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ABSTRACT

Background: Skeletal muscle gradually loses mass, strength, endurance, and oxidative capacity
during aging. Studies of bioenergetics and protein turnover show that mitochondria mediate this
decline in function. Mitochondria are essential for the production of ATP, which occurs in the
cristae, the folds of the inner mitochondrial membrane. While mitochondrial aging is associated
with endoplasmic reticulum stress, fragmented mitochondria, and decreased mitochondrial
capacity, the genes associated with morphological changes in mitochondria during aging are
unknown. Further, we do not understand how 3D mitochondrial networks and the specialization
of mitochondria alter during aging.

Methods: We measure changes in mitochondrial morphology and mitochondrial connectivity
during the aging of the mouse gastrocnemius muscle through serial block facing-scanning
electron microscopy and 3D reconstruction. Nanotunnels are also measured through 3D
reconstruction. CRISPR/Cas9 KD is performed to examine changes in mitochondria upon loss of
MICOS complex and OPA-1. Metabolomics are used to find key metabolite pathways changed
upon MICOS complex loss.

Results: We found changes in mitochondrial network configuration, nanotunneling, size, shape,
number, contact sites, and cristae organizing system (MICOS) dynamics and gene expression in
skeletal muscle across aging. Cardiac muscle showed similar differences but less fragmentation
and wide-spread changes across 2-year aaging. We also found an association of optic atrophy 1
(OPA-1) and the MICOS complex in the gastrocnemius with mitochondrial aging, decreased
oxidative capacity, and altered mitochondrial metabolism.

Conclusions: We are the first to examine mitochondria changes in skeletal muscle and cardiac
muscle across aging. 3D reconstructions of nanotunnels elucidated novel patterns in skeletal
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muscle. Notably, we noticed differences in skeletal and cardiac muscle that suggests a
differential response to mitochondrial aging in cardiac and skeletal muscle. Importantly, we
found similar changes in mitochondrial morphology were observed in aging skeletal muscles and
for loss of MICQOS proteins in mouse skeletal muscle. Furthermore, MICOS proteins decreased
with age. In tandem, this suggests a relationship between the MICOS complex and aging, which
further 3D reconstruction could potentially further link to disease states.

Keywords: MICQOS, aging, mitochondria, 3D morphometry; imaging; machine learning;
mitochondrial disease; mitochondrion; nanotunnel; reconstruction; reticulum; serial block-face
SEM; skeletal muscle.

INTRODUCTION

The loss of muscle mass associated with aging, known as sarcopenia, impacts the quality
of life affecting both type | and type Il fibers, but more so for type Il fibers *. Decreased
mitochondrial activity, oxidative capacity, density, and biogenesis and increased mitochondrial
dysfunction implicate mitochondria in sarcopenia #*. Although mitochondria are typically
associated with generating cellular ATP by oxidative phosphorylation *, they are also involved in
calcium homeostasis, programmed cell death, and regulation of innate immunity and stem cells.
Their structure changes dynamically as they shift from fission to fusion. Important mitochondrial
functions are associated with the inner membrane folds known as cristae, which house the
oxidative phosphorylation machinery °. Disruption of optic atrophy 1 (OPA-1), an inner
membrane protein that regulates mitochondrial fusion, causes mitochondrial fragmentation and
affects the dimensions, shapes, and sizes of the cristae °. Disruption of Drp1, a protein associated
with mitochondrial fission, causes elongated mitochondria and resistance to remodeling of the
cristae ®’. Nanotunnels or “mitochondria-on-a-string” are thin, double-membrane protrusions
lacking cristae that allow mitochondria to communicate across distances. Nanotunnels may
increase in mitochondrial disease ®° and we suspect may be associated with mitochondrial
dysfunction during aging.

Mutations in genes that regulate the morphology of cristae have been associated with
aging cardiomyocytes °. These cristae morphology genes are located at the crista junctions in
the inner membrane and are a part of the mitochondrial contact site and cristae organizing system
(MICOS), which are important for maintaining mitochondrial shape and distances **. Cristae
membranes contain the electron transport chain complexes and ATP synthase for ATP synthesis
via oxidative phosphorylation **™**. Since mitochondrial morphology affects function, altering
the structure by knocking out MICOS-associated genes or the GTPase of OPA-1 could alter the
metabolism and function of mitochondria during aging ™.

Mitochondria show specialization in types and structures associated with their roles in
glycolysis and oxidative metabolism in skeletal muscle >’ However, there is little
information on the role of aging on the mitochondrial genes that affect structure. We want to
better understand how aging affects the specialization of mitochondria and their function. While
young mitochondria show extensive specialization, it is not known whether this is true for aged
mitochondria. The gastrocnemius is a mixed muscle with both oxidative fibers containing many
mitochondria and glycolytic fibers with few mitochondria. This heterogeneity makes the
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gastrocnemius ideal to study changes in mitochondrial dynamics. Other studies on the effects of
aging on mitochondria in human and mouse skeletal muscle have focused on mitochondrial
mutations 2. Our 3D reconstruction of aged skeletal gastrocnemius muscle is a novel approach
to study the connections between mitochondria and to determine how disconnections and
reduced mitochondrial communication impact oxidative phosphorylation.

To better understand the relationship between mitochondria and muscle aging, we
quantitatively analyzed 3D networks of specialized mitochondria at single-organelle resolution in
muscle biopsies of mice at 3 months, 1 year, and 2 years of age. We compared size, shape,
quantity, complexity, and branching using 3D reconstructions of aged gastrocnemius muscle, and
we measured nanotunneling in mouse muscles at these three ages. Multivariate analysis was used
to identify changes in metabolites, the MICOS complex, OPA-1, nanotunneling, mitochondrial
complexity, and morphological changes to better understand how mitochondrial specialization
and structure change during aging.

RESULTS

Aging Resultsin Smaller, Shorter, Poorly Connected Mitochondria with Decreased
Branching in Mouse Skeletal Muscle

The mitochondrial free radical theory of aging (MRFTA) proposes that the accumulation
of reactive oxygen species (ROS) byproducts of mitochondrial respiration, such as hydroxyl
radicals, causes the aging damage ***. Since many mitochondrial functions depend on structure
>2223 it js important to examine mitochondrial structural changes over time. We hypothesized
that ROS causes increased mitochondrial mitophagy and fragmentation over time with
concomitant losses in mitochondrial crista integrity.

