
Western University Western University 

Scholarship@Western Scholarship@Western 

Electronic Thesis and Dissertation Repository 

8-24-2021 10:30 AM 

A quantitative assessment of hemodynamic and histological A quantitative assessment of hemodynamic and histological 

parameters in the mdx mouse model parameters in the mdx mouse model 

Sarah Hakim, The University of Western Ontario 

Supervisor: Hoffman, Lisa M., The University of Western Ontario 

A thesis submitted in partial fulfillment of the requirements for the Master of Science degree in 

Medical Biophysics 

© Sarah Hakim 2021 

Follow this and additional works at: https://ir.lib.uwo.ca/etd 

 Part of the Biophysics Commons 

Recommended Citation Recommended Citation 
Hakim, Sarah, "A quantitative assessment of hemodynamic and histological parameters in the mdx 
mouse model" (2021). Electronic Thesis and Dissertation Repository. 8240. 
https://ir.lib.uwo.ca/etd/8240 

This Dissertation/Thesis is brought to you for free and open access by Scholarship@Western. It has been accepted 
for inclusion in Electronic Thesis and Dissertation Repository by an authorized administrator of 
Scholarship@Western. For more information, please contact wlswadmin@uwo.ca. 

https://ir.lib.uwo.ca/
https://ir.lib.uwo.ca/etd
https://ir.lib.uwo.ca/etd?utm_source=ir.lib.uwo.ca%2Fetd%2F8240&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/4?utm_source=ir.lib.uwo.ca%2Fetd%2F8240&utm_medium=PDF&utm_campaign=PDFCoverPages
https://ir.lib.uwo.ca/etd/8240?utm_source=ir.lib.uwo.ca%2Fetd%2F8240&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:wlswadmin@uwo.ca


   

 

ii 

 

Abstract 

 

Duchenne muscular dystrophy (DMD) is one of the most commonly inherited 

musculoskeletal disorders affecting 1 in 3500 boys worldwide. The disorder is due to a lack 

of functional dystrophin protein, which, in turn, results in a loss of cell membrane integrity in 

skeletal, cardiac muscle and the brain leading to changes in perfusion. As such, within DMD 

tissue, necrosis is commonly observed, and it has been previously hypothesized that this may 

be due to a reduction in regional blood supply. Here, we aim to measure hemodynamic 

changes during disease progression in DMD (Mdx/Utrn+/+) mice, using dynamic contrast 

enhanced computed tomography imaging and histology across two time points; 4-5 weeks 

and 8-10 weeks. 

Preliminary DCE-CT data collected at the 4–5-week time point (n=3-5) showed a 

17.00% increase in blood flow (p=0.14) and 16.06% (p=0.13) increase in blood volume in 

the brain between Mdx/Utrn+/+ and C57bl/10 mice. Similarly, the heart showed an increase 

in blood flow by 8.76% (p=0.29) and increased blood volume by 9.47% (p=0.22) between 

the two groups at the same time point. Furthermore, pathologic differences in (Mdx/Utrn+/+) 

mice have been shown within the cardiac, brain, and skeletal muscle tissue compared to the 

wild-type mice (C57bl/10).  Currently, there is insufficient knowledge of functional tissue 

perfusion parameters in DMD. Therefore, this research will provide insight as to whether or 

not non-invasive diagnostic measures can assess perfusion differences before the onset of 

serious complications leading to death. 

 

Keywords: Duchenne muscular dystrophy, Ischemia, CT perfusion, Oxidative Stress, Mdx 
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Summary for Lay Audience 

 

Duchenne muscular dystrophy (DMD) is one of the most commonly inherited 

musculoskeletal disorders affecting 1 in 3500 boys. The disorder is due to a lack of 

functional dystrophin protein, which, in turn, results in a loss of cell membrane integrity in 

skeletal, cardiac muscle and the brain leading to changes in perfusion. As such, within DMD 

tissue, necrosis is commonly observed, and it has been previously hypothesized that this may 

be due to a reduction in regional blood supply. Here, we aim to measure hemodynamic 

changes during disease progression in the Mdx/Utrn+/+ murine model of DMD and 

C57bl/10 mice  using dynamic contrast enhanced computed tomography (DCE-CT)  imaging 

across two time points; 4-5 weeks and 8-10 weeks. These time points have been associated 

with the pre-fibrotic condition and onset of fibrosis respectively within literature.  

Furthermore, pathologic differences in (Mdx/Utrn+/+) mice have been shown within 

the cardiac, brain, and skeletal muscle tissue compared to the wild-type mice (C57bl/10) and 

were used to validate DCE-CT data.  Currently, there is insufficient knowledge of functional 

tissue perfusion parameters in DMD. Therefore, this research may provide guidance as to 

whether or not it is feasible that non-invasive diagnostic measures can assess perfusion 

differences before the onset of complications. 
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Chapter 1 

1 Introduction 

1.1 Clinical indications of DMD 

1.1.1 Overview 

Duchenne Muscular dystrophy (DMD) is an X-linked progressive neuromuscular 

degenerative disorder caused by the absence or dysfunction of dystrophin protein (427 

kD).1 The primary role of dystrophin is to link F-actin to the extracellular matrix (ECM) 

by associating with the dystrophin-associated protein complex (DAPC) in the 

sarcolemma.2 The loss of the DAPC exacerbates contraction-induced injury within the 

muscle leading to myonecrosis. This results in decreased sarcolemma integrity, causing 

an overall increase cell permeability. When this occurs, calcium ions enter at a faster rate 

causing protein degradation leading to cell death.3 The dystrophin “DMD” gene can form 

multiple isoforms within muscle and non-muscle tissues due to alternative splicing and 

several different promoter regions. The gene itself is approximately 2.2 Mb in size and 

has one of the highest spontaneous mutation frequencies in humans.4 Most mutations 

disrupt the open reading frame of dystrophin, leading to a loss of stability in the protein.5  

The disorder affects one in every 3,500 male live births and has a prevalence of 4.78 per 

100,000 males, and in addition an incidence of 10.71 to 27.78 per 100,000 males 

worldwide.6 Mutations in the DMD gene located on Xp21 account for the manifestation 

of the DMD phenotype. Around two-thirds of DMD, cases occur de novo due to germ-

line mutations, whereas the remaining one-third occur by inheritance from carrier 

females. DMD primarily affects males; however, female carriers in rare instances may 

experience mild symptoms.7 

Dystrophin contains 79 exons, including an actin-binding domain at the N-terminus, 24 

spectrin-like repeat units, a cysteine-rich dystroglycan binding site, and a C-terminal 

domain.8 The majority of dystrophin isoforms are derived from independent promotors 

located in different tissue sites such as the brain, retina, and heart. For example, Dp140 is 
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present in the brain, kidney, and retina, while Dp116 is expressed in Schwann cells and 

the spinal cord. Full-length dystrophin, Dp427, is present in skeletal and cardiac muscle. 

Lastly, Dp71 is expressed in the retina, kidney, liver, lung, brain, and cardiac tissue. 

Depending on the isoform of dystrophin affected, differing disease pathologies can arise. 

For instance, the disruption of Dp427 is primarily associated with a decline in muscle 

function whereas, disruption in shorter isoforms may contribute to non-muscle associated 

symptoms in DMD such as cognitive defects within the brain.9  

Treatment for DMD is primarily based on controlling and ameliorating the symptoms that 

manifest and their respective complications. Clinical trial research has focused on two 

medications, Deflazacort and Sildenafil. Deflazacort may treats both muscle function loss 

and dilated cardiomyopathy (DCM), two of the most common causes of death in DMD 

patients.10 While Sildenafil is known to reduce fibrosis and muscle weakness as seen in 

dystrophin null (mdx) murine models, more recently it has been shown to alleviate 

cardiac dysfunction. When nNOS generates NO, the production of cGMP mediates 

vasodilation, and when this pathway is impaired it can be savlaged by using a 

phosphodiesterase type 5 inhibitor, such as sildenafil to prevent the degradation of 

cGMP.11,12 Sildenafil works by counteracting the nitric oxide deficiency at the myofiber 

membrane in order to improve blood flow. As the disease progresses, treatment may 

consist of assistive devices that may be used at night or during the day to alleviate 

breathing difficulties such as hypoventilation and sleep apnea, and wheelchairs to assist 

in movement as hypertrophy and chronic muscle wasting of the limbs lead to limited 

mobility.13 

1.1.2 Diagnosis 

Generally, there is around a two-and-a-half-year delay prior to DMD diagnosis in the 

clinic due to a lack of awareness of DMD symptoms by family members or physicians.14 

Degeneration of skeletal muscle tissue occurs in toddlers around two to three years of 

age, and complete loss of ambulation by adolescence at 12 years of age. The onset of 

cardiac degeneration, chronic muscle wasting, and respiratory failure, lead to death 

before 30.15  
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One of the first signs noted in clinic is often skeletal muscle decline, which becomes 

more prominent as toddlers being to learn how to walk and stand. Other difficulties 

include standing, running, walking, jumping, which can be observed by Trendelenburg 

gait, Gower’s sign, and fatigue.16 Clinicians may also observe delayed motor 

development, progressive muscle weakness, delayed speech/language development, and 

pseudohypertrophy. Skeletal muscle decline is progressive and continues throughout 

patients’ years.17 Research has shown that DMD first affects the proximal muscles and 

later claims the distal limb muscles. Typically, the lower limbs are affected before the 

upper external muscles. Overall, clinical examination, family history, and genetic testing 

remain the most direct methods of DMD classification.15-17 Phases of DMD are often 

clinically determined by the rate of progression, symptom severity, age of onset, genetic 

inheritance, and muscle weakness.18 In clinic, children can be categorically placed into 

one of three stages depending on their range of mobility: ambulatory stage, early 

nonambulatory, and late nonambulatory stage. To eliminate the subjective nature of 

classification, a greater emphasis on non-invasive methods of DMD classification and 

assessment is imperative to save time and costs. 

Currently, when children experience mild motor delays and fall behind their peer group 

in physical activity or present with difficulty in routine tasks such as climbing stairs, 

pediatricians will often analyze blood work for creatine kinase. Creatine kinase is a 

muscle-specific protein that is often elevated in the event of sarcolemma damage.19 If 

increased levels exist, the patient is then referred to a neurologist who will run molecular 

and genetic testing while further analyzing the DNA for mutations. Other additional 

methods of diagnosis include monitoring of other serum biomarkers within the plasma, 

such as microRNAs, specifically miR-1, miR-133, and miR-206. miR-1 and miR-133 are 

typically downregulated in muscular dystrophies like DMD, while miR-206 is found to 

be upregulated.20   

Following these evaluations, DMD diagnosis is often confirmed by the pathologic 

confirmation of necrotic myofibers, muscle hypertrophy, and fibrosis as excessive 

deposition of collagen causes scar formation. Most of these findings are derived from the 

consequence of contraction-induced injury of the sarcolemma since myofibers are 
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significantly weakened due to mechanical instability, leading to decreased perfusion 

within certain areas of the body. Currently, the gold standard for diagnosis in DMD are 

skeletal muscle biopsies which evaluate functional dystrophin quantity are highly 

invasive, limited in scope for younger individuals.21 Repetitive biopsies to monitor 

therapeutic interventions can further exacerbate muscle tissue damage and are not 

practical for long-term monitoring. As the disease progresses, repetitive regeneration and 

degeneration cycles eventually deplete the muscle stem cell pool.22  

Dystrophin within cardiac myocytes serves the same function as in skeletal muscle. The 

loss of dystrophin reduces contractile function. Pathological alteration of the ventricular 

myocardium in DMD patients occurs due to atrophy and remodeling. This restructuring 

may stem from decreased systolic function and cardiomyocyte destruction. Destruction of 

cardiomyocytes have been shown to occur in conjunction with inflammatory fatty 

infiltrate and fibrosis. Ventricular wall thinning is common and is often paired with 

decreased systolic and diastolic function.  However, it doesn’t always immediately result 

in the DCM pathology.17 Myocardial cell death is often imaged using late gadolinium 

enhancement during cardiovascular magnetic resonance imaging (CMR) scans. Other 

diagnostic tools used to assess cardiac condition in patients include echocardiography to 

assess heart structure through ultrasound and electrocardiography.15 DMD patients within 

their last years develop a silent form of cardiomyopathy due to lack of physical activity 

which is often correlated with atrial arrhythmias and sinus tachycardia.23  

Other clinical symptoms DMD patients can exhibit are behavioral and learning 

disabilities. Recent studies have shown interest in characterizing DMD within the brain, 

especially with hopes to include it in diagnostic assessment. One study involving males 

ages 8-18 years found that DMD patients have a smaller grey matter volume and altered 

white matter volume when compared to age matched controls.24 Expression of dystrophin 

within the brain occurs in astrocytes, the blood-brain barrier. In DMD, the disruption of 

the blood-brain barrier (BBB) results in edema and neuronal dysfunction.25 Dystrophin-

associated neurodevelopmental syndrome is a term used to describe the clinical 

psychiatric and neurological impairments associated with DMD. Intellectual impairment 

has been correlated with mutations occurring in the dystrophin brain-specific isoform and 
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is not known to be progressive.26 Diagnostic methods such as positron emission 

tomography (PET) and single-photon emission computed tomography (SPECT) tend to 

focus on metabolic changes and the overall connectivity of brain networks.27 While 

methods such as computed tomography and magnetic resonance imaging better capture 

the prevalent anatomical abnormalities. In addition, cognitive and behavioral studies have 

shifted to using electroencephalography (EEG) to discern anomalies pertaining to 

synaptic function due to loss of dystrophin.28 As there is no cure to DMD, the systemic 

nature of the disease is treated symptomatically depending on the site of organ, muscle, 

or tissue dysfunction. A thorough understanding of the pathophysiology presented in 

DMD patients is crucial to guide clinicians in terms of treatment regimens and case 

management. 

