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Lay Abstract

Exercise affects many different tissue types throughout the body. The hematopoietic system,
through which the body produces blood cells, is no exception. How exercise as a stimulus is able to
influence this system is poorly understood. Here, we demonstrate that exercise is able to stimulate skeletal
muscle to produce erythropoietin, a potent hematopoietic growth factor. As well, we demonstrate that
exercise is capable of mobilizing hematopoietic stem cells from the bone marrow to the blood. We then
describe how exercise is able to increase hematopoietic activity outside the bone marrow. Finally, we
show that exercise affects marrow in only certain bone marrow cavities. Our findings demonstrate that
exercise is able to influence hematopoiesis in a myriad of ways. As well, our findings highlight potential

commonalities in the means by which exercise exerts these influences.
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Abstract

Exercise has been shown to influence nearly every tissue type in the body, including the
hematopoietic system. The means by and the extent to which exercise is able to do this is unknown. Here,
we investigated the effects of skeletal muscle and exercise on several components of hematopoiesis.
Firstly, we investigated exercise induced changes in skeletal muscle endocrine signalling. We
demonstrated that exercise increased skeletal muscle hypoxia, leading to HIF 1o and HIF2a stability,
resulting in increased expression of erythropoietin. As well, myoblasts in culture were shown to express
and release erythropoietin in response to hypoxia. Secondly, we measured mobilization of hematopoietic
cells during exercise. We demonstrated that exercise greatly increased the number of hematopoietic stem
cells in circulation. The quantity of mobilization was dependent on exercise intensity, did not depend on
fitness levels, and was at peak immediately post exercise. Thirdly, we measured levels of extramedullary
hematopoiesis following exercise. Exercise increased spleen hematopoietic stem cell content.
Furthermore, expression of genes associated with hematopoietic homing, adhesion, quiescence, and
growth were all increased in the spleen following exercise. Finally, we examined bone marrow in the
appendicular and axial skeleton of aged animals. Here, exercise increased bone marrow cellularity and
reduced bone marrow adiposity in the appendicular skeleton of aged mice. However, lumbar vertebral
marrow cellularity and skeletal muscle expression of hematopoietic cytokines in these mice was
unaffected by exercise. Taken together, these results demonstrate that exercise is a potent mediator of
hematopoietic homeostasis. Several themes recurrent in these and other studies lead to insight in how
exercise is able to exert influence on hematopoiesis, namely: tissue specific changes in hematopoietic
growth and homing factor expression, the ability of mechanical forces felt during exercise to alter the
bone marrow niche microenvironment, and increased flux of hematopoietic stem cells through their

various bodily niches.
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Chapter 1 — Introduction

Sedentary behaviour is part of our modern lifestyle. The act of sitting in front of a computer to
work, sitting on a couch to watch television, and sitting while traveling from place to place are all
common in a normal routine (1). For most, daily physical activity is a workplace obligation or
recreational choice. In the past, regular physical activity was mandatory for survival; planting crops,
cutting wood, hunting animals, and fighting predators, all without the use of machines. Given that regular
physical activity was a constant variable during the lengthy span of human development (2) it is no
surprise that sedentary behaviour has been linked to a host of pathologies. Cancer, diabetes, hypertension,
immune deficiencies, osteoporosis, and cardiovascular disease have all been tied to a lack of physical
activity (3,4). That bone mineral density in early and medieval human skeletons was much higher than it
is today is suggestive of the importance of exercise (5,6). While exercise may not be strictly mandatory

for survival, it should at least be considered highly recommended for continued quality of life.
1.1 - Exercise

Though any physical activity done on a regular basis can be advantageous and healthy, adopting a
defined exercise training regime can be much more valuable. In general, there are two types of exercise —
aerobic or endurance type exercise and anaerobic or resistance type exercise. While not mutually
exclusive activities, many individuals choose to focus on one type or another. Each type of exercise is
associated with particular bodily adaptations and, as such, the body of an individual who is highly
aerobically trained is different than that of an individual who is highly anaerobically trained (7). Aerobic
exercise training is generally associated with activities such as walking, running, swimming, and cycling.
The ability of the body to uptake, transport, and utilize oxygen are the limiting factors for aerobic exercise
capacity (8). As such, these exercises build up aerobic capacity more so than muscular strength.
Resistance exercise is associated with activities that apply resistance to muscular contractions, such as

weight lifting. Muscle strength is the limiting factor for resistance type exercise. As a result, these types
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of activities increase muscle size and strength (9). As this work focuses on bodily adaptations to aerobic

exercise, adaptations to resistance exercise will be discussed in no further detail.

1.1.1 - Adaptations to Aerobic Exercise

Aerobic exercise tends to increase physical endurance by improving the efficiency of the heart,
lungs, and circulatory system (10). These changes result in an increase in the ability of an individual to
transport and utilize oxygen, further increasing aerobic exercise capacity (11). Specifically, there are three
categories of adaptations associated with aerobic exercise; adaptations to ventilator capacity, adaptations

to circulatory ability, and adaptations to muscle efficiency.

During aerobic exercise, oxygen first enters the body through the lungs. Increases in ventilatory
capacity thus allow for increases in aerobic performance. Larger lung tidal volume, the normal amount of
air displaced between inhalation and exhalation, facilitates increased access to oxygen (12). As well,
increases in pulmonary diffusing capacity allow for greater ability of oxygen in the lungs to diffuse to the
blood (13). Following oxygen diffusion to blood, it is transported through the body via red blood cells.
Here, another adaptation helps to increase oxygen transport; increases in cardiac output. The stroke
volume of the heart, rather than heart rate, increases (10); this increases oxygenated blood flow
throughout the body. After oxygenated blood reaches working skeletal muscle, adaptations to muscle
capillary density allow for shorter oxygen diffusion distances and a better supply of oxygen to muscle
mitochondria (14). Increased red blood cell transit time through increased numbers of capillaries also
helps to facilitate increased oxygen extraction from blood to muscle (15). Once inside muscle, oxygen is
used for aerobic metabolism. Increased muscle oxygen utilization efficiency results in increased energy
production and increased aerobic capacity. Increases in efficiency follow from an upregulation of
oxidative enzymes in the mitochondria along with increased mitochondrial biogenesis (16). As well,
metabolic changes within muscle result in increased reliance on oxidative fat metabolism as a fuel source

and decreased reliance on anaerobic glycolysis, furthering aerobic capacity (17).
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Of particular interest to this thesis are blood based adaptations to aerobic exercise training. Aside
from adaptations associated with oxygen input, oxygen diffusion, and oxygen usage efficiency, aerobic
exercise also leads to adaptations in blood itself. The primary role of blood is to transport oxygen
throughout the body. Hemoglobin, found inside the cytoplasm of red blood cells, has the ability to bind
oxygen. Oxygen from the lungs diffuses into the haemoglobin of red blood cells and later, when arterial
blood is delivered to working skeletal muscle, oxygen diffuses from the haemoglobin into muscle fibres.
The ability of blood to carry oxygen is equally as important as the ability of lungs to extract oxygen from
the atmosphere or the ability of muscle to utilize it during aerobic metabolism. Blood based adaptations

account for much of the increased oxygen transport capability seen following exercise training (18)

An increased hematocrit is commonly associated with endurance exercise training. While various
groups have reported differing opinions on whether white cell mass changes with endurance training, red
blood cell mass has been shown on many occasions to increase (8). Supplementary to this, many groups
have reported increased blood volume as well as increased blood hemoglobin content with endurance
training (19). Increased red cell volume and hemoglobin content serve to increase the capability of blood
to transport oxygen, resulting in increased exercise performance (20). These blood based adaptations are
even more prevalent in altitude training models. Endurance training in environments with reduced oxygen
concentrations can strongly stimulate these changes (21). Blood adaptations in hypoxic environments are
associated with increased production of kidney EPO (22). In mice, changes in kidney expression of EPO
and increased red blood cell production have also been noted during aerobic training at sea level (23).
Indeed, exogenous erythropoietin supplementation is one means by which athletes are able to artificially
boost their hematocrit and increase their exercise performance (24). Aerobic exercise in untrained
individuals can also lead to intravascular hemolysis of older, less flexible, red blood cells through sheer
stress as these cells are forcefully circulated around the body and through small capillaries (25,26).
Rupture of old red cells leads to increases in erythropoiesis and the development of a pool of younger,

more flexible erythrocytes, better able to absorb and transport oxygen (27).
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1.1.2 — Skeletal Muscle

Physical activity and exercise relies on the ability of skeletal muscle to generate force. Regular
aerobic and resistance exercise cause skeletal muscle to undergo many adaptations. Skeletal muscle
adaptations to exercise have been studied and defined in great detail, but are not the focus of this thesis.
Of particular interest, however, is the ability of skeletal muscle to express and produce many different
types of growth factors. Also of note is the ability of skeletal muscle to greatly upregulate expression of
many types of growth factors following exercise. Growth factors and cytokines produced by skeletal
muscle have been called myokines — myocyte cytokines. A multitude of these factors have been shown to
be released into circulation from skeletal muscle, including IL6, IL8, 1L13, IL15, BDNF, LIF, FGF21,
Irisin, CCL2 , and CX3CL1 (28-31). This list is by no means comprehensive; as many as 188 factors
have been identified as secreted during myogenesis in a muscle cell line (32). Given that the combined
mass of skeletal muscle in the body outweighs all other organs (33), with the exception of adipose tissue
in severely obese individuals, the ability of skeletal muscle to act as an endocrine organ should not be
underestimated. As an example of this, one study found that following a marathon run in adult athletes
IL6 levels in blood increased by 8000 fold (34). Skeletal muscle has also been shown to express cytokines
specifically associated with blood cell development. Following an endurance exercise training program in

mice, skeletal muscle has been shown to express IL3, M-CSF, GM-CSF, and EPO (23).
1.1.3 — Health Benefits of Exercise

Aside from adaptations to exercise specifically focused on aerobic capacity and muscle strength,
exercise has been associated with a wide range of health benefits. Negative adaptations associated with
sedentary behaviour often mirror positive adaptations associated with regular physical activity and
exercise (35). Well known health benefits associated with exercise include increases in cardiovascular
health (36), better blood pressure control in hypertensive patients (37), decreases in obesity (38),
decreased risk of type Il diabetes (39), increased glucose control in individuals with diabetes (40), and

mitigation of sarcopenia (41). However, the health benefits of exercise extend to almost every tissue type.
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In the brain, exercise has been shown to improve cognitive function (42), promote neuron survival (43),
and stimulate neurogenesis (44). In eyes, exercise has been shown to protect retinal function and structure
from light induced damage (45). Long term exercise training has also been shown to slow age related
hearing loss and cochlear degeneration (46). Risk of olfactory impairment is also decreased in individuals
exercising at least once a week (47). As well, endurance exercise attenuates age associated changes to
skin in humans and mice (48). Increases in bone mineral density and decreases in fracture risk following
exercise are also well documented (49). Health benefits of exercise even go so far as to reduce the

prevalence of periodontitis in young adults (50).
1.1.4 — Exercise and Hematopoiesis

Given that exercise training can affect beneficial changes in such seemingly unrelated tissues as
eyes and ears, it is no surprise that exercise has also been shown to influence the process of
hematopoiesis. Aside from the previously discussed adaptations in red blood cell production and health,
focusing on increasing oxygen transport through the body, exercise has also been shown to affect other
components of the hematopoietic system. Acute exercise mobilizes hematopoietic stem and progenitor
cells (51). Exercise training increases bone marrow cellularity and hematopoietic stem cell content (23).
Increased immune function is also associated with exercise training (52). Changes in bone marrow niche
structure also occur following exercise training (23). However, the mechanism or mechanisms by which
exercise influences hematopoiesis are less than clear. A more thorough review of previous findings that
associate exercise with hematopoiesis is presented at the end of this chapter. As well, the current
understanding of the links between exercise, skeletal muscle, and hematopoiesis will be discussed in more
detail at the end of the chapter, following additional background discussion on the components of the

hematopoietic system.
1.2 — Hematopoiesis

Hematopoiesis is the process by which blood cells are produced. It is estimated that nearly 50

billion mature blood cells are produced on a daily basis in order to maintain blood homeostasis (53). To
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do this, the body maintains a population of 80 million hematopoietic stem cells (HSC) of which 10% are
actively involved in proliferation and differentiation (54). In general, terminally differentiated
hematopoicetic cells are divided into two broad categories; cells of the myeloid lineages and cells of the
lymphoid lineages (Figure 1). Myeloid cells are the oxygen carrying blood cells and the cells that form
the basis of the innate immune system; megakaryocytes, erythrocytes, macrophages, neutrophils, and
eosinophils. Lymphoid cells populate lymph tissues and form the basis of the adaptive immune system; T

cells, B cells, natural killer cells, and all the variations thereof (53).

M-CSF

GM-CSF 3
e /‘ Basophil
GM-CSF ‘." Eosinophil
<§/4 ’
& ‘ Neutrophil
L N,

s e
» u:::‘..-

Platelets

Natural
Killer Cell

cLp Lymphoblast\‘

Figure 1: Hematopoiesis. Hematopoietic stem cells (HSC) differentiate into multipotent progenitors
(MPP). These cells further differentiate into committed myeloid (CMP) and committed lymphoid
progenitors (CLP). Hematopoietic growth factor involvement in this process is indicated.

Hematopoiesis has two distinct developmental phases - embryonic and adult. HSC are one of the

first cell types to develop during embryogenesis (55). Cell niche shuffling characterizes embryonic
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hematopoiesis. Cells from the developing mesoderm migrate to the posterior regions of the primitive
streak. These cells become the first hematopoietic and endothelial stem cells in the developing yolk sac
(56). Blood islands, multiple foci of primitive erythroid cells, begin to form on the yolk sac. Once the
circulatory system develops, these blood islands give rise to primitive erythrocytes that are able to enter
into circulation (55). As development continues, the yolk sac also begins to produce cells of white blood
lineages and starts to release them into circulation (57). These circulating embryonic hematopoietic cells
then begin to populate the fetal liver where they engraft and develop into adult hematopoietic stem cells
(55). Colonization of the spleen with adult hematopoietic stem cells soon follows. Hematopoietic cells
persist in these environments temporarily and soon begin to shift to the bone marrow cavities as they form
(56). By birth, the majority of hematopoiesis shifts from the fetal liver and spleen to the bone marrow
cavity. During post embryonic development the liver almost entirely loses its ability to serve as a
hematopoietic organ (56). The spleen retains some hematopoietic capabilities during post embryonic

development and, in some situations, can act as a secondary organ of hematopoiesis during adulthood.

1.3 — Hematopoietic Stem Cells

Hematopoietic homeostasis is maintained by self-renewal, proliferation, and differentiation of
hematopoietic stem and progenitor cells. These cells exist on a spectrum from quiescent multipotent cells
with a high proliferative capacity to actively proliferating unipotent cells that have an increasing
likelihood of terminal differentiation. While a single more “primordial” HSC is capable of reconstituting
the entire hematopoietic system of a hematopoietically impaired mouse (58), the majority of “regular”
more differentiated HSC are unable to do this. In more realistic cases of bone marrow or peripheral blood
mononuclear cell transplant, a spectrum of HSC are needed for successful reconstitution; lineage
committed progenitors that immediately produce terminally differentiated blood cells, lineage committed
HSC that can produce lineage committed progenitors, and true multipotent HSC that that can give rise to

lineage committed HSC (59).
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Early HSC are capable of giving rise to progenitor cells for both myeloid and lymphoid cell
lineages (Figure 1). In mice, these can be classified as lineage negative, Scal positive, c-Kit positive
(LSK) HSC using flow cytometry (60). In humans, CD34 positive CD38 negative cells, again measured
with flow cytometry, are suggested to fill this role. Other CD34 positive cell types in humans, co-
identified with additional CD markers, represent more committed progenitors. Cobblestone area forming
cells, measured using cell culture, are similar to LSK and CD34"/CD38" cells in their capacities (61). As
these cells differentiate, they become more lineage restricted; committed myeloid progenitors, giving rise
to cells only of the myeloid lineage, and lymphoid progenitors, giving rise to cells only of the lymphoid
lineage. Colony forming unit granulocyte erythrocyte monocyte megakaryocyte (CFU-GEMM) cells,
measured using cell culture assays, are known as common myeloid progenitors (62). As CFU-GEMM
differentiate, lineage restriction continues until only unipotent cell types remain; CFU granulocyte
monocyte (CFU-GM), CFU-G, CFU-M, burst forming unit erythroid (BFU-E), and CFU-E. BFU-E and
CFU-E, for example, only give rise to cells of the erythroid lineage and are distinct from one another in
their proliferative capacity (63).The colony forming unit moniker that these cells have been dubbed with
speak to their functionality: single cells, capable of giving rise to a large colony of terminally
differentiated cells, which are then identified in culture based on morphological characteristics. Aside
from the cell types mentioned, many other hematopoietic progenitors exist. Lymphoid progenitors

pertaining to this thesis are discussed in more detail in Chapter 3.
1.4 — Hematopoietic Stem Cell Niche

In order for HSC to function correctly they require an appropriate microenvironment. This is
called the HSC niche. The primary hematopoietic niche in adult mammalian organisms is the bone
marrow cavity. Within bone marrow, multiple cell types form a microenvironment that supports HSC
function (Figure 2). These cell types allow for HSC attachment to a physical matrix and provide cues
needed for quiescence, self-renewal, proliferation, differentiation, mobilization from the niche, and

homing back to the niche (64). In bone marrow, two general niche domains exist; the endosteal niche and
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the vascular niche. HSC are not stably attached to their niche, it is estimated in mice that 1-5% of the total
pool of HSC enter circulation each day (65). These cells continually mobilize from their niche, circulate
throughout the body, home back to their niche, and re-engraft. Outside of bone marrow, putative HSC

niche structures have been identified but are less well understood than those in bone marrow.

Figure 2: The Bone Marrow Hematopoietic Niche. The endosteal niche is made of osteoblast cell
types, lining the endosteum, and sinusoidal endothelial cell types (SEC), adjacent to capillaries.
These cells form attachments to hematopoietic stem cells (HSC) (yellow and orange indicators).
Adipocytes can exert negative paracrine influences on HSC (red arrows), while osteoblasts and
endothelial cells can exert positive influences through physical attachment and paracrine signalling.
HSC are able to enter circulation through the vascular niche.

1.4.1 — Endosteal Hematopoietic Niche

The endosteal niche occupies the space immediately adjacent to bone. HSC that reside here
physically attach to osteoblasts that line the endosteum (66). They receive physical signals from these
cells, through adhesion molecules and other cell to cell receptor contacts, and also receive paracrine

signals from these cells, in the form of cytokines and growth factors (55). Osteoclast type cells in this
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environment have been reported to aid in release of HSC from the endosteal niche and HSC mobilization
(67). HSC associated with the endosteal niche tend to be quiescent, long lasting, multipotent cell types
with high proliferative capacities (66). Ablation of osteoblasts from the bone marrow cavity reduces the
number of HSC found in the endosteal niche (68). Conversely, increasing the number of osteoblasts in the
bone marrow increases the number of hematopoietic cells found there (69). Changes to mesenchymal
stem cell (MSC) differentiation potential, the cell type that gives rise to osteoblasts, adipocytes, and other
cell types within the bone marrow cavity, also has a direct impact on HSC number (70). Controlling bone
marrow osteoblast content, or increasing MSC osteogenesis potential, is a probable means of increasing

bone marrow hematopoietic cell content.

