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Abstract

Myositis, a rare idiopathic inflammatory myopathy (IIM), is characterized by skeletal
muscle wasting and weakness. While autoimmune-mediated, the etiology is largely unknown.
The focus of this thesis was to assess a modified version of a model commonly used in the
literature, known as experimental autoimmune myositis. We assessed the progression of this
model over time in the gastrocnemius and soleus muscles, to explore muscle specific changes in
the immune response. Our findings reveal changes to ROS production in muscle macrophages,
as well alterations in the expression of inflammatory related genes. However, the modified
model, with the absence of pertussis toxin, does not replicate the strong disease phenotype
observed in traditional EAM models. This allows us to question the extent to which pertussis
toxin induces a myositis phenotype as opposed to systemic inflammation. Ultimately, there is a

need to develop a comprehensive model of myositis that accurately mimics the human condition.
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Chapter 1: Introduction

Mpyositis is a rare autoimmune disease, affecting between 14-17 per 100 000 people yearly in
the United States'. With this disease, the immune system targets muscles, resulting in muscle
weakness and fatigue?. Currently, there is no specific cause of myositis, but it is believed to arise
following environmental triggers to the immune system. There are multiple known subcategories
of myositis. The most widely known forms of myositis include polymyositis, dermatomyositis,
inclusion body myositis, and immune mediated necrotizing myopathy. While the different forms
of myositis present with largely similar symptoms, dermatomyositis is characterized by skin
rashes or subcutaneous calcifications?.

The immune system plays a large role in modulating disease. In myositis, many reports have
found immune cell infiltration surrounding muscle fibers at the cellular level, implicating
autoimmunity in the etiology of the disease. The presence of a variety of immune cells have been
involved in the progression of myositis, including T and B lymphocytes, Natural Killer (NK)
cells, macrophages, and more. In specific, macrophages play a large role in mediating an
effective immune response. They are specialized immune cells that can recognize and
phagocytose foreign pathogens in the body. Macrophages exhibit many cellular changes in
response to pathogen recognition. Previous experiments have shown that one of these changes
include an increase in mitochondrial reactive oxygen species (ROS) production®. Changes to
macrophage ROS levels may play a crucial role in the immune response as downstream targets
of ROS include the activation of various immune pathways?>.

The goal of this research is to modify a previously established mouse model of myositis,
known as experimental autoimmune myositis (EAM)* The EAM model is widely used by

researchers, but it is not understood whether this model accurately reproduces the disease



phenotype. Currently, this model is induced by administering myosin protein combined with an
adjuvant and pertussis toxin to mediate an immune response. However, the pertussis toxin may
result in an overactive response, preventing us from studying the model over time>. Research
done by Suzuki et al. (2005), showed that the EAM model can be induced without the use of the
pertussis toxin'®. However, this group used the SJL/J strain of mice, which express a dysferlin-
deficiency and are susceptible to developing spontaneous myopathies®. Resultantly, we wanted
to assess the robustness of the EAM model by evaluating whether it is inducible in wildtype
mice, in the absence of pertussis toxin.

This model was assessed by determining changes to muscle-specific atrophy, weakness, and
autoimmunity, through a time dependent model. In addition to this, macrophage characteristics
were also assessed to elucidate any changes that may occur with the immune response over time.
This included the identification of various immune cells and evaluating changes in macrophage
mitochondrial (ROS) production and cellular oxidative stress. Ultimately, understanding the
cellular mechanisms behind the EAM model can lead to a better understanding of how the

human condition may be accurately modeled.



Chapter 2: Literature Review

2.1 Introduction to Myositis

2.1.1 Overview of Myositis and Subtypes

Myositis is an autoimmune mediated disease targeting muscle in the body and is commonly
characterized as an idiopathic inflammatory myopathy (IIM). This rare disease most commonly
presents as muscle weakness and fatigue in older populations, and primarily affects females. The
reported annual prevalence of [IMs in the United States in 2012 was estimated at 14-17 per 100
000 people!. Currently, the exact mechanisms by which this disease develops is largely
unknown. However, it is thought to be believed there may be multiple environmental or various
other triggers that may prime the immune system to target the muscles, leading to inflammation.
As such, patients are commonly prescribed with general corticosteroids or immunosuppressants
to reduce inflammation, which may lead to adverse effects’.

There are multiple subgroups of myositis, all of which are characterized as idiopathic
inflammatory myopathies (IIMs). These include polymyositis (PM), inclusion body myositis
(IBM), dermatomyositis (DM), and immune mediated necrotizing myopathy (IMNM)?. The
different subtypes of myositis often present with similar symptoms of proximal muscle
weakness. Commonly, in PM and DM, patients begin to experience muscle weakness and/or pain
in the muscles of the arms and legs, which develops into a chronic condition. DM can be
differentiated from PM through the presence of skin lesions or rashes, which are hallmark
features of the subtype. IBM is often characterized by asymmetric muscle weakness, and
commonly affects muscles involved in finger and ankle flexion®. Dysphagia, or difficult
swallowing, is also common in IBM patients’. In addition to these physical manifestations of the

disease subtypes, diagnosis requires further measures.



2.1.2 Clinical Manifestations and Diagnosis

As mentioned above, the different myositis subgroups exhibit similar symptoms of limb
muscle weakness. Thus, an accurate diagnosis requires histological assessments of the muscle
tissue and an antibody titer of myositis specific and/or myositis associated autoantibodies.
Common symptoms observed in patients that lead to diagnosis include elevated serum levels of
muscle enzymes (creatine kinase), and muscle histopathology such as the appearance of rimmed
vacuoles and altered mitochondrial morphology!. In patients with DM, changes such as rashes,
skin ulcers, and calcifications are also observed. These rashes are often characterized as a
heliotrope rash (reddish rash covering the eyelids), gottron’s papules (rash/bumps over the back
of the knuckles), and/or hyperkeratosis in the hands'!. IBM is characterized by elevated protein
aggregates, consisting of amyloid precursor protein, f-amyloid, and other proteins. These protein
aggregations are similar to those observed in Alzheimer’s disease!?. Additionally, myositis
patients may present symptoms in addition to other conditions. Interstitial lung disease is often
diagnosed in patients with PM or DM!3. The presence of myositis specific autoantibodies in
patient serum are also used to characterize specific subgroups to ensure an accurate diagnosis.
While there are multiple autoantibodies that overlap between myositis subgroups, the most
commonly found antibody in both PM and DM is anti-histidyl tRNA synthetase (Anti-Jol).
Additionally, the anti-signal recognition particle (SRP) antibody has been found to be specific to
PM and IMNM patients, while Anti-Mi2 is specific to DM patients, and is associated with the
presence of skin conditions!*. In IMNM, the presence of Anti-SRP and/or anti-hydroxy-3-
methylglutaryl-CoA reductase (anti-HMGCR) are associated with severe muscle weakness'>.
While these myopathies can be difficult to diagnose, using a range of assessments at various

whole body and cellular levels can provide an accurate diagnosis for patients.



2.1.3 Experimental Autoimmune Myositis

While multiple models of myositis are being used by researchers, the experimental
autoimmune myositis (EAM) model is one of the most widely used murine models of myositis.
Briefly, the induction of this model involves multiple weekly injections of a foreign myosin
protein (e.g. rabbit), which acts as an antigen, along with an adjuvant to stimulate an immune
response against the antigen. The adjuvant used most often is Freund’s complete adjuvant
(CFA), which contains mycobacteria'®. Other adjuvants tested in this model have included Alum
and CpG, which were not successful in the induction of EAM!”. Researchers using this model
often use the SJIL/J or BALB/c strain of mice. The SJL/J strain presents with a dysferlinopathy,
which leads to spontaneous muscle weakness’. Dysferlin is a sarcolemmal protein which plays a
role in membrane repair and stability following damage’. With this strain, EAM induction is
likely to occur as the mice are more prone to myopathy'®. On the other hand, BALB/c mice are a
wildtype strain and do not normally develop any spontaneous myopathy without an intervention.
Currently in the literature, researchers that have utilized this strain of mice include an injection of
pertussis toxin in conjunction with the myosin and adjuvant to allow for a stronger immune
response to occur'’. Pertussis toxin is an exotoxin secreted by Bordatella pertussis. As it’s
mechanism of action, this toxin can inhibit the a subunit of G proteins, leading to downstream
disruptions in G protein coupled signalling, as well as increased cyclic adenosine
monophosphate (cAMP) signalling. These alterations to cell signalling processes have been
associated with increased activation of immune cells, as well as increased cytokine production
for a stronger immune response®. As a result, using pertussis toxin as an adjuvant can create a
stronger reaction against the foreign myosin protein and lead to muscle weakness. However,

there is a gap in the literature that delineates the induction of EAM from a whole-body immune



response to the strong adjuvants/toxins that are used. Previous research assessing this model
hypothesized animal death during observation to be a result of multiple organ failure derived
from exposure to strong toxins at multiple time points'®. In order to accurately replicate the
human myositis condition, a suitable model that does not require the use of extreme toxins
should be developed. Additionally, no research to our knowledge exists that involves the
induction of this model without requiring continuous immunizations in a wildtype mouse strain
to maintain the phenotype.

2.1.4 C-protein Induced Myositis

C-protein induced myositis (CIM) is another model used to replicate the human condition in
a murine model. This model involves the introduction of ¢ protein, a myosin-binding protein
found in muscle tissue, with CFA and pertussis toxin'®. While this model does not require
repeated immunizations, previous research has been unable to show the induction of CIM
without the use of both CFA and pertussis toxin?. For this reason, this model is similar to the
EAM model.

A modified model of CIM has also been used to induce myositis in mice. This model is
characterized by the injection of bone marrow derived dendritic cells (BMDCs) pulsed with a c
protein fragment peptide (as opposed to larger c protein fragments), alongside CFA, to induce a
response. In this model, the myositis phenotype, characterized by immune cell infiltration around
muscle fibers, was induced 7 days after the transfer of cells. This model has shown to be
extremely transient, as the myositis phenotype disappears after the first 14 days following
disease induction?!. Thus, continuous immunizations are required to maintain and study the

disease phenotype.



