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Abstract
Satellite cells drive skeletal muscle regeneration in response to injury, a process
regulated by factors released into the local muscle environment. However, the cellular
sources of this trophic support are poorly defined. In this regard, recent work on skin and
liver repair has revealed a surprising supportive role for cells termed “senescent cells”
which are commonly associated with aging and pathology. However, the role of
senescence in skeletal muscle repair is currently unknown. The PURPOSE of this study
was to determine the presence and contribution of senescent cells in skeletal muscle
repair following acute injury. METHODS: The tibialis anterior (TA) of 8-week-old
C57BL/6 mice was injured with cardiotoxin (CTX) and collected 5, 7, 10, 14, and 21
days post-injury for histological/ immunohistochemical (IHC) and gene expression
analyses. To examine the function of senescent cells during muscle repair, mice were
treated with a senolytic compound (ABT-263) following injury to selectively ablate
senescent cells. RESULTS: Senescent cell number (as revealed using the senescence
associated beta-galactosidase (SA-b-Gal) assay increased significantly following injury
(p £ 0.05) and returned to baseline by day-21 post-injury, a time-course that is coincident
with the muscle repair process. In agreement with this, qPCR analysis of putative
senescence pathways including p16INK4A, p21 and p53 as well as factors commonly
secreted by senescent cells such as Il-8, Il-1a, Il-1b and Mmp13 were significantly
upregulated in injured compared to uninjured tissue (p £ 0.05). IHC analysis
demonstrated that at five days post-injury, 23.3 ± 10.4% of senescent cells were positive
for macrophage marker F4/80, 5.8 ± 1.6% were CD31 positive; an endothelial cell
marker, and 9.2 ± 4.2% were positive for progenitor cell marker twist2; while at 10 days
post-injury, 49.2 ± 8.6% of senescent cells were F4/80 positive, 35.7 ± 1.4% CD31
positive, and 21.5 ± 0.7% twist2 positive. Senolytic treatment was effective at removing
senescent cells as a significant 38% reduction in the number of SA-b-Gal positive cells
was observed (p £ 0.05). Phenotypically, this translated into 25% reduction in the crosssectional area (CSA) and a 12% decrease in myonuclei per fibre (p £ 0.05).
CONCLUSION: Senescent cells are a newly identified component of the muscle repair
environment which influences skeletal muscle repair potentially through regulating
satellite cell function.
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Chapter 1
Introduction
1.1 Skeletal Muscle Background
Skeletal muscle is made up of striated, multi-nucleated, non-dividing muscle
cells, commonly referred to as myofibres, which are responsible for the contractile forces
that move our body and provide stability through their attachment to bones (Lieber 2002).
During embryogenesis, skeletal muscle is formed from muscle precursor cells in a
process called myogenesis. With the help of myogenic regulatory factors, the muscle
precursor cells then become “determined” to be muscle fibres (Asfour et al. 2018).
Satellite cells (muscle stem cells) also form during development, which are responsible
for muscle repair and growth following birth and throughout an individual’s life (Yin, et
al. 2013). In adulthood, skeletal muscle accounts for approximately 40% of the human
body’s mass; however, this percentage begins to decline as we age (Yin et al. 2013).
Functionally, skeletal muscle plays an important role in many diverse processes from
metabolism to endocrine actions (Jensen et al. 2011; Pratesi et al. 2013). However, due
to the mechanical nature of skeletal muscle, it is susceptible to damage and therefore,
requires specialized mechanisms for repair.
In this regard, skeletal muscle is one of the only tissues in the body that has the
ability to regenerate following injury. Moreover, it is highly plastic, meaning its
multinucleated myofibres can adapt to changes in its environment, such as exercise,
nutritional manipulation, and aging, resulting in alterations in structure and function
(Karalaki et al. 2009). Resistance exercise can create small tears within muscle fibres,
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triggering cellular responses which ultimately contribute to muscle growth referred to as
muscle hypertrophy. In contrast, a lack of physical activity will result in a reduction in
skeletal muscle size, termed muscle atrophy. Muscle diseases, such as Muscular
Dystrophy, also result in a loss of muscle mass, leading to changes in muscle energy
production and regeneration (Heydemann 2018). Regardless of the stimuli, myofibre
damage leads to the initiation of muscle repair mechanisms which culminate in the
activation of skeletal muscle stem cells termed satellite cells.
1.2 Satellite Cells
Satellite cells are heterogenous, mononucleated muscle stem cells anatomically
located between the sarcolemma and basal lamina of the myofibre and remain mitotically
quiescent until activated in response to muscle damage (Morgan and Partridge 2003).
Satellite cells comprise 30-35% of sub-laminal nuclei in postnatal murine muscles, which
declines to approximately 2-7% in adult muscle (Allbrook et al. 1971; Yin et al. 2013)
and in the elderly, we see this percentage further declines to ~1-2% (Parker 2015).
Advancements in immunohistochemistry allow us to identify satellite cells using the
marker Pax7, a transcription factor that is present in quiescent and activated satellite
cells. Pax7 is expressed in the nuclei of these stem cells in mature muscle and has been
described as being the most reliable marker to identify satellite cells in the mouse and in
human muscle tissues (Mackey et al. 2009; McKay et al. 2010; Reimann et al. 2004).
Satellite cells are considered to be heterogenous, as they demonstrate differences in their
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gene expression, their potential to differentiate, and their ability self-renew (Collins et al.
2005; Hernandez-Segura et al. 2017; Kuang et al. 2007).
It is now appreciated that satellite cell activity is highly regulated by its cellular
microenvironment which is complex and dynamically regulated in response to stimuli
such as damage, disease and physical activity. Primary constituents of the satellite cell
microenvironment, or niche, include vascular endothelial cells, fibroblasts, neutrophils,
macrophages and additional progenitor cell populations (Dinulovic 2017). Following
muscle injury, growth factors, inflammatory cytokines, and chemokines are released from
these nearby cells and influence satellite cell activity or promote quiescence through cellcell interactions via paracrine and autocrine signaling (Dinulovic 2017; Yin et al. 2013).
These interactions are crucial for satellite cell maintenance, self-renewal, and muscle
regeneration. The process of satellite cell activation, cellular proliferation, chemotaxis to
the site of injury, and subsequent self-renewal is known as the myogenic program.
1.3 Satellite Cell Activation and Muscle Degeneration
The key events that occur during this phase of muscle repair are the necrosis and
removal of damaged muscle tissue and the activation of satellite cells. Once activated,
satellite cells are termed “myoblasts”. Necrosis of damaged muscle fibres from severe
injury induces an inflammatory response within the damaged muscle environment.
Chemotactic recruitment of leukocytes occurs at the site of injury, and neutrophils
infiltrate the damaged muscle. The neutrophils secrete cytokines such as tumor necrosis
factor-alpha (Tnf-a), interleukin-1 beta (Il-1b) and Il-8 that contribute to the lysis of
damaged fibres (Yang & Hu, 2018). Additional release of cytokines such as Il-1 and Il-8
by neutrophils recruits macrophages to the site of injury (Ceafalan et al. 2014). As a
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result, pro-inflammatory “M1” macrophages become the predominant inflammatory cell
(Chazaud et al. 2009). These early invading macrophages are initially active 24-hours
post-injury and reach their peak concentration at about 48 hours post, with the primary
goal to remove damaged tissue debris by phagocytosis while secreting cytokines Il-1b
and Tnf-a, resulting in the activation of satellite cells (Yang and Hu 2018). This debris
clearance stage, driven by inflammatory cells, is required so that myogenesis can
proceed.
1.4 Skeletal Muscle Regeneration
This phase of muscle repair is typified by extensive myoblast proliferation, which
subsequently leads to differentiation or the generation of new muscle nuclei. In addition,
repair of the ECM and angiogenesis is initiated. The dynamic interplay between the
various cell populations of the satellite cell microenvironment work synchronously to
ensure efficient satellite cell proliferation so that repair can occur properly.
Inflammatory cytokines secreted by macrophages are required for satellite cell
proliferation. Neutrophils in the initial inflammatory response secrete cytokines Il-4 and
Il-10 causing M1 macrophages to undergo a functional switch, resulting in the
recruitment and activation of “M2” anti-inflammatory macrophages (Ceafalan et al.
2014). M2 macrophages focus on advanced muscle repair, as well as angiogenesis and
ECM remodeling through secretion of the anti-inflammatory cytokines Il-10, Il-6, and Il4 thereby suppressing the inflammatory state at the injury site and enhance the activation
of still quiescent satellite cells (Yang and Hu 2018). A subset of these macrophages
produce insulin-like growth factor 1 (IGF-1) (Lu et al. 2011). IGF-1 binds to its
receptors in satellite cells, thereby enhancing their proliferation and differentiation (Yin

4

et al. 2013). The damaged myofibres also secrete IGF-1 through autocrine signaling to
promote the repair and growth of the fibres (Zanou and Gailly 2013). Subsequently, IGF1 release also regulates the activity of fibro-adipogenic progenitor cells (FAPs),
promoting their proliferation following acute injury (Farup et al. 2015).
FAPs and fibroblasts are located in the interstitium and demonstrate a supportive
role in satellite cell proliferation. These cells can be identified based on their presence of
platelet derived growth factor receptor PDGFRa. FAPs instruct satellite cells to move
from their quiescent state and to proliferate through PDGF signaling as well as through
paracrine secretion of Il-6 (Farup et al. 2015; Mackey et al. 2017; Murphy et al. 2011;
Sugg et al. 2017). Recently, it has been demonstrated that PDGF signaling is required in
muscle fibre hypertrophy, angiogenesis, and ECM repair during muscle regeneration
(Sugg et al. 2017). In fact, fibroblast ablation has resulted in premature differentiation of
satellite cells, resulting in a reduction in muscle size and smaller muscle fibres (Murphy
et al. 2011). In addition, FAPs secrete cytokine Il-4 and growth factor IGF-1 which
promotes their proliferation leading to healthy muscle repair (Farup et al. 2015).
Satellite cells are located in very close proximity to capillaries. As a result of
injury, endothelial cells in damaged blood vessels secrete growth factors, including
vascular endothelial growth factor (VEGF), platelet derived growth factor (PDGF), and
hepatocyte growth factor (HGF) that regulate satellite cell activation and proliferation
(Ceafalan et al. 2014). These growth factors bind to receptors in satellite cells, and have
not only been found to improve regeneration by stimulating the proliferation of satellite
cells, but also promote the restoration of blood vessels (Arsic et al. 2004). In fact, once
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blood vessels are restored following repair, they will then signal satellite cells to go back
to their quiescent state to maintain the satellite cell pool (Abou-Khalil et al. 2009).
Once satellite cells are activated, about 90% will commit to proliferation and
migrate towards the site of injury while the remaining 10% will self-renew to replenish
the satellite cell pool and return to their quiescent state (Yin et al. 2013). During repair,
we see that various growth factor ligands provide trophic support for satellite cell activity
while intrinsically an important set of transcriptional regulators termed myogenic
regulatory factors (MRF) become differentially expressed. The proteins, Myf5, MyoD,
Mrf4/Myf6, and myogenin, encoded by genes, Myf5, Myod1, Mrf4/Myf6 and Myog
respectively, not only regulate the activation and proliferation of satellite cells, but also
their transition into differentiation and fusion (i.e. the myogenic program) (HernándezHernández et al. 2017). Quiescent satellite cells are arrested in the G0 phase of the cell
cycle and express the MRFs Pax7 and Myf5. As a result of damage, activated cells
committed to proliferation have an increased expression of Myf5 (Yin et al. 2013). Early
on in activation, satellite cells begin to express MyoD and the cells begin to move out of
their niche (Ceafalan et al. 2014). However, the satellite cells will gradually start
downregulating Pax7 as regeneration ensues, and there is an upregulation of MyoD as
cells proliferate and begin to differentiate (Asfour et al. 2018). Cells that are not destined
for proliferation, maintain the expression of Pax7 following their activation, thereby
suppressing Myf5 and MyoD and they return to quiescence (Zammit et al. 2006).