1.4.2 — Vascular Hematopoietic Niche

HSC and endothelial cells are highly related; hematopoiesis and vascularization occur
concurrently during development and HSC and endothelial cells both form from a common progenitor,
the hemangioblast (71). In adult bone marrow, HSC form close associations with endothelial cells that
make up the sinusoidal endothelial vessels within the marrow cavity (55). Located throughout bone
marrow around blood vessel structures, these associations are known as the vascular hematopoietic niche.
There are vertebrate species, such as zebrafish, where hematopoiesis does not occur in association with
bone. In these species all hematopoietic cells are associated with endothelial cells (66). HSC in
association with the vascular niche tend to be actively undergoing self-renewal, proliferation, and
differentiation, in contrast to the quiescent HSC found in the endosteal niche (72). These cells are also
more likely to mobilize into circulation and return back to the marrow cavity, given their localization next
to sinusoidal blood vessels (73). Just as with the endosteal niche, endothelial cells regulate hematopoietic
cells through physical attachment and paracrine signalling (73). Similar to osteoblasts in the endosteal
niche, deletions of surface proteins that attach hematopoietic and endothelial cells together results in large

scale ablation of bone marrow cellularity (66). As well, infusion of endothelial progenitor cells brings
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about increased hematopoietic reconstitution in lethally irradiated animals (74), indicating the importance

of endothelial cells in supporting marrow hematopoiesis.

1.4.3 — Bone Marrow Adipose Tissue

Early in development, bone marrow is filled with HSC and hematopoietic cells. With aging,
adipose tissue in marrow accumulates until it accounts for 50-70% of the bone marrow volume in healthy
adult humans (75). So called “red marrow” is highly cellular and hematopoietically active, while yellow
adipocyte rich marrow contains much less hematopoietic tissue and is relatively inactive (76). Marrow
MSC can undergo adipogenesis, osteogenesis, as well as chondrogenesis (77). It is thought that MSC
adipogenesis competes with osteogenesis within marrow. Indeed, increases bone marrow adipose tissue
often coincides with decreases in bone mass (75). Stimuli that tend to promote adipogenesis will repress
osteogenesis, and stimuli that promote osteogenesis will supress adipogenesis (78,79). In relation to
hematopoietic function, adipocytes act as negative regulators of hematopoiesis. Mice with genetically or
pharmacologically impaired adipogenesis show accelerated hematopoietic recovery after bone marrow
ablation (80). Adipocytes are also unable to maintain HSC survival and self-renewal (81). As well,
marrow adipocytes release factors that directly interfere with hematopoietic function (82). Thus, as when
impairing adipogenesis through genetic or pharmacological means, interventions that reduce bone marrow

adiposity tend to increase bone marrow hematopoietic cell content (23).

1.4.4 — Extramedullary Hematopoiesis

Hematopoiesis in the spleen still occurs at some level during adulthood, especially in mice (83).
In the spleen, myeloid HSC reside within the red pulp and lymphoid HSC, that form immune cells, reside
within the white pulp. When hematopoiesis in bone marrow is impaired by a medical condition, with
aging, loss of blood, or when a haematological disorder develops, extramedullary hematopoiesis (EMH)
is often upregulated in the spleen, and on rare cases, in the liver (84,85). In this way, the spleen serves as
a backup hematopoietic organ. It is thought that this is because the spleen contains a niche like structure

to support the development of HSC (86,87). What this niche looks like precisely, and what cell types it is
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composed of, is still poorly understood. A vascular like niche within the spleen composed of endothelial
cells is one promising candidate (87), although many cell types found in the spleen have been shown to
support hematopoiesis to some extent. Expression of hematopoietic homing and growth factors is also

noted in the spleen (88). Further discussion regarding EMH is found in Chapter 4.
1.5 — Hematopoietic Growth Factors

Aside from an appropriate niche structure, HSC require many growth factors and signalling
molecules in order to differentiate and function correctly (Figure 1). These factors can be released by cell
types residing directly in the bone marrow niche, by hematopoietic or immune cells, or into circulation
from various tissues and organs. For example, specific control of erythropoiesis is highly dependent on
EPO, which is released and moderated by the kidney, while broad control of hematopoiesis is dependent
on IL3, which is released by immune cells and various other cell types within bone marrow (89). Families
of hematopoietic cytokines include the interleukins (ILs), the colony stimulating factors (CSFs),
chemokines (CCL and CXCL), and interferons (IFNs). There are also singular cytokines that are of great
importance to hematopoiesis; EPO, thrombopoietin (TPO), FIt3 ligand (FIt3L), and stem cell factor (SCF)
are amongst the most vital. These factors control everything; HSC quiescence, self-renewal, proliferation,
differentiation, mobilization, and homing. Synergistic application of growth factors can combinatorially
influence hematopoietic cells and result in stronger cell responses (90). Addition of exogenous factors can
drastically change hematopoietic homeostasis: G-CSF can greatly increase HSC content in blood by
mobilizing these cells from bone marrow (91), while EPO can specifically increase red cell content in
blood by increasing erythropoiesis (92). In general, the serum profile of an individual, with hematopoietic
cytokine and growth factor concentrations tightly balanced and precisely controlled, gives the body
exacting control over the process of hematopoiesis (89). Understanding changes and alterations in
hematopoiesis is often predicated upon understanding stimuli that change the expression and release of
hematopoietic growth factors. More in depth discussion of hematopoietic factors relevant to this thesis are

found in the following chapters.
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1.6 — Hematopoietic Health

Given the massive turnover that hematopoietic cells undergo on a daily basis, hematopoiesis must
be precisely controlled and highly regulated. Failures in regulation result in perturbations in HSC
function, typically followed by severe health consequences. Several types of hematopoietic disorders
exist, broad examples include: leukemias, myeloproliferative disorders, lymphomas, anemias, and
immune deficiencies. A simplistic categorization can be used to describe most disorders — too much blood
cell production or not enough blood cell production. Chronic myeloid or myelogenous leukemia, for
example, involves deregulation of a myeloid progenitor or progenitors, in most cases through a genetic
mutation, which results in over proliferation and mass production of myeloid cells (93). In contrast,
aplastic anemia is categorized by the inability of the body to produce enough blood cells, often caused by
immune cell mediated destruction of bone marrow and HSC (94). Of course, not all hematopoietic
disorders can be characterized by too many or too few hematopoietic cells. Sickle cell anemia, for
example, is characterized by a mutated form of hemoglobin that distorts red blood cell shape and reduces

red blood cell functionality (95).

Treatment of many hematological disorders necessitates temporary replenishment or permanent
replacement of malfunctioning cell types. Where anemias are concerned, regular blood transfusions can
alleviate most symptoms. Healthy transfused cells temporarily assume the function of unhealthy cells.
However, transfusions need be regular: terminally differentiated transfused cells will slowly die off and
cannot be naturally replaced. This is because no healthy HSC exist in these disorders to replenish them. In
myeloproliferative disorders where malfunctioning HSC are endangering an individual due to mass
proliferation, more drastic treatments are needed. These malfunctioning HSC must be fully or partially
eliminated and subsequently replaced. Here, a bone marrow or peripheral blood mononuclear cell
(PBMC) transplant is required. First, the recipient undergoes partial or full myeloablative conditioning

with chemotherapy and/or radiation. New and healthier HSC are then transplanted in order to reconstitute
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the hematopoietic system of the recipient. The reconstituted hematopoietic system of the recipient should

then, hopefully, be free of malignant HSC and only contain normally functioning HSC.

Rather than collection and transplantation of bone marrow directly, hematopoietic transplantation
today is done through collection of HSC circulating in peripheral blood. In its natural state, bone marrow
is a much richer source of HSC than peripheral blood. In order to collect sufficient numbers of HSC from
peripheral blood, as certain threshold doses of HSC are required for a successful transplantation, HSC
must first be mobilized into circulation. Mobilization is done through pharmacological means. Typically,
multiple injections of G-CSF, a hematopoietic growth factor that is also a potent mobilizing agent, are
given to an individual across the course of several days. When enough HSC are found to be in circulation,

peripheral blood is collected and processed before being introduced to a recipient.
1.7 — Questions and Themes in Exercise and Hematopoiesis

Aerobic exercise leads to adaptations that increase the ability of the body to transport oxygen.
Among these known adaptations, changes in hematopoietic cell content have been observed. Further
study has demonstrated that both exercise training and acute exercise can influence hematopoiesis and
HSC in more meaningful ways. As well, exercise has been shown to influence many systems that have a

direct effect on hematopoiesis. Below, a short list summarizes available knowledge on the subject.

Exercise training has been shown to:

Increase hematocrit and blood hemoglobin content (8)

e Increase skeletal muscle expression of hematopoietic growth factors (23)

e Reduce kidney EPO expression (23)

e Increase bone marrow HSC content (23)

e Increase circulating HSC levels (23)

o Increase the survival of exercise trained recipients post bone marrow transplant (96)

o Decrease marrow adiposity (23)
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o Shift MSC differentiation towards osteogenesis and away from adipogenesis (23)

e Increase innate immune function (52)
Acute exercise has been shown to:

e Temporarily increase HSC mobilization to blood (51,97)
o Increase skeletal muscle expression of factors associated with hematopoiesis (30)

e Change spleen expression of factors associated with hematopoiesis (97)

Despite this summary, many questions remain. By what mechanism or mechanisms is exercise
able to affect these changes? Does exercise affect any additional components of the hematopoietic
system? How do disease states or age play a role in the ability of exercise to exert these changes? Is the
fact that exercise can exert these changes useful or practical in any way? When pondering these questions,

and the above summary of results, several themes emerge.

The first theme involves the ability of exercise to change expression of hematopoietic associated
factors in tissue types throughout the body — exercise changing the secretome. Be it skeletal muscle,
spleen, kidney, or when measured in blood, exercise changes expression of factors associated with
hematopoietic development. How precisely does it do this though? No compelling explanations have been
given. No mechanistic data has been presented. This is a severe limitation, as hematopoietic growth

factors play a very important role in the regulation of the hematopoietic system.

The second theme involves the ability of exercise to effect changes in hematopoietic niche
microenvironments — exercise altering the hematopoietic niche. Mainly in bone, by reducing marrow
adiposity and increasing MSC osteoblast differentiation potential, but also in spleen, increasing spleen
expression of factors associated with migration and homing. It has been suggested that changes in the
structure of the bone marrow niche microenvironment could be a factor of the mechanical forces present
during exercise. More information is presented on this in Chapter 5. As well, changes in the niche

microenvironment could be a function of changes in the secretome following exercise; exercise leading to
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release of factors that trigger niche redevelopment. Again, information regarding the mechanisms by

which exercise changes these niche microenvironments is severely lacking.

The third theme involves increased HSC content in the bone marrow of exercise trained animals —
exercise increasing HSC content. More than likely, the ability of exercise to increase HSC content in
trained animals is a function of the first and second themes mentioned above. Exercise, somehow,
changes the hematopoietic niche microenvironment to make it more suitable for HSC or to make more
niche space available. Exercise also modifies the secretome, somehow, to promote HSC growth and
development. Together, this leads to increased bone marrow HSC content following exercise. However,

the questions posed above still remain: how does exercise trigger these changes?

The fourth theme involves the ability of exercise to increase circulating levels of HSC, either
temporarily following acute exercise or at a new steady state level following an exercise training program.
Increases in circulating levels of HSC following exercise could be a function of changes in the secretome,
with exercise increasing the availability of factors that increase HSC egress from the hematopoietic niche.
Temporary mobilization following acute exercise could certainly be explained by this. Increased
mobilization could also be associated with the ability of exercise training to increase HSC content — all
HSC leave their niche and mobilize on a regular basis, the more that are available the more that will be
found in circulation. Again, very few studies have been performed on the ability of exercise to mobilize
HSC to blood, especially regarding mechanistic information. Even the intensities of exercise, and kinetics
of mobilization following exercise, are poorly documented. Finally, is the ability of exercise to mobilize
HSC useful in a clinical setting? While some studies have identified the general quantity of HSC
mobilized by exercise, no studies have looked at the ability of exercise to mobilize specific populations of

HSC that are often associated with a successful PBMC graft.
1.8 — Purposes and Hypotheses

Hematopoiesis is controlled by the state of the various hematopoietic niche microenvironments

throughout the body. Hematopoiesis is also controlled by the expression and production levels of
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hematopoietic growth factors, released by multiple tissue and cell types. Finally, the availability and
character of HSC within the body is directly relevant to hematopoietic function. In order to understand
how exercise is able to influence hematopoiesis, an understanding of how exercise influences these
variables is needed. Therefore, the studies included in this thesis are focused on these variables and

examine the themes discussed above:

Chapter 2 evaluates the ability of exercise to regulate hematopoietic growth factor expression;

specifically, the regulation of EPO expression in skeletal muscle.

e Expression of EPO in the kidney is regulated by hypoxia. Exercise is known to decrease skeletal
muscle oxygen content. In this study, it should be expected that regulation of EPO expression will
be mediated by skeletal muscle oxygen concentration and HIF 1o and HIF2a stability.

Chapter 3 determines the ability of acute exercise to mobilize HSC from bone marrow to blood and the
properties of exercise that are required for this to occur.

o Based on the literature available, moderate to low intensity exercise has not been reported to
mobilize HSC into circulation. This could be a coincidence of study design or a physiological
truth. Here, it is expected that only intense exercise will be able to mobilize HSC. As well, given
that pharmacological mobilization regimes are based on a build-up of mobilizing agent within the

body, cessation of activity should quickly result in a decrease in the number of mobilized cells.

Chapter 4 gauges the ability of exercise to upregulate splenic extramedullary hematopoiesis and

examines how changes in the spleen, resultant from exercise, may allow for this.

e Endothelial cells, much like with the vascular niche in bone marrow, have been associated with
the putative splenic hematopoietic niche. Additionally, exercise can decrease blood and skeletal
muscle oxygen content, promote skeletal muscle angiogenesis and endothelial cell proliferation,
and increase circulating levels of pro angiogenic factors such as VEGF. Based on this, it is

expected that the endothelial hematopoietic niche in the spleen may be impacted by exercise. As
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well, the ability of exercise to increase circulating HSC and endothelial progenitor cells may lead
to seeding of the spleen with these cell types.
Chapter 5 examines bone marrow cellularity following exercise in two different marrow cavity locations,
one of which should not experience significant mechanical stress during exercise.

e Mechanical stresses have been shown to increase osteoblast proliferation, increase MSC
osteogenesis, and supress MSC adipogenesis. During treadmill running exercise in mice,
mechanical stress is transmitted through appendicular bones but is not felt in the axial skeleton. In
this study, it is expected that the mechanical forces felt during exercise should lead to the
development of the endosteal niche in appendicular bones, increasing their cellularity.
Conversely, as the vertebrae in the spine should not be subjected to the same level of mechanical

stress, vertebral cellularity should not increase.

Finally, Chapter 6 draws conclusions together from all of these studies in an examination of the ability of

exercise to exert multiple stimuli that influence hematopoiesis in a global fashion.
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Abstract

Purpose: Erythropoietin is responsible for regulating the growth and development of red blood cells.
Reports conflict on whether skeletal muscle is able to produce erythropoietin and release it into
circulation and if exercise affects this. We set out to determine how erythropoietin is regulated in skeletal

muscle and to determine whether skeletal muscle-derived erythropoietin can stimulate erythropoiesis.

Methods: Using an in vitro approach, we exposed proliferating and differentiated skeletal muscle cells to
various forms of exercise-induced physiological stimuli and measured erythropoietin gene expression. To
understand if skeletal muscle cells were able to stimulate erythropoiesis, independent of other cell types
found in skeletal muscle, we used myoblast-conditioned media to treat bone marrow and to measure
erythropoiesis through flow cytometry. We also measured erythropoietin expression and hypoxia in mice

subjected to an exercise protocol designed to induce skeletal muscle oxygen stress.

Results: Hypoxia increased erythropoietin expression in C2C12 myoblasts, myotubes, and primary
myoblasts in vitro by 50% to 130%. Bone marrow treated with media conditioned with hypoxic
myoblasts for 24 h increased the number of Ter-119-positive cells by 32%. An erythropoietin-neutralizing
antibody prevented this increase. Compared with unexercised controls, exhaustive exercise increased
skeletal muscle HIF 1o levels by 50% and HIF2a levels by 20%. Moreover, exercised skeletal muscle

erythropoietin expression was 70% higher.

Conclusion: These results demonstrate that skeletal muscle produces erythropoietin in a hypoxia and HIF-

dependent manner and that hypoxia-treated muscle is capable of stimulating erythropoiesis in vitro.
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Introduction

Produced primarily by the kidney, erythropoietin (EPO) is known for its role in regulating
erythropoiesis. EPO production is controlled by HIF1 and HIF2 availability. Under normoxic conditions
HIF 1o and HIF2a are ubiquitinated and degraded in an oxygen-dependent manner. During periods of
hypoxia, interstitial fibroblasts in the kidney sense oxygen deficiency and stabilize these isoforms. They
then heterodimerize with HIF1p, translocate to the nucleus, bind the hypoxia responsive element on the
EPO promoter, and upregulate expression of EPO (9,21). Once produced and released into circulation,
EPO interacts with the EPO receptor on immature erythrocyte precursors and promotes their survival and
maturation (7). In a negative feedback loop, this increases red blood cell number, alleviates tissue
hypoxia, and increases HIFa degradation, which reduces EPO expression. Through this mechanism, the

kidney and the EPO serve as a sensor, maintaining oxygen homeostasis.

Because of the central role played by EPO and erythropoiesis in oxygen absorption, transportation,
and utilization, many attempts have been made to determine whether exercise can increase circulating
EPO and stimulate erythropoiesis, as exercise is strongly limited by these factors. The majority of studies
conclude that, across a variety of types, durations, and intensities of exercise, increases in circulating EPO
concentrations are not associated with exercise (4,12,13,19,24,25). However, when exercise is combined
with hypoxia, or severe hypoxemia is induced by exercise, circulating concentrations of EPO increase
(22,24). Very long-term and damaging exercise, capable of inducing hemolysis, has also been shown to

increase circulating EPO and erythropoiesis (27).

Skeletal muscle experiences severe oxygen stress during exercise. The tissue adapts by stabilizing
HIF1a, resulting in subsequent increases in oxidative capacity and angiogenesis, in an attempt to restore
oxygen balance (17). As might be expected from this pathway, skeletal muscle has also been shown to
express EPO. Not only that, exercise has been shown to increase EPO expression in skeletal muscle.
Rundgvist et al. (23) had 10 males perform 65 min of cycle exercise. Although they were not able to

demonstrate an increase in EPO expression post exercise, they were able to observe an increase in the
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arteriovenous difference of circulating EPO. Ameln et al. (2) had males perform 45 min of one-legged
knee extension exercise while blood flow to the leg was either restricted or left unrestricted. In both
conditions, they were able to observe increased expression of skeletal muscle EPO 360 min post exercise.
Finally, previous work from our laboratory demonstrated that in mice, treadmill trained on a regular basis
for 2 months, basal skeletal muscle EPO expression was greater than sedentary controls. Perplexingly,
EPO expression in the kidneys of treadmill trained mice was decreased when compared with sedentary

controls (3).

Is it possible that skeletal muscle, in conjunction with exercise, is able to express EPO at
physiologically relevant levels? While it seems that total serum EPO may not increase as a result of the
exercise training, skeletal muscle, in conjunction with the kidney, may still be able to contribute to the
EPO pool. Given these previous findings, we set out to understand how exercise and skeletal muscle
contribute to the production of EPO, if myoblasts and myotubes themselves express EPO, how the
process might be regulated, and whether any of this is able to exert a physiological effect on

erythropoiesis.
Methods
Animals

Adult male C57BI/6 mice (Jackson Laboratories), age 5 wk, were exercised. No more than 5 mice
were housed per cage (27 x 12 x 15.5 cm). Animals were provided food and water ad libitum. Mice were
maintained on a 12-h light-12-h dark cycle at 22°C + 2°C. Ethics approval was granted by the McMaster
University Animal Research Ethics Board and conformed to the guidelines of the Canadian Council on

Animal Care.
Animal Exercise

Mice were exercised (n = 8) on an Exer 6 M Treadmill (Columbus Instruments Inc., Columbus, OH).

