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Abstract

Aging is associated with cardiac hypertrophy and progressive decline in heart func-
tion. One of the hallmarks of cellular aging is the dysfunction of mitochondria. These
organelles occupy around 1/4 to 1/3 of the cardiomyocyte volume. During cardiac
aging, the removal of defective or dysfunctional mitochondria by mitophagy as well
as the dynamic equilibrium between mitochondrial fusion and fission is distorted.
Here, we hypothesized that these changes affect the number of mitochondria and
alter their three-dimensional (3D) characteristics in aged mouse hearts. The polyam-
ine spermidine stimulates both mitophagy and mitochondrial biogenesis, and these
are associated with improved cardiac function and prolonged lifespan. Therefore, we
speculated that oral spermidine administration normalizes the number of mitochon-
dria and their 3D morphology in aged myocardium. Young (4-months old) and old
(24-months old) mice, treated or not treated with spermidine, were used in this study
(n = 10 each). The number of mitochondria in the left ventricles was estimated by
design-based stereology using the Euler-Poincaré characteristic based on a disector
at the transmission electron microscopic level. The 3D morphology of mitochondria
was investigated by 3D reconstruction (using manual contour drawing) from electron
microscopic z-stacks obtained by focused ion beam scanning electron microscopy.
The volume of the left ventricle and cardiomyocytes were significantly increased in
aged mice with or without spermidine treatment. Although the number of mitochon-
dria was similar in young and old control mice, it was significantly increased in aged
mice treated with spermidine. The interfibrillar mitochondria from old mice exhibited
a lower degree of organization and a greater variation in shape and size compared to
young animals. The mitochondrial alignment along the myofibrils in the spermidine-
treated mice appeared more regular than in control aged mice, however, old mito-
chondria from animals fed spermidine also showed a greater diversity of shape and
size than young mitochondria. In conclusion, mitochondria of the aged mouse left ven-
tricle exhibited changes in number and 3D ultrastructure that is likely the structural

correlate of dysfunctional mitochondrial dynamics. Spermidine treatment reduced, at
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least in part, these morphological changes, indicating a beneficial effect on cardiac

mitochondrial alterations associated with aging.
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1 | INTRODUCTION

Continuous mitochondrial ATP production is essential for cardio-
myocyte function. Hence, mitochondria occupy a large proportion
of the cellular volume. They are located between the myofibrils (in-
terfibrillar), underneath the sarcolemma (subsarcolemmal) or around
the nucleus (perinuclear) (Ong & Hausenloy, 2010; Shimada et al.,
1984). Studies have demonstrated that interfibrillar mitochondria
are biochemically and structurally different from subsarcolemmal
mitochondria (Riva et al., 2005). The mitochondrial amount of car-
diomyocytes determines their oxidative capacity and depends on
the basal metabolic rate, i.e., the volume fraction of mitochondria
is higher in smaller than in larger adult mammals (Weibel, 2000;
Weibel et al., 2004). However, this relationship between the amount
of cardiomyocyte mitochondria and adult animal size is not present
during ontogenetic postnatal development (Mdiihlfeld et al., 2005).

Although mitochondria are able to adapt to functional demands,
such as exercise (Eisele et al., 2008) or overload (Anversa et al.,
1986; Muhlfeld et al., 2013), their morphology has been often/es-
sentially considered as rod-shaped and rather static. Early electron
microscopic analyses, however, had already shown that the shape of
mitochondria sometimes differs significantly from the oval shape,
even in two-dimensional images: they can be cup-shaped or form
elongated, tortuous bands that are connected throughout the cell,
thereby forming a mitochondrial reticulum (Liesa et al., 2009). As
such, cardiomyocyte mitochondria are thought to be a highly dy-
namic intracellular compartment whose homeostasis and adaptive
potential rely on the delicate balance between fusion and fission pro-
cesses as well as on a selective form of autophagy, namely mitoph-
agy (Marin-Garcia et al., 2013; Piquereau et al., 2012). Mitochondrial
dynamics are considered to be important in healthy myocardium
and cardiovascular disease, including ischemic heart disease (Garvin
et al.,, 2017), heart failure (Marin-Garcia et al., 2013), and metabolic
disorders (Natarajan et al., 2020), among others.