1.5 Skeletal Muscle Growth
As myoblast proliferation subsides, myoblast to myofibre differentiation
continues. The increase in nuclei by myoblasts supports the growth of newly regenerated
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muscle fibres and serves to enhance the overall rate of protein synthesis. Concurrently,
repair of the ECM and angiogenesis is completed alongside these processes.
The transcriptional regulators that dictate the transition of satellite cells from
proliferation to differentiation are the MRFs Myogenin and Mrf4/Myf6. Upregulation of
these factors occurs as proliferation ends, thereby completely suppressing the expression
of Pax7 (Olguin et al. 2007). This moves satellite cells in the direction to terminally
differentiate, where they then fuse with pre-existing damaged fibres, or they fuse with
one another to form a new muscle fibre (Karalaki et al. 2009; Yin et al. 2013).
There are multiple signaling molecules that are promoters of myogenic
differentiation leading to myoblast fusion and muscle hypertrophy. Il-6 secretion has
demonstrated a role in the degenerative phase of repair as described previously, however
it is also expressed by satellite cells and growing myofibres in response to hypertrophic
stimuli in this later stage of regeneration (Serrano et al. 2008). In fact, mice deficient in
Il-6 have demonstrated impaired myofibre growth as a result of reduced satellite cell
proliferation and subsequently fewer myonuclei (Serrano et al. 2008). It is also worth
noting that PDGFRa positive FAP cells transiently express pro-differentiation signals
including Il-6 , thereby providing signals that promote terminal differentiation (Joe et al.
2010). In addition, Il-4 release by myoblasts is required for recruitment of additional
myoblasts, thereby increasing the number of myonuclei that will fuse and grow into
newly formed myotubes (Horsley et al. 2003). Growth factor IGF-1 is also required for
both proliferation and differentiation of myoblasts and plays an important role in muscle
growth (Zanou and Gailly 2013). It does so by binding to receptors on the surface of
myoblasts which activate the mammalian target of rapamycin (mTor) pathway, resulting
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in muscle protein synthesis and inhibition of muscle proteolysis (Laplante and Sabatini
2012; Zanou and Gailly 2013). Following a successful period of repair, the newly
regenerated fibres are very much identical in appearance, shape, and function to
undamaged muscle (Yin et al. 2013).
1.6 Satellite Cell Activity with Aging and Disease
Aging and neuromuscular diseases can impair the process of muscle regeneration.
It is known that the number of satellite cells in adult skeletal muscle decreases with age,
therefore the ability to regenerate muscle and replace lost myofibres declines (Yin et al.
2013). This is also true for individuals with myopathies like Duchenne Muscular
Dystrophy. The reason for this is poorly defined, however, it is suggested that with age,
the self-renewal capacity of satellite cells becomes restricted, due to telomere shortening
and oxidative stress, causing exhaustion of the satellite cell pool after many rounds of
regeneration (Karalaki et al. 2009). In addition, the loss of satellite cells can contribute to
fibrosis in skeletal muscle, as a result of dysregulated pathways and signaling within and
outside of the satellite cell niche, preventing proliferation and renewal of satellite cells
(Fry et al. 2015). It is also speculated that changes to the environment, including fibrosis
and fatty tissue accumulation surrounding satellite cells may affect the regenerative
capabilities of satellite cells directly.
Further studies examining the satellite cell environment are needed to better
understand muscle regeneration under normal conditions, in aging muscle, and in those
with a muscle disease, as well as the source of the factors being expressed that are driving
regeneration. Recently, it has been found that in aged muscle, quiescent satellite cells
become senescent (see below) due to an increase in cell cycle regulator and senescence
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marker p16INK4A. As a result, satellite cells fail to activate following injury (Sousa-Victor
et al. 2014). However, new research has suggested that the state of cellular senescence
may also be the source of factors for regeneration and repair to occur, which has been
identified in the skin and liver (Demaria et al. 2014; Krizhanovsky et al. 2008; Rodier
and Campisi 2011). This suggests a regenerative role of senescent cells that has yet to be
explored in skeletal muscle.
1.7 Cellular Senescence
Cellular senescence is defined as the irreversible cell-cycle arrest of abnormal,
damaged, or aging cells (Campisi 2013). The term was first coined by Hayflick and
colleagues approximately 50 years ago, when they discovered that normal, human
fibroblast cells had a division limit in culture (Hayflick 1965). Following this discovery,
it was then understood that this division limit of cells was due to the shortening of
telomeres over time (Campisi 2001). This became known as the “Hayflick Limit”
(Kuilman et al. 2010). Telomeres are required for the integrity of chromosomes, and as a
cell proliferates over its lifespan, telomeres eventually reach their minimum critical
length, and as a result, their protective structure becomes disrupted (Kuilman et al. 2010).
With the loss in chromosome integrity, damaged cells initiate a DNA damage response
(DDR), typically resulting in cell-cycle arrest (d’Adda di Fagagna et al. 2003).
In recent years, it is now understood that there are multiple stimuli that can
initiate the senescence response including non-telomeric DNA damage, mitogenic signals
from oncogenes, and stress-induced signals including oxidative stress and continual
cytokine exposure (Bernadotte et al. 2016; Campisi and d’Adda di Fagagna 2007). For
example, studies examining the senescence response have commonly used ionizing
9

radiation to induce DNA double stranded breaks, activating tumor suppressor pathways
p53 and p16INK4A , initiating senescence (Pan et al. 2017; Rodier et al. 2009; Seol et al.
2012). The DNA double strand breaks can be identified as expressing gH2AX foci at the
telomeres which is considered to be a marker of senescence (d’Adda di Fagagna et al.
2003).
This cellular state of permanent growth arrest is independent from quiescence
and can occur to virtually any cell type, including both mitotic and post-mitotic cells
(Campisi and d’Adda di Fagagna 2007; van Deursen 2014). For example, under normal
conditions, satellite cells, largely remain in quiescence (not senescence) until they are
needed for repair but can re-enter the cell cycle (Figure 1). Senescence differs from
quiescence in that senescence is irreversible as there is no known stimuli that can reverse
this arrest in non-oncogenic cells (Sherwood et al. 1988).
Interestingly, it was recently demonstrated that postmitotic cells (cells that have
already lost the ability to proliferate due to differentiation) may undergo a senescence
response. Similarly to mitotic cells, postmitotic cells can become senescent following
DNA damage which has been identified in numerous cell types including neurons,
osteocytes, adipocytes, and retinal cells (Farr et al. 2016; Jurk et al. 2012; Minamino et
al. 2009; Oubaha et al. 2016). Senescent postmitotic cells have only recently been
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considered, as a large focus historically has been on mitotic cells. Therefore, their role in
tissue health is not well understood and not further discussed.
Much of what we know regarding the molecular pathways that govern senescence
comes from studies of cells cultured until they reach replicative senescence, undergo
ionizing radiation, or are harvested from tumors (Bernadotte et al. 2016; d’Adda di
Fagagna et al. 2003; Dörr et al. 2013; Serrano et al. 1997). Recently, studies looking at
the senescence response both in vitro and in vivo have identified characteristics that allow
us to more accurately identify senescent cells, and how the immune system acts to
remove these cells.

Figure 1. The Cell Cycle
Cells move through the cell cycle where they eventually divide following mitosis to
produce two daughter cells. Mitotic cells can exit the G1 phase and enter the resting
G0 phase, until acted upon by signals to re-enter the cell cycle. Mutated cells detected
at the G1/S checkpoint will exit the cell cycle and can enter a senescence state.
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1.8 Senescent Cell Clearance
A defining characteristic of a senescent cell is that it can no longer progress
through the cell cycle. Subsequently senescence is a conserved tumor suppressor
mechanism which prevents potentially cancerous cells from dividing. In this regard,
when a normal, healthy cell moves through the cell cycle, its DNA is duplicated in the S
phase, and two daughter cells are eventually produced during mitosis (Figure 1).
Checkpoints at various stages of the cell cycle detect if a cell is the appropriate size and if
there are any irregularities such as DNA damage. Activated DNA damage checkpoints
can arrest the cell cycle transiently for DNA repair, or permanently, by inducing
apoptosis or senescence (Brill et al. 1999; Mombach et al. 2014). Of the three cell cycle
checkpoints, the G1/S checkpoint has been demonstrated to be the most sensitive
checkpoint for detecting senescence-induced DNA damage (Mombach et al. 2014).
Following the initiation of a DNA damage response, cells destined for senescence
are normally removed by a macrophage driven immune cell clearance mechanism, which
is under heavy surveillance in healthy tissue (Kay 1975; Prata et al. 2019). This is in part
due to the increased level of secretion of inflammatory factors and proteases by senescent
cells which is known as the “senescence associated secretory phenotype” (SASP). SASP
factors will chemo-attract macrophages that engulf senescent cells by phagocytosis,
subsequently leading to their death, thereby attenuating SASP factors and damage signals
(Prata et al. 2019). However, in dysfunctional tissues as a result of age, disease, or poor
immune function, this senescent cell surveillance mechanism is impaired, giving
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senescent cells the ability to resist apoptosis, resulting in senescent cell accumulation
(Prata et al. 2019).
Cellular apoptosis is primarily regulated by the Bcl-2 family of proteins
(Tsujimoto 1998). The Bcl-2 family is divided into subfamilies that consists of antiapoptotic and pro-apoptotic members. Pro-apoptotic proteins include BAX and BAK
while anti-apoptotic proteins include BCL-2 and BCL-xL. Senescent cells demonstrate
an increased in activity of BCL-2 and BCL-xL which sequesters the release of caspases
and release of apoptosis inducing factor (AIF) to protect senescent cells from apoptosis
(Yang et al. 1997) (Figure 2). As a result, these anti-apoptotic proteins have become a
major target in developing compounds capable of removing senescent cells from tissues.
It is believed that the senescent phenotype evolved in parallel with apoptosis, as it
prevents cancerous cells from proliferating. However, these cells are resistant to cell
death and accumulate within our tissues over time and can subsequently drive age-related
pathologies (Campisi and d’Adda di Fagagna 2007). Senescent cells not only
demonstrate apoptotic resistance, but they also have a host of unique characteristics that
allow their identification in culture and in vivo.
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Figure 2. The Bcl-2 family of proteins regulate apoptosis. Pro-apoptotic proteins BAK
and BAX and anti-apoptotic proteins BCL-2 and BCL-xL located on the mitochondrial
membrane of cells, interact with each other and are responsible for initiating apoptosis.
Dysregulation of these proteins, resulting in an imbalance in their activity can occur as a
result of DNA damage, and cells can evade apoptosis, leading to their accumulation. The
ability of senescent cells to resist apoptosis has resulted in the development of novel
drugs that target the anti-apoptotic Bcl-2 family members as a potential therapeutic.
These drugs termed “senolytics” can selectively eliminate senescent cells by transiently
inhibiting anti-apoptotic proteins to allow for apoptosis to occur.
1.9 Biomarkers of Senescence
Since cells can enter senescence due to many different stimuli, senescent cells are
considered highly heterogeneous (Hernandez-Segura et al. 2017) and display variability
in their gene signature and phenotypic profile (Wiley et al. 2016). Currently, there are
multiple senescence detection methods that are typically used in combination to identity
and confirm the senescence phenotype. However, there is still a need for the
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development of approaches that identify a universal senescent cell marker which
currently is lacking.
Key characteristics of senescent cells includes permanent growth arrest, an
increase in size, a flattened morphology, persistent DNA damage, enhanced secretion of
SASP factors and an altered gene expression profile (Campisi and d’Adda di Fagagna
2007; Rodier and Campisi 2011). They also have a characteristic increase in their
lysosomal mass resulting in the increased activity of “Senescence Associated BetaGalactosidase” (SA-b-Gal) (Kurz et al. 2000). SA-b-Gal is considered a key biomarker
of senescent cells as it is absent from normal proliferating cells (Dimri et al. 1995).
