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Abstract

Muscle regeneration following injury reveals a striking paradox: the same phenomenon, fiber
branching, can serve as both a beneficial adaptation in healthy muscle and a pathological hallmark
in disease. In healthy muscle, branched fibers emerge as an adaptive response to extreme mechanical
loading, redistributing stress, enhancing hypertrophy, and protecting against injury. Conversely, in
conditions such as Duchenne Muscular Dystrophy, excessive and complex branching contributes to
mechanical weakness, increased susceptibility to damage, and progressive functional decline. This
review explores the dichotomy of fiber branching in muscle physiology, synthesizing current
research on its molecular and cellular mechanisms. By understanding the paradoxical nature of fiber
branching, we aim to uncover new perspectives for therapeutic strategies that balance its adaptive
and pathological roles to improve outcomes for muscle diseases.

Keywords: fiber branching; muscle regeneration; Duchenne Muscular Dystrophy; mdx mouse;
eccentric contractions

1. Introduction

Skeletal muscle’s unique ability to regenerate after injury is a vital process that maintains muscle
function and integrity following damage and relies on the coordinated activation of various cellular
mechanisms including the breakdown of injured muscle fibers (necrosis), activation of muscle
satellite/stem cells, and their proliferation and differentiation, followed by maturation of newly
formed muscle fibers and remodeling of injured/damaged muscles back to a healthy state. However,
during this complex regenerative process, some fibers exhibit atypical remodeling in the form of
branched fibers, which were initially thought to be due to incomplete myotube fusion. Importantly,
it has been observed that in repetitive injuries, the degree of fiber branching increases with each
round of injury, suggesting that skeletal muscle retains a “memory” of the number of past injuries.
This phenomenon, while sometimes adaptive, can also signal remodeling in response to pathological
damage, as observed in progressive inherited muscle diseases such as Duchenne muscular dystrophy
(DMD). Understanding the mechanisms that drive this imperfect fusion and the resulting fiber
branching will be crucial in understanding disease pathobiology and uncovering new therapeutic
strategies for the treatment of muscle diseases.

Fiber Regeneration in Response to Injury & the Imperfect Fusion of Myogenic Cells

Muscle has an innate ability to adapt to both mechanical strain and injury. Following damage,
necrosis of individual muscle fibers may occur, which in turn triggers the activation of satellite cells
to initiate regeneration. During the main stages of myogenesis and skeletal muscle repair, primitive
satellite cells differentiate into muscle progenitor cells (myoblasts) that appear at the periphery of
muscle fibers (Figure 1, left modified from Dueweke, Awan and Mendias [1]. Myoblasts fuse together
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to form primary myotubes containing centralized nuclei (an indicator of muscle regeneration). Later,
secondary myotubes arise beneath the basal lamina with fusion of myoblasts radially and
longitudinally (not seen in figure). Prior studies have highlighted and illustrated that, in transverse
sections, primary and secondary myotubes can be visualized as a single cell, a cell in the process of
longitudinal ‘division’ [2], or as two distinct cells during myogenesis [3]. In instances where they
appear as distinct cells, secondary myotubes are differentiated from primary myotubes or myofibers
by their smaller radial size. Over time, these secondary myotubes enlarge and mature over time to
restore injured muscle to its pre-injury state [4, 5].

Fibroblast e== Myoblast

Macrophage Satellite cell

Necrotic tissue

Fusion of myogenic cells Imperfect fusion of myogenic cells

Figure 1. Schematic diagram of the damage repair process in a skeletal muscle fiber after injury Following
myofiber injury and necrosis, satellite cells are activated, proliferate, and fuse to form new or repair existing muscle fibers
(left). Adapted from Dueweke et al., 2021. Imperfect lateral or longitudinal fusion of myogenic cells during regeneration
may lead to the formation of branched muscle fibers (right). Satellite cells are Myoblasts are the precursors that differentiate
into muscle cells. Fibroblasts are cells responsible for laying down the extracellular matrix of connective tissues.
Macrophages are immune cells that engulf damaged tissue and debris. 1) Healthy skeletal muscle. 2) Upon injury, satellite
cells proliferate and differentiate into myoblasts along the periphery of the fiber. 3) Myoblasts align and stop proliferating.
4) Myoblasts fuse to form myotubes which connect ruptured ends of the fiber. Centralized nuclei appear during damage
repair after myoblast fusion. 5) Repair is complete. This concept is illustrated here based on interpretations from multiple

studies; schematic created by the authors.

A well-recognized phenomenon during muscle regeneration is that some myofibers appear to
undergo longitudinal ‘division” or ‘fusion,” leading to the formation of mid-section ‘fissures” and
‘splits” towards the ends of the fibers. Over time, various terms have been used throughout the
literature to describe these regenerated fibers, which exhibit atypical morphology. In this review, we
adopt the term ‘branched’ to describe these complex and variably structured fibers, as originally
suggested by Ontell and Feng [6]. However, to ensure clarity and consistency when referencing other
studies, we will retain the specific terminology used by the original authors when citing their work.

A branched myofiber is defined as an isolated muscle fiber containing one or more offshoots or
bifurcations along its length, all enclosed within a continuous sarcolemma. In this review, we adopt
the term “branched fibers” to describe any abnormal myofiber morphology characterized by
contiguous offshoots from a single parent fiber. This encompasses fibers arising from imperfect fusion
during regeneration, splitting-like formations, and other malformed fiber architectures observed
across various conditions. While prior literature has used terms such as “split fibers” or “malformed
fibers,” we follow the convention of Ontell and Feng [6] and Head [7] in using “branching” to describe
the morphological outcome without implying a specific mechanism.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Branching is most likely a result from the incomplete fusion of myogenic cells during fiber
segment regeneration after tissue necrosis [8, 9]. A study performed by Mackey and Kjaer [10]
induced myofiber injury on human vastus lateralis muscles through eccentric (lengthening)
contractions, commonly employed in muscle physiology to induce damage [11]. The study found
that, unlike undamaged muscles which typically contain a single myotube within each basement
membrane (Figure 2), the repaired muscle fibers after regeneration contained multiple myotubes
within the same basement membrane scaffold.

