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ABSTRACT 
 

Multiple sclerosis (MS) is an inflammatory demyelinating disease of the central nervous 

system (CNS) affecting millions of patients worldwide. Despite its prevalence, the disease 

is imperfectly characterized and does not have a definitive cure. MS patients develop 

characteristic lesions in the CNS that have different pathological features depending on the 

stage of lesion development, providing an opportunity to investigate how such lesions 

develop. However, MS tissue is often not readily available for such pathological analyses.  

 

Experimental autoimmune encephalomyelitis (EAE) in the common marmoset (Callithrix 

jacchus) recapitulates many radiological and pathological features of MS lesions in the 

white matter that are not evident in rodent models, thus providing an opportunity to 

investigate how the lesions develop, as well as the different factors involved in lesion 

pathogenesis, evolution, and repair. Among different factors involved, the dissertation 

project focused on elucidating the role and involvement of two specific molecules: 

fibrinogen as an early, acute marker of the disease pathobiology; and iron as a late, chronic 

marker. Utilizing various magnetic resonance imaging sequences specifically developed 

for marmoset brain imaging, as well as histopathological staining protocols optimized for 

marmoset brain tissue, my work demonstrates that fibrinogen and iron both show different, 
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specific spatiotemporal dynamics and involvement in the evolution of inflammatory 

demyelinating lesion pathobiology.  

 

The first project demonstrates that fibrinogen is a marker of an early, active stage of EAE 

lesion development, and corroborates the idea that fibrinogen may be pathogenic in 

inflammatory demyelinating lesion formation. The second study shows that intralesional 

iron is deposited in the subacute stage of lesion development, specifically in the 

perivascular region of chronic EAE lesions. The timing and the localization of the 

accumulation, and its relation to various markers of inflammation, injury, and disease 

progression, suggest that iron may not be pathogenic in EAE lesion development; rather, 

it may be needed for repair. 
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INTRODUCTION 

 

Multiple Sclerosis 

 

Introduction and Epidemiology 

Multiple sclerosis (MS) is an inflammatory demyelinating disorder of the central nervous system 

(CNS), which affects millions of individuals worldwide (Lassmann et al. 2007; Reich et al. 2018).  

Geographically, MS is more common in locations with higher latitude (i.e. more distant from the 

equator) (Kurtzke 1995), and affects more females than males (approximate ratio of 3:1) (Ascherio 

and Munger 2016). Unlike many other neurological disorders, MS is one of the most common 

causes of neurological disability in young adults in their 20s and 30s, especially in Europe and 

North America, affecting 1 in 500-1500 people in these regions (Hauser and Oksenberg 2006; 

Miller and Leary 2007), and as high as 1 in 200 in high-risk populations (Ascherio and Munger 

2016). MS is a chronically debilitating disease that significantly impedes essential activities (both 

at home and at work); about half of the individuals diagnosed with the disease lose the ability to 

perform these daily tasks within 10 years. Within 25 years, 50% of the individuals are non-

ambulatory (Trapp and Nave 2008).  

 

Despite the prevalence, the specific etiology of the disease is unknown, although various 

associated environmental and genetic risk factors have been investigated. There are more than 100 

genes implicated in the development of MS (Sawcer et al. 2014). However, only about 30–50% of 

individuals with a monozygotic twin with MS are affected by MS, suggesting that there is a strong 

environmental component to MS in addition to the genetic causes. For example, vitamin D 
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deficiency is one of the environmental factors associated with MS (Kfoczyńska et al. 2015), which 

also may explain why the geographical distribution of individuals with MS is skewed towards 

higher latitude (i.e. less sun exposure). History of Epstein-Barr virus (EBV) infection is another 

risk factor for developing MS (Langer-Gould et al. 2017). The EBV viral antigen is homologous 

to myelin proteins, which may explain how EBV infection can trigger an autoimmune attack 

against myelin (Cong et al. 2011; Mameli et al. 2014). Even cigarette smoking and obesity are 

associated (Ascherio and Munger 2016; Degelman and Herman 2017); however, no single 

environmental or genetic risk factor, etiology or mechanism has been identified to be the cause of 

MS.  

 

Clinical Courses and Diagnosis 

MS is a highly variable and a dynamic disorder, which can affect various locations within the CNS, 

including the spinal cord, optic nerve, cerebral white matter, cortex, deep gray matter, and the 

cerebellum (Kuhlmann et al. 2017; Lassmann et al. 2007; C. F. Lucchinetti et al. 2004; Reich et 

al. 2018) (Figure 1-1). In fact, this dissemination in space (DIS), as well as dissemination in time 

(DIT), i.e. the timing of lesion appearance on magnetic resonance imaging (MRI), are the criteria 

for diagnosing the disease (Reich et al. 2018; Thompson et al. 2018). The clinical courses therefore 

are also highly variable, and may involve a wide range of neurological disability, including 

changes in vision, balance, sensation, and cognition (Brownlee et al. 2017).  
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Figure 1-1. Topography of multiple sclerosis lesions. Schematic of lesion location, calling out 
imaging and pathological examples, in the (A) periventricular white matter, (B) subpial cortex, (C) 
leptomeninges, (D) thalamus and pons, (E) spinal cord, (F) optic nerve, and (G) retina. Adapted 
from (Reich et al. 2018). 
 

The three main clinical courses of MS are relapsing-remitting MS (RRMS), secondary progressive 

MS (SPMS), and primary progressive MS (PPMS) (Lublin et al. 2014). About 85% of individuals 

diagnosed with MS begin with RRMS (Trapp and Nave 2008). The clinical course of RRMS is 

characterized by intervals of exacerbated symptoms, also called relapses, followed by remissions 
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(Figure 1-2). Periods of relapses are also associated with visualization of focal inflammatory 

lesions on MRI. Current data suggest that most people diagnosed with RRMS will develop SPMS 

within 10–20 years. SPMS is characterized by continuous accumulation of worsening and 

irreversible neurologic symptoms and overall disability (Miller and Leary 2007; Thompson et al. 

2018). Unlike RRMS patients, PPMS patients generally have worsening disability from the onset 

of the disease symptoms, rather than going through relapses and remissions (Figure 1-2).  

 

 

 

Figure 1-2. Disease courses for different subtypes of multiple sclerosis. From the National 
Multiple Sclerosis Society website, adapted from (Lublin et al. 2014). 
 

The severity of the disease can be assessed using standardized clinical disability scales, specifically 

the Expanded Disability Status Scale (EDSS) (Kurtzke 1983), which can range from 0 (normal) to 

10 (death due to MS) in increments of 0.5 (Figure 1-3).  
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Figure 1-3. Clinical disability scale of multiple sclerosis with representative physical 
disabilities. From MS Unites website.  
 

Clinically isolated syndrome (CIS) is a relatively newly recognized clinical category of MS and 

inflammatory demyelination, used to describe individuals who may have MS-like symptoms but 

do not fulfill the diagnostic criteria. Approximately 80% of individuals with CIS end up being 

diagnosed with MS (Compston and Coles 2008). Conversely, radiologically isolated syndrome 

(RIS) is a category of MS where individuals harbor radiological findings, i.e. hyperintense lesions 

on T2-weighted MRI (Figure 1-4), that are suggestive of MS, but do not have any neurological 

symptoms or manifestations.  
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Figure 1-4. Hyperintense foci on T2-weighted MRI of individual with multiple sclerosis. 
Adapted from (Mallik et al. 2014). 
 
 
With such variable clinical courses, presentations, and symptoms, diagnosing MS can be difficult, 

as there is no single pathognomonic feature of MS. To set a standardization, the International Panel 

on Diagnosis of Multiple Sclerosis published the 2010 McDonald criteria, which was revised in 

2017 (Thompson et al. 2018). In short, the aforementioned DIT and DIS criteria must be met, in 

that at least two distinct areas in the CNS must be affected at two different time points. The areas 

and times of such episodes can be established with either clinical evidence of localized symptoms, 

or by detection of lesions on MRI. Analysis of cerebrospinal fluid (CSF) can also help diagnose 

MS, as approximately 90% of MS patients have clonal expansion of immunoglobulin-secreting B-

cells, or also known as oligoclonal bands (Housley et al. 2015). However, the specificity of 

oligoclonal bands for diagnosing MS is low, as other conditions such as infections can result in 
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the same finding (Reich et al. 2018). Therefore, MRI and clinical evidences remain essential for 

diagnosing MS.  

 

Pathophysiology and Treatments 

Although the precise etiology of MS is unknown, individuals with MS have characteristic 

inflammatory demyelinating lesions that have distinct pathological and radiological characteristics 

depending on the stage of lesion development. This provides an opportunity to understand the 

common pathobiology of the disease, as well as to strategize development of treatment options. 

For example, histopathologically, the early, active phase of inflammatory demyelination often 

features infiltration of adaptive immune cells (i.e. T-cells and B-cells) into the lesion site, as well 

as aggregation of innate immune cells, particularly monocytes (i.e. microglia and peripheral 

macrophages) (Reich et al. 2018).  

 

T-cells have been implicated to play essential roles in MS pathobiology. First, despite the fact that 

these lymphocytes are rarely found in healthy CNS, they are abundant in both MS lesions, as well 

as experimental animal models of MS (Jagessar et al. 2010; Lassmann et al. 2012; Lassmann 2014; 

Maggi et al. 2014). Furthermore, T-cells that are specifically reactive to myelin proteins and 

antigens have been implicated to be the culprit of inflammatory demyelination. In fact, 

introduction of myelin-specific T-cells in animal models can also induce spontaneous 

demyelination (Pettinelli and McFarlin 1981). However, these myelin-specific T-cells are found 

in individuals without MS in similar proportions, suggesting that T-cells are not the only cells 

responsible for the pathogenesis of MS plaques (Reich et al. 2018). There is also growing interest 

on the role of B-cells in the pathogenesis of MS lesions, as B-cells produce the oligoclonal bands 
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and are present in some MS lesions. Recent B-cell depletion trials have led to FDA approval of 

anti-CD20 therapies (Kausar et al. 2009; C. Lucchinetti et al. 2000; Michel et al. 2015). However, 

the specific pathophysiology of how B-cells can directly cause inflammatory demyelination has 

not been identified, and it is most likely that they play an important role in some types of MS 

lesions, but not the only ones responsible for MS lesion pathogenesis. Lastly, CNS-resident 

microglia and peripheral macrophages are found in abundance in early, active lesions. They are 

often found in ramified, pro-inflammatory phenotypes, but also serve an important function of 

mediating repair by clearing myelin debris (Aguzzi et al. 2013). Clearance of myelin debris is 

essential for oligodendrocytes, CNS resident cells that are responsible for (re)myelination, to come 

into the site of injury and synthesize myelin (Lampron et al. 2015).  

 

 

Figure 1-5. Pathophysiology of acute, active multiple sclerosis lesion. Adapted from (Kuhlmann 
et al. 2017) 
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The inflammatory cells can be found within the parenchyma, and are often aggregated in the 

perivascular space, forming the so-called “perivascular cuff” (Cuzner et al. 1988). In fact, one of 

the quintessential characteristics of focal white matter MS lesions is the presence of the central 

vein sign (CVS), where lesions form around a prominent central vein, which can be detected using 

MRI (Sati et al. 2016). CVS is one of the hallmark diagnostic and pathophysiologic features that 

differentiates MS from other CNS diseases (Maggi et al. 2018) (Figure 1-6), and clearly outlines 

that MS pathophysiology revolves around the vasculature.  

 

 
 

Figure 1-6. Central vein sign in multiple sclerosis lesion. The central vein sign (red arrows) is 
present in MS lesions. Adapted from (Maggi et al. 2018). 
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Radiologically, early, active MS lesions in the white matter show compromised blood-brain barrier 

(BBB), which can be detected using a contrast agent, such as gadolinium (more in Chapter 1). 

These leaky vessels, during the early stage of lesion formation, are often located around the center 

of the lesion, and this change in the integrity of BBB is indeed one of the earliest pathobiological 

events of MS (and animal models of MS) lesions (Absinta et al. 2015; Maggi et al. 2014). It can 

be extrapolated that the peripheral adaptive immune cells, as well as peripheral monocytes (i.e. 

macrophages), that are found within the lesions (Figure 1-5) migrate into the parenchyma through 

the leaky vessels.  

 

Once the lesions go through the acute, destructive inflammatory phase, they can morph into 

different phenotypes depending on various factors that are incompletely understood (Kuhlmann et 

al. 2017; Reich et al. 2018). The inflammatory lesions may continue to stay in a pro-inflammatory 

state, in which case they are termed “chronic active” or “smoldering” lesions and harbor ongoing 

myelin degeneration. The lesions can also become chronic inactive lesions, where the 

inflammation resolves, and often have glial scarring without signs of repair. These lesions do not 

harbor oligodendrocytes that can (re)myelinate the damaged, demyelinated tissue. Lastly, some 

lesions can repair and remyelinate, with repopulation of oligodendrocytes. One factor known to 

play an important role in whether lesions repair or not is age, where younger individuals 

demonstrate more robust regeneration of myelin (Rawji et al. 2016; Ruckh et al. 2012). Beyond 

age, however, the factors that govern remyelination are poorly characterized.  

