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1. ABSTRACT

Classic textbook depictions of mitochondria
portray these organelles to be static bean-shaped
structures. However the mitochondrial population is
quite heterogeneous, and can form small individual
organelles or extended reticula throughout muscle.
This morphological plasticity is controlled by fission
and opposing fusion events. Skeletal muscle
mitochondrial morphology has been demonstrated
to be altered under various disease conditions,
including diabetes, denervation, as well as during
development, aging, and exercise. This implies
that mitochondrial fission and fusion machinery
components are involved in regulating the
architecture of the organelle during various states
of muscle use and disuse. Furthermore, disruptions
in either of these opposing processes have been
demonstrated to result in diseases, suggesting that
proper maintenance of mitochondrial morphology is
critical for proper cell function.

157

2. INTRODUCTION

In 1890 Altmann first characterized
mitochondria based on their morphological
resemblance to bacteria, and termed them

“bioblasts” (4). However, it was Carl Benda that
described the structures and coined the name
mitochondria  (mito-tread,  chondrion-granule).
The morphology of these organelles began to
be detailed in 1915 by Lewis and Lewis (63).
They noted that “in living cells these bodies are
never quiet, but continually changing in shape,
size, and position.” Bakeeva et al first described
the existence of a mitochondrial reticulum in rat
diaphragm muscle (9). Subsequently, Kirkwood et al
demonstrated that mitochondria exist as a reticulum
in skeletal muscle and adapt to endurance exercise
through enhanced proliferation of the reticulum,
concomitantly with an increase in oxidative capacity
of the muscle (56; 57). Ogata and Yamasaki noted
differences in the three-dimensional mitochondrial
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structures in muscle fibres possessing different
oxidative capacities (74).

3. THE IMPORTANCE OF MITOCHONDRIAL
FISSION AND FUSION

3.1. Existence of mitochondrial reticulum

The distribution, volume, and shape of
mitochondria within muscle fibres are a reflection of
the balance between the activities of mitochondria
morphology proteins, possibly regulated by the
requirement for metabolite transport, energy
demand, and oxygen diffusion. The beneficial
aspects of a continuous membrane network
would be apparent in instances where the energy
requirement and substrates are not homogeneously
distributed within a fiber. A reticular mitochondrial
structure could rapidly compensate for any deficits,
serving to maintain an electrical potential along the
membranes for extended distances, and reducing
diffusion times for lipid soluble metabolites and
oxygen (9). Fusion also enables complementation
to occur as a cellular defense mechanism (77).
Healthy, non-mutated mitochondrial genomes are
able to complement potential defects that mutated
mtDNA may confer through inter-mitochondrial
mixing. In addition to the advantages of an extended
reticulum, there is the potential disadvantage that
regional dysfunction might transfer to the entire
organelle network. As such, it is important that
mitochondria continuously undergo cycles of
fission and fusion. Fission events can mitigate
mitochondrial damage by segregating dysfunctional
regions, thus minimizing potentially widespread
detrimental effects. Furthermore, the complete loss
of mitochondrial fusion results in a pathogenic profile
in skeletal muscle, whereby mtDNA mutations are
severely elevated (19). Romanello et al (88) also
found that increases in mitochondrial fragmentation
contribute to muscle loss, and that the inhibition of
organelle fission could protect from muscle atrophy.
Disruptions in organelle dynamics have also been
tied to obesity and type 2 diabetes (64). As detailed
later, these studies suggest that mitochondrial
morphology is linked in the pathophysiology of
various diseases.