A

collagen IV

Slics 10-11

Slice 10-11

Figure 2. Myofilament formation at the basement membrane, Mackey and Kjaer (2017)

A) Confocal microscope image of a regenerating human muscle fiber (attached to an uninjured fiber), stained for desmin
(red), macrophages (CD68, green), basement membrane (collagen 1V, yellow) and nuclei (blue), 7 days post injury. The
images are presented with all 4 colors merged or split into fewer channels for clarity. Note the distinct necrotic (asterisk)
and regenerating (arrows) zones. Part of the fiber has become detached from the uninjured fiber and folded back on itself
during the staining procedure. Note the capillaries stained with collagen IV on the surface of the fibers. Scale bar, 100 um.
The area indicated by the dashed line box was imaged at higher magnification, shown in B. B) Eight to nine adjoining nuclei
can be seen (red box) in a desmin dense area of this regenerating zone, indicating they are potentially newly fused myogenic
cells. Macrophages were also observed within the myofiber basement membrane in this narrow zone. The dashed line

indicates the location of the YZ orthogonal view. Scale bars, 20 um.

Words Incomplete fusion of myotubes during muscle regeneration can result in the formation
of branched fibers [12]. This phenomenon, often arising from partial lateral fusion of regenerating
fibers, has been observed not only in pathological conditions but also in non-diseased muscles
undergoing regeneration [5, 12]. These occurrences provide valuable insights into the dynamics of
muscle fiber formation in adults and underscore the significance of fiber branching in the overall
regenerative process. Additionally, further investigations by Mackey and Kjaer [10] show that muscle
fibers with fissures frequently exhibit internal myonuclei located centrally within the fissure,
indicative of ongoing cycles of degeneration and regeneration. These observations highlight the
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complexity of muscle repair mechanisms and suggest that continuous mechanical stress could lead
to impaired regeneration, even in otherwise healthy muscle tissue.

2. Muscle Fiber Branching in Healthy Muscle

Branched muscle fibers have been observed in pathological, experimental and physiological
conditions, including muscular dystrophy [6, 13, 14], whole muscle transplants [15, 16], chemical or
physical injury [17, 18], and overloaded muscles undergoing hypertrophy [19, 20]. More recent
studies have further explored the occurrence of fiber branching in healthy muscles under various
stimuli, including extreme loading, ablation, electrical stimulation-induced injury and
cardiotoxin/myotoxin-induced injury.

While this section focuses on structural adaptations resulting from injury and overload
paradigms, it is also important to acknowledge that fiber type may influence the propensity for
branching. Fast- and slow-twitch fibers differ in their metabolic and mechanical properties, which
may shape their responses to injury and subsequent regeneration. These distinctions are particularly
relevant when considering the differing severity and frequency of branching observed in various
muscle types. Although this relationship is explored in more depth later in the context of dystrophic
muscle, it remains incompletely defined in healthy muscle and warrants further investigation.

2.1. Response to Extreme Mechanical Loading

Recent studies suggest that branched fibers can form in response to extreme loading and
hypertrophy in non- pathological (i.e. healthy) muscle tissue. The phenomenon has been observed
across various animal models as described by Murach, Dungan [21] and, to a lesser extent, in humans
[19, 20]. In this section, we will review the various conditions under which branched muscle fibers
form in response to extreme loading, drawing on evidence from various models including birds,
rodents, cats and humans.

One of the most dramatic examples of mechanical loading leading to muscle hypertrophy and
fiber branching is the wing-weighting model in birds. In this model, the accessory muscles of 26 week
adult quails are subjected to stretch overload, leading to significant increases in muscle mass and
fiber area. Antonio and Gonyea [22] reported a 111% increase in latissimus dorsi muscle fiber area
and a 318% increase in muscle mass within 28 days, with muscle fiber number increasing by 82% on
histological cross-sections. This increase was attributed to the longitudinal branching, fragmentation,
or splitting of muscle fibers, occurring at the myofibril level, suggesting that extreme mechanical
loading can induce muscle fiber branching without the presence of a marked degeneration-
regeneration response [23].

The appearance of muscle fiber branching is a prominent feature observed in various resistance
training paradigms across different animal models. In rats, weight-lifting exercises have shown
significant muscle adaptations. Ho, Roy [24] conducted a study where adult male albino rats were
subjected to a progressive weight-lifting program, lifting loads equal to 130% of their body weight.
This regimen resulted in a significant increase in the weight of the adductor longus muscle due to an
increase in the number of fibers per unit cross-sectional area, though the mean size of both fast-twitch
oxidative glycolytic and slow-twitch oxidative fibers was smaller in weight-lifting rats compared to
controls. Light and electron microscopic examination showed that most weight-lifting rats exhibited
longitudinally ‘split’ muscle fibers, suggesting a physiological adaptation to the stress of exercise [24].
Another study by Tamaki, Uchiyama and Nakano [25] used a new training apparatus designed to
mimic human squats, showing that squat training led to a significant increase in fiber branching and
muscle hypertrophy due to hyperplasia [25].

In cats, weight-lifting exercises similarly led to muscle fiber branching. Gonyea, Ericson and
Bonde-Petersen [26] investigated muscle hypertrophy induced by exercise and found that trained
cats exhibited a significant increase in the number of muscle fibers in the flexor carpi radialis muscle
due to fiber branching. This study provided evidence that exercise-induced hypertrophy involves not
only an increase in cross-sectional area but also an increase in fiber number [26]. Further research by
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the same group in 1986 supported these findings, showing a significant increase in muscle weight
and fiber number in the trained limbs of cats, reinforcing the role of prolonged weight-lifting exercise
in inducing fiber branching in healthy muscle [27].

These findings indicate that muscle fiber branching is a common adaptive response to resistance
training across different animal models, providing insights into muscle adaptation and regeneration
that may be translatable to human exercise regimens.

Building on the findings from animal models, similar phenomena have been observed in
humans undergoing extreme overload. A study of elite powerlifters by Eriksson, Lindstrém [19]
found that these athletes exhibited muscle fiber branching (mid muscle), suggesting that extreme
mechanical loading can result in abnormal muscle regeneration. The study observed that branched
fibers varied in profile and some demonstrated recent degeneration or regeneration, likely due to
continuous high mechanical stress on the muscles [19].

2.2. Distinctions and Misinterpretations in Hypertrophy and Hyperplasia

While fiber branching is often observed in conditions of mechanical overload, it is important to
distinguish this phenomenon from classical hypertrophy (increased fiber size) and hyperplasia
(increased fiber number). Several cross-sectional studies have reported apparent increases in muscle
fiber number following overload, leading to suggestions of hyperplasia. However, work by Faber,
Hall [28] and others cautions that these findings may reflect the presence of longitudinally branched
fibers rather than true de novo fiber formation. Importantly, studies relying solely on histological
cross-sections are prone to overestimating fiber number in the presence of branching [29], whereas
single-fiber isolation or 3D imaging provides a clearer picture of actual fiber architecture. This
distinction is crucial for interpreting the adaptive significance of fiber branching, which may
redistribute mechanical load across new branches while preserving total fiber count.

