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ABSTRACT
INTRODUCTION. Exercise is associated with the secretion of protein factors, called
myokines, into the local cellular environment of muscle and even into systemic
circulation. Skeletal muscle may facilitate this is by releasing extracellular vesicles
(EVs), an emerging regulator of intercellular communication. Skeletal muscle-derived
EVs may contain a variety of factors which effect angiogenesis and metabolism.
PURPOSE. Firstly, to investigate the potential of skeletal muscle to produce and
release EVs into the surrounding tissues using a model of cultured skeletal muscle cells.
We hypothesize that cultured skeletal muscle will produce and release EVs into
surrounding tissues. Secondly, to explore the effects of delivering concentrated doses
of EVs to skeletal muscle using a model of cultured skeletal muscle cells. We
hypothesize that the delivery of concentrated doses of EVs to cultured skeletal muscle
cells will lead to higher cellular proliferation. Thirdly, to study the adaptive response to
exercise related to EV secretion. A rodent model will be used to demonstrate the acute
response following aerobic exercise. We hypothesize that the presence of EVs
circulating in rodent blood will increase following aerobic exercise. A human model
will be used to demonstrate the acute response following High Intensity Interval
Training (HIIT). We hypothesize that the presence of EVs circulating in human blood
will increase following HIIT.
METHODS. Skeletal muscle cells were grown in culture to facilitate in vitro
experimentation, which was used to determine the capacity of skeletal muscle to
produce and release EVs. Functional assays examining cellular proliferation were
performed on cultured skeletal muscle cells to study the effects of delivering
concentrated EV doses to muscle. Treadmill running and cycling were used for rodent
and human in vivo investigations, respectively, to study the acute effects of exercise on
EV levels in the blood. For all experimental models used, EVs were isolated following
a protocol developed by Rider et al. (2016). As well, western blotting, an experimental
technique used to identify specific proteins of interest, was used to assess the presence
of EV biomarkers in various samples collected from in vitro and in vivo investigations.
FINDINGS. In accordance with our hypothesis, it was determined that cultured
skeletal muscle produces and releases EVs into the surrounding cellular environment. It
was also determined that delivering concentrated doses of EVs to cultured skeletal
muscle may promote cellular proliferation in some unknown manner. Finally, using
models of aerobic exercise and HIIT, exercise was shown to increase the presence of
EV biomarkers in post-exercise blood samples compared to no-exercise/pre-exercise
blood samples collected from rodents and humans, respectively.

iii
CONCLUSIONS. The results of the study support previous research exploring the
potential for skeletal muscle to produce and release EVs into the surrounding tissues.
As well, findings indicate that EV-mediated cellular communication may play a role in
the activity of skeletal muscle cells. Increases in the presence of EV biomarkers in
blood following exercise in rodents and humans suggests a role for EVs as novel
regulators of peripheral cellular communication facilitated skeletal muscle.
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INTRODUCTION
Recent work has revealed that skeletal muscle possesses gland-like functions.
Exercise has been demonstrated to stimulate the secretion of numerous proteins,
cytokines and growth factors known as “myokines” into the local cellular environment of
muscle (Forterre et al. 2014). Emerging data even suggests that these myokines infiltrate
into circulation, rising in concentration following exercise, and have the ability to affect
the cellular function of many peripheral tissues [(Crane et al. 2015), (Hillman et al.
2008), (Morland et al. 2017), (Swain et al. 2003)]. However, the time-course of the
response of peripheral tissues is not completely in line with the secretion pattern of some
myokines. This indicates other modes of cellular communication between skeletal
muscle and peripheral tissues is likely. As well, little is understood about how myokines
are transported in the body. One potential mechanism through which skeletal muscle
may communicate with peripheral tissues is by releasing extracellular vesicles (EVs), an
emerging regulator of intercellular communication (Safdar et al. 2016). It is now known
that EVs contain many important biomolecules including proteins, sugars, and genetic
material (Sadar et al. 2016). Recent work has described that skeletal muscle-derived EVs
contain a variety of myokines which effect angiogenesis and metabolism and that EV
release may be upregulated following cycling and treadmill running [(Fruhbeis et al.
2015), (Whitham et al. 2018)]. Firstly, the purpose of this study was to investigate
the potential of skeletal muscle to produce and release EVs into the surrounding tissues
using a model of cultured skeletal muscle cells. We hypothesized that cultured skeletal
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muscle will produce and release EVs into surrounding tissues. Secondly, we aimed to
explore the effects of delivering concentrated doses of EVs to skeletal muscle using a
model of cultured skeletal muscle cells. We hypothesized that the delivery of
concentrated doses of EVs to cultured skeletal muscle cells would lead to higher cellular
proliferation. Thirdly, we wished to study the adaptive response to exercise related to EV
secretion. A rodent model was used to demonstrate the acute response following aerobic
exercise. We hypothesized that the presence of EVs circulating in rodent blood would
increase following aerobic exercise. A human model was used to demonstrate the acute
response following High Intensity Interval Training (HIIT). We hypothesized that the
presence of EVs circulating in human blood would increase following HIIT.
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LITERATURE REVIEW
Local Effects of Exercise
Skeletal muscle is the largest organ in the body and has a variety of important
functions. It serves a role in maintaining homeostasis and whole-body metabolism, it
provides a source of protein for other tissues in the body and facilitates locomotion
(Forterre et al. 2014). Consequently, skeletal muscle health is related to overall health in
humans. Participation in exercise is an excellent way to maintain this tissue as it
improves all aspects of muscle function and protects against decreases in muscle mass
(Wolfe 2006). While all exercise is thought to be beneficial, the type of exercise a person
performs yields specific physiological adaptations (Manley 1996). Individuals who
regularly participate in resistance-type exercises (weight-lifting, resistance band
exercises, etc.) typically experience increases in muscle fiber size, called hypertrophy
(Manley 1996). Endurance training has classically been associated with significant
metabolic and cardiovascular adaptations – which are facilitated in part by the processes
of mitochondrial biogenesis and angiogenesis (Manley 1996).