A growing body of evidence demonstrates that mitochon-
drial dysfunction is associated with the aging process of the heart.
Increased production of reactive oxygen species, oxidative dam-
age of mitochondrial DNA, reduced mitophagy as well as a distor-
tion of the equilibrium between fusion and fission are considered
to be major contributors to the aging phenotype of mitochondria
(Lesnefsky et al., 2016; Szibor & Holtz, 2003). Although many of
these processes have been described molecularly, the available
information on how the molecular alterations are represented by
the changes in mitochondrial morphology remains controversial.
Part of this controversy results from the frequent use of solely

two-dimensional quantification and imaging methods. To address
this problem, we hypothesized that an imbalance between fusion
and fission is recognizable in an altered number of mitochondria
in the aged heart. Furthermore, we speculated that impaired mi-
tophagy and the imbalance between fusion and fission alter three
dimensional (3D) mitochondrial ultrastructure, and assumed that
pharmacological induction of autophagy by the polyamine spermi-
dine has beneficial effects on the potential age-associated changes
of mitochondrial number and 3D ultrastructure. Spermidine was
used because it has been shown to extend lifespan in various model
organisms and to be cardioprotective in the aged mouse (Eisenberg
et al., 2009, 2016). In addition, it induced mitophagy and mitochon-
drial biogenesis (Eisenberg et al., 2016; Wang et al., 2020).

In this study, we analyzed the number and 3D morphology of
mitochondria in young (4-months old) and old (24-months old)
mice treated or not treated with orally administered spermidine for
6 months. The number of mitochondria was estimated by design-
based stereology at the transmission electron microscope (TEM) and
3D ultrastructure was visualized by digital 3D reconstruction of data
stacks obtained by focused ion beam scanning electron microscopy
(FIB-SEM).

2 | MATERIALS AND METHODS

The animal experiments were performed in agreement with the
national and European ethical regulation (Directive 2010/63/
EU) and were approved by the responsible government agencies
(Bundesministerium fir Wissenschaft, Forschung und Wirtschaft,
BMWFW, Austria: BMWF-66.010/0161-11/3b/2012).

2.1 | Animals and spermidine supplementation

For the experiments, young (4-month-old) and old (24-month-old)
C57BL6/J:Rj male mice (Janvier Labs) were used. Part of the old mice
received drinking water supplemented with spermidine (3 mM; cat.
#52626, Sigma—Aldrich) starting at 18 months of age for 6 months
(Eisenberg et al., 2016), whereas the rest of the aged and young mice
(controls) received regular tap water. The mice were housed under
specific-pathogen-free conditions in a 12-h light/dark cycle in groups
of nine animals, with access to standard chow (Ssniff, cat. #V1534)
and water ad libitum. The animals used in this study were chosen ran-
domly from a larger set of animals that had previously been used to
perform other analyses (Eisenberg et al., 2016; Wierich et al., 2019).
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2.2 | Sample preparation

After anesthesia with 5% isoflurane (Baxter) in an induction cham-
ber, the mice were euthanized by cervical dislocation. The excised
hearts were retrogradely perfused via the aorta with 4% formalde-
hyde in phosphate buffer and stored in fixative at 4°C until further
processing. From each heart, the left ventricle including the inter-
ventricular septum was prepared and weighed. The mass of the
left ventricle was divided by the density of muscle tissue (Mendez
& Keys, 1961) to obtain the volume of the ventricular myocardium
(Briel & Nyengaard, 2005). The left ventricle was subjected to
systematic uniform random sampling (Gundersen & Jensen, 1987,
Mayhew, 2008) to obtain samples for epoxy resin embedding as de-
scribed previously (Mihlfeld et al., 2005). Briefly, the samples were
postfixed in a medium containing 1.5% paraformaldehyde, 1.5%
glutaraldehyde in 0.15 M HEPES buffer, washed several times with
buffer, postfixed with 1% osmium tetroxide, stained en bloc in half-
saturated uranyl acetate, dehydrated in an ascending acetone series
and finally embedded in epoxy resin. Two resin blocks from each
heart were chosen. Semithin (1 um) sections were cut, mounted on
glass slides, stained with toluidine blue and sealed with a coverslip
for light microscopy. Afterward, ultrathin sections (100 nm) were
cut and two consecutive sections each were mounted on one cop-
per support grid to form a physical disector pair (see below) (Sterio,
1984). Ultrathin sections were finally stained with lead citrate/ura-
nyl acetate for TEM. From each group, one resin-embedded sample

was chosen for FIB-SEM and subsequent 3D reconstruction.