1.2 Pathophysiology 

1.2.1 Skeletal Muscle 

The absence of functional dystrophin within skeletal muscle affects a wide array of 

pathways pertaining to fibrosis, inflammation, and oxidative stress. While the 

degeneration of myofibers required for muscle function and maintenance is apparent, a 

lesser focus of pathologies such as fibrosis have reported in terms of pathophysiology. 

The generation of excess connective tissue is seen because of prior regeneration and 

degeneration cycles that deplete the muscle stem cell pool. When these regenerative 

cycles occur activated macrophages express CD163, and produce anti-inflammatory 

factors such as interleukin-10 to mitigate inflammation and enhance satellite cell 

proliferation.48 The absence of dystrophin causes myofiber instability and as such sodium 

and calcium electrolyte influx can occur in excess leading to ATP depletion as the 

sodium-potassium pump lacks the appropriate chemical and electrical gradients to 

continuously generate ATP.49 With reduced ATP levels, lactic acid build up within 

skeletal muscle is a common occurrence. At physiological pH lactic acid is usually 

present as lactate. Lactate is known to control promoter activity of the collagen gene, 

which in return causes increases in collagen creation and deposition.50 In DMD this 

further exacerbates the infiltrate environment and can lead to downstream effects 

influencing oxidative stress.51 
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Like the heart, mechanical stress within skeletal muscles can align with oxidative stress. 

ROS have been suspected to contribute mainly to disease pathology in muscular 

dystrophy. Skeletal muscle contains a large amount of thiol groups associated with 

troponin, tropomyosin, myosin, and actin. When oxidant species outnumber anti-

oxidants, these groups can be altered, influencing redox reactions involved in contraction 

coupling and creation of cross bridges, thus impairing contraction.52 Nitric oxide synthase 

(NOS), and Phospholipase A2 (PLA2) are responsible for ROS formation.  PLA2 has 

been noted to affect NO localization within the sarcolemma and increases ROS 

production within mitochondria due to its calcium-dependent and calcium independent 

pathways.54 Furthermore, within skeletal muscle certain groups of anti-oxidant enzymes 

have been shown to be upregulated such as superoxide dismutase (SOD), catalase, 

glutathione reductase, and 8-hydroxy-2’-deoxyguanosine in DMD subjects.55 While the 

characterization of dystrophin and the pathologies  arising from its absence have been 

thoroughly assessed, the connection between these pathophysiology and clinical outcome 

remains lesser known. 

1.2.2 Heart 

The absence of functional dystrophin leads to a variety of different pathophysiological 

mechanisms, which ultimately lead to myocyte death. Typically, dystrophin within 

cardiomyocytes combines with costameres and presents as a striated pattern in the 

sarcolemma. Costameres attach the ECM to the Z-disc of the sarcomere via the DAPC 

and cytoskeletal γ-actin. Here, dystrophin’s N-terminal region connects to γ-actin, and its 

C-terminus links with transmembrane β-dystroglycan playing a crucial role in 

sarcolemmal stability. β-dystroglycan then goes on to bind with α-dystroglycan, which 

binds to the ECM via laminin. Loss of dystrophin results in sarcolemma fragility and 

unregulated permeability during increased workload on myocytes.29 The unregulated 

permeability of cardiomyocytes has been demonstrated using Evans Blue dye entry to 

target compromised locations within the membrane where serum protein influx occurs.30  

The leakiness of the membrane causes an imbalance in the ion gradients, and as such, 

ions like calcium levels increase intracellularly. In addition to calcium influx via leaky 

membrane, transient receptor potential channels and L-type calcium channels may 
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mediate excessive calcium entry within dystrophic cardiomyocytes during stretch-

simulated cation influx.31  Excess calcium levels impair electrical activity and contractile 

function in the heart leading to mitochondrial dysfunction and overall heart failure which 

restricts blood flow to the body. Within the mitochondria, oxidative metabolism relies 

upon the negative inner membrane potential for adenosine triphosphate (ATP) synthesis. 

When increased loads of calcium enter the cell from the surrounding ECM, the 

mitochondrial permeability transition pore depolarizes, causing an interruption of ATP 

synthesis until membrane potential is restored. During this event, the cell triggers 

apoptosis and depletes ATP levels, and releases reactive oxygen species (ROS) and pro-

apoptotic factors from the mitochondria into the cytosol.32 During the depletion of ATP 

within the heart, stored phosphocreatine are converted to ATP due to the physiological 

demand for energy. Past studies have shown that in mdx tissue the ratio between 

phosphocreatine and ATP is reduced prior to the onset of cardiac fibrosis.33 

The lack of functional dystrophin is related to increased production of ROS contributing 

towards the pathogenesis of the disease. Nicotinamide adenine dinucleotide phosphate 

oxidase 2 (NOX2) is a superoxide generating enzyme which has increased expression 

within myocytes of mdx mice during stretch-induced activity. NOX2 is converted by 

superoxide dismutase to hydrogen peroxide (H2O2) and excessive H2O2 can lead to 

oxidation of other biological molecules such as lipids, nucleic acids leading to decreased 

cell survival. Further evidence has been gathered to show that NOX2-mediated ROS may 

further contribute to mitochondrial dysfunction and leakiness within the sarcolemma 

calcium within mdx myocytes.34 Specifically, NOX2-mediated ROS has been shown to 

impair lysosome formation and autophagy in mdx mice.35  

Multiple cells within cardiac tissue contribute to the generation of fibrosis, such as 

fibroblasts, endothelial cells, immune cells, and cardiomyocytes. Mechanical stress 

coupled with other factors such as inflammation can cause profibrotic cytokines and 

chemokine secretion. Increased cardiomyocyte death leads to further fibrosis as collagen 

deposition takes over to fill the vacancy.36 Collagen deposition isn’t degraded due to 

matrix metalloproteinases and tissue inhibitors of metalloproteinases. The abundance of 

necrosis and cell-stress within cardiomyocytes cause an excess of chemokines, cytokines, 
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ultimately recruiting neutrophils and macrophages to clear the surrounding infiltration 

further aggravating the condition.37,38 

1.2.3 Brain  

The absence of dystrophin isoforms within the brain has been associated with cognitive 

defects in DMD. Within the brain, Dp71 is abundantly expressed, and mutations within 

this isoform is responsible for the bulk of neurocognitive symptoms in patients. The role 

of Dp71 isoforms within the brain are numerous, ranging from structural functions such 

as synapse organization to deoxyribonucleic acid (DNA) repair, and cell division. The 

absence of Dp71 in DMD has been associated with increased clustering with Kir4.1 and 

aquaporin-4 leading to intracranial swelling and edema.39 Intracranial edema may affect 

the leakiness of the vasculature surrounding blood brain barrier which has been found to 

exist within DMD patients.40 In addition to physical abnormalities, the majority of Dp71 

is localized in the hippocampal dentate gyrus, which is associated with memory 

consolidation; a process in which DMD patients encounter difficulties. Interestingly, 

Dp140 plays an integral role in the central nervous system (CNS) and is expressed in 

blood vessels, which makes its role in cognitive impairment in DMD evident. Vascular 

dementia arising from the reduction of blood flow, can lead to oxygen deprivation and 

exacerbate conditions associated with cognitive impairment.41 Further, lack of dystrophin 

has been localized to cortical, subcortical, hippocampal regions of the brain where 

neurons and glial cells are primarily affected, and the cerebellum where Purkinje cells are 

impacted in DMD.42 Within these regions Dp427 is crucial, Dp427c has been found in 

hippocampus and cortex neurons, whereas Dp427p is found in cerebellar Purkinje cells.27 

Thus, the role of dystrophin and the lack thereof within these areas affect and contribute 

to deficits in learning, memory, movement, and balance in the patient population.43,44 

It has been previously mentioned that chronic inflammation is a hallmark indication of 

DMD. Cytokines have been known to have a neuromodulatory role within the CNS. 

Structures such as neurons, glia, and even endothelial cells secrete cytokines and likewise 

contain the respective receptors to receive cytokine signals which in turn influence 

cognitive function. It has been noted that interleukin-1β, tumor necrosis factor α, and 

interleukin-6 receptors have been found in the hippocampus and are associated with 
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memory formation. In healthy subjects cytokines have been known to promote and 

regulate synaptic plasticity, whereas in unhealthy subjects it may lead to neuronal 

dysfunction.45  

In terms of oxidative stress within the brain, decreased levels of nitric oxide (NO) can 

impact the hippocampal region which is primarily responsible for memory formation and 

synaptic plasticity by reducing neurogenesis.45 As previously stated, the loss of 

dystrophin can lead to downstream pathologies such as calcium influx due to the 

increased permeability to the ECM. Decreased membrane stability in the brain was 

observed in one study using proton-nuclear magnetic resonance where choline-containing 

compounds were increased, signifying increased membrane turnover and degradation in 

patients.46 Another recent paper found that decreased gamma-aminobutyric acid (GABA) 

inhibition resulted in changes of metabolic activity in the hippocampus region, and in 

return was associated with an increase in glutathione levels; a common antioxidant 

molecule also involved in nutrient metabolism and regulation of cellular events.47 Both of 

these studies covered a broad range of ROS being produced during increased brain 

activity, and one could speculate that this may, in return, influence inflammatory 

cytokine levels and overall perfusion parameters within brain tissue. Further 

classification of the role of inflammation, and oxidative stress markers remains elusive 

with respect to cognition in DMD.  

1.3 Myeloperoxidase 

Myeloperoxidase (MPO) is abundantly expressed within the innate immune system and is 

the most abundant protein in human neutrophils.56 It is primarily released by neutrophils 

during the fusion between lysosomes and phagosomes. Following fusion, superoxide 

anions produced further dissociate into H2O2. A standard chain reaction that occurs is the 

coupling of H2O2 with hypochlorous acid (HOCl), which assists in destruction of 

invading pathogens.57 However, in certain disease conditions the production of these by-

products can exacerbate tissue damage if produced in abundance. Prolonged exposure of 

HOCl ultimately leads to cell death by a range of pathways such as, direct cell lysis, and 

mitochondrial dysfunction by means of monocyte and macrophage damage.52  



10 

 

Endothelial cell damage mediated by HOCl can lead to further mitochondrial 

dysfunction, necrosis, and apoptotic cell death. Indicatively, presence of HOCl is also 

related to oxidation of thiol groups, such as glyceraldehyde 3-phosphate dehydrogenase 

(GAPDH), which leads to decreased glycolytic activity and reduced ATP production. The 

downregulation of thiols can disrupt calcium levels which, as seen in the previous section 

led to various pathophysiologic affects in DMD.56 

In addition, MPO can cause further damage to DAPC by damaging ECM proteins.58 With 

the mislocalization of neuronal nitric oxide synthase (nNOS) as a consequence of 

dystrophin loss, NO production is vastly reduced, leading to downstream effects on 

vasculature. nNOS produces NO and is crucial for the regulation of blood flow with 

respect to endothelial function as it effects vascular permeability.59 Depletion of NO 

results in a lack of vasodilation and a general increase in inflammation due to a lack of 

anti-inflammatory control. Vascular-mediated rescue from endothelial NO can be 

hindered by alternate pathways by combining with free radicals.60 As mentioned prior, 

MPO is a leukocyte derived enzyme that catalyzes ROS, specifically aromatic substrates, 

into hypochlorous acid when hydrogen peroxide and chloride ions are present, which in 

turn, contribute to tissue damage via inflammatory environment. Polymorphonuclear 

leukocytes (PMN) activates MPO, which subsequently in the presence of H2O2, 

consumes endothelial derived NO.61 Thus, MPO can create further endothelial disarray 

by reducing the bioavailability of NO.  