The mice were allowed to acclimatize to the treadmill a week before exercise. The acute exercise protocol
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used consisted of a 10-min warm-up at 12 m-min—1 followed by a 1-h exercise period at 16 m-min—1.
Mice were encouraged to run using a mild electric shock. Resting control mice (n = 8) were exposed to

the treadmill and similar encouragements on the same days as exercised mice but were not exercised.
Animal Sacrifice and Tissue Collection

Resting and exercised mice were killed immediately after their exercise period. Mice that were
unable to continue were Killed at once. Mice were euthanized via cervical dislocation. Lower-leg muscle
groups were isolated and flash frozen in liquid nitrogen. This dissection was completed within 1 to 2 min
to account for the short half life of HIF10/2a (8). An additional group of resting mice (n = 6) were used
for the erythropoiesis assay. These mice were euthanized via cervical dislocation, and both femurs and
tibiae were excised, dissected of muscle and fat, and flushed with IMDM (Sigma-Aldrich, St. Louis, MO)
with 2% fetal bovine serum (FBS) (Life Technologies Inc., Rockville, MD) to collect bone marrow.
Mononuclear cells were then isolated with Ficoll-Paque (GE Healthcare Life Sciences, Mississauga, ON,

Canada).
Cell Culture

C2C12 myoblasts (cat no. CRL-1772, ATCC) were grown at 37°C in 5% CO2 in growth media
(DMEM supplemented with 10% FBS and 1% penicillin/streptomycin; Life Technologies Inc.).
Myoblasts were differentiated by switching to differentiation media (DMEM supplemented with 2%
horse serum and 1% penicillin/streptomycin; Life Technologies Inc.) for 5 d. Regular DAPI (Life

Technologies) staining was performed to rule out any mycoplasma contamination.
In Vitro Model of Exercise

Proliferating or differentiated C2C12 myaoblasts (n = 8) were exposed to various physiological stimuli
known to occur during aerobic type exercise. RNA was isolated after exposure to each condition. These

stimuli are discussed in the following sections.

Mechanical stretch
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Proliferating C2C12 myoblasts or terminally differentiated C2C12 myotubes were cultured on type |
collagen-coated flexible-bottom plates (Flexcell International, Hillsborough, NC) in growth media or
differentiation media, respectively. Proliferating cells were allowed to adhere for 12 h, whereas myotubes
were induced to fuse for 7 d before mechanical stimulation. The stretch protocol, previously tested for this
cell line (10), consisted of cyclic strain at 0.1 Hz (8 s of stretch alternated with 2 s of rest) of a 20% strain
for a period of 4 h. Stretch was applied using the FX-4000™ Tension Plus™ (Flexcell International), a
vacuum stretch apparatus coupled with computer software. Myoblasts and myotubes cultured in a similar

fashion, but not exposed to mechanical stimulation, served as controls.
Hypoxia

Proliferating C2C12 myoblasts or terminally differentiated myotubes were exposed to 1% O2 and 5%
CO2 for 4 h. This is a common treatment for this cell line, and no death was observed during this
treatment (14). Proliferating C2C12 myaoblasts or terminally differentiated myotubes that were cultured as
normal served as controls. An enzyme-linked immunosorbent assay (ELISA; cat no. MEPOOB, R&D
Systems, Minneapolis, MN) was used to analyze EPO concentrations in normoxic and hypoxic-
conditioned media for both proliferating C2C12 myoblasts and differentiated C2C12 myotubes, as well as

uncultured growth and differentiation media.
Decreased pH

Proliferating C2C12 myoblasts or terminally differentiated C2C12 myotubes were exposed to regular
growth media or differentiation media, respectively, at a pH of 6.6 for 4 h. This pH was chosen to mimic
pH observed in muscle during exercise and recovery (1). No cell death was observed during this

treatment. Regular growth or differentiation media (pH of 7.4) was used as a control.
Increased temperature

Proliferating C2C12 myoblasts or terminally differentiated C2C12 myotubes were exposed to a

temperature of 41°C for 2 h. This is a mild, commonly used, heat shock protocol for this cell line, and no
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cell death was observed during this treatment (15). Proliferating C2C12 myoblasts or terminally

differentiated myotubes exposed grown at regular temperature (37°C) were used as a control.
Erythropoiesis Assay and Flow Cytometry

Proliferating C2C12 myoblasts in growth media were exposed to hypoxia for 4 h, as mentioned
previously, and media from those cells were collected and filtered. Media from cells grown in typical
conditions served as a control. Bone marrow, collected previously (n = 6), was then treated with either the
hypoxic-conditioned or the control media and cultured at 37°C and 5% CO2 for 24 h or 72 h. Bone
marrow cells were treated with or without an EPO-neutralizing antibody, at 0.5 pg-mL—1, and changed
every 6 h, for the 24 h experiment (cat no. AF959, R&D Systems). Cells were then collected, washed, and
stained as per manufacturer recommendation with TER-119 (cat no. 553672, BD Biosciences), a marker
of murine hematopoietic cells in the erythroid lineage (11). After incubation with the primary antibody,
cells were treated with a streptavidin FITC secondary antibody at 1:800 (cat no. SNN1008, Life

Technologies), washed, and immediately analyzed by flow cytometry (Cyflow Space, Partec).
Reverse Transcriptase and Quantitative Polymerase Chain Reaction

Total RNA was isolated from exercised and resting gastrocnemius muscle and proliferating and
differentiated C2C12 myoblasts using a combination TRIzol (Life Technologies Inc.) and total RNA kit
(Omega Bio-Tek) method. RNA was reverse transcribed using a commercially available kit (high-
capacity cDNA reverse transcription Kit; Life Technologies Inc.) with a Mastercycler epGradient Thermal
Cycler (Eppendorf Canada, Mississauga, Ontario). Quantitative reverse transcriptase polymerase chain
reaction (RT-PCR) reactions were conducted using a Stratagene Mx3000P real-time PCR System
(Agilent Technologies, Santa Clara, CA) or a Mastercycler epRealplex 2S qPCR (Eppendorf Canada)
with epMotion 5075 (Eppendorf Canada). All samples were normalized to GAPDH, and fold changes in
gene expression were calculated using the AACt method (16). Some reports indicate that GAPDH is

responsive to hypoxia and thus may not be an appropriate normalizing gene; however, there were no
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observed differences in GAPDH expression in either skeletal muscle or cell lysate in any experimental

condition. Previously published primer sequences were used for EPO (3).
Sodium Dodecyl Sulfate—Polyacrylamide Gel Electrophoresis and Immunoblotting

Muscle protein (50 pg per lane), isolated through homogenization of gastrocnemius samples in RIPA
buffer (Sigma-Aldrich), was resolved using common sodium dodecyl sulfate—polyacrylamide gel
electrophoresis conditions. Proteins were transferred to a polyvinylidene fluoride membrane (Millipore).
HIF 1a was probed for with an HIF 10 antibody (cat no. NB100-449, Novus Biologicals) at a
concentration of 1:250 in 5% milk powder (Sigma-Aldrich). HIF2a was probed for with an HIF2a
antibody (cat no. AF2997, R&D Systems) at 2 ug-mL—1 in 5% milk powder. In both cases, an actin
antibody (cat no. A2066, Sigma-Aldrich) at 1:1000 in 5% milk powder was used as a loading control. An
antirabbit horseradish peroxidase antibody (cat no. ab6721, Abcam) at 1:25,000 in 5% milk powder was
used as a secondary antibody for HIF 1a. and actin, whereas an antigoat horseradish peroxidase antibody
(cat no. A16142, Life Technologies Inc.) at 1:10,000 in 5% milk powder was used as a secondary
antibody for HIF2a. Images were captured and analyzed with a FluorChem SP (ProteinSimple, San Jose,

CA).
Proliferating Mouse Primary Myoblast EPO Expression

Five 8-wk-old C57BI/6 mice (Jackson Laboratories) were euthanized via cervical dislocation.
Primary myoblasts were isolated from the lower limb muscle of these mice using collagenase and dispase
(20). Ham’s F10 media (Sigma-Aldrich) supplemented with 20% FBS, 1% penicillin/streptomycin, and
2.5 ng'-mL—1 bFGF (Life Technologies Inc.) was used to culture these cells. Myoblasts were purified to
99% positive using a Beckman Coulter MoFlo XDP with an a7-integrin antibody (cat no. K0046-5, MBL
International), as described in more detail elsewhere (5). When the cells had grown to sufficient number,
they were exposed to hypoxia for 4 h, RNA was isolated, and RT and gPCR on EPO was performed

(same as previously mentioned). Normoxic primary myoblasts served as controls.
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Statistics

Data are expressed as means = SE with P < 0.05 considered significant. Statistical differences
between resting and exercised groups were determined using two-tailed t-tests with SigmaPlot 11 (Systat

Software). ELISA results are reported with standard deviation.
Results
EPO expression in myoblasts and myotubes is increased by hypoxia

Rundqvist et al. (23) previously demonstrated that skeletal muscle expresses EPO and can release it
into circulation during exercise. However, the means by which exercise could stimulate skeletal muscle
EPO production remained unknown. Moreover, whether skeletal muscle myoblasts and myotubes were
responsible for expressing EPO, and not some other cell type within skeletal muscle, was also unclear. To
determine how exercise might affect myoblast and myotube EPO expression, we tested these cell types
isolated in culture against stimuli known to be associated with exercising muscle. When muscle is
activated continuously a decrease in pH, an increase in temperature, exposure to hypoxia, and mechanical
stretch all occur. Of the conditions tested, only hypoxia was able to stimulate an increase in EPO
expression. In C2C12 myoblasts, exposure to 4 h of hypoxia increased EPO expression by 130% (P <
0.05) (Fig. 1A). In C2C12 myotubes, exposure to 4 h of hypoxia increased EPO expression by 50% (P <
0.05) (Fig. 1B). An ELISA was used to confirm the presence of EPO in the hypoxic-conditioned media.
Hypoxic-conditioned growth and differentiation media contained 36.3 £+ 12.1 pgrmL—1 and 39.7 £ 9.5
pg-mL—1 of EPO, respectively, while normoxic and control uncultured growth and differentiation media
contained no detectable EPO (P < 0.05). No other stimuli were able to alter EPO expression in a

significant manner.
EPO expression in proliferating primary myoblasts

C2C12 myoblasts are a transformed cell line, and some believe that they have gained multiple

features generally not associated with skeletal muscle. To verify the physiological relevance of the C2C12
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findings and to ensure that EPO expression was not such a feature, EPO expression was measured in
proliferating primary myoblasts exposed to hypoxia. Proliferating primary myoblasts subjected to 4 h of
hypoxia demonstrated a 128% =+ 6.6% increase in EPO expression, when compared with normoxic

proliferating primary myoblast controls (P < 0.05).

Exercise stabilizes HIFa isoforms and increases EPO expression in skeletal muscle

Given that skeletal muscle myoblasts and myotubes were able to express EPO directly, and did so in
response to hypoxia, we set out to determine the mechanism by which this might occur. EPO expression
is classically regulated in the kidney by HIFa isoform stabilization in response to hypoxia. Given that
muscle also uses HIF1a and HIF2a to adapt to hypoxia, by increasing oxidative capacity and stimulating
angiogenesis, EPO may be regulated in a similar fashion as well. To test this, we exercised mice until
exhaustion and measured EPO expression and HIF 1o and HIF2a levels in muscle. Confirming previously
observed findings, exercise training was able to increase skeletal muscle expression of EPO by 70% (P <
0.05) (Fig. 2C). Moreover, HIF1a levels in exercised muscle were increased by 50% (P < 0.05) (Fig. 2A),
and HIF2a levels were increased by 20% (P < 0.05) (Fig. 2B). Both HIFa isoforms were nearly
undetectable in resting muscle (see Figure, Supplemental Digital Content 1, HIF1a western blot
representative image, http://links.lww.com/MSS/A649; see Figure, Supplemental Digital Content 2,

HIF2a western blot representative image, http://links.lww.com/MSS/A650).

Hypoxia can induce myoblasts to stimulate erythropoiesis

Previously our group had demonstrated that long-term exercise training increased basal levels of EPO
expression in skeletal muscle (3). Moreover, we observed large increases in circulating erythrocyte
progenitors after exercise. What remained unknown, however, was whether muscle itself, some other cell
type within muscle, or some other tissue in general was responsible for this observation. To measure the
capacity of skeletal muscle in isolation to stimulate erythropoiesis we exposed proliferating myoblasts to
hypoxia and used the media from those cells to assay erythropoiesis in whole bone marrow. Ter-119 is a

marker of murine hematopoietic cells in the erythroid lineage (11). We observed a 32% increase (P <
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0.05) in the number of Ter-119-positive cells 24 h after incubation with media conditioned by hypoxic
myoblasts (Fig. 3A). When an EPO-neutralizing antibody was added to the hypoxic media, this increase
was completely blocked. In a separate experiment, we observed a 67% increase (P < 0.05) in the number
of Ter-119-positive cells 72 h after incubation with media conditioned by hypoxic myoblasts (Fig. 3B)
(see Figure, Supplemental Digital Content 3, 24 h Ter-119 flow cytometry representative plot,
http://links.lww.com/MSS/A651; see Figure, Supplemental Digital Content 4, 72 h Ter-119 flow

cytometry representative plot, http://links.lww.com/MSS/A652).
Discussion

In this study, we have shown that both myoblasts and differentiated myotubes express the
hematopoietic cytokine EPO in vitro. Of all the stimuli tested, only hypoxia was able to alter EPO
expression in these cell types (Fig. 1). Importantly, myoblasts exposed to hypoxia were able to produce
EPO at physiologically meaningful levels; erythropoiesis was upregulated in bone marrow treated with
media taken from hypoxic myoblasts, and this increase was ablated with the use of an EPO-neutralizing
antibody (Fig. 3). Using an exhaustive aerobic exercise protocol to promote skeletal muscle hypoxia, we
were able to confirm these findings in vivo. Increased skeletal muscle HIF 1o and HIF2a levels were

mirrored with increased skeletal muscle EPO expression (Fig. 2).

Very little is known about the ability of skeletal muscle to produce EPO. A handful of studies exist;
however, the data are equivocal. Rundgvist et al. (23) were able to demonstrate that skeletal muscle
expresses EPO and that an exercising leg can release EPO into blood. During recovery, they noted
absorption of serum EPO into the exercised leg (23). Perplexingly, they were unable to detect changes in
EPO expression or protein content within muscle after exercise. Schwandt et al. (1991) performed a
similar study, measuring serum EPO levels in well-trained men before, during, and after a marathon run.
They were able to measure an increase in serum EPO 3 h into the run, and impressively, higher than basal
levels of EPO were measured 31 h after the run (26). Moreover, Ameln et al. (2) demonstrated increased

skeletal muscle EPO expression post exercise. In a study by our group, where animals were exercised
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trained on a treadmill several times a week for 12 wk, we were able to measure a 93% increase in basal
skeletal muscle expression of EPO (3). Strangely, in the same animals, we were also able to measure a

22% decrease in basal kidney levels of EPO.

These studies seem to suggest that exercise can increase skeletal muscle EPO expression and release
of EPO into circulation. The intensity and duration of exercise also seems to have an effect, with longer
training periods or more intense bouts of exercise resulting in measureable increases in EPO expression.
The addition of systemic hypoxia, or hypoxemia through intense exercise, also seems to promote skeletal

muscle EPO expression. Several questions, however, still remained unanswered.

The first unknown is whether myoblasts and myotubes within skeletal muscle express EPO, or if
some other cell type within skeletal muscle is responsible for the observed increases in expression. In the
kidney a very specialized population of fibroblasts is responsible for EPO production. These cells are
found in close association with peritubular capillaries of the nephron and as a result are able to closely
monitor blood oxygen levels. When levels fall, the HIF o isoforms in these cells stabilize and initiate a
signalling cascade that results in increased EPO expression. Similar to the kidney, myoblasts and
myotubes are found in proximity to capillaries and rely on oxygen for their ability to provide energy.
HIF1la and HIF2a in these cells are also stabilized in hypoxic conditions and can help the muscle adapt to
hypoxia. Here we report that both C2C12 myoblasts and myotubes are directly able to express EPO (Fig.

1), as well as proliferating primary myoblasts.

Secondly, no attempts have been made to understand how the observed increases in skeletal muscle
EPO expression are regulated. In several of the studies mentioned previously, only long-term training or
very intense exercise was able to invoke increases in EPO expression. Given these discrepancies, a
mechanistic approach was used to determine how exercise might increase EPO expression. To this end,
we used known individual components of exercise and tested them in isolation. Performing the
experiment in this fashion allowed us to maximally stress each potential pathway to elicit a result.

Increased temperature, decreased pH, mechanical stretch, and hypoxia were used as each of these stimuli
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is associated with exercise. Although this is a crude means of mimicking exercise in vitro, we feel that

these conditions cover the majority of important physiological stimuli occurring during an exercise bout.

It was observed that only hypoxia was able to increase EPO expression in both C2C12 myoblasts and
myotubes, by 130% (Fig. 1A) and 50% (Fig. 1B), respectively. Further testing revealed that hypoxia also
increased EPO expression in proliferating primary myoblasts by 128%. The release of EPO from C2C12s
was confirmed by an ELISA, demonstrating 36.3 + 12.1 and 39.7 £ 9.5 pg-mL—1 EPO in the hypoxic
proliferating and differentiated conditions, respectively, with no detectable EPO in any control condition.
This result was not altogether surprising, given that hypoxia serves as the classical regulator of EPO
expression in the kidney. This also falls in line with the previous exercise studies mentioned. Only very
intense or very long-term exercise, with or without the addition of systemic or local hypoxia, was able to
increase EPO expression. In these protocols of exercise, the muscle would become hypoxic, HIFa

isoforms would stabilize, and increased EPO expression would be observed.

As EPO expression is regulated in the kidney by HIFa isoforms, we wanted to design an exercise
protocol capable of inducing severe oxygen depletion in an exercising muscle. A protocol of this type
should be able to promote hypoxia and to allow for the stabilization of skeletal muscle HIFa isoforms. To
this end, we exercised animals for 1 h or until they were unable to continue. The animals were then killed
immediately. Confirming the previously mentioned finding, and the findings of some of the previous
studies, intense exercise was able to increase EPO expression (Fig. 2A) and was able to induce hypoxia
severe enough to stabilize skeletal muscle HIF1a (Fig. 2A) and HIF2a levels (Fig. 2B). Given that only
hypoxia was able to increase EPO expression in vitro and EPO expression was associated with an
increase in HIF 1o and HIF2a availability in vivo, we conclude that, similar to the kidney, EPO expression

in skeletal muscle is regulated in a hypoxia and HIFa-dependent manner.

Finally, whether skeletal muscle expression of EPO serves a physiologically relevant purpose has
thus far remained unknown. In the case of the human studies discussed previously, or our previous work

where exercise was able to increase skeletal muscle expression of EPO and increase numbers of
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circulating erythrocyte progenitors, any biological system responsive to exercise could have been the
underlying mechanism responsible for these observations. No isolation of stimuli was possible. Although
muscle expresses EPO and is responsive to exercise, nothing suggests that muscle-derived EPO is able to
modulate erythropoiesis in any physiologically relevant manner. To answer this question, we analyzed the
system independent of any other variables. C2C12 myoblasts were exposed to hypoxia, their media were
collected and filtered, and that media were used to treat bone marrow isolated from healthy mice. In
designing the experiment this way, the direct ability of myoblasts to stimulate erythropoiesis was tested.
The result was a 32% increase in bone marrow erythropoiesis at 24 h (Fig. 3A) and a 67% increase at 72 h
(Fig. 3B), measured by Ter-119 and analyzed with flow cytometry. Supporting this result, an EPO-
neutralizing antibody completely ablated the observed increase at 24 h. Therefore, myoblasts exposed to

hypoxia were directly able to stimulate erythropoiesis.