However, the enzyme β-galactosidase is a lysosomal hydrolase found in most mammalian
cells (Kurz et al. 2000). Lysosomal β-galactosidase and SA-b-Gal activity is regulated
by the gene Glb1, which is necessary for the production of the enzyme β-Galactosidase
(Lee et al. 2006). The enzyme (in lysosomes) is normally active at an optimal pH of 4 in
young, healthy cells where it demonstrates its maximum activity level (Lee et al. 2006).
However, in senescent cells, the enzyme is active at pH 5.5 and 6, for mice and human
tissue respectively (Dimri et al. 1995). Normally, the enzyme is not active at a pH of 6
and therefore is not detected at that pH. However, in senescent cells there is an increase
in the number and size of lysosomes, known as their lysosomal mass, as a result of an
increased rate of hydrolysis and an increase in b-galactosidase protein levels (Kurz et al.
2000; Lee et al. 2006). In fact, senescent endothelial cells in culture have demonstrated a
three to six fold increase in b-galactosidase activity compared to young cells (Kurz et al.
2000). Increased activity allows for the lysosomes to surpass their normal activity
threshold and can then be detected at pH 6 (or 5.5 in mice). The increased activity is
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reflected by increased levels of Glb1 mRNA and protein in senescent cells compared to
non-senescent cells (Lee et al. 2006).
SA-b-Gal positive cells have been identified in virtually all tissues following
irradiation and in aged tissue (Biran et al. 2017; Chiche et al. 2017; Dimri et al.1995).
We can detect senescent cells in vivo using the SA-b-Gal assay that requires the substrate
5-bromo-4-chloro-3-indoyl b-D-galactopyranoside (X-Gal) (Cazin et al. 2017). Cells or
tissues are incubated in the X-gal solution at a pH of 5.5 or 6, for a period of 24-48 hours.
This method of identifying senescent cells has become widely implemented due to the its
specificity and simplistic nature and is therefore considered to be one of the best markers
to identify senescent cells (Campisi 2013; Dimri et al. 1995; Kurz et al. 2000). However,
SA-b-Gal staining on its own, is not considered an exclusive senescence marker. An
increase in lysosomal content at pH 6 has also been found in other types of nonproliferating cells, specifically in immortalized quiescent 3T3 cells following serum
deprivation (Yegorov et al. 1998).
Senescence is therefore considered to have a myriad of markers that encompass
the phenotype (Rodier and Campisi 2011). These include the presence of DNA double
stranded breaks through detection of gH2AX foci; a marker of the activation of the DDR,
and also a lack of proliferation markers in senescent cells such as Ki67 or Edu
incorporation (Biran et al. 2017). In addition, the identification of high SASP factor
activity has been employed, as well as examining the increased expression of cyclin
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dependent kinase inhibitors p16 INK4A (Cdkn2a) and p21 (Cdkn1a) as a result of tumor
suppressor p53 activation.

1.10 Key Senescence Pathways
There are two major cellular pathways that promote cell cycle arrest and
senescence following induced stress. The first is the p53 growth arrest pathway which is
engaged by stimuli such as ionizing radiation and telomere shortening (Campisi and
d’Adda di Fagagna 2007; Herbig et al. 2004). Following damage, p53 is regulated by
activation of the protein p19ARF (p14ARF in humans) a product of the INK4a locus, which
p16INK4A is also a product of (Wahl and Carr 2001). Activated p19ARF is responsible for
preventing the degradation of p53 and thus promotes p53 activation (Campisi and d’Adda
di Fagagna 2007). Activated p53 targets the cyclin dependent kinase inhibitor p21
which will initiate cell-cycle arrest and promotes the senescence response (Coppé et al.
2010) (Figure 3).
The second major senescence pathway is the p16INK4A/pRb pathway.
Interestingly, the activation of p16INK4A/pRb is delayed and occurs after p53 and p21
activation. For example, studies utilizing ionizing radiation to mediate DNA damage
have identified that p53 and p21 are immediately induced and their expression begins to
decline after a few days, however, during this time p16INK4A levels begin to increase
(Robles and Adami 1998). Therefore, it is believed that p53 activation initiates
senescence, while p16INK4A is required to maintain it (Robles and Adami 1998). It is
important to note that p16INK4A is not normally expressed in healthy cells and is induced
in tissues under extreme stress and during senescence. p16 INK4A activation inhibits cyclin
dependent kinases (Cdk) resulting in the phosphorylation of the retinoblastoma protein
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(pRb) which promotes growth arrest (Demaria et al. 2014). p21 is also a Cdk inhibitor,
therefore pRb activity can be regulated by both p16INK4A and p21 simultaneously or by
either pathway independently (Ben-Porath and Weinberg 2005) (Figure 3).
In summary, both the p53 and p16INK4A/pRb pathways play roles in promoting
senescence and there are many cellular players that regulate their activity (Ben-Porath
and Weinberg 2005). Activation of these pathways leading to growth arrest has
characterized cellular senescence as being an important tumor suppressor response.
Senescent cells, however, have been recognized to influence cell behavior as they
promote an upregulation of inflammatory cells that can alter the tissue environment.
Therefore, cellular senescence has been further characterized as having a secretory
phenotype in which it exerts its effects following its activation.

(Adapted from Porath and Weinberg 2005)

Figure 3. Cellular Senescence is induced following DNA damage
A persistent DNA damage response activates senescence promoters p16INK4A and p19ARF
which target downstream effectors to initiate and maintain the senescence response.
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1.11 Function of senescent cells: “The Senescence Associated Secretory Phenotype”
While seemingly harmless, senescent cells are not inert and have the capacity to
influence their surrounding environment in numerous ways. The best described of which
is through the enhanced secretion of inflammatory and proteolytic factors including
interleukins, chemokines, extracellular proteases, and matrix metalloproteinases (MMPs)
that make up the secretory profile of senescent cells collectively termed the Senescence
Associated Secretory Phenotype (or SASP). Frequently observed SASP factors include
Il-6, Il-8, Il-1a and Il-1b, PAI1, MMP’s and many others. For an excellent review of
SASP factors and their function, please refer to Coppé et al. (2010).
Aging and senescence are largely linked through SASP secretion. For example,
as we age, senescent cells accumulate within tissues as a result of dysregulated clearance
mechanisms by the immune system (Muñoz-Espín and Serrano 2014). This
accumulation results in a chronic presence of the SASP, and further promotes age-related
pathologies such as atherosclerosis, osteoarthritis, diabetes, and cancer (Campisi 2013;
Muñoz-Espín and Serrano 2014). These SASP factors can then exert their effects
through autocrine and paracrine signaling in their local environment. For example, in
human and mouse senescent fibroblast cells, autocrine activation of pro-inflammatory
cytokine Il-6 and chemokine Il-8 as a result of oncogenic stress has shown to reinforce
the senescence growth arrest by binding to receptors on its own cell surface, further
promoting SASP activity (Acosta et al. 2008; Kuilman et al. 2008). Additionally,
paracrine release of Il-6 and Il-8 by senescent cells results in the binding of these factors
to receptors on neighboring, susceptible, oncogenic cells in the environment, promoting
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tumor cell proliferation; demonstrating that the SASP can promote tumorigenesis in
nearby cells (Coppé et al. 2010; Kuilman et al. 2008).
The SASP has also demonstrated systemic effects, especially in disease states.
Specifically, we see this in obesity-associated senescence, where the systemic signaling
of the SASP results in increased levels of Il-6, Il-8, and Il-1b, eventually contributing to
insulin-resistance as the chronic inflammation negatively impacts the function of
pancreatic b-cells and adipose tissue (Palmer et al. 2015). As a result, this is believed to
contribute to the onset of type-2 diabetes (Palmer et al. 2015). In summary, both Il-6 and
Il-8 are considered to be the predominant SASP factors expressed by senescent cells.
A comprehensive list of the secretory profile of senescent cells continues to be
studied and has proven to be complex as the SASP factors expressed may vary depending
on the cell type and the stimulus (Freund et al. 2010). Interestingly, our understanding of
cellular senescence has expanded beyond cancer and aging as it has been found that the
SASP can positively impact diverse processes such as embryonic development, tissue
repair, and wound healing (Demaria et al. 2014; Muñoz-Espín et al. 2013; Rodier and
Campisi 2011).
1.12 Senolytics in Tissue Rejuvenation
Since cellular senescence is intimately tied to tissue pathology and age-related
disease, there has been a significant interest in developing small molecules capable of
“clearing” or inducing the apoptosis of senescent cells. These so-called “senolytics” are
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promising potential treatments for conditions ranging from cancer to chronic disease as
well as anti-aging therapies and have actually progressed into human clinical trials.
Support for this strategy comes from earlier studies using transgenic mouse
models which proved invaluable in demonstrating the benefits of removing senescent
cells under advanced aging conditions. For example, removing p16 INK4A positive
senescent cells using a mouse strain capable of temporally eliminating p16 INK4A cells in a
progeroid mouse model (i.e. accelerated aging) proved capable of delaying several age
related pathologies, such as osteoarthritis, while mice demonstrated an increased lifespan
(Baker et al. 2011; Jeon et al. 2017). An additional transgenic mouse strain known as the
p16-3MR mouse has also been used to selectively remove senescent cells in vivo under a
variety of conditions. Specifically, the transgene p16-3MR has a trimodal reporter
protein “3MR” that acts under the promoter p16 INK4A so that p16 INK4A positive cells can
be detected and visualized within the mouse using luminescence and then selectively
removed using ganciclovir (GCV) treatment (Chiche et al. 2017; Demaria et al. 2014).
Collectively, experiments using this strain have supplied the proof of principle work that
removal of senescent cells is therapeutically efficacious.
Subsequently, development of pharmacological senolytics appears to be emerging
as the most promising way in which senescent cells can be removed in humans. A
common problem that could arise when attempting to remove senescent cells is that
treatment could potentially harm healthy cells and tissues. Senolytics, however, are a
group of small molecules which evidence suggests can specifically induce apoptosis only
in senescent cells which has shown positive results using rodent disease models (Chang
et al. 2016). Senolytics induce their effects by targeting the Bcl-2 family of proteins that
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regulate apoptosis (Figure 2). Specifically, they target anti-apoptotic or pro-survival Bcl2 members BCL-2 and BCL-xL by transiently disabling them so that apoptosis of
senescent cells can occur (Chang et al. 2016). The first senolytics reported to be
effective in human cells was a combination of quercetin and dasatinib, which
demonstrated senescent cell clearance (Xu et al. 2018; Zhu et al. 2015). Following
treatment, senescent cell number decreased along with the expression of proinflammatory cytokines. Additionally, demonstrating the efficacy of senolytic treatment,
oral administration of this senolytic compound in aged mice decrease mortality rate by
65% (Xu et al. 2018).
Another example of a well-studied senolytic is ABT-263 (Navitoclax), which is
considered a potent senolytic compound that is orally bioavailable, which makes it an
ideal compound for senescent cell removal. ABT-263 disables BCL-2 and BCL-xL in
senescent cells by promoting the interaction of the anti-apoptotic proteins with the prodeath protein “Bim” and induces the translocation of the pro-apoptotic protein BAX
resulting in senescent cell death (Tse et al. 2008). ABT-263 is capable of removing
senescent cells in vivo as reductions in senescent cells were observed in multiple tissues
which functionally resulted in rejuvenation of aged bone marrow and muscle stem cell
capacity (Chang et al. 2016).
1.13 Promotion of Tissue Regeneration by Cellular Senescence
Chronic cellular senescence is considered to be detrimental to tissue health and is
associated with aging, and chronic disease. Paradoxically, the presence of senescent cells
seems to be required during embryogenesis and a “transient wave” of senescence appears
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to promote optimal regeneration in various tissues (Campisi 2001; Muñoz-Espín et al.
2013; Ritschka et al. 2017).