NO has a multitude of additional functions within the cell, some roles include glucose 

uptake, regulation of mechanical stress, and blood flow by increasing cyclic guanosine 

monophosphate (cGMP) production. Typically, NO will bind to guanylate cyclase which 

then converts guanosine triphosphate (GTP) to cGMP which goes on to activate protein 

kinase G which directly causes vasodilation in smooth muscle by being part of a positive 

feedback loop.60 Further, it is hypothesized that cGMP may activate KATP channels, 

causing a decrease in calcium entry resulting in vasodilation through inhibition of the 

smooth muscle light chain mitigating damage during times of increased blood flow.59 In 

contrast, during increased levels of MPO, activation of the Rho-kinase signaling pathway 

can lead to disruption in vasodilation. This occurs by means of vascular cell adhesion 
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molecules which are indirectly upregulated as a result of MPO induced activation of 

calpain; calpain downregulates NO leading to impaired vasodilatory mechanisms.62 

1.4 Oxidative Stress contributes to Hemodynamics Outcome 

Most patients presenting with DMD will develop ischemia within some regions of the 

body due to the continuous cycles of muscle degeneration. The absence of dystrophin is 

known to cause a loss of localized nNOS, which forms part of the DAPC.60,63 Past studies 

have shown in healthy murine models that nNOS may be responsible for blood flow 

regulation via pathways pertaining to alpha-adrenergic receptor activation to shunt the 

vasoconstrictor response and induce dilation in vasculature.60 This mechanism is 

impaired in those with DMD causing further disease pathogenesis.  

In DMD patients, this response is ineffective as vasoconstriction is not blunted during 

sympathetic activation.63 The central theory of oxidative damage in DMD patients occurs 

in a two-hit hypothesis, the first being that there are increased levels of ischemia due to 

an absence of NOS, and the second hit stemming from the DAPC defects.64 For instance, 

one of the proteins impacted as a result is nNOS which produces NO. NO is present in 

high levels in the brain and skeletal muscle. Furthermore, nitric oxide has roles in 

modulating contractile force, exercise-induced glucose uptake, and myofiber 

differentiation pathways thus stressing it’s importance in the body.65 Without functional 

dystrophin, nNOS localization cannot occur due to the absence of functional domains, 

causing nNOS to delocalizes into the cytosol.  

There are three isoforms of NOS, nNOS, endothelial NOS, and inducible nitric oxide 

synthase (iNOS). These isoforms allow for the conversion of L-arginine to L-citrulline, 

through heme-containing oxidoreductases which generate NO.65 NO has a wide variety of 

roles, as it is involved in neural transmission, muscle contractile function, calcium release 

from sarcoplasmic reticulum, glucose metabolism, and immune modulation.65 

Physiological responses due to NO rely on its ability to activate guanylate cyclase and 

thus increase production of cGMP. Additional responses that depend on NO include 

processes such as the activation or inhibition of cytochrome P450, hemoxygenase, and 
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cytochrome c oxidase. These enzymes are involved in roles pertaining to oxidation of 

biological molecules, vascular inflammation, and production of ATP respectively.66    

Previous investigations have shown that nNOS null mice, and mdx mice have 

catastrophic defects pertaining to vascular control within tissue.65 One research paper 

determined that the mechanism of nitric oxide was deemed protective by inducing 

dilation and combating the alpha-adrenergic vasoconstrictor response during sympathetic 

activation. When this path is either impaired or absent, the onset of functional muscle 

ischemia occurs and the onset of muscle necrosis ensues.63 For instance, healthy patients 

had this mechanistic response present in order to reduce muscle tissue oxygenation when 

exercising whereas in DMD patients during exercise were recorded to have increased 

levels of oxygenation in skeletal muscle.67 As mentioned before, lactic acid accumulation 

during exercise will dissociate further into lactate, which has severe effects on collagen 

gene regulation. Lactate causes an excess buildup of collagen within the ECM leading to 

fibrosis.49 

Dystrophin deficient muscle is known to be susceptible to contraction-based injury as 

mentioned previously. The loss of dystrophin in endothelial cells leads to impaired 

vasodilation when skeletal muscle tissue experiences an increased metabolic load due to 

sympathetic activation.68 Pathologic validation has confirmed little to no expression of 

nNOS in the sarcolemma of DMD patients.69 DMD mice have exhibited an overall 

decrease in vascular density which may be due to excessive fibrofatty tissue deposits that 

impede blood flow perfusion to the tissue. Decreased blood perfusion to tissues can 

further exacerbate cellular stress as repair mechanisms and exogenous dystrophin 

delivery may not be delivered to the site of damage.69 

A typical characteristic of muscular dystrophies includes the finding of necrotic fibers in 

bundles throughout the tissue. It is postulated that these contiguous myofibers may be 

supplied by a common arterial blood supply source. Past studies have confirmed that this 

hypothesis has merit since the research has shown that muscular dystrophy phenotypes 

can be reproduced by inducing microvascular ischemia and infarction injury.69  
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When contraction-based injury occurs, and contents of the cell leak, the body’s immune 

system is activated. Decline in muscle function is often correlated with muscle pathology. 

Infants affected by DMD generally do not show symptoms of the disease, until their 

innate immune system is activated. Major histocompatibility complex I (MHCI), toll-like 

receptors (TLR) and nuclear factor-kappa signaling are activated shortly following birth. 

Past investigations have shown that specifically TLR 1-4, TLR 7-9 expression is 

upregulated in the mdx murine model of DMD.70 The constant release of cytoplasmic 

contents into the extracellular space can lead to the activation of chronic inflammation. 

Chronic inflammation is further exacerbated by the constant regeneration and 

degeneration cycles that deplete the muscle stem cell pool. In this case, neutrophils 

invade the myofibers, which are then phagocytosed by macrophages. Due to the absence 

of dystrophin, membrane integrity is disrupted and TLR ligands are leaked into the 

extracellular matrix, especially those displaying damage associated molecular patterns 

(DAMPs). DAMPs will then activate high mobility group box 1 (HMGB1) proteins, 

ROS, and heat shock proteins to be released.71 MHCI and major histocompatibility 

complex II (MHCII) receptors are activated on muscle cells through proinflammatory 

cytokines, leading to the recruitment of B and T cells. When neutrophils are 

phagocytosed by macrophages, release of MPO by-products cause ROS stress via HOCl 

which decrease NO bioavailability. This is important recall since HOCl has been shown 

to inhibit endothelium dependent relaxation thus impairing vascular flow.72 

1.5 Measures of Perfusion Parameters 

Given the age of onset and diagnosis, healthcare professionals tend to prefer non-invasive 

imaging methods when monitoring disease progression. Magnetic resonance imaging 

(MRI), ultrasound, PET, and dynamic contrast enhanced computed tomography (DCE-

CT), are some of the most common non-invasive imaging modalities used to measure 

tissue perfusion. MRI uses radio waves and strong magnetic fields to reproduce the 

body’s internal anatomy. It is useful when rendering 3-D images of internal structures 

and does not require radiation. It does so by pulsating radio signals towards the patient’s 

body, when these radio waves interact with hydrogen atoms within specific molecules, 

reflected signals transmitted back are recorded to form the localized image.73 In perfusion 
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based MRI, a bolus of gadolinium-based contrast agent is passed through the body and 

measured using T2 weighted images. The tracking of the paramagnetic contrast agent 

ultimately leads to a signal intensity time curve which can be used to assess vascular 

permeability, tissue perfusion, and the extravascular space.74 Patients undergoing MRI 

must report if they have any electronic devices contained within their body. For instance, 

those with cardiac pacemakers are unable to be scanned, as the magnetic field would 

damage the device. One of the major disadvantages associated with MRI include the 

length of examination, as keeping young patients still for long periods of time is difficult. 

75 Therefore, other approaches may be taken by family physician and other health care 

providers in accordance with the family’s finances and patient’s emotional comfort. 

Ultrasound is able to image perfusion by using traditional Doppler signal. Doppler 

ultrasound measures the change in frequency of ultrasound waves between sender and 

recipient signals in moving targets such as blood flow. Although doppler is relatively 

inexpensive and readily available for serial assessments, it is limited to observing larger 

vessels with fast flow rates and has limited spatial resolution. These disadvantages limit 

its use in younger patients as DMD is a systemic disease, and the pathogenesis of the 

disease has been known to cause vascular dysfunction.78 

PET scans employ the use of radiotracers in the body, via injection, inhalation, or oral 

uptake. Over time, the tracer will deposit in areas of high metabolic activity. Tracers such 

as 15O-water, 13N-ammonia, and 82rubidium are often used to gauge blood flow in terms 

of diagnosis of disease.79 While, PET scans may be able to provide a quantitative 

assessment in terms of blood flow, only a handful of clinics have access to such 

radiotracers with experienced radiologists to conduct testing and interpret results. 

Furthermore, the half-life of these radiotracers requires the cyclotron facility to 

manufacture them on site; such facilities are limited around the world.80 Thus, healthcare 

providers often refer patients for diagnosis and clinical assessment using other imaging 

modalities and techniques. 

DCE-CT perfusion imaging depends on baseline images being acquired without contrast 

enhancement which is then followed by images taken as an intravenous bolus of contrast 
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agent is injected. As the contrast agent moves through the vasculature, tissues can be 

perfused, X-ray signals attenuated and later analyzed using software to generate a time 

enhancement curve. During the first phase of imaging the contrast agent is primarily 

located in intravascular locations whereas during the second phase the contrast agent 

diffuses into the extravascular space allowing for vascular permeability to be calculated. 

Common parameters used to describe hemodynamic perfusion within tissue include mean 

transit time, blood flow, and blood volume. The primary advantage of DCE-CT is the 

direct linear relationship between contrast agent concentration and X-ray attenuation.81 In 

addition, DCE-CT is relatively cheap, and widely available. One limitation for DCE-CT 

includes the using low dose ionizing radiation depending on the anatomy being scanned, 

however many physicians agree that the risk of adverse effects of radiation are minimal 

compared to the benefits in terms of disease monitoring and diagnosis.81 Parents and 

younger patients are more compliable with this modality as exams require little scan time 

and have a low cost burden. More recently, family members and healthcare providers 

have looked towards using DCE-CT to monitor disease progression, and accurate 

diagnosis in other conditions such as renal cancer; however, there haven’t been many 

studies conducted pertaining to DMD.  

1.6 Murine Models of DMD 

Three types of DMD phenotype exist within the murine classification: mdx, mdx/utrn+/-, 

and mdx/utrn-/-. These respectively pertain to the mild, intermediate, and severe 

phenotypes seen in the DMD clinical population. These models have been created by the 

ablation of utrophin, an autosomally-encoded dystrophin homologue.82 

The homologue protein of dystrophin, utrophin is thought to compensate for the lack of 

functional dystrophin in mice. It has been shown that when loss of dystrophin occurs, 

utrophin expression is generally upregulated. Utrophin is structurally similar to 

dystrophin and can act similarly in function. When comparing the two proteins, utrophin 

lacks the nNOS-binding site, and two spectrin-like repeats.83 Thus, it isn’t able to 

completely ameliorate the DMD pathology that arises overtime with respect to oxidative 

stress. Utrophin expression in DMD patients has been known to increase with age and 

has a positive correlation with increasing disease progression. It has been reported that 
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dystrophin and utrophin proteins are regulated and expressed in a reciprocal manner. 

Typically due to the role of dystrophin it is found in the sarcolemma, and utrophin is 

found in the neuromuscular junction. It is usually only during disease states whereby 

utrophin expression can occur in the sarcolemma to compensate for the lack of 

dystrophin84  

Mdx/utrn-/- mice produced by breeding utrophin null mice with mdx mice lack both 

utrophin and dystrophin expression, resulting in the most severe phenotype of DMD.  