This result falls in line with findings from our previous study (3). In that study, we observed a basal
increase in expression of skeletal muscle EPO, a basal decrease in expression of kidney EPO, and a
higher steady state level of circulating erythropoietic progenitors. If the kidney-derived EPO had solely
been responsible for regulating erythropoiesis, and muscle was unable to release EPO into circulation, we
previously would have observed a decrease in circulating erythropoietic progenitors. These results, along
with our other work demonstrating that exercise training can increase bone marrow transplant recipient
survival (6), speak to the importance of exercise on the health of the hematopoietic system and the
potential clinical importance of exercise on hematopoietic health. Our current results reinforce our
previous theory; exercise and skeletal muscle can act to upregulate erythropoiesis and bolster

hematopoiesis.

The ability of skeletal muscle to adapt to chronic hypoxia is a well-observed phenomenon. During
periods of hypoxia, muscle can upregulate angiogenic factors such as VEGF, increasing capillarization to
provide more oxygenated blood to the muscle. Moreover, muscle fiber type can shift, resulting in

increased glycolytic capacity and decreased need for oxygen (18). Both these adaptations are mediated by
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HIF1a. That exercising muscle can also use HIF1a and HIF2a to increase expression of EPO is not
surprising. This only serves as another layer of adaptation, where muscle produces additional EPO, EPO
stimulates erythropoiesis, and additional oxygen can be carried to the muscle by an increased number of
erythrocytes. These results demonstrate that, together with the kidney, skeletal muscle may act as an

atypical regulator of erythropoiesis.
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Figure 1: EPO expression is increased by hypoxia in myoblasts and myotubes. EPO expression in

proliferating myoblasts and differentiated myotubes in response to increased temperature, mechanical

stimulation, hypoxia, and decreased pH. In both proliferating myoblasts and differentiated myotubes, no
stimulus other than hypoxia was able to elicit a change in EPO expression. A. In proliferating myoblasts,
hypoxia increased EPO expression by 130% (P < 0.05). B. In differentiated myotubes, hypoxia increased

EPO expression by 50% (P < 0.05). Data are presented as fold change from control.
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Figure 2: Effects of exercise on skeletal muscle EPO expression and HIFa levels. Effects of intense

aerobic exercise on EPO expression and HIFa levels in skeletal muscle. Animals were exercised for 1 h
or until exhaustion. A. HIF 1a levels in the gastrocnemius were increased by 50% (P < 0.05); data are
expressed as arbitrary units. B. HIF2a levels in the gastrocnemius were increased by 20% (P < 0.05); data
are expressed as arbitrary units. C. EPO expression in the gastrocnemius was increased by 70% (P <

0.05); data are expressed as fold change from control.
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Figure 3: Effects of myoblast hypoxia on erythropoiesis. Effect of growth media conditioned with

proliferating myoblasts exposed to hypoxia on bone marrow erythropoiesis. Bone marrow was treated for
24 and 72 h with conditioned media. Media from regular proliferating myoblasts served as a control. At
24 h, the experiment was performed with and without the use of an erythropoietin-neutralizing antibody.
A. Hypoxic-conditioned media increased the number of cells in the erythroid lineage by 32% at 24 h (P <
0.05), and this increase was ablated with the neutralizing antibody; data are expressed as percent total
Ter-119-positive cells. B. Hypoxic-conditioned media increased the number of cells in the erythroid

lineage by 67% at 72 h (P < 0.05); data are expressed as percent total Ter-119-positive cells.
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2.4 — Supplementary Figure 1

115 kDa

Supplementary Figure 1: Representative HIF 10 blots. L=ladder, C=control, X=exercise.
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2.5 — Supplementary Figure 2

Supplementary Figure 2: Representative HIF2a blots. L=ladder, C=control, X=exercise.
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2.6 — Supplementary Figure 3
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> —
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Supplementary Figure 3: Representative flow plots for Ter119 positivity in bone marrow treated with

media taken from cells in a normoxic or hypoxic atmosphere, with or without an added EPO neutralizing

antibody.
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2.7 — Supplementary Figure 4

a. 488 Ter-119 72h Normoxic b. 488 Ter-119 72h Hypoxic

Supplementary Figure 4: Representative flow plots for Ter119 positivity in bone marrow treated with

media taken from cells in a normoxic or hypoxic atmosphere after 72 hours.
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Abstract

Hematopoietic stem and progenitor cells are necessary to maintain, repair, and reconstitute the
hematopoietic blood cell system. Mobilization of these cells from bone marrow to blood can be greatly
increased under certain conditions, one such being exercise. The purpose of this study was to identify the
importance of exercise intensity in hematopoietic mobilization, to better understand the mobilization
kinetics post exercise, and to determine if exercise is capable of mobilizing several specific populations of
hematopoietic cells that have clinical relevance in a transplant setting. Healthy individuals were exercised
on a cycle ergometer at 70% of their peak work rate (WReax) until volitional fatigue and at 30% of their
WRea Work matched to the 70% WR .o« bout. Blood was collected before, immediately post, and 10, 30,
and 60 min postexercise. Total blood cells, hematocrit, and mononuclear cells isolated by density gradient
centrifugation were counted. Specific populations of hematopoietic stem cells were analyzed by flow
cytometry. Mononuclear cells, CD34*, CD34*/CD38", CD34'/CD110", CD3/CD16*/CD56",
CD11c¢*/CD123", and CD11c /CD123"cells per millilter of blood increased post exercise. Overall, the
70% WRyeax exercise group showed greater mobilization immediately post exercise, while there was no
observable increase in mobilization in the work matched 30% WReax €xercise group. Mobilization of
specific populations of hematopoietic cells mirrored changes in the general mobilization of mononuclear
cells, suggesting that exercise serves as a honspecific mobilization stimulus. Evidently, higher intensity
exercise is capable of mobilizing hematopoietic cells to a large extent and immediately post exercise is an

ideal time point for their collection.

New & Noteworthy: Here we demonstrate for the first time that mobilization of hematopoietic stem
cells (HSCs) through exercise is intensity dependent, with the greatest mobilization occurring
immediately after high-intensity exercise. As well, we show that exercise is a general stimulus for
mobilization: increases in specific HSC populations are reliant on general mononuclear cell mobilization.

Finally, we demonstrate no differences in mobilization between groups with different aerobic fitness.
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Introduction

The hematopoietic system consists of mature blood cells, found mostly in circulation, as well as
multiple types of stem and progenitor cells (HSCs), found predominantly in the bone marrow. The
roughly 10 billion new blood cells required per day to maintain homeostasis are generated through the
self-renewal, proliferation, and differentiation of these specific hematopoietic stem and progenitor cells
(1). Hematological malignancies that disrupt this system are cured through HSC transplantation. Nearly
20,000 HSC transplants are performed each year in the USA (44). In recent years it has become
increasingly evident that the quality of a blood graft extracted from a donor is critical for the success of
the transplant outcome (26). All hematopoietic progenitor cell types must be adequately represented in a

donor graft to properly restore hematopoiesis in a recipient.

In humans, HSCs are generally identified as side population cells from the bone marrow (45) or as
CD34" cells in peripheral blood (5). While HSCs in general can be detected with CD34, identifying
specific subpopulations of CD34" HSCs requires additional surface markers. For example, while total
CD34" content in a graft may be high, CD34"/CD110" content, the cell population responsible for the
development of platelets, may be low. The result of peripheral blood stem cell (PBSC) transplants with
such grafts are recipient individuals who have an inability to properly regenerate platelets (34), resulting
in bleeding, bruising, and susceptibility to infection, all of which are complications that can lead to death.
Thus the development of mobilization regimes able to adequately mobilize both sufficient numbers and

specific types of HSCs from bone marrow to blood is of incredible importance.

HSCs are retained in their niche through specific adhesion molecules and chemokine gradients (30).
Although the majority of HSCs are found in the bone marrow, a small fraction of HSCs can be found in
blood (41). In adult mice, it is estimated that ~1-5% of HSCs circulate between bone marrow and blood
each day (4). However, depending on certain conditions, the number of mobilized cells can be greatly
increased. In early development HSCs migrate from the fetal liver and spleen and populate the bone

marrow (29). HSCs in adults migrate toward sites of injury or inflammation to aid in tissue repair (19). In

54



Ph.D. Thesis — J.M. Baker; McMaster University — Kinesiology

a clinical setting, in lieu of extracting cells directly from bone marrow, HSCs are mobilized into
circulation with granulocyte-colony-stimulating factor (G-CSF) to provide sufficient cells for a graft (16).
G-CSF is a colony-stimulating hormone released endogenously by various cells throughout the body to
stimulate production of granulocytes and it also has potent mobilization properties. While G-CSF is
mainly used alone, many interleukins, chemokines, or hematopoietic growth factors can also be used in
conjunction with G-CSF to bring about mobilization with various efficiencies and kinetics. However,
there may be important limitations to pharmacological interventions. Considering that there can be
negative side-effects from long-term G-CSF dosing (18) or that some clinical populations, such as
individuals with cancer (31) or diabetes (12), may not respond well to G-CSF substitute and/or synergistic

strategies should be investigated.

In this capacity, a lesser studied stimulus for HSC mobilization is exercise. Very little data exist on
the effects of acute exercise or exercise training on mobilization of human HSCs (10). Exercise seems to
acutely increase peripheral blood HSC quantity; however, firm conclusions are difficult to make when
comparing studies due to the wide range of subject characteristics, lack of proper markers used to define
HSCs, and timing of analysis. Bonsignore and colleagues compared the quantity of HSCs in peripheral
blood, identified as CD34" cells, between individuals competing in a 1.5-km field test (5). CD34" cells as
well as burst-forming unit erythroid (BFU-E) and colony-forming unit-granulocyte macrophage (CFU-
GM), erythrocyte and granulocyte macrophage colonies measured using cell culture assays, increased in
circulation after the field test (5). Morici and colleagues evaluated the quantity of HSCs in peripheral
blood immediately before and following an all-out rowing test in competitive rowers (28). Although
HSCs, identified as CD34" cells, were increased in peripheral blood immediately following exercise in
both males and females tested, the most primitive HSC population, CD34°/CD38 cells, were unaffected
by the acute exercise stimulus (28). Wardyn and colleagues compared HSC content in peripheral blood in
previously sedentary individuals vs. habitual exercisers following an acute treadmill test (45). The authors

concluded that HSC quantity in peripheral blood, identified there as side population cells, increased
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irrespective of training status and gender immediately post exercise (45). Zaldivar and colleagues
examined the response of early vs. late pubertal boys to 20 min of high-intensity cycling and observed
equal increases in peripheral CD34" cells in both groups (50). Thijssen and colleagues observed a similar
relative increase in circulating HSCs following an acute exercise stimulus in young and elderly
individuals (40). When taken together, comparing the modalities of exercise used in these studies, it

would seem that the acute increase in peripheral HSC quantity following exercise is intensity dependent.

Little knowledge exists, however, on the ability of exercise to mobilize specific populations of HSCs
that are clinically relevant. We set out to address this. The purpose of this study was to further understand
how exercise intensity effects HSC mobilization, to establish the kinetics of mobilization post exercise, to
understand how HSC mobilization differs in individuals of differing aerobic capacity, and to determine

the specificity of the stimulus by assaying several specific subpopulations of HSCs.
Methods
Participants

Eleven healthy young men (age 23.5 + 2.9 yr) were recruited to participate in this study. Participants
were asked to not strenuously exercise or remain recreationally active during their participation in the
study. Exclusion criteria included smoking, diabetes, the use of nonsteroidal anti-inflammatory drugs
(NSAIDs) and/or statins, and history of respiratory disease and/or any major orthopedic disability. The
study was approved by the Hamilton Health Sciences Integrated Research Ethics Board and conformed to
the guidelines outlined in the Declaration of Helsinki. Participants gave their informed written consent

before their inclusion to the study. For subject characteristics, see Table 1.
Exercise Protocol

Each participant reported to the laboratory to perform a ramp incremental exercise test (50 W
baseline for 3 min followed by a 30 W/min ramp) on an electronically braked cycle ergometer (Excalibur

Sport V2.0; Lode, Groningen, The Netherlands) for determination of peak VO, (Vozpeak) and peak work
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rate (WRpeax). Expired gas and ventilatory parameters were collected for the determination of

VOzeak (Moxus Metabolic System; AEI Technologies, Pittsburgh, PA). Subjects were asked to maintain a
cadence between 60 and 70 rpm during the test, and the test was terminated upon volitional fatigue.
Following a 1-wk washout period, participants exercised at a workload pertaining to 70% of their

WRea until volitional fatigue. Following another 1-wk washout period, participants performed a bout of
cycling at 30% WReak, With the work output matched to the 70% WR .« bout. These two intensities were

chosen as they would likely fall within different very different exercise domains (46).
Blood collection and processing

Fifteen milliliters of blood were collected via venous catheter before (Pre), immediately after (Post),
and 10, 30, and 60 min post exercise using heparinized vacutainers (0268795, Fisher Scientific
Canada).Whole blood total cell counts were done using a countess automated cell counter (Invitrogen,
Carlsbad, CA). Hematocrit was measured with microhematocrit tubes (22-274-913; Beckman Coulter).
Mononuclear cells were then isolated from the remainder of the blood using Ficoll-Paque Plus (14) (17-
1440-02; GE Healthcare Life Sciences), were resuspended in 1% bovine serum albumin in PBS, and were

counted using a Countess automated cell counter.
Flow cytometry

Mononuclear cells were analyzed via flow cytometry (CyFlow Space, Partec) immediately after their
isolation from blood. The following antibodies were used in the analysis: CD34 (FAB7227G; R&D
Systems), CD110 (FAB1016A; R&D Systems), CD38 (FAB2404A; R&D Systems), CD41 (FAB7616A,
R&D Systems), CD4 (FAB3791F; R&D Systems), CD8 (FAB1509A; R&D Systems), CD11c
(FAB1777N; R&D Systems), CD123 (FAB301P; R&D Systems), and CD3/CD(15+56) cocktail (319101;
BioLegend). Antibody concentrations used reflect manufacturer recommendations. At least 1 x 10° cells
were stained for each antibody, with at least 5 x 10° events captured and analyzed. Unstained and single
stain controls were used for compensation and gating. Final gates were based on FSC/SSC and two

parameter plots.
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Cell culture

Isolated mononuclear cells were also used for the long-term culture initiating cell (LTC-IC) assay, a
limiting dilution assay described in more detail elsewhere (43). In brief, following collection,
mononuclear cells were plated on a feeder layer of the FBMD-1 cell line, grown for 35 days with weekly
media changes, switched to Human Methylcellulose Complete Medium (HSC003; R&D Systems), and
then grown for a further 14 days. The presence of colonies was then scored and LTC-IC frequency was

calculated using L-Calc (Stem Cell Technologies, British Colombia, Canada).
Statistical analysis

Statistical analysis was performed using Sigma Stat 11.0 analysis software (Systat Software, Chicago,
IL). Data and graphs are expressed as means + SE with P < 0.05 considered significant. Statistical
differences between time points and groups were determined using one and two way repeated measures
ANOVA. Tukey corrections were applied to account for multiple comparisons. LTC-IC data analyzed
with a one-tailed t-test, justified as the culture experiments were performed after the majority of the flow
cytometry had been analyzed. Statistical differences in VOzpeasubgroups were analyzed by t-test.
Differences in mononuclear mobilization between Vozpeaksubgroups were analyzed with a three way

ANOVA.
Results
Exercise did not alter total blood cell counts or hematocrit.

Total blood cell counts and hematocrit were measured for each time point Pre and Post exercise. No
significant differences were detected at any time point Pre or Post exercise at either intensity (data not

shown).

Mononuclear cell numbers per milliliters of blood increased Post exercise in an intensity-dependent

manner.
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Although blood and hematocrit were not measurable different, mononuclear cell number was greatly
impacted by exercise. Mononuclear cells were isolated via density gradient centrifugation. Peripheral
blood mononuclear cells consist of monocytes, dendritic cells, lymphocytes, and a tiny fraction of
multipotent and more differentiated HSCs. In the 70% WR ..« trial mononuclear cells increased by 139%
from Pre to immediately Post exercise (P < 0.05) (Fig. 1). No significant differences in mononuclear cell
number were observed in the 30% WR .« trial, at any time point. Mononuclear cell number was increased

by 96% at Post in the 70% WR .. trial when compared with Post in the 30% WRe trial (P < 0.05).

Exercise acted as a general stimulus; many specific populations of HSCs and leukocytes are

mobilized in the same magnitude as mononuclear cells.

Several specific populations of HSCs and white blood cells were measured with flow cytometry.
Many of these populations were chosen as they represent specific populations needed in a blood cell graft

to fully reconstitute the blood cell pool of a transplant recipient post myeloablation.

CD34" cells represent general hematopoietic progenitors and are used as the standard measure of
graft quality. In the 70% WRe.« trial CD34" cells per milliliters of blood increased from Pre to
immediately Post by 98.4% (P < 0.05) (Fig. 2). No differences were detected between Pre, Post, or any
other time point post exercise following the 30% WR . trial. Finally, CD34" cells per milliliters of blood

at Post in the 70% WR .« trial were 170% higher than at Post in the 30% WR e« trial (P < 0.05).

CD34"/CD38  represent a more primitive and undifferentiated CD34" population. In the 70%
WRea trial CD347/CD38 cells per milliliters of blood increased by 88% (P < 0.05) from Pre to
immediately Post exercise (Fig. 3A). Again, no differences were detected following the 30% WReatrial
at any time point. Finally, CD34"/CD38 cells per milliliters of blood at Post in the 70% WR xtrial were

106% higher than at Post in the 30% WReax trial (P < 0.05).
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CD3 /CD(16+56)" characterize natural killer cells. CD3/CD(16+56)" cells per milliliters of blood
increased by 291% (P < 0.05) from Pre to Post exercise following the 70% WReax trial (Fig. 3B) and then
returned to Pre exercise levels. No differences were detected at any other time point in the 70%

WR, trial or at any time point in the 30% WR e, trial. As well, CD3/CD(16+56)" cells per milliliters

of blood at Post in the 70% WR .. trial were 293% higher than at Post in the 30% WRea trial (P < 0.05).

The CD4"/CD8" lymphocyte ratio is a general measure of immune function, and here, a predictor of
graft quality. The calculated CD4"/CD8" cell ratio was maintained around an ideal 2 at all measured time
points (average 70% WRex trial: 2.36 + 0.44; average 30% trial: 1.83 + 0.65) and did not drop below that

level (Fig. 3C).

CD34'/CD41" and CD34"/CD110" represent megakaryocyte progenitors; cell types that work to
reconstitute platelets in a recipient. While numbers of circulating CD34*/CD41" cells did not change (Fig.
3D), circulating CD34°/CD110" cells increased. CD34"/CD110" cells per milliliters of blood increased
from Pre to Post in the 70% WR . trial by 169% (P < 0.05) (Fig. 3E). No changes were detectable in the
30% WRpeq trial. As well, CD347/CD110" cells per milliliters of blood at Post in the 70% WR ex trial

were 129% higher than at Post in the 30% WR . trial (P < 0.05).

CD11c¢*/CD123 and CD11c /CD123" demarcate dendritic type 1 and type 2 cells, respectively.
CD11c*/CD123 cells per milliliters of blood increased by 149% (P < 0.05) from Pre to Post exercise
following the 70% WR 4 trial (Fig. 4A). Following the established trend, no differences were detected
following the 30% WR e trial at any time point. As well, CD11c*/CD123" cells per milliliters of blood at

Post in the 70% WR e trial were 77% higher than at Post in the 30% WRxdrial (P < 0.05).