Specifically, the role of senescence in tissue repair has been demonstrated in skin
wound healing and in the liver. Like in chronic diseases, senescent cells appear to exert
their pro-regenerative effects through SASP factor secretion. Specifically, within the
skin, the secretion of the SASP factor platelet-derived growth factor AA (PDGFAA)
from senescent fibroblasts and endothelial cells accelerates wound closure as it promotes
differentiation of myofibroblasts (Demaria et.al 2014). Moreover, during wound healing,
senescent myofibroblasts in the skin limit fibrosis during the healing process (Jun and
Lau 2010; Muñoz-Espín and Serrano 2014). Similar activity has been observed in the
liver in response to damage. Hepatic stellate cells (HSC) in the liver activate following
liver damage and contribute to the ECM in an attempt to repair the organ but can also
contribute to fibrotic scarring that can lead to cirrhosis. Accumulation of senescent HSC
in mice has shown to recruit SASP associated MMP degrading enzymes that promote
collagen degradation and limits fibrosis (Krizhanovsky et al. 2008).
1.14 Research Objectives and Hypothesis
Collectively, there is emerging evidence of the positive roles of senescence,
mainly through SASP factor secretion. However, the powerful regenerative properties of
these cells have yet to be fully explored. For example, skeletal muscle is considered a
highly regenerative tissue. It is believed that the muscle environment can change with
age and there is demonstrated satellite cell exhaustion, therefore hindering effective
regeneration by increasing the period of time needed to heal from injury. However, it
still remains unknown whether the SASP is responsible for muscle aging and muscle
23

disease promotion (e.g. muscular dystrophy), if it is a positive regulator of muscle
regeneration, or perhaps plays a role in both.
There is only a limited understanding of senescence in skeletal muscle, and
previous research has focused primarily on senescence in aging tissue. Therefore, the
aim of the current study was to determine if senescent cells are present in young skeletal
muscle following acute injury and whether they are responsible for secreting factors that
regulate muscle regeneration or inhibit proper muscle repair. Based on previous findings
regarding senescence and tissue regeneration (Demaria et al. 2014), it is hypothesized
that:
1) Senescent cells will be identified in skeletal muscle following injury.
2) A senescence cell response is required for optimal muscle regeneration.
3) Senescent cells in skeletal muscle secrete SASP factor(s) that regulate muscle stem
cell activity required for muscle repair. Specifically, the following SASP factors
hypothesized to likely be upregulated during muscle regeneration included Il-6, Il-1a,
Il-1b, and Il-8.
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Chapter 2
Methods
2.1 Mice and Animal Procedures
All animal procedures and ethics were approved by the University of Prince
Edward Island Animal Care Committee in accordance with CCAC guidelines (AUP #16036). Two-month old C57BL/6 male mice were purchased from Charles River
Laboratories. Mice were anesthetized with isoflurane and both right and left tibialis
anterior (TA) muscles were injured by injection of 50 ul of snake venom cardiotoxin
(CTX, 10µM) (L8102, Latoxan Laboratory). Following injury, mice were administered
subcutaneously with the analgesic drug meloxicam (Metacam) at 5 mg/kg. Animal
sacrifice and TA muscle isolation occurred at days 5, 7, 10, 14, and 21 post-injury, a
time-course coinciding with the muscle regeneration process (Laumonier and Menetrey
2016) (Figure 4). In an additional experiment, CTX injured mice received an
intraperitoneal injection of 5-ethynyl-2′-deoxyuridine (EdU, 50 mg/kg) (Invitrogen,
C10338) 24 hours prior to sacrifice occurring at seven days post injury. EdU
incorporates into newly synthesized DNA and is a marker of proliferating cells (Zeng et
al., 2010).

Figure 4. Experimental protocol to define the senescent cell response to muscle
injury. TA muscles were injured using cardiotoxin (CTX) and tissue was collected at the
time points indicated for IHC, histology, and qPCR.
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Senescent cell removal using ABT-263 was performed as described previously
(Chang et al. 2016; Demaria et al. 2014). Briefly, mice were grouped into vehicle and
experimental groups (n= 9 and 8 respectively) and were injured as described above.
Starting at three days post-injury, vehicle mice began treatment by gavage daily with a
vehicle solution of Phosal, Polyethylene glycol (PEG), and ethanol (EtOH)
(60%:30%:10%) while experimental mice were administered ABT-263 (Navitoclax,
Toronto Research Chemicals A112500) at 50 mg/kg of body weight dissolved in vehicle.
After seven days of ABT-263 treatment (10 days post CTX-induced muscle injury), TA
muscles were collected (Figure 5).

Figure 5. Experimental protocol to ablate senescent cells following muscle injury.
TA muscles were injured with CTX and mice were treated with vehicle or senolytic
compound ABT-263 (50mg/kg, by gavage) for seven days, followed by muscle isolation
at 10 days post-injury.
2.2 Immunohistochemistry (IHC) and Histology
Isolated TA muscles were either fixed in 4% PFA or flash frozen in liquid
nitrogen cooled isopentane and stored at -80°C in optimal cutting temperature compound
(OCT). Isolated muscle was also used for cell isolation (as described under Optimization
of Methods, section 2.7.1) immediately, for immunohistochemistry following
cytospinning. Fixed or flash frozen tissue was cryosectioned (7µM sections) for staining.
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For immunohistochemistry, flash frozen TA muscle sections were stained with
primary antibodies against F4/80, laminin, CD31, twist2, and Pax7 while isolated
mononuclear cells were stained for gH2AX. Alexa-conjugated secondary antibodies
were used for immunofluorescence (Thermo Fisher). EdU was identified using the
Click-iT EdU Proliferation assay reaction kit following the manufacturer’s protocol
(Invitrogen, C10338) following SA-b-Gal staining. All other IHC staining was
completed in serial sections, as SA-b-Gal histochemistry can negatively impact antibody
binding on the same slide.
The staining protocol was unique for each marker of interest; with detailed
information pertaining to each staining protocol located in Table 1. This includes the
concentration of the tissue fixation condition, permeabilization and blocking solutions,
primary, secondary, and tertiary antibody solutions, as well as their respective supplier
names. However, the general protocol for isolated cells and frozen sections, excluding
Pax7, was as follows: Sections were air dried and fixed in paraformaldehyde (PFA) or
acetone for five minutes at room temperature followed by three five-minute washes in
0.02% tween in PBS (PBS-T). Sections were then permeabilized for 10 minutes with
Triton-X 100 in PBS-T. To reduce background, sections were blocked using donkey
serum in PBS-T for one hour at room temperature. Slides were then incubated with the
primary antibody of interest (Table 1) in the blocking solution overnight at 4°C. The
next day, sections were washed three times for five minutes with PBS-T and incubated
with the appropriate secondary antibodies (Table 1) for 1-2 hours in 2% BSA in PBS.
Sections were again washed in PBS-T and the nuclear marker DAPI (1 µg/µl, Invitrogen)
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was applied for five minutes in PBS-T and then mounted using aqueous fluorescent
mounting media.
Pax7 staining was adapted from the published method by Dumont and Rudnicki
(2017). Briefly, frozen sections were air dried, fixed for five minutes and underwent
washes in PBS-T as mentioned above for the other targets. To quench autofluorescence
due to PFA fixation, glycine in PBS-T was applied (0.1M) to the section for five minutes.
After one five-minute wash in PBS-T, sections were permeabilized with 0.2% Triton-X
for 10 minutes at room temperature. The Vector Immunodetection M.O.M. blocking
reagent was used to block endogenous binding and background (BMK-2202). Sections
were incubated with M.O.M. block (1:35) in PBS-T for one hour, followed by two twominute washes in PBS-T. Following the manufacturer’s instructions, Vector M.O.M.
diluent was prepared and applied to sections for five minutes. Following the blocking
steps, sections were incubated with the primary antibody to Pax7 in M.O.M. diluent
overnight at 4°C (Table 1). The next day, slides were washed (three times for five
minutes with PBS-T) and Vector biotinylated anti-mouse in M.O.M. diluent was applied
to sections for 30 minutes at room temperature. Following washing steps (three times for
five minutes with PBS-T), streptavidin Alexa Fluor 594 (Thermo Fisher, S11227) in
M.O.M. diluent was added to slides for 30 minutes. Sections went through another round
of washes prior to DAPI application for five minutes in PBS-T. Sections were then
mounted using aqueous fluorescent mounting media. All sections were visualized using
the Zeiss Axio Observer 7 (Axiocam, Carl Zeiss Microscopy, Jena, Germany)
microscope with Zeiss ZEN software. ImageJ software (FIJI) was used for quantification
of the images acquired.
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For histology, sections that were stained for SA-b-Gal were also counterstained
with 0.5% eosin for one minute, followed by a two-minute tap water rinse, and a brief
distilled water (dH2O) rinse. Sections were then dipped two to three times in 95%
ethanol, followed by two-three dips in 100% ethanol, and a final dip in xylene. Sections
were mounted using non-aqueous mounting media.
Table 1. Experimental conditions for immunohistochemistry.

2.3 SA-b-Gal Assay
The assay was performed as previously described (Cazin et al. 2017; Le Roux et
al. 2015). Tissue immersed in 4% PFA following muscle collection was used for SA-bGal quantification for both the regenerative time course and ABT-263 experiments.
Sections were washed for five minutes with PBS and then underwent two five-minute
washes with PBS + MgCl2 (2mM, pH 5.5). Sections were incubated in an x-gal solution
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containing 4 mM K3Fe(CN)6, 4 mM K4Fe(CN)6, 2 mM MgCl2, and 400 ug/ml of x-gal
powder in N-N dimethylformamide (16495-5, Cayman Chemical) in PBS, pH 5.5, at
37°C for a maximum of 24 hours. Following incubation, slides were washed three times
for five minutes each with PBS, with a final wash of PBS containing DAPI and then
mounted using fluorescent aqueous mounting media (Thermo Fisher).
SA-b-Gal staining on flash-frozen sections followed a slightly modified protocol,
which was required for serial section staining and co-staining with IHC. Sections were
fixed for four minutes at room temperature in a solution of PBS containing 1%
paraformaldehyde (PFA) and 0.2% glutaraldehyde. Sections were then washed with PBS
twice for 10 minutes each and incubated in PBS pH5.5 for 30 minutes. Slides were
further incubated in an x-gal solution as described above but for a minimum of 24 hours.
X-gal substrate was swapped for fresh x-gal after 24 hours for a maximum incubation
period of 48 hours. Following incubation, sections underwent three 10-minute washes
with PBS. For SA-b-Gal staining only, sections were post-fixed in 1% paraformaldehyde
(PFA, Sigma Aldrich) in PBS for 30 minutes and washed an additional three times for 10
minutes with PBS and were mounted using fluorescent aqueous mounting media
(Thermo Fisher). Images of the muscles were captured using the Zeiss Axio Observer 7
(Axiocam) microscope and quantified for SA-b-Gal positive cells occurred using ImageJ
software.
2.4 Quantitative real-time PCR (qPCR)
Total RNA was extracted from approximately 20 mg of isolated TA muscles from
mice at seven days post injury and uninjured, respectively, using TRIzol (Thermo Fisher,
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15596062) and purified using the E.Z.N.A. total RNA kit (OMEGA, R6834-02)
following the manufacturers’ instructions. Samples were treated with DNase 1 prior to
reverse transcription into cDNA (Bio-Rad, iScript) and quantitative real-time PCR
(qPCR) was performed using the Bio-Rad CFX Connect Real-Time PCR Detection
System. SsoAdvanced SYBR Green Supermix (Bio-Rad, 1725271) was used for
fluorescent detection. An aliquot of 4 µl of cDNA (at 1:20) was mixed with 6 µl of the
primer master mix (5 ul of SYBR green, 0.25 µl of forward and reverse primers each, and
0.5 µl of water) giving a total reaction volume of 10 µl. qPCR conditions were set as
follows: 95°C for 15 minutes, 40 x (95°C for 15s, 60°C for 30s, 72°C for 20 s) and the
melt curve at 65°C for 60 minutes to 95°C for 15 minutes. Cq values were obtained in
triplicate and the mean Cq for each sample per gene was used for calculating the DDCq
value (Relative Normalized Expression or Fold Change) in injured vs uninjured tissue
using Bio-Rad CFX Maestro software. More specifically, the mean Cq value for each
sample (injured and uninjured) was normalized to reference genes (Gapdh and Hprt1) to
determine the relative quantity (DCq) of the gene of interest in each sample. To do this,
the difference between the mean Cq value of the gene of interest and the geometric mean
of the reference genes was calculated for each sample in both injured and uninjured
groups. DDCq values were calculated by subtracting the mean DCq value of the injured
group, from the mean DCq value of the uninjured group. Prior to determining the fold
change (2-DDCq), all sample DCq values were log transformed. Following log
transformation, the mean DCq value of the uninjured group specifically, was used to
calculate the fold change by dividing the log transformed DCq values in the injured
group, by the mean DCq of the uninjured group. By doing so, all uninjured samples were
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set to a value of one, and the fold change yielded the expression of the gene of interest in
the injured sample.