Skeletal muscle possesses two reasonably
distinct populations of mitochondria based on
their composition and biochemical properties.
Subsarcolemmal (SS) mitochondria are located just
below the sarcolemma, while intermyofibrillar (IMF)
mitochondria are found between the myofibrils.
Adopting  subcellular  fractionation techniques
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originally developed for heart muscle (78),
Krieger et al (59) were the first to separate the
two mitochondrial subfractions from skeletal
muscle. Mitochondria in both regions exhibit subtle
differences in their biochemical properties, allowing
for differences in respiration, lipid composition,
enzyme activities, and protein synthesis rates. The SS
mitochondria are situated nearest the capillary, and
are thought to contribute to the energy requirements
for O, transport to the muscle cells. Conversely, IMF
mitochondria are thought to provide energy for the
contractile apparatus of muscles. Picard et al (82)
provided a detailed characterization of the SS and
IMF mitochondrial morphologies, and noted that
several morphological parameters were divergent
between the two subpopulations, such as circularity,
form factor and perimeter. SS mitochondria were
consistently observed to be more circular, whereas
the IMF subpopulation adopted more of an elongated
shape. Unpublished results from our laboratory have
shown that the expression of the fusion proteins is
greater in the IMF, compared to the SS subfraction
within rat skeletal muscle. Furthermore, we have
also found similar rates of fission and fusion events
in C2C12 myoblasts (unpublished observations).
These results support the concept that mitochondrial
morphologies are not randomly distributed, and are
likely preserved and regulated.

3.2. Machinery involved in mitochondrial
reticulum formation

Changes in mitochondrial dynamics are
regulated by opposing fusion and fission processes.
Fusion of smaller organelles promotes the intermixing
of mitochondrial material and an expansion of the
mitochondrial reticulum, an observation made by
Kirkwood et al some years ago (57) as a result of
endurance training. Fission, on the other hand,
divides mitochondria into smaller pieces. Essential
mammalian skeletal muscle fusion proteins involved
in these processes include mitofusin 2 (Mfn2),
which behaves as an anchor, bringing adjacent
mitochondria into close enough proximity to
fuse their outer membranes, as well as the inner
mitochondrial membrane protein optical atrophy 1
(Opa1). Mitochondrial membrane fission is mediated
by dynamin related peptide 1 (Drp1), in combination
with fission protein 1 (Fis1). Fis1 is involved in outer
membrane fission, whereas Drp1 must be recruited
from the cytosol to the outer surface of the organelle,
whereupon it wraps around the constriction points
of dividing mitochondria to promote the division of
organelles (Figure 1).
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Figure 1. The maintenance of mitochondrial shape is dependent
on reaching an equilibrium between the processes of fission
and fusion. Fusion involves the mixing of mitochondrial material,
whereas fission divides the organelle into smaller components.
Mitochondrial fusion is governed by the proteins Opal and
Mitofusin 1 and 2 (Mfn1/2). Opa1 coordinates the fusion of the inner
mitochondrial member (IMM), whereas Mfn1 and 2 tether adjacent
organelles and bring them in close proximity to one another to allow
for the fusion of the outer mitochondrial membranes (OMM). Fission
events are mediated by Fis1 and Drp1. Fis1 resides on the OMM
and Drp1 is found in the cytosol in a phosphorylated state. During
mitochondrial division, Drp1 is dephosphorylated and recruited to
the organelle. Drp1 forms a ring-like structure to constrict and divide
the mitochondrion.

3.2.1. Mfn1/2

The double membrane nature of
mitochondria makes it essential to consider both
components  when  discussing  mitochondrial
morphology. Inner and outer membrane fusion events
within mitochondria are separable, and involve
different morphology machinery proteins. Outer
member fusion is regulated by the mitofusin isoforms,
Mfn1 and Mfn2 (87). The mitofusins contain a GTP-
binding domain, a transmembrane domain, and two
coiled-coil regions, upstream and downstream of the
transmembrane domain that allow for anchorage
of the protein in the outer membrane (90). The
mitofusins have N- and C-terminal domains exposed
towards the cytosol. This topology implies that the
hydrophobic domains span the outer membrane
twice (87). Mitofusins tether adjacent mitochondria
through a dimeric anti-parallel coiled-coiled
structure, either through homotypic (Mfn2-Mfn2) or
heterotypic (Mfn1-Mfn2) means (58), thus allowing
for adjacent organelles to be brought into close
proximity to one another for a fusion event to occur.
Although structurally similar, the functional roles of
the mitofusins are divergent. Mfn2 is presumed to
have more of a regulatory role, while Mfn1 is mainly
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responsible for tethering adjacent mitochondria (50).
Moreover, Mfn1 can only promote mitochondrial
fusion in the presence of Opa1, whereas Mfn2 can
act independently (21). The expression patterns of
the mitofusins are tissue-specific, whereby Mfn2 is
highly expressed in skeletal muscle as compared to
Mfn1 (89).