2.3 | Stereology

Design-based stereology is the method of choice to obtain quantita-
tive morphological data by microscopy (Hsia et al., 2010; Muhlfeld
et al., 2010). Here, a sophisticated stereological approach was ap-
plied to estimate the number of mitochondria in the left ventricle of
the mouse heart.

In general, all stereological procedures followed established pro-
tocols as described by Mihlfeld et al. (2010). The total number of
mitochondria in the left ventricles was estimated as described by
Eisele et al. (2008). In a first step, the reference volume, i.e., the vol-
ume of cardiomyocytes, was estimated at the light microscopic level
by the point counting method using toluidine blue stained semithin
sections. Next, the ultrathin disector pairs were subjected to manual
systematic uniform random sampling using a TEM. Corresponding
fields of view were taken from the adjacent sections, thus yielding
test fields of the same region with a distance of 100 nm. An unbiased
counting frame was projected on the test fields and the following
counting events were noted (Kroustrup & Gundersen, 2001): (1)
bridges (B), i.e., two separate mitochondrial profiles in one of the
two sections are connected in the other section. (2) islands (1), i.e., a
mitochondrial profile is present in one of the sections but not in the
other. (3) holes (H), i.e., a mitochondrial profile forming a ring in one
of the sections presents as a solid mitochondrial profile in the other
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section. From these counting events, the Euler-Poincaré () charac-
teristic of mitochondria was calculated by y = > |- Y B+ } H.
The Euler number was then divided by the disector volume (v(dis)) in
which the counting events were obtained. The latter was calculated
by the following formula: v(dis) =2x hxa(p) x X P, where h is
the disector height (here: 100 nm), a(p) is the area of the counting
frame associated with each corner point of the counting frame and
> P is the sum of corner points hitting the reference volume i.e.,

cardiomyocytes.

2.4 | Focusedion beam scanning electron
microscopy and three-dimensional reconstruction

From every cohort one resin-embedded tissue sample was chosen
for FIB-SEM imaging and 3D reconstruction as described previously
(Muhlfeld et al., 2021). After an ultrathin section (60 nm) was cut
from each selected resin block, one sample was clamped in a slotted
SEM aluminum stub and the sides of the sample were coated with
conductive silver (Plano GmbH). The entire surface of the sample
was sputter-coated with a 20 nm thick gold layer (Quorum Q150R ES
sputter coater; Quorum Technologies Ltd). For the FIB-SEM analy-
sis, the region of interest (ROI) was located at a 20 kV acceleration
voltage using a Zeiss Cross beam 540 and ATLAS software package
(Carl Zeiss Microscopy GmbH) followed by recording with the Inlens
Secondary Electron (SE) and Energy Selective Backscattered (ESB)
detector (grid voltage 800 V) at a 1.5 kV acceleration voltage, as
well as 1.0 nA current with a pixel size of 2 nm. The scanned area
was 30 um x 16 um and the section thickness was 10 nm. For proper
handling and protection of the sample surface during the acquisi-
tion process, a platinum deposition and the generation of carbon-
highlighted marks were used.

A stack of images was generated for every scanned sample.
Images were converted to 8-bit TIF files. The stacks were aligned
and analyzed using Fiji software (Fiji is just Image [Schindelin et al.,
2012]) to crop out areas of interest, which were then transformed
into substacks with an isotropic voxel size of 10 nm to simplify the
following 3D reconstruction with MIB software (Microscopy Image
Browser [Belevich et al., 2016]) and 3dmod software (part of the
IMOD package [Kremer et al., 1996]). Chimera software (UCSF
Chimera [Pettersen et al., 2004]) was used to create an overview of
the area surrounding the mitochondria as shown in the 3D models.