 



 11 

   

Figure 1-7. Different outcomes of chronic white matter lesions of multiple sclerosis. Adapted 
from (Reich et al. 2018) 
 

Since inflammation is one of the main culprits of the disease pathophysiology, the majority of the 

treatments focus on countering inflammation. Initially, individuals with MS may receive 

corticosteroids, or even therapeutic plasma exchange if unresponsive to steroids (Keegan et al. 

2005). At the time of this writing, there are over a dozen medications that are approved by the 

United States Food and Drug Administration (FDA), for treating MS (Reich et al. 2018). All of 

them are disease modifying treatments that are immunomodulatory and anti-inflammatory. For 

example, natalizumab (Tysabri) specifically prevents T-cell entry into the CNS (Engelhardt and 

Kappos 2008), and ocrelizumab (Ocrevus) targets B-cells (Kausar et al. 2009). However, due to 

the incomplete understanding of the disease pathophysiology, current treatments target neither the 

prevention of lesion formation nor repair (e.g. repopulation of oligodendrocytes).  

 

Motivation for Research 

Despite the recent advancements in the field of MS research, MS remains an unsolved enigma 

with numerous unknowns. From a research perspective, fundamental questions that are yet to be 

answered regarding MS are: what factors might trigger the inflammatory demyelination 

cascade? And also: what explains the heterogeneous pathophysiological characteristics of MS 
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lesions (i.e. remyelinated vs. chronically smoldering)? My thesis research therefore focused on 

identifying and investigating different factors and biomarkers that may play essential roles in the 

pathophysiology of inflammatory demyelinating lesion evolution and development, by utilizing 

radiological, histopathological, and cellular markers to understand how such lesions develop. 

However, analyses of available human tissues have intrinsic limitations in that it is difficult to 

investigate the biomarkers in postmortem samples from individuals with long-standing disease 

duration, and irregular MRI scans that are both sparsely collected. This necessitates a reliable 

animal model that successfully recapitulates human MS lesions, both radiologically and 

pathologically.  
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Animal Models of Multiple Sclerosis 

 

Motivation for Reliable Animal Models 

Since the etiology of MS is unknown, investigating the precise pathobiology of how MS lesions 

are formed is innately difficult. However, there are several animal models that do successfully 

recapitulate MS lesion-like inflammatory demyelinating lesions, both radiologically and 

pathologically. Having such models is essential for bridging the gap of knowledge regarding how 

these lesions develop and evolve with more control over induction, observation, and timing.  

 

Toxin-Induced Demyelination 

One of the most direct ways of inducing inflammatory demyelinating lesions is by direct injection 

of toxins into the CNS, such as lyso-phosphatidycholine (also known as lysolecithin). This type of 

animal model is especially beneficial for investigating the progression of focal, localized 

demyelination, as well as repair mechanisms, mainly because of relatively predictable spatial and 

temporal course of how lesions evolve (Blakemore and Franklin 2008; Denic et al. 2011). Like 

early, active MS lesions, sites injected with lysolecithin harbor adaptive immune cells, 

microglia/macrophages, and demyelination (caused by the direct toxic effects on myelin sheath) 

(Hall 1972). Remyelination can occur in a few weeks after introduction of the toxin, but these 

lesions do not show the pathobiology of chronic MS lesions (i.e. smoldering, chronic active lesions) 

(Bieber et al. 2003; Denic et al. 2011; Shields et al. 1999). Cuprizone is a copper chelator that is 

administered orally (Blakemore and Franklin 2008; Matsushima and Morell 2001). Cuprizone 

administration (0.2%) mixed with a regular diet causes death of oligodendrocytes by an 

incompletely understood mechanism, which consequentially causes demyelination. When stopped, 
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repopulation of oligodendrocytes and remyelination occur spontaneously. Unlike lysolecithin 

injection, demyelination due to cuprizone administration occurs in random sites within the CNS, 

and is not inflammatory.  

 

Experimental Autoimmune Encephalomyelitis 

Experimental autoimmune encephalomyelitis (EAE) is an animal model that recapitulates 

autoimmune inflammatory diseases of the CNS without a direct introduction of a toxin (Baxter 

2007). EAE is induced by either an external immunization with an adaptive transfer of myelin-

specific T-cells, or a CNS tissue, which can range from homogenized white matter to specific 

myelin peptides (Figure 1-8). The CNS antigens are often introduced to the host species with an 

adjuvant (e.g. complete Freund’s adjuvant) and/or pertussis toxin in order to increase the host 

immunologic response against myelin (Pettinelli and McFarlin 1981). This causes the host’s 

immune system to recognize myelin of the CNS as a pathogen, resulting in an autoimmune-

mediated attack against the myelin (Figure 1-9). The encephalitogenic activity of the animal model 

also varies based on both the host species (i.e. cross-species results in bigger antigenicity) and the 

type of antigen used.  

 

 

Figure 1-8. Different scales of CNS tissue used to induce experimental autoimmune 
encephalomyelitis. WM = white matter; GM = gray matter; SC = spinal cord; MBP = myelin 
basic protein; MOG = myelin oligodendrocyte glycoprotein; PLP = myelin proteolipid protein.  
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Figure 1-9. Diagram of how experimental autoimmune encephalomyelitis is induced. From 
(Walton 2015). 
 

Experimental Autoimmune Encephalomyelitis in Rodents 

One of the most commonly investigated animal models of EAE is the mouse EAE model. In fact, 

a number of FDA-approved treatments for MS have been developed in the mouse EAE model, 

including glatiramer acetate, mitoxantrone, and the aforementioned natalizumab (Denic et al. 2011; 

Steinman and Zamvil 2006). Although EAE in mice is extremely useful, in part because large 

sample sizes are possible, and also due to the availability of transgenic mouse models that allow 

direct pathophysiological manipulation and intervention. But there are many limitations of this 

model. First, compared to the human brain, mouse brain has little white matter. Furthermore, 

mouse EAE lesions often are found in the spinal cord, but not in the brain. This becomes 

disadvantageous when trying to investigate how focal white matter lesions, like in MS, form. These 

mice are also generally inbred strains, and are not susceptible to immune-shaping antigens that are 

relevant in human MS population (e.g. EBV as mentioned above). In fact, EAE mice raised in 

germ-free conditions develop a much attenuated EAE disease course, suggesting that exposure and 
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susceptibility to environmental pathogens play an essential role in disease pathobiology ('t Hart et 

al. 2015). 

 

 

Figure 1-10. Mouse experimental autoimmune encephalomyelitis spinal cord lesion. Mouse 
EAE lesions harbor inflammation and demyelination. H&E = hematoxylin and eosin staining. 
Adapted from (Jia et al. 2011). 
 

Experimental Autoimmune Encephalomyelitis in Common Marmosets 

Common marmosets (Callithrix jacchus) are neotropical primates that serve as an excellent model 

to investigate neurological disorders, including MS/EAE, for several reasons. First, their relatively 

small bodies (weighing 300–400 g at adulthood) makes it easier to handle them. Marmosets also 

have high fecundity in captivity, and, in fact, they often give birth to chimeric twins and triplets 

that share a placenta in utero. This means that these nonidentical siblings have similar 
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immunological profile and susceptibility to immune-shaping pathogens (Kap et al. 2016). Unlike 

laboratory rodents, marmosets are also outbred, ensuring that the colonies have genetic 

heterogeneity, which is much more representative of the human MS population ('t Hart et al. 2015). 

As primates, marmosets and humans have similar neuroarchitecture, especially with respect to the 

abundance of cerebral white matter (Figure 1-11). When induced to develop EAE, marmosets have 

much more prevalent focal white matter lesions than mice (Maggi et al. 2014). 

 

   

Figure 1-11. Coronal brain MRI of mouse and marmoset brains. The brain images highlight 
the differences between the mouse and the marmoset brain, especially the ratio of white matter to 
grey matter.  
 

Despite the limitations and disadvantages, such as ethical and financial factors, marmoset EAE 

remains an essential and relevant model for investigating the pathobiology of inflammatory 

demyelinating disorder, and serves as a bridge between rodent experiments and humans. Further 

advantages and disadvantages can be found on Table 1-1.  
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Table 1-1. Advantages and disadvantages of the marmoset experimental autoimmune 
encephalomyelitis model. From (Kap et al. 2016). 
 

 
 
 

Application to the Thesis Project 

My thesis contributes new knowledge in response to two major questions: (1) What factors might 

trigger the inflammatory demyelination cascade in MS? (2) What factors might contribute 

to the heterogeneity of MS lesions? Because studying human MS tissue has important limitations 

with respect to understanding how the lesions form and change over time with high temporal 

resolution, I have focused primarily on the marmoset model. In marmoset EAE, lesions can be 

identified and tracked in vivo using MRI scans, which can subsequently be analyzed using 

histopathology and other molecular assays. By combining investigations of marmoset EAE and 
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some human MS lesions, my thesis project therefore focused on the spatiotemporal dynamics of 

how lesions evolve, as well as associated factors in the progression of lesion development.  
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METHODS AND EXPERIMENTAL DESIGN 

 

Marmoset Experimental Autoimmune Encephalomyelitis  

The current studies involved 13 marmosets (5 males and 8 females, ages 2–6 years at baseline) 

(Table 2-1). For EAE induction, 9 of the 13 marmosets (marmosets 5–9) were injected with 600Pl 

white matter homogenate, mixed in complete Freund’s adjuvant (Difco Laboratories), distributed 

over 4 different dorsal sites (2 inguinal, 2 axial) subdermally using a 25-gauge needle. The 

homogenate included 200mg human white matter mixed with minimal phosphate-buffered saline, 

250Pl incomplete Freund’s adjuvant (Difco Laboratories), and 1.8mg desiccated Mycobacterium 

tuberculosis (Difco Laboratories). Animals were monitored on a daily basis for the severity of 

injection-site wounds, and were given at least 2 weeks to recover after injections before proceeding 

with subsequent experiments.  

 

Some marmosets from the group (marmosets 7–13) were also involved in another investigation, 

and were co-immunized with human herpes virus (HHV) intranasally as described (E. Leibovitch 

et al. 2013). Four marmosets (marmosets 1–4) were from another investigation, where they were 

first injected with half-dose of human white matter homogenate (100mg). When no signs of lesion 

formation were detected 2-months post-injection, they were injected with an additional full-dose 

of human white matter homogenate (200mg). All protocols were reviewed and approved by the 

National Institute of Neurological Disorders and Stroke Animal Care and Use Committee.  
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Table 2-1. Demographics of marmosets involved in the study. Data from 13 marmosets, 5 male 
and 8 female, ages 2–6 years old at baseline, were included in the studies. Additional inoculation, 
experimental durations, and lesion locations are also listed. HHV = human herpes virus.  
 

  Sex 
Age at 

Baseline 
(years) 

Experimental 
Duration (days) 

Additional 
Inoculation Lesion Location 

Marmoset #1  M 5.5 425 N/A Frontal, temporal, and 
occipital lobe 

Marmoset #2  M 5.5 425 N/A Temporal lobe 

Marmoset #3  F 3 105 N/A Temporal and occipital lobes 

Marmoset #4  F 3 123 N/A Internal capsule; frontal, 
temporal, and occipital lobes 

Marmoset #5 M 2.5 384 N/A Temporal and occipital lobes 

Marmoset #6 M 2.5 282 N/A Optic nerve, parietal and 
occipital lobes 

Marmoset #7  F 2.5 26 HHV6B Frontal lobe 

Marmoset #8  F 3.9 71 HHV6B Parietal lobe 

Marmoset #9 F 4.6 32 N/A Optic nerve, frontal and 
parietal lobes 

Marmoset #10 M 3.6 134 N/A Parietal, temporal, and 
occipital lobes 

armoset #11 F 2.5 92 HHV6A Frontal lobe 

Marmoset #12 F 4.6 159 N/A Frontal, parietal, and 
temporal lobes 

Marmoset #13 F 4.3 53 HHV6A Parietal lobe 
 
 

Marmoset in vivo MRI 

Marmosets were scanned on a weekly or a biweekly basis under anesthesia. Before each scan, 

marmosets were weighed and assessed for neurologic symptoms, including limb paralysis and 

weakness, to determine the clinical severity of the disease. Animals were fasted 12 hours prior to 

anesthesia, to avoid vomiting and aspiration after intubation. Marmosets were first given atropine 



 22 

sulfate (0.4mg/ml) intramuscularly at a dose of 0.2mg/kg body weight (0.37ml/kg), followed 

immediately by intramuscular injection of ketamine (100mg/ml) at a dose of 10mg/kg body weight 

(0.1ml/kg). Once anesthetized, the marmosets were first placed under inhalational 2% isoflurane 

delivered through a face-mask, followed by intubation using a 2mm endotracheal tube once 

heartrate and breathing pattern stabilized. Lidocaine (1%) was applied to the arytenoid cartilage 

before intubation to minimize irritation of the airways. An endotracheal tube was gently introduced 

with the aid of a laryngoscope. Once intubated, the endotracheal tube was connected to 30% 

oxygen / 70% nitrogen gas mixture containing 2% isoflurane. Animals were closely monitored 

(Figure 2-1) for O2 saturation (above 90%), breathing patterns (30–38 breaths/minute), and end-

tidal CO2 volume (below 35mmHg). For scans involving gadobutrol, a gadolinium-based contrast 

agent for MRI, an intravenous line was placed in the lateral tail vein using a 27-gauge indwelling 

catheter prefilled with heparinized saline (Heplock solution).  