Our objective was to determine how aging alters mitochondrial networks and individual
mitochondria. We imaged gastrocnemius biopsies from young (3-month-old), mature (1-year-
old) and aged (2-year-old) mice by serial block-face scanning electron microscopy (SBF-SEM)
with resolutions of 10 um for the x- and y- planes and 50 pm for the z-plane, which allows
visualization of the electron connectome. We found structural changes in mitochondrial shape
and the intermyofibrillar (IMF) region of the gastrocnemius muscle. IMF mitochondria are
located between myofibrils, arranged in pairs at the z-band of each sarcomere, with 2D elongated
tubular shapes 2*. However, we do not know how aging affects mitochondrial orientation, the
structure of C-band sarcomeres, or the morphological changes in incomplete fission known as
nanotunnels. For each region of interest across the three age groups, we analyzed 300 slices at 50
um intervals at the transverse intervals. Approximately 50 IMF mitochondria were segmented
from each image stack (Figure 1A-C) and a 3D surface view was generated (Figure 1A’’-C’’).
We analyzed mitochondria sub-network volumes from four regions of interest with a total
average of 175 mitochondria for each mouse (n = 3), for a total of 500 mitochondria.
Mitochondrial networks in aged mice showed largely interconnected mitochondria that were not
composed of a single reticulum (Figures 1A’’—C’”). We found that mitochondrial network
volumes decreased with mitochondrial age (Figures 1 A’”’—C’’) as did mitochondrial volume
(SFigure 1C). The area and perimeter of mitochondria of samples from 2-year-old mice were
significantly lower than those from 3-month-old mice; however, there was no significant change
for 1-year-old mice compared to 3-month-old mice (SFigures 1A-B). This showed that the size
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and length of mitochondria change with age, but we do not know whether mitochondrial shape
differs significantly between mice of different ages.

To understand changes in mitochondrial shape versus age, we need to measure
mitochondrial complexity. To quantify the 2D form factor as a 3D shape known as mitochondrial
complexity we used previously established methods *"#. To begin with we examined transverse
(Figure 2A-C) and longitudinal (Figure 2A’-C”) mitochondria across aging in skeletal muscle.
These measures showed networking and broad mitochondria. Since we observed in 3D
reconstructions that mitochondrial populations are heterogeneous and diverse, we utilized mito-
otyping, which is the karyotype-like arrangement of mitochondria *’, to capture the diversity of
IMF mitochondria (Figure 2G). These together suggest that complexity decreases across.
Furthermore, we also measured sphericity to further understand changes in complexity. There
was an progressive increase in sphericity with aging, which shows that complexity has decreased
(SFigure 2A).

Aging Changes Mitochondria and MERC Morphology in Cardiac Muscle

To further elucidate if the changes observed across aging are unique to skeletal muscle,
we also examined mitochondria morphology in cardiac muscle across 3-month, 1 year, and 2-
year-old mouse. Cardiac muscle allows if mitochondria morphological changes are exclusive to
skeletal muscle, since cardiac muscle allows for the comparison to different types of cells *’. To
begin with analyzing the size and shape of mitochondria, we showcase the orthoslice of the
mitochondria showing representative TEM of cardiac muscle (Figure 1D-F), the overlay of the
3D reconstruction (Figure 1D’-F’), and the isolated 3D reconstruction to allow for better viewing
of the structure (Figure 1D*’-F’"). We found that there was a decrease in perimeter, area, and
volume between the 3 month and 1-year cohorts (SFigure 1A-C). In the case of perimeter and
area, there was another decrease going from 1-year to 2-year; in contrast, there was a small
increase for volume (Figure 1G-J). However, in all cases this decrease was less than the decrease
present in skeletal muscle. Importantly, while the volumes, 3D area, and perimeter of skeletal
muscle decreased heavily across aging, especially in the 2-year sample, a similar effect was not
observed for cardiac muscle (Figure 1G-J). This suggests less fragmentation has occurred.

To further characterize the changes of cardiac muscle, we looked at them from both a
transverse (Figure 2D-F) and longitudinal view (Figure 2D’-F’). They showcased much more
packed together, smaller formations with less network formation than the skeletal muscle. From
there, we again did mito-otyping of mitochondria to better categorize the diversity of the
mitochondria (Figure 2H). Furthermore, the decrease in sphericity for cardiac muscle was very
small (Figure 21), so the sphericity barely changed across aging (SFigure 2B). In contrast, there
was a small increase in skeletal muscle sphericity. This suggests that complexity decreased for
skeletal muscle but not cardiac muscle. In combination, the aged cardiac muscle mitochondria
resembled healthy mitochondria with a lack of phenotyping or fragmenting present (Figure 2).
We further found that in the heart model, in contrast to the skeletal muscle, mitochondria do not
develop nanotunnels (Figure 2). This led us to better quantify and analyze the nanotunnels
present in skeletal muscle.

Mitochondrial Nanotunnels Changein Size and Amount with Aging in Skeletal Muscle
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To quantify nanotunnels, we performed 3D reconstruction in mice at three ages,
measuring 550 mitochondria per mouse (n=3) using four different regions of interest. Although
nanotunnels appear to exist primarily in mitochondrial disease states ®, we found them in all three
ages of mice (Figures 3A-C). The diversity and heterogeneity in the organization, sizing, and
branching of nanotunnels necessitated mito-otyping (Figure 3D). We found nanotunnels in a
greater proportion of mitochondria in 1-year-old mice than in 2-year-old mice (Figure 3E).
However, the number of nanotunnels in each mitochondrion was significantly less in the 2-year-
old mice than the 3-month-old and 1-year-old mice (Figure 3F). The length and diameter of
nanotunnels increased in the older mice compared to the 3-month-old mice (Figures 3G-H), but
the increase was significantly greater in the 1-year-old mice than the 2-year-old mice (Figures
3G-J). These data show that nanotunnel structure, frequency, and length change during aging.

Since mitochondrial dynamics and cristae change with aging, we measured transcripts for

Opa-1, the gene associated with mitochondrial fusion, and CHCHD3 (Mic19), CHCHDG6
(Mic25), Mitofilin (Mic60), the genes for the principal MICOS complex subunits. We used
reverse-transcriptase qPCR (RT-qPCR) to determine the effect of aging on transcription of these
genes. All of these MICOS subunits are associated with Opa-1, so they were expected to
correlate with the amount of Opa-1. Since aging causes fragmentation of mitochondria, a
hallmark for loss of Opa-1 and MICOS complex proteins, we hypothesized that aging would
also show decreases in the amounts of Opa-1 and MICOS complex proteins **?** We found
progressive loss of both Opa-1 and MICOS complex subunits, as measured by loss of transcripts
for the genes encoding the proteins (SFigures 3A-D). In 1- and 2-year-old mice, the amount of
MRNA made for the MICOS complex subunit genes or the Opa-1 gene was less than half of that
made in 3-month-old mice (SFigures 3A-C). Furthermore, for all MICOS genes, there was a
statistically significant decrease in the amount of mRNA over time with a higher level of
significance in 2-year-old mice. These data show a correlation between mitochondrial
morphology changes and decreases in expression of genes for Opa-1 and MICOS subunits
CHCHD3, CHCHDG6, and Mitofilin during aging; however, the loss of these proteins may not
cause the changes.