2.3. Synergistic Ablation and Electrical Stimulation-Induced Injury

Synergist ablation refers to a surgical overload technique that has been employed in rodents for
decades to study skeletal muscle adaptations [30]. This method involves removing a primary muscle
to overload a secondary synergistic muscle, causing significant hypertrophy. Studies have shown
that synergist ablation leads to increased muscle fiber number and fiber branching [31].

For example, Murach, White [2] mechanically overloaded the plantaris of the mouse hindlimb
by removing a portion of the gastrocnemius muscle whilst leaving the soleus intact. After 14 days,
they observed significant plantaris hypertrophy characterized by an abundance of large muscle fibers
with centrally located nuclei, minimal developmental myosin expression (<1% compared to ~30% in
traditional synergist ablation) [32], and distinct muscle fiber branching, as shown in the stained
isolated single-fibers (Figure 3). Serial cross-sections revealed that the emergence of centrally
positioned nuclei preceded fiber branching, with continuous dystrophin and laminin present along
the sarcolemma and basal lamina of each newly formed branch. This phenomenon supports the idea
that fiber branching occurs as a consequence of intense muscle loading and independent of pathology
[2]. However, due to the presence of satellite cells, it is possible that the mechanism of hypertrophic
related fiber branching includes a myogenic response dependent on satellite fusion.
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Laminin Dystrophin DAPI

Figure 3. The appearance of split muscle fibers following 14 days of modified synergist ablation overload of
the mouse plantaris, Murach et al. (2019); A-D) illustrate fiber branching over ~50 pm on serial cross sections of a
frozen plantaris muscle. Representative images show laminin and dystrophin to identify muscle fiber borders, and
myonuclei. Dark arrows point to central myonuclei that appear prior to the appearance of each new branch in the muscle
fiber (light arrows). E) shows a phase-contrast image of a trifurcated single muscle fiber from this same mouse, along with
myonuclei. F) illustrates the extent of fiber branching morphology in this mouse, with minimal eMyHC expression (a marker

of regeneration).

Electrical stimulation is a widely used technique to induce muscle contraction and can lead to
muscle fiber injury and subsequent regeneration. In humans, electrical stimulation-induced injury
has been shown to result in the occurrence of muscle fiber branching in regenerating muscle.

Haoijfeldt, Sorenson [33] conducted a study of the vastus lateralis muscle of young healthy males
exposed to electrical stimulation to systematically examine the process of muscle fiber regeneration
and the occurrence of fiber branching in human skeletal muscle following injury. Muscle tissue
samples collected 30 days after stimulation showed regular branching of small myofiber segments
with a median branch length of 144 um, often fused with the parent myofiber further along its length.
Most of these branches were observed to fuse back with the parent fiber post-injury, with centralized
myonuclei at branchpoints indicating a process of regeneration rather than splitting. This fusion
process was associated with positive staining for nestin and neonatal myosin, indicating that the
branches had an immature profile and were at an earlier stage of regeneration than the parent fibers
(Figure 4). The branching observed in myofibers post-injury was attributed to incomplete
regeneration, where myotubes fuse with existing damaged fibers rather than splitting apart.
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Figure 4. Confocal microscope images of three regenerating healthy human muscle fibers, 30 days post injury,
Hojfeldt et al. (2023); A&B are stained for desmin (red), nestin (green), and nuclei (blue). A) Maximum intensity
projection of a 14-slice z-stack (100-pum scale bar), displaying a nestin+branch attached to a regenerating myofiber (the lower
myofiber displayed here alongside an (upper) uninjured myofiber). B) Maximum intensity projection of a 25-slice z-stack
(20-pm scale bar). Note the striated and nestin+segment (arrows) tightly associated with the parent myofiber. This branch
displays a gradual increase in nestin immunoreactivity from the point of branching (or fusion) towards its end.

2.4. Cardiotoxin- and Myotoxin-Induced Injury in Healthy Muscle

Muscle regeneration following cardiotoxin- and myotoxin-induced injury often results in
significant muscle fiber branching. These toxins cause severe muscle damage, leading to a robust
regenerative response characterized by muscle fiber branching.

Although myotoxin-induced injury models are performed in otherwise healthy muscle, the acute
damage and regenerative environment produced place them in an intermediate category (not fully
pathological), but distinct from uninjured healthy muscle due to the transient regenerative stress.

Several different chemical agents are used to model acute muscle injury, each with distinct
mechanisms and regenerative timelines. Barium chloride induces injury through ionic disruption and
myofiber depolarization, leading to widespread necrosis. Notexin, a phospholipase A, derived from
Australian tiger snake venom, causes rapid and complete myofiber degeneration via membrane
hydrolysis, while preserving the basal lamina and satellite cell niche [34]. In contrast, bupivacaine, a
cardiotoxic local anesthetic, damages intracellular structures such as T-tubules and the sarcoplasmic
reticulum. While all three agents elicit robust regeneration in otherwise healthy muscle, the extent
and time course of degeneration-regeneration differ, with Notexin typically producing near-
complete necrosis and recovery within 21 days [35], and bupivacaine or barium chloride leading to
more variable damage and potentially longer-term structural changes [34, 36, 37].

In a study involving barium chloride-induced trauma to the gastrocnemius muscles of mice,
Griffin, Kafadar and Pavlath [38] analyzed serial transverse sections and found that 20-40% of muscle
fibers exhibited branching just five days after treatment. This early appearance of branched fibers
underscores the significant impact of chemical injury on muscle architecture and highlights the initial
stages of fiber branch development. Notably, fiber branching is predominantly associated with
regenerating muscle fibers, with minimal branching observed in non-regenerating fibers after
chemical trauma induced by agents like cardiotoxins or barium chloride [12]. A substantial
proportion of regenerating fibers (25-60%) display branching within 0 to 21 days post-injury, and this
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remains the case even after extended recovery periods of up to six months. These findings suggest
that chemical trauma has prolonged effects on muscle regeneration, leading to persistent fiber
branching over time.