2.2 Overview of Mechanisms of Autoimmunity

2.2.1 Introduction to the Immune System

The immune system is often characterized as a two-armed response to a stressor — the innate
and adaptive responses. The innate immune response may begin to act within hours or days of an
immune attack, whereas the adaptive response may take up to 1-2 weeks?2. Generally, the innate
immune system is the first to respond to pathogens and exerts a broad response. The adaptive
response, on the other hand, generates a more robust, antigen specific response to target the
invading pathogen(s). Adaptive immunity is characterized by the activation of lymphocytes (T
cells and B cells) in response to the stressor??. Beyond anatomic barriers such as epithelial layers,
the primary cells involved in the innate immune response include granulocytes (such as
basophils and eosinophils) as well as phagocytic cells (such as dendritic cells and
monocytes/macrophages)?®. Inflammatory cytokines also accumulate at areas of invasion to
positively regulate the activation and recruitment of other immune cells?*. Innate immune cells
are also involved in the activation of the adaptive immune response, as shown in Figure 1 below.
Specifically, dendritic cells and macrophages (innate immune cells) possess the ability to
phagocytose the foreign pathogen and present it to T cells as part of lymphocyte activation®?.
Macrophages can also mediate a spectrum of responses, depending on the subtype, which is
further discussed in the following section. Upon activation, T cells may be involved in two
distinct mechanisms. T helper cells (Tx cells) aid in further mediating the immune response by
producing cytokines to promote the activation of various other immune cells. On the other hand,
cytotoxic T cells can induce apoptosis of foreign cells®*. T cell responses also involve further
activation of macrophages through the production and release of specific interferons??. Thus, the

two branches of the immune system have interconnected roles in order to mediate an effective



response. The other major cell type involved in the adaptive immune response are B
lymphocytes, which can be activated by T cells. The primary role of B cells is to mediate the
humoral response by producing antibodies that are specific to the antigen invading the body?*.
This specific response allows for a more robust attack against the invading pathogen and
provides ‘memory’ for future attacks from the same pathogen.
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Figure 1: Overview of the two branches of the immune response.

A simplified overview of the events following pathogen (in red) detection. A broad
categorization of cells involved in the innate and adaptive responses are shown. Created using

Biorender, 2023.

2.2.2 Macrophage Biology

Macrophages are known to play a crucial role in both innate and adaptive immunity. They

primarily use phagocytosis to remove foreign antigens®®. Macrophages mediate their responses



following activation, which may include signals produced by other innate immune cells during
the primary response to an antigen?®. Common myeloid progenitor cells can form monocytes,
which then differentiate into mature macrophages in response to pathogens?’. Classically,
macrophages are characterized according to their response. While more complex subgroups are
now being studied, the most common form of classification includes the M1 and M2 macrophage
subtypes. During an immune response, macrophages may exhibit a range of functional subtypes,
between the pro and anti-inflammatory extremes?®.

In terms of the simplified M1/M2 dichotomy, macrophage polarization will direct the
response that is observed. Generally, M1 macrophages are associated with pro-inflammatory
responses, whereas M2 macrophages exhibit an anti-inflammatory response. The metabolic
changes involved in the process of macrophage polarization are discussed in more detail in
section 2.4. M1 macrophages are referred to as classically activated, while M2 macrophages are
alternatively activated. Classical activation is mediated by IFN-y, which is a cytokine produced
by immune cells, such as T helper (Tn1) cells. Following binding of IFN-y to its receptor on
macrophage cell membranes, downstream transcription factors are activated, leading to the
transcription of genes involved in mediating a pro-inflammatory immune response, such as
cytokines and phagocytic receptors?®. Alternative activation occurs following the binding of IL-4
or IL-13, produced by Tx2 cells or other innate immune cells, to the macrophage IL-4Ral and
IL-13Ral receptors, respectively. Again, downstream cellular pathways are activated, to
promote the upregulation of genes involved in anti-inflammatory responses and tissue repair>’.
Differences between M1 and M2 macrophages include the production of various
factors/cytokines as well as surface receptor expression®'. While F480 is used as a general

macrophage marker, M1 and M2 subtypes express different receptors following polarization.



Additionally, M1 macrophages often produce pro-inflammatory factors as part of their response,
such as IL-6 and IL-1B3!. On the other hand, M2 macrophages express increased IL-10, and
TGF-B (among others), to aid in tissue repair and healing®2.

2.2.3 Muscle Resident Macrophages

Tissue specific macrophages play important roles in mediating location dependent immune
responses. In many tissues, macrophages have adapted to perform functions specific to that
location. Muscle resident macrophages are involved in the repair of muscle tissue following
injury and exercise in order to maintain tissue homeostasis®}. At different stages during tissue
repair, macrophages can exhibit varied levels of polarization to aid in their response. During
resting states, resident muscle macrophages have shown to be polarized more towards the anti-
inflammatory, or M2-like state. This was marked by the presence of CD206, a receptor specific
to M2-like macrophages*. Research conducted by Krasniewski et al. (2022) assessed
macrophage subpopulations in skeletal muscle tissue. These subpopulations contained markers
associated with a variety of both pro and anti-inflammatory functions, such as proliferation,
repair, and a range of phagocytic activity. They also reported increases in pro-inflammatory
macrophage markers in aged skeletal muscle, further supporting the heterogeneity and plasticity
of macrophages**.

However, dysregulation of immune signaling and macrophage function may lead to a
diseased state. Research in the field of muscular dystrophies has shown that both pro- and anti-
inflammatory macrophages are elevated in muscle tissue, which may be contributing to
exaggerated inflammation and increased fibrosis*. In human myositis muscle, the presence of
both pro- and anti-inflammatory macrophages has also been characterized*®. Additionally,

increases in inducible nitric oxide synthase (iNOS) have been reported®. iNOS is associated with
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increases in nitric oxide (NO) production, which aids in the pro-inflammatory response by
promoting vasodilation for movement of immune cells and the production of inflammatory
mediators®’. The expression of TGF-B, an anti-inflammatory mediator, in areas of severe
immune infiltration and muscle damage has also been reported®¢. This may be a result of a
compensatory mechanism in attempt to reduce damage sustained by pro-inflammatory responses.
These dysregulated responses may be leading to the disease phenotype observed in myositis and

may vary according to the type of inflammatory myopathy observed.

2.3 Overview of Mitochondrial Respiration and ROS production

2.3.1 Overview of Mitochondrial Respiration

The mitochondrion, often referred to as the energy powerhouse of the cell, plays a crucial
role in cellular metabolism. Mitochondrial structure consists of two membranes, referred to as
the inner mitochondrial membrane (IMM) and outer mitochondrial membrane (OMM), between
which exists the intermembrane space (IMS). Energy carried in the form of adenosine
triphosphate (ATP) is used by cells in various physiological cascades required for cellular
function. Briefly, this process begins with the consumption of sugars, or carbohydrates, that are
converted into pyruvate molecules through glycolysis in the cell cytoplasm?®. Glycolysis also
provides metabolic intermediates for a parallel pathway, known as the pentose phosphate
pathway (PPP). This pathway is used to produce electron carriers and amino acid precursors, that
will be used by the cell to meet physiological demands?®. The pyruvate molecules produced
through glycolysis are shuttled into the inner mitochondrial matrix, where they are converted to
acetyl-coA, by the pyruvate dehydrogenase complex, linking glycolysis to the next step. Acetyl-

coA will flux through the tricarboxylic acid (TCA) cycle, during which nicotinamide adenine
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dinucleotide (NAD") and flavin adenine dinucleotide (FADH) are reduced, producing carbon
dioxide (COy) in the process. These electron carriers, known as NADH and FADH, supply the
electron transport chain (ETC) with electrons, which ultimately relies on the movement of
electrons through four complexes and the generation of a proton gradient, to produce ATP
through the phosphorylation of adenosine diphosphate (ADP), as shown in Figure 2. Oxygen
(O2) is consumed in this process; thus, it is referred to as oxidative phosphorylation®® and will be
described in more detail in the next section. The processes of both glycolysis and the ETC
catalyze the conversion of ADP to ATP. One molecule of glucose generates two molecules of
ATP through glycolysis, while the ETC may generate 30-32 molecules of ATP. While the ETC
provides cells with more molecules of ATP, the process of glycolysis can lead to the production
of more metabolic intermediates and precursors for protein synthesis?®. The physiological
relevance of these processes in states of disease is important in assessing the role of
mitochondrial dysfunction.

2.3.2 Electron Transport Chain

Embedded within the IMM, the ETC provides the most crucial process for oxidative
phosphorylation and ATP production®®. Electrons donated through NADH and FADH, carriers
move through four complexes, known as NADH-ubiquinone oxidoreductase (complex 1),
succinate dehydrogenase (complex II), cytochrome bei complex (complex III), and cytochrome ¢
oxidase (complex IV), which precede phosphorylation of ADP at ATP synthase (complex V), as
represented in Figure 2. Complex II also plays a role in the tricarboxylic acid (TCA) cycle, as it
mediates the conversion of succinate to fumarate during step 6 of the cycle (Figure 4). The
transfer of electrons through complexes I-IV via transfer carriers known as ubiquinone and

cytochrome c, drives the movement of protons (H") from the inner mitochondrial matrix into the
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intermembrane space, generating a strong electrochemical gradient. The movement of electrons

is coupled with the movement of protons. Each successive protein complex exhibits increasing

affinity for electrons, allowing them to be pulled forward sequentially through the ETC. At

complex IV, the electrons are donated to O2, also known as the final, highest affinity electron

acceptor, generating H>O in the process®. The proton gradient is dissipated when protons return

to the matrix by moving through ATP synthase, allowing the complex to catalyze the

phosphorylation of ADP using inorganic phosphate (P;), to ATP, for the cell to use as energy*’.
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Figure 2: Overview of mitochondrial respiration.
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The processes involved in mitochondrial respiration are shown in cytosolic and mitochondrial
compartments. The electron transport chain is enlarged to depict the details that are involved.
Created using Biorender, 2023.PPP: Pentose Phosphate Pathway; TCA Cycle: Tricarboxylic

Acid Cycle; CoQ: Coenzyme Q; Cyt C: Cytochrome C.
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2.3.3 ROS Generation and Cellular Defenses

The electron transport chain requires the movement of electrons to power ATP production.
However, if electrons are unable to move forward, they can be transferred prematurely to O,
generating O>*" (ROS-superoxide)*, a phenomenon known as electron slip. Cells have adapted to
develop mechanisms to protect themselves against excess oxidative stress/damage, to a certain
extent. Superoxide dismutase (SOD) has the ability to reduce mitochondrial superoxide to
hydrogen peroxide (H20.), which can diffuse out of the mitochondria. In the cell cytoplasm,
catalase can then convert H>Oz into H>O, to neutralize ROS*!. Cells also use antioxidant systems
to limit excess ROS accumulation. One of these includes the glutathione (GSH) system**. This
process is represented in Figure 3 below. Structurally, glutathione is a tripeptide, composed of
glutamic acid, cysteine, and glycine. Glutathione contains a thiol (S-H) group, in the form of the
cysteine residue. Upon oxidation, two oxidized glutathione molecules will form a disulfide bond,
to create GSSG*. In response to oxidative stress, glutathione peroxidase (GPx) uses GSH to
neutralize H>O; into H>O, forming GSSG in the process. The ratio of reduced (GSH) to oxidized
(GSSG) glutathione is crucial in maintaining homeostasis. Under resting conditions, mammalian
cells usually express a GSH:GSSG ratio of 100:10, which may decrease to 10:1 during periods of
oxidative stress**. Cells can regenerate GSH using gluthathione reductase (GR), which uses
NADPH to mediate the conversion of GSSG to GSH*?. Other antioxidant systems include the
thioredoxin and peroxiredoxin systems, which employ similar mechanisms as the glutathione

system to neutralize ROS*!.
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The relationship between oxidation and reduction of glutathione through the actions of
glutathione peroxidase (GPx) and glutathione reductase (GR) are shown. This system aids in
neutralizing excess levels of hydrogen peroxide (H20:). Created using Biorender, 2023.