However, this mdx/utrn-/- model is not indicative of the human population, where both 

dystrophin and utrophin are expressed at varying levels systemically.5 The dystrophin and 

utrophin knockout mice (mdx/utrn-/-) are known to commonly present weight loss, 

scoliosis, joint contractures, retardation and even premature death. Studies conducted 

with mdx/utrn-/- mice are difficult due to the lifespan of 15-20 weeks. Moreover, 

mdx/utrn-/- are less commonly used, as the effect of utrophin cannot be completely 

discounted in the human population and may play tangential roles in oxidative stress 

pathways and manifest disorders similar to DMD if deficient.85 

As a result, the mdx/utrn+/- model was developed to provide a compromise between the 

mdx and mdx/utrn-/- models. These mice are heterozygous for the utrophin allele and 

exhibit a slightly more severe phenotype than the mdx model but not as severe as 

mdx/utrn-/- model. The use of this phenotype is lesser studied in terms of novel research 

as results are hard to replicate and validate without the guidance of past literature. Thus, 

the mdx mouse model is often used as a “starter model” when researching unknown links 

in novel pathways within DMD.86 

Within the mdx murine model, a mutation in exon 23 leads to a premature stop causing 

the absence of dystrophin. While the expression of dystrophin is impaired, it is important 

to note that utrophin is an autosomal homologue of dystrophin and can, in part, 

compensate for the lack of dystrophin in murine models. Past research has extensively 

characterized the mdx mouse model despite observations detailing its milder phenotype 

when compared to the human population.87 Regardless of this limitation, the mdx mouse 

remains a gold standard in DMD research and is the model of choice when conducting 
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novel research in order to validate data. Research using these mice cautions against usage 

in the aged mdx population, at 40+ weeks, as some symptoms do not manifest along 

similar timelines as seen in the DMD human population. For instance, these mice do not 

exhibit severe DCM until much later in life and have a longer lifespan when compared to 

the aforementioned murine models.88 

Necrotic fibers are most pronounced between 2-8 weeks of age in mdx mice, which is 

later confirmed by creatine kinase plasma levels. Histologically, necrotic fibers present in 

a scattered pattern with myopathic grouping. The rapid rate of degeneration and 

regeneration cycles of myofibers peaks between 3-4 weeks. Further, inflammation within 

skeletal muscle occurs during 3 weeks of age and reaches maximum amount between 8-

16 weeks in this model.89  In older mdx animal models, unique findings include the fact 

that gastrocnemius muscle and the diaphragm are severely affected whereas the tibialis 

anterior is subjected to a higher risk of contraction-induced injury.90 A notable finding, 

which needs to be considered during result interpretation of novel studies. In addition, it 

has been previously shown that moderate exercise can lead to an escalation in disease 

course. This is important because the use of exercise in mdx mice has been shown to 

upregulate utrophin.85 Thus, the link between utrophin and its effects within pathways 

pertaining to oxidative stress is unknown. In addition, these observations may explain 

why current therapeutics and treatments have variable efficacy when translated into the 

human DMD patient population during clinical trials, since the type of murine model may 

impact pre-clinical research.  

1.7 Research Outline 

1.7.1 Study Hypothesis 

The intersection of hemodynamic parameters with respect to oxidative stress has not been 

investigated in DMD. Thus, here we aim to utilize DCE-CT to monitor changes in 

hemodynamic parameters such as blood flow (BF), blood volume (BV), and mean transit 

time (MTT) which may be affected by nNOS mislocalization. We hypothesize that CT 

scans will model DMD progression by providing absolute quantification of perfusion. 

Additionally, we hypothesize that oxidative stress may correlate with DCE-CT perfusion 
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parameters to replicate the pathologic environment seen in later stages of DMD as 

mentioned prior. 

1.7.2 Study Objectives 

1. To compare functional maps of BF, BV, and MTT in the brain, heart, and skeletal 

muscle between control and DMD group using DCE-CT at two time points, 

specifically the 4-5 week time point (pre-fibrotic) and 8-10 week time point 

(fibrotic). 

2. To investigate the role of oxidative stress in the heart, brain, and skeletal muscle 

of murine DMD models at two time points, specifically the 4-5 weeks (pre-

fibrotic) and 8-10 weeks (fibrotic) time points, given that oxidative stress is 

known to cause changes in hemodynamic parameters. 

C57bl/10 and mdx mice were used for experimental purpose since the intersection of 

hemodynamic parameters and MPO has not been investigated in DMD. Two time 

points were selected, the 3-5 week, 8-10 week ones specifically corresponding to the 

pre-fibrotic and fibrotic conditions respectively.17 These time points may provide 

insight into perfusion parameters prior to fatal complications as the disease progresses 

with respect to oxidative stress. Following DCE-CT imaging, analysis was localized 

to the brain, heart, and skeletal muscle for region of interests as these are some of the 

most monitored areas within DMD patients due to their vital functions. To validate 

DCE-CT findings, histological staining for MPO, Masson’s Trichrome, and 

hematoxylin and eosin (H&E) were performed.  
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Chapter 2 

2 In-vivo whole-body CT perfusion imaging  

2.1 Introduction 

Medical imaging is the process of creating visual representations of the body, including 

organs and tissues, to facilitate analysis in clinic to diagnose or offer medical 

intervention. Neuromuscular disorders, such as DMD, depend on the accuracy and 

precision of diagnostic measures. Often diagnosis is challenging because of patient 

variability and poor specificity of validation techniques. Currently, there is an increasing 

need to implement non-invasive imaging modalities in routine care to assess DMD 

disease diagnosis and progression. In clinic, health care professionals may use ultrasound, 

echocardiography, PET, fNIRS, MRI, or even DCE-CT as an imaging modality of choice 

to view and characterize disease progression in patients.  

Ultrasound is often used when imaging neuromuscular disorders in children due to the 

absence of ionizing radiation, availability, and low cost. It can quickly identify fatty 

degeneration, atrophic changes, and muscle thickness. However, ultrasound is limited to 

the observation of superficial muscle groups. Furthermore, there is low intra-observer, 

and inter-observer agreement since the diagnosis and prognosis when observing the 

echogenicity and muscle morphology are highly dependent on the manual dexterity of the 

operator.1 One study tested quantitative backscatter analysis (QBA) and grayscale levels 

(GSL) values from a group of 6 muscles in boys aged 2 to 14 years (n=25). Results 

indicated that although QBA and GSL have similar results with respect to age and 

function analysis, they were unable to image the quadriceps and medial gastrocnemius 

muscle appropriately due to plateauing of echo intensity. Some possible explanations as 

to why this occurred focused on the pathology of the disease, specifically the fact that 

hypertrophy and pseudohypertrophy can alter echo intensity which can make it hard to 

discern whether echo intensity or age is contributing to the disease state.2 Similarly, 

echocardiography has been previously used to study cardiac function in patients, to detect 

the presence of DCM and sinus tachycardia. While this method has made advances in 

characterizing fibrosis, necrosis, and hypertrophy within certain tissues and organs, it 
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possesses some limitations.3 In an investigation pertaining to serial images taken from 

left ventricular segments, in patients aged 3.6 to 19.9 years of age, over half of 

echocardiograms were deemed suboptimal at the 13-year time point with more than 30% 

of segments inadequately captured. Further, by 15 years of age, around 78% of images 

were suboptimal4. As such, echocardiographs are limited in image quality with increasing 

age in DMD patients.  

Positron emission tomography (PET) has been used to study wall motion, cardiac 

metabolism, and function in DMD patients. Further, PET has been used to demonstrate 

that there’s increased glucose uptake in the left ventricle of patients, this is supported by 

findings which report the presence of DCM.5 Limitations of PET imaging include the fact 

that it is dependent on blood flow for accurate radiotracer uptake in tissues and uptake of 

radiotracer depends on the cells’ metabolic demands. Radiation encountered per PET 

scan usually contains higher amounts when compared to DCE-CT.6 In addition, the 

inflammation of tissue can limit tracer uptake thus hindering results of studies5.  

Functional near-infrared spectroscopy (fNIRS) may be used to evaluate hemodynamic 

responses in patients. It works by calculating physiologic parameters non-invasively 

based on the absorption spectrum of deoxy and oxy hemoglobin.7 fNIRS has been shown 

to be cost effective, and useful for acute and longitudinal studies. One paper revealed that 

muscle oxygenation was impaired in DMD patients after undergoing a routine six-minute 

walk test8. Despite its usefulness in classifying oxygenation within various tissue fNIRS 

suffers from lower spatial resolution and limited depth of recording9.  

Magnetic Resonance is able to view soft tissue well and can evaluate various features of 

skeletal muscle. This modality can determine fatty degeneration using T1-weighted 

images and recognize large decreases in overall muscle volume. T2-weighted images are 

beneficial when muscle edema is present. T1-weighted images primarily focus on 

rendering images of adipose tissue by targeting proton energy within fatty tissue. In 

contrast, T2-weighted images can render images pertaining to tissues containing both fat 

and water based on proton energy emitted.10 In recent years MRI, more specifically 

cardiac magnetic resonance, has served to detect cardiac dysfunction in DMD patients. 
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Cardiac magnetic resonance allows for three-dimensional volumetric measurement 

analysis, to detect overall heart function and strain.11 

Lastly, Computer Tomography (CT) has been used to monitor changes in skeletal muscle 

and organs in a wide array of disorders. Past literature has shown that adipose deposition 

in replacement of skeletal muscle is less identifiable on CT perfusion scans due to a loss 

of contrast within the tissue. Poor contrast in soft tissue can lead to challenges for 

identifying muscle degeneration.12 However, recent work has cited the presence of 

muscle edema prior to damage, which is where the use and role of DCE-CT in clinic is 

important for DMD assessment.13 The primary advantage of DCE-CT is the linear 

relationship between contrast agent concentration and X-ray attenuation.14 In addition, 

DCE-CT is relatively cheap, widely available, and has high spatial resolution. These high 

resolution images have been shown to have greater reproducibility than PET or MRI. One 

limitation for DCE-CT includes the use of ionizing radiation approximately 1-2 

mSv/scan, however many physicians agree that the risk of adverse effects of radiation are 

minimal compared to the benefits in terms of disease monitoring and diagnosis.14 Parents 

and younger patients are more compliable with this modality as exams require little scan 

time and have a low cost burden. More recently, family members and healthcare 

providers have looked towards using DCE-CT long-term to monitor disease progression, 

and accurate diagnosis in other conditions such as renal cancer; however there haven’t 

been many studies conducted pertaining to DMD. Thus, here we aim to study whole-

body DCE-CT imaging and compare results with findings of oxidative stress. 

2.2 Materials and Methods 

All studies and experiments were completed at Lawson Health Research Institute at St. 

Joseph’s Health Care in London, Ontario. Animal use protocol, AUP 2018-140, was 

approved by the Animal Use Subcommittee at Western University and complied with the 

Canadian Council on Animal Care (CCAC) guidelines (Appendix A). 

2.2.1 Study Population 

Wild-type (C57bl/10) were purchased from Charles River and Jackson Laboratories 

(JAX) (Bar Harbor, ME) as they are the appropriate background control to the mdx 
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mouse model, whereas mdx, also known as, mdx/utrn+/+ mice were bred in house using 

breeding pairs of C57bl/10 and mdx/utrn+/- obtained from  JAX. Housing conditions for 

the colonies were controlled (19-23 ˚C, 12-hour light/dark cycles), mice were allowed 

food and water ad libitum. All mice used were bred using an in-house protocol 

(AUP2017-038) in accordance with CCAC guidelines and were genotyped by the 

Hoffman lab. Two populations were studied where in-vivo imaging (n=3-5 mice/time 

point/genotype) and ex-vivo histology cohorts (n=3 mice/time point/genotype), which 

will be referred to as the DCE-CT and immunohistochemistry (IHC) cohort, respectively.  

2.2.2 DCE- CT Imaging Protocol and Analysis Overview 

Mice of mixed sex were DCE-CT scanned acutely at 3-5 weeks, and 8-10 weeks, these 

points correspond to the pre-fibrotic and fibrotic time points respectively. Prior to DCE-

CT imaging mice were weighed and given a 3-4% oxygen-balanced isoflurane mixture 

delivered at a rate of 1L/min and inhaled via nose cone to induce anesthesia. Following 

induction, mice were maintained with a 1.5-2.5% oxygen-balanced isoflurane mixture 

delivered at a flow rate of 1L/min. Following anatomical axial scans, each mouse 

received weight dependent dose between 140 – 200 μL of Conray 43 contrast agent 

(diluted 1:2 with sterile saline) at an injection rate of 0.25 ml/min using an infusion pump 

(New Era Pump Systems Inc) via tail vein catheter for 10 minutes.32 CT perfusion 

software (CTP_W15) was used to quantify blood flow (BF), blood volume (BV) and 

mean transit time (MTT) using a Johnson-Wilson-Lee deconvolution algorithm to 

generate the functional maps.34 Regions of interest (ROIs) were drawn around the entire 

cross-sectional slice of the hind limb, entire width of the brain, and focused on the lateral 

area of myocardium tissue. Care was taken to exclude artifacts such as bone fragments. 