CD11c /CD123" cells per milliliters of blood increased by 165% (P < 0.05) from Pre to Post exercise
following the 70% WR .. trial (Fig. 4B) and remained significantly higher than Pre until 30 min post
exercise. Again, no differences were detected following the 30% WR . trial at any time point. Finally,

CD11c¢ /CD123" cells per milliliters of blood at Post in the 70% WR 4 trial were 168% higher than at
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Post in the 30% WR, trial (P < 0.05) and were also significantly higher at 10 and 30 min following

exercise between the 70% WRpea and 30% WR ey trials.

The same number of mononuclear cells from each exercise session and each collection time point
were used for the flow cytometry analysis. In all cases, there were no detectable differences in the raw
number of positive cells (data not shown). Only when expressing the populations as positive number of
cells per milliliters of blood, taking into account the increased mononuclear cell numbers in blood, were
any statistical differences detected. The differences are thus highly dependent on the general mobilization

of mononuclear cells, rather than the mobilization of specific subpopulations of cells.
Long-term culture initiating cell frequency increased in blood in an intensity-dependent manner.

LTC-IC were grown from mononuclear input cells and enumerated following well established tissue
culture protocols (43). These cells represent primitive HSCs and are quantified based on their ability to
produce colonies in culture after 5 wk. Again, the results here follow a similar trend to the results
mentioned previous to this point. LTC-IC number per milliliters of blood increased by 713% (P < 0.05)
from Pre to immediately Post exercise following the 70% WR .. trial (Fig. 5). No differences were

detected between Pre and Post exercise following the 30% WRpex trial.
Fitness level had no bearing on the ability to mobilize mononuclear cells to the blood cell pool.

Of the 11 total subjects, four had a significantly higher VOzpea (P > 0.05) than the average of the
entire group. These four subjects [average VOypeax of 66.375 + 4.35 ml/(kg-min)] were split from the
remaining seven subjects [average VOgpeax Of 49 + 4.94 ml/(kg-min)] to determine if fitness level had an
impact on the magnitude of mobilization. Though the subgroup with the higher fitness level performed
more total work than the subgroup with the lower fitness level during both stages (70% WRpea and 30%
WReax Work matched) of the test, no significant differences were detected between groups in total blood

cell counts (data not shown), hematocrit (data not shown), mononuclear cell counts (Fig. 6), or specific
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HSC populations at any time point (data not shown). The only detectable differences were as before; Pre

and immediately Post exercise in the 70% WR . trial for each fitness subgroup.
Discussion

Here we demonstrate that high-intensity endurance exercise is capable of mobilizing hematopoietic
cells from bone marrow to blood and that the ideal time point for their collection is immediately
following exercise. Lower intensity exercise work matched to the higher intensity test failed to mobilize
hematopoietic cells in all tested measures, suggesting that intensity of exercise is far more important than
total work. As well, we demonstrate that exercise mediated mobilization seems to be a general process;
increases in mobilization of specific populations of HSCs were dependent on overall mononuclear cell
mobilization. Finally, we demonstrate that between two differing fitness levels no differences in the

extent of exercise-mediated mobilization could be determined.

In general, the observed lack of mobilization in the 30% WR .« Work-matched trial, when compared
with the 70% WReax until volitional fatigue trial, demonstrates that intensity may be a key factor in
exercise induced mobilization. While the precise mechanism of exercise induced hematopoietic
mobilization remains largely unknown, that intensity plays role is no surprise. Exercise can have dramatic
effects on the body. For example, increases of ~8,000-fold in circulating levels of IL-6 have been
observed in athletes after finishing a marathon race (24). Large increases in TNF-a, IL-1p, and IGF-
binding protein 1, which stimulates inflammatory cytokine production, have also been observed (33).
Increased production of cytokines and mobilizing factors both within the bone marrow niche and in
circulation in response to exercise has been suggested as a mechanism for exercise-induced hematopoietic
mobilization (11). Consequently, increased exercise intensity, leading to the subsequent release of greater
amounts of these factors, followed by increased mobilization is no surprise. Increased blood flow within
bone during high-intensity exercise (36, 37) may also lead to increase HSC efflux from marrow. As
mobilization was seen to peak immediately post exercise, presumably when many of these factors are at

their highest and bone marrow blood flow is most increased, the results make sense. However, while the
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purpose of the present study was to observe how exercise intensity affects HSC mobilization, future
studies should aim to address the notion that fatiguing exercise vs. non fatiguing exercise may impact

mobilization, regardless of intensity.

Ensuring that clinically relevant HSC subpopulations are present in mobilized PBSC grafts is
important for HSC transplant success. Exogenous treatment of clinical donors with G-CSF for several
days before cell collection can raise circulating CD34" cells anywhere from two- to fourfold (21, 23) to as
much as 20-fold (6), though the extent of mobilization varies greatly on an individual basis.
Unfortunately, G-CSF treatment regimens often fail. When considering CD34" content alone,
mobilization regimes have a 30% failure rate among healthy individuals and a greater than 60% failure
rate in high-risk patients, such as those with lymphoid malignancies, prior exposure to chemotherapeutic
agents, or radiation exposure (15, 27, 42). Poor CD34" G-CSF induced mobilization is also observed with
increasing donor age (38). Furthermore, G-CSF treatment can also fail to mobilize other clinically
relevant HSC populations, such as long-term CD34°/CD38 " cells (13) and B and T lymphocytes (21). An
additional method for mobilizing HSCs, such as the high-intensity exercise intervention presented here,
could potentially synergize with more traditional strategies. Here we demonstrate that high-intensity
exercise induced a twofold increase in circulating CD34" cells (Fig. 2). However, when comparing the
magnitude of this increase to the increase in circulating CD34" cells in healthy individuals mobilized with
G-CSF [average 15-fold increase (39) or an average 23-fold increase (20)], exercise falls on the low end

of the reported G-CSF spectrum.

Mobilization of clinically relevant HSC subpopulations in a donor can mean the difference between
transplant success or transplant failure. The more cells that are mobilized, the easier it is for clinicians to
harvest threshold doses necessary for transplant success. While CD34" cell dose is largely considered an
important determining factor for transplant success (35), higher graft content of more specific HSC
subpopulations has been shown to correlate with better PBSC transplant outcomes. PBSC grafts with a

greater content of more primitive populations of HSCs, identified as CD34"/CD38" cells, have been
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shown to correlate to greater overall recipient survival (17). Here, we demonstrate that exercise is capable
of mobilizing these cells to a large extent (Fig. 3A). Immune reconstitution post transplant is critically
important, helping myeloablated recipients to fight off infections and stay healthy.

CD3 /CD(16+56)" natural killer cell graft content also correlates with successful immune reconstitution
(32). Again, high-intensity exercise appears to be capable of mobilizing this population (Fig. 3B).
Increased lymphocyte dosage during a transplant (CD4" and CD8" cells) correlates with increased
recipient neutrophil recovery and decreased infection rates (25). A high CD4/CD8 ratio, however, can
predict adverse immune-related outcomes post transplantation (49). Here we demonstrate exercise
induced increased in numbers of CD4" and CD8" cells maintained at or near an ideal ratio of 2 (Fig. 3C).
Finally, increased graft content of another CD34" subset, CD34"/CD110" platelet progenitors, correlates
with increased platelet reconstitution post transplant (34). As well, increased CD34°/CD41" graft content
can predict increased platelet and neutrophil recovery post transplant (9, 26). In this capacity, high-
intensity exercise appears to result in a non significant trend toward mobilization of more

CD347/CDA41" cells over time and a significant increase in mobilization of CD34*/CD110" cells (Fig.

3, D and E). As well, high-type one dendritic cell content (CD11¢*/CD123"), high-type two dendritic cell
content (CD11¢ /CD123"), and total dendritic cell content have all been shown to be predictive of overall
survival post transplantation (8); interestingly, we observe increases in both CD11¢*/CD123" and

CD11c /CD123" cells following high-intensity exercise (Fig. 4, A and B). In addition, several cell culture
colony forming assays can be used to predict recipient survival. Increased numbers of LTC-ICs in a given
graft has been correlated with increased recipient survival (3) and we have demonstrated the capacity of

exercise to mobilize more cells of this type (Fig. 5).

Oftentimes hematopoietic donors are in poor health, have a relatively lower fitness level, and the
exercise tolerance of such individuals is questionable. Determining how fitness level effects mobilization
is therefore important and clinically relevant. To this end, subjects were split into a relatively higher

fitness level [VOypeax: 66.375 £ 4.35 ml/(kg-min)] and relatively lower fitness level [VOppea: 49 * 4.94
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ml/(kg-min)] in post analysis. Given previous findings that long-term endurance exercise can greatly
increase the HSC pool (2, 7), it was expected that the higher fitness level group would show a larger
magnitude of mobilization than the lower fitness level group. This was not the case (Fig. 6). As well, a
correlation analysis between Vogpeak and circulating mononuclear cell number also revealed no
relationship (data not shown). Differences in fitness levels appear to have little bearing on the magnitude
of mononuclear cell mobilization. This result carried over to the analysis of the specific HSC populations
(data not shown). Although the average VO,peax Of OUr subjects was higher than those of sedentary
individuals, and individuals at a relatively lower fitness level may mobilize differently due to their health,
what this suggests is that fitness level may be unimportant. Unhealthy individuals, with a fitness level
lower than average, may mobilize HSCs to the same extent as normal individuals. Again, the fitness level
of these two subgroups was higher than average; this may not necessarily translate to individuals with a
lower than average VOzpea. However, populations of the elderly, sick, or otherwise impaired needing to
donate blood for a PBSC graft may potentially be able to exercise at a high level of intensity, relative to
their low VOypea and, in combination with traditional mobilization strategies, mobilize sufficient HSCs to
collect a successful graft. Indeed, the safety and feasibility of exercise in patients undergoing HSC
transplant have previously been demonstrated (47). As well, higher intensity exercise protocols have been
well tolerated in a number of clinical populations (22, 48), suggesting that these protocols are viable in

non healthy individuals.

In conclusion, high-intensity endurance exercise may serve as an aid to more traditional HSC
mobilization strategies. It is often the case that some patients mobilize poorly; in such situations,
additional chemokines and cytokines are used with traditional mobilizing agents (42). While these
optimizations help in some situations, developing additional methods will always be useful for healthcare
providers. In isolation, the magnitude of exercise-induced HSCs mobilization falls on the low end of G-
CSF-based mobilization. Although leukapheresis post exercise, repeated over the course of several days,

could in theory harvest enough HSCs for a suitable graft, combining exercise with traditional
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mobilization strategies would be a better option. Based on our findings, although limited by a relatively
low sample size, exercise could be considered as a means to enhance HSC content in a donor’s blood

graft for patients undergoing PBSC transplantation.
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3.1-Table1l

Subject characteristics

Peak work rate (WRpea;)

Subject Characteristics

Age

Height

Weight

VOZpeak

Average time to exhaustion (70% WR e trial)

Worked-matched time (30% WR e trial)
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Means £ SD

23.5x29yr

178 £ 4 cm

77.3+22kg

54.3 £ 9.5 ml/(kg-min)

17.8 £ 4 min

41.4 + 3 min
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3.2—Figure 1

Mononuclear Cell Number
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Figure 1: Mononuclear cells counts. Mononuclear cell counts, as isolated through density gradient

centrifugation, expressed per milliliters of blood for the 70% WRpea and 30% WR .« €Xercise sessions
across the time course (where WR .4 is peak work rate). *P < 0.05, between groups and from before

(Pre) exercise with respect to time.
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3.3—Figure 2
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Figure 2: CD34" cells per milliliters blood. CD34" cell counts, analyzed with flow cytometry, expressed

per milliliters of blood for the 70% WRea and 30% WR ok €XErcise sessions across the time course. *P <

0.05, between groups and from Pre exercise with respect to time.
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3.4 —Figure 3
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Figure 3: Specific hematopoietic stem cell (HSC) populations. Five different blood cell populations,

analyzed by flow cytometry, known to positively correlate with successful outcomes post blood cell
graft. A: CD34"/CD38 . B: CD3/CD(16+56)". C: CD4/CD8" ratio. D: CD34'/CD41". E:
CD34"/CD110". Each expressed as positive cells per milliliters of blood for the 70% WR e and 30%
WReak €Xercise sessions, across the time course. *P < 0.05,between groups and from Pre exercise with

respect to time.
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3.5-Figure 4
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Figure 4: Dendritic cell populations. Two dendritic cell populations, analyzed by flow cytometry, known

to positively correlate with successful outcomes post blood cell graft. A: CD11¢*/CD123 . B:
CD11c /CD123". Each expressed as positive cells per milliliters of blood for the 70% WR e, and 30%
WReak €Xercise sessions, across the time course. *P < 0.05, between groups and from Pre exercise with

respect to time.
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3.6 —Figure 5
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Figure 5: Long-term culture initiating cell frequency (LTC-IC). LTC-IC, expressed as number of cells

per milliliters blood, Pre and immediately Post exercise for the 70% WRea and 30% WR .« exercise
sessions. *P < 0.05, between groups and between Pre and immediately after (Post) exercise with respect

to time.
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3.7 —-Figure 6
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Figure 6: Fitness comparison. A comparison between mononuclear cell counts, as isolated by de

gradient centrifugation, expressed per milliliters of blood for the 70% WR e and 30% WR ..« exercise

nsity

sessions, including the two fitness subgroups, across the time course. *P < 0.05, within fitness level

subgroups for intensity, but no differences were detected between the two fitness subgroups.
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Abstract

Hematopoietic stem cell development is highly dependent on specialized niche environments that
provide appropriate signalling and adhesion molecules for these cells. Exercise training has been shown
to increase numbers of hematopoietic stem cells in bone marrow and increase hematopoietic cell
mobilization to blood, through changes in niche structure and release of hematopoietic growth factors.
Exercise affects spleen, an extramedullary source of hematopoiesis, in a similar manner. Exercise
increased the number of hematopoietic stem and progenitor cells in the spleen; LSK was increased by 3.5
fold, CFU-GEMM by increased by 4 fold, and increased BFU-E by 4.5 fold. Exercise also increased the
number of lineage positive cells in the spleen by 10 to 30%. Furthermore, expression of genes associated
with hematopoietic homing, adhesion, quiescence, and growth were all increased in the spleen as a result
of exercise training. Similar to previous reports focused on bone marrow and the medullary hematopoietic

niche, exercise greatly increases hematopoietic activity in the spleen.
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Introduction

The hematopoietic system consists of terminally differentiated blood cells in circulation that are
replenished by hematopoietic stem and progenitors cells (HSPC) found in bone marrow. These cells self-
renew, proliferate, and differentiate in a highly controlled fashion. Bone marrow is the primary site of
hematopoiesis. Within bone, HSPC are supported by specialized niche environments; the endosteal niche,
where HSPC interact with osteoblast cell types, and the vascular niche, where HSPC interact with
endothelial cell types. Other cell types within bone, such as adipocytes, negatively influence HSPC
function. Bone marrow and HSPC health are critical; roughly 10 billion new blood cells are required per

day to maintain blood homeostasis (4).

Exercise has been shown to impact the hematopoietic system in a number of ways. In bone marrow,
exercise increases osteoblast number and decreases adipocyte number, changing the structure of the bone
marrow niche to better support HSPC. It does this by altering the differentiation potential of mesenchymal
stem cells within bone marrow, the progenitor cell for adipocytes and osteoblasts (5). In skeletal muscle,
exercise changes expression of several hematopoietic cytokines; GM-CSF, M-CSF, IL3, and EPO
expression are all increased as a result of exercise (5). The result of these changes are increased numbers

of HSPC in the bone marrow of exercise trained animals.

Exercise also increases HSPC mobilization from bone marrow to blood. In humans, acute exercise
increases numbers of circulating mononuclear and HSPC in an intensity dependent manner (6). In mice,
acute exercise does the same (21). Though the precise mechanisms of action by which acute exercise
triggers HSPC mobilization are still unknown, increases in production of chemoattractants from
extramedullary tissues, such as skeletal muscle and the spleen, and release of local factors from stromal
cells in bone marrow are probable (21). Exercise training also increases the basal level of HSPC found in
blood (5). This is likely due to increased numbers of marrow HSPC that result from exercise training (5),
baseline levels of mobilization from bone marrow to blood (10), and exercise mediated increases in

production and release of hematopoietically relevant growth factors (7, 51).
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Another site of hematopoiesis, outside the bone marrow medullary cavity, is the spleen. The classical
role the spleen plays is the filtering and removal of old or damaged erythrocytes, reclaiming their iron
content, as well as removal of blood borne microorganisms and cellular debris (43). The white pulp of the
spleen plays a role in the immune system, containing a diverse number of lymphocytes that trap and
remove blood borne antigens and initiate innate and adaptive immune responses (12). Spleen also acts as
a reserve of red blood cells; horse spleen stores a red blood cell volume equal to a third of the circulating
red blood cell mass (40), though in humans and other animals this number is much lower. Exercise also
increases the amount of reserve cells stored (22). As well, spleen stores and is the site of rapid

deployment for monocytes, releasing them into circulation in response to injury (61).

Hematopoiesis in the spleen is more prevalent early in life. During the first few months in utero the
human spleen is hematopoietically active, slowing down and shifting primarily to bone marrow after five
fetal months (16). Splenic EMH (extramedullary hematopoiesis) in mice follows a similar pattern but
retains a higher level of activity into development than in humans. In mice, bone marrow, spleen, and to a
lesser extent the liver, all act cooperatively to contribute to hematopoiesis homeostasis (66). In both
humans and mice when regular hematopoiesis is impaired, due to disease or injury, extramedullary
hematopoiesis is often upregulated. In cases of osteopetrosis, where the size of the medullary cavity is
reduced, or in cases of myelofibrosis, where hematopoietic stem and progenitor cells in the bone marrow
cavity are supplanted by fibrosis and increasing collagen deposition, splenic EMH is upregulated in an

attempt to maintain blood homeostasis (31, 49).

Given the role exercise plays in increasing production and release of pro hematopoietic cytokines and
growth factors, the ability of exercise to increase the number of circulating HSPC available to the spleen,
and the role spleen plays in filtering and sequestering reserve blood, it is reasonable to assume that
exercise may also impact EMH in the spleen. Here, we set out to determine the effects of an endurance

exercise training protocol on murine spleen EMH.
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Methods
Animals

Adult male C57BI/6J mice (n=30) (Jackson Laboratories), aged 4 weeks, were used for the
experiments. Sedentary and exercised mice were kept in separate cages. No more than 5 mice were
housed per cage and mice were provided food and water ad libitum. Mice were maintained on a 12 hour
light-dark cycle at 22 + 2°C. Ethics approval was granted by the McMaster University Animal Research

Ethics Board and conformed to standards established by the Canadian Council on Animal Care.
Exercise Training Protocol

Mice were exercise trained (n=15) on an Exer 6M Treadmill (Columbus Instruments) 3 days per
week for 10 weeks. The mice were allowed to acclimatize to the treadmill a week before training. For the
10 week training period, mice were subjected to a progressive exercise protocol; the training portion of
the protocol began at 14 m/min for 45 min (week 1) and increased to 24 m/min for 45 min (week 10).
Training was always preceded by a 10 min warm-up at 10 m/min and followed by a 5 min cool-down at
10 m/min. Mice were encouraged to run using a mild electric shock or hindlimb stimulation. A matching
set of mice (n=15) served as sedentary controls. These mice were exposed to the treadmill and similar

encouragements, on the same days as exercised mice, but were not exercised.
Tissue Collection

To avoid acute exercise effects, mice were euthanized 2 days following their last training session.
Mice were briefly anaesthetized with isoflurane (Abraxis Bioscience) and blood was collected via facial
vein puncture into heparinized tubes (Sigma-Aldrich). Mice were then euthanized via cervical dislocation.
Spleens were removed and then either flash frozen or minced into a cell suspension. Mononuclear cells
were isolated from spleen cell suspensions and blood using density gradient centrifugation (Ficoll-Paque;

GE Healthcare).