FIB-SEM is a relatively new technique in the electron mi-
croscopic armamentarium that fills the gap between the high-
resolving electron tomography and the relatively low resolution
of serial block-face scanning electron microscopy (SBF-SEM)
(Briggman & Bock, 2012; Schneider et al., 2021). Electron to-
mography is suited for 3D analysis of subcellular structures from
“thick” sections (up to 500 nm—thick is meant here relative to the
usually used 50-80 nm sections used in TEM) with a z resolution
of approximately 1-2 nm. In contrast, SBF-SEM is suited for speci-
mens of up to 500 um x 500 um and has a z resolution of approxi-
mately 60-80 nm. Thus, with a size of 20 um x 20 um area and a z



"Ly ey ANATQMICA!. TS

resolution of approximately 10 nm, FIB-SEM is well suited to anal-
yse the subcellular organization of whole cells. A clear challenge of
SBF-SEM and FIB-SEM is the large size of the data sets: depend-
ing on the scanned volume, data stacks of several hundred giga-
bytes up to some terabytes are produced and have to be handled.
Furthermore, the 3D reconstruction is still very time-consuming
like in this study where the 3D models had to be generated by
manual contour drawing. The manual analysis was necessary be-
cause of the close proximity of the mitochondria which limits the

potential use of automatic algorithms.

2.5 | Statistics

In this study, a total of ten mice in each of the three experimen-
tal groups were included. For statistical analysis Graphpad Prism
software (Graphpad Prism Version 7, Graphpad Software Inc.) was
utilized, using a two-tailed Mann-Whitney U-test (MWU) for un-
paired samples, comparing either young versus aged, young ver-
sus aged + spermidine, as well as aged versus aged + spermidine.
Statistical difference was seen as significant if p-values were <0.05
(p < 0.05) and p-values between 0.05 and 0.1 (0.05 < p < 0.1) were
considered to show a tendency to significance (Curran-Everett &
Benos, 2004).

3 | RESULTS

3.1 | Stereological analysis of mitochondria

The volume of the left ventricle was higher in aged than in young
mice but did not differ between spermidine-treated and control
aged mice (Figure 1a). This was associated with a higher total vol-
ume of cardiomyocytes in both aged groups compared with young
mice. Similarly, we found no difference in cardiomyocyte volume
between spermidine-treated and untreated aged mice (Figure 1b).
By contrast, the number of mitochondria was not different be-
tween young and old control mice, whereas spermidine-treated
old mice exhibited a higher number of mitochondria than young
mice (Figure 1c). When comparing the mitochondrial number of
spermidine-treated and untreated old mice, we detected a ten-
dency toward a lower number in untreated aged mice (p = 0.0892).
These differences were accompanied by similar values of the nu-
merical density of mitochondria in young and spermidine-treated

old mice (Figure 1d).

3.2 | 3Dreconstruction of mitochondria

From each group, one animal with excellent ultrastructural preser-
vation was chosen for FIB-SEM of a longitudinally sectioned cardi-
omyocyte and subsequent detailed 3D reconstruction of a row of
interfibrillar mitochondria. Young mitochondria were similar in size

MESSERER ET AL.

and had a highly ordered arrangement with few small lipid droplets
intermingled with the mitochondria. The diameter of mitochondria
ranged between a half and the full sarcomere length. The shape of
the individual mitochondria varied between prismatic and cuboidal,
thus allowing them to be ordered in a space-saving manner between
the adjacent myofibrils (Figure 2).

In the left ventricle of the untreated aged mouse, the re-
constructed row of mitochondria exhibited a lower degree of
organization and showed greater variation in size. Despite the
three-dimensional size variation, the largest diameter of mito-
chondria was similar to that of the young animal. The mitochon-
drial shape was irregular and could not be described by geometric
forms (Figure 3).

The mitochondria of the aged mouse treated with spermidine
were aligned as a band of cuboidal or irregularly shaped mitochon-
dria, with a high number of lipid droplets between them. Although
lipid droplets were abundant in this specific region, there was not
generally a higher number of lipid droplets in spermidine-treated
mice. The irregularly shaped mitochondria had an elongated mor-
phology and formed branches neighboring a lipid droplet from two
sides. The individual size of the mitochondria often exceeded that of
the young and the aged, untreated mouse (Figure 4).