Notexin produces clearly defined phases of degeneration and regeneration when applied to
rodent hind limb muscles [34, 36, 37]. Notexin is favored in muscle regeneration studies due to its
greater myotoxic damage and slower functional repair in skeletal mouse studies compared to other
myotoxins like bupivacaine and barium chloride [39]. When injected into the extensor digitorum
longus (EDL) of wild-type mice, Notexin leads to complete fiber necrosis and loss of functional
capacity after three days, in contrast to the 45% breakdown observed with other myotoxins [34].

In a study from our laboratory, a single round of Notexin injection was used to destroy the
majority of fibers in the fast-twitch EDL muscle. Twenty-one days post-Notexin injection, the muscle
had functionally recovered, and was able to produce pre-injury levels of absolute maximal force with
similar levels of passive and active stiffness. The twitch kinetics had also recovered to pre-injury
levels. The regenerated muscles were mechanically stable and showed the same levels of eccentric
force loss as controls. Approximately 93% of the fibers were centrally nucleated, and 29% were
branched [35] suggesting that in otherwise healthy muscle, this level of structural differences have
no deleterious impact on function.

Previous studies in rats have demonstrated that multiple rounds of muscle injury can result in
the formation of ‘complex’ branched fibers with multiple branches per muscle fiber. An early study
lead by Sadeh, Czyewski and Stern [18] in rat tibialis anterior muscle reported extensive fiber
branching after six months of weekly bupivacaine-induced muscle damage followed by a two-month
recovery period. They found marked differences in fiber size variability, centralized nuclei, extensive
fiber branching, and whorled fibers. Similarly, Tamaki and Akatsuka [40] conducted a study
involving ten rounds of cardiotoxic (bupivacaine) insult to the plantaris muscle in healthy rats.
Although they could not quantify the number of branched fibers using cross-section analysis, they
reported that their serial injury protocol produced complex branched fibers after mechanical
isolation, with up to ten branches per fiber. Further investigations by Tamaki, Akatsuka [41]
examined the effects of numerous complex branched fibers on whole muscle contractile properties.
In the same model, researchers found that repeated bupivacaine injury resulted in an 8-fold increase
in the number of branched fibers in the plantaris muscles with about 70% of the fibers containing
complex branching. These complex branches contained ten or more muscle fibers fused together with
many thin, thick, long and short daughter branches. Evaluating plantaris muscle function identified
the time to peak tension of twitch and tetanus, as well as half relaxation time, were significantly
longer in treated muscles compared to controls, possibly reflecting shorter stiffer branched fibers or
potential disorganization of myofibrils and force vectors discussed later in this review [42].

The occurrence of muscle fiber branching under various conditions, such as extreme mechanical
loading, synergistic ablation, electrical stimulation-induced injury, and myotoxin exposure, suggests
that this phenomenon may serve as a broader adaptive response rather than a merely pathological
event. In scenarios of extreme mechanical loading, such as resistance training or synergistic ablation,
the splitting and branching of muscle fibers appear to be a means by which the muscle redistributes
the stress across a greater number of smaller fibers. This redistribution likely reduces the mechanical
strain on any single fiber, thereby preventing potential damage that could arise from excessive load
bearing. The increased fiber number, as seen in studies involving bird wing-loading models and
weight-lifting rodents, supports the notion that fiber branching could contribute to an overall
hypertrophic response [28]. This hypertrophy, in turn, may help to stabilize the muscle structure and
maintain function under increased physical demands.

The slowing of contractile properties observed in muscles with a high degree of fiber branching,
such as those subjected to repeated chemical injury, further supports the idea that this branching
could serve a protective role. Slower contractile kinetics, as evidenced by prolonged time to peak
tension and half-relaxation times in branched fibers, may reduce the likelihood of rapid, high-force
contractions that would exacerbate muscle damage. This shift towards slower, more controlled
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muscle contractions might enhance the muscle’s resilience to repeated bouts of mechanical stress,
thereby preserving muscle integrity and function over time. The presence of branched fibers in
regenerating muscles following injury, particularly in models where central nuclei and immature
myofibers are observed, suggests that branching may also be a part of the muscle's natural repair
process. By generating new branches from existing fibers, the muscle may be attempting to restore or
even augment its functional capacity in response to damage.

Despite the potential protective role of fiber branching in response to overload and injury in
healthy muscles, its occurrence in muscular dystrophies like Duchenne muscular dystrophy presents
a paradox. In this disorder, fiber branching, rather than being a beneficial adaptation, contributes to
the progressive deterioration of muscle function.

3. Muscle Fiber Branching in Duchenne Muscular Dystrophy

In humans, the history of branched fibers in disease date back to reports from Erb in 1891 and
Krosing in 1892, where branching was first reported in boys with Duchenne muscular dystrophy
(DMD), associated with deficiency of the sarcolemmal protein dystrophin. As a condition that
involves chronic degeneration and regeneration of muscle fibers, it is perhaps not surprising to see
branched fibers in muscle biopsies from boys with DMD [43-45].

Branched fibers are prominently observed in the mdx mouse, a widely used animal model for
DMD, within various hindlimb muscles (Figure 5) [12, 14, 28, 42, 46-49], as well as in the diaphragm
[50]. The abrupt onset of myonecrosis at 21 days stimulates robust muscle fiber regeneration and the
occurrence of branched fibers. Morphological fiber branching increases in prevalence as the animal
ages, as first demonstrated by Chan, Head and Morley [46] in fast-twitch EDL muscles of the mdx
mouse where less than 20% of fibers are branched two months of age, as opposed to the 90% when
the animal is six months old.

Fibre branching
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2 mm 3 branches ———
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Figure 5. Examples of branched fibers; Low powered images of enzyme dispersed single muscle fibers from EDL
(Extensor digitorum longus) muscles of mdx mice from Chan and Head (2011). A) Morphologically normal unbranched
fiber. B) Branched fiber with a bifurcation. C) A fiber with two small branches. D) A fiber that branches and recombines. E)
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Fibers with highly complex branching patterns. F) The extent of branched fiber morphology in the mdx EDL muscle was
quantified through enzymatic digestion across different age groups between 4months to 22 months. Fibers exhibiting
complex branching (defined as having four or more branches per fiber) are expressed as a percentage of the total fiber count.
G) Additionally, the loss of force following a single eccentric contraction at 10% strain is presented as a percentage of the

initial force. Figures F & G are derived from Kiriaev et al. 2021.