Data analysis of results was conducted using a blinded model where age, sex, and 

genotype were unknown. 

2.2.3 Histology 

2.2.3.1 Tissue Preparation 

In addition to the DCE-CT cohort, mice within the IHC cohort were sacrificed using 

cervical dislocation following CO2 gas euthanasia to supplement data. Tissues were cut in 
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the same orientation and fixed in 10% formalin for 24-48 hrs. Tissues were later paraffin 

embedded and processed at the Molecular Pathology facility (Robarts Research Institute, 

London, ON) and cut into sections 10 μm thick.  

2.2.3.2 Immunohistochemistry Protocol 

The following was adapted and modified from Abcam’s fluorescent staining protocol. 

Tissue sections were deparaffinized and rehydrated using a series of xylene and ethanol 

washes prior to heat-mediated antigen retrieval in citrate buffer for 1 hr. Slides were 

cooled to room temperature, Background Sniper was applied for 8 minutes to reduce 

nonspecific background staining. Tissue sections were then incubated overnight 4°C with 

either primary anti-MPO (1:200, Abcam), or no antibody. All antibodies were diluted 

using 1% bovine serum albumin (BSA) in phosphate buffer saline (PBS). Following 

washing with 4 x PBS, Alexafluor 594 Goat-anti rabbit IgG (1:500) secondary antibody 

was incubated for 2 h at room temperature and used to visualize the primary antibody. 

Following, copper sulfate pentahydrate, Cu2SO4•5H2O, was applied for 10 minutes to 

block/prevent red blood cell autofluorescence. 0.1% Sudan Black B was applied for 2-3 

minutes to dampen autofluorescence due to fat cells. ProLong Gold anti-fade with 4’,6-

diamidino-2-phenylindole (DAPI) (Life Technologies) was added prior to coverslips to 

visualize nuclei on slides. Masson’s trichrome and H&E staining (completed by 

Molecular Pathology Lab at Robarts Research Institute, London, ON) was used to 

visualize for pathological features and was performed solely for qualitative analysis.  

2.2.3.3 Microscopy and Image Analysis 

Images were acquired using an epifluorescence microscope (Nikon Eclipse Ts2R) using 

NIS Elements Microscope Image Software for MPO results. Images were taken at 60x 

magnification for each tissue section (n=3 images/tissue section). Quantitative assessment 

of MPO signal in both wild-type and mdx mice were performed using optimized 

parameters during thresholding in ImageJ (LOCI, Wisconsin, USA). Masson’s trichrome 

and H&E staining was captured using a Zeiss Axioskop 50 Microscope at 20x 

magnification and analyzed using Eclipse Image Software.  
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2.2.4 Statistical Analysis 

Microsoft Excel Version 16.5 (Redmond, Washington, United States) was used to 

perform statistical analysis. Results are displayed as mean ± standard deviation (SD). 

Welch’s two-tailed t-tests were used to create comparisons between groups. For 

hemodynamic parameters and histology data a P-value of less than 0.1 was considered 

significant considering that hemodynamic parameters could be upregulated or 

downregulated. Figure legends include replicate numbers. 

 

2.3 Results 

For this study, mice of mixed sex were used for CT scans and histologic analysis. A total 

of 15 mice were used. For the 3-5 week mdx group 4 females and one male mouse was 

used. For the 3-5 week C57bl/10 group 2 females, and 2 males mice were used, For the 8-

10 week mdx group 2 females and 1 male mouse was used. For the 8-10 week C57bl/10 

group 1 female, and 2 male mice were used. Prior to CT scans mice were weighed and all 

vital signs were meticulously monitored. At 4-5 weeks C57bl/10 mice had an average 

weight of 18.5 ± 1.7 g, and mdx mice had an average weight of 17.8 ± 2.4 g. At 8-10 

weeks of age weeks C57bl/10 mice had an average weight of 23 ± 4.3 g and mdx mice 

had an average weight of 25 ± 1.0 g. 

2.3.1 Arterial Enhancement Curves display notable differences 

between the 4-5 week pre-fibrotic time point and 8-10 week 

fibrotic time point in DMD 

CTP_W15 software was used to generate arterial enhancement curves measured in 

Hounsfield units (HU). Arterial enhancement curves were defined by placing a ROI in 

the left ventricle of the heart. Data from these curves were used to generate hemodynamic 

maps and calculate tissue perfusion defined by ROIs. Interestingly, the time to peak 

(TTP) at the 4-5 week time point occurs much later, with a delay of approximately 16 

seconds (s), in mdx mice than control group C57bl/10. Furthermore, a 14.00% difference 

in TTP at the 4-5 week time point was observed; values were quantified as 376.45 ± 
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87.76 (HU) and 330.13 ± 40.65 (HU) for mdx and C57bl/10 groups respectively (Figure 

2.1). In contrast, TTP for the arterial enhancement curve at the 8-10 week time point 

occurs at relatively the same time point, approximately 50 s, and yields relatively similar 

results, 238.13 ± 29.27 (HU) for the mdx group and 250.28 ± 50.26 for the C57bl/10 

group (Figure 2.2).  

 

Figure 2.1 Average arterial enhancement curve of C57bl/10 mice (n=4) compared to 

mdx mice (n=5) at the 4-to-5-week time point  

DCE-CT arterial enhancement curves were generated using CTP_W15 software by 

placing ROI in left ventricle of heart. Arterial Enhancement values (HU) ± SD were 

obtained every 2 seconds during an overall period of approximately 90 seconds.  
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Figure 2.2 Average arterial enhancement curve of C57bl/10 mice (n=3) compared to 

mdx mice (n=3) at the 8-to-10-week time point  

DCE-CT arterial enhancement curves were generated using CTP_W15 software by 

placing ROI in left ventricle of heart. Arterial Enhancement values (HU) ± SD were 

obtained every 2 seconds during an overall period of approximately 90 seconds.  

2.3.2 Increases in blood flow and blood volume deemed not 

significant in DMD brain tissue at 4-5 weeks of age 

Mdx mice qualitatively depict higher BV (ml/100g) and BF (ml/min/100g) within brain 

regions when compared to C57bl/10 mice at the 4-5 week time point, also herein referred 

to as the pre-fibrotic time point and early time point (Figure 2.3). Whereas mdx mice 

qualitatively depict similar BV and BF within brain regions at the 8-10 week time point 

when compared to C57bl/10 mice; despite relatively longer MTT in certain mdx brain 

regions (Figure 2.4). Blood volume and blood flow measurements were taken with units 

of ml/100 g, and ml/min/100g of tissue respectively. 

Upon ROI perfusion calculation, BV and BF were noted to both increase by 17.00%, and 

16.10%, respectively when compared between mdx and C57bl/10 groups at 4-5 weeks. 

When analyzed further, did not meet significance for BF (p=0.14) and BV (p=0.13). 
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Interestingly, MTT despite not reaching significance was noted to decrease between mdx 

and C57bl/10 groups by 7.90% (p=0.34) (Figures 2.9, 2.11, and 2.13).  

In contrast, at the 8-10 week time point, herein also noted as the late time point, BF, BV, 

and MTT did not reach significance. However, notable trends were observed. At this later 

time point, BF, BV, and MTT were found to decrease by 11.10% (p=0.68), 29.29% 

(p=0.45), 55.90% (p=0.24) respectively when comparing mdx mice to the C57bl/10 group 

(Figures 2.10, 2.12, and 2.14).  
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Figure 2.3 Comparison between C57bl/10 and mdx brain regions with respect to 

blood flow (ml/min/100g), blood volume (ml/100g), and mean transit time (s) at the 

4-5 week time point (n=1 biological and n=1 technical replicate per genotype group). 

Mdx qualitatively depict higher blood volume (ml/100g), and blood flow (ml/min/100g) 

within brain regions when compared to C57bl/10 mice. Mean transit time (s) is visually 

observed to decrease. Following DCE-CT protocol, maps were generated using a 

Johnson-Wilson-Lee deconvolution model (n=4-5 mice/genotype). Red arrow points to 

ROI drawn in orange placed around the widest section of the brain captured and 
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encompassed both grey and white matter. Care was taken to exclude sections of bone 

fragment. Mdx/Utrn+/+ = Mdx, and C57bl/10=wild-type mice 

 

 

Figure 2.4 Comparison between C57bl/10 and mdx brain regions with respect to 

blood flow (ml/min/100g), blood volume (ml/100g), and mean transit time (s) at the 
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8-10 week time point (n=1 biological and n=1 technical replicate per genotype 

group). 

Mdx qualitatively depict decreases in blood volume (ml/100g), and blood flow 

(ml/min/100g) within brain regions when compared to C57bl/10 mice. Mean transit time 

(s) is visually observed to increase. Following DCE-CT protocol, maps were generated 

using a Johnson-Wilson-Lee deconvolution model (n=3 mice/genotype). Red arrow 

points to ROI drawn in orange placed around the widest section of the brain captured and 

encompassed both grey and white matter. Care was taken to exclude sections of bone 

fragment. Mdx/Utrn+/+ = Mdx, and C57bl/10=wild-type mice 

2.3.3 Changes in hemodynamic parameters within the myocardium 

are deemed not statistically significant at the 4-5 week and 8-

10 week time points in DMD 

Mdx mice qualitatively depict higher blood volume, and blood flow within cardiac 

regions when compared to C57bl/10 mice at the 4-5 week time point (Figure 2.5). In 

contrast, mdx mice qualitatively depict lower blood volume, and blood flow within 

regions of the heart when compared to C57bl/10 mice at the 8-10 week time point. 

(Figure 2.6) 

Upon ROI perfusion calculation, BV and BF were noted to both increase by 9.47%, and 

8.76%, respectively when compared between mdx and C57bl/10 groups at 4-5 weeks. 

When analyzed further, data did not meet significance for both BF (p=0.29) and BV 

(p=0.22). In addition, MTT was noted to decrease between mdx and C57bl/10 groups by 

2.59% (p=0.78) (Figures 2.9, 2.11, and 2.13).  

Similar to the prior time point, at 8-10 weeks, BF, BV, and MTT failed to reach 

significance. However, a difference in trends was observed. At this time point while BF 

was noted to increase by 10.03% (p=0.49), both BV and MTT were found to decrease. 

Specifically, BV decreased by 20.31% (p=0.32), and MTT by 16.67% (p=0.32) between 

groups (Figures 2.10, 2.12, and 2.14).  
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Figure 2.5 Comparison between C57bl/10 and mdx myocardium regions with respect 

to blood flow (ml/min/100g), blood volume (ml/100g), and mean transit time (s) at 

the 4-5 week time point (n=1 biological and n=1 technical replicate per genotype 

group). 

Mdx qualitatively depict increases in blood volume (ml/100g), and blood flow 

(ml/min/100g) within regions of the heart when compared to C57bl/10 mice. Mean transit 

time (s) is visually observed to have no difference amongst groups. Following DCE-CT 

protocol, maps were generated using a Johnson-Wilson-Lee deconvolution model (n=4-5 
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mice/genotype). Red arrow points to ROI drawn in orange placed in the lower section of 

the myocardium captured. Care was taken to avoid placing the ROI too close to the left 

ventricle. Mdx/Utrn+/+ = Mdx, and C57bl/10=wild-type mice 

 

Figure 2.6 Comparison between C57bl/10 and mdx cardiac regions with respect to 

blood flow (ml/min/100g), blood volume (ml/100g), and mean transit time (s) at the 
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8-10 week time point (n=1 biological and n=1 technical replicate per genotype 

group). 

Mdx qualitatively depict increases in blood volume (ml/100g), and blood flow 

(ml/min/100g) within regions of the heart when compared to C57bl/10 mice. Mean transit 

time (s) is visually observed to decrease amongst groups. Following DCE-CT protocol, 

maps were generated using a Johnson-Wilson-Lee deconvolution model (n=3 

mice/genotype). Red arrow points to ROI drawn in orange placed in the lower section of 

the myocardium captured. Care was taken to avoid placing the ROI too close to the left 

ventricle. Mdx/Utrn+/+ = Mdx, and C57bl/10=wild-type mice 

2.3.4 Differences in hemodynamic parameters are deemed not 

statistically significant at both 4-5 week and 8-10 week time 

points in DMD hindlimb regions 

Mdx mice qualitatively depict similar BV, BF, and MTT within hind limb regions when 

compared to C57bl/10 mice at both the 4-5 week time point (Figure 2.7) and 8-10 week 

time point (Figure 2.8).  