Mitophagy is structurally characterized by a double-membrane
envelope enclosing the aberrant mitochondria designed for degra-
dation. In single 2D sections, mitochondrial profiles encircled by a
ring of double membranes were frequently observed in the prox-
imity of intercalated disks in all three groups. Three-dimensional
reconstructions revealed that these mitochondria were located
between the plasma membrane foldings of the intercalated disks,
which—depending on the cutting angle—may evoke the impression
of mitochondria inside a double-membrane-bound compartment
(Figure 5). In the old, untreated mouse, however, some mitochon-
dria in the interior of the cardiac myocyte were nearly completely
surrounded by a double membrane, a structure reminiscent of a
sarcoplasmic reticulum cistern. In one case, the 3D reconstruction
showed a mitochondrion with a complex 3D shape consisting of
two parts connected via a small bridge. One of these mitochondria
was nearly completely enclosed by such a double-membranous

coat (Figure 6).

4 | DISCUSSION

The major findings of the present study are as follows: (1) Although
the left ventricle of the mouse heart hypertrophied during aging, the
number of cardiomyocyte mitochondria did not increase. However,
spermidine-treated old mice exhibited a higher number of mitochon-
dria. (2) In aged untreated mice, the interfibrillar mitochondria were
aligned in a more irregular way than in young and spermidine-treated
aged mice. The shape and size variation of mitochondria was greater in
both aged control and spermidine fed mice than in the young mouse.
Previous electron microscopic studies of mitochondria have re-
sulted in divergent results. On the one hand, mild changes of the
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FIGURE 1 Aged- and spermidine related alterations in left ventricular volume, cardiomyocyte volume and mitochondrial number.
Stereological analysis of left ventricles derived from young (4-months old mice, n = 10), aged (24-months old mice, n = 10) and aged,
spermidine-treated (24-months old mice +Spd, n = 10) mice. (a) Total volume of the left ventricle. (b) Total volume of left ventricular
cardiomyocytes. (c)Total number of mitochondria in left ventricular cardiomyocytes. (d) Numerical density of mitochondria in relation to
cardiomyocyte volume. Each symbol represents one animal, horizontal bars represent group means. For data comparison (young vs. aged,
young vs. aged+Spd, aged vs. aged+Spd) two-tailed unpaired Mann-Whitney U tests were used (significant differences are indicated:

*p < 0.05, **p < 0.01, ***p < 0.001)

inner mitochondrial membrane were observed by electron tomog-
raphy in mitochondria of old cardiomyocytes compared with those
of young cells (Brandt et al., 2017). Similarly, morphometry showed
a decline of the inner mitochondrial membrane with aging in the
rat heart (El'darov et al., 2015). On the other hand, further aging-
associated observations revealed the presence of giant mitochondria
(Terman et al., 2003) and subsarcolemmal and perinuclear aggrega-
tions of mitochondria in aged rodent hearts (Coleman et al., 1988).
By contrast, Frenzel and Feiman (1984) reported a higher numerical
density but smaller mitochondria in aged rats. In a previous study
on the same mouse hearts that were used in this study, aged hearts
exhibited a lower mitochondrial volume fraction, which was rescued
by spermidine treatment (Eisenberg et al., 2016). These findings are
complemented by studies that did not observe remarkable ultra-
structural alterations of mitochondria in aging (Fannin et al., 1999;
Palmer et al., 1985).

Stereological estimation of cardiomyocyte mitochondrial num-
ber requires the use of the disector technique at the electron mi-
croscopic level. The Euler-Poincaré characteristic is a measure of
connectivity and the gold standard to estimate the number of irreg-
ularly shaped objects such as mitochondria (Kroustrup & Gundersen,
2001). In the heart, this technique has previously only been used by

Eisele et al. (2008) who reported slightly higher mitochondrial num-
bers; however, on the same scale as the current data. The increased
number of mitochondria in hearts from spermidine-treated animals
is consistent with our previous finding of an increase in the total mi-
tochondrial volume by spermidine (Eisenberg et al., 2016).