Mitochondrial Biogenesis
In most healthy individuals, skeletal muscle responds to an exercise stimulus by
increasing the number and size of mitochondria; energy-producing organelles found in
skeletal muscle cells (Konopka & Harber 2015). This adaptation is referred to as
mitochondrial biogenesis – the process by which mitochondrial volume is increased
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through the activation of mitochondrial transcription factors and the synthesis of
mitochondrial proteins (Lysenko et al. 2016). Mitochondrial biogenesis is typically the
first observed change in muscle physiology following exercise and is regulated by a
variety of growth factors (for example, insulin-like growth factor 1 [IGF-1]),
transcriptional factors, and proteins (for example, peroxisome proliferator-activated
receptor-gamma coactivator 1 alpha [PGC-1]) (Lyons et al. 2017). Increasing the
number of mitochondria improves the metabolic capabilities of skeletal muscle.

Angiogenesis
Following an increase in mitochondria, there is also an observed increase in the
number of capillaries in trained skeletal muscle (Manley 1996). The development of new
capillaries is referred to as angiogenesis. This is a two-tiered process in which capillary
growth (sprouting of capillaries from preexisting vessels) and remodeling (enlargement of
new and existing vessels) occurs (Bloor 2005). Angiogenesis is a complex adaptation to
exercise that requires the correct coordination of growth factors (Vascular Endothelial
Growth Factor , VEGF, is the most important) with the activation and proliferation of
endothelial cells, extracellular matrix remodeling, and specific environmental conditions
within the tissue (Bloor 2005). The result of this process is an increase in oxygen and
nutrient delivery to muscle as well as an increased surface area for gas, nutrient, and
waste exchange.
By increasing the size of skeletal muscle fibers, and the number of mitochondria
and capillaries, one can expect increased strength, increased physical endurance,
decreased insulin sensitivity, and an improved metabolic profile.
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Peripheral Effects of Exercise
The positive effects of exercise are not limited to skeletal muscle alone.
Fascinatingly, the brain and skin also appear to undergo physiological changes in
response to an exercise stimulus. For example, researchers have demonstrated that
exercise leads to changes in brain structure, which may improve tissue quality and
cognition (Hillman et al. 2008). Swain and colleagues were able to confirm these
changes using rats. Following at least 30 days of aerobic exercise, brain imaging of the
exercised rats revealed that angiogenesis occurred in the primary motor cortex, leading to
greater cerebral blood flow in response to an exercise stimulus (2003). Similar
adaptations were observed in a separate study in which a different exercise modality was
implemented. Morland and colleagues (2017) exposed mice to High Intensity Interval
Training (HIIT) 5 times a day for 7 weeks. After 7 weeks of exercise, mice exposed to
HIIT had an increased capillary density compared to controls. As previously mentioned,
skin health improves in response to physical activity. After 4 weeks of an aerobic
exercise program, compared to sedentary controls, active mice had higher levels of
mitochondrial genes and greater expression of proteins and other transcriptional factors
important for mitochondrial biogenesis (Crane et al. 2015). In the same study, the
researchers also examined mitochondrial differences in the skin of active versus inactive
human subjects. Results showed that active individuals had an elevated number of
mitochondrial genes compared to their inactive counterparts. As well, regular
participation in high-intensity aerobic exercise led to the maintenance of heightened
mitochondrial gene expression throughout the lifespan. Therefore, it was concluded that
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exercise can inhibit certain aspects of skin aging by stimulating improvements in tissue
mitochondria (Crane et al. 2015). While it is evident that physical activity plays a major
role in the health of various organ systems, current literature has not supported a single,
central explanation for its broad, systemic benefits.

Cellular Communication
The cells which make up our bodies are in constant communication and depend
on each other for survival – if you remove a cell from the human body it tends to die a
short time after (McKinley & O’Loughlin 2012). Although most cells are able to achieve
some form of cell-to-cell crosstalk, certain highly-communicative cells form endocrine
glands, organs that specialize in the synthesis and secretion of a product into the
bloodstream (McKinley & O’Loughlin 2012). Endocrine glands secrete chemical
messengers such as amino acids, steroids, and peptides/proteins that communicate a
message to specific target cells in the body (Stanfield 2013). An example of an endocrine
gland is the pituitary gland in the brain, or the adrenal glands located above the kidneys.
There are different types of cellular signaling based on the distance a chemical messenger
has to travel between the secretory cell and the target cell. Cellular communications are
classified as autocrine (short distance – chemical messenger acts on the same cell that
secreted it), paracrine (short distance – chemical messenger reaches target cell through
simple diffusion), or endocrine (long distance – chemical messenger travels in the blood
to a distant target cell) (Stanfield 2013). In the last decade, skeletal muscle has been
identified as a secretory organ (Pedersen et al. 2012).
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Skeletal Muscle as an Endocrine Organ
Recently, much work has been done to classify and investigate the numerous
proteins and growth factors secreted by skeletal muscle during intercellular signaling
cascades (Forterre et al. 2014). Research by Henningsen et al. (2010) identified 635
proteins secreted specifically from human skeletal muscle cells. These unique proteins
have been referred to as myokines in the literature [(Forterre et al. 2014), (Henningsen et
al. 2010), (Morland et al. 2017), (Oujima et al. 2014), (Pedersen et al. 2012), (Safdar et
al. 2016)]. Myokines are cytokines or other peptides that are expressed, produced, and
released by muscle fibers (Pedersen et al. 2012). Many myokines are biologically active
and serve as important regulators of angiogenesis (interleukin 8 [IL-8], and vascular
endothelial growth factor [VEGF]), metabolism (brain-derived neurotrophic factor
[BDNF], and glucose-6-phosphate 1-dehydrogenase [G6PD]), and skeletal muscle growth
(interleukin 4 [IL-4], insulin-like growth factor 1 [IGF-1], and fibroblast growth factor 2
[FGF2]) [(Choi et al. 2015), (Horsley et al. 2003), (Matthews et al. 2008), (Pedersen et
al. 2012), (Witham et al. 2018)]. Myokine secretion is upregulated in response to
exercise and it is thought that these factors have the potential to facilitate intercellular
communication in an autocrine, paracrine, and endocrine fashion [(Pedersen et al. 2010),
(Safdar et al. 2016)]. Support for this has come from spinal cord injury research. By
electrically stimulating paralyzed muscles (no afferent or efferent impulses) in patients
with spinal cord injury, researchers were able to induce many of the same physiological
adaptations as in uninjured individuals who participate in exercise [(Kjaer et al. 1996),
(Mohr et al. 1997)]. These beneficial physiological adaptations, such as an improved
metabolic profile, are related to the action of myokines which are released from
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contracting skeletal muscle during and following exercise. Collectively, these findings
have led to the development of a new paradigm in exercise physiology: muscles release
myokines, which work in a chemical messenger fashion to exert specific autocrine,
paracrine, and endocrine effects on local and peripheral tissues (Pedersen et al. 2012).
Myokine interaction –both within and outside muscle tissue – could, therefore, have a
role in mediating multiple health benefits of exercise.