Changesin Cristae and Mitochondriain Myotubes and Oxygen Respiration Rate Upon
Knockout of MICOS complex and Opa-1

The MICOS complex and OPA-1 are key players in mitochondrial biogenesis
how their interactions regulate aging and mitochondrial superstructures is poorly understood. To
determine the role of OPA-1 and the MICOS complex, we ablated the genes for the Opa-1 and
the MICOS complex in isolated primary skeletal muscle cells from 3-month-old mice. We
isolated primary satellite cells, differentiated myoblasts to myotubes. From there, we used
CRISPR/Cas9, guide RNA (Table 2), and a control plasmid to transiently knockout the genes for
MICOS complex components and Opa-1 from skeletal muscle cells. As we observed previously,
in vitro deletion of OPA-1 altered mitochondrial morphology 2.
We measured 1250 mitochondria across 10 cells. Loss of Opa-1 was a positive control for
mitochondrial morphology changes. Although Opa-1 expression decreases with age *, the effect
of age on the MICOS complex is unknown. Using transmission electron microscopy (TEM)
images, we compared mitochondria and cristae in myotubes from wild type (WT) and knockouts
of Opa-1 and Mitofilin genes, which are essential for the organization of mitochondrial cristae
%233 (Figures 4A—C). Mitochondrial average area decreased for both Opa-1 and Mitofilin
knockout myotubes (Figure 4D), while mitochondrial circularity (the roundness and symmetry of

11,13,28’ but
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mitochondria) and number increased for both Opa-1 and Mitofilin knockout myotubes (Figures
4E-F). For both Opa-1 and Mitofilin knockouts, the number of cristae per mitochondrion
decreased, as did the cristae score and cristae surface areas compared to the WT (Figures 4G-1).
Cristae score measures the uniformity and regularity of cristae compared to typical cristae, with a
lower number representing abnormality and dysfunction. We also compared WT with Opa-1,
CHCHD3, and CHCHDG6 knockout myotubes (Figures 4P-S). Knockout of MICOS subunit
CHCHD3 (€HEHD3) results in fragmented mitochondria with less Opa-1 as the cristae lose
their normal structure . Similarly, CHCHD® is important in maintaining crista structure and its
downregulation results in hollow cristae lacking an electron-dense matrix, thereby inhibiting
ATP production and cell growth ***>*®_ Mitochondrial average area decreased for Opa-1,
CHCHD3, and CHCHD®6 knockout myotubes (Figure 4T), while the circularity index and the
number of mitochondria, once normalized, increased (Figures 4U-V). For Opa-1, CHCHD3, and
CHCHD6 knockouts, the number of cristae per mitochondrion decreased, as did the cristae score
and cristae surface area compared to the WT (Figures 4W-Y). The least significant change was
for the CHCHD3 knockout. Together, these data show quantitative and structural changes in
both mitochondria and cristae upon loss of MICOS proteins.

Loss of OPA-1 induces bioenergetic stress and decreased electron transport chain
function * and ablation of the MICOS complex alters mitochondrial capacity 8. We found that
loss of OPA-1 or Mitofilin in myotubes decreased basal oxygen consumption rate (OCR)
(Figures 4J-K) and decreased ATP-linked, maximum, and reserve capacity OCR (Figures 4L—
N). Although OPA-1 knockout myotubes exhibited a decrease in proton leak, Mitofilin
knockouts showed no significant difference (Figure 50). In Opa-1, CHCHD3, and CHCHDG6
knockouts, there was a decrease in basal, ATP-linked, maximum, and reserve capacity OCR
compared to the control (Figures 4Z-AD). Although proton leak OCR decreased in Opa-1 and
CHCHD3 knockout myotubes, there was no significant difference between the control and
CHCHDG. The decrease in OCR may be attributed to smaller and fragmented mitochondria;
mitochondrial density decreases as fragmentation targets them for autophagy **°. Together, these
results show that MICOS and Opa-1 are essential for normal respiration of muscle tissue.

TEM provides mitochondrial detail, but not 3D morphology; therefore, we used SBF-
SEM to look at the 3D structure of the mitochondria. Using myotubes with ablated genes for
Opa-1 and MICOS complex subunits, as described above, we measured a total of 200
mitochondria across 10 cells. We compared mitochondria in WT, Opa-1 knockout, and Mitofilin
knockout myotubes (Figures 5A—C) and found that compared to the elongated mitochondria in
the WT, the 3D length was much shorter in Opa-1 and Mitofilin knockouts (Figure 5D), and the
volume of the mitochondria was less (Figure 5E). In similar experiments, we compared
mitochondria in WT to those in Opa-1, CHCHD3, and CHCHD®6 knockout myotubes (Figures
5F-I) and found shorter mitochondria in the three knockout strains (Figure 5D). Similarly, the
volume of mitochondria was also less in CHCHD3, CHCHDG6, and Opa-1 knockouts compared
to the control (Figure 5E). The 3D reconstruction data, in combination with the prior TEM
results, show how mitochondrial dynamics change with the loss of MICOS subunits.

M etabolomics Show Key Metabolite Changesin Knockout of M1COS Complex Proteins
and Opa-1 in Myotubes.

To determine the global effects of loss of Opa-1 or the MICOS complex in skeletal
muscle myotubes, we analyzed the metabolome to identify changes in metabolites that occurred
with changes in mitochondria and cristae. Principal component analysis (PCA) revealed distinct
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populations in the control and the Mitofilin knockout strains, which suggested that their
genotypes contributed to the clustering (Figure 6A). To identify metabolites with the most robust
ability to discriminate between true positives and false positives, we constructed a model using
analysis of variance (ANOVA) to determine several key metabolites that were statistically
significant (Figure 6B). This unique metabolite signature revealed that Mitofilin plays a critical
role in regulating amino acid metabolism and steroidogenesis (Figures 6C-D). Upregulation of
steroidogenesis pathways may result from the increased fluidity of membranes caused by
Mitofilin “***, We also measured the effect of ablation of genes for CHCHD3 and CHCHDS6 in
skeletal muscle myotubes on bioenergetic metabolism. PCA revealed distinct populations in the
control and the CHCHD3 and CHCHD®6 knockouts, which showed a similar profile (Figure 6E).
We constructed a model using ANOVA to determine which metabolite changes in CHCHD3 and
CHCHDG6 knockouts were statistically significant (Figure 6F) There was a loss of protein
synthesis and changes in carbohydrate metabolism (Figures 6G—H). Loss of Opa-1 typically
favors fatty acid synthesis, so these results showing increased carbohydrate metabolism differ
from previous Opa-1 knockout responses “*™**. This atypical response was evident in the increase
in lactose and starch synthesis, but there was poor protein turnover, as seen in methionine
metabolism (Figure 6H).

DISCUSSION

Mitochondrial morphology is linked to oxidative phosphorylation **"?2. We produced
high-resolution three-dimensional mitochondrial images and measured mitochondria in
myotubes of aging skeletal muscles lacking components of the MICOS complex. We
demonstrated that either aging or loss of MICOS proteins in skeletal muscle resulted in the loss
of mitochondrial function, suggesting a correlation between aging and MICQOS protein
expression.

Previous studies using 3D focused ion beam-scanning electron microscopy (FIB-SEM) in
human skeletal muscle “* and in mouse muscle * characterized the networking of the
mitochondria. Vincent et al. did quantitative 3D reconstructions using SBF-SEM to define the
morphological differences in the skeletal muscles of humans versus mice, and they compared
patients with primary mitochondrial DNA diseases with healthy controls *’. However, our study
is the first to look at the 3D morphology of mouse mitochondria in aged skeletal muscle.

We studied skeletal muscle because it is important in movement and is affected by aging.
Mitochondria comprise ~6% of the cell volume in skeletal muscle *’ providing the high energy
levels needed by skeletal muscle *’. Skeletal muscle has type I slow-twitch muscle fibers or type
Il fast-twitch muscle fibers; type | fibers are more effective for endurance, while type 1l fibers
better support short bursts of muscle activity *"~*°. Our studies could not distinguish the two fiber
types, although we observed many variable muscle fibers within a cell and between all
differently aged cohorts.