Hematopoietic Colony Forming Assays
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2x10° exercised and sedentary spleen and blood cells were plated separately in triplicate into Mouse
Methylcellulose Complete Medium (R&D Systems). Burst forming unit erythroid (BFU-E), colony
forming unit (CFU) granulocyte monocyte (CFU-GM), and CFU granulocyte erythrocyte monocyte

megakaryocyte (CFU-GEMM) colonies were scored 12 d later on a Nikon Eclipse TS100 microscope.
Flow Cytometry

The number of lineage negative (lineage panel; BD Pharmingen), c-kit positive (anti-mouse c-Kit
2B8; eBiosciences), and Sca-1 positive (anti-mouse Sca-1 E13-161.7; eBiosciences) cells in each
exercised and sedentary spleen mononuclear cell isolate was measured. The numbers of single lineage
panel positive cells were also quantified. Analysis was done with a CyFlow Space flow cytometer
(Partec). Gating and compensation were established based on single-stained and unstained controls. Cells

were quantified as a percentage of total input.
RNA Isolation and gPCR

Total RNA was isolated from exercised and sedentary spleens using a combination TRIzol (Life
Technologies Inc.) and total RNA kit (Omega Bio-Tek) method (42). RNA was reverse transcribed using
a commercially available kit (high-capacity cDNA reverse transcription kit; Life Technologies Inc.) with
a Mastercycler epGradient Thermal Cycler (Eppendorf Canada). Quantitative reverse transcriptase
polymerase chain reaction (QPCR) reactions were conducted using a Mastercycler epRealplex 2S qPCR
(Eppendorf Canada) and prepared using an epMotion 5075 (Eppendorf Canada) pipetting robot. All
samples were normalized to GAPDH, and fold changes in gene expression were calculated using the

AACt method (37). Primer sequences can be found in Supplementary Table 1.
Statistics

Statistical analysis was performed using Sigma Stat 12.0 analysis software (Systat Software). Data

and graphs are expressed as mean * standard error (SE) with p < 0.05 considered significant. Statistical
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differences between groups were determined using Student’s t tests or one way ANOVA. Tukey

corrections were applied to account for multiple comparisons.
Results
Spleen contained higher total CFU than blood

Total blood and spleen CFU were measured for both exercised and sedentary mice. CFU are
measured as a single hematopoietic progenitor cell capable of proliferating and giving rise to a larger
colony of more differentiated hematopoietic cells. At baseline, total CFU in sedentary blood numbered 10
per input of 10° cells (Figure 1). Exercise increased the number of total blood CFU to 35 per 10° cells.
Sedentary spleen contained 40 total CFU per 10° cells; significantly different than sedentary blood
(p<0.05), though this number was not significantly different than exercised blood. Exercised spleen
contained 63 total CFU per 10° cells, significantly different than all other total CFU measurements

(p<0.05).
Exercise increased the number of lineage positive cell types in spleen

The number of lineage (Lin) positive mononuclear cell types were measured with flow cytometry in
exercised and sedentary spleen (Figure 2). Lineage positive (Ly6C, Ter119, CD3, CD11b, and CD45)
cell types represent lineage committed hematopoietic progenitors and/or partially differentiated
hematopoicetic cell types. Ly6C is expressed on monocyte/macrophages (30); exercise increased the
number Ly6C" cells in spleen by 18.6% (p<0.05). CD11b marks various monocytes, macrophages, and
granulocytes (60); exercise increased CD11b" cells in spleen by 18.3% (p<0.05). The number of CD45"
cells in exercised spleen, a pan leukocyte marker expressed on all hematopoietic cells except erythrocytes
and platelets (35), was increased by 11.8% (p<0.05). The number of CD3e" cells in exercised spleen, a T
cell marker (53), were increased by 29.6% (p<0.05). Finally, Ter119" cells taken from exercised spleen, a
marker of the late stages of the erythroid lineage (32), were increased by 28.2% (p<0.05). All above

comparisons were made against mononuclear cells taken from sedentary spleens.
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Exercise increased the number of hematopoietic progenitor cells in spleen

As opposed to Lin" cell types, Lin Scal® ¢c-Kit" (LSK), CFU-GEMM, BFU-E, and CFU-GM
represent true hematopoietic stem and progenitor cells. LSK cells, multipotent HSPC capable of entirely
reconstituting an irradiated recipient (46), were increased in exercised spleen by nearly 3.5 fold (p<0.05)
(Figure 3A). CFU-GEMM, a somewhat more differentiated but still multipotent HSPC (13), were also
increased in exercised spleen by more than 4 fold (p<0.05) (Figure 3B). The number of BFU-E in
exercised spleen, a committed erythroid progenitor (52), increased by 4.5 fold (p<0.05) (Figure 3C). All
above comparisons made against mononuclear cells isolated from sedentary spleen. Finally, no
differences in the number of CFU-GM, a committed granulocyte monocyte progenitor (52), were

detectable between exercised and sedentary spleens (Figure 3D).
HSC homing, adhesion, and quiescence gene expression was increased in exercised spleen

The expression of genes associated with HSPC homing and adhesion were measured with qPCR.
Angiopoietin-1 (Angl) and Tie2 facilitate the ability of HSC in bone marrow to become quiescent and
adhere to the endosteal niche (3). In exercised spleen, expression of Angl was increased by 6 fold
(p<0.05) and expression of Tie2 was increased by almost 4 fold (p<0.05), when compared to sedentary
controls (Figure 4). Similarly, SDF-1 and CXCR4 coordinate HSC homing to bone marrow and help to
facilitate engraftment of HSC in their niche (65). In exercised spleen, expression of SDF-1 was increased
by more than 5 fold (p<0.05) and expression of CXCR4 was increased by more than 3 fold (p<0.05),

when compared to sedentary controls (Figure 4).
Angiogenic associated growth factor expression was increased in exercised spleen

Finally, expression of genes associated with angiogenesis was also analyzed with gPCR (Figure 5).
VEGF and VEGFR2 signalling leads to endothelial cell proliferation, migration, and vessel formation (2);
exercise increased spleen expression of these genes by 11 fold (p<0.05) and almost 3 fold (p<0.5),

respectively, when compared to sedentary controls. Expression of MMP2, another facilitator of
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angiogenesis (58), also increased in exercised spleen by more than 8 fold (p<0.05), when compared to
sedentary controls. Expression of PECAM and VCAML1, adhesion molecules expressed on endothelial
cells that facilitate adherence and migration of blood cells through the endothelium of blood vessels (54),
also increased by more than 2 fold (p<0.05) and 8 fold (p<0.05), respectively, in exercised spleens when

compared to sedentary controls.
Hematopoietic growth factor expression was increased in exercised spleen

gPCR was also used to analyze changes in hematopoietic growth factor expression in spleen. GM-
CSF and IL3, cytokines that support the development of many hematopoietic cell types, increased in
expression by more than 2 and almost 3 fold, respectively, in exercised spleens when compared to
sedentary controls (p<0.05) (Figure 6). SCF, another hematopoietic cytokine, was also found to be
expressed in spleen but no significant differences between exercised and sedentary mice could be
detected. PDGF and HGF, two multi-functional growth factors also able to influence hematopoiesis, were
found to be expressed in spleen and their expression trended higher in exercised samples than in sedentary

controls (p=0.08 and p=0.09, respectively) (Figure 6).
Discussion

Blood contains a baseline level of circulating HSPC at all times. It is estimated in humans that this
number is 1-2% of the total HSPC pool (10). Here we demonstrate that there are more total CFU in spleen
than there are in blood, in both sedentary and exercised states (Figure 1). EMH in mice is always active
at some level, this is no surprise. Per previous reports (5), exercise training was also able to increase the
number of circulating CFU in blood (Figure 1). As the mice in this study were sacrificed two days after
their last exercise session this measure represents a baseline level of circulating HSPC, not HSPC
mobilized temporarily by exercise (6). The novel observation, however, is that the number of total CFU in
spleen taken from exercised animals was higher than that of sedentary spleen (Figure 1). As the primary
role of spleen is blood filtration, the ability of exercise to increase numbers of circulating HSPC through

training (Figure 1) and temporarily after acute exercise may have contributed to this. That is, with a
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greater number of cells in circulation presented to the spleen there is a greater likelihood of seeding the

splenic hematopoietic niche.

Supporting the idea that exercise increases splenic EMH, the number of lineage positive cell
populations isolated from the spleens of exercised animals was higher than that of sedentary animals
(Figure 2). Lineage positive populations represent terminally differentiated blood cell populations or
HSPC committed to a particular blood cell lineage (15). The presence of these cells demonstrates that the
spleen is hematopoietically active; HSPC within the spleen, proliferating and differentiating, giving rise
to blood cell progeny. As well, exercise increased the number of all lineage positive cells rather than a
specific subtype. Unlike EMH associated with various myeloproliferative disorders (50), the increase in
lineage positive cells was not on the order of several magnitudes and specific lineages of blood were not

over represented.

The presence of several multipotent, undifferentiated cell types in spleen also indicates that it is
hematopoietically active. As well, exercise increased the number of these cells: LSK, CFU-GEMM, and
BFU-E in the spleen all increased after exercise training (Figure 3). LSK are cells capable of giving rise
to both myeloid and lymphoid progenitors, CFU-GEMM are capable of giving rise to all myeloid cell
types, and BFU-E are a committed erythroid progenitors. The exercise mediated increase in all types of
committed lineage positive cells is explained by the presence of these multipotent HSPC. Interestingly,
despite the fact that the number of white blood lineage committed cells was increased by exercise, the
immediate progenitor for granulocytes and monocytes, CFU-GM, did not increase (Figure 3). Unlike
pathogenic myeloproliferative disorders, multipotent progenitors for all blood cell types were equally
represented. Lymphoma and leukemia, for example, typically present higher numbers of splenic CFU-

GM progenitors with small increases in other progenitor cell populations (26).

The presence of functional HSPC in the spleen, and the ability of exercise to increase the numbers of
these cells, implies that a splenic hematopoietic niche exists and that exercise is able to influence it.

Without a niche microenvironment providing appropriate signalling, HSPC do not self renew, proliferate,
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or differentiate (11). Unfortunately, unlike the medullary hematopoietic niche, the splenic hematopoietic
niche is poorly understood. Only a handful of studies have focused on the topic. In vitro, several spleen
cell types have been shown to support hematopoiesis in a co-culture environment. Endothelial cell types
in particular have been shown to support maturation of erythrocytes (67) and, when allowed to develop
into more mature tube like structures, support the development of other HSPC (18). Spleen stromal cells
have also been shown to support several types of hematopoiesis (48). In vivo, endothelial cells,
macrophages, dendritic cells, reticular cells, and fibroblasts all have potential to contribute to a splenic
hematopoietic niche (69). Vascular endothelial cells and Tcf21* stromal cells in particular have been
associated with a potential splenic hematopoietic niche; conditional deletion of SCF and SDF1 from these
cell types severely reduces EMH (28). Spleen macrophages, through adhesion with VCAML1, have also

been shown to retain HSPC in the spleen (20).

Using gPCR, the expression of several genes associated with function of the medullary and splenic
niche were measured. CXCR4 and its ligand SDF1 are critical for regulating hematopoietic homing;
SDF1 is released by niche cells and HSPC expressing CXCR4 migrate to its source (36). In the medullary
hematopoietic niche, most HSPC are found in close proximity to SDF1 expressing sinusoidal endothelial
and endosteal cells (59). Exercise was able to increase spleen expression of both SDF1 and CXCR4
(Figure 4). Similar to the liver, where EMH is increased when the liver is made to express SDF1 (44),
increased spleen expression of SDF1 may mobilize HSPC to the spleen and lead to EMH. In a similar
fashion, the Tie2 receptor and its ligand Angl are expressed on both HSPC and cells that make up the
bone marrow niche. Signalling through this axis is responsible for maintaining HSPC quiescence and
maintaining the vascular endothelial niche (68). When either of these genes are conditionally deleted,
HSPC number in bone marrow quickly decreases (3). Here, exercise increased spleen expression of both
Angl and Tie2 (Figure 4). Increased Angl and Tie2 expression in spleen may play a role in building up
the splenic hematopoietic niche and promoting quiescence of HSPC localized to the spleen through

SDF1/CXCR4 homing.
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Given that the medullary hematopoietic niche is built in part on vascular endothelial cells, and that
endothelial cells have been implicated in forming a splenic hematopoietic niche, expression of genes
associated with endothelial cell function and angiogenesis were measured. VEGF and VEGFR2 play
important roles in angiogenesis, stimulating proliferation and migration of endothelial cells (33). As well,
these genes can also aid in HSPC proliferation and survival (25) and stimulate release of SDF1 from
vascular endothelial cells (62). Here, exercise increased spleen expression of both VEGF and VEGFR2
(Figure 5). Exercise may alter the structure of the splenic hematopoietic niche through increased
expression of these genes. Similarly, MMP2 expression was increased in exercised spleens (Figure 5).
MMPs are proteases that facilitate angiogenesis through cleavage of extracellular matrix proteins (70).
Again, exercise increased expression of genes associated with promoting angiogenesis may work towards
developing a more suitable splenic hematopoietic niche. Expression of PECAM was also increased in
exercised spleens (Figure 5). PECAM is expressed on most endothelial cells. PECAM expression on
vascular endothelial cells in bone marrow allows for efficient transition of HSPC between blood and bone
marrow (56). As well, HSPC in the bone marrow vascular niche are found in close association with
PECAM" endothelial cells (34). Similar to VEGF, VEGFR2, and MMP2, exercise induced expression of
spleen PECAM may indicate the build-up, or help facilitate development, of a more functional splenic
vascular hematopoietic niche. Finally, expression of VCAM1 was also increased in exercised spleens
(Figure 5). When VCAML is ablated in mice, HSPC are released from bone marrow and circulating
HSPC are increased (64). Here, exercise may increase retention of HSPC in spleen by way of increased
numbers of VCAM1" macrophages. VCAML is also an endothelial cell marker and, similar to the
endothelial cell associated genes mentioned previously, may indicate a build-up of a splenic endothelial

hematopoietic niche.

Just as HSPC in their niche need appropriate signalling and adhesion molecules, they also require the
presence of many different hematopoietic growth factors. Granulocyte macrophage colony stimulating

factor (GM-CSF) supports the maturation of HSPC leading to white blood cell development (27). Here,
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we show that exercise increases spleen expression of GM-CSF (Figure 6). Spleen expression of IL3, a
cytokine needed to stimulate myeloid lineage development in HSPC (27), is also increased with exercise.
Previous reports demonstrate that certain niche cells must express SCF in order to maintain EMH (28).
While this study did not detect differences in SCF expression between sedentary and exercised mice,
spleen was found to express SCF at detectable levels. HGF has roles in HSPC proliferation (45); exercise
was able to increase its expression in spleen (Figure 6). Expression of PDGF, a growth factor able to
stimulate endothelial cell development and angiogenesis (71), as well as causing stromal cells to release
other hematopoietic growth factors (72), was also increased as a result of exercise. Aside from the
hematopoietic growth factors mentioned, spleen is known to express many others. The observed increases
in spleen HSPC content following exercise, as well as the increases in lineage positive hematopoietic
progenitors, could only have occurred if the spleen were able to express certain hematopoietic growth
factors to support their development. It is likely that exercise increased expression of these factors also

facilitated the higher numbers of HSPC observed in exercised spleens.

Given that exercise increases splenic EMH in mice, several questions remain: why and for what
purpose. Generally, EMH is triggered by hematopoietic stresses or disorders. A host of issues, including
myelofibrosis (1), osteopetrosis (49), anemia (9), pregnancy (23), infection (8), myeloablation (47), blood
loss (28), and myocardial infarction (19), all lead to increase splenic EMH in mice. However, describing a
ten week exercise training program as equivalent to a hematopoietic disorder seems inaccurate. It could
be that the stress of exercise leads to increased splenic EMH as a compensatory mechanism to maintain
blood homeostasis. Certainly, exercise can induce intravascular hemolysis through increased sheer stress
(63), leading to increased erythropoiesis (38), resulting in a pool of younger, more flexible erythrocytes
(39). Yet the magnitude of intravascular hemolysis induced by exercise is in no way equivalent to the
level of bloodletting required to stimulate EMH. One study in humans reports erythrocyte destruction at

2% of the population per day at the start of an exercise training period, quickly decreasing as training
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continued (57). Meanwhile, in mice, blood loss across a two week period cumulatively equivalent to the

total blood volume of the animal is used to stimulate EMH (28).

The perception that EMH is only associated with pathological processes does make sense. When
major blood disorders are present is when EMH is most noticeable. Certainly, splenic EMH can be the
source of a problem rather than a symptom, cases of splenomegaly following myelofibrosis being one
example (55). Yet when EMH is triggered by physiological issues, following blood loss (28) or during
pregnancy (23), it is neither a symptom to be treated nor the root of the issue. As well, the EMH observed
in the current study, where by all common knowledge the exercised animals should have been healthier
than their sedentary counterparts, wasn’t pathological in nature. In these cases EMH might be more
accurately described as an adaptive response; a backup for regular hematopoiesis, helping to alleviate

strain on the hematopoietic system.

Exercise mediated increases in splenic EMH may instead represent a new equilibrium, the carrying
capacity of the hematopoietic system increased as a result of the changes induced by exercise. Certainly,
hematopoietic equilibrium can be depressed, in the example of nephrectomy (29), or stimulated, through
regular hematopoietic growth factor administration (14). Even base physiological variation can result in
individuals with higher or lower red blood cell counts (41). Exercise, resulting in increased hematopoietic
growth factor production, a buildup of medullary and extramedullary hematopoietic niches, and increased
hematopoietic mobilization, may lead to a more robust level of hematopoiesis better able to deal with
hematopoietic stress. Indeed, survival of animals following a grievous hematopoietic insult, lethal
irradiation followed by bone marrow transplantation, is increased by more than three fold in recipients
that were exercise trained (17). In this particular case, whether or not splenic EMH contributed
significantly to increased hematopoietic recovery is unknown. In situations where the spleen is shielded
during irradiation, however, HSPC from the spleen are able to increase the rate of hematopoietic recovery

(24).
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Aside from its traditional role in immunity and blood filtration, the spleen acts as a hematopoietic
organ. Here we show that exercise increases splenic EMH in mice. This occurs devoid of any pathological
blood disorders or extreme hematopoietic stresses. The findings herein may increase understanding of
EMH as an extension of the hematopoietic system rather than a symptom of another issue. Whether or not
exercise may stimulate EMH in human spleen, where baseline levels are much lower than in mice, is
guestionable. Using exercise to strengthen the ability of spleen to deal with hematopoietic stress may
potentially be beneficial. The build-up of a splenic hematopoietic niche preceding myeloablation and
bone marrow transplantation, for example, could give donor HSPC additional microenvironments to

engraft into, facilitating blood reconstitution. Further study is required to answer these questions.

97



Ph.D. Thesis — J.M. Baker; McMaster University — Kinesiology

4.1 —Figure 1

Effect of Exercise on Blood and Spleen CFU
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Figure 1: Total CFU in blood and spleen, from exercised and sedentary mice. Data is presented as CFU

per 10° mononuclear cells input. * indicates p<0.05 within blood, ** indicates p<0.05 between spleen and

blood, and *** indicates p<0.05 from all other measures.
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4.2 — Figure 2

Sedentary and Exercised Lineage Positive Spleen Cells
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Figure 2: Percentage of lineage positive cell types in exercised and sedentary spleen. Mononuclear cells

were taken from spleen and quantified with flow cytometry for each lineage marker. Left to right: Ly6C”

CD11b*, CD45", CD3e", Ter119". * indicates p<0.05.
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4.3 — Figure 3
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Figure 3: Number of hematopoietic stem and progenitor cells in exercised and sedentary spleen. A)

Percentage of LSK from spleen, analyzed with flow cytometry. B) Number of CFU-GEMM colonies per
10° spleen mononuclear cells. C) Number of BFU-E colonies per 106 spleen mononuclear cells. D)

Number of CFU-GM colonies per 106 spleen mononuclear cells. * indicates p<0.05.
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4.4 —Figure 4
Effect of Exercise on Spleen Gene Expression
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Figure 4: Expression analysis of genes associated with hematopoietic stem and progenitor cell homing,

adhesion, and quiescence. Angiopoietin-1, Tie2, SDF1, and CXCR4 expression was measured in

exercised and sedentary spleens. * indicates p<0.05.
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4.5 —Figure 5
Effect of Exercise on Spleen Gene Expression
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Figure 5: Expression analysis of genes associated with angiogenesis and endothelial cell function.