Extracellular Vesicles: Novel Mediators of Tissue Communication
Until now, very little consideration has been given as to whether myokines enter
circulation through any manner other than direct discharge from muscle. However, it has
come to light that the release of cell-derived extracellular vesicles (EVs) may represent an
alternative mechanism of intercellular communication between muscle and other tissues
around the body (Safdar et al. 2016). These lipid-based membrane-contained vesicles are
classified as microvesicles (100-1000 nm in diameter), apoptotic bodies (500-5000 nm in
diameter), or exosomess (20-140 nm in diameter) (Safdar et al. 2016). Collectively, these
different bodies are known as EVs. They are produced and secreted from a variety of
tissues including immune cells (lymphocytes), epithelial cells, adipose cells, and skeletal
muscle cells (Forterre et al. 2014). EVs are characterized by a spherical, lipid membrane
with interspersed surface proteins (Record et al. 2014). The surface proteins allow EVs
to be recognized by their potential target cells, while the lipid-based membrane allows
EVs to travel through the circulatory system and easily fuse with the membranes of
potential target cells (Thery et al. 2002). EVs are able to carry a diverse biological cargo
including proteins, genetic material, and sugars within the protective, envelope-like lipid
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membrane (Thery et al. 2002). The combination of these features makes EVs excellent
facilitators of cellular cross-talk.

Extracellular Vesicles and Disease
Much of the current support for EVs as mediators of cellular cross-talk is based on
cancer research. Tumor derived EVs are able to alter the local environment surrounding
a tumor by directly targeting nearby cells or by changing the structure and composition of
the extracellular matrix (Minciacchi et al. 2015). This was exemplified in vitro by
Webber et al. (2015), who exposed healthy prostate cells to EVs derived from a prostate
tumor. Following EV exposure, the once healthy population of cells became
phenotypically similar to prostate tumor cells and their surrounding matrix had been
restructured in a way that promoted tumor growth. It is also emerging that tumor-derived
EVs can travel to peripheral tissues and facilitate tumorigenesis and metastasis – enabling
cancer to spread throughout the body. (Minciacchi et al. 2015). For example, Costa-Silva
et al. (2015) demonstrated in mice that pancreatic tumor-derived EVs travelled to the
liver and formed a pre-metastatic niche by increasing the expression of factors promoting
tumor growth in the liver. EVs have also been used as tool for the diagnosis of human
metabolic disease. A study of EVs isolated from 219 patients lead to the observation of
distinct EV cargo profiles for metabolic syndrome, type 2 diabetes mellitus,
hypercholesterolemia, and hypertension (Crescitelli et al. 2013).
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Extracellular Vesicles and Skeletal Muscle
Although a role for muscle-derived EVs has not been identified, early
investigation suggests that EVs have an impact on skeletal muscle homeostasis (Forterre
et al. 2014). In-depth analysis of skeletal muscle derived EVs found that these vesicles
carry a variety of myokines such as FGF2, IGF-1, and VEGF, which play important roles
in muscle cell growth and differentiation, while also creating a favourable niche for
muscle cells to develop (Choi et al. 2016). By studying skeletal muscle in vitro,
investigators determined that cultured skeletal muscle cells secrete EVs (Forterre et al.
2014). As well, they observed that EVs isolated from myotubes could transfer proteins to
myoblasts and influence myogenesis by activating cellular pathways that promote cell
maturation from a myoblast to a myotube (Forterre et al. 2014). Overall, these findings
point to the exciting possibility that EVs mediate local and peripheral cellular cross-talk,
and that muscle cells may use EVs as a platform for local communication. It is also
possible that EVs released from skeletal muscle enter circulation, travel to distant tissues,
and deliver important growth factors

Extracellular Vesicles and Exercise
Recently, it has been proposed that EV release from skeletal muscle may
represent an alternative mechanism of muscle coordinated cellular crosstalk (Safdar et al.
2016). It is thought that myokines, important growth factors implicated in physiological
adaptations to exercise, are packaged into EVs that are released into interstitial fluid and
blood vessels surrounding skeletal muscle (Pedersen et al. 2012). In this sense, EVs act
as chaperones – delivering myokines to local and peripheral targets where they may
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stimulate physiological adaptations such as myogenesis, mitochondrial biogenesis, and
angiogenesis, which are also observed in individuals who regularly participate in exercise
(Pedersen et al. 2012). Researchers hypothesized that EV-mediated cellular crosstalk
within muscle is upregulated during exercise as contracting muscles respond to the
increased metabolic demands faced during exercise (Whitham et al. 2018). To date, only
two papers have been published that investigate a role for EVs in exercise. Surprisingly,
both Fruhbeis et al. (2015) and Whitham et al. (2018) observed a marked increase of
circulating EVs in human participants following aerobic treadmill running and cycling.
In both studies, blood serum analysis revealed that the number of EVs in circulation
immediately following exercise was double the number of EVs in circulation prior to
exercise [(Fruhbeis et al. 2015), (Whitham et al. 2018)]. In the study by Whitham et al.
(2018), an in depth proteomic analysis was also completed to investigate the contents of
EVs collected following exercise. Surprisingly, researchers reported finding several
novel myokines, such as glucose-6-phospahte 1-dehydrogenase (G6PD), which are
involved in the metabolic process of glycolysis (Whitham et al. 2018). Whether EV
mediated cross talk is responsible for post-exercise physiological adaptations triggered by
myokines is unknown – other biomolecules carried by EVs such as nucleic acids or lipids
may have a role in regulating these processes [(Fruhbeis et al. 2015), (Whitham et al.
2018)]. However, recent, but limited, findings provide evidence for the involvement of
EV-mediated tissue communication in response to an exercise stimulus (Whitham et al.
2018). More broadly, these studies have given insight into the possibility that myokines,
packaged in EVs, are carried to distant tissues where they can drive peripheral
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adaptations to exercise such as brain angiogenesis or improved mitochondrial function in
skin.

