in circulatory or autonomic nervous systems.
Engineered tethers are either monomeric (linkage via
membrane insertion), or bipartite (linkage via drug/light-
inducible protein-protein interaction).! We chose our
monomeric linker'? to allow preferential enhancement/
reinforcement of existing contacts, with less chance of
snapping together brief stochastic membrane encounters.
Also, an inducible linker would require administration of
rapamycin? or rapalog that, for this purpose, has not been
established in animals. Although the linker does not dif-
ferentiate between ER and SR, by its length (<20 nm) it is
limited to the smooth ER (ribosomes are too large for such
gap), which effectively equals to the SR in muscle cells.?”

Linker-Induced Mitochondrial and SR
Proliferation

The chronic expression of the linker rearranged mito-
chondria into large clusters that were richly infiltrated
and likely kept together by the nSR (like densely-
bunched grapes by an elaborately branching grape
stem). Interference with parkin-and Mfn2-dependent
metabolic maturation of cardiac mitochondria also pro-
duced mitochondrial clusters; however, mitochondria
were immature, causing a severe phenotype.® The
observed increase in mitochondrial density might have
been prompted by a more restricted mitochondrial motil-
ity/traffic towards the peripheral IFM pool during VCM
maturation. This might explain the lack of increased
mitochondrial biogenesis in the adult linker-myocytes
(no increase in PGC1a). Since the onset of linker pro-
tein expression seemed to overlap with VCM maturation,
studying the effect of the linker in immature myocytes
was not feasible in this model. Interestingly, although the
housekeeping matrix HSPA (heat shock protein A family)
protein, mtHsp70?° and inner mitochondrial membrane
protein prohibitin were elevated in the linker-hearts, the
abundance of respiratory complex components was not
higher, nor was maximum mitochondrial respiration of
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linker-VCMs. It is conceivable that VCMs bear a rheostat
system to keep the global mitochondrial respiratory (and
related ATP/ROS-producing) capacities around a set-
point, with checkpoints at transcriptional, translational
or posttranslational regulation of the involved proteins.
Along this line, the mitochondrial Ca?* uniporter pore-
forming subunit, MCU was unchanged but the other
essential channel-forming subunit EMRE protein levels
were significantly elevated in the linker-heart. Although
mitochondrial Ca®* uptake activity at [Ca*] in the
low-pmol/L range (relevant in [Ca**] nanodomains®®)
appeared unaffected, further studies will be needed to
fully characterize potential shifts in the activation prop-
erties or strategic localization (at jSR contacts®) of the
mitochondrial Ca?* uniporter in the linker-hearts.

If indeed the linker-induced increase in mitochondrial
mass was reactive to less effective traffic to the cell periph-
ery (mitochondrial traffic jam) during maturation, it would
be plausible that some of the jammed mitochondria in the
large clusters were rendered less active. Indeed, mitochon-
drial sizes greatly vary in the clusters with smaller-sized
mitochondria having less dense cristae. Detailed charac-
terization of this rheostatic mechanism and related cris-
tae analysis of the massive heteromorphic mitochondrial
pools of linker-myocytes is one of our future goals. AW
measurements in VCMs using TMRM did not reveal sig-
nificant differences between control and linker mitochon-
drial pools, nor detected heterogeneities among individual
mitochondria. However, small mitochondria in clusters are
not individually distinguishable via light microscopy.

Mitochondria-smooth-ER/SR tethering is critical
for interorganelle lipid exchange (similar linker to ours
complemented  phosphatidylethanolamine/phospha-
tidylcholine synthesis upon loss of the mitochondria-
ER tethering ERMES complex).®' Thus, the linker
may have facilitated membrane lipid synthesis, poten-
tially supporting nSR and mitochondrial membrane
expansions. Further, future studies will clarify poten-
tial linker-expression-associated changes in VCM
lipid metabolism and related changes in membrane
composition.

Collectively, the linker-induced mitochondrial (and
potential nSR) proliferation likely involved reactive com-
ponents due to mechanical restrictions and anabolic
components due to reinforced phospholipid synthesis.