VEGF, VEGFR2, MMP2, PECAM, and VCAML1 expression was measured in exercised and sedentary

spleens. * indicates p<0.05.
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4.6 — Figure 6
Effect of Exercise on Spleen Gene Expression
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Figure 6: Expression analysis of hematopoietic growth factors and other growth factors known to

influence hematopoiesis. GM-CSF, IL3, SCF, PDGF, and HGF expression was measured in exercised

and sedentary spleens. * indicates p<0.05, larger p values are otherwise indicated.
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4.7 — Primers
Primer Sequence
Angl Forward CTCAGTGGCTGCAAAAACTTG
Angl Reverse CAGAATTTCATTTGTCTGTTGGA
Tie2 Forward GTGCTTATTTCTGTGAAGGTCGAG
Tie2 Reverse TCCGTATCCTTATAGCCTGTCCTC
SDF1 Forward CGTGAGGCCAGGGAAGAGT
SDF1 Reverse TGATGAGCATGGTGGGTTGA
CXCR4 Forward CTCGCTATTGTCCACGCCAC
CXCR4 Reverse CCCTGACTGATGTCCCCCTG
GM-CSF Forward ACCACCTATGCGGATTTCAT
GM-CSF Reverse TCATTACGCAGGGACAAAAG
IL3 Forward TACATCTGCGAATGACTCTGC
IL3 Reverse GGCTGAGGTGGTCTAGAGGTT
SCF Forward CTCTCTCTTTCTGTTGCAAC
SCF Reverse GCTTGACTACTCTTCTGGAC
PDGF Forward GGCCACACACCTTCTCTGAT
PDGF Reverse GTGGAGGAGCAGACTGAAGG
HGF Forward CGGGGTAAAGACCTACAGG
HGF Reverse CCCATTGCAGGTCATGC
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VEGF Forward TTACTGCTGTACCTCCACCA

VEGF Reverse ACAGGACGGCTTGAAGATGTA
VEGFR2 Forward GGCGGTGGTGACAGTATCTT

VEGFR2 Reverse TCTCCGGCAAGCTCAAT

MMP2 Forward CTAAGCTCATCGCAGACTCCTGGAATG
MMP2 Reverse GGTTCTCCAGCTTCAGGTAATAAGCAC
PECAM Forward CTGCCAGTCCGAAAATGGAAC

PECAM Reverse CTTCATCCACCGGGGCTATC

VCAM Forward AGTTGGGGATTCGGTTGTTCT

VCAM Reverse CCCCTCATTCCTTACCACCC

GAPDH Forward CATCACCATCTTCCAGGAGC

GAPDH Reverse ATGCCAGTGAGCTTCCCGTC
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Abstract

Aging gradually renders bone marrow hematopoietically inactive. Endurance exercise reverses this
phenotype in young mice; here, we determine the effects in aged animals. Twenty-two month old mice
(n=6) underwent a progressive exercise training protocol. Marrow cellularity increased by 51% in
exercised animals (p<0.05) and marrow CFU, CFU-GM, and CAFC increased by 12%, 71%, and 86%,
respectively (p<0.05). Vertebral cellularity remained unchanged. The mechanical forces associated with

treadmill exercise training may be responsible for these observations.

Key Words: Exercise, marrow, hematopoiesis, bone, mice, cell culture.
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Introduction

Hematopoietic stem and progenitor cells found in marrow proliferate and differentiate in a highly
controlled manner to maintain blood homeostasis. Early in life, marrow is hematopoietically active. With
advancing age, first in the appendicular skeleton and later in the axial skeleton, the marrow cavity fills
with adipocytes and becomes hematopoietically inactive (Matkiewicz and Dziedzic 2012). When blood
cell homeostasis can no longer be maintained, the body is able to reconvert inactive marrow back to
hematopoietically active tissue. In cases of advanced age, damage from radiation or chemotherapy, or in
individuals with conditions such as aplastic anemia, this reconversion is unsuccessful and hematopoiesis

cannot be properly restored (Daldrup-Link et al. 2007).

Osteoblasts, osteogenic cells that line the endosteum and make up the endosteal hematopoietic niche,
positively regulate hematopoiesis. Ablation of osteoblasts leads to a direct decline in bone marrow
cellularity and hematopoietic stem cell (HSC) quantity (Visnjic et al. 2001). Artificially increasing
osteoblast number in the niche leads to direct increases in HSC number (Calvi et al. 2003). Conversely,
adipocytes negatively regulate hematopoiesis. Mice with artificially impaired adipogenesis demonstrate
increased hematopoietic recovery after bone marrow ablation (Naveiras et al. 2009). Adipocytes are
unable to maintain HSC survival and self renewal (Corre et al. 2006). An age-associated shift from
osteogenesis to adipogenesis in marrow thus parallels age associated marrow conversion and loss of

marrow hematopoiesis (Takeshita et al. 2014).

In young animals, exercise training increases marrow cellularity, increases marrow HSC content,
decreases marrow adipogenesis, increases marrow osteogenesis, and increases muscle expression of
hematopoietic cytokines (Baker et al. 2011). However, the direct mechanism(s) by which exercise can
influence hematopoiesis and the hematopoietic niche remain unknown. Skeletal muscle endocrine
signalling may be one possibility. Exercise training has been shown to increase muscle expression of IL-
3, M-CSF, and GM-CSF (Baker et al. 2011). Furthermore, skeletal muscle has been shown to produce

and release EPO following exercise (Baker and Parise 2016). Mechanical forces applied to bones during
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exercise may be another possible mechanism. Mesenchymal stem cells (MSC) in bone marrow can
differentiate into osteoblasts and adipocytes; niche supporting or niche repressing cells. Mechanical
forces both in vitro and in vivo has been shown to inhibit MSC adipogenesis (Li et al. 2015) and enhance
MSC osteogenesis (Yourek et al. 2010), shifting the niche towards a phenotype more supporting of

hematopoiesis.

Here we examined whether exercise training alters bone marrow cellularity in aged animals. Aged
animals were used to determine if exercise can reverse the aging marrow phenotype in appendicular
bones and to assess marrow changes in the axial skeleton, which only occur later in life (Ou-yang and Lu

2015).

Materials and Methods

Animals and Exercise

22 month old male C57BI/6J mice (n=6, Charles River, Framingham, MA, USA; Jackson Laboratory,
Bar Harbor, ME, USA) were exercised for 40 min/d, 3d/week, for 8 weeks on an Exer 6M treadmill
(Columbus Instruments, Columbus, OH, USA) with gradually increasing speeds (Joanisse et al. 2016).
Post-training, mice were euthanized three days after their last bout of exercise to avoid observing acute
exercise effects. A matching set of mice were used as sedentary controls. Mice were housed 3 animals per
cage, provided food and water ad libitum, and kept on a 12 hour light/dark cycle. Ethics approval was
granted by the McMaster University Animal Research Ethics Board and conformed to standards

established by the Canadian Council on Animal Care.

Histology

Humeri and ulna, together, and lumbar vertebrae were fixed (4% formaldehyde in PBS, 3-5 days, at
6.9- 7.2 pH), decalcified in a 10% HCI chelating solution (Richard-Allan Scientific, San Diego, CA,
USA), paraffin embedded, longitudinally sectioned at 4 um, and stained with hematoxylin and eosin

(Sigma-Aldrich, Oakville, ON, Canada). Images were taken with a Nikon 90i using Nikon Elements AR
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4.4 and analyzed with ImageJ using the Fiji package. For analysis, manually counted cell number was
inversely correlated to green pixel value (RSQ>0.95, p<0.05). Using this correlation, overall cellularity

for the entire marrow area was calculated per sample.
Hematopoietic Colony-forming Assays

Femurs and tibiae, together, were flushed with IMDM containing 2% FBS (Sigma-Aldrich, Oakuville,
ON, Canada) to collect bone marrow. Mononuclear cells were isolated using Ficoll Paque PLUS (GE
Healthcare, Burlington, ON, Canada) and were grown in Mouse Methylcellulose Complete Medium
(R&D Systems, Minneapolis, MN, USA). Erythroid (BFU-E), Granulocyte Monocyte (CFU-GM), and
Granulocyte Monocyte Erythroid Megakaryocyte (CFU-GEMM) colonies were scored 12 days later.
Mononuclear cells were also used to measure cobblestone area forming cells (CAFC), scored at 35 days

post plating (van Os et al. 2008).
Statistics

Student’s t-tests and Pearson correlations using SigmaStat 12.0 analysis software (Systat Software,
San Jose, CA, USA) were used to determine differences between groups. CAFC frequency was calculated
using L-Calc (Stem Cell Technologies, Vancouver, BC, Canada). Results are presented as means + SEM

with p<0.05 considered significant.
Results
Exercise increased femur and tibiae marrow colony forming capacity

Previously we demonstrated that in young animals exercise is able to restore bone marrow cellularity
and HSC content (Baker et al. 2011). Here we observe that in aged animals exercise is able to do the
same. In marrow taken from femur and tibiae exercise increased total CFU by 12% (Figure 1A), CFU-
GM by 71% (Figure 1B), and CAFC frequency by 86% (Figure 1E) (p<0.05 for all). Interestingly,

erythrocyte progenitors, BFU-E and CFU-GEMM, did not increase, only white blood cell progenitors.

Exercise increases marrow cellularity in humeri and ulnae, but not vertebrae
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In humeri and ulnae marrow, overall cellularity increased by 51% (Figure 2A) (p<0.05).
Representative images of these bones demonstrate the change in phenotype clearly; a reduction in
adiposity concurrent with an increase in cellularity (Figure 2B and 2C). However, this observation could
only be made in weight bearing bones. There was no increase in cellularity in the vertebrae from aged

exercised animals (Figure 2D). Groups also had similar adipocyte distribution (Figure 2E and 2F).
Discussion

Here we demonstrate that exercise is able to partially ameliorate the phenotype associated with aged
bone marrow, reducing adiposity and increasing cellularity. As well, we demonstrate that these changes
occur only in load bearing bones and occur independently of hematopoietic related endocrine signalling

from skeletal muscle.

The aging marrow phenotype is well documented. In newborns almost all marrow is
hematopoietically active (Muschler et al. 2001). With advancing age, marrow undergoes gradual
increases in adiposity, decreases in cellularity, and decreases in the capacity of HSC to proliferate (Thiele
et al. 2005). Endurance exercise training appears to reverse this trend. Increases in total CFU, CFU-GM,
and CAFC were observed in marrow taken from appendicular bones post training (Figure 1). CAFC
represent a multipotent HSC population (Breems et al. 1994) able to reconstitute the hematopoietic
system. As well, we show decreases in marrow adiposity and concomitant increases in marrow cellularity
following endurance training (Figure 2). In these mice, sedentary marrow appears older than the exercise

trained marrow.

These findings are contrasted by no observed changes in vertebral cellularity (Figure 2D). Loss of
axial marrow cellularity should have been present in these animals as the mice utilized in this study were
near the end of their typical lifespan (Rowlatt et al. 1976), well after vertebral marrow begins losing
cellularity and gaining adiposity. That exercise did not restore vertebral cellularity is curious. This
suggests that the mechanism by which exercise training is able to effect marrow changes is specific in

nature and not a general, body wide stimuli.
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Supporting this idea is the observation that these changes occurred independently of any potential
endocrine signalling from skeletal muscle. Previously, we have demonstrated the ability of skeletal
muscle in young male mice to both express (Baker et al. 2011) and produce (Baker and Parise 2016)
hematopoietic cytokines. Increases in hematopoietic endocrine signalling should affect hematopoietic
tissues throughout the body, including vertebral marrow. When hematopoietic cytokines are added
endogenously, this is certainly the case (Ghielmini et al. 1996). In aged animals, however, it appears that
exercise is not able to upregulate muscle derived hematopoietic endocrine signalling (Figure S1). No
changes in EPO expression could also explain the observation that erythrocyte containing progenitors did

not increase as a result of exercise training (Figure 1C and 1D).

One particular stimulus associated with our model, applying to appendicular but not axial bones are
mechanical forces present during exercise. Mechanical forces are important to the development and
maintenance of the hematopoietic niche as they have a direct impact on the predisposition of stromal cells
to undergo osteogenesis or adipogenesis. Mechanical stress in bone promotes osteogenesis (Burger et al.
1992), regulates osteoblast proliferation (Guo et al. 2016), and induces MSC osteogenic differentiation
(Yourek et al. 2010). Conversely, mechanical stretch inhibits MSC adipogenesis (Li et al. 2015) and
reduces signalling associated with adipogenesis in many cell types (Turner et al. 2008). Limb bone
stresses in running rodents decrease distally to proximally (Biewener 1983) and may not impact the
vertebrae (Bott et al. 2016). If running exercise is unable to generate mechanical stress in the spine, this

could explain why axial marrow cellularity does not increase (Figure 2D).

In conclusion, exercise works towards reversing the bone marrow aging phenotype in old male mice.
Adiposity is reduced and cellularity is increased; the opposite of aging. These changes occur only in load
bearing bones and, as a result, may be due to the mechanical forces associated with exercise. Though this
hypothesis is supported by the literature, more specific experiments are needed in order to directly test

this claim.
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Figure 1: Femur and Tibia Colony Forming Capacity. Colony forming capacity (CFU) and cobblestone

area forming cell (CAFC) frequency was measured for marrow isolated from the femur and tibia of
exercise trained and sedentary aged mice. (A) Total CFU, (B) Granulocyte monocyte CFU, (C) Burst
forming unit erythroid CFU, (D) Granulocyte erythroid monocyte megakaryocyte CFU, and (E) CAFC

frequency. * indicates p < 0.05.

121



Ph.D. Thesis — J.M. Baker; McMaster University — Kinesiology

5.2 —Figure 2
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Figure 2: Marrow Cellularity in Load Bearing and Non-Load Bearing Bones. Comparison in the marrow

cellularity of humerus and ulna (load bearing bones) and vertebrae (non load bearing bones) between

exercise trained and sedentary aged mice. (A) Quantification of marrow cellularity in the humerus and

ulna based on the inverse correlation established between green pixel value and manual cell counts, (B,

C) Representative images of sedentary and exercise trained humerus and ulna marrow, respectively, (D)

Quantification of marrow cellularity in the vertebrae based on the aforementioned correlation, (E, F)

Representative images of sedentary and exercise trained vertebral marrow, respectively. * indicates p <

0.05.
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5.3 — Supplementary Figure 1
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Figure S1: Muscle Hematopoietic Cytokine Gene Expression Profile. Gastrochemius expression of

hematopoietic cytokines between sedentary and exercise aged mice. (A) Erythropoietin, (B) IL3, (C) M-
CSF, and (D) GM-CSF. No significant differences in expression were detected between sedentary and

exercised groups.
Supplementary Methods: Quantitative PCR

RNA was isolated from gastrocnemius muscle (n=3) using TRIzol (Thermo Fisher, Waltham, MA, USA)
and reverse transcribed using a high capacity cDNA reverse transcription kit (AB, Foster City, CA, USA)
with an Eppendorf Mastercycler EP gradient thermal cycler (Eppendorf, Mississauga, ON, Canada).
Reactions were run using SYBR Green gPCR master mix (SABioscience, Toronto, ON, Canada) in an
Eppendorf Realplex2 Master Cycler EP GradientS (Eppendorf, Mississauga, ON, Canada). All samples

were normalized to L32 expression. Relative expression was calculated using the ACT method.
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Chapter 6 — Expanded Discussion

The data presented herein provide additional support for the idea that exercise and skeletal muscle
can play a role in regulating hematopoiesis. Chapter 2 demonstrates that mouse skeletal muscle can
produce EPO and affect changes to erythropoiesis, mediated by exercise induced hypoxia. Chapter 3
shows that acute exercise in humans can mobilize HSC into circulation, that this process is intensity
dependent, that these changes quickly subside following cessation of exercise, and that fitness has no
bearing on level of mobilization. Chapter 4 establishes that exercise training can increase splenic EMH in
mice, greatly increasing spleen HSC content and increasing spleen expression of a myriad of genes
associated with HSC growth, homing, and engraftment. Finally, Chapter 5 provides some evidence for the
hypothesis that mechanical forces transmitted through bones during exercise are responsible for the
changes observed in marrow cellularity following an exercise training regime in mice. Taken together,
these studies suggest that the ability of exercise to influence hematopoiesis is predicated on exercise
mediated changes to hematopoietic growth factor expression and exercise mediated changes to the
hematopoietic niche. As well, that acute exercise induced mobilization of HSC into circulation better

allows HSC to efficiently benefit from these changes.
6.1 — Exercise Secretome

One of the means by which hematopoiesis is regulated is through the availability of
hematopoietic factors. Addition of exogenous hematopoietic factors leads directly to changes in the
hematopoietic system. For example, EPO doping is used by athletes in an attempt to increase red blood
cell content (1), G-CSF can mobilize hematopoietic cells into circulation (2), and IL3 injections can lead
to the expansion of certain blood cell populations (3). Conversely, removal of hematopoietic factors can
have dire consequences for the hematopoietic system. A reduction in erythropoiesis and blood

hemoglobin content when erythropoietin signalling is ablated by nephrectomy is an example of this (4,5).

Exercise may provide a physiological means for altering hematopoietic factor expression levels in

tissues throughout the body. Exercise training has been shown to increase skeletal muscle expression of
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EPO, IL3, M-CSF, and GM-CSF (6). Exercise training has also been shown, here, to increase spleen
expression of a variety of genes associated with hematopoietic proliferation, differentiation, and homing.
Acute exercise has been shown, here, to increase EPO expression in skeletal muscle. Acute exercise has
also been shown to increase spleen expression of SCF and SDF1 (7). As well, many studies have
demonstrated that exercise can increase circulating levels of other factors that influence hematopoiesis. A
dramatic example of this is the 8000 fold increase in circulating IL6 following a marathon run (8).
Skeletal muscle production of myokines other than the ones mentioned above, and the ability of
differentiating skeletal muscle cells to release as many as 188 factors (9), may also play a role in

hematopoietic regulation.