3.2.2. Opa1t

Inner mitochondrial membrane fusion is
mediated by the dynamin-related protein, Opa1.
Opa1 is weakly anchored to the inner mitochondrial
membrane, with the N-terminus exposed to the
matrix and the bulk of the C-terminal domain exposed
to the intermembrane space (28; 76). Mammalian
Opal exists as eight isoforms as a result of
alternative splicing and proteolytic processing (25),
which may indicate functional diversity of the protein,
however the differences in function and processing
mechanisms have yet to be fully identified.
Separately, the Opa1 isoforms have little activity, but
when co-expressed the long and short and isoforms
functionally complement each other (28). The yeast
homologue, mitochondrial genome maintenance
protein 1 ( Mgm1), exists in two lengths, the large
Mgm1 (I-Mgm1) and the small isoform (s-Mgm1).
Both forms are required for the proper maintenance
of mitochondrial DNA and morphology (42). Thus, it
seems reasonable to postulate that manipulating the
ratios of the Opa1 isoforms may affect mitochondrial
morphology in mammals.

Over-expression of Opal promotes
an elongated mitochondrial reticulum, whereas
knockdown of the protein results in fragmented
organelles (21). Blockage of the protein in mammalian
cells eliminates all mitochondrial fusion, and results
in poor cell growth and decreased respiration (17).
In addition to the role of Opa1 in inner mitochondrial
membrane fusion, Opal is also essential for
mitochondrial cristae organization and function. In
cells devoid of this protein, their mitochondria exhibit
disorganized cristae structures (75).

3.2.3. Drp1

Similar to mitochondrial fusion, fission is
also regulated by specific morphology proteins.
Mitochondrial fission was first observed as a
process orchestrated by dynamin related protein 1
(Drp1) (12; 96). Drp1 belongs to a family of large
GTPase of the dynamin family, a group of highly
conserved proteins known for their ability to self-
assemble and oligomerize. Drp1 polymerizes into
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a ring-like structure around mitochondria. Cross-
bridging of the GTPase domains of adjacent Drp1
proteins results in GTP hydrolysis, constriction,
and ultimately the severing of mitochondria (98).
Drp1 can be modified post-translationally through
phosphorylation, sumoylation and/or ubiquitylation.
The phosphorylation status of Drp1 is an important
determinant of its localization and effect on
mitochondrial structure. Phosphorylation of Drp1 at
Ser®7 results in inhibition of its GTPase activity and
an inability of Drp1 to translocate from the cytosol
to the sites of mitochondrial division, resulting in an
attenuation of mitochondrial fission (16; 22). Because
Drp1 lacks a mitochondrial targeting sequence, it is
thought that other proteins may be responsible for
mediating the recruitment of Drp1 to mitochondria.
Whether or not the other well characterized fission
protein Fis1 is involved, is still controversial.

Cyclic AMP-dependent protein kinase
(PKA)-dependent phosphorylation of Drp1 at
Ser®’ results in inhibition of its GTPase activity
and mitochondrial division (16; 22). Additionally,
in response to ATP depletion, de-phosphorylation
of Drp1 at Ser®¥ s upregulated, but becomes
re-phosphorylated when cells are returned to
a high ATP environment, indicating that Drp1
phosphorylation is ATP-dependent (20). ATP
depletion results in Drp1 activation and contributes
to mitochondrial fragmentation (20). Moreover, it
has been shown that calcineurin regulates Drp1
dephosphorylation, allowing for its translocation to
mitochondria (14; 22). Knockdown of calcineurin
results in an accumulation of P-Drp1 in the
cytosol, coinciding with reduced Drp1 localization
to mitochondria and attenuated mitochondrial
fragmentation (105).

Drp1 is expressed at the highest levels
in the brain, followed by skeletal and cardiac
muscles (96). Depletion of Drp1 in HelLa cells leads
to the loss of mtDNA, a decrease in mitochondrial
respiration, coupled to an increase in the levels of
cellular reactive oxygen species (79). Moreover,
inhibition of Drp1 prevents DNA fragmentation,
indicative of reduced apoptotic cell death (31).
Therefore, these results support the importance of
Drp1 and mitochondrial fission.