Upon ROI perfusion calculation while BV, BF, and MTT increased, these findings did 

not reach significance. Specifically, BF increased by 12.30% (p=0.37), BV increased by 

15.42% (p=0.26), and MTT increased by 3.89% (p=0.87) when compared between mdx 

and C57bl/10 groups at 4-5 weeks (Figures 2.9, 2.11, and 2.13).  

Notably at 8-10 weeks, BV, and MTT increased by 10.61% (p=0.62) and 14.95% 

(p=0.57). However, a difference in trends was observed from the prior time point. At this 

time point BF was noted to decrease by 3.45% (p=0.83) (Figures 2.10, 2.12, and 2.14). 
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Figure 2.7 Comparison between C57bl/10 and mdx hind limb regions with respect to 

blood flow (ml/min/100g), blood volume (ml/100g), and mean transit time (s) at the 

4-5 week time point (n=1 biological and n=1 technical replicate per genotype group). 

Mdx qualitatively depict increases in blood volume (ml/100g), blood flow (ml/min/100g), 

and mean transit time (s) within hindlimb regions when compared to C57bl/10 

mice.  Following DCE-CT protocol, maps were generated using a Johnson-Wilson-Lee 

deconvolution model (n=4-5 mice/genotype). Red arrow points to ROI drawn in orange 
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placed in the widest section of each leg captured, and later averaged. Care was taken to 

avoid placing the ROI too close to tibia and fibula regions. Mdx/Utrn+/+ = Mdx, and 

C57bl/10=wild-type mice 

 

Figure 2.8 Comparison between C57bl/10 and mdx hind limb regions with respect to 

blood flow (ml/min/100g), blood volume (ml/100g), and mean transit time (s) at the 

8-10 week time point (n=1 biological and n=1 technical replicate per genotype 

group). 
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Mdx qualitatively depict increases in blood volume (ml/100g), blood flow (ml/min/100g), 

and mean transit time (s) within hindlimb regions when compared to C57bl/10 

mice. Following DCE-CT protocol, maps were generated using a Johnson-Wilson-Lee 

deconvolution model (n=3 mice/genotype). Red arrow points to ROI drawn in orange 

placed in the widest section of each leg captured, and later averaged. Care was taken to 

avoid placing the ROI too close to tibia and fibula regions. Mdx/Utrn+/+ = Mdx, and 

C57bl/10=wild-type mice 

2.3.5 Comparison of blood flow at the 4-5 week and 8-10 week 

time points 

Following comparison of site specific BF, BV, and MTT parameters, an overview of 

body-wide blood flow comparison was compiled (Figure 2.9). Here, we see that the 

biggest change with respect to blood flow occurs in the brain at the 4-5 week time point; 

an increase of 17.00% (p=0.14). The second largest change in blood flow occurs at the 

same time point in the hind limb region; an increase by 12.30% (p=0.37) when 

comparing mdx and C57bl/10 groups. Between the 4-5 week time point and 8-10 week 

time point we see opposite trends pertaining to changes in blood flow in the brain and 

hindlimb areas. In the brain an overall decrease in BF from the prior increase of 17.00% 

(p=0.14) at the early time point to a 11.11% decrease (p=0.68) at the later time point is 

noted. In addition, within hindlimb regions we see that BF perfusion changes from a 

12.30% (p=0.37) increase into an overall decrease of 3.45% (p=0.83) between mdx and 

control group mice (Figure 2.9).  
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Figure 2.9 Comparison of blood flow to brain, myocardium and hind limbs at the A) 

4-5 week time point between mdx (n=5) and C57bl/10 mice (n=4) and B) 8-10 week 

time point between mdx (n=3) and C57bl/10 mice (n=3). 

Blood flow values for both time points were generated from arterial enhancement curves, 

and quantified using ROI segmentation within the brain, myocardium, and hind limbs 

(n=3-5 mice/genotype). Although results did not reach significance, notable trends are 

observed between the two time points for both C57bl/10 mice (white bars) and mdx mice 

(gray bars). Welch’s two-way t-test was used to determine significance. Data is depicted 

as mean ± SD.  

 

2.3.6 Comparison of blood volume at the 4-5 week and 8-10 week 

time points 

Next, an overview of body-wide blood volume comparison was compiled (Figure 2.10). 

Here, we see that the biggest change with respect to blood volume occurs in the brain at 

the 8-10 week time point; a decrease of 29.29% (p=0.45). The second largest change in 

blood volume occurs at the same time point in the hind limb region; a decrease by 

20.31% (p=0.62) when comparing mdx and C57bl/10 groups. Between the 4-5 week time 

point and 8-10 week time point we see opposite trends pertaining to changes in blood 

volume in the brain and myocardium regions. In the brain an increase of 16.06% (p=0.13) 

at the early time point shifts to a decrease by 29.29% (p=0.68) at the later time point. In 

addition, within myocardium regions we see that BV perfusion changes from a 9.47% 

(p=0.22) increase at the early pre-fibrotic time point into an overall decrease of 20.31% 

(p=0.32) between mdx and control group mice at the later fibrotic time point (Figure 

2.10). 
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Figure 2.10 Comparison of blood volume to brain, myocardium and hind limbs at 

the A) 4-5 week time point between mdx (n=5) and C57bl/10 mice (n=4) and the B) 8-

10 week time point between mdx (n=3) and C57bl/10 mice (n=3). 

Blood volume values were generated from arterial enhancement curves, and quantified 

using ROI segmentation within the brain, myocardium, and hind limbs (n=3-5 

mice/genotype) at both time points. Although results did not reach significance, notable 

trends are observed between the two time points for C57bl/10 mice (white bars) and mdx 

mice (gray bars). Welch’s two-way t-test was used to determine significance. Data is 

depicted as mean ± SD.  

2.3.7 Comparison of mean transit time at the 4-5 week and 8-10 

week time points 

Following the comparison of systemic BV trends an overview of body-wide MTT 

comparison was compiled (Figure 2.11). Here, we see that the biggest change with 

respect to MTT occurs in brain the at the 8-10 week time point; a decrease of 55.90% 

(p=0.24). The second largest change in MTT occurs at the same time point in the 

myocardium region; a decrease by 16.67% (p=0.32) when comparing mdx and C57bl/10 

groups. Between the 4-5 week time point and 8-10 week time point the same trend in 

MTT is observed across all three regions. We see increases in MTT in the brain and heart 

across these two time points, and a continuing decrease in MTT in the hindlimbs (Figure 

2.11).  
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Figure 2.11 Comparison of mean transit time to brain, myocardium and hind 

limbs at the A) 4-5 week time point between mdx (n=5) and C57bl/10 mice 

(n=4) and at the B) 8-10 week time point between mdx (n=3) and C57bl/10 

mice (n=3).. 

Mean transit time values were generated from arterial enhancement curves, and 

quantified using ROI segmentation within the brain, myocardium, and hind limbs (n=3-5 

mice/genotype) for both time points. Although results did not reach significance, notable 

trends are observed between both time points for C57bl/10 mice (white bars) and mdx 

mice (gray bars). Welch’s two-way t-test was used to determine significance. Data is 

depicted as mean ± SD.  

A) 

C57bl/10 4-5 weeks 

 Blood 

Flow 

SD Blood 

Volume 

SD Mean 

Transit 

Time 

SD 

Brain 58.49 28.62 3.24 1.62 4.09 1.48 

Myocardium 655.32 25.23 36.41 1.65 3.57 0.26 

Hindlimbs 42.42 6.54 3.73 0.40 9.64 2.17 

Mdx 4-5 weeks 



49 

 

 Blood 

Flow 

SD Blood 

Volume 

SD Mean 

Transit 

Time 

SD 

Brain 70.47 20.52 3.86 1.20 3.79 0.95 

Myocardium 718.25 52.59 40.22 2.28 3.48 0.14 

Hindlimbs 46.99 9.04 4.41 0.56 10.03 2.52 

 

B) 

C57bl/10 8-10 weeks 

 Blood 

Flow 

SD Blood 

Volume 

SD Mean 

Transit 

Time 

SD 

Brain 54.98 27.54 3.31 1.42 5.02 3.03 

Myocardium 552.28 36.17 36.72 1.73 4.76 0.31 

Hindlimbs 41.05 9.55 3.03 0.60 7.91 2.33 

Mdx 8-10 weeks 

 Blood 

Flow 

SD Blood 

Volume 

SD Mean 

Transit 

Time 

SD 

Brain 49.48 20.71 2.56 1.07 3.22 1.48 

Myocardium 613.88 85.91 30.52 3.39 4.08 0.78 

Hindlimbs 39.68 14.33 3.40 0.85 9.30 2.76 

Table 1. Quantitative values for Blood flow (ml/min/100g), Blood Volume (ml/100g), 

and Mean Transit Time (s) at A) the 4-5 week time point and B) 8-10 week time 

point between C57bl/10 and mdx mice. 
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2.3.8 Ex-vivo MPO signal is significantly heightened at the pre-

fibrotic time point of 4-5 weeks in DMD brain tissue 

Following the collection of DCE-CT data, ex-vivo histology was analyzed to test the 

hypothesis if oxidative stress is correlated with hemodynamic parameters. At the early 

time point, 4-5 weeks, DMD mice exhibit significant increases in MPO signal. This is 

noted by a 13.78% (p=0.01) increase in MPO deposition in DMD neural tissue (Figure 

2.14, Figure 2.15). Within skeletal muscle (p=0.99) and cardiac tissue (p=0.11) MPO 

deposition is deemed not statistically significant (Figure 2.19, Figure 2.23). Interestingly, 

within cardiac tissue results had notable trends. Within cardiac tissue MPO deposition is 

seen to increase by 16.99% (p=0.11) (Figure 2.19). These results coincide with findings 

pertaining to H&E and MT staining in the heart and skeletal muscle, as no visible 

hallmarks of fibrosis or collagen deposition were observed (Figures 2.16, 2.17, 2.20, and 

2.21). 

2.3.9 MPO Signal is significantly heightened at the fibrotic time 

point of 8-10 weeks in DMD heart and skeletal tissue 

Following the collection of ex-vivo histology at the 4-5 week time point, histology 

pertaining to the 8-10 week time point was analyzed across the brain, heart, and skeletal 

muscle. At this time point, 8-10 weeks, DMD mice exhibit significant increases in MPO 

signal within the heart and skeletal tissue. This is noted by a 14.53% (p=0.03) increase in 

MPO deposition in DMD cardiac tissue, and a 15.70% (p=0.0006) increase in skeletal 

tissue (Figure 2.19, Figure 2.23). Within neural tissue at this time point, MPO deposition 

is deemed not statistically significant (p=0.19) (Figure 2.15). These results coincide with 

findings pertaining to H&E and MT staining in the heart and skeletal muscle, as early 

stages of fibrosis and collagen deposition were observed (Figures 2.16, 2.17, 2.20, and 

2.21). 
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Figure 2.12 mdx mice at 4-5 weeks and 8-10 weeks exhibit infiltrate within brain 

tissue. 

Brain tissue was obtained from mdx and C57bl/10 mice at 4-5 week and 8-10 week old 

time points and then stained with hematoxylin and eosin (H&E) to view general histology 

of tissue (scale bar = 100 m); one biological and one technical replicate used.   
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Figure 2.13 Mdx mice at 8-10 weeks exhibit collagen deposition within brain tissue. 

Brain tissue was obtained from mdx and C57bl/10 mice at 4-5 week and 8-10 week old 

time points and then stained with Masson’s Trichrome to differentiate collagen 

deposition (blue), from muscle, fibrin, and cytoplasm (red), and nuclei (dark red) in tissue 

(scale bar = 100 m); one biological and one technical replicate used.   
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Figure 2.14 Comparison of mdx mice to C57bl/10 at 4-5 weeks and 8-10 weeks, with 

respect to MPO deposition in neural tissue, exhibits significantly higher signal in 

mdx at the 4-5 week time point than 8-10 week time point when compared to the 

C57bl/10 group 

Brain tissue was obtained from mdx and C57bl/10 mice at 4-5 week and 8-10 week old 

time points and then stained with MPO (red), and DAPI (blue). White arrow heads point 

towards MPO signal (scale bar = 20 m); three biological and three technical replicates 

used.   
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Figure 2.15 Quantified signal of MPO deposition in mdx mice at 4-5 weeks (p=0.01) 

and 8-10 weeks (p=0.19) compared to C57bl/10 mice within brain tissue. 