Methods of Extracellular Vesicle Isolation
Studying EVs requires the isolation of pure, highly enriched fractions of EV
samples for exploratory and experimental use. There are many methods for EV isolation
including size-exclusion chromatography, antibody-coated beads pulldown assay,
microfluidics, tangential flow filtration, ultracentrifugation, and precipitation with
polymers (Safdar et al. 2016). Traditionally, ultracentrifugation has been used to separate
EVs based on size in a process called differential centrifugation. This process involves
low force centrifugation (200-2,000 times the force of gravity), followed by moderate
force centrifugation (approximately 10,000 times the force of gravity), and finally a
prolonged ultracentrifugation step at 100,000 times greater than the force of gravity
(Rider et al. 2016). In some cases, differential centrifugation is completed using sucrose
buffers to separate EVs by size and density – additionally purifying sample. There are
also a variety of easy to use, commercially available kits (ExoQuick by Systems
Biosciences, Total Exosome Isolation by Life Technologies) that isolate EVs through
precipitation with polymers and filtration (Rider et al. 2016). More recently, a protocol
for isolating EVs was developed by Rider and colleagues (2016) as an alternative to the
time-consuming differential centrifugation isolation, and expensive commercial kits. This
very practical protocol is based on techniques for virus isolation (viruses typically have a
diameter ranging from 20-500 nm, EVs typically have a diameter of 20-5000 nm) and
uses the polymer, polyethylene glycol, to precipitate and weigh down the lipid membrane
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of EVs. Following EV precipitation, low-force centrifugation is performed to generate a
pellet of isolated EVs that can be collected for immediate use or stored for future
experiments (Rider et al. 2016). Although this was not an area of exploration for this
study, each isolation method has unique merits and drawbacks. As such, there is no clear
evidence in the literature supporting which technique is the best for EV isolation.
As previously mentioned, the purpose of this study was to investigate
the potential of skeletal muscle to produce and release EVs into the surrounding tissues
using a model of cultured skeletal muscle cells. We hypothesized that cultured skeletal
muscle will produce and release EVs into surrounding tissues. Secondly, we aimed to
explore the effects of delivering concentrated doses of EVs to skeletal muscle using a
model of cultured skeletal muscle cells. We hypothesized that the delivery of
concentrated doses of EVs to cultured skeletal muscle cells would lead to higher cellular
proliferation. Thirdly, we wished to study the adaptive response to exercise related to EV
secretion. A rodent model was used to demonstrate the acute response following aerobic
exercise. We hypothesized that the presence of EVs circulating in rodent blood would
increase following aerobic exercise. A human model was used to demonstrate the acute
response following High Intensity Interval Training (HIIT). We hypothesized that the
presence of EVs circulating in human blood would increase following HIIT.
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METHODS
Proliferation of C2C12 Myoblasts Treated with Extracellular Vescicles
C2C12 mouse skeletal muscles cells were grown in Dulbecco’s Modified Eagle’s
Medium (DMEM) supplemented with 10% Fetal Bovine Serum (FBS) and 1% penicillin
streptomycin in a humidified incubator at 37C, 5% CO2. Cell culture media was changed
3 times a week. When cells reached 70% confluence, they were either passaged to
increase the number of cells in culture or differentiated into fully formed muscle cells in
DMEM supplemented with Insulin-Transferrin-Selenium-Sodium Pyruvate (ITSA).
Cultured cells were used as a source of muscle-derived EVs for optimization of EV
isolation and identification techniques, as well as for functional assays investigating the
role of EVs in precursor muscle cell proliferation and differentiation. A pool of C2C12
muscle cells were cultured and used for functional assays to examine the impact of
concentrated EV treatment on the proliferation of precursor muscle cells. This particular
cell line is very robust and has been previously used as a model of skeletal muscle
adaptation in EV research ([Balbi, 2017], [Choi, 2015], [Forterre, 2014], [Huang-Doran,
2017], [Wang, 2016]). To conduct determinations for this study, a twenty-four well cell
culture plate was populated with 20,000 cells per well. Proliferation was tracked for cells
in each of the five growth conditions (n = 4 wells per condition): (A) DMEM only, (B)
DMEM supplemented with myoblast-derived EVs (100 ug/ul), (C) DMEM + 10% EV
free FBS, (D) DMEM + 10% EV free FBS supplemented with myotube-derived EVs
(100 ug/ul), and (E) DMEM supplemented with myotube-derives EVs (100 ug/ul). After
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populating the wells, a Click-iT EdU imaging kit (Thermo Fisher Scientific C10340) was
used to stain actively dividing cells during a three-hour period where the cells were
incubated at a temperature of 37C in a 5% CO2 atmosphere. Following the incubation
period, the Click-iT reaction was completed, and the cells were fixed in PFA to allow
imaging with a microscope. Images of the cells were taken with a Zeiss Axio Observer
inverted microscope and the number of proliferating cells was counted for each of the
experimental conditions using ImageJ software.

Rodent Exercise Study
To gather preliminary data on the effects of acute exercise on circulating EV
levels and to optimize experimental protocols and methods, eleven nine-week old male
CD1 mice were used to roughly model the human exercise study. The eight mice were
split into two equal groups; a sedentary control group (n=4), and an exercise group that
was subjected to a treadmill running protocol (n=4). The remaining three mice were
subjected to injections of EVs collected from sedentary mice and exercised mice
following treadmill running. All procedures were reviewed and approved by the
biosafety and ethics committees at the University of Prince Edward Island.
Blood was collected from four sedentary mice to serve as a representation of resting EV
content in circulating blood. Blood was also collected from four exercised mice
immediately following the completion of an acute bout of treadmill running to serve as a
representation of EV content in circulating blood following exercise. Exercised mice
were subjected to the following 52-minute treadmill running protocol: walking for 5
minutes at 12 cm/second, running for 7 minutes at 20 cm/second, running for 35 minutes
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at 25 cm/second, running for 3 minutes at 20 cm/second, and walking for 2 minutes at 12
cm/second. Cardiac puncture with a needle was used to collect 1.2 mL of blood from all
sedentary and exercised mice. Blood was dispensed into microcentrifuge tubes for serum
collection and EV isolation.