3.2.4. Fis1

The other well characterize fission protein is
mitochondrial fission protein 1 (Fis1). The C-terminal
domain of Fis1 contains a single transmembrane
domain that anchors the protein in the mitochondrial

160

outer membrane, leaving the bulk of the protein
exposed to the cytosol. This N-terminal cytosolic
domain contains six o-helices and is responsible
for the fission activity of Fis1 (27; 94; 100). The
transmembrane segment of Fis1 directs the import
of the protein post-translationally from the cytosol
into the outer membrane of mitochondria (54).
Over-expression of Fis1 results in fragmented
mitochondria, whereas the knockdown of the
protein leads to an increase in organelle networks
and interconnected mitochondria (97). Interestingly,
inhibition of Fis1 significantly reduces cell death,
to a greater extent than the down-regulation of
Drp1 (62). Drp1 and Fis1 are both involved in
mitochondrial fission, although their involvement in
non-morphology roles in the cell may be through
divergent pathways.

Taken together these findings propose that
multiple members of the mitochondria fusion-fission
machinery are involved in controlling mitochondrial
morphology, and that there is a complex interplay
between the regulators. It is likely that the
predominant morphology of mitochondria within the
cell is determined by the ratio of fission-to-fusion
proteins, as well as intracellular signaling events
which determine their location and activity. The
identification of signaling pathways, as well as other
components of the fission and fusion machinery, will
help us further understand the complexities which
define organelle morphology and function within
cells.

3.3. Models of mitochondrial reticulum
alterations in skeletal muscle

Mitochondria are vital contributors not
only to cellular life, but also to the death process.
Disruptions in mitochondrial dynamics can lead
to developmental defects and diseases (108),
suggesting that proper maintenance of mitochondrial
morphology is critical for normal cell function.
As outlined below, skeletal muscle mitochondrial
morphology has been demonstrated to be altered
under various disease conditions, such as diabetes
(6; 53), and denervation (68), as well as during
development (8), aging (47), and exercise (57; 81).

3.3.1. Alterations in mitochondria
morphology with development and age
Immediately following birth, a progressive
increase in the formation of interconnected
mitochondrial networks occurs (8). During this phase
of muscle development, mitochondria begin to take
on the appearance of mature reticula. They begin to
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form mitochondrial junctions with branched tubular
networks (8). It is speculated that mitochondrial
fusion during this process is important for life, since
mice deficient in Mfn2 experience severe placental
disruptions and homozygous Mfn2 deficiencies are
embryonic lethal (18).

Mitochondrial dynamics are not only
important during early development, but also
during the aging process. Age affects the size of
mitochondria in skeletal muscle, with mitochondrial
area being larger in infancy, and gradually becoming
smaller with age in humans (52). Poggi et al (84)
found similar results in their human study, with
mitochondrial size and volume per fibre area
decreasing with age. Our laboratory has also found
that the IMF mitochondria are more fragmented with
age, and that the layer of SS mitochondria is markedly
reduced in senescent Fisher 344 Brown Norway rats
as compared to their younger counterparts (47). This
alteration in mitochondrial morphology was likely
due to the altered ratio of fission to fusion proteins
in the muscle of older animals. We observed an
upregulation in the expression of Fis1 and Drp1,
and a reduction in Mfn2, resulting in fragmented
mitochondria in the aged animals (49).

Aging is a multidimensional process that
involves a decline in the ability of the muscle to
adapt to stress, damage and disease. A decline in
muscle mass and strength are prominent features
of aged skeletal muscle, a condition known as
sarcopenia. Skeletal muscle mass is determined by
the rate of muscle protein synthesis and breakdown.
Areduction in muscle mass may occur if degradation
rates exceed synthesis, or conversely if a decrease
in muscle protein synthesis occurs.