Regenerated mdx muscle fibers contain centrally aligned nuclei and regularly show a range of
structural malformations from small, single branches to complex branching of fibers (Figure 5). It is
possible that the branching itself maintains the nuclei in their central position in the regenerated mdx
muscle fibers. Depending on the model of injury, necrosis can occur segmentally, affecting only part
of the myofiber and can occur simultaneously at multiple sites along the length of the muscle fiber
rather than the beginning or end [51, 52]. Thus, incomplete fusion of myotubes at these locations can
explain the variation in branching morphology ranging from simple bifurcations (Figure 5B) to
complex intertwining syncytia (Figure 5E).

Recently, Carlson [53] proposed a novel hypothesis suggesting that the absence of dystrophin
leads to unrestrained satellite cell activation and proliferation, independent of prior fiber injury. This
perspective aligns with recent insights moving away from dystrophin’s role in membrane stability
[54] challenging the long-held belief of dystrophin as primarily a membrane stabilizer. Supporting
this regulatory role, myostatin inhibitors have been shown to exacerbate fiber branching in
dystrophic muscles in mdx mice [55]. Unlike healthy postnatal muscle, where myostatin inhibition
promotes fiber hypertrophy without inducing significant hyperplasia [56], dystrophic muscles
treated with myostatin inhibitors exhibited no hypertrophy at the individual fiber level, but showed
apparent hyperplasia in cross-section, likely reflecting an increase in branched fibers rather than true
fiber number. This response underscores the critical role of dystrophin in satellite cell regulation, with
its absence driving continuous activation and proliferation that accelerates the formation of branched
and fragile, progressively weakening dystrophic muscles.

It is also important to note that branched fibers, although much less common, can occur in non-
dystrophic, non-injured muscles in both humans [9, 57] and mice [12]. For example, studies have
observed that control mice possess a small percentage of branched fibers, typically comprising
approximately 1% of their total muscle fiber population [58]. Interestingly, when both control and
mdx mice were subjected to mild eccentric contractions (5-10% eccentric strain), younger mdx mice
exhibited a low force deficit similar to that of the controls, whereas older mdx mice showed a
significantly greater force loss [46, 59].

While branched fibers are present in control muscles, their prevalence and impact become more
pronounced in dystrophic conditions, particularly with advancing age or repeated stress. This
highlights the need for further investigation into the relationship between the extent of fiber branching
and various aspects of muscle function, including susceptibility to damage from eccentric contractions.
Understanding how fiber branching affects muscle mechanics, force transmission, and overall muscle
integrity could provide deeper insights into both adaptive and maladaptive responses in muscle tissue.
This is particularly important in conditions such as muscular dystrophies, where the presence of
branched fibers may represent an initial compensatory adaptation that later becomes detrimental.

4. Consequences of Muscle Fiber Branching

4.1. Branched Fibers Are Shorter and Stiffer as a Compensatory Adaptation

Branched fibers may serve as a compensatory adaptation to mechanical stress, but their
accumulation fragments the muscle into shorter, irregular fiber segments that increase stiffness. This
phenomenon is evident in mdx mice [59], where an age-linked rise in muscle stiffness correlates with
the appearance of branched fibers. The resulting increase in passive stiffness, which becomes more
pronounced with age, is hypothesized to arise from the mechanical properties of these fragmented
segments, including altered myofibrillar alignment and impaired elastic recoil, contributing to the
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overall structural rigidity of the muscle. While historical accounts of branched muscle fibers date back
over 100 years, the physiological implications of branching in regenerated muscle remain uncertain
[7, 60]. One hypothesis is that fiber branching may initially provide a protective function, with
regenerated branches aligning parallel to existing fibers along the muscle's long axis, effectively
increasing stiffness and cross-sectional area [28].

The complex arrangement of structures within whole muscle enables force generation and
transmission in myofibrils along the length of the fiber to a well-developed connective tissue matrix
[61]. However, muscle fibers do not run from tendon plate to tendon plate and fibers within a motor
unit may not extend the entire fascicle length but contain multiple units with origin and insertion
points in the center of the muscle belly [62, 63]. While whole muscle length remains constant from
adolescence to senescence in dystrophic animals [14, 46, 58, 59, 64, 65], the accumulation of fiber
branching with age suggests that some fibers may fail to span the full muscle length. Instead, they
may terminate within the muscle belly, forming mechanically distinct segments. This is analogous to
interfascicular terminating fibers which transmit tension via fiber to fiber or collagenous junction [66].
Such internal terminations may contribute to stiffness and force transmission defects in dystrophic
muscles. Multiple studies performed by Karpati, Carpenter and Prescott [67] suggest that regenerated
fibers never reach the expected cross sectional area and remain around 80% the size of normal fibers,
even at maximal growth. This size deficit is distinct from fiber branching and may represent an
adaptive mechanism to reduce stress within vulnerable dystrophic fibers.

Studies performed by Petrof, Shrager [68] & Petrof [69] on dystrophic EDL and diaphragm
muscle fibers suggest that shear stress across muscle membranes is the main predictor of injury. This
is based on the observation that larger muscle fibers, which have a lower surface area-to-volume ratio
compared to smaller fibers, are more easily damaged. The authors proposed that the shear stress
generated by the myofibrils within these larger fibers is responsible for the muscle damage. In
dystrophic muscle, increased stiffness may instead reflect changes in sarcomeric properties, titin
isoforms, or extracellular matrix organization. Functionally, higher passive stiffness may enhance
stability against small positional perturbations, serving as a compensatory mechanism in the face of
impaired contractile force. Likewise, reduced range of motion may reflect an adaptive shift towards
passive tension reliance [70].

4.2. Hypertrophy and Low Specific Force in mdx Muscles

Recent studies have explored the progression of muscle pathology in mdx mice over their
lifespan to better understand how this model mimics DMD [65]. Key pathological features, such as
endplate fragmentation, centrally located nuclei, and fiber branching increase progressively during
the first year of life in mdx mice. Notably, while individual mdx muscle fibers exhibit hypertrophy at
the myofiber level, there is no corresponding increase in whole muscle hypertrophy. This finding
contrasts with earlier studies reporting significant whole muscle hypertrophy of 20-30% in the mdx
EDL and 20-60% in the tibialis anterior [28, 46, 47, 64, 71-75] [76-79].

The observed hypertrophy at the fiber level is often assumed to result from an increase in fiber
number; however, it may also be attributable to fiber branching. This is particularly difficult to
distinguish histologically, as branched fibers can resemble increased fiber numbers when viewed in
cross-sections [12, 28, 80]. Despite the hypertrophy of individual fibers, there is a well-documented
decrease in specific force in dystrophic EDL muscles and myofibrils as the animal ages. This decline
in force correlates with the increasing severity of repeated cycles of degeneration and regeneration
observed in the mdx mouse model [46, 64, 74, 75, 81-85].