2.4 Immunometabolic Regulation of Macrophages

2.4.1 Changes to Macrophage Mitochondrial Metabolism

During the process of immune cell activation, macrophages have been shown to use
metabolic shifts to mediate responses and aid in polarization*. As described earlier, macrophage
polarization is often characterized by a shift on the spectrum of anti- or pro-inflammatory
phenotypes, the degree to which can vary. This polarization involves the expression of different
metabolic and inflammatory mediators to maintain their respective functions. M1, or pro-
inflammatory macrophages, have been shown to rely on glycolysis as their primary source of
energy. M2 (anti-inflammatory) macrophages, on the other hand, shift toward increased
(OXPHOS)*®. The process of this metabolic shift, or, glycolytic switch, involves alterations in
the expression of genes involved in metabolism. This change has been well characterized in
cancer cells and is referred to as the Warburg Effect*®. In macrophages, similar metabolic
alterations are also observed. Glycolytic shifts and increased glucose uptake have been

implicated in mediating a pro-inflammatory immune response and are associated with increased
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expression of inflammatory cytokines and mediators*’. Shifting towards glycolytic flux and
increased use of the pentose phosphate pathway might help meet cellular demands for
proliferation and function by providing metabolites required for these processes. For instance,
increased glycolysis can increase the use of the PPP, which can replenish NADPH required for
mediating an immune response using NADPH oxidases (further discussed in the next section). In
response to activation stimuli, M1 macrophages experience an interrupted TCA cycle, resulting
in the accumulation of metabolic intermediates, shown in Figure 4 below. These include citrate,
succinate, and itaconate®®. These intermediates have a role in mediating downstream changes that
further encourage a glycolytic reliant environment. Briefly, accumulation of citrate has the
potential to promote production of reactive oxygen species (ROS)*. Citrate is moved into the
cell cytoplasm through the mitochondrial citrate carrier (CIC), the expression of which has also
shown to be upregulated in pro-inflammatory responses®. Cytosolic citrate can be converted into
acetyl-CoA and oxaloacetate, which plays a role in downstream production of ROS and
inflammatory mediators. Increased itaconate has shown to inhibit the ETC complex SDH by
competitively blocking the enzyme’s active site’!. Normally, SDH oxidizes succinate into
fumarate as part of the TCA cycle?®. Inhibition of SDH results in increased levels of succinate.
Elevated succinate, in conjunction with an interrupted TCA cycle and reduced OXPHOS can

lead to increased levels of ROS, the effects of which will be discussed in the following section?®.
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Overview of the tricarboxylic acid (TCA) acid and metabolites that are released. During
immunometabolic shifts, the cycle is interrupted at two stages, represented as a red ‘X’. Created
using Biorender, 2023.

2.4.2 Reactive Oxygen Species in Immunity

Macrophage reactive oxygen species production has been linked to effective phagocytosis of
apoptotic or damaged cells. The two most common sources of ROS include NADPH oxidases
(NOXs), and mitochondria®’. NADPH oxidases, normally located on cell plasma membranes,
produce large amounts of superoxide for the process of respiratory burst, leading to effective
pathogen clearing. The phosphorylation of cytosolic components leads to translocation to the
plasma membrane, forming the larger NADPH oxidase enzyme complex. Cytosolic NADPH is
consumed in the process of reducing O; for production of ROS in the form of O,*". In addition to
pathogen killing, NADPH oxidase activation can promote downstream signaling pathways that
ultimately aid in pro-inflammatory responses, such as the NF-kB pathway. Superoxide produced

by NADPH oxidase is converted to H>O: (as described in Section 2.3.3), which can lead to
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activation and nuclear recruitment of the regulator NF-xB. Resultantly, pro-inflammatory related
genes can be upregulated, such as those encoding pro-inflammatory cytokines to maintain the
immune response™. Mitochondria also provide an important source of ROS for immune cells.
Mitochondrial ROS production has been linked to the activation of various downstream effectors
that lead to increased expression of pro-inflammatory genes>*. One mechanism that leads to these
changes is the activation of hypoxia-inducible transcription factor 1 alpha (HIF1a), which is
involved in cell adaptations to hypoxic environments>®. As a result, a pseudo-hypoxic
environment is created in the cells. Excess ROS can promote inhibition of SDH, which, as
discussed in the previous section, can lead to elevated succinate levels. Succinate is an important
metabolite as it can also support increased stabilization of HIF 1a.. Under normoxic conditions,
HIF1a is degraded by prolyl hydroxylases (PHDs). However, during a pro-inflammatory
response, an increased presence of cytosolic succinate can diminish PHD activity, ultimately
allowing for increased HIF 1a stabilization. HIFl1a translocates into the nucleus and can lead to
the expression of various genes to promote a glycolytic shift (as observed in M 1/pro-
inflammatory macrophages), through the upregulation of glucose transporters (GLUTSs), and the
inhibition of enzymes involved advancing the TCA cycle and ETC>’. This further supports a
reduction in OXPHOS and promotes glycolysis and PPP in cells®®. Again, glycolysis and the PPP
provide metabolites such as NADPH to help power NADPH oxidase ROS production. These
interconnected processes allow for faster generation of metabolites required to meet the demands

of the pro-inflammatory macrophages, and to mediate effective responses.
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Chapter 3: Rationale and Hypothesis

3.1 Rationale

The use of the EAM model has been the standard in myositis research. However, to
accurately depict the human condition, the model must be understood at a deeper level.
Currently, in the literature, EAM is induced by introducing a foreign myosin protein with a
strong adjuvant (complete Freund’s adjuvant-CFA) to stimulate an immune response.
Researchers that have used wildtype mice (BALB/c) also inject pertussis toxin (PT) in order to
ensure a strong response is established. In experiments that have avoided the use of PT, mice that
are prone to developing spontaneous myopathies are used. The SJL/J strain of mice have a
dysferlin mutation, which normally plays a role in muscle sarcolemma repair following damage.
As a result, these mice are more likely to exhibit the EAM phenotype without the use of PT.
However, it is possible that the combination of CFA and PT in injections may result in an
excessive immune reaction, affecting other organs and body systems in addition to the muscle.
The use of the EAM model, to our knowledge, has not been induced in wildtype mice without
the use of strong adjuvants and toxins, thus it does not effectively replicate the human condition.
Furthermore, this model requires weekly injections, suggesting that the phenotype may be
transient, challenging the effectiveness of this model. Therefore, to understand the robustness of
the model, and to assess whether a response against the myosin protein can be induced without
stimulating an extreme autoimmune response, we used a time course model to evaluate the effect
of successive immunizations in a modified model of EAM using wildtype (BALB/c) mice,
without pertussis toxin.

Mitochondrial dysfunction and immune cell infiltration at the whole muscle level have been

established in the EAM model>®. Additionally, the role of the immune system as a whole and
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potential immune mechanisms and cellular cascades have been hypothesized in the development
of human myositis, although the exact cause of the disease is largely unknown. In other disease
models, such as cancer*® and Duchenne’s Muscular Dystrophy??, the role and differentiation of
macrophages at a deeper, cellular level have also been assessed. However, in the EAM model,
this remains yet to be elucidated. Assessing the role of the initial innate immune response
through macrophage characteristics and activation in a muscle specific manner may aid in a more
extensive understanding of this current model, and the development of a more suitable disease

model.

3.2 Objectives
This project assessed the time dependent and muscle specific changes in the EAM model,
through assessments conducted at the whole body and cellular levels. The specific objectives
were as follows:
(1) To assess the induction of a modified EAM model in wildtype (BALB/c) mice in the
absence of pertussis toxin.
(2) To determine the degree of muscle wasting and/or atrophy associated with the
progression of the modified EAM model at the functional and cellular levels.
(3) To assess the changes in immune cell characteristics and infiltration in two muscle tissues

(gastrocnemius and soleus).

3.3 Hypothesis

We hypothesize that a decline in muscle health will be observed as the number of injections

increase, but the phenotype will be improved during phase 3, after injections are halted. We also
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hypothesize that an initial inflammatory response will be exhibited, with levels of infiltrating

immune cells decreasing over time (in phase 3).

3.4 Author contributions

The experiments outlined in this thesis were conducted by Arshdeep Thuhan (AT) and
Madison Garibotti (MG). All animal assessments and monitoring, anthropometric measurements,
tissue preparations, and analyses were performed by AT and MG. Tissue collections and

surgeries were aided by Shahrzad Khajehzadehshoushtar (SK) and Luca Delfinis (LD).

3.5 Additional contributions
The following list comprises the additional contributions I have made during my MSc that

are not included in this thesis:
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C.G.R. (2023). Adiponectin receptor agonism attenuates fibrosis, inflammation and

mitochondrial H2O2 emission in diaphragm from the D2.mdx mouse model of Duchenne

muscular dystrophy. In review, FASEB J. doi: https://doi.org/10.1101/2023.05.22.541826
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Tsitkanou S., Rosa-Caldwell MLE., Rahman F.A., Cheng A.J., Wiggs M.P., Schlattner U.,
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21
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Chapter 4: Materials and Methods

4.1 Animal Care

10-16 week old female BALB/c mice were purchased from Envigo and provided access to
standard chow and water ad libitum. Females were used since myositis is more prevalent in the
female population'. Mice were allowed to acclimatize for a minimum of 7 days prior to handling
and immunizations. All experiments and procedures were approved by the York University
Animal Care Committee (AUP Number 2019-17) in accordance with the Canadian Council on
Animal Care. Animals were monitored daily for changes in body weight, well-being, and skin

lesions.