Skeletal muscle may induce mitochondrial biogenesis by activating adenosine
monophosphate-activate protein kinase (AMPK) “, which may explain the loss of skeletal
muscle function in aging that results from increased apoptosis, decreased regeneration rate, and
reduced mobility *****°. Using 3D reconstructions, we found that all parameters of the
mitochondria changed during aging including volume, sphericity, area, and perimeter (Figure
1G-J), and the mitochondria became less interconnected, possibly as a result of decreased
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mitochondrial fusion. We also saw a decrease in the MBI and MCI during aging, which shows
that mitochondria lose sphericity as they age (Figure 2).

The change in morphology in aging mitochondria might be explained by the
mitochondrial free radical theory of aging (MFRTA), which hypothesizes that the ROS
byproducts of respiration result in hydroxyl radicals that damage every part of the body
According to this theory, aerobic respiration and ATP production by mitochondria are ultimately
responsible for aging 2°*°. The MFRTA also proposes that ROS alter other functions of
mitochondria, including ATP production, as they induce aging *°. Since oxidative stress may also
be linked to diabetes **, understanding the association between aging and mitochondria is
important.

We found nanotunnels, which are thin, double-membrane mitochondrial connections that
can transport proteins and nutrients, in all skeletal muscle samples. While healthy humans have
almost no nanotunnels *’, we found the most nanotunnels in the skeletal muscle of 1-year-old
mice, a moderate number in healthy 3-month-old mice (Figures 3E-H), and an even higher
number in some 2-year-old skeletal muscle. The 2-year-old skeletal muscle would be predicted
to be diseased and should, therefore, have the most nanotunnels, but we did not observe this %%,
The 2-year-old samples may have shown fewer nanotunnels if the high rate of fragmentation
(Figure 1) and lack of connectedness (Figure 2) prevented nanotunnel formation. In contrast, the
1-year-old samples were not as fragmented, and, despite the disease-like state, the remaining
networks resulted in increased nanotunnels. The nanotunnels in the 3-month-old mouse skeletal
muscle suggest significant differences in mouse versus human muscle *’. We also found another
key indicator of aging, increased fat mass, which is associated with a risk for insulin resistance
and diabetes *® in the 2-year-old mouse skeletal muscle. This increased fat mass that occurred in
all our aging samples is associated with an increased risk of obesity and may be correlated with
fragmented mitochondria.

In contrast, different results were observed when cardiac muscle mitochondria were
examined across aging. In cardiac muscle, the mitochondria underwent less fragmenting and less
network formation since they did not form nanotunnels (Figure 1D-F). We also found lesser
complexity in the cardiac mitochondria (Figure 21) and generally across aging, the mitochondria
underwent lesser changes than skeletal muscle (2G-H). It is possible that heart and skeletal
muscle respond to aging differently due to differences in nucleation. Skeletal muscles are
typically multi-nucleated. As such, even if mitochondria are fragmented, they can still function
through the sharing of materials. In contrast, heart cells are mono-nucleated. As a result, it may
be harder for heart to recover materials in the loss of mitochondrial efficiency. As such, more
resources may be dedicated to ensuring that mitochondria maintain their form, and thus their
function in cardiac muscle. This highlighted the importance of further exploring how changes in
skeletal muscle specifically affect their form and function through the knockout of the MICOS
complex, which we believe may be implicated in aging.

MICOS proteins play key regulatory roles in mitochondrial structure and function
We determined by TEM 3D reconstructions that the loss of Mitofilin, CHCHD3, and CHCHDG6
(Figures 3-5) resulted in fragmentation, disrupted cristae, and smaller mitochondria (Figures
4A-I, Figures 4P-Y; Figure 5), similar to the loss of OPA-1, which is known to cause changes in
oxidative phosphorylation (Figures 4Z-AE) **?®3!_Qverall, mitochondria lacking the MICOS
genes had characteristics similar to those of aged mouse skeletal muscle (Figures 1-2). Thus,
changes in mitochondrial morphology due to aging may be caused by a lack of MICOS gene
expression. This is supported by the RT-gPCR data that showed decreased CHCHD3, CHCHDS,

19,20
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Mitofilin, and Opa-1 transcription with aging (SFigure 3). Although there is a link between aging
and loss of Opa-1 %%, little is known about the role of the MICOS complex in aging. Changes in
mitochondrial architecture and loss of integrity may be caused by decreased MICOS proteins;
thus, it will be important to develop methods to restore MICOS proteins and Opa-1 lost during
aging to decrease the deleterious effects of mitochondrial free radicals. Although studies have
examined the role of knockouts on mitochondrial dynamics, few studies have examined how loss
of MICOS proteins may be restored to mitochondria 2°*.

Many studies have analyzed the mitochondrial metabolome using mouse skeletal muscles
475559 '\We found that loss of Mitofilin affected cristae morphology (Figures 5G—I), decreased
oxidative phosphorylation (Figure 4J), and may have increased lipid and steroid synthesis, which
may be important for mitochondrial endoplasmic reticulum contact (MERC) regulation and
cristae formation. We found an increase in tryptophan and methyl histidine metabolism (Figure
6D) and an increase in taurine metabolism and hypotaurine, a key sulfur-containing amino acid
for the metabolism of fats. Loss of Opa-1 also changes amino acid and lipid metabolism, similar
to the loss of Mitofilin ***. Steroidogenesis, which makes the membrane less rigid, was
increased. Since the loss of Mitofilin, CHCHDG6, or CHCHD3 caused a loss of oxidative capacity
(Figure 4), increased steroid synthesis may allow the cell to recover bioenergetic functions, as
steroid compounds decrease membrane viscosity, with the incorporation of estrogen “°. In the
absence of Mitofilin, the cristae junctions and contact sites fall apart ®°; thus, Mitofilin is critical
for maintaining cristae *-2. Cells lacking Mitofilin may make steroids to help the membrane to
reconfigure broken cristae. Since the loss of Opa-1 causes more MERCs 2, loss of Mitofilin may
increase phospholipids (Figure 6D) because of increased smooth MERCSs, which are associated
with lipid changes . This is supported by the fact that biosynthesis of phosphatidylethanolamine
and phosphatidylcholine and metabolism of arachidonic acid and sphingolipid increased with
loss of Mitofilin (Figure 6D). Since these phospholipids aggregate around MERCs and may
shuffle into the endoplasmic reticulum (ER), Mitofilin may be a critical gene for regulating
cristae morphology and with a key role in regulating mitochondrial metabolism, which is novel.

Loss of Mitofilin may lead to ER stress, which, via ATF4, activates amino acid
transporters ®* that activate mTORC1. This leads to inefficiency in energy use since glucose
homeostasis is affected by mTORCL. ER stress activates mTORC as a result of a decrease in
glucose **°, resulting in changes in autophagy, which may explain why deletion of MICOS in
Drosophila increases autophagy *. Loss of Opa-1 increases ER stress **, and loss of Mitofilin
may cause a similar increase in amino acid catabolism. If ER stress activates amino acid
transporters, branched-chain amino acids could increase ER stress, resulting in a positive
feedback loop that affects the health of the cell, cellular energy, metabolism, and antioxidants.
ER stress may also be responsible for the poor performance and fragmentation of mitochondria
(Figure 5). Loss of Mitofilin may result in the breakdown of protein pathways that regulate ER
stress. Other amino acid pathways, such as homocysteine (Figure 5D), are involved in
triglyceride uptake and increased intracellular cholesterol, suggesting that proteins like ATF4 *°
and the MICOS complex 8 are important for aging. In particular, the MICOS components may
prevent mitochondrial fragmentation by blocking ER stress pathways in aging. Further studies
are needed to better understand the role of MICOS in MERC formation and the relation between
smooth MERC and lipid synthesis.