 

   

Figure 2-1. In vivo marmoset MRI set-up. 
 

Intubated and stabilized marmosets were then transferred into a 7-tesla / 30cm USR/AVIII animal 

MRI scanner (Bruker-Biospin Corp.) (Figure 2-2), equipped with a 15cm gradient set of 450mT/m 



 23 

strength (Resonance Research Inc.). Animals were placed in the “sphinx” (prone) position with 

the head restrained using blunt-tipped earpieces coated with 2% lidocaine. Throughout the scan, 

the physiologic parameters were monitored and recorded every 15 minutes, including end-tidal 

CO2 volume using a micro-capnometer (Surgivet), oxygenation via pulse oximeter (Surgivet) 

placed on the dorsum of the foot, and body temperature via rectal probe. The body temperature 

was maintained at around 38qC using a feedback-controlled circulating warm water blanket. Using 

a custom-built, 8-channel radiofrequency coil, various MRI sequences were obtained, including 

proton density-weighted (PDw), T2*-weighted (T2*w), and T1-weighted (T1w) sequences. 

Specific sequence parameters can be found on Table 2-2.  
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Table 2-2. Compilation of proton density (PD) weighted, T1-weighted, and T2*-weighted (in 
vivo and ex vivo) MRI sequence parameters used for marmoset and human brain tissue. ST 
= slice thickness; TI = inversion time; TE = echo time; TR = repetition time; FA = flip angle; NA 
= number of averages; TAT = total acquisition time. 
 

  MR Sequence In-plane 
res. (μm) 

ST 
(μm) 

TI 
(ms) 

TE 
(ms) 

TR 
(ms) FA NA TAT 

(min) 

Marmosets 
#1-6  

In vivo 
  

PD-weighted 150 x 150 1000 NA 16 2300 90 1 7.7 

T2*-weighted 150 x 150 1000 NA 18 2150 70 1 9.2 

 T1-weighted 150 x 150 1000 1200 4.2 5700 12 1 6.8 

Marmosets 
#7-13 
In vivo 

  

PD-weighted 125 x 125 600 NA 16 2300 90 2 22 

T2*-weighted 125 x 125 600 NA 22 2132 70 2 20 

 T1-weighted 125 x 125 600 1200 4.2 5700 12 2 25 

Marmosets 
Ex vivo  T2*-weighted 100 x 100 100 NA 10 50 16 10 36 (hours) 

Human  
In vivo T2*-weighted 215 x 215 1000 NA 32 6000 50 1 8.5 

Human  
Ex vivo T2*-weighted 420 x 420 420 NA 26 60 10 4 135 

 

Marmoset ex vivo MRI and Tissue Preparation 

Once the marmosets reached one of the end-points of the experiment, including loss of more than 

20% body weight from baseline, and/or paraplegia lasting for longer than 24 hours, the terminal 

MRI scan was performed. Animals were maintained under anesthesia until euthanasia, and 

immediately perfused using 4% paraformaldehyde. Brains were collected and fixed in 10% 
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neutral-buffer formalin. Fixed brains went through high-resolution ex vivo T2*w MRI, which was 

used to identify lesions. Customized 3D-printed brain cradles were then used to cut brains into 1–

2mm-thick slabs in the same plane as in vivo MRI, as described previously (J. R. Guy et al. 2016; 

Luciano et al. 2016). Cut marmoset brain slabs were embedded in paraffin (HistoServ), cut into 4–

10-Pm-thick sections, and placed on SuperFrost Plus (Thermo Fisher Scientific) slides for further 

histopathological analyses (Figure 2-2).  

 

 

Figure 2-2. 3D-printed brain cradle for radiology-pathology linkage. Targeting a lesion found 
on MRI scan (red box) to identify the corresponding slab (red arrow) to collect and perform 
histopathological analyses. LFB-CV and PLP = myelin; Iba1 = microglia/macrophages. Scale bar 
= 100Pm. 
 
 
Human in vivo and ex vivo MRI 

In vivo brain scans of individuals with MS from an IRB-approved MS natural history protocol, 

acquired on a 7-tesla whole-body research system (Siemens), were used for the study. For ex vivo 

MRI, four donated brains from individuals with MS were used to identify lesions of interest, which 

subsequently were cut and embedded in paraffin for further histopathological analyses, as 

described previously (Absinta et al. 2014). Sequence parameters can be found on Table 2-2. Patient 

demographics can be found on Table 2-3.  
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Table 2-3. Demographics of multiple sclerosis patients involved in the study. Mean and 
standard error of measurement for age and disease duration, and median and range for EDSS 
reported. EDSS = expanded disability status scale; MS = multiple sclerosis; RRMS = relapse 
remitting MS; PPMS = primary progressive MS; SPMS = secondary progressive MS. No 
individuals were examined both in vivo and ex vivo. 
 

  Sex Age 
(Years) 

Disease 
Duration 
(Years) 

EDSS RRMS 
(#) 

PPMS 
(#) 

SPMS 
(#) 

Treatmen
t 

In vivo M = 11;  
F = 28 

53.3 ± 
2.1 17 ± 1.8 3 (0–7.5) 22 4 13 29 = Yes;  

10 = No 

Ex vivo M = 1;  
F = 3 

61.0 ± 
2.4 21.8 ± 3.0 N/A 0 4 0 4 = Yes 

 
 
 
Histopathology 

All formalin-fixed, paraffin-embedded slides went through routine deparaffinization using xylene 

and serial rehydration. To visualize iron deposition, diaminobenzidine (DAB)-enhanced Turnbull 

staining was performed, where slides were immersed in 2% ammonium sulfide solution for 90 

minutes, incubated with 10% potassium ferricyanide and 0.5% hydrochloric acid solution for 15 

minutes in 37qC, and incubated with 0.3% hydrogen peroxide in methyl alcohol solution for 1 

hour. The slides then were developed using DAB (Abcam), and counterstained using hematoxylin 

(Leica Biosystems Inc.). For Luxol fast blue (LFB) staining to visualize myelin lipid, slides were 

put in NovaUltra LFB Solution (IHC World, Ellicott City, MD, USA) overnight in 56qC, 

differentiated with lithium carbonate, and counterstained with periodic acid-Schiff (PAS) (IHC 

World, Ellicott City, MD, USA). For Bielschowsky staining to visualize nerve fibers, slides were 

put in 10% silver nitrate solution, placed in ammonium silver solution in 40qC, and differentiated 

with concentrated ammonium hydroxide.  
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For immunohistochemistry, either the immunoperoxidase or the alkaline phosphatase (AP) method 

was used. For each markers of interest, slides went through the respective antigen retrieval, protein 

blocking, and primary and secondary antibody inoculations (Table 2-4). Slides developed using 

immunoperoxidase method were developed with DAB, and counterstained with hematoxylin and 

differentiated with Blue Buffer (Leica Biosystems Inc.). Slides developed using the AP method 

were developed with AP Vector Blue (Vector Laboratories), and counterstained with nuclear fast 

red solution (IHC World, Ellicott City, MD, USA). Slides going through double-staining, e.g. 

ferritin and Iba1, were stained first using the immunoperoxidase method, followed by the AP 

Vector Blue, without counterstaining.  
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Table 2-4. Immunohistochemistry methodology. For each of the immunohistochemical targets, 
respective sources, clonalities and hosts, and methods for antigen retrieval, blocking, and primary 
and secondary antibody inoculation are listed. HIER = heat-induced epitope retrieval; RT = room 
temperature; P = polyclonal antibody; M = monoclonal antibody; Rb = rabbit; Ms = mouse. 
 

Target Company 
Host / 

Clonali
ty 

Antigen 
Retrieval 
Method 

Protein Blocking 
Reagent 

Primary 
Antibody 

Concentration 

Primary 
Antibody 

Inoculation 

Secondary 
Antibody 

Iba1 Wako Rb, P 
HIER with 

Citrate Buffer, 
20" 

Protein Block 
(Dako), 20" for 

HRP; 2.5% Horse 
Serum (Vector) 

for AP 

1:400 1 hour, RT 

Powervision 
Poly-HRP or 
ImmPRESS 

AP 

MRP14 Dako Ms, M Proteinase K, 
5" 

Protein Block 
(Dako), 20" for 

HRP; 2.5% Horse 
Serum (Vector) 

for AP 

1:400 1 hour, RT 

Powervision 
Poly-HRP or 
ImmPRESS 

AP 

CD3 Dako Rb, P 
HIER with 
Tris-EDTA 
Buffer, 45" 

Protein Block 
(Dako), 20" 1:100 Overnight, 

4ºC 
Powervision 
Poly-HRP 

PLP BioRad Ms, M 
HIER with 

Citrate Buffer, 
20" 

Protein Block 
(Dako), 20" 1:200 1 hour, RT Powervision 

Poly-HRP 

GFAP Dako Rb, P Proteinase K, 
5" 

Protein Block 
(Dako), 20" 1:400 1 hour, RT Powervision 

Poly-HRP 

ASPA GeneTex Rb, P 
HIER with 

Citrate Buffer, 
45" 

Protein Block 
(Dako), 20" 1:1500 1 hour, RT Powervision 

Poly-HRP 

Olig2 EMD 
Millipore Rb, P None when 

double-staining 

2.5% Horse 
Serum (Vector), 

20" 
1:200 1 hour, RT ImmPRESS 

AP 

SMI31 Biolegend Rb, P 
HIER with 

Citrate Buffer, 
45" 

Protein Block 
(Dako), 20" 1:100 1 hour, RT Powervision 

Poly-HRP 

SMI32 Biolegend Rb, P 
HIER with 

Citrate Buffer, 
45" 

Protein Block 
(Dako), 20" 1:100 1 hour, RT Powervision 

Poly-HRP 

CD68 Dako Rb, P 
HIER with 
Tris-EDTA 
Buffer, 45" 

Protein Block 
(Dako), 20" 1:100 Overnight, 

4ºC 
Powervision 
Poly-HRP 

Fibrinogen 

Drs. J. 
Degen, E. 

Mullins, K. 
Akassoglou, 
J. Ryu, M. 
Petersen 

Rb, P 
HIER with 

Citrate Buffer, 
30" 

10% Goat Serum, 
0.3% Triton X-

100 
1:3000 Overnight, 

4ºC 
ImmPRESS 
Poly-HRP 

Fibrinogen Abcam Ms, M 

Proteinase K, 
5”; None when 
double-staining 

after Iba1 

2.5% Horse 
Serum (Vector), 

20" 
1:100 1 hour, RT ImmPRESS 

AP 
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Albumin Abcam Ms, M 
HIER with 

Citrate Buffer, 
20" 

2.5% Horse 
Serum (Vector), 

20" 
1:100 1 hour, RT ImmPRESS 

AP 

Dysferlin Abcam Rb, P 
HIER with 

Citrate Buffer, 
20" 

2.5% Horse 
Serum (Vector), 

20" 
1:100 1 hour, RT ImmPRESS 

AP 

Target Company 
Host / 

Clonali
ty 

Antigen 
Retrieval 
Method 

Protein Blocking 
Reagent 

Primary 
Antibody 

Concentration 

Primary 
Antibody 

Inoculation 

Secondary 
Antibody 

Transferrin 
Receptor 

ThermoFisher 
Scientific Ms, M 

HIER with 
Citrate Buffer, 

45” 

Background 
Buster (Biorad), 

10”; Protein 
Block (Dako), 20” 

1:100 Overnight, 
4ºC 

Powervision 
Poly-HRP 

Ferritin Abcam Rb, P Proteinase K, 
20”  1:100 1 hour, RT Powervision 

Poly-HRP 

Ferroportin Abcam Rb, P 
HIER with 

Citrate Buffer, 
45” 

Background 
Buster (Biorad), 

10”; Protein 
Block (Dako), 20” 

1:100 Overnight, 
4ºC 

Powervision 
Poly-HRP 

Hepcidin Abcam Rb, P 
HIER with 

Citrate Buffer, 
45” 

Background 
Buster (Biorad), 

10”; Protein 
Block (Dako), 20” 

1:100 Overnight, 
4ºC 

Powervision 
Poly-HRP 

DMT1 Abcam Rb, P 
HIER with 

Citrate Buffer, 
45” 

Background 
Buster (Biorad), 

10”; Protein 
Block (Dako), 20” 

1:100 Overnight, 
4ºC 

Powervision 
Poly-HRP 

Superoxide 
Dismutase Enzo Rb, P 

HIER with 
Citrate Buffer, 

20” 

Background 
Buster (Biorad), 

10”; Protein 
Block (Dako), 20” 

1:200 Overnight, 
4ºC 

Powervision 
Poly-HRP 

HIF-2D GeneTex Ms, M 
HIER with 

Citrate Buffer, 
20” 

Background 
Buster (Biorad), 

10”; Protein 
Block (Dako), 20” 

1:200 Overnight, 
4ºC 

Powervision 
Poly-HRP 

APP Millipore 
Sigma Ms, M 

95% Formic 
Acid, 10” and 

HIER with 
Citrate Buffer, 

45" 

Protein Block 
(Dako), 20" 1:100 Overnight, 

4ºC 
Powervision 
Poly-HRP 

TMEM119 Millipore 
Sigma Rb, P 

HIER with 
Citrate Buffer, 

20" 

Protein Block 
(Dako), 20" 1:100 Overnight, 

4ºC 
Powervision 
Poly-HRP 

 

Histopathological Lesion Characterization and Quantification 

Lesions identified on histopathology were retrospectively referenced back to in vivo MRI (Figure 

2-3), and based on the age, were categorized into the following groups: non-demyelinated 

inflammatory nodules (NDIN); 0–2-week-old lesions; 2–6-week-old lesions; or lesions older than 
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6 weeks. NDIN are lesions at the earliest stage of lesion development, and are seen on 

histopathology but not in vivo structural MRI, as described (Lee et al. 2018; Maggi et al. 2014). 