4.2 Myosin and Adjuvant Injections

4.2.1 Myosin Purification

Myosin was purified from rabbit skeletal muscle using a protocol provided by Dr. Leslie
Leinwand at the University of Colorado (Appendix A). Freshly sacrificed rabbits were obtained
from a commercial food supplier (Abate packers, Arthur, ON) which meets Canadian Health
requirements for the ethical treatment of animals, and hindlimb and forelimb skeletal muscle
tissue was collected for purification. The myosin was stored in 50% glycerol at -20°C. Myosin
purity was assessed using a Coomassie Blue gel protein stain (Supplemental 1). Bands were
identified using previous literature and included trace sarcomeric proteins. The purified myosin
concentration was calculated to be 4.203 mg/mL using a standard Bradford Assay.

4.2.2 Coomassie Blue Stain

Myosin purity was assessed using a Coomassie Blue gel stain. 0.5-1 ug/uL of denatured and

reduced protein was subject to a 4-12% gradient polyacrylamide gel. The gel underwent a fixing
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procedure for 60 minutes at room temperature using an isopropanol based fixing solution of 25%
isopropanol, 10% acetic acid, and 65% H20O. Following this, rapid Coomassie blue staining
solution (10% acetic acid, 0.006% Coomassie Brilliant Blue G-250, BioRAD, 90% H>0O) was
used to cover the gel, and was rotated gently overnight, at room temperature. The next day, the
gel was covered in 10% acetic acid for two hours, to destain. The gel was imaged using an
iPhone camera, and bands were qualitatively assessed.

4.2.3 Inoculation Procedure

17.59 with certain modifications.

The inoculation procedure was based on previous literature
Specifically, pertussis toxin injections were not included in order to determine the effects of
myosin and adjuvant combinations. Mice received inoculations of myosin emulsified with an
adjuvant to enhance the immune response. The primary immunization consisted of purified
rabbit myosin in glycerol mixed with Freund’s Complete Adjuvant (CFA) (Sigma) and
subsequent injections used Freund’s Incomplete Adjuvant (IFA) (Sigma). CFA contains 1
mg/mL of heat killed Mycobacterium tuberculosis to stimulate the immune system.

Mice were inoculated every 7 days, corresponding to their experimental group as explained
in the following section. Injections were administered subcutaneously at 4 sites, with 2 located
below each shoulder blade, and two at both flanks. The volume of the injection emulsification
was calculated using previous research done by Suzuki et al. (2005), who injected 1.32 mg of

myosin per site!®. In order to replicate this, each injection site was given 78.5 uL of the emulsion.

4.2.4 Experimental Groups

Three phases were included in this time course study, with three experimental groups per
phase. The experimental groups were as follows:

Modified-EAM/Myosin group (M): Received 50% myosin+glycerol with 50% CFA/IFA
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CFA/IFA Control Group (GCI): Received 50% glycerol with 50% CFA/IFA
Glycerol Control Group (GS): Received 50% glycerol with 50% saline

Phase 1 (n=8) consisted of three weekly injections, with tissue collection/sacrifice 7 days
following the final injection. Phase 2 (n=12) involved four sets of weekly injections with
sacrifice 7 days following the last immunization. Phase 3 (n=8) consisted of four weekly

injections with sacrifice scheduled 28 days after the final injection (Figure 5A).

4.3 Tissue Collection/ Surgery Procedure
Following each tissue collection, the quadriceps, tibialis anterior (TA), extensor digitorum
longus (EDL), liver, kidney, spleen, and adipose tissue were collected under isoflurane

anesthesia prior to euthanasia. These tissues were snap frozen in liquid nitrogen and stored at -

80°C. The gastrocnemius and soleus muscles were weighed and placed in a phosphate buffered

saline (PBS) solution to use for flow cytometric analyses. The muscles of the second hindlimb

and diaphragm were frozen and embedded in optimal cutting temperature (OCT) medium using

liquid nitrogen chilled isopentane and stored at -80°C.

4.4 Functional Analyses

4.4.1 Grip Strength

Forelimb grip strength was assessed as reported previously. Briefly, using a metal grid

attached to a force transducer to record peak tension. Three trials were recorded in total, and the

mice were allowed 30-45 seconds of rest between each trial. The maximum peak tension was

used for analysis. Grip strength measurements were recorded on the date of tissue collection.
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4.4.2 Cage Hang Time

Cage hang time was assessed by placing the animal on a metal cage top and inverting it
approximately 35 cm above an empty padded cage. The maximum time allocated per trial was
three minutes, after which no more trials were conducted. If the animal held on for less than
three minutes, an additional trial was conducted, for a total of three attempts with 30-45 seconds
of rest between trials. The longest attempt was used for analysis and measurements were

recorded on the date of tissue collection.

4.5 Histological Assessments

4.5.1 Hematoxylin and Eosin (H&E) Staining

Histological procedures included hematoxylin and eosin staining on 8 um sections of OCT
compound embedded gastrocnemius and soleus muscles.

For the staining procedure, hematoxylin stain was added to cover samples on each slide for
30 seconds. Following this, the slides were gently rinsed using warm tap water and then stained
with eosin for 5 minutes. Next, the sections underwent a dehydration process using three 70%-
99% ethanol washes. The slides were then submerged in xylene and a mounting medium was
added to secure a cover slip onto the slide. The stained samples were imaged using the EVOS
Imager and were assessed for areas of immune cell infiltration (expressed as a % of the entire
muscle section) using the Image J software.

4.5.2 Myosin Heavy Chain (MHC) Staining

To allow for the assessment of muscle fiber type-specific atrophy within these samples, the
muscle tissue was embedded and cut as previously explained and stained with myosin heavy

chain-specific antibodies. Slides were air-dried for 5-10 minutes then blocked with goat serum in
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PBS for an hour at room temperature. All primary antibodies were purchased from the
Developmental Studies Hybridoma Bank (University of lowa), and secondary antibodies were
purchased from Invitrogen. Slides were incubated with primary antibodies against myosin heavy
chain MHCI (BA-F8 at 1:25 dilution, igG2b), MHCIIA (SC-71 at 1:500 dilution, igG1), and
MHCIIB (BF-F3 at 1:50 dilution, igM) for 2 hours. Fibres that were not stained were considered
MHCIIX fibres. The slides were washed with PBS and incubated with secondary antibodies for 1
hour. An additional 5 minute PBS wash was conducted, and the slides were mounted with
ProLong antifade reagent. Slides were imaged using the EVOS imager, and cross-sectional area

was analyzed to determine fiber-type specific atrophy within the muscle samples.

4.6 Flow Cytometric Analyses

4.6.1 Tissue Preparation

The gastrocnemius and soleus muscles were individually prepared for flow cytometric
analyses. Each muscle was minced into 1-2 mm pieces and placed into an enzymatic solution
containing 0.005 g collagenase (Worthington Biochemical) and 0.02g dispase (Sigma) in 10 mL
Ham’s F10 Media. The tissues were digested for 60 minutes at 37°C and 140 rpm and then
triturated and filtered using a 100-micron mesh. Heat shocked fetal bovine serum (FBS) was
added to each mix prior to centrifugation and removal of the supernatant. Red blood lysis buffer
was also added to each mix and the suspensions were kept on ice until ready for use.

4.6.2 Antibody Preparation and Staining Procedure

FACS buffer (2% heat shocked FBS in phosphate buffered saline (PBS)) was added to each
muscle digestion and the cell suspension was transferred to a 96 well plate in duplicates. Cells

were washed in FACS buffer and resuspended in diluted (1:100) normal rat serum in FACS
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buffer (Fc block) and incubated on ice for 10 minutes to prevent non-specific antibody binding.
Cells were then washed again and resuspended in 50 uL antibody mix prepared as described in
Table 1. The cells were incubated in the dark at 4°C for 15 minutes, followed by 37°C for 15
minutes, for a total of 30 minutes of incubation. Then, the cells were washed twice and
resuspended with FACS buffer and kept in the dark on ice until ready for use.

4.6.3 Flow Cytometry

The stained cells were analyzed by flow cytometry using the Attune NxT cytometer. The
macrophage population was defined as CD45"CD11b"F4/80" cells. Reactive oxygen species
(ROS) production and changes in reduced glutathione levels (GSH) were also assessed within
the macrophage population. Unstained cells, compensation, and fluorescence minus one (FMO)
wells were used as controls to aid in analysis. Rainbow beads (Spherotech Inc) were used prior
to each flow cytometry experiment for calibration. The isolated cells were analyzed using the

FlowJo software.

4.7 Quantitative Real Time Polymerase Chain Reaction (RT-qPCR)

Extensor digitorum longus (EDL) samples were used for RT-qPCR due to tissue limitations.
This muscle was selected for similarity in myosin heavy chain fiber type expression with the
gastrocnemius muscle (type IIB rich). For RNA extraction, samples were lysed using TRIzol
reagent (Thermo Scientific) and RNA was separated to an aqueous phase using chloroform. The
aqueous layer containing RNA was then mixed with isopropanol and loaded to Aurum Total
RNA Mini Kit columns (Bio-Rad). Total RNA was then extracted according to the
manufacturer’s instructions and concentration was assessed on the Nanodrop One (Thermo

Scientific). Reverse transcription of RNA into cDNA was performed by M-MLYV reverse
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transcriptase and oligo(dT) primers (Qiagen). cDNA was then amplified in a CFX384 Touch
Real-Time PCR Detection Systems (Bio-Rad) with a SYBR Green master mix and specific
primers, listed below in Table 2. Gene expression was normalized to a Rplp0 control, and
relative differences were determined using the AACq method. Values are presented as fold

increases relative to GS control group.