Although Mitofilin is a key component of the MICOS complex, other components are
likely also important. Mic10 has a role beyond organizing cristae by also binding to ATP
synthase, independent of oligomerization, to support respiration and metabolic adaptation ®. The
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loss of CHCHD3 or CHCHDG leads to a decrease in and disassembly of all Mitofilin subcomplex
components in mammals, with abnormal cristae morphology and growth defects 3%,
Downregulation of CHCHD3 is linked to type 2 diabetes "“. In our metabolomics enrichment
dataset (Figure 7H), loss of CHCHD3 or CHCHDG6 in mouse myotubes resulted in a preference
for alternative fuel sources, such as lactate, lactose, and starches. Supplementation of healthy
myotubes with galactose leads to a 30% increase in oxidative capacity (i.e., OCR) due to an
increase in AMPK phosphorylation and cytochrome ¢ oxidase (COX) activity, thereby forcing
cells to become more oxidative to maintain ATP levels "%, In our samples, as oxidative
metabolism decreased, anaerobic metabolism and lactate levels increased, forcing cells to
produce ATP by anaerobic glycolysis. However, long and high-level exposure to D-galactose
g]oeglerate_s free raglicals, which a}lter MERCs, cause mitochondriql dy_sfunction, and induce aging

', This is the likely explanation for mitochondrial fragmentation in aged samples and loss of
the MICOS complex, which should be investigated further.

In conclusion, we present a quantitative evaluation of mitochondrial and cristae
morphology in mouse skeletal muscle using 3D reconstructions and TEM analysis. We found
oxidative differences upon loss of MICOS proteins. 3D reconstructions of nanotunnels in
mitochondria showed novel patterns with a moderate number of nanotunnels in young skeletal
mouse tissue and relatively low numbers in the most aged mouse skeletal muscles. This suggests
that in mouse skeletal muscles, nanotunnels may be more than a disease marker. Similar changes
in mitochondrial morphology were observed in aging muscles and for loss of MICOS proteins in
mouse skeletal muscle, and MICOS proteins decreased with age. This suggests a relationship
between the MICOS complex and aging, and further studies through 3D reconstruction could
elucidate the linkage between age-related muscle dysfunction, the MICOS complex, and disease
states in mitochondria.

EXPERIMENTAL PROCEDURES

Animal Care and Maintenance

All procedures for the care of mice were in accordance with humane and ethical protocols
approved by the University of lowa Animal Care and Use Committee (IACUC) following the
National Institute of Health Guide for the Care and Use of Laboratory Animals as described
previously 3. All experiments used WT male C57BI1/6J mice housed at 22°C on a 12-hour light,
12-hour dark cycle with free access to water and standard chow. Mice were anesthetized with 5%
isoflurane/95% oxygen.

RNA Extraction and RT-gPCR

Total RNA was extracted from tissue using TRIzol reagent (Invitrogen), purified with the
RNeasy kit (Qiagen Inc), and quantitated by the absorbance at 260 nm and 280 nm using a
NanoDrop 1000 (NanoDrop products, Wilmington, DE, USA) spectrophotometer. Total RNA
(~1 ng) was reverse-transcribed using a High-Capacity cDNA Reverse Transcription Kit
(Applied Biosciences, Carlsbad CA) followed by real-time quantitative PCR (qPCR) reactions
using SYBR Green (Life Technologies, Carlsbad, CA) “°. Triplicate samples for gPCR (~50 ng)
in a 384-well plate were placed into ABI Prism 7900HT instrument (Applied Biosystems)
programmed as follows: 1 cycle at 95°C for 10 min; 40 cycles of 95°C for 15 s; 59°C for 15 s,
72°C for 30 s, and 78°C for 10 s; 1 cycle of 95°C for 15 s; 1 cycle of 60°C for 15 s; and one
cycle of 95°C for 15 s. Data were normalized to glyceraldehyde-3-phosphate dehydrogenase
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(GAPDH), and results are shown as fold changes. gPCR primers were designed using Primer-
Blast or were previously published sequences ** as shown in Table 1.
Table 1: gPCR Primers Used

Gene Primers

Opa-1 Forward 5’-ACCAGGAGACTGTGTCAA-3’
Reverse 5-TCTTCAAATAAACGCAGAGGTG-3’

CHCHD3 Forward 5’-GAAAAGAATCCAGGCCCTTCCACGCGC-3’
Reverse 5'-CAGTGCCTAGCACTTGGCACAACCAGGAA-3’

CHCHD®6 Forward 5"-CTCAGCATGGACCTGGTAGGCACTGGGC-3’
Reverse 5’-GCCTCAATTCCCACATGGAGAAAGTGGC-3’

Mitofilin Forward 5’-CCTCCGGCAGTGTTCACCTAGTAACCCCTT-3’
Reverse 5’-TCGCCCGTCGACCTTCAGCACTGAAAACCTAT-3’

Isolation of Satellite Cells

Satellite cell differentiation was performed as previously described with slight modifications
2931 Gastrocnemius muscles were dissected from 8-10 week- old WT mice and washed twice
with 1x PBS supplemented with 1% penicillin-streptomycin and Fungizone (300 mL/100 mL).
DMEM-F12 medium with collagenase Il (2 mg/mL), 1% penicillin-streptomycin, and Fungizone
(300 mL/100 mL) was added to the muscle which was agitated for 90 min at 37°C. For the
second wash, collagenase Il was changed to 0.5 mg/mL, and the muscle was agitated for 30 min
at 37°C. The tissue was cut, passed through a 70 mm cell strainer, and after centrifugation
satellite cells were plated on BD Matrigel-coated dishes. To differentiate cells into myoblasts, a
mixture of DMEM-F12, 20% fetal bovine serum (FBS), 40 ng/mL basic fibroblast growth factor
(bFGF, R and D Systems, 233-FB/CF), 1x non-essential amino acids, 0.14 mM -
mercaptoethanol, and 1x penicillin/streptomycin, and Fungizone was used. Myoblasts were
maintained with 10 ng/mL bFGF and when cells reached 80% confluence, myoblasts were
differentiated in DMEM-F12, 2% FBS, 1x insulin—transferrin—selenium medium. Cells were
cultured at 37°C, 5% CO, Dulbecco’s modified Eagle’s medium (DMEM; GIBCO)
supplemented with 10% FBS (Atlanta Bio selected), and 1% penicillin-streptomycin (Gibco,
Waltham, MA, USA).