Several mechanisms have been proposed
that cause sarcopenia, including increased reactive
oxygen species (ROS) and oxidative stress (15; 104),
an accumulation of mitochondrial abnormalities
such as mtDNA mutations (65; 104), as well as
an increased susceptibility to apoptosis (15; 26).
The free radical theory of aging postulates that the
accumulation of ROS is a key determinant of an
organism’s life span (40). Although the mechanisms
by which ROS contributes to aging and reduced
lifespan are still unclear, there is evidence that
increased oxidative stress damages DNA, proteins,
and lipids (11). Oxidative stress can damage mtDNA
and impair mitochondrial function, resulting in an
accumulation of ROS and exacerbated intracellular
ROS-induced damage. Mitochondria isolated
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from senescent skeletal muscle display increased
ROS production, in addition to enhanced apoptotic
susceptibility (15; 66). Fan et al (29) demonstrated
that oxidative stress induces mitochondrial
fragmentation in myoblasts. We observed that the
mitochondrial fragmentation resulting from oxidative
stress was mediated, in part, by Drp1. We found that
Drp1 became dephosphorylated and subsequently
participated in mitochondrial fragmentation in
the presence of elevated oxidative stress (48).
These findings indicate that oxidative stress is
a vital signaling mechanism in the regulation of
mitochondrial morphology and may contribute to
age-related mitochondrial fragmentation.

3.3.2. Alterations in mitochondria
morphology with denervation

Similar to the effects of aging, chronic
muscle disuse brought about by denervation
is a potent stimulus that reduces mitochondrial
content in the muscle (2; 68; 95). The molecular
basis mediating this alteration has been attributed
to, at least in part, the decreased expression of
nuclear genes encoding mitochondrial proteins
(NUGEMPs) (95), reductions in protein import (95),
increased ROS production (73), and/or increased
mitochondrially mediated cell death (2).

Denervation occurs when the nerve supply
to muscle is severed. It can be achieved through
mechanical means (i.e. surgical sectioning or
crushing), chemical blocking (i.e. tetrodotoxin, TTX),
or injury (70). This condition results in the elimination
of nerve-muscle communication. A predominant
feature of denervation is muscle atrophy and a loss
of muscle strength (106). Moreover, denervation
can lead to changes in the ultrastructure of muscle,
including alterations to the number and size of
mitochondria, sarcomere disorganization, and
myofibrillar disruptions (67). Mitochondrial content,
as well as protein levels within tissue are balanced
between the rate of synthesis and degradation. With
denervation there is a decrease in mitochondrial
biogenesis and enhanced mitochondrially-mediated
apoptosis (106). With denervation mitochondrial
import machinery components and import rates are
reduced (95), resulting in coordinated decreases
in the expression of both mitochondrially-encoded
subunit Il and nuclear-encoded subunit Vic
components of cytochrome c oxidase (COX) (106).

The exact mechanisms governing the

loss in muscle mass with denervation have yet to
be fully elucidated, although there is increasing
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evidence suggesting an upregulation in the rate
of muscle protein degradation and the activation
of mitochondrial-specific  autophagy (termed
mitophagy). For this process to occur it is thought
that mitochondria must first be processed into
smaller, fragmented components in order to be
engulfed by autophagosomes during the mitophagy
process. In diaphragm muscle following denervation,
it has been observed that mitochondria are smaller
in structure, in contrast to control muscle that
contain long, reticular organelles (68). Recently we
observed that denervation increased the ratio of
fission to fusion proteins in rat skeletal muscle (49).
Aging, another form of muscle atrophy, also displays
an upregulation in fission protein expression, albeit
through a divergent pathway (49). Mitochondrial
fragmentation has been observed to occur with
muscle atrophy, in particular following denervation.

3.3.3. Alterations in mitochondria
morphology with mitochondrial biogenesis

Skeletal muscle has the remarkable ability
to adapt to increased metabolic demands, such
as exercise, by increasing the size and number or
mitochondria. This process is termed mitochondrial
biogenesis and it involves the coordination of both
mitochondrial and nuclear genomes (44). Changes
in mitochondrial biogenesis are due to multiple
molecular events. These pathways include the
activation of signaling kinases, the induction of
transcription factors, changes in mRNA stability,
post-translational modifications, alterations in
protein import rates, and/or the rate of protein
folding (44).