4.8 Statistics

All results were expressed as mean + SD with the level of statistical significance established
at p < 0.05 for all statistics. All data was subjected to ROUT test to identify and exclude any
outliers (Q=0.05). The D’ Agostino-Pearson omnibus normality test was used to determine if data
fit a normal Gaussian distribution. If data did not fit a normal distribution, a non-parametric
Kruskal-Wallis test was performed. A parametric one-way ANOVA was used for data that
conformed to a normal distribution, unless otherwise stated. The Benjamini, Krieger, and
Yekutieli post hoc test was used to correct for a false discovery rate (FDR). All reported p values
are FDR-adjusted p values (termed as ‘g’). All statistical analyses were performed with

GraphPad Prism Software (Version 9.4.1.458).
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Table 1: Antibody Preparation

CDl11b 1:100
CD45 1:400
F4/80 1:50
Mitosox 2.5uM
Monobromobimane (mBBr) 40 uM

Table 2: PCR Primers

Primer Sequence

Lyvel FWD CTA TGG ATG GGT TGG AGA ACA G
Lyvel REV TGG AGG GAG CAT TCC AAA TC
Timd4 FWD GGC CAG ACA ACA CTGAAGATAG
Timd4 REV ATG GTG AGT CAG AGA GTG AAG A
FCNA FWD AGG TCA CCA CTA CTC CTA CAA
FCNA REV CTT CTA GAG ATCCCT CCCTTC A
Folr2 FWD CTC CTA CAA GGT CAG CAACTAC
Folr2 REV ACT TCA CCA CGT CCT CAT TC
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Chapter 5: Results

5.1 Anthropometric data in the modified EAM model

A three phase study was conducted to assess changes in the EAM model over time, as
described earlier in Methods (Figure 5A). Muscle wet weights were measured in the tibialis
anterior (TA), extensor digitorum longus (EDL), plantaris (PLT), quadriceps (QUAD),
gastrocnemius (GAS), and soleus (SOL) muscles. Raw weights did not change significantly
between experimental groups for any of the three phases (Figure 5C, F, I). Weights were also
recorded in the spleen and significant differences were observed in all three phases. In each
phase, both GCI and M groups had significantly higher spleen weights than the GS control
groups (Figure 5D, G, J). Phase 2 had the highest change in weight, with a 56.85% increase in
weight in the GCI group, and a 44.38% increase in the M group compared to GS (Figure 5G).
Phases 1 and 3 had a 33.34%, and 35.87% increase in the GCI group, and a 39.78% and 35.5%
increase in the M group, respectively, relative to GS (Figure 5D, J). No significance was
recorded between the GCI and M groups for any phase (Figure 5D, G, J). Additional organs
collected included the kidney, liver, inguinal white adipose tissue (iIWAT), lungs, and heart
(Table 3). Kidney weights were significantly higher in GCI and M (compared to GS), in phases 1
and 2, and liver weights were higher in the same groups for phase 1. Additionally, the heart
weight was elevated in GCI and M (compared to GS) in phase 1 (Table 3). Body weight
measurements were also collected and recorded as a percentage (%) change between the first day
of injections and the date of sacrifice (Figure 5B, E, H). These measurements were assessed
within each phase. Phases 2 and 3 both had significantly higher changes to % body weight in the

M group compared to GS (Figure SE, H). Phase 3 also had a significant increase in the GCI
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group weight change compared to GS, but no differences were recorded between GCI and M

(Figure 5H).
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A three phase study design was employed to assess EAM (A). Bodyweight measurements are
shown as a % change between the initial injection date (day 0) and the corresponding date of
tissue collection for phase 1 (B), phase 2 (E), and phase 3 (H). Muscle weights (mg) were
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compared between GS, GCI, and M across all three phases (C,F,I). The tibialis anterior (TA),
extensor digitorum longus (EDL), plantaris (PLT), quadriceps (QUAD), gastrocnemius (GAS),
and soleus (SOL) muscles were collected and weighed on the date of tissue collection. Spleen
weights (mg) are shown across phase 1 (D), phase 2 (G), and phase 3 (J). Results are represented
as mean + SD, n=8-12, *p<0.05 in GS compared with M, #p<0.05 in GCI compared to M, and
$p<0.05 in GS compared with GCI.

Table 3: Organ Weights (mg)

Organ weights (mg) were recorded for GS, GCI, M groups within each phase at the time of
tissue collection. Results are represented as mean + SD, n=8-12, *p<0.05 in GS compared with
M, #p<0.05 in GCI compared to M, and $p<0.05 in GS compared with GCI.

Kidney Liver ﬁ;gzze Lung Heart
PHASE 1
GS 134.8%" 942.9%* 275.5 166.6 112.9%
GCI 148.8 1111 253.5 187.8 120.5
M 154.0 1086 264.5 199.9 121.6
PHASE 2
GS 132%* 947.2 247.6 164.2 115.7
GCI 147.2 1058 2499 189.5 120.4
M 145 1094 260.2 178.7 116.4
PHASE 3
GS 132.2 853 266.6 168.4 114
GCI 130.9 975.4 281.2 193.7 115.5
M 134.9 1041 276.4 170.1 113.8

5.2 Functional assessments of strength in the modified EAM model

Functional testing was conducted using grip strength and cage hang time measures for all
experimental groups. Maximal grip strength values over three trial attempts did not show any
significant changes between experimental groups within any phase (Figure 6A-C). Maximal cage
hang time in phase 1 showed a 28.55% decrease in the GCI group compared to both GS and M
groups and a 38.58% decrease in the same groups of phase 2 (Figure 6D, E). No changes were

observed in cage hang time maximum in phase 3 (Figure 6F).
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Figure 6: Functional testing through grip strength and cage hang time.
Both grip strength and cage hang time were reported as a maximum value out of three trials.
These measurements were conducted on the date of tissue collection. Phase 1 is represented in
panels A,D; phase 2 is represented by B,E; phase 3 is shown in C,F. Results are represented as
mean + SD, n=8-12, *p<0.05 in GS compared with M, #p<0.05 in GCI compared to M, and
$p<0.05 in GS compared with GCI.
5.3 Lack of fibre specific atrophy (CSA)

Myosin heavy chain (MHC) specific staining was conducted to observe changes in the size of
the four muscle fibre types in the gastrocnemius muscle to assess muscle fibre atrophy. Type I
fibres are stained blue, type Ila as green, type IIx as black (no stain), and type IIb as red (Figure

7D). Measurements are shown as cross sectional area (um?). No changes were observed across

experimental groups within each phase (Figure 7).
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Figure 7: Myosin Heavy Chain (MHC) staining evaluation.
MHC staining of the gastrocnemius muscle was assessed as cross sectional area (CSA) (um?).
Panels A represents phase 1, panel B shows phase 2, and panel C represents phase 3. Panel D is a
section of a sample gastrocnemius MHC stain and fibre types are shown pointing to their
respective stain/colour. Results are expressed as mean + SD, n=8-12.
5.4 Histological assessments of inflammation (H&E)

Hematoxylin and eosin staining was used to assess immune cell infiltration in the

gastrocnemius and soleus muscles (Figure 8). The gastrocnemius muscle was assessed in all

three phases (Figure 8A-C), and the soleus muscle was assessed in phase 3 only (Figure 8D) due
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to feasibility. Immune cell infiltration was represented as a percentage (%) of the total muscle
cross sectional area. No significant differences were found in the total % of visible immune cell
infiltration for either muscle tissue (Figure 8). In phase 2 of the gastrocnemius muscle, the GCI
and M groups appeared to have slightly elevated % immune cell infiltration compared to GS,

although not significant (Figure 8B).
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Figure 8: Hematoxylin and eosin (H&E) staining for % immune cell infiltration.

H&E staining was performed on gastrocnemius (GAS) and soleus (SOL) muscles to assess the
percentage (%) of immune cell infiltration within muscle cross sections. Sample images of the
soleus (left) and gastrocnemius (right) muscles are shown from the M group, with areas of
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infiltration highlighted. Assessments were made using ImageJ software. Results are represented
as mean = SD, n=8-12.
5.5 The effect of modified EAM induction on lesion development

The presence of subcutaneous lesions at injection sites were assessed daily during monitoring
checks for animal wellness and scored according to Table 4. All injection sites were assigned a
score, and daily scores were represented as the sum of scores for each mouse. All phases showed
higher daily lesion scores in the M group (Figure 9A, B). The GS group exhibited lower lesion
scores than the GCI and M groups throughout all three phases. Phase 3 had similar lesion scores
for both GCI and M groups, but after day 28, lesion scores spiked in the M group (Figure 9C).
Slight increases in the lesion scores were recorded following injection days (day 0, day 7, day 14

for phases 1-3, and day 21 for phases 2-3) (Figure 9).

Table 4: Lesion score grading scale for daily monitoring checks.

Lesion Scale
No lesions

Small bump at injection site

Larger bump at injection site

Small scab forming at injection site

Large scab forming at injection site

Continued bleeding (blood on coat, signs of animals picking)

()N IV, I RN RUS T I \O 2 I )

Unknown; an odd wound or abnormality around injection areas that was not
seen previously
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Figure 9: Daily lesion scoring assessment.

Lesions scores were assessed during daily monitoring checks daily for phase 1 (A), phase 2 (B),
and phase 3 (C), based on the scoring chart described in Table 2. Results are represented as mean
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+ SD, n=8-12, *p<0.05 in GS compared with M, #p<0.05 in GCI compared to M, and $p<0.05 in
GS compared with GCI.
5.6 Flow cytometric analysis of muscle tissue

The gastrocnemius and soleus muscles were collected and assessed for changes in muscle
specific immune responses using flow cytometry. The analysis was conducted using FlowJo
Version 9 (Oregon, 2011), and single cells were isolated using two gating strategies shown in
Figure 10. Then, cells were filtered according to the expression of CD45 (pan-leukocyte), CD11b
(pan-myeloid cell), and F480 (macrophage) markers, in that order (Figure 10). Primarily, the
presence of immune cells was assessed as the frequency (%) of macrophages in the single cell
population, defined as CD45+ CD11b+ F480+ cells (Figure 11A, D). In the gastrocnemius
muscle, there was a significantly higher frequency of macrophages observed in phase 3.
Additionally, throughout all three phases for this muscle, the macrophage population was highest
in the M group, followed by GCI, and lowest in GS (Figure 11A). Interestingly, in the soleus
muscle, the frequency of macrophages remained constant in the GS group across all three phases,
while the M and GCI groups fluctuated (Figure 11D). In both the M and GCI groups, there was a
slight spike in macrophage frequency in phase 2, which was lowered by phase 3 (Figure 11D).