CRISPR-Cas9 Knockouts
After three days, myotubes were infected with adenovirus to produce the following knockouts—
control CRISPR/Cas9 (sc-418922), CHCHDG6 (Mic25) CRISPR (sc-425817), CHCHD3 (Mic19)
CRISPR (sc-425804), and mitofilin (Mic60) CRISPR (sc-429376) (Santa Cruz Biotechnology,
California, US), with the use of guide RNA (Table 2). We incubated 2.5% relevant CRISPR,
2.5% RNAIiMax (ThermoFisher Scientific; 13778075), and 95% Opti-MEM (Gibco; 31985070)
in a tube for 20 minutes. Cells were washed twice with PBS after removal of the medium and
800 ul of OPT-MEM and 200 pL of the CRISPR mixture were added to each well. Cells were
incubated for 4 hours at 37 C, 1.0 mL of DMEM medium was added, cells were incubated
overnight The myotubes were then washed with PBS and the medium was replaced.
Experiments were performed between 3 and 7 days after infection for a total of 6 days of
differentiation.

Table 2: Guide RNA and Plasmids Used

Gene Name Type of Plasmid CAS Number

Mitofilin CRISPR/Cas9 KO (m) sc-429376
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CHCHD6 CRISPR/Cas9 KO (m) sc-425817
CHCHD3 CRISPR/Cas9 KO (m) sc-425804
Control CRISPR/Cas9 KO (m) sc-418922

Serial Block-Face Scanning Electron Microscope (SBF-SEM) Processing of Mouse Muscle
Fibers

SBF-SEM was performed as described previously **""®. Male mice were anesthetized with 5%
isoflurane. Once the hair and skin were removed, the hindlimbs were incubated in 2%
glutaraldehyde with 100 mM phosphate buffer for 30 min. Gastrocnemius muscles were
dissected, cut into 1-mm? cubes, and incubated in 2.5% glutaraldehyde, 1% paraformaldehyde,
120 mM sodium cacodylate solution for 1 hour. Tissues were washed three times with 100 mM
cacodylate buffer at room temperature before immersion in 3% potassium ferrocyanide and 2%
osmium tetroxide for 1 hour at 4°C, then treated with 0.1% thiocarbohydrazide, 2% filtered
osmium tetroxide for 30 min, and left overnight in 1% uranyl acetate at 4°C. Between each step,
three de-ionized water washes were performed. The following day, samples were immersed in
0.6% lead aspartate solution for 30 min at 60°C and dehydrated in graded concentrations of
acetone. Dehydration was for five min each in 20%, 50%, 70%, 90%, 95%, and 100% acetone..
Tissues were impregnated in Epoxy Taab 812 hard resin, then embedded in fresh resin, and
polymerized at 60°C for 36—48 hours. Once polymerization was complete, blocks were sectioned
for TEM to identify areas of interest, trimmed to 0.5 mm x 0.5 mm, and glued to aluminum pins.
Afterward, pins were placed in an FEI/Thermo Scientific Volumescope 2 SEM, a state-of-the-art
SBF imaging system. We obtained 300—400 ultrathin (0.09 um) serial sections from the blocks
that were processed for conventional TEM. All sections were collected onto formvar-coated slot
grids (Pella, Redding CA), stained, and imaged as previously described **'"®,

Quantification of TEM Micrographs and Parameters Using ImageJ

Quantification of TEM images was performed as described previously using the National
Institutes of Health (NIH) ImageJ software *%°. Cells were divided into four quadrants and two
quadrants were selected randomly for complete analysis. From each individual, a minimum of 10
cells were measured with three analyses to obtain accurate and reproducible values. If variability
occurred, the number of cells was expanded to 30 cells per individual to reduce the variability.

Segmentation and Quantification of 3D SBF-SEM Images Using Amira

For 3D reconstruction, SBF-SEM images were manually segmented in Amira as described
previously **7’. All serial sections (300-400 slices) were loaded onto Amira and structural
features were traced manually on sequential slices of micrograph blocks. Structures in mice were
collected from 30-50 serial sections that were then stacked, aligned, and visualized using Amira
to make videos and quantify volumetric structures. An average of 500 total mitochondria across
four regions of interest from 3 mice were collected for quantification. For 3D reconstruction of
myotubes, approximately 20 mitochondria from a minimum of 10 cells were collected.
Quantification of SBF-SEM images was performed as described previously "’ using the Amira
software (Thermo Scientific). Many parameters were automatically measured by Amira. For
useful metrics that are not automated, algorithms for those measurements were entered manually.

Data Analysis


https://doi.org/10.1101/2022.03.22.485341
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.03.22.485341; this version posted March 23, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

All SBF-SEM and TEM data were presented as the mean of at least three independent
experiments with similar outcomes. Results were presented as mean + standard error with
individual data points shown. Data with only two groups were analyzed using an unpaired, t-test.
For nanotunnel quantification, a Mann-Whitney test (unpaired, nonparametric) t-test was
performed between two groups. If more than two groups were compared, one-way ANOVA was
performed, and significance was assessed using Fisher’s protected least significant difference
(LSD) test. GraphPad Prism software package was used for t-tests and ANOVA analyses (La
Jolla, CA, USA). For all statistical analyses, p < 0.05 indicated a significant difference. Higher
degrees of statistical significance (**, ***, ****) were defined as p < 0.01, p<0.001, and p <
0.0001, respectively.

Gas Chromatography-Mass Spectrometry (GC-MS)

Samples were extracted for metabolites in —80°C 2:2:1 methanol/acetonitrile/water that
contained a mixture of nine internal standards (d,-citric acid, “*Cs-glutamine, *Cs-glutamic
acid, *Cg-lysine, **Cs-methionine, *Cs-serine, ds-succinic acid, **Cy;-tryptophan, ds-valine;
Cambridge Isotope Laboratories) at a concentration of 1 ug/mL each, at a ratio of 18:1
(extraction solvent:sample volume). Cells were lyophilized overnight before extraction and
homogenized with a ceramic bead mill homogenizer after the addition of extraction buffer.
Samples were incubated for one hour at —20°C and centrifuged at maximum speed for 10 min.
All supernatants were transferred to fresh tubes and pooled quality control (QC) samples were
prepared by adding an equal volume of each sample to a fresh 1.5 mL microcentrifuge tube. A
speed vac was used to evaporate the pooled QCs, samples, and processing blanks, which were
made by adding extraction solvent to microcentrifuge tubes. Derivatives of the dried products
were obtained using methoxamine hydrochloride (MOX) and N,O-
bis(trimethylsilyl)trifluoroacetamide (TMS). Products were rehydrated in 30 uL of 11.4 mg/mL
Molybdenum Carbide (MOC) in anhydrous pyridine (VWR), vortexed for 10 minutes, and
incubated at 60°C for 1 hour. Then 20 puL of TMS was added, vortexing was repeated for one
min, and samples were heated for an hour at 60°C. Samples of 1 uL were analyzed by GC-MS
using a Thermo Trace 1300 GC with a TraceGold TG-5SilMS column for GC chromatographic
separation. The GC temperature was set at 250°C for the inlet, with the oven temperature at a
gradient with 3 min at 80 °C, increasing by 20°C a minute to a final 280°C for the last 8 minutes.
The settings for the GC machine were 20:1 split ratio, split flow; 24 uL/min, purge flow; 5
mL/min, carrier mode; constant flow, carrier flow rate: 1.2 mL/min. Between each injection
sample, the column was washed three times with pyridine. Metabolites were detected using the
Thermo 1SQ single quadrupole mass spectrometer, with data acquired from 3.90 to 21.00 min in
the El mode (70 eV) by single-ion monitoring. The profiling of the metabolites was performed
using TraceFinder 4.1 with standard verified peaks and retention times. TraceFinder was used to
compare metabolite peaks in each sample against an in-house library of standards. For these
standards, retention times and fragment ions for each were analyzed, with fragment ions for both
the target peak and two confirming ions. For the samples, we identified metabolites that matched
both retention times and the three fragment ions. TraceFinder was also used for GC-MS peak
integration to obtain peak areas for each metabolite. After this analysis, we used previously
described protocols ™ to correct for drift over time by using QC samples run at both the
beginning and end of the sequence. The data was then normalized to an internal standard to
control for extraction, derivatization, and/or loading effects.
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Liquid Chromatography-Mass Spectrometry (LC-MS)