At least 3 different marmosets were included in each experimental group.   

 

 

 

Figure 2-3. Characterization of marmoset EAE lesions using MRI and histopathology. (A) 
Serial in vivo proton density-weighted (PDw) MRI dates evolution of a periventricular white 
matter lesion in marmoset #7. Red arrow = first lesion appearance on MRI; red box = lesion at 
terminal MRI. (B) Multimodal histological and immunohistochemical analysis of the same lesion, 
shown in magnified view on interpolated MRI (dotted red line). LFB-PAS and PLP = myelin; 
ASPA+Olig2 = oligodendrocytes (brown: mature oligodendrocytes; blue: progenitors); CD3 = T-
cells; APP = degenerating axons; Iba1 = microglia/macrophages; SMI31 = phosphorylated 
neurofilament (mostly found in intact axons). IHC counterstain with hematoxylin. Scale bar = 
100Pm; scale bar inside boxes = 10Pm. 
 
 
All quantification was performed with Fiji ImageJ Software. In some instances, individual cells 

could be counted (e.g., CD3+ T-cells); in these cases, cell area was calculated by manually counting 

the cells within each lesion. For all other markers, such as LFB, the lesions went through color 
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deconvolution to remove counterstains, edge segmentation to avoid unwanted gray matter or 

ventricle, and thresholding to calculate the percentage area (Figure 2-4). For healthy white matter, 

lesion-free regions contralateral to areas with common lesion appearance (e.g. the corpus callosum) 

were chosen. Histopathological images were taken using Zeiss Observer 1 microscope (Zeiss, 

Thornwood, NY) and Eclipse Ci-L LED Microscope and DSRi2 Color Digital Camera (Nikon 

Instruments, Melville, NY). 

 

 

Figure 2-4. Schematic of histopathology quantification in marmoset EAE lesions. Lesions 
underwent deconvolution to remove counterstain, manual segmentation to remove unwanted gray 
matter or ventricle, and auto-thresholding to calculate the percentage of area with signal of interest 
such as (in this case) LFB.  
 
 
Statistical Analysis 

GraphPad Prism 7 software was used for all statistical analyses. The non-parametric Kruskal-

Wallis test was used for comparing lesions across the age categories. For parametric data analysis 

(e.g. area density of HIF-2D+ cells), ordinary one-way analysis of variance was used. The 

following statistical significances were used for all the analyses: *p < 0.05; **p < 0.01; ***p < 

0.001; and ****p < 0.0001.  
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CHAPTER 1. SPATIOTEMPORAL DISTRIBUTION OF FIBRINOGEN: A MARKER OF 

EARLY, ACTIVE INFLAMMATORY DEMYELINATION 

 
 
Motivation: what factors might trigger the inflammatory demyelination cascade? 

 

Introduction: Fibrinogen and Inflammatory Demyelination 

One of the hallmarks of MS, especially during the early stages of lesion pathophysiology, is 

alteration of the BBB (Alvarez et al. 2011; Alvarez et al. 2013; Alvarez et al. 2015; Schenk and de 

Vries 2016), which allows immune cells from the periphery to enter the CNS, a key component of 

myelin and axon damage (Dutta and Trapp 2007; Lassmann 2001). As one of the earliest events 

of MS lesion pathogenesis (Kermode et al. 1990), BBB opening, indicated by gadolinium 

enhancement on MRI (Runge et al. 1985) (Figure 3-1), can precede, or even occur independently 

from, a clinical relapse. Gadolinium has become a reliable marker for detecting early, often 

subclinical MS lesions (Harris et al. 1991). However, some studies have also suggested that the 

BBB is chronically damaged in chronic MS lesions, as indicated by immunohistochemistry of 

peripheral plasma proteins in the CNS (Kwon and Prineas 1994; McQuaid et al. 2009). Recent 

work on BBB and gadolinium enhancement during lesion development further demonstrates that 

BBB disruption is a dynamic process throughout lesion formation (Gaitán et al. 2011). However, 

MRI does not identify the soluble factors, including cytokines and plasma proteins, that are 

involved in lesion development.  

 
*This work has been published in the following journal: Lee NJ, Ha SK, Sati P, Absinta M, Luciano NJ, 
Lefeuvre JA, Schindler MK, Leibovitch EC, Ryu JK, Petersen MA, Silva AC, Jacobson S, Akassoglou K, 
Reich DS. Brain. 2018 Jun 1;141(6):1637-1649. doi: 10.1093/brain/awy082. 
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Figure 3-1. Gadolinium leakage in multiple sclerosis lesion. Hyperintense area on a T1-
weighted MRI after gadolinium injection indicates a compromised blood-brain barrier. 
 
 
Fibrinogen, a plasma protein, can serve as a reliable immunohistochemical marker for BBB 

leakage, but interestingly it has also been identified as having a pathogenic role in 

neurodegenerative diseases (Claudio et al. 1995; Cortes-Canteli et al. 2012; Gay and Esiri 1991; 

Marik et al. 2007; Vos et al. 2005) and in MS lesion development (Petersen et al. 2017; Ryu et al. 

2015; Yates et al. 2017). In a rodent model, unlike other plasma proteins that may pass through a 

leaky BBB, such as albumin or kininogen, fibrinogen induces microglial activation, recruitment 

of peripheral macrophages, and inflammatory demyelination. Microglia release pro-inflammatory 

cytokines and chemokines that recruit peripheral cells of the adaptive immune system (particularly 

T-cells) across the BBB (Ryu et al. 2015). Whether fibrinogen plays a role in lesion development 

in the marmoset EAE model, and the nature of any such role, has not been elucidated.  
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Figure 3-2. Induction of inflammatory demyelination by a single fibrinogen injection in the 
mouse brain. Demyelination (LFB/PAS and toluidine blue), microglial activation and 
demyelination (MBP/Iba-1) in the corpus callosum of mice injected with fibrinogen compared 
with artificial CSF (ACSF). Adapted from (Ryu et al. 2015). 
 
 
To investigate the role of fibrinogen in the pathogenesis of inflammatory demyelinating lesions, 

we first used serial in vivo PDw MRI to date the appearance of focal lesions in the white matter. 

Guided by the in vivo MRI data and postmortem MRI of the formalin-fixed brain, we performed 

histopathology to investigate factors (including fibrinogen, myelin markers, and inflammatory 

cells) that are present during each stage of lesion development, as well as their level of activity 

and distribution pattern. We also looked for fibrinogen deposition in both chronic active and 

chronic inactive MS lesions (Kuhlmann et al. 2017). 
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Methods 

For the current study, 37 lesions from the following 8 marmosets were analyzed (Table 3-1). Note 

these marmosets are listed as marmosets 6–13 on Table 2-1. 

 
Table 3-1. Demographics of marmosets involved in the study. Data and samples from 8 
marmosets, 2 male and 6 female, ages 2–5 years old, were included in the current study. Additional 
inoculation, experimental durations, and lesion locations are also listed. HHV = human herpes 
virus.  
 

  Sex Age at Baseline 
(years) 

Experimental 
Duration (days) 

Additional 
Inoculation Lesion Location 

Marmoset #1 F 2.5 26 HHV6B Frontal lobe 

Marmoset #2 F 3.9 71 HHV6B Parietal lobe 

Marmoset #3 F 4.6 32 N/A Optic nerve, frontal 
and parietal lobes 

Marmoset #4 M 3.6 134 N/A Parietal, temporal, and 
occipital lobes 

Marmoset #5 F 2.5 92 HHV6A Frontal lobe 

Marmoset #6 F 4.6 159 N/A Frontal, parietal, and 
temporal lobes 

Marmoset #7 F 4.3 53 HHV6A Parietal lobe 

Marmoset #8 M 2.5 282 N/A Optic nerve, temporal 
and parietal lobes 
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For fibrinogen deposition, scoring criteria were established (Table 3-2). 

 
Table 3-2. Scoring criteria for fibrinogen deposition. Representative marmoset EAE lesions 
with corresponding fibrinogen deposition scores. Red arrows = intracellular fibrinogen. 
Counterstain = nuclear fast red. Scale bar = 100Pm. 
 

  Score Criteria Description 
Extracellular 
Deposition 0 No sign of fibrinogen leakage 

 1 Minimal deposition, just detectable along the vessel wall 
 2 Slight deposition around the vessel wall 
 3 Moderate deposition in the parenchyma  
 4 Marked deposition in the parenchyma surrounding vessel 
  5 Severe, extensive deposition in the parenchyma 

Intracellular 
Deposition 0 No intracellular fibrinogen 

 1 Scattered intracellular deposition (one to several foci) 
  2 Extensive intracellular deposition 

Total 0 – 7   
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Results 

 

Fibrinogen is found in early, active EAE lesions 

As fibrinogen has been found to be necessary and sufficient for early pathogenesis of inflammatory 

demyelination in rodents (Davalos et al. 2012; Ryu et al. 2015), but had not yet been studied in 

nonhuman primates, we investigated the spatiotemporal dynamics of fibrinogen deposition in 

marmoset EAE by creating a radiology-to-pathology linkage (Figure 2-3, 2-4). Our data from 37 

lesions in 8 marmosets demonstrate that fibrinogen is mainly detected in the early stages of lesion 

development, specifically in the non-demyelinated inflammatory nodules (NDIN) that precede 

demyelination, 0–2-week-old lesions, 2–6-week-old lesions, and minimally in >6-week-old 

lesions (Figure 3-3A). This finding was confirmed using two different fibrinogen antibodies. When 

all 37 lesions were analyzed based on the fibrinogen deposition criteria (Table 3-2), 0–2-week-old 

lesions were found to have the greatest amount of fibrinogen deposition, followed by 2–6-week-

old lesions and NDIN (Figure 3-3A, C). Other plasma proteins that have been investigated as 

markers of BBB leakage in the context of MS, specifically albumin and dysferlin (Hochmeister et 

al. 2006; LeVine 2016; Schoderboeck et al. 2009), demonstrated no specific spatiotemporal pattern 

in EAE lesions (Figure 3-4).  
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Figure 3-3. Fibrinogen deposition throughout marmoset EAE lesion development. (A) 
Fibrinogen (blue) is detected in non-demyelinating inflammatory nodules (NDIN), 0–2 and 2–6-
week-old lesions around the veins in the center of the lesions, but not in >6-week-old lesions or 
normal white matter. Counterstain = nuclear fast red. (B) Fibrinogen (black) deposition pattern is 
validated using polyclonal fibrinogen antibody, where fibrinogen deposition is extensive in 0–2-
week-old EAE lesions, but not in >6-week-old lesions. Counterstain = hematoxylin. (C) 
Quantification of fibrinogen deposition based on fibrinogen deposition scoring criteria (see also 
Table 3.2). Points represent individual lesions and are color-coded based on Table 3.1. (D) 
Fibrinogen/Iba1 double-staining shows that fibrinogen (blue) is deposited in proximity to Iba1+ 
microglia/macrophages (brown) in the parenchyma. 0–2 and 2–6-week-old EAE lesions harbor 
intracellular fibrinogen (red arrows) within Iba1+ cells. Scale bar = 100Pm; scale bar inside boxes 
= 20Pm. ****p < 0.0001 (Kruskal-Wallis test). Lesions selected from marmosets #1, 3, 4, and 6. 
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Figure 3-4. Plasma proteins in EAE lesions, categorized based on age. Fibrinogen (blue) is 
detected in non-demyelinating inflammatory nodules (NDIN) as well as 0–2-week old and 2–6-
week-old EAE lesions. Dysferlin (blue) is absent in NDIN, 0–2-week-old, and 2–6-week-old EAE 
lesions. Albumin (blue) is only scantly present in some 0–2 and 2–6-week-old lesions, but is also 
often detected within blood vessels of normal white matter, suggesting it is not a specific marker 
for blood-brain-barrier leakage in EAE lesions. Neither plasma protein recapitulates the 
spatiotemporal distribution of fibrinogen, which is the earliest sign of blood-brain barrier changes. 
Marmoset tissues, lungs and skeletal muscle were used as positive controls for albumin and 
dysferlin, respectively. Counterstain = nuclear fast red. Scale bar = 100Pm; scale bar inside box = 
10Pm. Lesions selected from marmosets #1, 4, and 7. 
 