Macrophage redox characteristics were also assessed in both the gastrocnemius and soleus
muscles through the detection of superoxide using mitosox red dye, and reduced glutathione,
using monobromobimane (mBBr) dye. First, the percentage of mBBr and mitosox red positive
macrophages were assessed in both muscles (Figure 11B-C, E-F). In the gastrocnemius, the GS
group had a higher percentage of mBBr positive macrophages in phases 2 and 3, but also had the
highest percentage of mitosox red positive macrophages in phase 2 (Figure 11B-C). While the

GCI and M groups had similar findings for mitosox red positive macrophages (Figure 11C), GCI
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had lower mBBr positive macrophages in phases 2 and 3, and M had the lowest across all three
phases (Figure 11B). The detection of reduced glutathione and superoxide in macrophages was
also measured as mean fluorescence intensity (MFI) of mBBr and mitosox red, respectively. In
the gastrocnemius muscle, no significant differences were observed in either measurement in
phases 1 or 2 (Figure 12). However, in phase 3, mBBr MFI was significantly lower in both GCI
and M compared to GS (Figure 12C). Additionally, mitosox MFI was elevated in both GCI and
M groups (compared with GS) in phase 3 but the change was only significant in GCI (Figure
12F).

In the soleus muscle, the M group showed decreased mBBr positive macrophages, paired
with the highest presence of mitosox positive macrophages in phase 3 (Figure 11E-F).
Interestingly, mBBr positive macrophages were lower in both GCI and M groups within phase 3
(Figure 11E). Mitosox positive macrophages were both lower in GS and GCI across all three
phases (Figure 11F). In terms of mitosox and mBBr expression measured as MFI, there were no
significant differences observed within any phase (Figure 13). However, the M group appeared
to have lower mBBr MFI as well as a slightly elevated mitosox MFI measurements across all

three phases (Figure 13).
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Figure 10: Flow Cytometric Analysis Gating Strategy.

This gating strategy was implemented using FlowJo (Version 9). It was applied to all samples for
both the gastrocnemius and soleus muscles. Single cells were filtered twice, and then cells were
separated according to the expression of CD45, CD11b, and F480 markers.
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Figure 11: Muscle specific macrophage frequencies and characteristics.

Muscle specific macrophage characteristics are shown in the gastrocnemius (A-C), and soleus
(D-F) muscles. Macrophages were defined as CD45+ CD11b+ F480+ cells, and frequencies are
shown as a percentage (%) of the single cell population. Detection of reduced glutathione (using
monobromobimane (mBBr)) and superoxide (using mitosox) (B-C, E-F) are shown as the
percentage of macrophages positively fluorescing. A two-way ANOVA was conducted to
compare experimental groups and phases, and results are represented as mean + SD, n=8-12,
*p<0.05 in GS compared with M, #p<0.05 in GCI compared to M, $p<0.05 in GS compared with
GCI, and &<0.05 denotes an effect across phases.
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Figure 12: Gastrocnemius specific macrophage reduced glutathione and superoxide
detection.

Detection of reduced glutathione (mBBr) and superoxide (mitosox red) are shown as a geometric
mean of mean fluorescence intensity (MFI) measured through flow cytometry. Results are shown
for phase 1 (A,D), phase 2 (B,E), and phase 3 (C,F). Results are represented as mean + SD, n=8-
12, *p<0.05 in GS compared with M, #p<0.05 in GCI compared to M, and $p<0.05 in GS
compared with GCIL.
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Figure 13: Soleus specific macrophage reduced glutathione and superoxide detection.

Detection of reduced glutathione (mBBr) and superoxide (mitosox red) are shown as a geometric
mean of mean fluorescence intensity (MFI) measured through flow cytometry in the soleus
muscle. Results are shown for phase 1 (A,D), phase 2 (B,E), and phase 3 (C,F). Results are
represented as mean £ SD, n=8-12, *p<0.05 in GS compared with M, #p<0.05 in GCI compared
to M, and $p<0.05 in GS compared with GCI.

5.7 Real Time quantitative Polymerase Chain Reaction (RT-qPCR) analysis of EAM
muscle tissue

RT-qPCR was used to assess the expression of various markers in the extensor digitorum
longus (EDL) muscle. First, the expression of peroxiredoxin-5 (PRDXS), an antioxidant, was
measured for each phase as a fold change in mRNA, using RPLPO as a housekeeping gene. No

significant differences were observed in phases 1 and 2 (Figure 14A-B). However, in phase 3,
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both GCI and M groups had significantly higher expression of PRDXS5 compared to GS. There
were no differences observed between GCI and M (Figure 14C).

Next, IL-6 and IL-1f cytokines, s100a8, and s100a9 mRNA expression were measured to
assess a pro-inflammatory related response. Additionally, Lyvel, TIMD4, FCNA, and Folr2
were measured to assess additional changes to anti-inflammatory responses in this model.
Changes in levels of these genes have been reported in macrophages shifting toward a pro or
anti-inflammatory response®*. Results are shown as a fold change in mRNA and expression
levels were compared across experimental groups and phases. As part of the pro-inflammatory
related genes, IL-6 was elevated in phases 1 and 3, while s100a8 expression increased in phase 3
(GCI>M>GS) (Figure 15). In terms of the anti-inflammatory related genes, an overall phase
effect was observed in TIMD4, FCNA, and Lyvel. The expression of these genes was higher in
phases 1 and 3. Additionally, there was a significant decrease in expression of Lyvel in both the

M and GCI groups compared to GS (Figure 15).
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Figure 14: Expression of peroxiredoxin-5 (PRDXS) in EAM.

Changes to PRDX5 mRNA was assessed in the extensor digitorum longus (EDL) muscle for
phase 1 (A), phase 2 (B), and phase 3 (C) using RT-qPCR. Results are represented as mean =+
SD, n=8-12, *p<0.05 in GS compared with M, #p<0.05 in GCI compared to M, and $p<0.05 in
GS compared with GCI.
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Figure 15: Assessing changes to IL-1B, IL-6, S100a8, s100a9, Lyvel, TIMD4, FCNA, and
Folr2 mRNA transcripts.

mRNA levels were evaluated using RT-qPCR in the extensor digitorum longus (EDL) muscle A
two-way ANOVA was conducted to compare experimental groups and phases, and results are
represented as mean + SD, n=8-12, *p<0.05 in GS compared with M, #p<0.05 in GCI compared
to M, $p<0.05 in GS compared with GCI, and &<0.05 denotes an effect across phases.
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Chapter 6: Discussion

6.1 PT-Free Modified EAM Induction

The modified EAM model employed in this thesis was used to assess possible responses to
rabbit myosin in a wildtype mouse species in the absence of strong adjuvants and toxins. As
previously mentioned in Methods, CFA was added to the primary immunization while IFA was
used for all remaining inoculations. Additionally, pertussis toxin was avoided to prevent severe,
systemic inflammation and to maintain animal health and wellbeing. The induction of EAM has
been well documented in previous models that utilized pertussis toxin (PT) or the SJL/J strain of
mice!”- 183 EAM induction has been characterized as changes in immune cell infiltration at the
muscle level, muscle weakness and/or atrophy. Previous research conducted by Himori et al.
(2021) showed a 30% decrease in the weight of the gastrocnemius muscle in the EAM treated
group®. This group induced EAM in female BALB/c mice, using a total of three weekly
immunizations of purified rat myosin and CFA, with the use of the pertussis toxin. In our study,
the primary assessments conducted included whole body measures of muscle strength (grip
strength and cage hang time), muscle wet weights, organ weights, and % changes in body
weight. In our modified EAM model, no significant differences were found in the muscle wet
weights across any phase (Results- Figure 5). This leads us to believe that introduction of a
foreign myosin protein (in our case, rabbit) with a weaker adjuvant is not sufficient to replicate
the response observed by other researchers. However, this also leads us to question the impact of
using PT in conjunction with CFA on other organ tissues. While research conducted by
Allenbach et al. (2009) using the typical EAM model showed no histological abnormalities in the
spleen, lungs, small intestine and heart!”, EAM mouse death during a study conducted by Kang

et al. (2015) was believed to be due to toxin-induced systemic inflammation using CFA and
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PT". This is indicative of the strength of this toxin and emphasizes the importance of developing
a model that portrays the human condition, which develops without the involvement of PT.
Additionally, in our study, we found spleen weights to be significantly higher in both the GCI
and M groups (compared to GS) (Results- Figure 5D, G, J). Enlarged spleens are indicative of an
immune response. We observed similar changes in our GCI and M groups, suggesting that an
adjuvant-related reaction had occurred, as opposed to a modified-EAM-specific response.
Without the use of continuous CFA and PT, we did not observe a different response with the
addition of myosin. We also measured weight changes in the kidney, liver, adipose tissue
(inguinal white adipose-iWAT), lungs, and heart and observed larger weights in both GCI and M
in the kidney (phase 1 and 2), and liver (phase 1) (Results-Table 3). Additionally, an increase in
heart weight was observed in GCI and M (compared to GS) in phase 1, albeit this difference was
approximately 8 mg, and may be due to variation. In phase 3, no significant differences in organ
weights were observed. Additionally, we noticed significantly higher % changes in body weight
in our GCI and M groups in phase 3 (Results-Figure 15). It is possible that this increase in size as
well as % change in body weight is an adjuvant effect due to inflammation or due to the addition
of paraffin oil in both CFA and IFA. However, we did not report any changes in iWAT weight,
and the mechanisms of these alterations require further research to be fully understood.

In the EAM model induced by Meyer et al. (2017), grip strength in mice was reported to be
30% lower following EAM induction, again using CFA and PT>. In our study, we found no
differences in grip strength across any of the three phases but reported decreased cage hangtime
maximum in the GCI group in phases 1 and 2. In phase 3, cage hang time was the same across all
three groups, and no adjuvant or myosin related differences were observed (Results-Figure 6).

Grip strength provides a measure of functional muscle strength, while cage hang time can
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provide a measure of fatigue or endurance. Since we only observed changes in our cage hang
time measure, it is possible that an adjuvant effect is leading to alterations in muscle fatigue, as
opposed to force. However, as this difference was of approximately 60 seconds, it is also
possible that it was due to variation in mice. Grip strength and cage hangtime are both voluntary
measures of strength and may change depending on the level of compliance.

Additionally, Kang et al. (2015) reported muscle atrophy in the PT-dependent EAM model,
although it is not known whether this was specific to one of the four myosin heavy chain (MHC)
isoforms!®. Thus, we assessed atrophy as a measure of cross-sectional area in the gastrocnemius
muscle. Using the MHC stain in the Type IIb-rich muscle, we found that the average cross
sectional area did not differ significantly for any myosin fibre type (Results- Figure 7). The use
of foreign myosin as an antigen did not reproduce the results observed in the traditional EAM
model. Using strong toxins such as PT may be resulting in atrophy of muscle fibres through the
increased damage and inflammation following immune system overactivation. Our modified
model did not target myosin in muscle fibres as robustly as in other studies.