Human Exercise Study
Research by Fruhbeis and colleagues (2015) found that aerobic exercise can be
used to induce rapid release of EVs into circulation. These findings were recently
substantiated by Whitham et al. (2018), who identified an increased systemic release of
EVs following exercise. EVs released into circulation during a bout of exercise may play
an important role in local and peripheral muscle-coordinated cellular crosstalk. To
investigate the release of EVs following a bout of acute exercise, five healthy females and
eleven healthy males were recruited after written informed consent. General female
participant characteristics were as follows (mean +/- SD): age = 20 +/- 0.7, BMI = 23.9
+/- 3.3 kg/m2, waist circumference = 73.3 +/- 4.9 cm, body fat = 30.5 +/- 7.1%, estimated
VO2 max = 42 +/- 14.6 mL/kg/min. General male participant characteristics were as
follows (mean +/- SD): age = 24 +/- 2.6, BMI = 27.2 +/- 3 kg/m2, waist circumference =
85.6 cm +/- 5 cm, body fat = 19.6 +/- 2.7%, estimated VO2 max = 46 +/- 11.9 mL/kg/min.
All procedures were reviewed and approved by the biosafety and ethics committees at the
University of Prince Edward Island. The type of exercise used for this model was High
Intensity Interval Training (HIIT), a form of exercise involving consecutive, intermittent
bursts of maximal physical exertion. To perform a bout of HIIT, participants were asked
to complete four consecutive 30-second Wingate cycling tests with a 4-minute rest period
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between high intensity intervals. The Wingate test is a maximal exertion cycling protocol
originally designed for the calculation of anaerobic power (Powers 2015). However, it
has emerged as a useful tool for studying the body’s adaptive response to HIIT and is
now the most common exercise model employed in low-volume HIIT research
[(Burgomaster et al. 2005), (Gibala et al. 2006 & 2012), (Little et al. 2010)]. Eight male
and two female participants completed the HIIT protocol on a Monark 894E cycle
ergometer; data related to the exercise bout was collected using Monark ATS software.
Prior to exercising, a blood sample (13.5 mL) was collected from the medial cubital vein
of the left arm using a needle (BD Vacutainer “Eclipse” catalog no. 368651). This
sample acted as a representation of resting EV content in circulating blood. Following
the final exercise interval, another blood sample (13.5 mL) was drawn from the medial
cubital vein of the right arm using a needle. This blood sample acted as a representation
of EV content in circulating blood following an intense bout of exercise. A trained
phlebotomist, Katie Beck, performed the blood collection into capped plastic tubes (BD
Vacutainer Blood Collection Tubes catalog no. 367987 and 367863).

Extracellular Vesicles Isolation
EVs were isolated using a protocol outlined by Rider et al. (2016). For human
EV isolation, blood samples were allowed to clot at room temperature for 60 minutes.
Then, the tubes were centrifuged at 1,300 x g for 10 minutes at 4C to fractionate the
blood; serum and plasma fractions were extracted using a pipette. Serum and plasma
samples were transferred to clean microcentrifuge tubes and centrifuged at 500 x g for 5
minutes and 2,000 x g for 30 minutes at 4C. Following this, plasma that was cleared of
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cellular debris was aliquoted into 2 mL cryovials and stored in a -80C freezer for further
analysis. Serum that was cleared of cellular debris was either aliquoted in to 2 mL
cryovials and stored in a -80C freezer for further analysis, or incubated in an equal
volume of 16% polyethylene glycol (PEG) solution (1 mL of serum:1 mL of PEG
solution). After mixing by inversion at 4C for 14 hours, the serum+16% PEG solution
was centrifuged at 4,686 x g for one hour at 4C. The aqueous phase in the tubes was
disposed of, and the resulting pellet was resuspended with equal parts 1x Phosphate
Buffered Saline (PBS) and 10% PEG. Once again, the samples were mixed by inversion
at 4C for 14 hours and centrifuged at 4,686 x g for one hour at 4C. The aqueous phase
was disposed of and the resulting pellet was stored at -80C for further analysis. Pre- and
post-exercise human EV pellets were isolated from the same starting volume (1 mL) of
serum. Extraction of EVs from mouse blood samples as well as C2C12 myoblast and
myotube media was used to optimize the protocol for human EV isolation. Therefore, the
same steps were followed during the collection of mouse and C2C12 EV samples. EVs
isolated from mice were derived from a starting serum volume of 280 uL. Additionally,
following the first incubation and centrifugation in 16% PEG solution, mouse EV pellets
were resuspened in 500 uL of 1x PBS and 500 uL of 10% PEG solution. These
differences are due to the small amount of serum that can be obtained from mice
compared to humans.

Extracellular Vesicle Analysis
Following EV isolation, samples derived from C2C12 myoblasts and myotubes,
sedentary and exercised mouse serum, and human serum before and after a bout of HIIT
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were analyzed for biomarkers of EVs including the transmembrane proteins CD9
(Tachibana, 1999) and CD40 (Saunderson, 2008) as well as the cytoplasmic protein
ALIX (Colombo 2013). A technique called western blotting (WB) was used to detect the
presence of EV protein markers. This method of detection involved separating all of the
proteins found in the samples by size using polyacrylamide gel electrophoresis.
Following electrophoresis, the proteins were transferred to a PVDF membrane which was
blocked with 3% skim milk and incubated in 1% skim milk with antibodies (ALIX;
abcam [ab117600] and Santa Cruz [sc-53540], CD9; abcam [ab92726], CD40; abcam
[ab13545]) which preferentially bound to the proteins of interest. Following this step, the
membrane was incubated in 1% skim milk with secondary antibodies (sc-2005 and sc2005) that permitted the identification and visualization of ALIX, CD9, and CD40. All
membranes were imaged using a Bio-Rad ChemiDocTM Touch gel imaging system.
Based on the presence of EV protein markers, chemiluminescent signal given off by the
secondary antibody allowed semi-quantitative comparisons to be made about the relative
number of EVs present in C2C12 myoblast and myotube media, control and exercised
mouse serum, and human serum before and after a bout of HIIT. To gather semiquantitative data, densitometry was performed on the membranes using Bio-Rad Image
LabTM software.
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RESULTS
Cultured Skeletal Muscle Produces Extracellular Vesicles
C2C12 skeletal muscle myoblasts were cultured in 10 cm cell culture plates.
Once the cells reached 70% confluence on the plate, the media was changed and the
myoblasts were differentiated in to myotubes in DMEM supplemented with ITSA. The
differentiation process took four to five days to complete. After all cells transitioned
from myoblasts to myotubes, the myotubes were collected, lysed, and analyzed using WB
for the EV biomarker CD40 (Figure 1). Analysis confirmed the presence of EVs in
myotube lysate, indicating that cultured skeletal muscle has the capacity to produce EVs.
In addition to collecting the myotubes, conditioned media that the cells had been growing
in (DMEM+ITSA) was also collected and analyzed using WB for the EV biomarker
CD40 (Figure 1). Analysis confirmed the presence of EVs in cell culture media
conditioned by myotubes, indicating that cultured skeletal muscle has the capacity to
release EVs into their local environment.
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(-)