Impact of the Linker on the Mitochondria-SR
Contacts and EBC

The linker-induced mitochondria-jSR contact remodel-
ing was structurally/functionally bifurcated. Individu-
ally expanded and tightened contacts were reduced in
their number, owing to the exclusion of dyads from the
dense mitochondrial clusters. SR and mitochondria are
major sources of Ca?* and ROS. Balanced Ca?* trans-
fer at the mitochondria-jSR contacts supports EBC,
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while excessive/prolonged Ca®*-exposure may feed a
vicious cycle of ROS overshoot, ROS-sensitized RyR2
(ryanodine receptor 2)-mediated Ca?* release culminat-
ing in mitochondrial Ca®* overload-associated mPTP
activation.? Such paradigm has been implicated in acute
enhancement of mitochondria-SR/ER contacts by
PTPIP51-containing tethers in I/R injury.’®

EBC appeared well-preserved in linker-VCMs,
assessed by NAD(P)H/FAD responses to increas-
ing electric field-stimulation at increased adrener-
gic tone. The latter was important, since the main
Ca?* effector in EBC is pyruvate dehydrogenase, for
which substrate utilization becomes more significant
under B-adrenergic stress, when the adult myocyte's
fuel preference for fatty acids shifts towards glu-
cose.??%% Since, for technical reasons, we could not
establish direct [Ca®] /[Ca*"] correlation, we can-
not exclude that the EBC was preserved partly via the
improved SR Ca?* loading and greater systolic [Ca?*]_
spikes, which also likely contributed to the observed
hypercontractility.

Mitochondria-jSR encounters had to overcome mul-
tiple potential shortcomings in linker-hearts. Decreased
contact count was compensated by individual expan-
sion/tightening and more longitudinally orientated
contacts. Such remodeling, combined with the increase
in SR Ca?* release, could have put the jSR-contact-
forming mitochondria at risk of Ca?* overload via
the above-mentioned vicious cycle (RyR2—Ca*—
matrixCa?*—>ROS—RyR2—Ca?")33% Likely as an
adaptive measure, linker-myocytes had more nano-
tunnel-connected mitochondria. Mitochondrial nano-
tunnels have been envisioned as dynamic organelle
stress-responses.'® High occurrence of nanotunnels
was reported upon Ca?* imbalance in RyR2-mutant
mice (decreased channel conductance causing SR
Ca?* overload with periodic bursts of sustained Ca?*
release).®® Consistently, our study suggests that nano-
tunnels were formed primarily by mitochondria in con-
tact with jSR (indirect 2D TEM and 3D FIB-SEM data)
that presumably were or would have been stressed,
and at risk of Ca?* overload in linker VCMs. We pro-
pose that the resulting continuity with mitochondria
lacking jSR contact mitigates the stress while extend-
ing the EBC by distributing (diluting) the sequestered
Ca?* to multiple mitochondria (Figure S7E). SERCA
pumps of the extensive meshwork of nSR infiltrating
the dense mitochondrial clusters would then recollect
the Ca?* extruded via NCLX (Figure S7E). Thus, the
composite remodeling with individually enhanced mito-
chondria-jSR contacts in the linker-myocytes may rep-
resent a quasi-stress-preconditioning that renders the
mitochondrial network more connected, via dynamic
nanotunnels, and homeostatically/energetically more
durable. Further studies will be needed to establish the
molecular/mechanistic details of nanotunnel dynamics.
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Linker-Induced Remodeling Is Adaptive

The organ-level functional outcome of the linker-induced
remodeling was an increase in contractility; consistent
with a recent report of improved contractility upon ade-
noviral delivery of a similar linker transgene that ame-
liorated experimental diabetic cardiomyopathy in mice.™

One surprising outcome of our study is the increased
cardiac resilience to injurious stresses in the linker-mice.
The tested stress paradigms both involved energetic deficit
and oxidative stress. (1) In the in vivo acute massive adren-
ergic stress experiments, there was a critical period ~30
minutes after isoproterenol injection, likely in part as a vagal
rebound, when in most mice the HR dropped below base-
line levels. To preserve basal CO, the majority of linker and
control males and linker-females compensated via propor-
tional increases in stroke volume; however, most control and
Doxy-linker-females failed to do so. Although Doxy-linker-
males also failed to compensate, their HR decrease was
small and corresponding Cl in the upper range (>1.8); in
contrast to many decompensated control and Doxy-linker-
females with very low Cl at 30 minutes postinjection and
fatalities. These occurrences of severe decompensation
are reminiscent of acute stress-induced cardiomyopathy
that mostly affects females and in humans, a severe (fatal
unless treated) early complication can be cardiac arrest®”
Proposed causes for such acute cardiomyopathy (takot-
subo syndrome) involve transient cardio-depression owing
to a change in the B-adrenergic signal transduction®® and
energy demand-supply imbalance.®8-%° Thus, the linker pro-
vided a reversible (Doxy-linker) protection against acute
stress-associated severe decompensation and fatalities
affecting the female cohorts. We attribute this protective
effect to the improved LV contractility at well-preserved
EBC (more relevant under stress®23%) that likely helped
passing through the otherwise critical point in the females.