However, we did notice the presence of skin lesions at injection sites over the course of
treatment, which were reported as daily scores according to the severity of the lesion. The
myosin-treated M group showed more severe lesions than both the GCI and GS control groups in
phases 1 and 2. In phase 3, the GCI and M groups had similar severity of lesions throughout the
course. Generally, the severity of the scores can be ordered decreasingly as M>GCI>GS
(Results-Figure 9). The lesion scores are indicative of an immune response occurring, with more
significant changes observed in the M group. As such, we explored the potential immune

responses in more detail.
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6.2 Immune Cell Infiltration and Characteristics

We used H&E staining to assess the degree of visible immune cell infiltration around muscle
fibres in the gastrocnemius (generally MHC type IIb rich) and soleus (MHC type I rich), which
is a hallmark feature following EAM induction!”- 1%:5°, While large amounts of visible immune
cell infiltrates were observed in these other traditional EAM models, we did not observe similar
changes. There were no significant differences between experimental groups reported for any
phase of the gastrocnemius. Due to feasibility, we only assessed phase 3 of the soleus muscle,
but again, no differences were found (Results-Figure 8). The combination of CFA and IFA in the
absence of PT was not strong enough to stimulate movement and infiltration of immune cells
into the muscle fibres. The resident immune cells we observed in our H&E staining were similar
across all groups. Therefore, we relied on flow cytometry for a more detailed assessment on
possible changes to these resident immune cell populations.

First, we assessed the frequency of cells that were identified as macrophages (CD45+
CDI11b+ F4/80+) in the gastrocnemius and soleus muscles. In the gastrocnemius muscle, we
found increases in the frequency of macrophages in phase 3, compared to phases 1 and 2 for all
experimental groups. This suggests there was no change in myosin-induced macrophage
infiltration. In the soleus, we found increasing macrophage frequency in phase 2 for GCI and M,
indicating an adjuvant effect, although these results were not significant (Figure 11). We also
assessed reduced glutathione and mitochondrial superoxide production in the muscle derived
macrophages. In the soleus, no significant differences were detected, although across all phases,
myosin had decreased reduced glutathione MFI, paired with slightly elevated superoxide MFI
(Figure 13). In the gastrocnemius muscle, we also found significantly lower detection of reduced

glutathione in both GCI and M groups (compared to GS), which was paired with a significantly

50



higher detection of superoxide in GCI (compared to GS) in phase 3. Superoxide was elevated in
M as well in phase 3, but the result was not significant (Figure 12). The increased mitochondrial
superoxide may be associated with the decrease in reduced glutathione. Mitochondrial
superoxide is dismutated into H>O, which can exit the mitochondria to be converted into H.O
using cytosolic glutathione. While levels of oxidized glutathione were not assessed in this thesis,
it is a known fact that reduced glutathione can be oxidized by glutathione peroxidase in the
process of neutralizing H2O»*. As described in the literature review, part of the macrophage
response following activation includes increased production of ROS to aid in mediating pro-
inflammatory responses. It is also possible that the reduced glutathione was used to neutralize
ROS produced by NADPH oxidases, which were not assessed in this thesis. NADPH oxidases
play a crucial role in shifting towards an oxidative environment during an inflammatory
response.

Based on this data, it is clear the adjuvant is employing an immune response, although it
seems to be a delayed response as differences were not observed in phases 1 or 2. Phase 3 was
characterized by a four week wait following the final injection before tissue collection. In
previous research done by Meyer et al. (2017) and Allenbach et al. (2009), three sets of weekly
injections were used to stimulate PT-induced EAM and tissues were collected two weeks
following the final injection'”->°. However, in the PT free EAM model described by Suzuki et al.
(2005), three sets of immunizations were conducted prior to sacrifice one week after the final
injection'®. It is important to note that Suzuki et al. (2005) used SJL/J mice, which again, are
prone to developing a spontaneous myopathy, while Meyer et al. (2017) and Allenbach et al.
(2009) used wildtype BALB/c mice. Perhaps the one week post final injection sacrifice date

employed in phases 1 and 2 was not sufficient in our modified model with wildtype mice in the
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development of a muscle specific immune response. With an increased shift towards oxidation
observed only in phase 3, the mice may require a long period of time in order for the

macrophages at the muscle level to begin responding.

6.3 Alterations to Gene Expression

The extensor digitorum longus (EDL) muscle was used for RT-qPCR analysis of genes
reported to be altered during macrophage polarization. While other analyses were conducted on
the gastrocnemius and soleus muscles, we could not use the same muscles due to feasibility and
tissue limitations. We selected the EDL based on similarities to the gastrocnemius muscle in
terms of MHC fibre type as both are rich in type IIb fibres®!. First, we assessed the expression of
PRDX35, a cellular detoxification related gene. Similar to glutathione peroxidases, peroxiredoxins
function in maintaining cellular H>O> levels, and serve an antioxidant purpose®. Peroxiredoxin-5
is present in both cytosolic and mitochondrial compartments in mammalian cells®®. The
expression of PRDXS5 has been shown to increase in macrophages during an inflammatory
response, which may provide a protective mechanism against higher levels of oxidative stress®*.
However, PRDX3 is also expressed in muscle cells®, and we conducted RT-qPCR on a muscle
homogenate. As such, it is possible that the PRDX5 we are detecting is present in higher
quantities within the muscle cells themselves instead of within macrophages. Despite this
limitation, changes in PRDX35 expression provide us with more detail about the total redox
environment with our modified EAM model. The results did not show significant changes in
phases 1 and 2, but in phase 3, expression of PRDX5 was significantly higher in GCI and M
(compared to GS) (Results-Figure 14). In addition to the changes observed in phase 3 through

flow cytometry, there seems to be a shift towards oxidation, and cells are compensating by
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increasing expression of antioxidants. Again, this delayed response may suggest that without
strong adjuvants and toxins, a longer time-period may be required for cells at the muscle level to
respond. Additionally, we are only observing an effect in groups treated with our adjuvants,
suggesting that our myosin is not resulting in enhanced immune cell responses.

We also assessed the expression of IL-1p, IL-6, s100a8, s100a9, TIMD4, FCNA, Lyvel, and
Folr2 based on research conducted by Krasniewski et al. (2022), which employed single cell
RNA-sequencing to identify changes in gene expression within macrophage subpopulations®.
As discussed previously, macrophage polarization can lead to a wide spectrum of responses, one
extreme of which may be associated with the expression of 7/IMD4, FCNA, Lyvel, and Folr2 in
M2-like polarized macrophages, and may be associated with an anti-inflammatory response. In
contrast, the expression of IL-18, IL-6, s100a8, and s100a9 are upregulated with pro-
inflammatory responses, as these markers are associated with generating inflammation®. In the
pro-inflammatory genes, expression of /L-6 was significantly higher in phases 1 and 3, with
elevated expression in GCI and M groups (compared to GS). Additionally, s/00a8 expression
was higher in phase 3, with GCI showing the highest fold change. Again, an adjuvant effect was
observed. With the anti-inflammatory associated genes, a phase effect was observed in the levels
of TIMD4, FCNA, and Lyve 1. In phase 3, expression of these genes was lower in the GCI and M
groups, suggesting there may be more of a pro-inflammatory shift stimulated by the use of the
adjuvant. Additionally, expression of Lyvel was highest in GS, and lower in GCI and M
(Results-Figure 15). With an increase in the expression of two pro-inflammatory related genes,
and a decrease in expression of one anti-inflammatory gene in our adjuvant treated groups, this

modified model may be more characteristic of an adjuvant model, as no myosin specific
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phenotype was observed. We are also noticing a change in phase 3, which again, may be
suggesting that this model requires time for a response to be observed.

These results allow us to question the effectiveness of using PT as well as CFA in models of
myositis. Since the mechanism(s) leading to myositis are still unknown, the traditional models
using PT or SJL/J mice are only effective in replicating the phenotype observed with myositis.
However, these models do not allow us to study the mechanisms that can lead to myositis as they
require the use of strong adjuvants, the absence of which does not result in any myosin-related
differences. It is also unknown whether the mechanism of action of these toxins are similar in the
etiology of myositis. Additionally, this model requires the use of successive immunizations,
which is stimulating excessive inflammation in the mice. In our modified model, we avoided the
use of these toxins but used a foreign myosin protein as well as multiple immunizations.
However, we still failed to notice a change in our myosin treated groups, and an adjuvant effect
was the main finding observed. The use of one CFA injection followed by the weaker IFA still
resulted in more immune system alterations than with the addition of myosin. It is crucial to
develop a model that can encapsulate the mechanisms leading to this disease, as opposed to

stimulating excessive inflammation that may not be specific to myosin.
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Chapter 7: Conclusion and Future Directions
7.1 Conclusion

The purpose of this study was to assess a modified model of experimental autoimmune
myositis and observe changes over time. We obtained results that varied from those observed in
the current literature utilising the traditional model of EAM. While high degrees of immune cell
infiltration, muscle weakness and atrophy have been reported in the EAM model, we did not
replicate these findings. The lack of pertussis toxin in our study led to varied results,
characterized by an attenuated immune response. We also reported similar changes in our
adjuvant control group (GCI) and our myosin treated group (M), suggesting that an adjuvant
effect was observed. It is important to question the reliability of using the traditional model,
which may be creating excessive inflammation through the continued use of strong adjuvants
(CFA) and toxins (PT).

Additionally, we originally hypothesized that the EAM phenotype would be transient, and
thus employed the use of phase 3, characterized by a longer time frame between the final
injection and date of tissue collection. However, we found that phase 3 showed increased levels
of oxidation as well as an overall immune cell response, suggesting this model may require time
before any immune related changes at the muscle level can occur. The majority of the findings
for phases 1 and 2 did not show significant differences, suggesting that tissue collection 7 days
after the final injection may not be long enough to induce an immune response in the wildtype
strain. Ultimately, a more effective model that encapsulates the human condition more

effectively is required to accurately study this disease.