Many of the changes observed in the hematopoietic compartment following exercise training are
likely a result of the changes observed to hematopoietic factor expression following exercise training.
Increased expression of these factors would likely allow for increased HSC proliferation. An unpublished
piece of data provides an example of this, where cell number per CFU in marrow samples was increased
in exercise trained animals when compared to their sedentary counterparts (Figure 1) despite there being
more total CFU in exercised animals (6). Increased IL3 and GM-CSF following exercise training could be
the cause of this, both factors know to increase HSC proliferation (10). As well, increased availability of
these factors could likely lead to some of the other observed changes. Increased HSC content in the spleen
may result from increased HSC homing to the spleen, caused by increase spleen expression of SDF1.
Increased spleen HSC content could also be due to increased spleen expression of factors such as Ang1l.
Increased spleen content of terminally differentiated blood cells may result from increased HSC
differentiation in the spleen, caused by increases in spleen expression of hematopoietic growth factors
such as GM-CSF. Thus, exercise leads to changes in expression of hematopoietic factors, leading to

changes in the regulation of hematopoiesis.
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6.2 — Exercise, Mechanical Stress, and the Endosteal Niche

Another means by which hematopoiesis is regulated is through the state of the hematopoietic
niche microenvironment. Two niche types exist in bone marrow, the endosteal niche and the vascular
niche. In Chapter 5, some evidence is provided for the hypothesis that the mechanical forces associated
with treadmill running in mice are responsible for the observed increases in bone marrow cellularity. In
such a scenario, increases in cellularity would occur as a result of development in the endosteal
hematopoietic niche. Mechanical forces present during exercise would stimulate MSC proliferation and
increase MSC potential for osteogenic differentiation, improving niche status. Some additional pilot data
lends credibility to this argument. CFU-F, colony forming unit fibroblast, is used to enumerate the
number of MSC within a mixed population of marrow cells (11). Mechanical forces of all kinds have
been demonstrated to increase MSC number in culture (12-14). Climbing type exercise has also been
shown to increase number of CFU-F in mice (15,16). Here, we demonstrate that exercise training
increases the number of CFU-F in femur and tibia taken from trained animals when compared to their
sedentary counterparts (Figure 2). Increased CFU-F is suggestive of the presence of mechanical forces in
the bones of trained animals. Unfortunately, no data is available for MSC or CFU-F number in marrow

taken from the vertebrae of trained animals.

In Chapter 5, mechanical forces were not directly measured and were only assumed to exist. That
CFU-F number increased following exercise training, and that vertebral marrow was unaffected by
exercise training, is certainly suggestive of the presence or lack of mechanical forces but is not direct
evidence. To truly prove this argument, mechanical forces would need to be applied to bones in vivo in
lieu of exercise. Models for this type of stimuli are available, vibrating platforms or direct application of
mechanical force are two possibilities. Interestingly, “vibration therapy” in postmenopausal women with
osteoporosis increases bone mineral density (17) and high frequency vibration of bone marrow cultures

increases stromal cell osteogenic potential (18).
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6.3 — Exercise, Hypoxia, Angiogenesis, and the Vascular Niche

Development of the vascular hematopoietic niche would also lead to increases in bone marrow
and spleen HSC content and cellularity. This may occur in a similar manner to capillarization in skeletal
muscle. Exercise training increases skeletal muscle capillarization, increasing muscle capillary density
and capillary to fiber ratio (19,20). This occurs through increases in VEGF (21), generation of nitric oxide
(22), and PGC-1a signalling (23). One hypothesis that explains how this process occurs is that the
stimulus for capillarization is mediated through decreases in muscle oxygen content during exercise
(24,25). Decreases in muscle oxygen content activates HIF1 signalling and increases muscle VEGF
expression, leading to angiogenesis (25). In a manner similar to skeletal muscle, exercise could
temporarily lower oxygen content in bone marrow and spleen. This would provide a stimulus for
increased expression of pro angiogenic factors, leading to endothelial cell proliferation and potential
expansion of the vascular niche. Unfortunately, no studies have measured bone marrow and spleen
oxygen content following exercise. However, intense exercise can decrease blood oxygen saturation (26).
This would imply that the amount of oxygen reaching bone marrow and spleen during exercise would be
decreased. Whether or not exercise mediated decreases in blood oxygen content could lead to
development of hypoxia in bone marrow and spleen significant enough to trigger VEGF expression is
unknown. However, Chapter 4 demonstrates that VEGF expression and the expression of other pro
angiogenic factors in the spleen are increased as a result of exercise training. Determining whether pro
angiogenic factor expression in bone marrow and spleen is increased immediately following acute

exercise would not be difficult to determine.
6.4 — Mobilization Fills the Expanded Niche

Aside from the collection of PBMC grafts for transplantation, the idea that exercise can increase
circulating HSC has other implications. It might be logical to assume that HSC transplant recipients must
first undergo myeloablative conditioning in order to successfully accept and engraft donor HSC. The

reasoning for this is simple: if hematopoietic niche sites are occupied by native HSC, donor HSC will be
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afforded no unoccupied spaces in which to engraft. They will then remain in circulation where they will
eventually differentiate and die. This is because circulating HSC are typically characterized as non-
quiescent cells that are actively engaged in proliferation, only when HSC engraft to a niche can they reach
a state of quiescence (27). However, unconditioned HSC transplant recipients can accept and engraft
donor HSC (28,29). This has been demonstrated across many studies and in a variety of conditions. The
guantity of engraftment remains the debateable issue, not that engraftment occurs. What this means is that
unoccupied niche microenvironments exist naturally (30). These sites are continually emptied through

basal HSC mobilization and then refilled through natural HSC homing.

In this context, the ability of exercise to greatly albeit temporarily increase HSC mobilization is
interesting to consider. As well, the ability of exercise to alter the niche such that it can support more
HSC. Exercise leads to mechanical stress in bone and reduced blood oxygen content. These signals then
lead to changes in MSC and endothelial cells that increase osteogenesis, decrease adipogenesis, and
increase angiogenesis. As discussed previously, changes in marrow osteoblast (31) and endothelial cell
content (32) are directly tied to marrow HSC content. Increasing osteoblast and endothelial cell content
should then lead to increases in available hematopoietic niche space. Simultaneous to these happenings,
acute bouts of exercise temporarily mobilize HSC into circulation. Mobilized out of bone marrow, or at
least out of the endosteal niche, HSC have an increasing likelihood of undergoing self-renewal and
proliferation. After receiving homing signals to return to a niche microenvironment, either as they were or
having had divided, HSC would then find more vacant niche spaces available to fill. This cycle would
continue across the duration of an exercise training program; continual mobilization and reseeding of an

ever expanding niche microenvironment.

Certainly, a cycle such as this could explain increased splenic EMH and HSC content following
exercise training. Especially considering increases in spleen SDF1 expression following exercise training.
HSC previously found in bone marrow would be continuously mobilized by exercise, endlessly surveying

for and eventually locating putative niche structures in the spleen that had been built up by exercise
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training. An additional piece of data left out of Chapter 4, the ability of exercise training to increase total
CFU in the liver of exercised trained animals when compared to their sedentary counterparts (Figure 3),
could also be explained by this. More cells in circulation, concurrent with a stimulus for angiogenesis,
potentially in the liver, through increased muscle and spleen expression of pro angiogenic factors,

eventually leading to homing of HSC to a liver niche site.

6.5 — Exercise, Age, and Hematopoiesis

Hematopoiesis is typically impaired with aging. Early in life, bone marrow is almost entirely
devoid of adipocytes and is hematopoietically active. With advancing age, adipocyte infiltration continues
until 50-70% of the bone marrow volume in healthy adults is fat (33). This trend continues, elderly
marrow contains even more adipose tissue than adult marrow (34). Specifically, the number of osteoblasts
in marrow decrease with aging (35). As well, aging is associated with decreased adaptive immune
function and increased incidence of anemia and other hematological disorders (36). Aging HSC are also
skewed towards myeloid development, are less likely to maintain quiescence (37), and exhibit less
regenerative capacity during transplantation (38). Decreased expression of several hematopoietic factors
as a result of aging, such as SDF1 and SCF, are thought to account for some of these changes (35). As

well, aging is associated with a shift towards a proinflammatory cytokine expression profile (39).

Some of the differences between young and old hematopoiesis mirror the differences observed
between sedentary and exercise trained hematopoiesis. Specifically, when considering the state of the
hematopoietic niche. In young trained animals, MSC differentiation potential shifts towards osteogenesis
and away from adipogenesis (6). As well, marrow CFU-F increases in young exercised animals (15,16).
This is the opposite of aging; decreased marrow CFU-F (40), a decrease in osteoblasts, an increase in
marrow adipogenesis, and an overall increase in marrow adiposity (35,41). Chapter 5 demonstrates that
exercise may reverse the aging marrow phenotype. An unpublished piece of pilot data further supports
this claim, marrow CFU-F in aged sedentary animals is below that of young sedentary animals — as has

been demonstrated in other studies. After exercise training, however, CFU-F in old exercised animals is
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demonstrated to increase when compared to old sedentary animals (Figure 2). This suggests that exercise
training benefits the state of the aged endosteal hematopoietic niche. Training increases the number of
MSC available, and if the trend from young animals holds true, training would increase MSC

osteogenesis, decrease MSC adipogenesis, and reverse the aging marrow phenotype.

Some as yet unpublished findings also demonstrate that acute exercise is able to mobilize
hematopoietic cells into circulation in older individuals just as well as in younger individuals (Figure 4).
Just as in young animals, exercise mediated mobilization of HSC in aged individuals could be beneficial.
Exercise training in aged animals or individuals may increase niche development, leading to more
available niche space, while simultaneously mobilizing HSC into circulation, leading to seeding of newly
formed hematopoietic niche microenvironments. Ultimately, this would lead to more functional
hematopoiesis. That said, mobilization is naturally increased by the process of aging in mice (42) and, as

mentioned above, HSC quality in aged individual does decrease.
6.6 — Is more necessarily better?

Exercise training increases both bone marrow and spleen HSC content. As well, exercise training
increases the basal level of HSC found in blood. However, an exercise trained individual having more
HSC doesn’t necessarily mean that they have better hematopoietic health and function. Twice as many
HSC doesn’t translate into twice as many terminally differentiated blood cells in circulation. Even if it
did, high hematocrit is a predictor of heart failure (43), can be a risk factor for stroke (44), and a risk
factor for venous thromboembolism (45). Certainly, individuals suffering from leukemia or other
myeloproliferative disorders would say that more is not better. Having more is the problem that needs to

be solved by myeloablation and PBMC transplant in those unfortunate individuals.

Yet myeloproliferative disorders and exercise training are fundamentally dissimilar. Obvious
differences aside, one is a direct change to hematopoietic cell function, usually as a result of genetic
mutation, while the other appears to be a change to both the HSC niche and the release of hematopoietic

growth factors throughout the body. While the hematopoietic niche can play a role in sheltering and
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supporting metastasized cancer cells (46,47), descriptions of myeloproliferative disorders resulting solely
from deregulation and massive expansion of the hematopoietic niche have not been made. Though niche
space has been expanded as a result of exercise training, allowing more HSC to fill that space, regulation

of hematopoiesis has not been compromised.

For collection of HSC, more is better. In certain situations, more could also be better. Following
bleeding in mice, HSC in bone marrow and the spleen begin to proliferate and self-renew (48) and EPO
concentrations in circulation rise dramatically in order to begin the process of regenerating lost blood
(49). In an event of massive blood loss, having more HSC available to begin the process of blood
regeneration might be beneficial and serve to increase the rate of recovery. Unfortunately, no data from
such a situation is available. Data correlating HSC number to hematopoietic rate in vivo is also
unavailable, or difficult to find. In terms of the hematopoietic niche, is more necessarily better? In an
event where the HSC niche is damaged, by radiation or chemical exposure, having a larger or more
resilient niche structure in place could serve to protect hematopoiesis. Luckily, data from just such a
situation is available. When exercise trained animals are lethally irradiated and given a bone marrow
transplant, their rate of survival is nearly three times that of their sedentary counterparts (50). Though this
study did not directly assess the state of the bone marrow niche prior to or following irradiation, the
exercise training methodology used in this study was identical to a study that demonstrated improvements
in the bone marrow niche following exercise (6). As well, exercise training has been observed to confer

radioprotective effects to bone marrow cells in mice (51)
6.7 — Acute Exercise vs Exercise Training

Acute exercise temporarily increases skeletal muscle expression of EPO. As well, acute exercise
temporarily increases numbers of circulating HSC. Exercise training, on the other hand, permanently
increases skeletal muscle expression of EPO — at least until time of sacrifice (6). As well, exercise
training permanently increases numbers of circulating HSC — again, at least until time of sacrifice. It

would seem that while one bout of exercise can exert a temporary change, that change becomes
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permanent following multiple bouts of exercise across the course of several months. At least for the two
observations mentioned and so long as exercise is continued. It could be that epigenetic modifications of
the tissues involved in these processes are responsible for this phenomenon. After all, despite their vastly
different capabilities and functions, HSC and terminally differentiated blood cells have the same genome.
The only differences between these cell types are regulation of gene expression through epigenetic
modification (52). Skeletal muscle is also regulated by epigenetic mechanisms (53). As well, exercise
training leads to epigenetic modification of skeletal muscle (54). Acute exercise is also able to remodel
promoter methylation, inducing hypomethylation in several genes known to increase in expression post
exercise (55). In regards to EPO expression, repeated bouts of exercise may slowly but surely decrease
EPO promoter methylation in skeletal muscle. This could eventually lead to the constitutively increased
EPO expression observed following exercise training. Supporting this idea is the observation that EPO

expression is known to be regulated through epigenetic modification (56).

6.8 — Loss of Exercise Adaptations

Mobilization following acute exercise is transient and decreases within minutes following
cessation of activity. As well, skeletal muscle HIF 1a content, HIF2a content, and level of EPO expression
quickly falls in the minutes following acute exercise (author’s unpublished observation). In terms of
exercise training, no data is available on the length of time needed for the changes observed in the
hematopoietic compartment to return to untrained levels. All measurements made in the included exercise
training studies were taken two or three days following the last bout of exercise. This means that the
observations recorded do not reflect temporary effects of exercise. Given enough time, however, it should
be expected that exercise training induced changes to the hematopoietic compartment would return to a

natural state. How long this would take is unknown.

In a loosely similar situation, marrow quickly returns to its initial state. Following evacuation of
marrow cavities entirely filled with fat through surgical means, marrow regeneration quickly begins (57).

Four weeks after evacuation, MSC and endothelial cells develop and regenerate a niche structure.
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Hematopoiesis can be observed at this stage. By six weeks, development of adipocytes can be observed.
By six months, the marrow cavity is restored to its initial adipose filled state (57). In a similar study, the
results are the same. A niche like structure is regenerated and hematopoiesis can be observed, but soon
after the tissue is restored to its pre evacuation state (58). What this suggests is that there is a natural

baseline that hematopoiesis will return to following cessation of stimuli.

How this state is decided upon, and what signals are required for it to be established, is entirely
unknown. In the case of exercise training, ceasing activity would result in a decrease in hematopoietic
factor expression, a decrease in mechanical stress felt in bone, a normalization of blood oxygen content,
and a return to baseline levels of HSC mobilization. If the presence of these stimuli causes a change in
one direction, the loss of these stimuli could certainly mean a change in the opposite direction. Again, the

amount of time this would take is unknown. Fortunately, determining this would not be very difficult.
6.9 — Study Limitations

Both animals and humans were used as tissue sources in the included studies. This is a direct
result of tissue availability. Measuring the effect of acute exercise on mobilization of HSC in mice is
exceedingly difficult, given that only a small amount of blood can be collected. Collecting vertebral
marrow aspirates from elderly humans is also very challenging. This leads to results being compared
between mice and humans; in some situations, this may not necessarily be appropriate. The spleen, for
example, is always hematopoietically active in mice (59). In humans, this is not the case — unless
hematopoiesis in the marrow cavity becomes impaired (60). Still, having both animal and human data is
important. With a precedent established, human studies will be easier to justify. For example, a study
examining bone marrow content in humans following exercise, through use of MR imaging, will be much

easier to develop.

As well, when referring to hematopoietic growth factors, the word ‘expression’ is used here
interchangeably to mean transcription, translation, and release of these factors from the cell. In some

cases, as with the EPO ELISA demonstrating that skeletal muscle cells subjected to hypoxia release EPO,
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this is not an issue. In many other cases, however, no evidence is available to show that increased
expression of a hematopoietic factor leads to increased translation of that same factor, let alone release of
that factor from the tissue it is expressed in. Even so, increased levels of transcription are suggestive of
increased levels of translation. As well, having the expression data available gives good reason to
continue on and use ELISAs and antibodies to profile tissue concentration of these hematopoietic

associated factors.

Finally, it could be considered a limitation that the included studies did not directly build on one
another. However, as the ability of exercise to influence hematopoiesis is a largely unstudied concept,
working towards a better understanding of the subject requires a broad approach rather than a focused
one. Little background knowledge exists to provide specific direction. Broader reaching observations,
including basic physiological measures, are needed before specific questions can be delicately answered.
Here, that goal is achieved. With a broader understanding of the fundamentals, future studies examining
specifics, such as the ability of mechanical forces to change the shape of the endosteal niche, are now

more easily justifiable.
6.10 — Conclusions

This thesis provides further support to the idea that exercise can alter hematopoiesis. Previous to
this, it was known that exercise training can affect changes in the bone marrow cavity that result in
increased HSC content. As well, that acute exercise could mobilize HSC. Now, we have expanded our
understanding. Firstly, we demonstrate that exercise can directly lead to skeletal muscle production of
EPO through hypoxia. In addition, cells from skeletal muscle can directly stimulate erythropoiesis.
Secondly, we demonstrate that mobilization of HSC following acute exercise is intensity dependent. Too
light of an intensity does not increase mobilization; as well, demonstrated from a yet unpublished piece of
data, too heavy of an intensity does not increase mobilization (Figure 5). In addition, we demonstrate that
prior fitness levels have no impact on mobilization and that numbers of circulating HSC quickly fall post

exercise. Thirdly, we demonstrate that exercise training increases splenic EMH. This change is likely due
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to increased spleen expression of hematopoietic factors and the development of vascular like endothelial
cell niche in spleen. Finally, we provide further evidence for the hypothesis that mechanical forces felt
during exercise are strongly implicated in the training induced changes to the bone marrow niche. Yes,
many ifs, ands, and maybes still remain when examining the results of the included studies. In general
though, a better understanding of the means by which exercise is able to induce these changes has been

achieved.
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6.11 — Figure 1
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Figure 1: Cells per Colony Forming Unit. Young mice were exercise trained. Mononuclear cells
were isolated from femur and tibia bone marrow. Cells were plated into Mouse Methylcellulose
Complete Medium. Total colonies were scored (Sedentary 204 vs Exercise 312, p<0.05). Afterwards,
methylcellulose media was removed, washed, and filtered. Progeny cells were pelleted and counted.

Exercise colonies contained more cells per colony than sedentary colonies. * indicates p<0.05.
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6.12 — Figure 2
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10
*
8 -
72}
T p=0.062
LOO 6
o
= T
()]
o
Y4 -
D
L
QO _
KB
2 :
@'@'@'
o KHRRX
K X o@@@*
K RHRKX
0 - i
Young Sedentary Old Sedentary Old Exercise

Figure 2: Colony forming unit fibroblast counts in young sedentary, old sedentary, and old exercise
trained animals. Femur and tibia, cleaned of muscle and connective tissue, and flushed free of bone
marrow, were crushed and digested with collagenase and dispase. Resultant cells were washed,
filtered, and counted. Cells were plated, left to incubate for 1 day, and then plates were washed free
of unattached cells. Cells were then left to grow for 14 days. Plates were then stained with crystal

violet and counted. Only colonies containing more than 30 cells were counted. * indicates p<0.05.
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6.13 — Figure 3
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Figure 3: Total CFU in liver of young sedentary and exercise trained animals. Mononuclear cells
were isolated from the right lobe of the liver in mice. Cells were plated into Mouse Methylcellulose

Complete Medium. Total colonies were scored. * indicates p<0.05.
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6.14 — Figure 4
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Figure 4: Comparison of mobilization, pre exercise to immediately post exercise, at 70% WR .« to
failure for young (average 21 years old) and old (average 70 years old) subjects. Blood was collected
at the indicated time points. Mononuclear cells were isolated from blood and counted. * indicates

p<0.05 between pre and post exercise.
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6.15 — Figure 5
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Figure 5: Fold change increase in mononuclear cell number pre exercise to immediately post
exercise in young subjects. 70% WR .« Was to failure, 30% WR. Was work matched to the 70%
WRmax condition, and a typical HIIT protocol was used. Blood was collected at the indicated time

points. Mononuclear cells were isolated from blood and counted. * indicates p<0.05.
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