Electron microscopic analyses of mitochondria only represent
the momentary state of the mitochondria which constantly undergo
dynamic changes (Ong & Hausenloy, 2010). Therefore, the inter-
pretation of the observed differences in mitochondrial number has
to be performed carefully. Aging is associated with hypertrophy of
the left ventricular myocardium (Miyamoto, 2019), so one would
expect a higher number of mitochondria in the old compared with
the young mice, which was not observed in our data set. This fits
well with the previously described shift of the fusion/fission homeo-
stasis toward increased fusion in aging (Lesnefsky et al., 2016). In
contrast, in the spermidine-treated mice, the number of mitochon-
dria was significantly increased compared with young mice. This
indicates that cardiac hypertrophy in the presence of spermidine
was either associated with the generation of new mitochondria or
with an increased mitochondrial fission or a combination of both.
If mitochondrial fission is a requirement for mitochondrial qual-
ity control, then enhanced mitochondrial fission may attenuate
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FIGURE 2 3D reconstruction of interfibrillar mitochondria in the left ventricle of a 3-months old mouse. (a) shows an overview of the
area surrounding the reconstructed row of mitochondria, outlined with the white box. The same row of mitochondria (colored in red) is
shown in (b-d) from different angles. In (b) one slice from the z stack is shown as an example within its position in the 3D reconstruction.
Note the neat alignment of the mitochondria along the myofibrils and the low variation in size and shape. A small lipid droplet (colored in
green) is seen at the border of the reconstruction. The mitochondrion marked by the white asterisk is shown enlarged from different angles
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FIGURE 3 3D reconstruction of interfibrillar mitochondria in the left ventricle of a 24-months old mouse. (a) shows an overview of the
area surrounding the reconstructed row of mitochondria, outlined with the white box. The same row of mitochondria (colored in red) is
shown in (b-d) from different angles. In (b) one slice from the z stack is shown as an example within its position in the 3D reconstruction. The
size and shape of the mitochondria shows a greater variation and lesser degree of orientation than in Figure 2. The mitochondrion marked by
an asterisk is shown enlarged from different angles in (e) and (f)

(e)
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FIGURE 4 3D reconstruction of interfibrillar mitochondria in the left ventricle of a 24-months old mouse treated with spermidine.

(a) shows an overview of the area surrounding the reconstructed row of mitochondria, outlined with the white box. The same row of
mitochondria (colored in red) is shown in (b-d) from different angles. In (b) one slice from the z stack is shown as an example within its
position in the 3D reconstruction. Note the large size and ordered alignment of the mitochondria despite irregular shape. A higher number of
lipid droplets (colored in green) was observed between the mitochondria. The mitochondrion marked by an asterisk is shown enlarged from

different angles in (e) and (f)

age-induced mitochondrial dysfunction through fission-associated
mitophagy (lkeda et al., 2014; Lesnefsky et al., 2016). Mitochondrial
density per unit of cardiomyocyte/myocardial volume was similar
in the spermidine-treated aged and the young mice, indicating a
balancing effect of spermidine on mitochondria. Previously, sper-
midine had been described as a cardioprotective agent promoting
increased lifespan in mice and other model organisms, including
yeast and Drosophila (Eisenberg et al., 2009, 2016). Furthermore,
spermidine increased the respiratory function of mitochondria from
cardiomyocytes of aged mouse hearts (Eisenberg et al., 2016; Wang
et al.,, 2020). It is tempting to speculate that the effect of spermidine
on mitochondrial number is causally linked to its cardioprotective
effects; however, this requires further analysis. Given the increas-
ingly recognized importance of mitochondrial dynamics in cardiac
diseases, it is likely that our observations do have a correlate in mi-
tochondrial dynamics, thus relating them to mitochondrial function
and/or quality control (Marin-Garcia et al., 2013; Tocchi et al., 2015).

Spermidine has been described as a potent autophagy in-
ducer (Madeo et al., 2010; Pietrocola et al., 2015; Yue et al., 2017).
Autophagy is an essential recycling cellular mechanism that re-
moves damaged or degenerated intracellular organelles or cellular
components (Klionsky et al., 2021). Although electron microscopy
is considered as a suitable method to detect autophagy by the pres-
ence of intracellular material within autophagic vacuoles (Eskelinen
et al., 2011; Klionsky et al., 2021), our 3D reconstructions show
that unambiguous identification of mitophagy in the heart remains
difficult without further molecular proof. In support of this notion,