Brain tissue was obtained from mdx and C57bl/10 mice at 4-5 week and 8-10 week old 

time points and then stained with MPO. Data displayed with mean  SD indicates that 

MPO signal is higher at the 4-5 week time point than 8-10 week time point in Mdx mice. 

Three biological and three technical replicates were used; 9 images per biological 

replicate were used to quantify signal. *  
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2.3.10 Ex-vivo MPO signal is significantly heightened at the fibrotic 

time point of 8-10 weeks in DMD cardiac tissue 

Figure 2.16 Mdx mice at 4-5 weeks and 8-10 weeks exhibit mild cases of centric 

nuclei within cardiac tissue when compared to C57bl/10 mice. 

Cardiac tissue was obtained from mdx and C57bl/10 mice at 4-5 week and 8-10 week old 

time points and then stained with H&E to differentiate disease pathology in tissue (scale 

bar = 100 m); one biological and one technical replicate used.   
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Figure 2.17 Mdx mice at 4-5 weeks and 8-10 weeks exhibit collagen deposition within 

cardiac tissue when compared to C57bl/10 mice. 

Cardiac tissue was obtained from mdx and C57bl/10 mice at 4-5 week and 8-10 week old 

time points and then stained with Masson’s Trichrome to differentiate collagen 

deposition (blue), from muscle, fibrin, and cytoplasm (red), and nuclei (dark red) in tissue 

(scale bar = 100 m); one biological and one technical replicate used.   
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Figure 2.18 Comparison of mdx mice to C57bl/10 at 4-5 weeks and 8-10 weeks with 

respect to MPO deposition in cardiac tissue, exhibits significantly higher MPO 

deposition at both time points in mdx group when compared to C57bl/10 group 

Cardiac tissue was obtained from mdx and C57bl/10 mice at 4-5 week and 8-10 week old 

time points and then stained with MPO (red), and DAPI (blue). White arrow heads point 

towards MPO signal (scale bar = 20 m); three biological and three technical replicates 

used. 
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Figure 2.19 Quantified signal of MPO deposition in mdx mice at 4-5 weeks (p=0.11) 

and 8-10 weeks (p=0.03) compared to C57bl/10 mice exhibited within cardiac tissue. 

Cardiac tissues were obtained from mdx and C57bl/10 mice at 4-5 week and 8-10 week 

old time points and then stained with myeloperoxidase. Data displayed with mean  SD, 

indicate that there is a significant increase in MPO signal at the 8-10 week time point 

(p=0.03) between the mdx and C57bl/10 group. Three biological and three technical 

replicates were used; 9 images per biological replicate were used to quantify signal.  
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2.3.11 Ex-vivo MPO signal is significantly heightened at the fibrotic 

time point of 8-10 weeks in DMD skeletal muscle tissue 

Figure 2.20 Mdx mice at 4-5 weeks and 8-10 weeks exhibit centric nuclei within 

gastrocnemius muscle when compared to C57bl/10 mice. 

Gastrocnemius muscle was obtained from mdx and C57bl/10 mice at 4-5 week and 8-10 

week old time points and then stained with H&E to differentiate disease pathology in 

tissue (scale bar = 100 m); one biological and one technical replicate used.   
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Figure 2.21 Mdx mice at 4-5 weeks and 8-10 weeks exhibit collagen deposition within 

gastrocnemius muscle when compared to C57bl/10 mice. 

Gastrocnemius muscle was obtained from mdx and C57bl/10 mice at 4-5 week and 8-10 

week old time points and then stained with Masson’s Trichrome to differentiate collagen 

deposition (blue), from muscle, fibrin, and cytoplasm (red), and nuclei (dark red) in tissue 

(scale bar = 100 m); one biological and one technical replicate used.   
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Figure 2.22 Comparison of mdx mice to C57bl/10 at 4-5 weeks and 8-10 weeks with 

respect to MPO deposition in gastrocnemius tissue, exhibit significantly higher 

MPO deposition at the 8-10 week time point in mdx group when compared to 

C57bl/10 group 

Gastrocnemius tissue was obtained from mdx and C57bl/10 mice at 4-5 week and 8-10 

week old time points and then stained with MPO (red), and DAPI (blue). White arrow 

heads point towards MPO signal (scale bar = 20 m); three biological and three technical 

replicates used. 
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Figure 2.23 Quantified signal of MPO deposition in mdx mice at 4-5 weeks (p=0.99) 

and 8-10 weeks (p=0.006) compared to C57bl/10 mice within gastrocnemius muscle. 

Gastrocnemius muscle was obtained from mdx and C57bl/10 mice at 4-5 week and 8-10 

week old time points and then stained with MPO. Data displayed with mean  SD 

indicate that there is a significant difference in MPO signal at the 8-10 week time point. 

Three biological and three technical replicates were used; 9 images per biological 

replicate were used to quantify signal.  

 

2.4 Discussion 

Chronic inflammation is a hallmark of DMD pathophysiology. H&E staining 

qualitatively depicted infiltration within the brain at the 4-5 week time point and 8-10 

week time point whereas Masson’s trichrome depicted collagen deposition beginning at 

the 8 to 10 week time point (Figure 2.12, Figure 2.13). In our investigation, MPO signal 

deposition was highest at the 4 to 5 week time point (p=0.01) in the brain (Figure 2.15). 

Moreover, we may infer that this may indicate that ROS accumulations precede collagen 
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deposition in neural tissue. Studies using MRI and spectroscopy have shown both 

metabolic and structural changes within the mdx murine model brain. When compared to 

the control group, mdx mice were shown to have enlarged lateral ventricles and elevated 

diffusion diffusivities in the prefrontal cortex, and reduced diffusivities within the 

hippocampus.15 Paired with this data, elevations in anti-oxidant species such as 

glutathione, phosphocholine, and reduced gamma-aminobutyric acid in the hippocampus 

were detected.16 Together these results indicate that there are structural changes within 

the brain and altered antioxidant defenses in DMD neural tissue16. Since the role of 

dystrophin within the brain is not well characterized, and mechanisms pertaining to 

pathology and etiology of DMD in this location remain elusive, our results may shed 

light on oxidative stress mechanisms within the brain at earlier time points in DMD. 

Specifically, the 4-5 week time point where MPO was found to be increased (p=0.01) in 

mdx groups when compared against the control group (Figure 2.14, Figure 2.15). MPO 

derived oxidants have been found to induce blood brain barrier dysfunction, as one study 

conducted in lipopolysaccharide-treated mice found that the barrier was rescued by MPO 

inhibitors 4-aminobenzoic acid hydrazide.17 

Within cardiac tissue, mild cases infiltration was observed at both time points (Figure 

2.16). Collagen deposition looked qualitatively larger with age/disease progression in 

mdx mice when compared to C57bl/10 (Figure 2.17). MPO signal deposition was 

significantly larger at the 8 to 10 week time point (p=0.03) in DMD cardiac tissue (Figure 

2.18, Figure 2.19). One may speculate that the functional pathology of DMD may be 

responsible for the data observed in our study. Mitochondrial-mediated cell death may be 

one pathway that contributes to cardiac dysfunction, as the conductivity of the heart is 

impaired thus leading to necrosis and inflammation18. As previously mentioned, the ECM 

is sensitive to inflammation-associated oxidants and recent studies have found that 

hypochlorous acid derived from MPO can modify certain ECM proteins resulting in 

decreased cell adhesion and creation of leakier vasculature which in turn creates a 

positive feedback loop and increased MPO recruitment19. This gives credence to our 

finding that with age MPO deposition within cardiac tissue increases in mdx models 

when compared to C57bl/10 (Figure 2.19). 
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Likewise, within gastrocnemius muscle centric nuclei were visible at both time points 

along with collagen deposition (Figure 2.20, Figure 2.21). Similar to the findings in 

cardiac tissue, MPO signal was significantly different at the 8 to 10 week time point 

(p=0.001) in gastrocnemius muscle (Figure 2.22, Figure 2.23). Interestingly, a recent, a 

study quantified MPO enzyme activity using a detergent compatible protein assay. It was 

found that within gastrocnemius muscle N-acetylcysteine significantly differed compared 

to control group (p<0.001) and inversely correlated to MPO levels at later stages of 

disease.20 Like our findings, this study showed that with increasing age, MPO deposition 

increases within skeletal muscle; most likely due to damage accumulated overtime based 

on contraction injury (Figure 2.23). 

A recent investigation found that peroxidase enzymes stimulate the migration of 

fibroblastic cells and help secrete collagenous proteins within the ECM, as a direct result 

of their profibrogenic capacity.21 Within our study, we observed that MPO was 

upregulated in almost all sites when compared to control groups (Figures 2.15, 2.19, and 

2.23). This may be one of the reasons why we see an overall increase in collagen 

deposition within the mdx murine model when compared to the C57bl/10 control group 

(Figures 2.13, 2.17, and 2.21).  

However, it is important to note that between the two time points at all sites in the mdx 

mouse model, it was found that MPO expression decreases between the 4-5 week time 

point and 8-10 week time point (Figures 2.15, 2.19, and 2.23). One explanation to this 

trend, may be the activation of utrophin within the murine mdx model, which occurs 

around 8-10 weeks of age. Utrophin has been shown to revert certain markers of 

oxidative stress, and markers of protein oxidation, so much so as to bring the levels to 

baseline levels similar to those found in control groups. Precisely one research group 

found that increased levels of utrophin expression was responsible for ameliorating the 

effects of mitochondrial dysfunction as seen in mdx and double knock out murine models 

of DMD.22 

Arterial time enhancement curves at the four to five week time point displayed the peak 

of the mdx curve approximately 16 seconds delayed when compared to wild type mice. 
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At the eight to ten week age the time to peak was similar among both groups, 

approximately, 60 seconds, however the curve for mdx mice displayed a more gradual 

increase in arterial output over time when compared to control group (Figure 2.1, Figure 

2.2). The shift in arterial curve between the two time points could have other mechanisms 

at play to cause such an effect. One hypothesis may be that the improvement of time to 

peak at the 8-10 week time point is due to utrophin expression, and as a result down 

regulation of oxidative species which in turn may correct vasculature dysfunction. 

Despite the CT perfusion study not finding significant differences in hemodynamic 

parameters, there were notable trends within the data. In brain, there is an increase by 

17.00% in blood flow (p=0.14), 16.06% increase in blood volume (p=0.13), and 7.92% 

decrease in mean transit time (p=0.34) at the 4-5 week time point (Figures 2.9A, 2.10A, 

and 2.11A). At the 8-10 week time point blood flow decreases by 11.11% (p=0.68), 

blood volume decreases by 29.29% (p=0.45), and mean transit time decreases by 55.90% 

(p=0.24) in brain (Figures 2.9B, 2.10B, and 2.11B). Reports in literature coincide with 

these findings as, one such study used arterial spin labeling and diffusion-weighted MRI 

on 2-month-old mice and showed that the leaky blood brain barrier was responsible for 

increased cerebral edema in the extracellular space which contributed to increased 

intracranial pressure. Similarly here, we see that there is increased blood volume and 

blood flow at the 4-5 week time point which may correspond to the accumulation of fluid 

within the brain.23  

This is in contrast to the 8-10 week time point, where we see overall decreases in 

perfusion (Figures 2.9B, 2.10B, and 2.11B). One may speculate given our H&E and 

Masson’s Trichrome stained images that the accumulation of infiltrate, collagen, and 

fibrofatty deposits may be responsible for this phenotype and may even be due to 

impaired angiogenesis (Figures 2.12, 2.13, 2.16, 2.17, 2.20, and 2.21). Podkalicka et. Al, 

found that within male mdx mice angiogenesis at the 12 month time point was greatly 

reduced which was associated with decreased VEGF levels.24 It is possible that 

angiogenesis within the brain when coupled with leaky vasculature may lead to further 

complications in neural tissue and may even be causative of cognitive defects as observed 

in patients.25 One of the first MRI cerebral perfusion studies in DMD showed globally 
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reduced perfusion in DMD patients by roughly 17% when compared to the control 

population between ages of 8 to 18 years. The reduction in blood flow was found to be 

greatest in those lacking Dp140, which was associated with a reduction in grey matter.26   

Within cardiac tissue blood flow increases by 8.76% (p=0.29), blood volume increases by 

9.47% (p=0.22), and mean transit time decreases by 2.59% (p=0.78) at 4-5 week time 

point (Figures 2.9A, 2.10A, and 2.11A). At the 8-10 week time point blood flow 

increases by 10.03% (p=0.49), blood volume decreases by 20.31% (p=0.32), and mean 

transit time decreases by 16.67% (p=0.32) (Figures 2.9B, 2.10B, and 2.11B). While the 

trend demonstrates that blood flow is increased at a similar percentage at both time 

points, the decrease in blood volume may be indicative of early ventricular fibrosis.27 In 

addition to clinical cardiomyopathy, heart arrhythmias have been observed in cardiac 

tissue, and recent studies have shown connexin43 mislocalization as a contributor to 

disease pathology.28 Connexin43 is a redox-sensitive gap junction protein which was 

found to be broken down when in the presence of MPO, due to indirect activation of 

matrix metalloproteinase 7.29 In addition, MPO was found to induce fibroblast to 

myofibroblast trans-differentiation by activation of p38 mitogen-activated protein kinases 

which in turn will upregulate collagen within the tissue.29 Connexin43 is especially 

important for the formation of heart structures such as the conotruncal region during 

cardiac development.30 Past studies have shown that MPO is involved in regulating 

vascular tone within certain areas of the body. For instance, it was found that BF within 

the internal mammary artery and the left anterior descending artery, along with total 

myocardial perfusion, was decreased following MPO injections when compared against a 

control group (p<0.001)31. Likewise, our study has shown that there is a rapid decrease in 

blood flow following the 8-10 week time point, and a possible contributor may be 

associated with MPO signaling pathways as it was found to be significant (p<0.03) 

within cardiac tissue (Figure 2.9B, Figure 2.19). 