In response to exercise there is an
upregulation in the mRNA and protein expression
of the transcriptional coactivator PGC-1a and
transcription  factors, such as mitochondrial
transcription factor A (Tfam) and nuclear response
factors (NRF-1,2) (3; 35; 60). Activation of
transcriptional factors regulates the expression of
nuclear genes encoding mitochondrial proteins
(NUGEMPs), as well as the transcription of
PGC-1a (45). In turn, PGC-1a can bind to
transcription factors, thereby also regulating the
expression of NUGEMPs (83). The coordination of
both the nuclear and mitochondrial genomes allows
for the expansion of the mitochondrial reticulum and
alterations in the composition of the mitochondrion,
thus allowing for adequate adaptations during
the rising energy demands brought about by
exercise (43, 57).
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Acute exercise does not appear to have
any effect on the extensiveness of the mitochondrial
reticulum. The size and morphology of mitochondria
remains unaltered despite an increase in muscle
mitochondrial membrane interactions (81). Thus,
an acute bout of exercise may not be a potent
enough stimulus to alter mitochondrial morphology.
Mitochondrial morphological adaptations following
longer term exercise protocols were originally
demonstrated by Kirkwood et al, whereby
mitochondria in skeletal muscle adapted to chronic
exercise by increasing the extensiveness of the
mitochondrial reticulum (57). In response to chronic
exercise, our laboratory has demonstrated that both
SS and IMF mitochondria respond by increasing
mitochondrial volume (49). This suggests that
chronic exercise shifts the expression of fission
and fusion machinery towards that of enhanced
fusion. The alterations in mitochondrial biogenesis
are driven, in part, by PGC-1a, a major regulator
of mitochondrial biogenesis (37). Mice deficient
in PGC-1a have a reduced expression of Mfn2
mRNA (107). Conversely, an upregulation in PGC-1a
led to the induction of Mfn2, in a ERRa dependent
manner (13). Moreover, Garnier et al (33) also found
a coordinate increase in mitochondrial biogenesis,
specifically PGC-1a, and Mfn2 transcriptional levels.
We recently demonstrated that chronic contractile
activity upregulates the expression Mfn2 and Opa1,
concomitantly with the suppression of the fission
protein Drp1 (49). Thus, regular exercise alters the
balance of fission and fusion proteins, leading to
more reticular mitochondria.

3.3.4. Alterations in mitochondria
morphology with diabetes

Diabetes is defined as a group of metabolic
disorders, characterized by abnormally elevated
plasma glucose concentrations, due to insufficient
insulin secretion or abnormal insulin response. The
most common form is Type 2 diabetes (T2D), and
comprises of approximately 90% of all diabetics cases
around the world (1). T2D is associated with insulin
resistance and hyperglycemia. The maintenance of
normal glucose homeostasis depends on a variety of
tissues, such as skeletal muscle, a predominant site
of insulin-mediated glucose uptake (23; 24).

Mitochondrial dysfunction is involved in
the pathogenesis of diabetes. In particular, skeletal
muscle of patients with T2D display a reduction in
mitochondrial DNA content (86). These individuals
also exhibit decreases in electron transport chain
activity, as well as in enzymes of Krebs' cycle,
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specifically citrate synthase (53) and succinate
oxidase (86). These results support the concept of
functional impairments in the mitochondria of T2D
patients.

Several mechanisms regulate the reduction
in mitochondrial activity in insulin-resistant patients,
such as a reduction in mitochondrial content. In this
regard, mitochondria from the skeletal muscle of
T2D patients have been found to be smaller in size
than in muscle from lean individuals (53). The size of
mitochondria correlated with insulin sensitivity and
glucose disposal rates (53). Upon closer examination
the morphology regulatory protein, Mfn2 was found to
have a positive correlation with insulin sensitivity (6).
T2D patients display reduced Mfn2 mRNA levels
relative to their lean counterparts (6). Moreover,
the repression of Mfn2 has been shown to reduce
glucose oxidation (7). These findings suggest that
mitochondrial dynamics are tied to mitochondrial
dysfunction and insulin sensitivity.