(2) I/R-injury was assessed ex vivo to isolate the
systemic stress reaction from the primary insult. Only
males were included since I/R injury is known to affect
males more severely than fertile females.?® Potential sex-
specific differences in the effect of the linker on I/R
injury will be examined in future studies. Forty minutes
of ischemia was sufficient to pass the rigor (ATP deple-
tion) peak (see Figure 7A, rigor). Although the reper-
fusion-associated oxidative stress (ROS burst) usually
peaks at the beginning of reperfusion*’ the one-hour
reperfusion period allowed better evaluation of the true
functional recovery (beating and contractility), past the
period of calcium paradox-related hypercontracture (Fig-
ure 7A). The linker showed remarkable protection both
functionally and in the infarct size; seemingly conflicting
earlier reports with short-term endogenous mitochon-
dria-SR tether manipulation.”® Besides nontether roles
of PTPIP51," we attribute this difference to the adap-
tive remodeling that occurs when the linker is chroni-
cally, constitutively expressed. One plausible mechanism
for the protection in anoxic cell death might be related
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to a relatively hypoxic milieu that presumably built deep
inside the large dense mitochondrial clusters, rendering
a subpopulation of mitochondria preconditioned for isch-
emia. The finding that CSA in the perfusate improved the
functional recovery in the control hearts comparably to
the transgenic linker (while causing no significant fur-
ther improvement in the linker-heart), suggested that a
key target of linker-mediated protection was an mPTP-
dependent component of the I/R injury. Although our
exploratory tests did not reveal statistically significant
further improvement in the functional recovery of the
linker-hearts upon CSA-treatment, we cannot exclude
that future more robust comparisons with larger cohorts
would capture additional improvement by pharmacologi-
cal mPTP inhibition. Indeed, it is unlikely that the linker
would fully avert mPTP activation and associated cell
damage. mPTP-linked damage involves a range of Ca®*
signaling dysregulations and ROS-mediated oxidative
stress that eventually drive mitochondria to Ca®* overload
and to undergo PT, ultimately risking mitochondrial apop-
tosis and myocyte loss. Since the linker did not improve
bulk mitochondrial Ca** tolerance (mCRC assays of per-
meabilized myocytes with energized mitochondria), most
likely the linker-associated remodeling mitigated insults
upstream or at the level of individual mitochondrial matrix
Ca?" handling. As discussed earlier, it is conceivable that
the remodeling in the linker hearts to safely maintain
EBC at individually enhanced mitochondria-jSR contacts
via nanotunneling (Figure S7E) preconditions the system
to dysregulations in the Ca?*/ROS signaling that occur
in I/R injury and impinge on the mPTR.

Taken together, our study delineates important long-
term homeostatic adaptive mechanisms in cardiomyocytes
and a potential new strategy to use these mechanisms
to increase resilience to injuries. Mitochondria-SR/ER
contacts as local signaling and homeostatic hubs, operate
structurally-functionally by an optimum-based Goldilocks
principle 342 the gap distance and interface area are tai-
lored so that the local Ca?*/ROS crosstalk is effective but
safe. Sudden loss or gain in tethering, unless it is com-
pensatory,'® can respectively offset the system towards
energetic deficit (EBC disruption) or hyperactive signaling
and associated Ca*/ROS injury paradigms (enhance-
ments).'® Enhanced mitochondria-SR contact formation
by the engineered linker with an onset at the time of car-
diomyocyte maturation brings about profound remodeling
in the 2 organelle networks, attaining a new normal with
increased stability. The effectively irreversible doxycycline
off-switch of the linker transgene (likely owing to long-
term depot formation in the muscle'”), prevented us to
study the linker-associated remodeling with adult onset.
Regardless, our study warrants further investigations
to fully explore the potential therapeutic implications of
chronically expressed mitochondria-SR linker transgene
in the cardiac muscle as genetic preconditioning for sus-
ceptible individuals.
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