Fibrinogen first leaks into the parenchyma and is then quickly phagocytized by 

microglia/macrophages 

Since fibrinogen has been reported to interact with microglia in CNS (Marik et al. 2007; Ryu et al. 

2015), we investigated the localization of fibrinogen at different stages of lesion development, 

specifically in relation to Iba1+ microglia/macrophage distribution. Fibrinogen and Iba1 double-

staining shows that fibrinogen first leaks into the parenchyma during the NDIN stage of lesion 

development, in which fibrinogen and microglia/macrophages are both present, but with only rare 

examples of fibrinogen localization within microglia/macrophages (Figure 3-3D). However, in 0–

2 and 2–6-week-old lesions, fibrinogen is much more commonly found inside 
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microglia/macrophages (Figure 3-3D), suggesting that these phagocytes quickly react to 

fibrinogen extravasation, resulting in rapid phagocytosis.  

 

Fibrinogen deposition precedes demyelination and gadolinium leakage detected on MRI, and 

its peak coincides with the onset of demyelination 

Fibrinogen deposition was not detected in normal white matter (Figure 3-5A) but was seen in 

NDIN, which are invisible on MRI and show no gadolinium leakage (Figure 3-5B). As expected, 

the earliest lesions showed subtle gadolinium leakage (both 0–2 and 2–6-week-old lesions) (Figure 

3-5C, D). We also investigated the spatiotemporal relation between fibrinogen and other markers 

of disease activity, including markers of demyelination, oligodendrocytes, and astrocytes. Our data 

show that the peak of fibrinogen deposition, which occurs during the first two weeks of lesion 

development, coincides with the onset of active demyelination (Figure 3-6A-C). These lesions also 

harbor activated astrocytes (Figure 3-6A). Both the mature oligodendrocytes and oligodendrocyte 

precursor cell populations significantly decrease, but at later time windows (2–6 weeks and >6 

weeks after lesion formation, respectively) (Figure 3-6A, E, F).  
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Figure 3-5. Terminal in vivo MRI and immunohistochemistry of blood-brain barrier leakage 
in marmoset EAE lesions. (A) Pre- (yellow) and post- (red) gadolinium T1-weighted (T1w) 
images, and fibrinogen (blue) and Iba1 (brown) staining of normal white matter. (B) A non-
demyelinating inflammatory nodule (NDIN), invisible on both the terminal pre- and post-
gadolinium T1w images, has active blood-brain barrier leakage based on fibrinogen staining, and 
inflammation based on Iba1 staining. (C) 0–2-week-old and (D) 2–6-week-old EAE lesions are 
visible on T1w images and show active gadolinium leakage through a leaky blood-brain barrier, 
as indicated by subtle gadolinium leakage (red arrows) on subtraction images (' = post – pre 
gadolinium). Immunohistochemistry confirms that both fibrinogen deposition and inflammation 
(Iba1) are found in lesions with active gadolinium leakage. Fibrinogen counterstain = nuclear fast 
red; Iba1 counterstain = hematoxylin. Scale bar = 100Pm. Lesions selected from marmosets #2 
and 7. 
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Figure 3-6. Immunostaining for myelin, oligodendrocytes, and astrocytes in marmoset EAE 
lesions, categorized based on age. (A) Staining for PLP and LFB shows that active demyelination 
takes place during the first two weeks of EAE lesion development, represented by intracellular 
myelin debris inside phagocytes (red arrows). Double-staining for ASPA+Olig2 shows that 
ASPA+ mature oligodendrocytes and Olig2+/ASPA- immature oligodendrocytes population 
decreases after the peak of active demyelination. Immunostaining for GFAP shows that astrocytes 
are activated from early in lesion development, mostly from the first two weeks, and stay activated 
until the chronic phase. Quantification of (B) PLP and (C) LFB, based on normalized area 
percentage, shows that lesions are demyelinated from the time they appear on MRI, and remain 
demyelinated. Quantification of (D) ASPA+ and (E) Olig2+/ASPA- demonstrates that mature 
oligodendrocytes are significantly reduced in number after 2–6 weeks of lesion formation, whereas 
oligodendrocyte precursor cells only drop after >6 weeks. Dots represent individual lesions and 
are color-coded based on Table 3.1. PLP and GFAP counterstain = hematoxylin; LFB counterstain 
= PAS. Scale bar = 100Pm; scale bar inside boxes = 10Pm. ns = not significant; *p < 0.05; ***p 
< 0.001 (Kruskal-Wallis test). Lesions selected from marmosets #2, 3, 5, and 7. 
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Fibrinogen deposition correlates with inflammatory cell accumulation 

In addition to Iba1+ microglia/macrophages, we investigated the spatiotemporal relation between 

fibrinogen and other markers of inflammatory cells, including MRP14+ early activated peripheral 

macrophages and CD3+ T-cells. Our data show that fibrinogen leakage during the initial stages of 

lesion development, specifically during the NDIN stages and the first six weeks of EAE, coincides 

with a significant increase in inflammatory cells, including Iba1+ microglia/macrophages, MRP14+ 

early activated peripheral macrophages, and CD3+ T-cells (Figure 3-7A–D). We further 

investigated the spatiotemporal relation of TMEM119, a recently discovered specific marker of 

microglia (M. L. Bennett et al. 2016; Satoh et al. 2016), in relation to Iba1+ and MRP14+ cells, and 

found that TMEM119+ microglia were not present during the first two weeks of lesion 

development and did not spatially overlap with MRP14+ cells (Figure 3.5A). However, Iba1+ cells 

were present wherever TMEM119+ microglia were found. Furthermore, Iba1 staining showed that 

many Iba1+ microglia/macrophages failed to express either TMEM119 or MPR14. These data 

suggest that brain-derived TMEM119+ microglia and peripherally derived MRP14+ are indeed 

separate groups of inflammatory cells in EAE lesion development, but also that there are many 

other innate immune cells that require further characterization. Throughout the entirety of lesion 

development, fibrinogen deposition was positively correlated with inflammatory cell density 

(Figure 3-7E–G).  
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Figure 3-7. Inflammation and fibrinogen in marmoset EAE lesions, categorized based on age. 
(A) Immunohistochemistry of Iba1 (microglia/macrophages), TMEM119 (microglia)+MRP14 
(early activated peripheral macrophages), CD3 (T-cells), and fibrinogen in EAE lesions. 
TMEM119+MRP14 double-staining demonstrates that MRP14+ macrophages are distinct from 
TMEM119+ microglia. Iba1 staining demonstrates that there are Iba1+ cells that are neither 
TMEM119 nor MRP14 positive. (B) Iba1+, (C) MRP14+, and (D) CD3+ cells are present from 
early lesion development during the non-demyelinating inflammatory nodule stage, preceding 
demyelination. All three types of inflammatory cells peak during the first two weeks of EAE lesion 
development, and decrease as lesions age. Fibrinogen deposition has is positively correlated, albeit 
imperfectly, with the amount of (E) Iba1+, (F) MRP14+, and (G) CD3+ cells throughout lesion 
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development, suggesting that inflammation and fibrinogen deposition have similar time courses. 
Individual points represent a lesion and are color-coded based on Table 3.1. Counterstain = 
hematoxylin. Scale bar = 100Pm. ns = not significant; *p < 0.05; **p < 0.005; ***p < 0.001; ****p 
< 0.0001 (Kruskal-Wallis test). Lesions selected from marmosets #1, 2, 6, and 7. 
 
 
The peak of fibrinogen deposition coincides with the onset of axonal damage and loss 

As axonal damage and loss are among the hallmarks of MS lesions, we investigated the relation 

between fibrinogen deposition and various markers of axonal injury. Our data show that the peak 

of fibrinogen deposition, which is during the first two weeks of lesion formation, coincides with 

axonal damage and loss. During the 0–2-week window, there was a significant increase in the 

number of APP+ elements in the lesions, which represent acute axonal injury (Figure 3-8A, B); 

appearance of SMI32+ ovoid bodies, which represent non-phosphorylated neurofilaments that are 

not found in normal white matter (Figure 3-8A); loss of SMI31+ phosphorylated neurofilaments 

(Figure 3-8A, C); and loss of nerve fibers by Bielschowsky silver stain. Axonal injury and loss 

persisted throughout the entirety of lesion development (Figure 3-8A–C).  
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Figure 3-8. Healthy and damaged axons in marmoset EAE lesions, categorized based on age. 
(A) Staining for APP (acute axonal damage), SMI31 (phosphorylated neurofilament), SMI32 
(nonphosphorylated neurofilament), and Bielschowsky silver stain (nerve fibers) shows that 
axonal damage and axonal loss takes place during the first two weeks of EAE lesion development 
(coinciding with the peak of fibrinogen deposition), represented by the presence of APP+ elements 
(green arrows) and SMI32+ ovoid bodies (blue arrows), as well as loss of axon fibers and 
phosphorylated neurofilaments. (B) Counts of APP+ elements and (C) quantification of SMI 
staining, based on normalized area percentage, shows that acute axonal damage and loss can be 
seen throughout lesion development. Dots represent individual lesions and are color-coded based 
on Table 3.1. Dotted red lines = lesion edge. SMI31 and SMI32 counterstain = hematoxylin. Scale 
bar = 100Pm; scale bar inside boxes = 10Pm. ns = not significant; ***p < 0.001; ****p < 0.0001 
(Kruskal-Wallis test). Lesions selected from marmosets #2, 3, 4, and 5. 
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Chronic active multiple sclerosis lesions harbor fibrinogen, but chronic inactive lesions do 

not 

To further verify the involvement of fibrinogen in the pathophysiology of inflammatory 

demyelination in humans, we investigated a total of 9 MS lesions in 4 brains. Our results 

demonstrate that fibrinogen extravasation was seen in 3 of the 4 chronic active white matter lesions, 

but none of the 5 chronic inactive white matter lesions, analyzed (Figure 3-9A, B). In chronic 

active lesions, fibrinogen localized specifically around the blood vessels at the lesion edge, where 

active demyelination and sustained inflammation were also present (Figure 3-9A). In fibrinogen-

positive chronic active lesions, most (range: 67–86%) of blood vessels at the lesion edge showed 

evidence of fibrinogen deposition (Table 3-3). In none of the MS lesions were blood vessels at the 

lesion center permeable to fibrinogen.  

 
Table 3-3. Fibrinogen deposition in blood vessels at the edge of multiple sclerosis lesions. 
Vessels at the edge of four chronic active lesions from two multiple sclerosis cases were analyzed. 
3 out of 4 lesions demonstrated fibrinogen leakage. None of the blood vessels at the edge of chronic 
inactive lesions, from two multiple sclerosis cases, showed fibrinogen leakage.  
 

  Chronic active lesions 
# of vessels at 

lesion edge 
(fibrinogen+) 

# of vessels at 
lesion edge 

(fibrinogen-) 

Fibrinogen+ 
vessels at lesion 

edge (%) 

PT1 #1 6 3 67 
#2 0 3 0 

PT2 #3 8 2 80 
#4 6 1 86 

  Total 20 9 69 
 Chronic inactive lesions    

PT3 #1 0 8 0 
#2 0 13 0 

PT4 
#3 0 4 0 
#4 0 5 0 
#5 0 3 0 

  Total 0 33 0 
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Figure 3-9. Fibrinogen deposition in human multiple sclerosis lesions. Multimodal histological 
and immunohistochemical analysis of the same multiple sclerosis lesions on interpolated MRI 
(dotted red line), using histopathological markers, creating a radiology-to-pathology linkage. (A) 
Fibrinogen (blue) is found around blood vessels (BV; black arrows) located at chronic active lesion 
edge (LE), but not the lesion center (LC). Areas around these vessels show inflammation and 
ongoing demyelination, indicated by the presence of CD68+ cells (black arrowheads), and 
intracellular myelin proteolipid protein (red arrows) and PAS+ myelin breakdown products (red 
arrowheads). (B) Fibrinogen is not detected in either the edge or the center of chronic inactive 
lesions. (C) Percentage of blood vessels with fibrinogen deposition. Three out of four chronic 
active lesions, from two individuals, had fibrinogen deposition within the majority of blood vessels 
at the lesion edge, but none in the center. None of the 5 chronic inactive lesions assayed, from two 
individuals, showed fibrinogen deposition. Fibrinogen counterstain = nuclear fast red; PLP and 
CD68 counterstain = hematoxylin. Scale bar = 100Pm; scale bar inside boxes = 20Pm. *p < 0.05 
(Kruskal-Wallis test). 
  



 49 

Discussion 

The earliest events of inflammatory demyelinating lesion pathogenesis, especially the initial 

triggers of microglial and astrocytic activation and recruitment of peripheral leukocytes, are only 

beginning to be understood. Recent studies in rodent models have shown that fibrinogen leaks out 

of blood vessels and, once converted to fibrin, can bind microglia via the CD11b receptor, causing 

release of pro-inflammatory cytokines that prime the immune system to recruit peripheral immune 

cells to enter the CNS and cause demyelination (Adams et al. 2007; Davalos et al. 2012; Ryu et al. 