3.4. Mitochondrially-mediated apoptosis

Apoptosis is the process of programmed cell
death that occurs when a cell is no longer required
or damaged. Ultrastructural features of apoptosis
include DNA fragmentation, plasma membrane
blebbing, loss of membrane integrity, cell shrinkage,
and chromatin condensation (55). The elimination
of cells is a finely controlled process regulated by
the activation of pro- and anti-apoptotic proteins.
Mitochondrial outer membrane permeability leads
to the loss of mitochondrial membrane potential
and allows for the release of apoptotic factors, such
as cytochrome c into the cytosol. The release of
apoptotic proteins from mitochondria is facilitated
by specialized pores, termed the mitochondrial
permeability transition pore (mtPTP) and the
mitochondrial apoptosis-inducing channel (MAC).
MACs are composed of oligomerized Bax and/or
Bak, and are localized to the outer membrane of
mitochondria.

The connection between mitochondrial
dynamics and apoptosis is intriguing. During
apoptosis the mitochondrial network became
fragmented in S. cerevisiae, C. elegans, COS-7 and
Hela cells (30; 31; 51; 62). Perhaps compromised
levels of mitochondrial fusion or enhanced levels
of fission can potentially sensitize cells to apoptotic
stimuli. In support of these finding, the down-
regulation of the fission machinery components
prevents mitochondrial fragmentation, and
reduces apoptotic cell death (31). Conversely, the
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over-expression of fusion machinery components
has been demonstrated to inhibit apoptotic
mitochondrial ~ fragmentation, delay Bax/Bak
activation, and cytochrome c release (99). The
major stores of cytochrome c are sequestered
within mitochondrial cristae. Remodeling of the
inner membrane, by changes in the shape of the
cristae junctions, correlates with the redistribution
of cytochrome c (92). The pro-fusion protein, Opa1
has been found to control cristae morphology,
whereby the over-expression of Opa1 allows for the
maintenance of tight cristae junctions, decreasing
cytochrome c release, and thus protecting the cell
from apoptosis (32; 61). This suggests that the
cellular apoptotic effects are modulated, in part, by
the mitochondrial morphology proteins which govern
fission and fusion.

3.5. Autophagy

Autophagy involves the sequestering
of cytoplasmic material, its encapsulation and
eventual digestion through delivery to the lysosome
in response to stressful conditions, as a means of
removal of damaged or superfluous organelles
and proteins (36). Autophagy can promote cell
survival and maintain homeostasis, but it can also
promote cell death through excessive self-digestion.
Selective removal of dysfunctional mitochondria
(i.e. mitophagy) is induced as a result of elevated
mitochondrial ROS production (91), as well as the
dissipation of the mitochondrial membrane potential
(85; 102). During this process, the cytosolic E3
ubiquitin ligase, Parkin, is recruited to dysfunctional
organelles with reduced membrane potential in
a PINK1-dependent manner, flagging them for
elimination by ubiquitinating the organelle. Upon
encapsulation of the dysfunctional mitochondria,
the autophagosome delivers this material to the
lysosome for degradation (103).

Mitochondrial morphology is closely
integrated with mitophagy. For example, Parkin is an
important component of the mitophagy process, and it
also plays a critical role in modulating the morphology
of mitochondria, such that inhibition of mitochondrial
fission has been demonstrated to reduce Parkin-
mediated mitophagy (101). Moreover, Mfn1/2 are
ubiquitinated in a PINK1/Parkin-dependent manner
upon induction of mitophagy (34). Therefore,
the PINK1/Parkin pathway is thought to be the
intermediate step between mitochondrial remodeling
and mitophagy. Inhibition of the fission machinery
components, Drp1 and Fis1, and over-expression
of the pro-fusion protein, Opa1l all suppress the
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degree of mitophagy (102). For mitophagy to occur,
dysfunctional organelles must be segregated and
processed into smaller, fragmented components in
order to be engulfed by autophagosomes (102). This
alteration in mitochondrial shape involves fission
and fusion machinery components. Therefore,
there is a close interaction between the turnover of
mitochondria via mitophagy, and the expression and
function of fission/fusion machinery components,
which ultimately regulate the level of mitochondrial
fragmentation.

3.6. Unfolded protein response

The endoplasmic reticulum (ER) and
mitochondria are exposed to newly synthesized
proteins and are responsible for their proper
folding and assembly. Homeostasis is achieved by
balancing the nascent protein load with the folding
capacity of the organelle. When the ability to do so
is compromised, ER and/or mitochondrial stress
ensues. The adaptive responses to this imbalance,
termed the ER-unfolded protein response (UPR) and
the mitochondrial UPR (mtUPR), coincide with the
upregulation of molecular chaperones allowing for
the increased folding capacity of the cell. If the cellular
stress is too extensive and cannot be alleviated, the
UPR activates cell destructive responses including
apoptosis and the mitophagy pathway (80).