The genes of interest and their primer sequences used can be found in Table 2
(Appendix A). Sequences for primers were ordered from Integrated DNA Technologies
(IDT, Integrated DNA Technologies Inc., Coralville, Iowa) and underwent primer
validation steps, as described below (section 2.7.4), prior to the qPCR reaction to ensure
that amplification represented the specific gene of interest. As mentioned, the two
reference genes used on uninjured and injured samples included Gapdh and Hprt1.
Reference genes normalize mRNA levels to correct for any variability between sample
loadings. Gapdh and Hprt1 are consistently expressed in skeletal muscle (Thomas et al.,
2014) and our primer validation steps confirmed this. Further, the software used for
qPCR (Bio-Rad CFX Maestro) confirmed that the two genes were appropriate as control
genes.
2.5 Analysis of ABT-263 and vehicle treated mice following injury
Analysis of ABT-263 and vehicle tissue included senescent cell quantification,
CSA quantification, and immunohistochemical staining of markers CD31, twist2, and
Pax7 on flash-frozen tissue sections. The number of SA-b-Gal positive cells per TA per
mouse was quantified followed by statistical analysis (see below). Muscle fibre CSA was
calculated for 150 fibres per mouse. Additionally, fibres were grouped into different size
bins ranging from less than 250 µm2 to greater than 1500µm2. The proportion of fibres
per size range was calculated by taking the number of fibres that were in each size
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bracket and dividing by the total number of fibres. The mean proportion of fibres in each
size range was converted into a percentage.
The capillary distribution (capillaries per fibre) in ABT and Vehicle groups was
calculated using a capillary to fibre ratio (C: F). C: F analysis was performed by
counting the total number of capillaries and fibres within a region of interest (ROI) (2000
x 2000 pixels). To account for edge effects, fibre counts included whole fibres within the
ROI, however capillary counts included all interior capillaries and one-half of all
peripheral capillaries. Twist2 was quantified as the mean number of positive cells per
mm2, while Pax7 was measured as the number of positive cells per 100 fibres.
2.6 Statistical Analysis
Data analyses were performed using GraphPad Prism software (Version 8.2),
GraphPad Software Inc., San Diego, CA). The two-tailed Student’s t-test was used to
determine the difference between the uninjured and injured groups for gene expression,
and analysis of the senescent cell types expressed at day five post-injury compared to day
10 post-injury. Analysis of the mean number of SA-b-Gal positive cells of uninjured
compared to injured tissue (days 5, 7, 10, 14, 21 post CTX-injury) required a one-way
ANOVA followed by post-hoc analysis using the Tukey-Kramer multiple comparison
test.
Experiments examining differences between vehicle and ABT-263 treated mice
were as follows: the mean number of Pax7 positive cells, twist2 positive cells, nuclei per
fibre, capillaries per fibre and SA-b-Gal positive cells were assessed using the two-tailed
Student’s t-test. Additionally, the mean proportion of fibres per size grouping in the
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ABT-263 group compared to the vehicle group was identified using the two-tailed
Student’s t-test. For all analyses, a p-value £ 0.05 was deemed statistically significant
and data was presented as the mean ± standard deviation (SD).
2.7 Optimization of Methods
As the first graduate student in Dr. Johnston’s laboratory, a significant proportion
of my project involved method development and optimization. This included
optimization of the SA-b-Gal assay and immunohistochemical staining of cell-type
specific markers. Additionally, considerable effort was dedicated to determining the
appropriate primer sets for qPCR analysis, followed by extensive primer validation steps
based on the Minimum Information for Publication of Quantitative Real-Time PCR
Experiments (MIQE) guidelines (Bustin et al. 2009). Highlight from this work is
described below. Please refer to the methods (located in previous sections 2.1-2.6) for
the data included in this thesis; as this sections’ primary focus is on protocol and
technique development required for data collection.
2.7.1 Cell Isolation for Immunohistochemistry
To enumerate the number of senescent cells, we first took the approach to
dissociate the muscle tissue, specifically for SA-b-Gal and IHC staining. This was
initially done in an attempt to co-stain SA-b-Gal with various cell type markers of
interest, as a very important component to my project was to determine what cells were
becoming senescent. The protocol for cell isolation was as follows: Freshly isolated TA
muscles were collected at either 5, 7, or 10 days post-injury (as described in section 2.2)
and placed in sterile transport media of 10% FBS. In a small biopsy dish, blood vessels,
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fat, and connective tissue were dissected away from muscle. Dissociation media
(Collagenase type II, 10% FBS, High-Glucose DMEM) and fine scissors were used to
mulch the tissue into a slurry paste. The solution was then incubated at 37°C for a
maximum of 45 minutes to promote degradation of the tissue. To prevent over
incubation at 37°C, observation of the cells occurred every 10-15 minutes, and a 5 ml
pipette coated in FBS was used to gently agitate tissue periodically until the sample was
easily pipetted. Following incubation, 10 mls of cold DMEM was added to the sample,
and the supernatant was filtered through a 40µm strainer, with an additional DMEM
wash. Cells were centrifuged for 10 minutes at 1000g at 4°C. A debris removal step was
required and occurred following the manufacturer’s instructions (Miltenyi Biotec, 130109-398). Media were removed and the pellet was resuspended in 2 ml of DMEM and
centrifuged for an additional five minutes at 1500g at 4°C. Cells were counted using a
1:1 ratio of trypan blue and cells (in DMEM) using a hemocytometer. The remaining cell
suspension was used for further analysis using a cytospin. Approximately 150-200 µl of
the cell suspension (50,000-100,000 cells per slide) was pipetted into each cyto-funnel of
the cytospin (Cytocentrifuge 4, Thermo Fisher). Cells were spun at 800 rpm for three
minutes at a medium acceleration onto slides. Slides were carefully handled and
underwent SA-b-Gal staining, followed by IHC to identify F4/80, CD31, and gH2AX
positive cells.
2.7.2 Histological Staining and Immunohistochemistry
For the SA-b-Gal assay, co-staining was proven to be difficult. The
glutaraldehyde in the cell fixative and 24-48-hour incubation at 37°C in this staining
procedure can inhibit IHC binding. Therefore, with the exception of gH2AX, we decided
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to stain flash frozen serial sections to determine or identify types of senescent cells.
Serial sections are tissue sections that are cut in parallel on two separate slides.
Sections are therefore extremely similar in morphology and appearance, allowing one
slide to undergo SA-b-Gal incubation, and another for IHC. Sections on both slides were
manually analyzed to determine if SA-b-Gal positive cells were also positive for an IHC
marker.
In addition, we attempted to study senescent cells by measuring the quantity of
p16 positive cells within the muscle as well as LaminB1 protein expression. Lamin B1 is
found in the nuclear lamina of cells, and senescent cells have been found to demonstrate a
loss of this protein (Freund et al. 2012). Unfortunately, no antibodies were compatible
for both of these applications. Additional stains were conducted to determine the
phenotype of the senescent cells which included the mesenchymal marker plateletderived growth factor alpha (PDGFRa) staining. However, we were again unable to
identify a suitable IHC protocol at our time points of interest.
2.7.3 ABT-263 Experimental Protocol Development
Methods to remove senescent cells using the senolytic ABT-263 were optimized
using a series of approaches. This included treating mice with ABT-263 by
intraperitoneal injection based on our previous work done in the bone and brain
(unpublished observations), at a concentration of 0.5 mg/kg (n=3). In an additional
experiment, ABT-263 was administered via an intramuscular injection on days two and
three post-CTX injection; however, this method interfered with the regeneration process.
Therefore, ABT-263 administered by gavage treatment immediately following CTX
injury was attempted. For gavage treatment, C57BL/6 mice were injured using CTX and
36

were immediately treated once a day by gavage with either ABT-263 (Navitoclax,
Chemgood C-1009) (n=11) or a vehicle solution (n=12) for seven days. Mice in both
vehicle and experimental groups were divided into two sub-groups to allow for TA
collection at days seven and 21 post-injury. Senescent cell number per TA was
quantified in both ABT and vehicle groups at each time point. Days seven and 21 were
selected because we wanted to determine if a reduction in senescent cell number would
affect tissue regeneration, which completes by day 21 post-injury. ABT-263 was also
administered for seven days following injury for the day seven and day 21 mice in the
experimental group in an attempt to maximize the early effect of the compound on
muscle regeneration. However, we were unable to detect changes in senescent cell
number between day seven and day 21. Therefore, the protocol was modified where
ABT-263 was administered three days after CTX injury and tissue was collected 10 days
post CTX as described previously (Chang et al. 2016; Chiche et al. 2017). Data presented
in this study followed this protocol (Refer to Section 2.1).
Additional analysis in the ABT-263 experiment included IHC staining for muscle
fibre types, including embryonic myosin heavy chain (eMHC), myosin heavy chains type
1 (MHCI) and type IIX (MHCIIX) to determine if ABT-263 treatment affected specific
muscle fibre regeneration. A staining protocol for this experiment is currently under
development.
2.7.4 Primer Selection and Validation
To further understand the senescence response, qPCR was conducted to detect
changes in senescence-associated genes between injured and uninjured muscle tissues.
Oligonucleotide primers were selected based on previously published sequences in
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skeletal muscle (Chiche et al. 2017; Demaria et al. 2014; Le Roux et al. 2015). The
forward and reverse primer sequences of interest were examined using the NCBI
Nucleotide basic local alignment search tool (BLAST) database and searched against the
mouse genome to ensure specificity for the target gene, optimal amplicon size (75-200
base pairs) and the melting temperature. Primer pairs were purchased through IDT and
resuspended in nuclease-free water (100µM stock solution and 10µM working solution).
Primers were validated following MIQE guidelines. MIQE is a set of guidelines
that ensure the reliability and reproducibility of qPCR experiments and is considered the
gold standard in qPCR analysis (Bustin et al. 2009). The first step in primer validation
was to determine the optimal annealing temperature of each pair of primers through a
temperature gradient. A pooled sample of cDNA of CTX injured and uninjured muscle
tissue (diluted 1:20) was used as a template and each pair of primers were run in
triplicates. The temperature gradient ranged from 53°C to 63°C and the optimal
annealing temperature of each set of primers was determined from amplification curves
and melt curves generated from the temperature gradient. The amplification curve
identified genes as being low expressing (>25 Cq), medium expressing (18-25 Cq), or
high expressing (<18 Cq) at the gene’s optimal temperature. Single gene-specific
amplicon expression was demonstrated in the melt curve and agarose gel electrophoresis
was used to confirm the size of the amplicon for each gene to ensure it was of the correct
molecular weight.
Ideally, the molecules of the target sequence should double during each
replication cycle during qPCR, indicating 100% efficiency. Therefore, the second step in
validation was to determine the amplification efficiency of primer pairs by running an 8-
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point dilution series standard curve. A 1:2 dilution series of the pooled cDNA sample (as
mentioned above) was selected as a majority of the primers demonstrated high Cq values
(>25). Amplification decreased with each dilution and as a result, a standard curve was
generated for each set of primers. The standard curve was used to demonstrate the
efficiency and the R2 value (how well the data fits the regression line) for each gene.