2015). Introducing fibrinogen, but not other plasma proteins such as albumin, into healthy white 

matter of susceptible mice was sufficient to cause inflammatory demyelination, and blocking the 

binding of fibrinogen to microglia prevented fibrinogen-induced demyelination. Our findings in 

the marmoset model — in particular the timing of fibrinogen appearance in relation to 

demyelination, its interaction with microglia/macrophages, and its correlation with inflammatory 

cell accumulation — support the notion that fibrinogen plays a key role. 

 

Our data show that fibrinogen is found in early, active lesions during the first six weeks of lesion 

development. The fibrinogen deposition score correlates with accumulation of inflammatory cells, 

including microglia, macrophages, and T-cells. Fibrinogen is observed to leak out of a lesion’s 

central vein at the earliest stage of lesion development, which we term the NDIN stage, and which 

precedes demyelination and gadolinium enhancement. Fibrinogen is then quickly phagocytized by 

microglia/macrophages as the lesions develop. When fibrinogen deposition is at its peak during 

the first two weeks of lesion development, lesions are actively demyelinated and show axonal 

injury and loss, and astrocytic activation. On the other hand, since we observed T-cells and 

fibrinogen in all NDINs analyzed, unlike in our prior study (Maggi et al. 2014), we cannot rule out 
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the possibility that T-cell infiltration precedes (and perhaps initiates) BBB opening. Indeed, the 

absence of demyelination in NDINs does not exclude T-cell infiltration as the inciting event; in a 

rodent model, the entry of CNS-irrelevant T-cells into the brain can cause BBB disruption 

(Smorodchenko et al. 2007), which opens the door to fibrinogen deposition and the cascade of 

innate and adaptive myelin-specific immune responses mentioned above. Differentiating CNS-

irrelevant and CNS-specific T-cells in situ would therefore be important for elucidating the precise 

sequence of events in inflammatory demyelinating lesion pathogenesis.  

 

We also investigated the involvement of other plasma proteins (dysferlin and albumin) and found 

that they do not share the same spatiotemporal distribution pattern as fibrinogen. This may be due 

to the fact that fibrinogen specifically binds to microglia/macrophages in the brain as demonstrated 

previously, whereas other plasma proteins do not (Ryu et al. 2015). Differences in distribution 

between fibrinogen and other plasma proteins might also be due to different mechanisms of 

clearance of fibrinogen and fibrin from the CNS. In contrast to other blood proteins, fibrinogen is 

converted to insoluble fibrin in the CNS and its main mechanism for removal is proteolytic 

degradation via tPA/plasmin (Bardehle et al. 2015). Phagocytosis has been described as a clearance 

mechanism of fibrin in tissues (Motley et al. 2016). Impaired clearance of fibrin has been reported 

in MS (Gveric et al. 2003) and might contribute to sustained fibrin deposition and thus differences 

in spatiotemporal distribution with other blood proteins that do not form insoluble deposits in the 

CNS. Investigating additional serum proteins, such as immunoglobulins, as well as other 

molecules involved in the neurovascular unit that governs the brain’s permeability to such plasma 

proteins and may affect the inflammatory demyelinating processes (J. Bennett et al. 2010; Kirk et 
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al. 2003), would be an important next step for validating the specificity of fibrinogen’s 

involvement in early lesion formation.  

 

To further confirm a role for fibrinogen in inflammatory demyelination, we also investigated the 

distribution of fibrinogen in human MS tissue. We focused on chronic lesions, as time-resolved 

acute lesions similar to those studied in the marmoset model were not available. Our data from 4 

chronic active and 5 chronic inactive MS lesions suggest that fibrinogen is specifically deposited 

at the edge of chronic active MS lesions, where histopathologic evidence of smoldering 

demyelination and inflammation are present, but not in chronic inactive lesions. The majority of 

vessels at the edge of most chronic active lesions showed fibrinogen deposition, whereas none of 

the vessels in the centers of those lesions, or in chronic inactive lesions — in both of which 

astrogliosis is the primary pathological observation — harbored fibrinogen. Other studies have 

previously detected fibrin in chronic inactive lesions by electron microscopy (Claudio et al. 1995) 

and immunohistochemistry (Leech et al. 2007; Vos et al. 2005). It is possible that lesion 

heterogeneity or differences in tissue fixation and antibody preparation might influence the 

sensitivity of detection in tissues with low fibrin levels.  

 

Our results in MS lesions suggest that chronic active lesions may have subtle BBB disruption that 

is associated with active demyelination, as suggested by prior histopathological (Kwon and Prineas 

1994; McQuaid et al. 2009) and MRI-based studies (Hawkins et al. 1990; Katz et al. 1993; Silver 

et al. 2001). Alternatively, fibrinogen deposition at the site of disease activity may indicate failure 

to remove previously deposited fibrinogen or fibrin, which may in turn be a cause of ongoing 

demyelination, sustained inflammation, and inhibition of remyelination. Regardless of the 
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pathophysiology, our findings suggest that targeting fibrinogen in sustained inflammatory 

demyelinating lesions may be therapeutic. In fact, by blocking microglia from binding fibrinogen 

through targeting CD11b receptors, or by depleting fibrinogen through the de-fibrinogenating 

agent ancrod, demyelination was reduced (Adams et al. 2007; Ryu et al. 2015). Furthermore, our 

findings showing fibrinogen deposition prior to gadolinium enhancement by MRI suggest that 

sensitive probes for early detection of fibrinogen and fibrin might be useful imaging tools for early 

detection of MS lesions (Davalos et al. 2014). 

 

The disruption of the BBB in MS and EAE, and the association between fibrinogen extravasation 

into the parenchyma and inflammatory demyelination, beg the question of whether this event is 

specific to MS. There are other diseases of the CNS with BBB abnormalities and fibrin deposition, 

such as ischemia and Alzheimer’s disease (Cortes-Canteli et al. 2015; Erickson and Banks 2013; 

Kassner and Merali 2015; Sandoval and Witt 2008; Tomimoto et al. 1996), that do not harbor the 

same phenotype and pathophysiology of MS lesions. One possible explanation might be that 

fibrinogen has to be present within a host with genetic susceptibility to autoimmune disease. 

Autoimmune inflammatory demyelination requires specific immunologic environments and key 

players. Indeed, in rodent models, it has been reported that fibrinogen selectively recruits myelin-

specific T-cells from the periphery into the CNS, but fails to recruit T-cells in ovalbumin-specific 

T-cell receptor transgenic mice, demonstrating that myelin-specific T-cells need to be readily 

available in order for fibrinogen to initiate the demyelination cascade (Ryu et al. 2015). Last but 

not least, it is well known that MS is a highly heterogeneous disorder with various disease course, 

pathways, and lesion pathology (Dendrou et al. 2015; Disanto et al. 2010; C. F. Lucchinetti et al. 

2004; Reich et al. 2018). BBB disruption is a common denominator of disease pathogenesis in MS. 
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It is possible that fibrin plays a crucial role in stages of the disease with active BBB leakage. Fibrin 

is the final product of the coagulation cascade and also undergoes active fibrinolysis at sites of 

lesions. Indeed, the fibrinolytic potential in MS lesions is markedly decreased and proteins that 

inhibit fibrinolysis, such as PAI-1, correlate with neuronal loss in progressive MS (Gveric et al. 

2003; Yates et al. 2017). In EAE, fibrin is required for both early inflammation and development 

of axonal damage at later disease stages (Davalos et al. 2012). Patient heterogeneity in the balance 

between coagulable states and fibrinolytic pathways may determine the contribution of fibrin to 

disease pathogenesis in chronic disease states.  

 

One of the limitations to the current study is that the persistent activation of 

microglia/macrophages and smoldering demyelination, which are typical of human chronic active 

lesions, are not properly recapitulated by the acute marmoset EAE model used here. Unfortunately, 

there is no ideal model for chronic active lesions, but such a model would be of great value for 

understanding the role of fibrinogen and the therapeutic implications of blocking it. An additional 

limitation is that we cannot rule out the possibility that herpesvirus inoculation may have affected 

the course of the lesion formation in our model, since some of the animals used in this study were 

also exposed to forms of HHV6 as part of another study. (As primates are a precious resource, 

such “re-use” is not uncommon.) However, our previous study demonstrated that intranasal 

administration of either HHV6A or HHV6B in marmosets only resulted in negligible virus-specific 

antibody responses that were clinically asymptomatic (E. Leibovitch et al. 2013), so it is unlikely 

that the findings reported here are related to HHV6 response.  
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Overall, our data are consistent with the notion that fibrinogen is involved in the early pathogenesis 

of inflammatory demyelinating lesions and is also tightly linked to sustained inflammation in 

longstanding disease. This study provides several novel insights into the overall pathophysiology 

of inflammatory demyelination and further supports that possibility that fibrinogen may be an 

effective therapeutic target for countering the initiation and sustainment of inflammatory 

demyelination.  
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CHAPTER 2. SPATIOTEMPORAL DISTRIBUTION OF IRON IN INFLAMMATORY 

DEMYELINATION 

 

Motivation: what explains the heterogeneous pathophysiological characteristics of MS lesions? 

 

Introduction: Iron and Inflammatory Demyelination 

One of the hallmarks of MS is the loss of myelin, which is abundant in iron. Iron is prevalent 

throughout the CNS and required for oligodendrocytes to synthesize myelin (Connor and Menzies 

1995, 1996; Todorich et al. 2009). However, its deposition has also been linked to 

neurodegeneration and inflammation, including in MS, via oxidative injury (Adamczyk and 

Adamczyk-Sowa 2016; Hametner et al. 2013; Mehta et al. 2013; Stephenson et al. 2014; Thomsen 

et al. 2015). Iron can be found in some MS lesions, detectable with both MRI and, when tissue is 

available, histopathology (Absinta et al. 2016; Bagnato et al. 2011; Bozin et al. 2015; Chawla et 

al. 2016; Dal-Bianco et al. 2017; Haacke et al. 2009; Hagemeier et al. 2012; Hametner et al. 2013; 

Zhang et al. 2016a; Zhang et al. 2016b). Despite these observations, there is a gap in our knowledge 

of the precise role of iron in MS, including the spatiotemporal dynamics of iron deposition and the 

cellular pathways involved in intralesional iron accumulation. Fundamentally limiting our 

understanding of the role of iron in MS is that the majority of knowledge derives from pathological 

studies of patients with long disease duration, in which a full analysis is hindered by sparse 

sampling, irregular MRI acquisition intervals, and often imperfect characterization of postmortem 

MS tissue. Characterizing the spatiotemporal patterns of iron deposition using a relevant animal 

model therefore can help elucidate the timing, origin, and pathophysiological significance of 

intralesional iron deposition. 
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Figure 4-1. Iron deposition in multiple sclerosis lesion. Iron is detected in MS lesions using 
MRI. Histopathology confirms that areas of iron positivity colocalize with sites of active 
demyelination (LFB-PAS), and intracellular iron deposition (Iron / CD68). Adapted from (Absinta 
et al. 2016). 
 

The marmoset EAE model allows us to investigate spatiotemporal dynamics and the involvement 

of iron in the context of lesion pathogenesis and evolution ('t Hart and Massacesi 2009; Kap et al. 

2010; Maggi et al. 2014; Maggi et al. 2017). Interestingly, a recent study demonstrated that iron 

deposition is one of the pathological hallmarks of marmoset EAE lesions (Dunham et al. 2017), as 

distinct from some rodent models (Schuh et al. 2014), which highlights the relevance of the 

marmoset EAE model to investigate MS-like pathobiology involving iron.  
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Figure 4-2. Iron accumulation in EAE marmoset brain. Iron accumulates in the marmoset brain 
and is liberated upon demyelination. To determine tissue specific iron, Turnbull staining was 
performed on marmoset EAE brain tissue. The images represent areas of healthy white matter, 
lesion edge and lesion center respectively. Scale bars: 50μm. Adapted from (Dunham et al. 2017). 
 

Dysregulated iron accumulation can be detrimental to CNS in various ways. For example, iron-

laden microglia tend to stay in a pro-inflammatory state (Kroner et al. 2014; Mairuae et al. 2011) 

and lose the ability to clear myelin debris in lesions, preventing oligodendrocytes or their 

precursors from entering the injured sites for remyelination and repair (Lampron et al. 2015; Mehta 

et al. 2013). Furthermore, iron can cause oxidative stress, free radical toxicity, and eventually cell 

death via various cellular pathways (Adamczyk and Adamczyk-Sowa 2016; Bresgen and Eckl 

2015; Dunham et al. 2017; Ghosh et al. 2015; Haider 2015; Mills et al. 2010; Stephenson et al. 