Figure 6 illustrates different micro-architectural phenotypes, including chaotic and branched fibers
[42]. Repeated cycles of degeneration and regeneration result in structural remodeling of branched
myofibrils, which often appear hypercontracted, tilted, twisted, and deviated when observed using
second harmonic generation (SHG) microscopy [86]. These morphological alterations, described as
'verniers' by Friedrich’s group, affect neighboring sarcomere activation and lead to unsynchronized
muscle contraction, contributing to an estimated 20% reduction in force production. The frequency of
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these misalignments, or verniers, increases with age, further contributing to the decline in specific force
in dystrophic muscle [42]. Interestingly, younger regenerated fibers without branches have shown
misaligned contractile architectures termed 'chaotic fibers,' which are intermediate between normal and
branched fibers and are predicted to contribute to approximately 50% of the progressive force loss with
age. As dystrophic animals age, the increased degree of fiber branching likely results in more extensive
structural remodeling and a higher occurrence of verniers, further exacerbating the reduction in muscle
force. This structural complexity not only compromises the muscle's ability to generate force but also
affects its resilience to mechanical stress. The abnormal branching and misalignment within the muscle
fibers may create points of weakness that are particularly vulnerable to damage during eccentric
contractions, where muscles are lengthened under tension.

chaotic il = branched

CAS 1
VD 1

CAS =0.796
VD = 0.4/100pm*

Figure 6. Chaotic and branched micro-architectural phenotypes Buttgereit et al. 2013; The chaotic type A) is
characterized by a high vernier density (red, VD) and cosine angle sum (calculated force vector, CAS). B) Branched fibers
include bundles of myofibrils separated but continuous with the main trunk, showed minimal alteration resulting in low

vernier density and cosine angle sums.

Understanding how fiber branching, myofibril misalignment and higher occurrence of verniers
contributes independently or together to predispose these vulnerabilities is essential, as it may
explain the heightened susceptibility of dystrophic muscles to eccentric-induced damage. In the
following section, we delve deeper into the role of fiber branching in influencing muscle response to
eccentric contractions, exploring how these architectural changes might predispose muscle fibers to
injury and affect overall muscle function.

4.3. Does Fiber Branching Contribute to the Susceptibility of Dystrophic Muscles to Eccentric-Induced Damage?

The role of fiber branching in contributing to the susceptibility of dystrophic muscles to
eccentric-induced damage is increasingly recognized in muscular dystrophy research. In patients
with DMD, extensive fiber branching has been associated with reduced mobility [43]. Several studies
suggest that branch points within muscle fibers are particularly vulnerable to contractile injury. The
unique architecture of these branched fibers, characterized by irregular diameters and cross-sectional
areas, creates sites where high shear stress may lead to fiber rupture during intense contractile
activities [87].

During the progression of DMD, the cyclic process of muscle degeneration and regeneration
produces fibers with varying diameters and branching patterns, contributing to structural instability.
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This morphological diversity results in differences in action potential propagation velocities along
the fiber, with smaller-diameter branches exhibiting delayed transmission compared to larger
branches. According to 'cable theory,' electrical propagation is more likely to fail in smaller branches,
potentially disrupting the coordinated activation of muscle fibers [88-90]. Computational models
have further demonstrated that branched fibers exhibit non-uniform strain distributions, particularly
at branch points, increasing the likelihood of stretch-induced damage [91]. This non-uniformity
becomes more pronounced as the model moves from smaller to larger branches, highlighting the
mechanical disadvantages posed by fiber branching.

Further studies support the idea that fiber branching affects [Ca?] handling within dystrophic
muscles. Smaller-diameter branches at branch points display faster [Ca?] uptake kinetics into the
sarcoplasmic reticulum (SR), reflecting a more rapid response to contraction but also a heightened
risk of asynchronous activation [92]. These findings suggest that the irregular structure of branched
fibers contributes to mechanical instability and a higher propensity for rupture at branch nodes due
to delayed and uncoordinated electrical activation.

Studies of the mdx mouse model have provided additional insights into the differential properties of
branched versus unbranched fibers. For instance, Lovering, Michaelson and Ward [48] demonstrated that
branched fibers in mdx mice show reduced SR Ca? release and clearance when exposed to osmotic stress,
indicating that these branches are more susceptible to stress-induced dysfunction. This vulnerability is
compounded by the altered action potential characteristics observed at branch points, including increased
time to peak and broader action potentials compared to non-branched segments [93]. These electrical and
calcium signaling abnormalities may underlie the decreased force generation capacity and increased
damage susceptibility observed in dystrophic muscles.

Experimental data also reveal that branched fibers in dystrophin-deficient muscles are
structurally weaker. Head [87] showed that branched muscle fibers from mdx mice were more likely
to break under maximal Ca?* activation compared to unbranched fibers, suggesting a direct impact
of branching on structural integrity. Moreover, increased mechanical stress at branched regions has
been linked to elevated production of reactive oxygen species and enhanced Ca? influx through
mechanosensitive channels, leading to localized membrane damage at branch points [54]. These
findings imply that branch points in dystrophic muscles not only increase susceptibility to acute
mechanical tears, but may also serve as focal points for secondary damage pathways involving
pathological Ca? handling.

Figure 5F & G illustrates the correlation between complex branching and force loss in the EDL
muscle of mdx mice from 4-22months of age. Studies using enzymatic digestion across different age
groups have quantified branched fiber morphology, revealing that fibers with complex branching
(defined as four or more branches per fiber) are more prevalent in aged muscles. Furthermore, the
force loss following a single eccentric contraction at 10% strain is significantly higher in muscles with
extensive branching, underscoring the link between branching complexity and mechanical
vulnerability.

The relationship between fiber branching and susceptibility to eccentric-induced damage is
particularly evident in older mdx mice. As these mice approach the end stage of dystrophinopathy,
their muscles consist almost entirely of complex branched fibers, leading to a dramatic and abrupt
loss of force (~65%) following the first eccentric contraction [58, 59]. This pattern contrasts sharply
with younger mdx mice, where eccentric contraction-induced damage is characterized by a more
gradual, incremental loss of force [94-97]. While low levels of fiber branching may initially provide a
protective adaptation against muscle damage [28], excessive and complex branching eventually
becomes maladaptive, leading to increased mechanical weakness and heightened susceptibility to
injury ([42, 86].