55



7.2 Future Directions and Limitations

An important future direction for this research is to conduct the assessment of the presence of
myositis-specific autoantibodies to determine whether the model accurately portrays a myositis
phenotype. Assessing this can guide modifications to the current models and determine whether
this phenotype is general muscle inflammation, or myositis specific. The development of an
effective model is crucial in the progress of myositis research.

This thesis did have some limitations that may have impacted the strength of this modified
model. Primarily, while we compared our modified EAM model to that of a PT-induced model
and EAM models using SJL/J mice, we did not use a different strain of mice or a PT + CFA only
control group. As such, we relied on previous literature to compare the efficacies of these
models. In our project, we used CFA and IFA, the former of which is a weaker adjuvant. We
were unable to use CFA for all injections to conserve animal health and wellbeing. Additionally,
we were unable to use intracellular markers to further assess macrophage polarization using flow
cytometry due to limitations with our ROS measurements. Moving forward, it would also be
beneficial to use more timepoints to capture the immune response as the model progresses.
Ultimately, despite these limitations, we were guided by the existing literature and created a

‘blended’ version of existing EAM models.
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Supplemental Figures

Supplemental Figure 1: Coomassie stain of purified rabbit myosin in gel-stain. Rabbit
myosin was combined from three purifications.

RO= Rabbit 0 (purification #1); R1= Rabbit 1 (purification #2); RO 1/10= Rabbit 0 (purification
#1-diluted to 1:10); STD= protein standard.
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Appendix A: Myosin Purification Protocol
Protocol Provided by Dr. Leslie Anna Leinwand of University of Colorado Boulder, 2022
Note: The maximum yield is 1% of muscle weight

All procedures should be carried out in the cold room on ice

All equipment and solutions need to be precooled.

This prep is for 1 rabbit. Adding a second rabbit is feasible, though doing so adds a
significant amount of solution volume (may be problematic during centrifugation steps) and time
to the prep as a whole. Plan accordingly.

Day 1 (6-8 hours):

Prepared: Buffers A and B, 50 mls of 0.2 M EDTA. Coordinate centrifuge times for days 2 and
3.

Materials:

Large tray, Meat grinder, Blades, Scissors, Saran wrap, Large beaker with stir bar, Cold water
jug, Bucket of ice.

Place all items in the cold room so that they are available at the start of the dissection. Add DTT
and ATP to buffers A and B, as specified. Also place 2 liters of acetone in the cold room if
planning on preparing acetone powder.

SKELETAL: Remove pectoralis muscle from a freshly killed rabbit, trying to remove the top
layer of muscle as a whole. Wrap in Saran wrap and keep on ice. Remove the tendons and outer
fascia from the muscle and chop the tissue into half- to quarter-inch pieces.

CARDIAC: Remove the left ventricle from freshly killed pig heart. Chop into half inch pieces.
Pass through a pre-chilled meat grinder that has been rinsed with 0.2 M EDTA, collecting the

ground tissue in a weigh boat. Re-grind and remove tissue from inside grinder.
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Weigh tissue Wt. = g

Add 2 ml of buffer A per gram of tissue.

1% volume added = ml buffer A

Total volume: ml
(e.g. tissue weight = 100g, 1*' and total

volume = 200 ml)

Stir gently with a large stir bar for 12 minutes. The stirring time matters; do not let this mixture

sit indefinitely.
Add an equal amount of cold ddH>O quickly to stop the reaction.

2" yolume added = ml cold ddH,O
Total volume: ml
(e.g. I vol. = 200 ml, 2" vol. will equal 200

ml, total = 400 ml)

Add cold ddH>O to dilute to half again (solution is now Y4 x).

3" yolume added = ml cold ddH-O

Total volume: ml
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(e.g. total was 400 ml, 3" volume is 400
additional ml, total is now 800 ml = 4x I*'

volume)

Filter through 4 layers of cheesecloth into a 4L beaker (a large graduated cylinder works well,
too). Be prepared to change the cheesecloth if necessary.

Slowly add cold ddH>O to precipitate the protein, diluting to a final concentration of 1/10.

15t volume added X 6 = ml cold ddH,O

Total volume: ml
(e.g. I*"volume = 200 ml, x 6 = 1200 ml, + current

800 ml = 2000 ml = 10x original volume)

Add protease inhibitor cocktail. For BioVision Protease Inhibitor Cocktail (cat # K 271-500),
dilute stock to 1x, add 1.5 ul per 500 mls of solution.

Cover and let the precipitate settle in the cold room. This step may take 3 to 4 hours, with the
precipitate settling slowly at first, and then abruptly forming a layer at the bottom of the beaker.
Check every 30 minutes or so. During this downtime, prepare buffer C and keep it in the cold
room or refrigerator. This is also a good time to move on to the acetone powder prep using the
pulp from the filter step (see “Preparation of Acetone Powder from Rabbit Skeletal Muscle”).
After the precipitate has settled, siphon off as much clear liquid as possible. Be careful not to

take any of the precipitate.
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Centrifuge the precipitate in a SLA-3000 rotor (holds 6, 500 ml tubes) at 8,000 rpm (RCF =
10816 g) for 10 minutes at 4° C.

Discard the supernatant and soak the pellet in a minimal amount of buffer B while preparing for
dialysis, then gently resuspend (solution should be thick).

Dialyze overnight against 4 L of buffer C at 4° C.

Day 2 (5-6 hours):

Materials:

Large beaker with stir bar, Cold ddH20 water jug, Bucket of ice, Centrifuge tubes (~ 25 ml. ,
Check compatibility with the rotor you intend to use), Medium graduated cylinder, Saran wrap.
Pour solution into a cold 600 ml beaker (solution should be cloudy). Estimate or use the
graduated cylinder to determine the volume. Gently stir in the cold room while slowly adding an
equal amount of cold ddH»O.

Continue to stir for 30 minutes (precipitation of actomyosin).

Centrifuge in the ultracentrifuge rotor T-865 at 20,000 rpm for 1 hr at 4° C. Alternatively, use
the Beckmann 50.2 Ti rotor and spin at 18,400 rpm (both = RCF ~41,000). Be sure you or
someone doing the prep is fully trained in the use of the centrifuge, including cleanup and
shutting down the machine.

Following the spin, the tubes should have a distinct pellet, a clear middle layer, and a cloudy
layer of fat at the top of the tube. Remove the middle-layer supernatant (don’t take the fat). You
should expect to lose a sizeable portion of the volume you originally added to the tube. Dilute

the supernatant with cold ddH,O 10-fold (i.e. if 100 ml of supernatant, dilute to 1 L).
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Cover and let sit for 3-4 hours in the cold room. A distinct layer should form, as in the Day 1
prep. Prepare buffers D and E as specified.

Siphon off clear supernatant and centrifuge the rest in SLA-3000 rotor at 8,000 rpm for 15
minutes at 4° C.

Soak and gently resuspend pellet in about 10 ml buffer D.

Dialyze overnight against 2 L buffer E, changing the buffer at least once if possible.

Day 3 (5 hours):

Materials:

50 ml beaker, Bucket of ice, 10 ml pipette(s), Saran wrap.

Remove the myosin from dialysis, saving a volume of buffer E to later determine protein
concentration.

To clarify myosin, spin in the ultracentrifuge rotor T-865 at 20,000 (or 50.2 Ti at 18,400) rpm for

2 hrs at 4° C.

Using a transfer pipette, remove the myosin from the middle layer (leaving the upper fat layer).
Determine the concentration using 3 dilutions (1:25, 1:50, 1:100) and the following:
((A280 — A320)/0.55) x dilution = mg/ml
Dilute to 50% with cold glycerol by stirring in the cold room. Store at -20C
Buffers
*ATP and DTT are added the morning of the prep
Solutions should be pre-chilled.

Buffer A: Extraction Buffer 500 ml
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0.3 M KCl

0.15 M KPi
20 mM EDTA
5 mM MgCl,
*3.3 mM ATP
pH to 6.7
*SmM DTT
Qs to 500 ml
Buffer B: Suspension Buffer 50 ml
1 M KCl
60 mM KPi
20 mM EDTA
pH to 6.7
*SmM DTT
Qs to 50 ml
Buffer C: Dialysis Buffer 4L
0.6 M KC1
25 mM KPi
pH to 6.7

50 ml of 3 M KClI

30.5 ml of 1 M K;HPO4
44.35 ml of 1 M KH2PO4
50 ml of 0.2 M EDTA
510 pl of 4.9 M MgCl,

1 g ATP

25mlof 1 M DTT, or 0.396 g

16.6 ml of 3 M KCl

1.5 ml Of 1M K2HPO4

1.5 ml Of 1M KH2P04

5mlof0.2 M EDTA

250 ul of 1 M DTT

800 ml of 3 M KCl1
40.8 1’1’11 Of 1M K2HPO4

59.2 ml Of 1M KH2P04
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*SmM DTT 20mlof 1 M DTT or 3.085 g

Qsto4L

Buffer D: Resuspension Buffer 21 ml
3 M KCl 20 ml of 3 M KC1
50 mM KPi 670 ul of 1 M KbHPO4

330 pl of 1 M KH; PO4

pH to 6.7
*SmM DTT 105 pl of 1 M DTT
Qsto21 ml
Buffer E: Dialysis Buffer 2L
0.6 M KCl 400 ml of 3 M KCl
50 mM KPi 58 ml of 1 M K;HPOq4
42 ml of 1 M KH2PO4
I mM NaN3 2 ml of I M NaNj
pH to 7.0
*SmM DTT 10 ml of IM DTT
Qsto2 L
Stocks
1 M NaN3 MW =65.01
0.65 g NaN3
Qsto 10 ml
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3 MKCl MW = 7455
447.36 g KCI
2 ml of 1 M NaNj3

Qsto2 L

1 M K;HPO, MW = 174.18
34.84 g K,HPO,
200 pl of 1 M NaNj

Qs to 200 ml

1M KH>POq MW =136.09
27.22 g KH,PO4
200 pl of 1 M NaN3

Qs to 200 ml

1 M MgCl, MW =203.3
2.03 g MgCly
10 pl of 1 M NaN3

Qsto 10 ml

0.2 M EDTA MW =292.2

11.69 g EDTA

71



200 pl of 1 M NaN3
drip NaOH until dissolved
pH to 8.0

Qs to 200 ml

1M DTT MW = 1543
7.715 g DTT

50 pl of 1 M NaN3

Qs to 50 ml

Protease Inhibitor Cocktail

American Bioanalytical cat# AB11014:

AEBSF, Pepstatin A, E-64, Bestatin,

Sodium EDTA

Cold ddH20

4L
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