2014; Xie et al. 2016). These findings led to iron chelation treatment trials for both MS (Dusek et 

al. 2016; Weigel et al. 2014; Zanella and Roberti di Sarsina 2013) and EAE (Bowern et al. 1984; 

J. Guy et al. 1994; Pedchenko and LeVine 1998; Willenborg et al. 1988). However, most studies 

have yielded unpredictable and mixed results, potentially due to the imperfect characterization of 

the role and timing of iron accumulation in MS lesions and the mechanisms of iron regulation 

during the process of repair and remyelination in the CNS.  
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Figure 4-3. Pathways that iron accumulation can lead to inflammation. From (Weigel et al. 
2014). 
 

To address the role of iron in acute inflammatory demyelination, we studied white matter lesion 

formation in marmoset EAE. We used serial in vivo MRI, specifically proton-density weighted 

(PD) MRI — which is sensitive to demyelination — to characterize and date the formation of focal 

lesions in the white matter, and categorized the lesions based on their age (Lee et al. 2018; Maggi 

et al. 2014). We also looked for similar iron deposition patterns in human MS lesions. To determine 

the spatiotemporal deposition of intralesional iron in vivo, we used T2*-weighted MRI, which is 

sensitive to paramagnetic substances. We further characterized the lesions using histopathology, 

focusing on iron and its associated protein regulators, to identify differential expression throughout 

the different stages of lesion development.  



 59 

Methods 

The current study involved 13 marmosets listed on Table 2-1.  

 

Quantification for iron regulating protein levels 

To quantify the levels of iron regulating proteins on immunohistochemistry, specifically 

transferrin receptor (TfR, a predominant iron influx protein), ferroportin (FpN, an essential iron 

efflux channel), and hepcidin (HpC, which binds and degrades FpN), an in-house scale for severity 

of protein level expression was implemented (Figure 4-4).  

 

Figure 4-4. Quantification criteria for evaluating iron-regulating protein levels on 
immunohistochemistry. Examples of transferrin receptor (TfR), ferroportin (FpN), and hepcidin 
(HpC) staining and scores, ranging from 0 to 3 (0 = none; 1 = mild; 2 = moderate; 3 = severe). 
Scale bar = 100Pm. Counterstain = hematoxylin. Lesions selected from marmosets #1, 4, 5, 6, 7, 
9, and 10.  
 



 60 

In situ hybridization for transferrin receptor 

In situ hybridization (ISH) protocol was performed as recommended in the RNAscope 2.5 HD 

Chromogenic Assay user manual. Briefly, the sections were dried onto the slides (60qC), 

deparaffinized, rehydrated, and incubated with 3% hydrogen peroxide for 10 minutes. The 

sectioned were then boiled (99-104qC) in the Target Retrieval solution (Advanced Cell 

Diagnostics (ACD)) and treated with protease for 30 minutes at 40qC. TfR mRNA probe was 

designed with ACD (target: marmoset transferrin receptor (TRFC, NM_001301847.1, target 

region 2-1036, ACD# 538131)). Tissue sections were incubated with the TfR probe for 2 hours at 

40qC using ACD HybEZ¥ Hybridization System. After washing with washing buffer, sections 

were incubated with Amp1 to Amp6 (six consecutive steps) for 15–30 minutes each at 40qC using 

HybEZ¥ II Hybridization System. Final ISH signal was detected using DAB solution for 10 

minutes in room temperature, and counterstained with hematoxylin.  

 

Statistical analysis 

GraphPad Prism 7 software was used for all statistical analyses. In addition to the statistical 

analyses mentioned in the Methods section, for comparing demyelinated vs. remyelinated lesions, 

we used the Mann-Whitney test. To compare the proportion of iron+ and iron- lesions in young (d6 

weeks old) and old (>6 weeks old) lesions, Fisher’s exact test was used. The following statistical 

significances were used for all the analyses: *p < 0.05; **p < 0.01; ***p < 0.001; and ****p < 

0.0001.  
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Results 

 

Iron is found in older EAE lesions, inside microglia/macrophages in the perivascular region, 

and in MS lesions 

In total, we analyzed 10 healthy white matter areas, 5 NDIN, 18 0–2-week-old lesions, 8 2–6-

week-old lesions, 25 demyelinated lesions older than 6 weeks, and 14 remyelinated lesions older 

than 6 weeks. At least 3 different marmosets contributed data to each group. We first investigated 

the spatiotemporal dynamics of iron deposition in marmoset EAE lesions. We tracked the ages of 

lesions using serial in vivo PDw MRI. We also used T2*w MRI to track appearances of 

intralesional hypointense puncta (Figure 4-5A), which we confirmed to colocalize with iron 

deposition, suggesting that the signal loss is due to the paramagnetic properties of iron (Figure 4-

5B). Our data from 72 lesions in 13 marmosets show that iron is mainly found in lesions older than 

6 weeks (Figure 4-6A, D–F): 33 of 39 lesions older than 6 weeks harbored iron, compared to only 

2 of 33 younger lesions. The average age of iron+ lesions was 19.5 weeks, whereas that of iron- 

lesions was 1.5 weeks (Figure 4-6C). Double-staining showed that iron is harbored inside Iba1+ 

microglia/macrophages (where it is closely associated with ferritin; Figure 4-5D), but not in 

GFAP+ astrocytes, and it is mainly located around blood vessels. We also evaluated in vivo brain 

scans of 39 MS cases, observing, in 56% of individuals, at least one lesion with strong intralesional 

focal hypointensity on T2*w MRI, similar to the pattern observed in marmosets (Figure 4-5C). In 

cases with fewer than 20 focal white matter lesions at the time of the scan (n=14), lesion counting 

showed that 6% of all focal white matter lesions (9 out of 133) contained foci suggestive of iron 

deposition. In 4 MS brains donated to research, we found a similar pattern on ex vivo T2*w MRI 
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in a single lesion of the 15 analyzed. In this lesion, the focal hypointensity on MRI corresponded 

to iron deposition on DAB-Turnbull staining (Figure 4-5D).  
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Figure 4-5. Iron is found in subacute and chronic (but not acute) marmoset EAE lesions, and 
in MS lesions. (A) In vivo MRI shows that once lesions are 6–8 weeks old, as determined with 
proton density-weighted (PDw) MRI, lesions present punctate hypointense signal on iron-sensitive 
T2*-weighted (T2*w) MRI. (B) Intralesional hypointense signal on ex vivo T2*w MRI of the same 
lesion colocalizes with iron (DAB-Turnbull stain), as well as accumulation of 
microglia/macrophages (Iba1 immunohistochemistry) and demyelination (PLP 
immunohistochemistry). (C) In vivo T2*-weighted (T2*w) MRI detects punctate hypointensity, 
suggesting iron deposition, in a representative white matter lesion (red box). (D) Ex vivo T2*w 
MRI also detects intralesional hypointense foci (red box). Histopathology confirms the presence 
of demyelination (PLP), as well as perivascular iron deposition (DAB-Turnbull), in a similar 
spatial pattern as observed in the marmoset EAE lesions. Scale bar = 100Pm for (B); 20Pm for 
(D). Counterstain = hematoxylin. Representative lesion from marmoset #1. Red box = magnified 
view on interpolated MRI. Scale bar = 100Pm. 
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Figure 4-6. Iron is found inside microglia/macrophages in marmoset EAE lesions. (A) 
Marmoset EAE lesions, categorized based on age, accumulate iron deposits in lesions older than 
6 weeks, but not in younger lesions or healthy white matter. (B) Double-staining shows that iron 
is found inside Iba1+ cells, but not in GFAP+ astrocytes. Ferritin and Iba1 double-staining shows 
that iron is associated with ferritin within Iba1+ cells. (C) Iron+ lesions are significantly older than 
iron- lesions (Mann-Whitney test, with standard error of the mean). (D) Graphical representation 
of EAE lesions, categorized based on age, and the status of intralesional iron. (E) Graphical 
representation of the proportion of lesions that are younger and older than 6 weeks, as a function 
of iron deposition (Fisher’s exact test). (F) Histogram of the distribution of iron+ lesions and the 
time difference between when the lesion was first detected on PDw and the hypointense signal was 
first detected on T2*w MRI. Red box = magnified view on interpolated MRI. Scale bar = 100Pm. 
****p < 0.0001. Representative lesions from marmosets #9, 10, 12, and 13. 
 

Iron-regulating protein levels change throughout lesion progression 

To investigate the pathophysiology involved in intralesional, intracellular iron accumulation, we 

measured the expression levels of various iron-regulating proteins in the EAE lesions, including 

TfR (iron influx protein), FpN (iron efflux channel), and HpC (which binds and degrades FpN), 

using immunohistochemistry. All three proteins increased with lesion age and peaked when lesions 

were 2–6 weeks old (Figure 4-7A–D), shortly before iron accumulation. TfR and HpC showed the 

strongest increase in expression. Divalent metal transporter 1 (DMT1), another common iron 
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influx protein, had a similar pattern (Figure 4-7A). To further elucidate the relationship between 

increased expression of iron influx proteins, mainly TfR, and iron accumulation, we also 

investigated the specific localization of the increased TfR expression, as well as the mRNA 

expression levels of TfR. We found that TfR expression was increased in the endothelium of blood 

vessels within the lesions (Figure 4-8A-B), and that TfR mRNA was expressed within cells in 

lesions, suggesting that it is synthesized de novo.  

  

 

Figure 4-7. Iron-regulating protein levels change prior to iron accumulation. (A) Marmoset 
EAE lesions, categorized by age, and histopathology of iron and iron regulators, including 
transferrin receptor (TfR), ferroportin (FpN), hepcidin (HpC), and DMT1. Staining of serial 
sections from representative lesions showed that the expression level of all of these proteins 
increased before the accumulation of iron (>6 weeks). (B–D) Quantification of TfR, FpN, and HpC 
expression level, with standard error of the mean. Counterstain = hematoxylin. Scale bar = 100Pm 
and is constant within each column of the figure (except for the positive control). Lesions selected 
from marmosets #6, 7, 8, and 9. *p < 0.05; **p < 0.01; ***p < 0.001 (Dunn’s multiple comparisons 
test).  
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Figure 4-8. Endothelial and mRNA expression of transferrin receptor in marmoset EAE 
lesions. (A) Transferrin receptor (TfR) mRNA is detected in <2-week-old, 2–6-week-old, and >6-
week-old lesions, but not in non-demyelinated inflammatory nodules (NDIN). TfR is detected in 
the endothelium of all EAE lesions. (B) Quantification of the prevalence of EAE lesions with 
increased TfR expression in the endothelium shows that TfR increases as lesions age, particularly 
in >6-week-old, demyelinated lesions. Positive controls = marmoset spleen and liver. Scale bar = 
100Pm. Counterstain = hematoxylin. Lesions selected from marmosets #1, 4, 6, 7, 8, 9, and 10. *p 
< 0.05 (Dunn’s multiple comparisons test).  
 
 
Iron is not associated with early, active inflammation 

Previous studies have suggested that iron may contribute to inflammation and oxidative stress in 

the CNS (Bresgen and Eckl 2015; Dunham et al. 2017; Haider 2015; Hametner et al. 2013; Mehta 

et al. 2013). Therefore, we tested the spatiotemporal correlation between iron deposition and 

known markers of inflammation and oxidative stress. We found that inflammatory cells, including 
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Iba1+ microglia/macrophages, MRP14+ early-activated peripheral macrophages, and CD3+ T-cells, 

as well as the oxidative stress marker SOD, appeared at the very earliest stages of lesions (NDIN) 

and persisted throughout lesion evolution (Figure 4-9), whereas iron was mainly found in later 

stages (Figures 4-5 and 4-6). This suggests that iron does not play an important role in early, active 

inflammatory processes related to demyelination, which occurs during the first 6 weeks (Lee et al. 

2018; Maggi et al. 2014); indeed, the density of inflammatory cells decreased once lesions were 

more than 6 weeks old.  
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Figure 4-9. Iron accumulation is not associated with appearance of inflammatory markers. 
Iba1+ microglia/macrophages, MRP14+ early-activated peripheral macrophages, CD3+ T-cells, 
and superoxide dismutase (SOD), a marker for oxidative stress, are expressed from the earliest 
stage of lesion development (non-demyelinated inflammatory nodules; NDIN), whereas iron 
accumulation only begins once lesions are 6 weeks old. Note that most Iba1+ 
microglia/macrophages do not contain iron, even in lesions older than 6 weeks. Scale bar = 100Pm. 
Counterstain = hematoxylin. Lesions selected from marmosets #6, 7, 9, and 10. 
 