Collectively, these findings support a two-phase model of muscle damage in DMD, where fiber
branching initially serves a compensatory function but becomes detrimental as branching complexity
increases. This model underscores the need for therapeutic strategies targeting early intervention
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before the transition from adaptive to maladaptive branching occurs, which could potentially
mitigate the progression of muscle weakness and susceptibility to damage in dystrophic muscles.

4.4. A Model to Link Fiber Branching and Progressive Dysfunction in Dystrophic Mice Muscle

The pathophysiology of DMD in skeletal muscle has been conceptualized in our laboratory as a
two-phase process (Figure 7) that helps contextualize the structural consequences of repeated injury
in dystrophin-deficient muscle [7, 46, 58, 59, 87, 98]. While not mutually exclusive, these phases
delineate an early period of compensatory regeneration and a later period characterized by increased
structural instability due to cumulative fiber branching.

Absence of dystrophin

7

Muscle
contraction

Abnormal ion Increase in

channel function | === ROS

OS( [car] / Phase 1
X

Muscle fibre
necrosis

1
‘ Regeneration
4

Increased quantity and complexity of branched fibres .
(Muscle hypertrophy & reduced force)

7 ‘Tipping point'
& w >70% complex (4+) branched
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Figure 7. Two-phase model of disease pathogenesis in mdx mice, Kiriaev et al. 2021; This model illustrates the
progression of muscle pathology in fast-twitch muscles of mdx mice in two phases. Phase one is characterized by the absence
of dystrophin, leading to repeated cycles of muscle fiber necrosis and regeneration due to elevated intracellular calcium levels
[Ca?*]i, increased reactive oxygen species (ROS), and abnormal ion channel activity. These cycles result in the formation
of abnormally branched dystrophin-deficient muscle fibers, which increase in complexity over time. Phase two is triggered
when fiber branching reaches a critical threshold, or 'tipping point,” resulting in fiber rupture during mechanical stress,

especially eccentric contractions. This phase involves a positive feedback loop of progressive muscle damage as broken fibers
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fail to support muscle contraction, leading to further strain on remaining fibers and eventual widespread muscle

degeneration. Depending on mechanical stress, both phases can occur concurrently.

However, it is important to emphasize that fiber branching is unlikely to be the sole driver of
disease progression. Multiple studies have shown that limb muscles in mdx mice do not undergo the
same extent of mass loss or fibrosis observed in DMD patients, and in fact may preserve muscle mass
with age [64]. Additionally, muscle regeneration in DMD patients remains relatively constant across
age, as shown by stable embryonic myosin expression [99], and muscle mass measurements in DMD
patients show no sharp decline during adolescence [100]. The diaphragm of mdx mice does undergo
progressive fibrosis [101], suggesting that disease severity may be muscle specific.

Thus, while the two-phase model provides a structural framework for understanding how fiber
branching may contribute to mechanical failure in dystrophic muscle, we recognize that disease
progression in DMD involves a complex interplay of factors. These include inflammation, fibrosis,
metabolic remodeling, and compensatory adaptations, all of which can vary by muscle group and
age. The proposed model is therefore intended as a conceptual scaffold rather than a deterministic
sequence and should be interpreted alongside these broader pathological contributors.

4.5. Reversible and Irreversible Recovery of Force Post Eccentric Contraction

Dystrophin is a critical protein involved in several key signaling pathways in skeletal muscle,
including those regulating nitric oxide (NO) production, modulation of stretch-sensitive ion
channels, the entry of Ca? and Na*ions [102, 103] and controlling the production of ROS [104](Figure
7). In the absence of dystrophin, these signaling pathways are disrupted, leading to pathological
influxes of intracellular calcium [Ca*]in, which trigger skeletal muscle fiber necrosis [54]. This
disruption is central to the two-phase model of DMD pathogenesis, where the absence of dystrophin
initiates a cycle of muscle fiber degeneration and regeneration, resulting in the formation of branched
fibers. The complexity and number of these branched fibers increase with each regenerative cycle,
particularly as the dystrophic muscle ages, ultimately leading to catastrophic membrane rupture
during both isometric and eccentric contractions.

Empirical evidence supports this model, illustrating the differential recovery capacities of
dystrophic muscle following eccentric contractions. For instance, Olthoff, Lindsay [105]
demonstrated that young (3-month-old) mdx mice experience a 90% loss of force in the EDL muscle
after 10 eccentric contractions but can recover up to 65% of force within 120 minutes. Notably, when
eccentric contractions were spaced 30 minutes apart, there was no irreversible loss of force,
suggesting that transient, redox-based inhibition of contractility could protect dystrophin-deficient
muscles from catastrophic structural damage during subsequent contractions. A similar study by
Lindsay, Schmiechen [84] found that young mdx mice exhibited a 75% force loss following eccentric
contractions, yet recovered up to 64% of their original force within 60 minutes post-contraction. These
findings indicate a significant reversible component of force loss in younger muscles that have not
yet reached the 'tipping point' of extensive branching complexity.

Several studies have also explored the variability in force recovery among young mdx mice,
showing a range of outcomes depending on muscle condition and age [81, 83, 106, 107]. Interestingly,
the administration of the macrophage-synthesized antioxidant 7,8-Dihydroneopterin to young mdx
muscles improved protection against eccentric contractions and enhanced force recovery to 81% [84].
These results suggest that the restoration of isometric tetanic force through antioxidant treatment
may involve reversible oxidation of proteins that regulate muscle contraction.

However, the capacity for force recovery diminishes significantly with age and the degree of
fiber branching. Studies have shown that while young dystrophic muscles can recover a substantial
portion of force after eccentric contractions, aged and senescent mdx mice only recover about 20-30%
of their starting force following a 120-minute recovery period [58]. This reduced recovery is attributed
to the presence of complex branched fibers, which are prone to rupture under mechanical stress. In
contrast, younger mdx mice, which have fewer complex branches, exhibit less severe force loss. The
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variability in force recovery among mdx muscles can thus be explained by differences in the extent
and complexity of fiber branching [81, 83, 84, 105-109].