Within the hind limb regions, there is an increase of 12.30% (p=0.37) in blood flow, 

15.41% increase in blood volume (p=0.26), and a 3.89% increase in mean transit time 

(p=0.87) at the first time point of 4-5 weeks (Figures 2.9A, 2.10A, and 2.11A). At the 

later 8-10 week time point, there is a decrease by 3.45% in blood flow (p=0.83), an 
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increase by 10.62% in blood volume (p=0.62), and a 14.94% increase in mean transit 

time (p=0.57) (Figures 2.9B, 2.10B, and 2.11B). A past study completed by our lab 

indicated similar results with respect to blood volume in mdx mice, which was correlated 

with myofibrillar regeneration within skeletal muscle. Results also indicated that there 

was an increase in 18F-FDG uptake within the tissue.32 Another study injected 133Xe 

dissolved in isotonic saline into skeletal muscle and observed blood flow over 15 

seconds. Clearance of the isotope was measured by using a collimated sodium iodide 

crystal scintillation detector which was coupled to a ratemeter with measurements taken 

every three seconds. Results indicated that mean blood flow to skeletal muscle was not 

significant despite the trends observed within the data. It was hypothesized that the 

significant difference might be obscured by the disease state of the tissue itself, with fatty 

deposits altering results33. Thus, our research endeavor may shed light on why employing 

the use of imaging modalities is difficult in DMD. 

 

  Brain Heart Hindlimbs/Skeletal 

Muscle 

4-5 weeks Blood Flow ↑ ↑ ↑ 

Blood 

Volume  
↑ ↑ ↑ 

Mean Transit 

Time 
↓ ↓ ↑ 

MPO ↑ ↑ No change 

8-10 weeks Blood Flow ↓ ↑ ↓ 
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Blood 

Volume  
↓ ↓ ↑ 

Mean Transit 

Time 
↓ ↓ ↑ 

MPO ↓ ↑ ↑ 

Table 2. Summary of qualitative changes within hemodynamic parameters (blood 

flow, blood volume, mean transit time) and MPO signal between the 4-5 week and 8-

10 week time point. 

2.5 Conclusions 

Now that we have thoroughly analyzed the data, we must revisit our original hypothesis. 

We postulated that CT scans would model DMD progression by providing absolute 

quantification of perfusion. Thus, we have met the first hypothesis in our research 

investigation. Additionally, we hypothesized that oxidative stress might correlate with 

DCE-CT perfusion parameters to replicate the pathologic environment seen in later 

stages of DMD. As we will see in Chapter 3, results here do not indicate a clear answer, 

and this may be due to limitations within the study. On one hand, we had notable trends 

within the data, such as at the 4-5 week time point in the brain for blood flow and blood 

volume. However, extreme caution must be taken to not overinterpret the data as no 

values in DCE-CT hemodynamic parameters reached statistical significance.   

In the discussion section, our findings in terms of MPO were supported by various 

investigations that came prior. We were able to use some of this groundwork to argue in 

instances that the role of oxidative stress influencing hemodynamic parameters may exist, 

given the trends seen in our data. Regardless, this study was one of the first to show 

body-wide CT perfusion in mdx mice and analyze the heart, brain, and skeletal muscle 

with respect to oxidative stress. Our findings are novel, and with the correct 

modifications to the study, I believe they will reach statistical significance. This, in turn, 
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would allow DCE-CT to have an excellent role in clinical diagnostic and DMD disease 

progression monitoring when other routes of diagnosis have been exhausted, given its 

low risk-to-benefit ratio.  
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Chapter 3 

3 Conclusions and Future Directions 

3.1 Study Summary 

Immunofluorescence staining with MPO demonstrated statistically significant differences 

in the brain at the 4-5 week time point and 8-10 week time point in the heart and 

gastrocnemius tissue; MPO staining was notably higher than control groups in these 

cases. When analyzed in conjunction with H&E and Masson’s trichrome data, it seems in 

some cases oxidative stress precede confirmation of fibrofatty deposits, infiltrate, and 

centric nuclei.   

Furthermore, when results of histology for oxidative stress and pathogenesis are 

displayed and interpreted alongside DCE-CT perfusion parameters, some instances occur 

where one set of data may, in turn, validate or explain the findings of the other. However, 

it is important to note none of the DCE-CT perfusion parameters showed statistically 

significant differences. This was seen in cases of the brain, where trends indicated that an 

increase in blood flow and blood volume at the 4-5 week time point was noted to have 

increased MPO deposition, whereas, in the 8-10 week time point, a decrease in brain 

blood volume and blood flow was observed matching the decrease in MPO deposition. 

Similar trends such as the one mentioned prior with MPO and perfusion parameters also 

occurred in the myocardium for blood flow at both time points of 4-5 weeks and 8-10 

weeks, where an increase in perfusion and an increase in MPO deposition was recorded. 

3.2 Significance 

This study raises other important questions, such as do sex differences influence 

hemodynamic parameters in relation to oxidative stress mechanisms and pathways? In 

addition, this study has laid the groundwork for future research pertaining to more 

severely affected animal models within DMD, such as double knockout and heterozygous 

mice. Thus, additional animal models should be used to validate and replicate this 

investigation. Further questions pertaining to how vasculature differs between these 
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dystrophins’ knockout models and how to best model the disease in the human 

population must be explored.  

The differing results in each area of the body have led us to believe in a survivorship 

hypothesis that certain areas of the body are protected and preserved at differing time 

points depending on use and function. This leads to existential questions pertaining to 

what came first, dysfunctional vasculature or reactive oxidative species within particular 

sites. If future studies successfully replicate our findings, the usage of DCE-CT may hold 

promise in the diagnosis and long-term monitoring of DMD patients. In addition, the use 

of DCE-CT could easily be integrated within clinical trials pertaining to therapeutics to 

track the changes body-wide for effectiveness and usefulness. 

3.3 Limitations 

With most imaging studies, there exist limitations within the realm of research conducted. 

Some limitations include that CT scans were analyzed and computed using software 

requiring manual ROI segmentation was used to encompass areas of the heart, brain, and 

hind limb muscle.1 While ROI area was kept relatively constant, user bias cannot be 

discounted as pixel size and visual acuity are limiting factors when creating masks to 

determine ROI coverage and excluded sections.2 Another caveat of DCE-CT lies in the 

spatial resolution achieved when performing small animal imaging.3  

Further, both the samples used for the IHC cohort, and the DCE-CT cohort were not 

analyzed for sex differences given low sample size due to extenuating circumstances and 

time constraints. Sex differences have been cited to significantly alter reactive oxidant 

species levels within cardiovascular disease; however, the specific cause is unknown.4 

Recent studies have speculated that this occurrence may be due to the difference between 

signaling pathways involved in the production and deactivation of reactive oxygen 

metabolites.5 Consequently, the effect of sex-based differences within inflammatory 

pathways is also unknown with respect to its body-wide effects. Males are often 

associated with higher levels of inflammatory and reactive oxidant species levels prior to 

puberty, whereas in later stages of life, females are predicted to have elevated levels of 

both inflammatory and ROS markers. More specifically, the differing effect of 
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testosterone and estrogen on the mitochondria with respect to oxidative stress has proven 

significant; as estrogen is often noted to be involved in protective pathways combating 

ROS.6,7  

Despite the mdx mouse model being one of the most characterized and used DMD mouse 

models, it does have limited use pertaining to the clinical effects seen in DMD patients. 

Although the mdx mouse lacks dystrophin expression and has similar disease pathology 

as seen in humans, it does not have an equally reduced lifespan or the exact severity of 

DCM, nor do symptoms appear along similar timelines with respect to disease 

progression.8   

3.4 Future Directions 

Given the results of oxidative stress using MPO as a biomarker, additional experiments 

should be conducted with respect to its endogenous RNA level. Specifically, following 

CT scans, tissue collected from mice should be used to quantify RNA expression on 

specific oxidative stress genes using a PCR array. In doing so, the correlative effect of 

mean transit time, blood volume, or even blood flow can be analyzed for transcription 

levels within cardiac, brain, and hindlimb tissue at the pre-fibrotic and fibrotic time 

points. 

Given the limitations associated with the mdx mouse model, future work should include 

additional DMD genotypes, such as the DKO mouse model and the heterozygous mouse 

model. Utilizing these murine models will characterize the differing effects of dystrophin 

null and utrophin null mice and shed better light on our recent results with the mdx mouse 

model. The impact of utrophin on hemodynamic parameters and oxidative stress, in 

general, remains unknown. Therefore, the sample size should be increased at both time 

points with a minimum of six biological replicates to account for individual differences 

amongst species while boosting the internal and external validity of the study. In 

addition, as noted above, sex differences are apparent in oxidative stress pathways. Given 

that the cause is unknown, it is best to characterize these differences further in DMD 

animal models.  
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Lastly, injection of Conray 50 dye occurred via tail vein catheter using a pump. Given the 

etiology of the disease, dye uptake can be influenced by the leakiness of the vasculature. 

Publications have stated that vasculature is impaired in DMD patients. As such, the 

leakiness of the blood-brain barrier must be considered and can be calculated using 

additional DCE-CT maps to assist with trouble shooting any discrepancies in perfusion.9  

3.5 Conclusion 

Now that we have thoroughly analyzed the data, we must revisit our original hypothesis. 

We postulated that CT scans would model DMD progression by providing absolute 

quantification of perfusion. Thus, we have met the first hypothesis in our research 

investigation. Additionally, we hypothesized that oxidative stress might correlate with 

DCE-CT perfusion parameters to replicate the pathologic environment seen in later 

stages of DMD. Results observed in Chapter 2 do not indicate a clear answer, and this 

may be due to limitations within the study. On one hand, we had notable trends within the 

data, such as at the 4-5 week time point in the brain for blood flow and blood volume. 

However, extreme caution must be taken to not overinterpret the data as no values in 

DCE-CT hemodynamic parameters reached statistical significance.   

In the discussion section, our findings in terms of MPO were supported by various 

investigations that came prior. We were able to use some of this groundwork to argue in 

instances that the role of oxidative stress influencing hemodynamic parameters may exist, 

given the trends seen in our data. Regardless, this study was one of the first to show 

body-wide CT perfusion in mdx mice and analyze the heart, brain, and skeletal muscle 

with respect to oxidative stress. Our findings are novel, and with the correct 

modifications to the study, I believe they will reach statistical significance. This, in turn, 

would allow DCE-CT to have an excellent role in clinical diagnostic and DMD disease 

progression monitoring when other routes of diagnosis have been exhausted, given its 

low risk-to-benefit ratio.  

Without additional modifications to the study, such as increased sample size and 

segregation by sex differences, the data reported in this study cannot be interpreted with 

absolute certainty. Despite this unfortunate caveat, our group is still confident that data 
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will likely reach statistical significance once these alterations are included. As the study 

currently stands, this research has shed light on one possible oxidative stress pathway to 

explain changes in hemodynamic parameters within three different areas of the body, 

thus rendering a snapshot of the body-wide affects in DMD.  
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