Myotubes were dried, rehydrated in 40 puL acetonitrile:water (1:1), and vortexed. For LC-MS, 2
uL of the sample was used with a Thermo Q Exactive hybrid quadrupole Orbitrap mass
spectrometer with a Vanquish Flex UHPLC system and a Millipore SeQuant ZIC-pHILIC
column (length area = 2.1 x 150 mm, 5 um particle size) with a ZIC-pHILIC guard column
(length area = 20 x 2.1 mm). The mobile phase comprised solvent A (20 mM ammonium
carbonate [(NH4)2CO3] and 0.1% ammonium hydroxide [NH,OH]) and solvent B (acetonitrile).
The mobile phase gradient started at 80% solvent B, decreased to 20% solvent B over 20 min,
returned to 80% solvent B in 0.5 min, and was held at 80% for 7 min ®. From there, the mass
spectrometer was operated in the full-scan, polarity-switching mode for 1 to 20 min, spray
voltage set to 3.0 kV, capillary heated at 275°C, and HESI probe heated at 350°C. The sheath gas
flow, auxiliary gas flow, and sweep gas flow were 40 units, 15 units, and 1 unit, respectively. We
examined an m/z range of 70-1000, the resolution was set at 70,000, the AGC target at 1 x 10°,
and the maximum injection time was set to 200 ms ”°.

TraceFinder 4.1 software was used for analysis and metabolites were identified based on an in-
house library. Drift was corrected for as described above °. Data were normalized and further
visualization and analysis were performed on MetaboAnalyst 5.0 &,

Analyzing Metabolomic Data

Metabolomic analysis was performed as described previously % on a web service called
MetaboAnalyst 5.0 (https://www.metaboanalyst.ca/MetaboAnalyst/ModuleView.xhtml, last
accessed on 8 February 2022) that combines machine learning methods and statistics to group
data using PCA, heat mapping, metabolite set enrichment analysis, and statistical analysis. One-
way ANOVA and Fisher’s LSD multiple comparison test were also used. PCA uses score plots
to provide an overview of variance for the principal components. Heatmaps separate hierarchical
clusters leading to progressively larger clusters. Clusters are based on similarity using Euclidean
distance and Ward’s linkage to minimize the clustering needed. Metabolite Set Enrichment
Analysis (MSEA), which determines whether a set of functionally related metabolites is altered,
can be used to identify consistent changes across many metabolites with similar roles.
Overrepresentation analysis determines whether a group of compounds is overrepresented in
comparison to pure chance and whether a group of metabolites have similar changes. In this
analysis, the fold enrichment was calculated by dividing the observed hits by the expected
metabolites. Expected number of hits are calculated by MetaboAnalyst 5.0. GraphPad Prism
software (La Jolla, CA, USA) was used for statistical analysis with data expressed as mean +
standard deviation, and one-tailed p-values < 0.01 were considered significant.

Measurement of OCR Using Seahorse

To measure cellular respiration, the XF24 extracellular flux (XF) bioanalyzer (Agilent
Technologies/Seahorse Bioscience, North Billerica, MA, USA) was used. Cells were plated at a
density of 2 x 10* per well and differentiated. After 3 days of differentiation, Opa-1, CHCHD3,
CHCHDS, or Mitofilin genes were knocked down as described above. Three days after knockout,
the medium was changed to XF-DMEM, and cells were kept in a non-CO; incubator for 60 min.
The basal OCR was measured in XF-DMEM. Oxygen consumption was also measured after the
addition of oligomycin (1 ug/mL), carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone
(FCCP; 1 uM), rotenone (1 uM), or antimycin A (10 uM) 2. Cells were then switched to
glucose-free XF-DMEM and kept in a non-CO, incubator for 60 min for the glycolysis stress
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test. Seahorse experimental data are for triplicate Seahorse plates. Three independent
experiments were performed with four to six replicates for each time and for each condition and
representative data from the replicates are shown.

NOVELTY AND SIGNIFICANCE

It is known that aging causes fragmentation and alters mitochondria dysfunction. However, we
have further expanded upon these results in sever ways. We have examined the specific
structural changes across aging in mitochondria. We are also the first to examined changes in
nanotunnel structure, specifically using 3D reconstruction, across aging. We have found an
MICOS complex implication for protection of mitochondria morphology protection against
aging. We are novel for using SBF-SEM volume scope and 3D reconstruction to describe fine
details in mitochondria morphology across both aging and loss of MICOS complex. We are
furthermore the first to examine nanotunnels in skeletal muscle and cardiac muscle and use 3D
reconstruction. Importantly, we are the first to examine mitochondrial changes across aging in
mouse skeletal muscle and cardiac muscle, which we furthermore were able to compare.
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Figure 1: Decreased mitochondrial size and volume in skeletal muscle and cardiac muscle of
aged mice in SBF-SEM 3D reconstructions.
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(A-C) Representative SBF-SEM orthoslice for skeletal muscle. (A’-C’) 3D reconstructions of
mitochondria (various colors) in skeletal muscle mouse tissues of different ages overlaid

on ortho slices. (A”’-C’’) 3D reconstructed and isolated mitochondria for clear visualization.
(A’-C’’) Pseudo-colored individual mitochondria in skeletal muscle to differentiate micro-level
changes. (A, A’, A’’") The 2D ortho slice, the overlay of the 2D ortho slice, and the 3D
reconstruction with individually colored mitochondria in tissue from 3-month-old mice. (B, B’,
B’’) The 2D ortho slice, the overlay of the 2D ortho slice, and the 3D reconstruction with
individually colored mitochondria in tissue from 1-year-old mice. (C, C’, C'’) The 2D ortho
slice, the overlay of the 2D ortho slice, and the 3D reconstruction with individually colored
mitochondria in tissue from 2-year-old mice. (D-F) Representative SBF-SEM orthoslice for
cardiac muscle. (D’-F’) 3D reconstructions of mitochondria in mouse tissues of different ages
overlaid on ortho slices. (D’’-F’’) 3D reconstructed and isolated mitochondria for clear
visualization. (G-J) Quantification of 3D reconstructions. (G, H) Mitochondrial area and
perimeter in cardiac and skeletal tissues of different ages. (I) Sphericity of mitochondria in
cardiac and skeletal muscle of different ages. (J) Mitochondrial volume in cardiac and skeletal
muscle of different ages. Significance values **** indicates p < 0.0001, respectively.