Clinically, understanding the dynamics of reversible versus irreversible force loss is crucial for
identifying therapeutic windows in DMD patients. The observation of irreversible force loss due to
acute membrane rupture in complex branched fibers suggests that interventions must occur before
muscle branching reaches a critical 'tipping point.' Preventing the initial pathological increase in Ca?
could halt the disease process before the muscle enters the cyclic degeneration and regeneration
phase that leads to mechanical compromise. For patients receiving treatments in the later stages of
DMD, where muscle branching complexity is more advanced, therapeutic success rates will likely
diminish. Therefore, early genetic rescue strategies and preclinical drug studies are essential before
the onset of extensive pathological fiber branching that compromises muscle function.

5. Future Directions — Targeting Fiber Branching as a Therapeutic Intervention

Muscle fiber branching, while historically considered a downstream consequence of injury or
disease, is increasingly recognized as a modifiable feature of muscle architecture with therapeutic
potential. The strategies highlighted in this section were selected because they either directly
modulate the formation of branched fibers or alter the regenerative processes known to influence
branching frequency, morphology, or impact. These interventions represent emerging efforts to
harness or suppress fiber branching depending on its adaptive or pathological context. Targeting the
regulatory pathways that govern myotube fusion, fiber stability, and remodeling such as olfactory
receptor 23 (mOR23) signaling, satellite cell control, or fiber-type shifting may allow us to reshape
how muscle responds to injury and prevent the formation of structurally vulnerable branched fibers
in conditions like DMD.

Grace Pavlath’s work on mOR23 has provided valuable insights into the regulation of muscle
fiber branching [110]. By overexpressing mOR23, Pavlath’s group demonstrated a significant
reduction in fiber branching in regenerating muscles, which translated to reduced contraction-
induced membrane permeability (Evans blue dye uptake) in dystrophic mdx mice. This finding raises
the possibility of targeting mOR23 or similar molecules to reduce fiber branching and protect against
mechanical stress in dystrophic muscles.

In addition to molecular targets like mOR23, targeting satellite cell activity may provide novel
therapeutic avenues for managing fiber branching in DMD. Carlson [53] highlighted that treatments
preventing unrestrained satellite cell activation could mitigate the formation of structurally weak
branched fibers. Myogenic regulatory factors (MRFs) and insulin-like growth factors (IGFs) play
crucial roles in muscle regeneration by regulating satellite cell activation, proliferation, and fusion
[111]. Enhancing these processes could potentially improve the efficiency of myotube fusion and
reduce the incidence of branched fibers. Moreover, neuromuscular electrical stimulation has been
shown to enhance satellite cell fusion with mature myofibers, which may further decrease the
formation of branched fibers by promoting more complete and robust fusion during muscle
regeneration [112].

Another promising strategy involves driving a shift toward a slower, more protective muscle
phenotype. Selsby, Morine [113] first demonstrated that transgenic overexpression of PGCla in the
mdx mouse increased oxidative fiber content (a 3-fold increase in type 1 myosin heavy chain),
enhanced resistance to contraction induced injury, and improved specific force production by 12%.
More recently, a pharmacological approach using the fast myosin inhibitor EDG-5506 achieved
similar protective outcomes by selectively inhibiting force generation in fast skeletal fibers while
sparing slow and cardiac muscle [114]. EDG-5506 significantly reduced membrane injury, force loss,
and fibrosis in both mdx and canine DMD models. These findings support fast fiber specific targeting
as a viable strategy to reduce mechanical stress in dystrophic muscle. Notably, slow oxidative
muscles such as the soleus are naturally enriched in utrophin, with expression ~2-3 fold higher than
in fast EDL muscle of mdx mice [115], offering a potential mechanistic explanation for their resistance
to damage and enhanced regenerative potential [116].
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6. Conclusions and Perspectives

Muscle fiber branching is a complex phenomenon that serves dual roles in muscle physiology:
as a protective adaptation in healthy muscle and as a detrimental feature in degenerative muscle
diseases like DMD. In the context of healthy muscle, fiber branching can help redistribute mechanical
stress, promote hypertrophy, and serve as a defense mechanism against injury. Conversely, in
dystrophic muscle, excessive and complex fiber branching leads to mechanical instability, increased
susceptibility to damage, and a decline in muscle function. This tension, between adaptation and
pathology, is intentionally left unresolved, as it reflects the current state of the field and highlights a
key opportunity for future investigation.

The dichotomy of muscle fiber branching in health and disease underscores its context-
dependent nature. In healthy muscle, branching may be part of an adaptive response, helping to
maintain muscle integrity under conditions of extreme mechanical load or injury. However, in DMD,
the absence of dystrophin triggers a pathological cascade where repeated cycles of degeneration and
regeneration lead to the formation of complex branched fibers. These fibers, while initially
compensatory, eventually become sites of structural weakness, contributing to progressive muscle
degeneration and functional decline.

Understanding this dual role of fiber branching is crucial for developing targeted therapeutic
strategies. The two-phase model of DMD pathogenesis presented in this review provides a
framework for understanding how muscle pathology progresses from initial regenerative responses
to terminal muscle degeneration. This model highlights the importance of early intervention to
prevent fiber branching from reaching a level where it exacerbates muscle damage.

Future research should focus on modulating the processes that govern muscle fiber branching and
fusion to harness their protective potential while minimizing their pathological consequences.
Investigating molecular targets such as mOR23, MRFs, and IGFs, as well as promoting shifts toward
slower muscle phenotypes, represents promising avenues for therapy. By better understanding the
molecular mechanisms underlying fiber branching, we can move towards innovative therapeutic
approaches that enhance muscle regeneration and improve outcomes for patients with muscle diseases.

In summary, muscle fiber branching is not inherently detrimental but becomes so under specific
pathological conditions. A nuanced understanding of the balance between adaptation and pathology
in muscle tissue will be essential for designing effective therapies for muscular dystrophies and other
muscle-related diseases.
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Abbreviations

The following abbreviations are used in this manuscript:

DMD Duchenne Muscular Dystrophy

mdx Dystrophin-deficient mouse

EDL Extensor Digitorum Longus

SR Sarcoplasmic Reticulum

ROS Reactive oxygen species

NO Nitric oxide

[CaZ]in Intracellular calcium concentration
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CD68 Cluster of differentiation 68 (macrophage marker)
eMyHC  Embryonic myosin heavy chain

SHG Second harmonic generation microscopy

VD Vernier density

CAS Cosine angle sum

mOR23  Murine olfactory receptor 23

MRFs Myogenic regulatory factors

IGFs Insulin-like growth factors

PGCla Peroxisome proliferator-activated receptor gamma coactivator 1-alpha
EDG-5506 Small molecule fast skeletal myosin inhibitor
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