Cultured Myotube Media

Isolation method #1

Isolation method #2

Figure 1. Western blot image of EV biomarker CD40 detected in myotube lysate
and cultured myotube media.
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Treatment of Cultured Skeletal Muscle with Extracellular Vesicles Increases Proliferation
Skeletal muscle cells were cultured and used to examine the impact of
concentrated EV treatment on cellular proliferation. Cells were grown in one of five
conditions (n = 4 wells per condition) including (A) DMEM only, (B) DMEM
supplemented with myoblast-derived EVs (100 ug/ul), (C) DMEM + 10% EV free FBS,
(D) DMEM + 10% EV free FBS supplemented with myotube-derived EVs (100 ug/ul),
and (E) DMEM supplemented with myotube-derived EVs (100 ug/ul). Experimentation
was completed to identify the total number of cells, as well as the total number of actively
proliferating cells in every well for every growth condition. Cell counts comparing the
number of proliferating cells to the total number of cells indicate an increase in the
number of proliferating cells in the DMEM supplemented with myoblast-derived EVs
group compared to the DMEM only group (Figure 2). Despite this finding, a two-tailed
unpaired t-test determined this increase was not significant (P = 0.463). However, the
proportion of actively proliferating cells in all groups supplemented with myoblastderived EVs were higher than the same measure for groups that received no EVs or
myotube-derived EVs (Table 1) (Figure 3). These preliminary findings indicate that
EVs derived from precursor muscle cells may influence the cellular activity of skeletal
muscle by promoting proliferation in an undefined manner.
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Figure 2. Graph of total cells versus actively proliferating cells in each growth condition.

Table 1. Mean cell populations and proportions of actively proliferating cells.
Total Cells
(mean +/- SD)

Proliferating Cells
(mean +/- SD)

% Proliferating
Cells

DMEM Only

189.5 +/- 52

87.3 +/- 26

46%

DMEM + Myoblast EV

189 +/- 89

107 +/- 43

57%

DMEM + Myotube EV

295.3 +/- 83

130.8 +/- 31

44%

DMEM + 10% FBS

193.5 +/- 22

21.5 +/- 4

11%

DMEM + 10% FBS +
Myoblast EV

132.8 +/- 81

16.3 +/- 8

12%
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(A) DMEM only

Total cells (DAPI)

Actively proliferating cells (EdU)

(B) DMEM + Myoblast EV

Total cells (DAPI)

Actively proliferating cells (EdU)

(C) DMEM + Myotube EV

Total cells (DAPI)

Actively proliferating cells (EdU)

Figure 3. Images of total cell populations and actively proliferating cells in various
growth conditions.
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Acute Exercise Stimulates Systemic Extracellular Vesicle Release in Mice
Immediately following the completion of a treadmill exercise protocol, 1.2 mL of
blood was collected from exercised mice (n=4) and unexercised, untrained control mice
(n=4). Each blood sample was centrifuged and fractionated to allow the collection of 280
uL of serum for every individual. These equal volumes of serum were used for EV
isolation and WB analysis. The EV biomarkers ALIX and CD9 were used to identify the
presence of EVs in control and exercise samples. Following WB analysis and group
comparisons using a one-tailed unpaired t-test, it was apparent that the detection of ALIX
(Figure 4) was higher in exercised mice (mean +/- SD; 10.62 +/- 3.08 x 106 AU) (Figure
5) compared to control mice (mean +/- SD; 9.57 +/- 1.55 x 106 AU) (Figure 5). These
findings were similar for CD9 (Figure 6), as it was detected more heavily in exercised
mice (mean +/- SD; 9.79 +/- 1.36 x 106 AU) (Figure 7) compared to control mice (mean
+/- SD; 7.98 +/- 3.36 x 106 AU) (Figure 7). While this points to exercise as a trigger for
systemic EV release, a one-tailed unpaired t-test revealed that significant increases were
not observed for ALIX (P = 0.282) or CD9 (P = 0.178). Based on our hypothesis, this
type of statistical analysis was selected as an increase in the presence of EV biomarkers
was expected following aerobic exercise. Although this was not previously supported in
rodents, research by Fruhbeis et al. (2015) and Whitham et al. (2018) demonstrated that
the presence of EV biomarkers was increased following aerobic exercise in humans.
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ALIX

Figure 4. Western blot image of EV biomarker ALIX detected in samples of
control and exercised mouse serum.

P = 0.282

Figure 5. Graph comparing presence of EV biomarker ALIX in samples of control
and exercised mouse serum.
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CD9

Figure 6. Western blot image of EV biomarker CD9 detected in samples of control
and exercised mouse serum.

P = 0.178

Figure 7. Graph comparing presence of EV biomarker CD9 in samples of control
and exercised mouse serum.
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Acute Exercise Stimulates Systemic Extracellular Vesicle Release in Humans
Prior to beginning the HIIT trial, 15 mL of blood was collected from each
participant (female, n=2; male, n=5) to serve as a representation of baseline levels of
circulating EVs. Within twenty minutes of participants completing the HIIT trial, another
15 mL of blood was collected to serve as a representation of post-HIIT levels of
circulating EVs. Each blood sample was centrifuged and fractionated to allow the
collection of 1 mL of serum for every individual. These equal volumes of serum were
used for EV isolation and WB analysis. The EV biomarkers ALIX and CD9 were used to
identify the presence of EVs in pre-and post-HIIT samples. WB analysis and pre/post
exercise comparisons using a one-tailed paired t-test identified significant increases for
the biomarker ALIX (P = 0.032) (Figure 8) in post-HIIT samples (mean +/- SD; 22.86
+/- 8.13 x 105 AU) (Figure 9) compared to pre-HIIT samples (mean +/- SD; 17.28 +/7.16 x 105 AU) (Figure 9). Identical analysis demonstrated significant increases for the
biomarker CD9 (P = 0.045) (Figure 10) in post-HIIT samples (mean +/- SD; 2.19 +/1.71 x 106 AU) (Figure 11) compared to pre-HIIT samples (mean +/- SD; 14.65 +/- 9.89
x 105 AU) (Figure 11). These findings support an acute bout of HIIT as a powerful
stimulus for systemic EV release in humans. Based on our hypothesis, this type of
statistical analysis was selected as an increase in the presence of EV biomarkers was
expected following HIIT. Although this was not previously supported in research,
investigations by Fruhbeis et al. (2015) and Whitham et al. (2018) demonstrated that the
presence of EV biomarkers was increased following aerobic exercise in humans.
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ALIX

Figure 8. Western blot image of EV biomarker ALIX detected in samples of preexercise and post-exercise human serum.