Figure 2: SBF-SEM 3D reconstruction in skeletal muscle and cardiac of aged mice

(A-C) 3D reconstruction of individually colored mitochondria from a transverse view for mouse
skeletal tissues of different ages. (A’-C") 3D reconstruction of individually colored mitochondria
from a longitudinal view in skeletal muscle tissues of different ages. (D-F) 3D reconstruction of
individually colored mitochondria from a transverse view for mouse cardiac muscle of different
ages. (D’-F’) 3D reconstruction of individually colored mitochondria from a longitudinal view in
cardiac muscle tissues of different ages. (G) Representative examples of 3D reconstruction of
mitochondria in skeletal muscle of different ages organized by volume. (H) Representative
examples of 3D reconstruction of mitochondria in cardiac muscle of different ages organized by
volume. (1) MCI for mitochondria in tissues of different ages. Significance values ****

indicates p < 0.0001, respectively.

Figure 3. Mitochondrial nanotunnels in skeletal mouse tissue.

(A-C) TEM tracing showing identified nanotunnels across aged cohorts in skeletal mouse tissue.
(D) Representative examples of 3D reconstruction of nanotunnels in tissues of different ages
organized by volume. (E-H) Quantification comparing frequency, average nanotunnel amount,
nanotunnel length, and diameter of nanotunnels, respectively, across aged cohorts. (1) Histogram
showing frequency of various nanotunnel lengths for each age group. (J) Histogram showing
frequency of various nanotunnel diameters for each age group. **, **** indicate p < 0.01,

and p < 0.0001, respectively.

Figure 4. Knockout of MICOS complex proteins or Opa-1 in myotubes results in changes in
mitochondria, cristae, and oxygen consumption rates.

(A-C) Representative images of mitochondria and cristae from myotubes of OPA-1 and Mitofilin
knockout mice compared to WT. (P-S) Representative images of mitochondria and cristae from
myotubes of Opa-1, CHCHDS3, and CHCHDG6 knockout mice compared to WT. (D, T)
Mitochondrial area in myotubes of Opa-1, CHCHD3, CHCHDG6, and Mitofilin knockout mice
compared to WT. (E, U) Circularity index, measuring the roundness and symmetry of
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mitochondria, in myotubes of Opa-1, CHCHD3, CHCHDG, and Mitofilin knockout mice
compared to WT. (F, V) The number of mitochondria in myotubes of Opa-1, CHCHDS,
CHCHDS6, and Mitofilin knockout mice compared to WT. (W, G) Quantification of individual
cristae in myotubes of Opa-1, CHCHD3, CHCHDS6, and Mitofilin knockout mice compared to
WT. (H, X) Cristae scores measuring the uniformity and idealness of cristae in myotubes of
Opa-1, CHCHD3, CHCHDS6, and Mitofilin knockout mice compared to WT. (I, Y) Surface area
of the average cristae in myotubes of Opa-1, CHCHD3, CHCHDG6, and Mitofilin knockout mice
compared to WT. (J, Z) OCR in myotubes of Opa-1, CHCHD3, CHCHDG6, and Mitofilin
knockout mice compared to WT. (K, AA) Basal OCR, the net respiration rate once non-
mitochondrial respiration has been removed, in myotubes of Opa-1, CHCHD3, CHCHDS6, and
Mitofilin knockout mice compared to WT. (L, AB) ATP-linked respiration, shown from
intervals 4-7 in the OCR graphs, was determined by the addition of oligomycin (an inhibitor of
respiration), thus representing the respiration dependent on ATP, in myotubes of Opa-1,
CHCHD3, CHCHDG6, and Mitofilin knockout mice compared to WT. (M, AC) Maximum OCR,
represented by the peak from intervals 7-11 once non-mitochondrial respiration was deducted, in
myotubes of Opa-1, CHCHD3, CHCHDG, and Mitofilin knockout mice compared to WT. (N,
AD) The reserve capacity, which is represented by the difference between basal OCR and
maximum OCR, in myotubes of Opa-1, CHCHD3, CHCHDG, and Mitofilin knockout mice
compared to WT. (O, AE) Proton leak, representing non-phosphorylating electron transfer, in
myotubes of Opa-1, CHCHD3, CHCHD®6, and Mitofilin knockout mice compared to WT.
Significance values *, **, *** **** indicate p <0.05, p<0.01, p<0.001, and p <0.0001,
respectively.

Figure5. Loss of OPA-1 or MICOS complex proteins in myotubes decreases mitochondrial size
and length.

(A-C) Representative images showing 3D reconstructions of mitochondria in myotubes of Opa-1
and Mitofilin knockout mice compared to WT. (D) Mitochondrial 3D length in myotubes of
Opa-1 and Mitofilin knockout mice compared to WT. (E) Volume of mitochondria in myotubes
of Opa-1 and Mitofilin knockout mice compared to WT. (F-I) Representative images showing
3D reconstruction of mitochondria in myotubes of Opa-1, CHCHDS3, and CHCHDG6 knockout
mice compared to WT. (J) Mitochondrial 3D length in myotubes of Opa-1, CHCHD3, and
CHCHDG6 knockout mice compared to WT. (K) Mitochondrial volume in myotubes of Opa-1,
CHCHD3, and CHCHD®6 knockout mice compared to WT. Significance value **** indicates

p <0.0001.

Figure 6. Metabolomics of myotubes lacking components of the MICOS complex. (A)
Metabolite PCA for myotubes of Mitofilin knockout mice compared to control. (B) T-test
comparing control to Mitofilin knockout mice. (C) Heatmap showing the relative abundance of
ions for control and Mitofilin knockout mice. (D) Enrichment analysis of metabolites, which
links together several similarly functioning metabolites, with the relative abundance for Mitofilin
knockout mice. (E) PCA for CHCHDG6 and CHCHD3 knockout mice compared to control. (F)
ANOVA test comparing control to CHCHD3 and CHCHDG6 knockout mice. (G) Heatmap
showing the relative abundance of ions for control, CHCHD3, and CHCHDG6 knockout mice. (H)
Enrichment analysis metabolite, which links together several similarly functioning metabolites,
with the relative abundance for CHCHD3 and CHCHDG6 knockout mice.
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Supplementary Figure 1. Decreased mitochondrial size and volume in skeletal muscle and
cardiac muscle of aged mice in SBF-SEM 3D reconstructions. (A-C) In skeletal muscle and (D-
F), a decrease in perimeter, 3D area, and volume 3D are observed. Significance values *, **,
FHk *H%* indicate p < 0.05, p<0.01, p<0.001, and p < 0.0001, respectively.

Supplementary Figure 2. Sphericity changes across aging in (A) skeletal muscle and (B)
cardiac muscle. Significance value **** indicates p < 0.0001.

Supplementary Figure 3. Transcription of Opa-1 and MICOS genes in aging mouse muscle.
(A-D) Fold changes in the amount of OPA-1 and MICOS gene transcripts in mitochondria of
myocytes of 3-month-old, 1-year-old, and 2-year-old mice as measured by RT-gPCR. (A) Opa-1
transcripts. (B) Mitofilin transcripts. (C) CHCHD3 transcripts. (D) CHCHDG transcripts.
Significance values *, **, *** **** indicate p <0.05, p<0.01, p<0.001, and p < 0.0001,
respectively.
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