Desired amplifications had an efficiency between 90-110% and an R2 value >0.98. For
this study, 15 sets of primers including two reference genes Gapdh and Hprt1 were
validated. The two reference genes are consistently expressed (not differentially
expressed) in both injured and uninjured skeletal muscle. This was confirmed using the
CFX Maestro software and in our samples that both genes demonstrated consistent Cq
values in both injured and uninjured tissue.
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Chapter 3
Results
3.1 Muscle injury induces a transient wave of cellular senescence
To investigate if cellular senescence contributes to skeletal muscle regeneration,
we first aimed to classify the senescent cell response to muscle injury. To do this, we
injured mouse TA muscles with CTX which initiates muscle fibre necrosis and the
subsequent regeneration cascade. At five days following muscle injury, a timepoint
where there is high regenerative activity, we isolated mononuclear cells and performed
cytospins, followed by histology, for the senescence marker SA-b-Gal. In comparison to
mononuclear cells prepared from non-injured mice, which showed no SA-b-Gal
reactivity, numerous SA-b-Gal-positive cells were observed at five days post CTX
(Figure 6A-B). Next, we asked how senescent cells respond across a time-course of
muscle regeneration. Therefore, we injured mouse TA’s with CTX and collected them at
days 5, 7, 10, 14, and 21 post-injury. Staining for SA-b-gal revealed that there were no
senescent cells present in non-injured muscle; however, following injury there was a
robust response which gradually reduced to control values. (Figure 6C-G). Specifically,
the mean number of SA-b-Gal-positive cells per mm2 at day five post-injury was 0.88
cells which declined to 0.06 cells per mm2 21 days post CTX (Figure 6I).
While SA-b-Gal is an accepted marker of cellular senescence (Biran et al. 2017;
Noren Hooten and Evans 2017; Rodier and Campisi 2011), additional steps were taken to
confirm that the cells expressing SA-b-Gal were indeed senescent. Another hallmark of
senescence is the inability to divide. Therefore, mice were administered EdU prior to
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tissue collection at seven days post-CTX to assess cell proliferation. Co-staining sections
for SA-b-Gal and EdU revealed that no senescent cells were shown to co-localize with
EdU (Figure 7A), indicating that the senescent cells were not dividing. Senescent cells
also traditionally demonstrate persistent DNA double strand breaks which can be
identified fluorescently through the detection of gH2AX foci (Kuo and Yang 2008; Noren
Hooten and Evans 2017). Therefore, we prepared mononuclear cells from five day post
CTX-injured muscle and stained against SA-b-Gal and gH2AX. This demonstrated that
many SA-b-Gal positive cells were also found to express gH2AX foci, indicating the
presence of double strand breaks (Figure 7B).
To further confirm the senescence response of cells found within injured skeletal
muscle, we isolated RNA from vehicle mice (non-injured) and seven days post-CTX TA
muscles to examine the expression of canonical genes associated with senescence such as
key senescence pathway genes and SASP factors, which are listed in Table 2 (Appendix
A). qPCR analysis revealed a significant (p £ 0.05) upregulation of Cdkn2a (p16INK4A),
Cdkn2d (p19ARF), Trp53 (p53), and Cdkn1a (p21), as well as SASP factors Mmp13,
Cxcl15 (Il-8), Il1a, Il1b, and Col1a1 in injured tissue (Figure 7C), while other SASP
factors such as Il6, Serpine1(PAI1), Ccl8 (Mcp2), and Mmp3 were not different (data not
shown). In summary, skeletal muscle injury appears to induce a senescence response
during muscle regeneration as indicated by SA-b-Gal staining, DNA double strand
breaks, and senescence gene activity.
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Figure 6. Muscle injury induces a transient senescent cell response during
regeneration. Cells isolated from uninjured (A) and five days post CTX-injection. (B)
TA muscles were stained for the senescence marker SA-b-Gal (n=3 each). White
arrowheads indicate positive senescent cells. Histological staining with eosin and SA-bGal staining of uninjured TA muscles (C) and CTX-injected TA muscles isolated at days
5 (D), 7 (E), 10 (F), 14 (G), and 21 (H) post CTX-injury. White arrowheads indicate
positive senescent cells. (I) Quantity of SA-b-Gal positive cells per TA at each time
point analyzed during regeneration (n= 6-8 mice per timepoint). Scale bars: for panels
(A-D), 50 µm; for (E-H), 10 µm. All data represent the mean ± SD. *p £ 0.05 compared
to uninjured muscle. Statistical Analysis: One-Way ANOVA.
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Figure 7. Skeletal muscle SA-b-Gal cells demonstrate markers consistent with
cellular senescence. (A) SA-b-Gal staining combined with fluorescent detection of the
proliferation marker Edu (n=3 mice). White arrows represent Edu positive cells (middle
panel) and white arrowheads represent SA-b-Gal positive cells (first panel). (B) Cells
isolated at five days post CTX injection were stained for SA-b-Gal combined with
immunohistochemical staining with DNA double-strand break(s) marker gH2AX and
DAPI (n=3 mice). White arrows indicate gH2AX foci located in the nuclei of senescent
cells. (C) Log2 expression of senescence associated genes in seven day post CTX injected
TA muscles as measured by qRT-PCR. Values are relative to the expression of these
genes in uninjured TA muscle (n=8 mice per group). Gapdh and Hprt1 served as
housekeeping genes (not shown) and data were normalized to these static controls (log2
fold change= 0). Data represent the fold change ± SD in fold change. Scale bars: 10 µm.
*p £ 0.05 compared to uninjured muscle. Statistical analysis: two-tailed Student’s t-test.
3.2 Injury-induced senescent cells are heterogenous
Recent work indicates that there are numerous cell types present in regenerating
muscle including, but not limited to, macrophages, endothelial cells, fibroblasts, satellite
cells and other progenitor populations. Therefore, we wanted to determine the specific
cell types that transit into senescence following muscle injury. To do this, we conducted
SA-b-Gal and IHC staining for cell specific markers at days five and 10 post CTX
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injection. Since SA-b-Gal staining largely precludes the ability to perform fluorescence
co-staining on muscle sections, we generated serial sections to examine cell specific
markers in conjunction with SA-b-Gal on the adjacent section. This experiment revealed
that at five days post-CTX, 5.8% of senescent cells were CD31-positive endothelial cells,
23.3% were F4/80-positive macrophages, and 9.2% were twist2 positive progenitor cells
(Figure 8E). Importantly, no satellite cells appeared to become senescent as no SA-bGal-positive cells were positive for Pax7 (Figure 8E). Interestingly, at day 10 postinjury, CD31-positive endothelial cells accounted for 35.7% of senescent cells while
49.2% were F4/80 positive macrophages and 21.5% were twist2 positive (Figure 8A-D).
In agreement with day five post-CTX observations, no SA-b-gal-positive cells were Pax7
positive (Figure 8E).
Additionally, we examined the anatomical location of senescent cells within
regenerating skeletal muscle. To do this, sections stained for SA-b-Gal were co-stained
with the basal lamina marker laminin (Figure 8F). At five days post-injury, only 4.6% of
SA-b-Gal positive cells were sublaminar, with the remaining 95% being outside of the
lamina suggesting that a very small proportion of these cells are myonuclei. However, at
10 days post-injury, all SA-b-Gal positive cells were located outside of the lamina in the
interstitium.
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Figure 8. Injury-induced senescent cells are heterogenous. (A-D) Serial section
staining of SA-b-Gal and IHC for CD31 (A), F4/80 (B), twist2 (C), and Pax7 (D) 10 days
post CTX injection. White arrowheads indicate SA-b-Gal positive cells, while white
arrows indicate co-localization. (E) Table summarizing the percentage of SA-b-Gal
positive cells that co-localized with CD31, F4/80, twist2, Pax7, and SA-b-Gal positive
cells located inside of the muscle fibre basal lamina at days five and 10 post injury. (F)
Overlay of SA-b-Gal staining combined with immunohistochemical staining of laminin.
White arrowheads indicate SA-b-Gal positive cells. Scale bars: 10 µm. Data correspond
to the mean ± SD of quantification of n=3 mice per timepoint.
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3.3 Ablation of senescent cells impairs muscle growth following injury
To identify a functional role of senescence in muscle repair, we investigated the
effects of their removal from the regenerating muscle environment. We leveraged the
ability of the senolytic compound Navitoclax (ABT-263), which has been demonstrated
to selectively eliminate senescent cells within numerous tissues, including muscle (Chang
et al. 2016; Chiche et al. 2017; Pan et al. 2017) by inhibiting anti-apoptotic proteins Bcl-2
and Bcl-xL (Chang et al., 2016) (Figure 2). At three days post-injury, mice were
administered ABT-263 by gavage for seven days while vehicle mice were given the
vehicle solution. Tissue was then isolated at 10 days post-injury for SA-b-Gal staining
and quantification of the number of senescent cells per TA muscle. As a result, there was
a 38.6% reduction in senescent cell number per mm2 in the muscle of mice given ABT263 in comparison to vehicle treated mice (p £ 0.05, Figure 9A-C). We then determined
if senescent cell ablation affected muscle repair. First, we asked about muscle fibre
cross-sectional area (CSA), which demonstrated a 25% reduction (p £ 0.05, Figure 9D) in
the ABT-263 treated group as compared to the vehicle-treated mice. In addition, the
ABT-263-treated mice showed a fibre CSA distribution that was significantly skewed
towards smaller fibres (Figure 9E). For example, ABT-263 treated mice had a greater
proportion of fibres less than 500 µm2 in size (35% of all fibres), while vehicle treated
mice demonstrated having only 10% of its fibres less than 500 µm2 (Figure 9E). The
fibre density (fibres per area, mm2) was not different between the ABT-263-treated and
vehicle mice (Figure 10B). The number of myonuclei per muscle fibre was determined
using IHC for laminin and DAPI in the vehicle and ABT-263-treated mice. This revealed
a 12% reduction in myonuclear content 10 days post-CTX injury (p £ 0.05, Figure 9F).
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Finally, we wanted to determine the mechanisms by which senescent cells
function during muscle repair. We performed IHC on cross-sections on the vehicle and
ABT-263-treated mice to examine the regulators of muscle repair. First, we assessed the
quantity of satellite cells by staining the muscle tissue for Pax7. Interestingly, ABT-263treated mice demonstrated 21% less of the Pax7 positive satellite cells than the vehicletreated mice; however, it was not statistically significant (p=0.237, Figure 10A). We then
counted the number of capillaries per fibre by staining for CD31, however, there was no
difference between groups (Figure 10D). Twist2 is a transcription factor found in
progenitor cells that are located outside of the basal lamina of adult skeletal muscle,
therefore distinct from satellite cells. It has been found that twist2 positive progenitors
are responsible for the development of type IIB muscle fibers during regeneration (Liu et
al. 2017). Therefore, we stained the tissue for twist2, and no differences were observed
between the two groups (Figure 10C). Taken together, these findings demonstrate that
senescent cells are present in skeletal muscle following injury and are important for
optimal muscle repair and muscle function through yet to be determined mechanisms.
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Figure 9. Senescent cell ablation with ABT-263 impairs muscle regeneration.
Histological staining (A) and quantification (B) of SA-b-Gal with eosin of TA muscles at
10 days post CTX injury in vehicle and ABT-263 treated mice. White arrowheads
indicate representative SA-b-Gal positive cells. (D) Quantification of muscle fibre CSA
in vehicle and ABT-263 treated mice 10 days post CTX injection. (E) Distribution of
fibre CSA in vehicle and ABT-263 treated mice. The CSA of 150 fibres per animal was
grouped into one of the seven different fibre size categories. Bars represent the mean
proportion of fibres for vehicle and ABT-263 treated mice in each size range ± SD. (F)
Quantification of the number of nuclei per fibre. Scale Bar: 10 µm. All data correspond
to the mean ± SD using n=8-9 mice per group. *p £ 0.05 compared to vehicle treated
mice.