two-dimensional sections of mitochondrial profiles enclosed by a
double membrane may be caused by plasma membrane foldings en-
gulfing a mitochondrion, a phenomenon that often occurs near the
intercalated disks. Our 3D analysis further showed a mitochondrion
in the process of division by one of the two pathways described by
Fujioka et al., 2012, i.e., two nearly separated but still connected mi-
tochondria. Of note, one of them was almost completely engulfed
by a double-membranous structure, indicating the formation of a
mitophagic vacuole. This scenario supports the observation that
mitochondrial fission may promote both the survival and degrada-
tion of newly formed mitochondria, respectively (Twig et al., 2008).
However, this assumption requires validation using additional mo-
lecular markers. Our results, however, show that the quantifica-
tion of mitophagy by electron microscopy is challenging because
of its paucity and the difficulty to identify it unambiguously using
morphology-based on 2D sections as a sole criterion. Of note, mem-
branous engulfments of mitochondria were only observed in the un-
treated aged mouse. Although the investigated amount of tissue was
too low to be conclusive with respect to differences in autophagy
between the groups, it supports the hypothesis that a higher de-
gree of mitophagy may contribute to the lower mitochondrial yield
in aging (Hoppel et al., 2017; No et al., 2020). In this regard, however,
previous studies did not show increased mitophagy in cardiac aging
but rather reduced fission (Fujioka et al., 2012; Riva et al., 2005).
It should be noted that the mere presence of mitophagic struc-
tures cannot be used as an unambiguous measure of mitophagic
flux, which requires inhibition of lysosomal turnover similar to the
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FIGURE 5 3D reconstruction of a mitochondrion between plasma membrane folds of intercalated disks in the left ventricle of a
24-months old untreated mouse. (a-c) Two-dimensional section planes, part of the FIB-SEM stack, show the manually drawn contours of
plasma membrane (cyan) and outer mitochondrial membrane (red) at different depths of the z stack. (d-f) show the 3D model from different
angles. Although one single section may evoke the impression of the mitochondrion being engulfed by a mitophagic membrane, the 3D
reconstruction reveals the true nature of the surrounding double membrane: the folding membranes of an intercalated disk

assessment of bulk autophagy flux (Klionsky et al., 2021). Thus, in
addition to being a possible indicator of more damaged mitochon-
dria recognized by the autophagy machinery, the increased presence
of mitophagic structures in hearts from aged control animals could
also be a result of impaired mitophagic flux and requires further in-
vestigation with appropriate methodologies. The absence of such
structures in spermidine-treated conditions would be in line with our
previous findings of activated mitophagy by spermidine in cardiomy-
ocytes from aged animals (Eisenberg et al., 2016).

Finally, the 3D mitochondrial analysis showed remarkable mor-
phological differences due to aging and spermidine treatment.
Interfibrillar mitochondria were analyzed as their oxidative capacity
was shown to be selectively affected by aging compared to subsar-
colemmal mitochondria (Fannin et al., 1999). Of note, the interfibril-
lar mitochondria showed a reduced level of organelle arrangement
in untreated old mice, a phenomenon that may be assigned to the ir-
regular shape and size of the mitochondria. In the aged, spermidine-
treated mouse, however, an intermediate between the young and
aged mice was observed: Although mitochondria were better orga-

nized than in the untreated old mouse, their shape was also irregular

with elongated, thin mitochondria compared with the clumpsy mito-
chondria in the untreated aged mouse.

In summary, the present study confirms that age-associated left
ventricular hypertrophy is not accompanied by increased quantity
of mitochondria. However, the autophagy inducer spermidine in-
creased the number of mitochondria in the old mice. We propose
that the observed changes of mitochondrial arrangement, especially
their shape and size variation in old mice are a structural correlate of
altered mitochondrial dynamics.
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FIGURE 6 3D reconstruction of a mitochondrion surrounded by a double membrane in the left ventricle of a 24-month-old mouse.

The model of a mitochondrion (red) is shown with (a) or without (b) a surrounding membrane envelope (cyan) engulfing one half of the
mitochondrion. For better orientation, one section plane FIB-SEM stack is displayed. (c, d) show closer views from different angles with (c)

or without (d) the membrane coating. Without the cyan envelope the 3D morphology of the mitochondrion becomes apparent: it consists of
two similarly sized parts that are connected via a small bridge. The white asterisk marks the same part of the mitochondrion in the different
images. (e-g) Two-dimensional section planes, part of the FIB-SEM stack, show the manually drawn contours of plasma membrane (cyan) and

outer mitochondrial membrane (red) at different depths of the z stack
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