Figure 9. Graph comparing presence of EV biomarker ALIX in samples of preexercise and post-exercise human serum.
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CD9

Figure 10. Western blot image of EV biomarker CD9 detected in samples of preexercise and post-exercise human serum.

Figure 11. Graph comparing presence of EV biomarker CD9 in samples of preexercise and post-exercise human serum.
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DISCUSSION
Function of Extracellular Vesicles in the Skeletal Muscle Environment
Skeletal muscle is arguably one of the most important tissues in the body and is
related to overall health in humans. Muscle is highly plastic and it appears to have an
amazing ability to remodel its local environment through the processes of mitochondrial
biogenesis and angiogenesis [(Konopka & Harber, 2015), (Manley, 1996)]. Currently, it
is thought that these processes are regulated by myokines, such as VEGF and IGF-1,
within muscle (Bloor, 2005). However, a transport mechanism for myokines has not yet
been defined. Quite possibly, it is here that the function of EVs within muscle lies.
Using a cell culture model of C2C12 skeletal muscle cells, I was able to replicate the
findings of Forterre et al. (2014) and demonstrate that cultured skeletal muscle has a
propensity to produce and release EVs locally in the surrounding environment. As well, I
was able to demonstrate a potential role for EVs in driving the growth and development
of muscle cells. Cell culture assays involving the treatment of C2C12 skeletal muscle
cells with concentrated doses of EVs derived from myoblasts seemed to increase
proliferation in treatment groups compared to control groups that received no growth
promoting factors or EVs. However, these observations were not supported by statistical
significance and correspond to similar findings by Forterre et al. (2014) who conducted
near identical investigations. Interestingly, when C2C12 skeletal muscle cells were
treated with concentrated doses of EVs derived from other muscle cells, increased
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proliferation did not appear to occur. This was similar to observations by Forterre et al.
(2014) who found that myotube-derived EVs had an anti-proliferative effect on muscle
cell populations. Nevertheless, these findings not only support the hypothesis that
skeletal muscle cells produce and release EVs, but they support the broader perspective
that EVs facilitate paracrine-like signaling within muscle by transporting myokines
(Safdar et al., 2016). EVs certainly have the capability to transport these factors, as
evidenced by Forterre et al. (2014) and Witham et al. (2018) who identified candidate
myokines, such as HSPG2, ECM1, and ICAM1, in EV cargo. Delivery of these factors to
neighbouring cells represents the potential mechanism by which EV release mediates
proliferation of muscle cells. Additionally, muscle-derived EVs found in circulation may
act in a similar manner to facilitate endocrine-like crosstalk between muscle and distant
tissues. Identifying this novel mechanism of intercellular communication would have
major implications on our understanding of how skeletal muscle impacts whole-body
homeostasis and certainly warrants further study.

Function of Extracellular Vesicles in the Adaptive Response to Exercise
Given the inherent importance of skeletal muscle to overall health, it is essential
that individuals engage in exercise to maintain the health of this tissue. Regular
participation in exercise has been shown to promote tissue remodeling in muscle,
facilitated through angiogenesis and mitochondrial biogenesis (Manley, 1996). As well,
continued participation in exercise seems to benefit peripheral tissues such as the brain,
where we see evidence of angiogenesis, and the skin, where mitochondrial biogenesis is
likely the driving force behind improvements in the metabolic profile of this tissue
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[(Crane et al., 2015), (Hillman et al., 2008), (Morland et al., 2017), (Swain et al., 2003)].
These adaptations may be mediated by myokines through the endocrine-like activity of
muscle, which seems to increase during and following an exercise stimulus (Pedersen &
Febbraio, 2012). This fascinating phenomenon has been documented by Crane et al.
(2015), Matthews et al. (2009), and Morland et al. (2017) who have reported an increase
in the secretion of these factors from muscle following exercise participation. Although
myokine secretion is upregulated in response to an exercise stimulus, it is unknown how
these factors might be transported locally within muscle and peripherally to tissues all
around the body. To address this question, I used mouse and human models to determine
whether EVs, potential carriers of myokines, were significantly released into systemic
circulation following exercise. By comparing the presence of EV biomarkers in the blood
of untrained, unexercised mice, to blood collected from mice immediately after exercise,
I was able to determine that the presence of EVs circulating in blood were increased
following treadmill exercise. This finding supports a potential, yet unexplained, role for
EVs in exercise and also led us to believe that a human model was warranted for further
investigation. Using HIIT as a preferred mode of exercise, I was able to determine that
an acute bout of exercise is a significant trigger for the systemic release of EVs into
circulation in humans. This finding indicates a potential function for EVs in the
immediate response to exercise which likely involves facilitating cellular crosstalk.
Given that skeletal muscle produces and releases EVs, and systemic EV release is
upregulated by exercise, it is conceivable that exercise increases the release of EVs from
skeletal muscle. Although I was not able to demonstrate this specifically, one must
consider the importance of this occurrence if does indeed take place. It has already been
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demonstrated that in response to exercise, skeletal muscle can manufacture and release
factors, called myokines, that are linked to beneficial adaptations within muscle and in
peripheral tissues, such as the brain and skin [(Bloor et al. 2017), (Crane et al. 2015),
(Hillman et al. 2008), (Konopka & Harber 2014), (Matthews et al. 2009), (Morland et al.
2017), (Pedersen & Febbraio 2012)]. Currently, there is a lack of understanding
regarding how these factors are transported within the body. However, the possibility
that EVs contain factors released by muscle which provide benefit to muscle and
peripheral tissues represents a new paradigm for myokines delivery and the adaptive
response to exercise overserved in peripheral tissues, such as the brain and skin.
Identifying that skeletal muscle does indeed release EVs and that EV release is increased
following acute exercise provides further support for this novel mechanism of cellular
crosstalk. It also opens the door for future investigations in this area of research.