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Figure 10. Senolytic treatment does not impact regulators of muscle regeneration.
Quantification of the number of Pax7 positive satellite cells (A), fibre density (B), twist2
positive cells (C) and capillary to fibre ratio (D) in vehicle and ABT-263 treated mice 10
days post CTX injection.
Scale bars: 10 µm. All data correspond to the mean ± SD using n=8-9 mice per group.
Statistical analysis: two-tailed Student’s t-test.
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Chapter 4
Discussion
Cellular senescence is a phenomenon commonly associated with aging, as
senescent cells accumulate over time while their secreted factors contribute to age-related
pathology (Campisi and d’Adda di Fagagna 2007; Coppé et al. 2010). However, our
understanding of the function of senescent cells is incomplete as senescent cell derived
SASP factors have demonstrated a regulatory function during embryonic development in
in the mouse, chick, and human (Storer et al. 2013). Importantly, pioneering research
attempting to unravel the remarkable regenerative properties of salamanders has revealed
that senescent cells are also required for limb regeneration to occur (Storer et al. 2013;
Yun et al. 2015). The conflicting capacity of senescent cells is intriguing biologically
and integral to developing anti-aging therapies and regenerative medicine strategies in
humans. One burning question in the field is why senescent cells accumulate with age in
humans. It is suggested that perhaps there is an accelerated rate of senescent cell
production with aging, coupled with the ability of senescent cells to resist apoptosis, and
a reduced capacity of the aged immune system to effectively clear senescent cells. More
recently, senescent cells, mainly fibroblasts and endothelial cells, have been identified in
the skin as having a required role in wound healing (Demaria et al. 2014) and act to limit
fibrosis during regeneration (Jun and Lau 2010). Currently, the mechanisms regulating
this seemingly dichotomous function are poorly understood. Collectively, these studies
highlight that our current knowledge of senescence is primarily focused on its role in
aging and disease, while research demonstrating the regenerative properties of
senescence and the SASP has only recently surfaced.
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One such tissue that demonstrates a high regenerative capacity is skeletal muscle.
Following injury, muscle stem cells termed satellite cells are activated and required for
repair to occur. However, the role of senescence in skeletal muscle regeneration is
currently unknown.
4.1 Senescent cells are present in skeletal muscle following acute injury
In agreement with our first hypothesis, our investigation demonstrates that
senescent cells are present in young adult skeletal muscle only following injury.
Senescence is primarily considered to be a colloquial part of the aging process and
senescent cell identification in young, healthy tissue has not been fully considered. In
support of this, we did not observe senescent cells under non-injured conditions, which is
consistent with the finding that these cells are only present following injury, under
chronic disease conditions, and in aged tissue. Senescent cells in young skeletal muscle
following acute injury have only been recently described by Le Roux et al. (2015) and
Chiche et al. (2017). These studies were the first to identify senescent cells in skeletal
muscle using cardiotoxin to induce injury. Le Roux and colleagues (2015) were
interested in the role of Notch signaling in muscle repair, with a portion of their study
involving analysis of CTX injured TA muscles of adult mice at days 10 and 21 postinjury. In agreement with our findings, they found that a transient senescence response
occurred in mice following injury, with cells present at 10 days which declined by day
21. While the function of senescent cells was not investigated in this paper, it suggested
a role in muscle regeneration and tissue remodeling. Additionally, Le Roux and
colleagues (2015) suggested that the senescence response was mediated by p16INK4A and
p19ARF, consistent with our finding as qPCR analysis revealed an upregulation of Cdkn2a
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(p16INK4A) and Cdkn2d (p19ARF) at seven days post injury (Figure 7C). Similarly, Chiche
and colleagues (2017), with the aim to study the plasticity of genetically modified
satellite cells following injury, isolated tissue at 10 days post CTX injury and found an
increased gene expression of Cdkn2a and Cdkn2d, as well as SASP factors Il6, Mmp3,
Mmp13, Col1a1 and Serpine1 (PAI1). This is somewhat consistent with our gene
expression findings where an upregulation of the SASP factors Mmp13 and Col1a1 were
observed, with our additional findings that Il8, Il1a, and Il1b were also upregulated
(Figure 7C). However, we did not see an upregulation in SASP factors Il6, Serpine1, or
Mmp3 (data not shown). The differences observed are likely due to differing timepoints
analyzed with our gene study analyzing day seven post-CTX injured tissue while Chiche
et al. (2017) analyzed day 10 post-CTX injured muscle tissue. When assessing other
senescence pathways, we observed an upregulation of the tumor suppressor Trp53 (p53)
and cyclin dependent kinase inhibitor Cdkn1a (p21) at seven days post-injury.
Interestingly, Chiche and colleagues (2017) found that mice lacking p21 and p53 did not
demonstrate differences in the number of senescent cells in comparison with control
mice. This is reminiscent of the previous findings by Demaria et al. (2014) which
identified the beneficial role of senescent fibroblasts and endothelial cells in wound
healing, which was found to be dependent of p16INK4A activation. Our findings indicated
that p16INK4A, p53, and p21 were all upregulated and at seven days post-injury, out of
these three genes, p16INK4A demonstrated the greatest fold change compared to uninjured.
This suggests that the senescence growth arrest, initially regulated by the activation of
p53/p21 pathway, initiates the senescence response, however, p16INK4A activation is
perhaps required for sustaining the senescence response.
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In the present study, we examined the time-course of the senescent cell response
and identified senescent cells at various stages of muscle regeneration, albeit in differing
quantities. This time course of 21 days was selected as it corresponds with the length of
time needed for regeneration to complete following injury. Similar to the previous
studies mentioned (Chiche et al. 2017; Le Roux et al. 2015), we analyzed muscle tissues
at days 10 and 21 following CTX-induced muscle injury. We also analyzed muscle at
days five and seven after injury to determine if senescent cells were present at an earlier
time point, attempting to understand when these cells first appear. Day 14 was selected
to determine the status of muscle repair prior to its completion and the time when
senescent cells begin to clear. The results showed a peak in senescent cell number at five
days post-injury and a near absence by day 21 post-injury. This work may define the
time course of the senescence cell response in skeletal muscle which is closely linked
with the regenerative time course in healthy skeletal muscle. This leaves us to question
whether these cells would be cleared within this time frame in older, diseased, or fatty
muscle tissue, or if senescent cells would remain.
Our findings are in agreement with previous work demonstrating the ability of
senescent cells to function in non-aged tissues. One previous study identified the
presence of senescent cells during embryonic development in the hindbrain, limbs, gut
endoderm, and eye (Storer et al. 2013). Interestingly, senescent cells were only identified
during a specific time frame during development and disappeared shortly before birth
through apoptosis and macrophage-induced removal (Storer et al. 2013). Senescence has
also been established within regenerating skin and the liver following acute injury,
thereby identifying senescent cells outside of aging tissue (Demaria et al. 2014;
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Krizhanovsky et al. 2008). Collectively, our work, combined with the studies by
Demaria et al. (2014) and Krizhanovsky et al. (2008) suggest that senescence is by no
means restricted to aged tissues. It would be interesting to determine if senescent cells
are present in additional tissues and under what conditions. For example, do senescent
cells play a generalized role in tissue repair in tissues that have a high regenerative
capacity such as the liver or kidney? Moreover, what is the role of the SASP within these
tissues under these regenerative conditions?
4.2 Senescent cells in regenerating skeletal muscle are heterogenous
There are numerous cells within the muscle microenvironment that reside in
approximation to satellite cells such as inflammatory cells, pericytes, progenitor cells,
endothelial cells and many others. Upon injury, crosstalk between satellite cells and
these cells in their environment is essential for effective regeneration. Thus, it was
imperative to identify the cells that enter senescence as it could provide insight into the
possible mechanisms that senescent cells exert their effects. For this particular analysis,
days five and 10 post-injury were selected, as previous studies have not examined a timepoint earlier than day 10. As a result, multiple cell types were identified as senescent
following CTX-induced muscle injury, with surprising differences between days five and
10 post injury. Senescent endothelial cells (CD31 positive), macrophages (F4/80
positive), and progenitor cells (twist2 positive) appeared to be the predominant cell types
at 10 days post injury, while they made up only a small proportion of cells at five days
post injury (Figure 8E). Therefore, approximately 60% of SA-b-Gal positive senescent
cells could not be accounted for at five days post-CTX muscle injury, while all senescent
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cells were identified at day 10. It is important to note that no Pax7 positive satellite cells
were senescent at either time point.
With regards to the specific cell types that undergo senescence following injury,
our findings are in general agreement with that of Le Roux and colleagues (2015).
Specifically, they observed a subset of senescent cells as being positive for macrophage
marker F4/80. F4/80 is a glycoprotein located on the surface of mouse macrophages, and
is considered to be one of the best markers for identifying macrophages (dos Anjos
Cassado 2017). They also identified over half of senescent cells as being positive for
endothelial cell marker Flk-1 (vascular endothelial growth factor receptor 2) at 10 days
post-CTX injury. In our study, at the same time-point we identified that 49% of
senescent cells were F4/80 positive (macrophages) and 35% as CD31 positive senescent
cells (endothelial cells). Additionally, we identified F4/80 and CD31 positive senescent
cells at five days post-injury. They also noted that no SA-b-Gal positive cells expressed
the satellite cell marker Pax7, the pericyte marker NG2, or Tcf4, a transcription factor
expressed by FAPs/fibroblasts (Contreras et al. 2016). It was interesting that we did not
identify any Pax7 positive satellite cells as senescent, which was in agreement with Le
Roux et al. (2015). This suggests that paracrine secretion of SASP factors by senescent
cells in the damaged environment potentially act on satellite cells to promote
regeneration, rather than the satellite cells themselves becoming senescent.
In the current study, we expanded upon their work to analyze more than one timepoint, and differences in the proportion of cells identified between our study and the
previous study is likely due to differences in methodology. Le Roux and colleagues
(2015) only analyzed muscle tissue at 10 days post-injury, while our study analyzed
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tissue at days 5, 7,10,14, and 21 post-injury. Our study also reports identifying senescent
macrophages, endothelial cells, and progenitor cells at an earlier time point of five days
post-injury, contributing to our knowledge of what cells are becoming senescent and
when. However, it does leave to question what other cell types are senescent early in
regeneration? Additional methodological differences exist between our investigation and
that of Le Roux et al. (2015) which may account for differences in SA-b-Gal positive cell
identity. For example, Le Roux et al. (2015) utilized a number of transgenic reporter
mouse models for identification of cell types positive for SA-b-gal (Tg:Pax7nGFP,
Numb:Numbl, INK4a/ARF mice), whereas in our study, serial sections from wild-type
C57BL/6 mice were used. As a result, it is possible that variability in the percentage of
cells identified in our study compared to Le Roux and colleagues (2015) were due to
methodological differences. Specifically, at day 10 post CTX injection, we identified
49% of senescent cells as positive for F4/80 (macrophages) while Le Roux and
colleagues (2015) only identified a negligible number of cells that were F4/80 positive.
In addition, we identified 35% of senescent cells as being positive for CD31 (endothelial
cells) at day 10 post CTX, whereas Le Roux and colleagues (2015) identified more than
half of the senescent cells as endothelial cells. However, this may be accounted for due
to the different markers used to identify endothelial cells (CD31 vs. Flk-1(VEGFR-2)).
Additionally, we made a newly discovered finding that twist2 positive progenitor cells
also senesce following injury.
Collectively, these results suggest that senescent cells in skeletal muscle are a
heterogeneous pool that is dynamically regulated across different phases of muscle
regeneration. However, it still remains unclear the additional cell types that are
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becoming senescent early in regeneration considering the large quantity of senescent cells
at this time point. We suggest that a comprehensive single-cell RNA sequencing
approach be utilized to examine this question (experiments currently being examined in
our laboratory). Temporally speaking, our findings also raise the question as to when
senescent cell concentration peaks following injury? Specifically, does this occur prior to
five days post injury. It is attractive to posit that early in regeneration the yet to be
identified as senescent cell types are cleared and as regeneration ensues, senescent
macrophages, endothelial cells, and progenitor cells remain. An additional question
worth investigating is examining the initial stimulus that initiates the senescence
response. We presume that the initial “trigger” to induce senescence in skeletal muscle is
damage to the myofiber, but molecularly, which signals drive this response are currently
unknown.