ER stress triggers three ER
transmembrane proteins, inositol requiring 1
(IRE1), double stranded RNA activated protein
kinase (PKR)-like endoplasmic reticulum kinase
(PERK), and activating transcription factor 6 (ATF6).
Once these stress sensors become activated
they initiate the UPR by effecting downstream
targets. IRE1, PERK, and ATF6 are maintained
in an inactive state through interactions with the
ER chaperone protein Binding Ig Protein (BiP).
In response to ER stress, PERK is liberated from
BiP, thus allowing for its autophosphorylation and
activation. Subsequently, PERK phosphorylates
eukaryotic initiation factor 2 (elF2a), leading to
inhibition of global protein translation (39; 93). An
additional downstream target of PERK includes C/
EBP-homologous protein (CHOP) (38). CHOP is a
transcription factor that binds to and activates the
promoter of stress response genes, such as c- Jun
N-terminal Kinase (JNK) (46). As such, it is capable
of propagating the UPR signal. Furthermore, it is
also known that CHOP activates the transcription of
mtUPR chaperone genes, such as mtHSP60 (80).
Ngoh et al (72) discovered that Mfn2 regulated the
ER-UPR, and was upregulated in response to ER
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stress. Munoz et al (69) built on this knowledge and
found that Mfn2 was also an upstream regulator
of PERK. Thus, growing evidence is suggesting
a connection between mitochondrial morphology
protein expression and the UPR however more
work is required to better understand its influence
on mitochondrial morphology.

In addition to the protective effects of
the ER-UPR, the mechanisms governing the
protein folding environment within mitochondria
are beginning to be elucidated. The majority of
mitochondrially-destined proteins are encoded by
the nucleus and imported into the mitochondria in
an unfolded state. Failure of these proteins to fold
properly can result in ROS accumulation (10). ROS
generation, in response to mitochondrial-specific
stress, activates general control nonrepressed
2 (GCN2), which subsequently phosphorylates
elF2a to reduce the translation of proteins (10). A
complementary pathway to that of GCN2 and elF2a
involves activating transcription factor 4 (ATF4).
ATF4 can upregulate the transcription factor CHOP,
thereby allowing for the amplification of the signal
initiated by the original stress (5; 41). In skeletal
muscle subject to conditions of chronic muscle
disuse (2) and aging (15), an increased production
of ROS from mitochondria occurs, and this coincides
with an increased incidence of mitochondrial
fragmentation (49). Silencing of the UPR protein
PERK restores mitochondrial morphology towards
a reticular structure (69). Although the precise
mechanism is not yet clear, recent experiments by
Nargund et al have found that mitochondrial fission
genes are involved in the mtUPR in C. elegans (71).
The notion that cellular stressors, such as ROS,
can activate the ER-UPR and mtUPR s intriguing,
especially since we are beginning to discover the
involvement of these UPR proteins in mitochondrial
functions.

4. SUMMARY

The maintenance of  mitochondrial
morphology depends on reaching an equilibrium
between fission and fusion. Fusion involves the
mixing of mitochondrial material, whereas the
fission process divides the organelle into smaller
components. Disruptions in either of these opposing
events can lead to developmental defects and
disease (108), suggesting that proper maintenance
of mitochondrial morphology is critical for normal
cell function. Skeletal muscle organelle morphology
has been demonstrated to be altered under various
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disease conditions, including diabetes (6; 53),
denervation (49), as well as during development (8),
aging (47), and exercise (57). Recent evidence
indicates that proteins participating in mitochondrial
morphology are also involved in the regulatory
processes of apoptosis, autophagy, and the unfolded
protein responses. Therefore, both fusion and fission
processes are essential for normal cellular health.
Further knowledge into the molecular signaling
mechanisms involved in the control of mitochondrial
dynamics is warranted to help understand novel
mechanisms underlying the role of mitochondria in
muscle health and disease.
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