Future of Extracellular Vesicles in Muscle Health and Exercise
In the future, specific investigations addressing the complete proteomic analysis
of muscle-derived EVs and their cargo is warranted to accurately identify myokines
carried by EVs. Understanding what myokines are transported by EVs would improve
our understanding of how EVs regulate important processes within muscle such as
angiogenesis and mitochondrial biogenesis. As well, to fully understand the role of EVs
in the skeletal muscle environment, cell culture based functional assays involving EV
deprivation and application should be conducted. These models would offer the highest
level of experimental control and the best opportunity to observe measured changes in
skeletal muscle homeostasis related to the removal or addition of muscle-derived EVs.
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Future studies should also aim to determine the kinetics of EV release and uptake
following acute bouts of exercise. Such studies might include collecting equal volumes
of blood from participants at various time points following exercise to determine the time
at which systemic EV release peaks. While tracking the uptake of EVs from circulation
into tissues would certainly be more difficult, labelling EVs and performing histological
analyses could provide insight into the timeline of adaptive responses to exercise and how
these changes might unfold in peripheral tissues. In order to conduct specific
investigations on muscle-derived EVs, techniques and products must be developed that
allow the isolation of muscle-derived EVs from whole serum samples. Currently, EV
isolation techniques only permit the isolation of heterogeneous mixtures of EVs that
could have been released from a variety of different tissues.
Future research investigating the role of EVs in skeletal muscle health and
exercise will both help researchers progress toward unlocking the therapeutic potential of
EVs. While there is much work to be done, it is hoped that one day, EVs could be used
to treat muscle wasting diseases, such as sarcopenia, and even genetic diseases, such as
muscular dystrophy, by loading factors into EVs and delivering concentrated doses to
patients. Given physical structure of an EV, its lipid-bound membrane makes it an
excellent vehicle for medication delivery within the body as it could fuse very easily with
essentially all tissues in the body to deliver its contents. As well, EVs have membrane
proteins which would allow for medication delivery on a cellular level using a “lock-andkey” method of recognition and adhesion. Only certain target cells with complimentary
membrane proteins would recognize and permit the adhesion of EVs based on the surface
protein pattern of the vesicle.
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Summary
In summary, it has been demonstrated that EVs are produced and released by
cultured skeletal muscle. Furthermore, interspecies investigations of mice and humans
have identified acute exercise as a powerful stimulus for the release of EVs. Given that
EVs have the potential to carry myokines, the release of EVs by muscle may represent a
new paradigm for myokine transport and the adaptive exercise response in peripheral
tissues. With continued work, it may be possible to use EVs in a therapeutic manner to
treat muscle wasting disorders and genetic diseases.

Study Limitations
Sample Purity: As previously mentioned, there are various classes of EVs including
apoptotic bodies, microvesicles, and exosomes. The isolation technique used in this
study was excellent at providing highly enriched samples of EVs, however, this method
did not allow the isolation of specific classes pf EVs. As well, this method of isolation
also resulted in the aggregation of common serum proteins, such as albumin, which added
contamination to samples of isolated EVs. Therefore, there is little certainty regarding
whether all classes of EVs are increasingly released following exercise, or if only one
class is affected. This uncertainty also applies to the cell culture assays, where I observed
the effects of EV treatment on the proliferation of muscle precursor cells. Since a
heterogeneous mix of EVs was applied, there is no way to identify whether one class of
EV triggered proliferation, or if the results were attributable to applying a diverse mixture
of EVs to the cells.
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Cell Culture Investigations: Although in vitro models offer the highest level of
experimental control, the amount of manual work involved with this type of study makes
researcher error an inherent issue. This was apparent in my investigations, as manual
errors during cell plating led to each experimental group having a different number of
total cells. This was an issue as it made comparisons between groups more difficult.
Additionally, myoblast proliferation may have appeared to differ simply because of a
varying number of total cells for each group, rather than the treatment each group
received.

Mouse inter-individual model: There were two main factors limiting my ability to report
significant findings for the investigations concerned with the mouse model of exercise.
One such limitation was the inter-individual experimental setup that was used. This setup
was selected so that I could obtain maximum amounts of blood from the mice for further
analysis. However, there was a great deal of biovariability in the circulating EV profile
for each mouse regardless of whether they were in the unexercised, untrained control
group, or the treadmill exercise group. Another limitation of this model was the small
size of the experimental groups, which each contained only four individuals. Working
with small groups decreased my statistical power and limited my ability to report
significant findings. Lastly, I was unable to definitively report whether muscle-derived
EV release is increased by an acute bout of exercise. This limitation impacted both the
mouse and human models of exercise that were employed for this study. Unfortunately,
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commercial products do not exist that allow the isolation of EVs derived from specific
tissues such as skeletal muscle.

Interspecies Reliance: Although using a mouse model of exercise allowed me to gather
preliminary results which supported my hypothesis and further research using human
participants, transitioning from mice samples to human samples proved to be very
difficult. I relied on experimentation using mouse samples to optimize the protocols used
for human samples. Unfortunately, certain techniques, such as WB analysis, were much
more sensitive to the change in sample source. This resulted in the failure of many of my
first experiments using human EV samples. Consequently, I had to re-optimize my
experimental methods so that I could gather results for the human exercise investigation.
This process was very time consuming and prevented me from conducting other analyses
that I had hoped to conduct, such as working to identify potential myokines transported
by EVs including VEGF and IGF-1.
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APPENDICES

Appendix A: Table of Human ALIX Values
Subject
F05
M01
M03
M06
M08
M09
M11

Pre-Exercise (AU)
1122448
945010
2515836
1646906
1184775
2801346
1877904

Post-Exercise (AU)
1060160
1507926
3242972
2260210
3045039
2842824
2043877

Appendix B: Table of Human CD9 Values
Subject
F05
M01
M03
M06
M08
M09
M11

Pre-Exercise (AU)
2591680
1618461
591444
200529
1835638
721665
2697912

Post-Exercise (AU)
3840436
1107288
1776222
612108
3051159
242361
4711050

Appendix C: Table of Mouse ALIX Values
Control (AU)
8044748
8576580
10261480
11410600

Exercise (AU)
7538380
9276492
10928010
14756700

Appendix D: Table of Mouse CD9 Values
Control (AU)
5795280
4502880
11475560
10149120

Exercise (AU)
7783740
10812610
10296660
10274150
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