4.3 Senescent cells are required for skeletal muscle regeneration
In order to determine the function of senescent cells during repair we utilized a
pharmacological approach to induce their apoptosis. Previous studies have utilized a
genetic approaches that transgenic mouse strains which can identify, isolate, and
selectively ablate p16INK4A positive senescent cells (Baker et al. 2011; Demaria et al.
2014). Logistically (as these strains are not commercially available) and for translational
reasons we chose to ablate senescence cells using the senolytic ABT-263. Senolytics are
a group of compounds that were developed to combat cellular senescence as a possible
therapy for aging and diseases associated with age, including cancer. Senescent cells
have the trademark ability to resist apoptosis, therefore, these compounds were designed
to selectively eliminate senescent cells by transiently inhibiting anti-apoptotic proteins
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BCL-2 and BCL-xL, resulting in senescent cell apoptosis (Figure 2). For example,
administration of the senolytic agent ABT-263, a specific inhibitor of BCL-2 and BCLxL, to normally aged mice and irradiated mice has resulted in tissue rejuvenation and
prevented premature aging (Chang et al. 2016).
For the purposes of this study, we utilized the properties of senolytic ABT-263 to
evaluate its effect on muscle regeneration in young muscle tissue following injury.
Consequently, administration of ABT-263, resulted in a 38.6% reduction of senescent
cells (Figure 9C) which 1) supports that SA-b-Gal positive cells in muscle are bona fide
senescent cells as they are susceptible to senolytic treatment and 2) demonstrates that this
treatment strategy is not completely effective at removing all senescent cells within
muscle. It is interesting to speculate the potential impact complete senescent cell removal
would have on muscle repair following injury. Our finding is consistent with the
previous study by Chiche et al. (2017) where ABT-263 administration eliminated 35% of
senescent cells within the TA muscle. Functionally, the removal of senescent cells
translated into a 25% reduction of myofibre size, and significantly fewer myonuclei per
fibre. These results suggest that senescent cells potentially impact satellite cell activity or
other cells with a regenerative capacity, supporting our second hypothesis that senescent
cells are required for repair.
We acknowledge that our findings are contingent upon the specificity of ABT263 to act on senescent cells, therefore, it was necessary to ensure that the compound was
not cytotoxic to cells that were not senescent. A previous report suggests that ABT-263
has specific effects as, Chang et al. (2016) utilized in vitro screening and demonstrated
that doses as high as 2.5 µM of ABT-263 were non-toxic to non-senescent cells. In our
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lab, we are currently conducting a similar analysis by treating muscle derived cells with
ABT-263 to quantify viability and its effects on cell proliferation.
We hypothesized that senescent cells function through the paracrine secretion of
SASP factors. Therefore, we assessed if a reduction in senescent cell number affected the
quantity of other cell types known to regulate muscle repair. Interestingly, we did not
observe differences in the number of satellite cells, endothelial cells, or twist2 positive
cells in mice administered the ABT-263 in comparison to vehicle-treated mice.
Therefore, we are unable to say what mechanisms the senescent cells may act through to
influence fibre CSA and myonuclear content.
These results leave us to speculate as to why we observed the muscle alterations.
Our data suggests that the SASP may regulate satellite cell activity, and impairments in
their proliferation resulted in fewer myonuclei needed for muscle growth and myonuclear
addition. However, since the bulk of muscle regeneration is complete by day 10 post
CTX injection, this time point may have been too late to properly observe alterations in
satellite cells or other populations effected by senescent cell removal. Additionally, we
speculate that the SASP may be required to enhance protein synthesis following injury,
and the loss of senescent cells resulted in impaired fibre growth due to a blunted trophic
support for protein translation.
Although we identified a reduction in fibre size following ABT-263 treatment,
we did not identify if specific fibre types were affected following senescent cell removal.
Skeletal muscle is a heterogenous tissue consisting of slow twitch type-1 muscle fibres,
as well as fast-twitch type-IIA, IIB, and type IIX fibres that can be identified based on
their corresponding myosin heavy chains. However, preliminary findings in our lab
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following IHC staining for type I and type IIX muscle fibres between ABT-263 and
vehicle treated groups suggests that there is no difference in the number of fibres between
groups (data not shown). Interestingly, twist2 progenitors have demonstrated a required
role in type IIB muscle fibre regeneration (Liu et al. 2017). Although no differences in
the number of twist2-positive cells were found, it would be interesting to see if there is
any effect in type IIB fibre growth.
While the TA muscle was used for analysis in this study, examining this muscle
has limitations. First, this muscle in mice is small, resulting in fewer fibres in
comparison to a larger muscle, and also has little to no type-1 fibres (Bloemberg and
Quadrilatero 2012). Therefore, further analysis involving fibre typing of skeletal muscle
following treatment with ABT-263 should consider using different muscle groups, such
as the gastrocnemius, or vastus intermedius as these muscle groups have a greater number
of each fibre type mentioned. Therefore, differences in fibre types could be more easily
quantifiable between vehicle and experimental groups (Liu et al. 2017).
4.4 Senolytics: A Therapeutic Opportunity
In the current study, senolytics were utilized to eliminate senescent cells in order
to examine whether senescent cells are required for muscle regeneration. Administration
of ABT-263 proved to successfully remove senescent cells in injured muscle tissue
supporting the effectiveness of this compound at inducing senescent cell apoptosis
(Figure 2). It also promoted the compounds’ capability of being a potential therapeutic in
diseased muscle where senescent cells may negatively impact muscle health. This is
supported by previous work demonstrating that ABT-263 has rejuvenated aged
hematopoietic and muscle stem cells both in culture and in mice (Chang et al. 2016). In
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regard to skeletal muscle, the efficacy of senolytic treatment for neuromuscular and
myopathic conditions are currently unknown. In theory, if these diseases are typified by
the persistent presence of senescent cells, senolytics may prove effective.
Indeed, preliminary findings in our lab have indicated that senescent cells are
present in dystrophic mdx mice (mouse model of Duchenne Muscular Dystrophy)
indicating that perhaps senolytics could provide therapeutic benefit in alleviating some of
the pathological effects of Duchenne Muscular Dystrophy (DMD). A key characteristic
of DMD is the lack of cytoplasmic protein dystrophin that is responsible for connecting
the muscle fibre cytoplasm to its surrounding ECM (Hoffman et al. 1987). As a result,
myofibres are in a constant state of degeneration, resulting in persistent inflammation and
fibrosis, creating an environment that inhibits satellite cells to effectively repair the
damaged tissue (Baron et al. 2011; Boldrin et al. 2015). The persistent inflammation is
thought to be linked to senescence, as senescent cells are shown to accumulate in
diseased tissue and with age as a result of chronic SASP expression; consisting of proinflammatory cytokines, chemokines, and proteases. (Campisi 2013; Childs et al. 2015;
He and Sharpless 2017). In our lab, we identified that the senescent cells in the
dystrophic tissue were F4/80 positive macrophages, CD31 positive endothelial cells, and
twist2 positive progenitor cells (analysis currently ongoing). In addition, within areas of
deposited fibrosis which were identified by IHC for collagen type-1, numerous SA-b-Gal
positive cells were detected. Although these findings are outside of the scope of my
thesis, they are as equally important for understanding the mechanism of senescence in
skeletal muscle repair.
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Senolytics provide promise as a future treatment of age-related diseases.
Translationally, one thing to consider with senolytic treatment is the potential dampening
of the beneficial effects of cellular senescence (i.e. tumor suppression, regeneration) or if
in aged individuals, the removal of senescent cells results in a positive outcome that
outweighs the benefits of senescence. It also leaves us to question the idea that perhaps
with age, senescent cells do not function to promote tissue repair due to widespread
changes in the cellular environment. It is imperative to understand the mechanism that
senescent cells exert their effects, especially in regard to muscle regeneration, as it could
be useful in developing possible treatment strategies that can be applied to aging
individuals or those suffering from neuromuscular diseases.

Figure 11. Model of senescent cell regulation of muscle repair.
4.5 Limitations
While I have already highlighted several limitations to this investigation, I will
further highlight a few here to better inform future investigations. Firstly, identification
of cell types positive for SA-b-Gal required IHC staining to be performed on serial
sections, due to methodological constraints. Subsequently, manual localization of SA-bGal cells with the IHC marker of interest leaves room for potential error. Therefore, the
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ideal solution would entail staining for senescent cells and their possible cell type on the
same tissue section. Most senescent cells express p16INK4A, therefore it has become a
target for creating genetic approaches that isolate senescent cells within a living animal
which could be useful for this particular analysis.
Experimental timing also potentially limited our analysis of the experiments
involving ABT-263 treatment. Tissue was collected at 10 days post-injury; however, it
may have been too late to identify mechanisms associated with senescent cell removal.
Moving forward, other senolytics such as the senolytic cocktail dasatinib plus quercetin
(Xu et al. 2018; Zhu et al. 2015), or fisetin (Yousefzadeh et al. 2018) that may have
enhanced pharmacokinetics should be explored to examine earlier time points during
muscle regeneration.
Additionally, the current study utilized CTX as a reproducible non-physiological
injury model. However, other methods of injury could be used that would be more
applicable for future studies wishing to examine the senescence response to muscle injury
under more physiological conditions. For example, a less stressful model could include
exercise induced injury such as downhill running.
4.6 Conclusion and Future Directions
Senescence and its SASP have demonstrated to be an important tumor suppressor
mechanism and has a positive role in tissue repair; however, it also promotes an
inflammatory state that drives aging, age-related disorders, and tumor progression. Prior
to this study, the presence of senescent cells in skeletal muscle had not been fully
examined, and the role of these cells in skeletal muscle repair unknown. Although the
findings of the current study suggest that senescent cells provide a regulatory role in
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regeneration, future studies are needed to understand the mechanism of how senescent
cells and their SASP act during muscle regeneration. It is possible that senescent cells in
the connective tissue surrounding muscle secrete factors that promote regeneration, or
perhaps they send signals that control satellite cell activation. The answer to their exact
role is still not clear. Advancements in technology, such as single-cell RNA sequencing,
will allow us to better identify the cells and their associated genes expressed in injured
tissue in vivo.
While our findings suggest a regulatory role for cellular senescence in murine
skeletal muscle, the function of senescent cells in human skeletal muscle is virtually
unknown. It would be of great interest to examine young, healthy muscle following acute
damage or resistance exercise to determine if senescent cells are present, supporting our
findings in mice. Of even more importance, future studies should examine the
senescence response in human muscle in relation to aging and muscle disease. For
example, a characteristic of muscle aging is sarcopenia, the age-related loss of muscle
mass and function, and is considered to be regulated partially through chronic
inflammation. We speculate that senescence could play a role in the progression of
sarcopenia, and perhaps senolytics could be beneficial in delaying its onset. Furthermore,
more research is needed to understand the role of senescence on muscle diseases,
including muscular dystrophy, where senolytics could potentially provide therapeutic
benefit for such myopathies.
In conclusion, our findings demonstrate that senescent cells are present in skeletal
muscle following injury. Removing senescent cells through pharmacological methods
resulted in a decreased fibre CSA and myonuclear addition which suggests that they may
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provide factors needed for optimal muscle repair, likely through SASP factor secretion.
More research is needed to clearly identify all senescent cell types, specifically early in
regeneration, and the cellular mechanisms through which senescent cells act to
potentially promote regeneration. Future consideration is also needed for developing a
universal biomarker for senescence, especially in human tissue, which will facilitate the
development of senolytics. Subsequently, there is still much to learn as we aim to
improve our understanding of senescence, with one question being, how do we retain the
benefits of senescence, while inhibiting its adverse effects.
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