Iron regulating proteins are differently expressed in demyelinated vs. remyelinated lesions 

Although numerous studies have focused on the proinflammatory role of iron in the CNS, it is also 

known that iron is essential for both myelinogenesis and tissue repair (Badaracco et al. 2010; 

Connor and Menzies 1996; Moos et al. 2007; Morath and Mayer-Pröschel 2001; Schonberg and 

McTigue 2009; Stephenson et al. 2014; Todorich et al. 2009). Since we observed that iron is not 
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associated with early inflammatory demyelination, we investigated whether iron-regulating 

protein levels are different in iron+ lesions that are demyelinated, compared with iron+ lesions that 

show signs of repair and remyelination. We first identified repairing lesions using serial in vivo 

PDw MRI, marking lesions in which hyperintense signal partially or completely resolved (Figure 

4-10A). We then confirmed that this change in MR signal corresponds with myelin repair and 

repopulation of oligodendrocytes (Figure 4-10B). In such lesions, PLP staining pattern and density, 

as well as density of oligodendrocytes, were similar to the surrounding normal appearing white 

matter. Our data from 25 iron+ demyelinated, and 14 iron+ remyelinated lesions show that both 

demyelinated and remyelinated lesions harbored similar levels iron, but that levels of TfR and HpC 

were significantly higher in demyelinated lesions (Figure 4-10B-E). Furthermore, demyelinated 

lesions harbored higher levels of TfR mRNA expression, but this expression was lost in 

remyelinated lesions (Figure 4-10F).  
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Figure 4-10. Remyelinated marmoset EAE lesions have different levels of iron regulating 
protein expression than demyelinated lesions.  (A) Serial in vivo proton density-weighted (PDw) 
MRI, in combination with histopathology, was used to identify EAE lesions in which hyperintense 
signal returned to baseline by the terminal time point. (B) Immunohistochemical staining for 
representative demyelinated (De) and remyelinated (Re) chronic (>6-week-old) EAE lesions show 
that remyelinated lesions have abundant myelin (PLP) staining, as well as abundant 
oligodendrocytes (ASPA/Olig2) in the lesion area. Both remyelinated and demyelinated lesions 
harbor iron. Transferrin receptor (TfR) and hepcidin (HpC) staining is stronger in demyelinated 
lesions. Quantifications of (C) TfR, (D) ferroportin (FpN), (E) HpC, and (F) TfR mRNA in 
demyelinated vs. remyelinated lesions show that demyelinated lesions have significantly higher 
TfR and HpC protein expressions, as well as higher TfR mRNA expressions. **p < 0.01; ***p < 
0.001 (Mann-Whitney test). Scale bar = 100Pm. Counterstain = hematoxylin. Lesions selected 
from marmosets #1, 2 and 6. 
 

To further understand what these changes in iron regulators signify, we used double 

immunohistochemistry to investigate how different cells express varying levels of these proteins 

throughout the course of lesion development. TfR in healthy white matter was found in GFAP+ 
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astrocytes and Olig2+ oligodendrocytes. However, as lesions became inflammatory and 

demyelinated (older than 2 weeks), oligodendrocytes were no longer detected, and Iba1+ 

microglia/macrophages upregulated TfR expression, whereas astrocytes downregulated TfR 

expression (Figure 4-11A–D). In remyelinated lesions, by contrast, TfR was mainly expressed in 

astrocytes and oligodendrocytes, but not in Iba1+ cells, similar to healthy white matter. In healthy 

white matter, FpN was expressed mainly in oligodendrocytes, and weakly in astrocytes and Iba1+ 

cells. Its expression in GFAP+ astrocytes peaked when lesions were 2–6 weeks old, and it 

diminished in Iba1+ microglia/macrophages in 2–6-week-old and iron+ demyelinated lesions. HpC 

in the healthy white matter was weakly expressed in all glia, and as lesions evolved, it was most 

robustly expressed in Iba1+ cells in 2–6-week-old and iron+ demyelinated lesions, but not in 

remyelinated lesions. These results show evidence of ongoing iron dysregulation in chronic, 

demyelinated lesions, whereas homeostasis is at least partially restored in remyelinated lesions 

— despite the presence of iron in both types of lesions.   
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Figure 4-11. Iron regulating protein level changes are cell-specific and dynamic in white 
matter and white matter lesions. (A) Panel of double-staining in Iba1+ microglia/macrophages 
and transferrin receptor (TfR), ferroportin (FpN), and hepcidin (HpC) in marmoset EAE lesions. 
Microglia/macrophages express all three proteins in healthy white matter. As lesions age, TfR and 
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HpC expression levels go up, and stay upregulated in chronic demyelinated lesions, whereas they 
are only weakly expressed in remyelinated lesions. FpN expression slightly drops in chronic 
demyelinated lesions. (B) Panel of double-staining in GFAP+ astrocytes and iron regulating 
proteins. In the healthy white matter, astrocytes express TfR, but as lesions age, TfR expression is 
gone, and returns to baseline in repaired/remyelinated lesions. FpN and HpC expressions increase 
in 2–6-week-old and chronic demyelinated lesions. (C) Panel of double-staining in Olig2+ 
oligodendrocytes and iron regulating proteins. In the healthy white matter, TfR, FpN, and HpC are 
expressed in oligodendrocytes. In 2–6-week-old lesions, oligodendrocytes are not detected. In 
repaired/remyelinated lesions, oligodendrocytes are detected and express all three proteins. (D) 
Summary of iron regulation changes observed in microglia/macrophages and astrocytes during 
marmoset EAE lesion development. Scale bar = 100Pm and is constant within each column of the 
figure for (C). Counterstain = hematoxylin. Lesions selected from marmosets #1, 2, 6, 8, and 10. 
 

We also investigated the potential involvement of HIF-2D, a transcription factor that responds to 

iron deficiency and increases iron influx via promoting the production of DMT1 (Anderson et al. 

2013; Mastrogiannaki et al. 2009). HIF-2D is known to play an important role in iron homeostasis 

regulation, including iron absorption (Peyssonnaux et al. 2007; Taylor et al. 2011). Furthermore, 

HIF-2D also has essential roles in the CNS, including myelination, and has been investigated for 

potential therapeutics in neurodegenerative disorders (Ashok et al. 2017; Merelli et al. 2018; Yuen 

et al. 2014). In our lesions, however, we saw no temporal correlation between HIF-2D levels and 

DMT1 (Figure 4-12). HIF-2D was mainly expressed inside oligodendrocytes (Supplementary 

Figure 4-12B) but did not show a temporal distribution pattern like that of any of the other iron 

regulators.  
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Figure 4-12. Spatiotemporal pattern of HIF-2D expression levels in marmoset EAE lesion 
development does not correlate with that of DMT1. (A) HIF-2D is expressed in healthy white 
matter and all EAE lesions, and shows a trend to decrease when lesions are 0–2 weeks old. >6-
week-old remyelinated lesions show increased levels of HIF-2D+ cells. DMT1 expression levels 
does not seem to be correlated with HIF-2D expression levels. (B) HIF-2D and Olig2 double-
staining shows that HIF-2D is highly expressed in Olig2+ oligodendrocyte-lineage cells. (C) 
Graphic representation of the prevalence of HIF-2a+ cells in marmoset EAE lesions. Positive 
control = marmoset heart for HIF-2D; DMT1 in Figure 2. Scale bar = 100Pm. Counterstain = 
hematoxylin. *p < 0.05 (one-way ANOVA). Lesions selected from marmosets #1, 3, 6, 7, 9, and 
10. 
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Discussion 

Although dysregulation of iron has been associated with neurodegeneration and demyelination in 

MS, the inability to assess its dynamics in relation to mechanisms of tissue damage in vivo has 

impeded our understanding of its true role in disease pathogenesis. The fact that iron is essential 

for CNS myelinogenesis (Connor and Menzies 1995, 1996; Todorich et al. 2009) raises the 

possibility that it may facilitate remyelination, even though most prior work in MS has focused on 

inflammation and neurodegeneration (Adamczyk and Adamczyk-Sowa 2016; Hametner et al. 

2013; Mehta et al. 2013; Stephenson et al. 2014; Thomsen et al. 2015). MRI sequences, such as 

T2*w imaging, can be used in MS, especially at ultra-high magnetic field (7-tesla) to characterize 

the spatiotemporal distribution of intralesional iron deposition; however, MRI can only provide 

limited pathobiological and temporal information in practical clinical studies. By using the 

marmoset EAE model, serial in vivo MRI, and histopathological analyses, we were able to assess 

the spatiotemporal deposition of intralesional iron, as well as the cellular and molecular 

composition of lesions before and after iron accumulation.  

 

Our main result, gleaned from 13 marmosets with EAE, is that iron is consistently found around 

small blood vessels in older (>6-week-old) lesions. Importantly, we found that this iron deposition 

pattern can also be seen in human MS lesions, both in vivo and ex vivo, and is detectable on both 

MRI and histopathology. In the EAE lesions, iron specifically resides in Iba1+ 

microglia/macrophages bound to ferritin, but it is not found in other glia (astrocytes and 

oligodendrocyte-lineage cells).  
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To understand potential mechanisms leading to this cell-type specific iron accumulation, we 

investigated the expression levels of iron-regulating proteins, specifically TfR, FpN, and HpC. We 

found that when lesions were 2–6-weeks old, just before they started to accumulate iron, Iba1+ 

cells specifically upregulated TfR and HpC. Increased TfR mRNA levels were also detected in 

these lesions, demonstrating local de novo production of TfR. Iron+ demyelinated lesions older 

than 6 weeks also had similar characteristics. Either of these mechanisms (increase in iron influx, 

or blockage of iron efflux) can lead to intracellular iron. Relevantly, this pattern of iron influx and 

efflux protein expression has been described in a previous study in the rodent EAE model in the 

spinal cord (Zarruk et al. 2015). Our results in a nonhuman primate model of inflammatory 

demyelination further corroborate the notion that time- and cell-type-specific shifts in iron 

regulation within the CNS influences intralesional iron accumulation.  

 

We further investigated whether such time- and location-specific iron deposition is pathogenic (i.e. 

pro-inflammatory), pro-repair, or neither, by analyzing the expression levels of known markers of 

these processes in relation to temporal patterns of iron accumulation. Iron+ microglia/macrophages 

can in principle cause inflammation and oxidative stress (Haider 2015; Mairuae et al. 2011; Mehta 

et al. 2013; Thomsen et al. 2015). However, iron in our marmoset EAE lesions was stored in the 

form of ferritin inside Iba1+ microglia/macrophages, and ferritin-bound iron is highly stable, even 

protective against iron-mediated toxicity through antioxidant mechanisms (Arosio and Levi 2010; 

Theil 2013). Furthermore, we found that inflammatory cells, including Iba1+ 

microglia/macrophages, MRP14+ early-activated peripheral macrophages, and CD3+ T-cells, as 

well as superoxide dismutase (SOD) — a marker of oxidative stress — all appeared within lesions 

much earlier than iron, i.e., during the first two weeks of lesion development. In prior work in 
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mouse EAE, iron was also unassociated with early, destructive phases of the disease (Zarruk et al. 

2015). In marmoset EAE, active demyelination occurred in the first six weeks of lesion 

development (Lee et al. 2018), again before the onset of iron accumulation. Together, these results 

suggest that iron does not play an active role in the acute inflammatory demyelination process of 

the disease. 

 

To investigate whether iron may conversely be involved in the repair process, we categorized iron+ 

lesions into either repaired/remyelinated or demyelinated lesions based on myelin protein staining, 

repopulation of oligodendrocyte-lineage cells, and in vivo PDw MRI. We found that demyelinated 

lesions had significantly higher expression levels of TfR and HpC, whereas repaired lesions had 

expression patterns similar to those in healthy white matter. Furthermore, whereas demyelinated 

lesions still showed TfR mRNA expression, repaired lesions had significantly lower levels of TfR 

mRNA expression level. These findings suggest that chronic, demyelinated iron+ lesions that do 

not repair have ongoing iron dysregulation and activate mechanisms that increase influx of iron 

into the lesion site. This difference in protein and mRNA expression levels of iron regulators 

between the demyelinated and repaired lesions begs further questions. First, despite these 

differences, both types of lesion harbored similar levels of intracellular iron within Iba1+ cells. 

One possibility is iron recruitment occurs as part of the remyelination process, beginning with 

changes in iron regulatory proteins and culminating in iron entry into the lesion, where it is 

phagocytosed by iron-avid microglia/macrophages that are present as part of the inflammatory 

reaction. Because iron is trapped within these cells due to downregulation of the efflux protein 

FpN, its levels may not reflect the actual degree of repair, as long as the microglia/macrophages 

remain present. In the case of lesions that successfully remyelinate, iron-regulating protein levels 
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return to pre-lesional state, consistent with the notion that iron recruitment is actively regulated. 

Importantly, in both demyelinated and remyelinated lesions, histopathological staining of iron+ 

microglia/macrophages suggest that these cells are not associated with oxidative stress, and the 

overall levels of intralesional inflammation are greatly diminished relative to lesions prior to iron 

accumulation.  

  

Although mechanistic studies are difficult in the marmoset model due to lack of genetic and 

pharmacologic tools, we tested the hypothesis that iron accumulation and remyelination may be 

linked through the hypoxia inducible factor (HIF)-2D pathway. HIF-2D can increase in 

oligodendrocytes during (re)myelination (Yuen et al. 2014). It is also upregulated in response to 

iron deficiency, acting to increase iron influx by upregulating production of DMT1 (Anderson et 

al. 2013; Mastrogiannaki et al. 2009). Unfortunately, we did not observe a spatiotemporal 

appearance and distribution of HIF-2D+ cells that paralleled that of iron or iron-regulating protein 

levels; rather, we simply observed that HIF-2D was expressed within Olig2+ oligodendrocyte-

lineage cells, which were significantly more prevalent in remyelinated lesions compared to 

demyelinated lesions. Repaired myelin synthesis and repopulation of oligodendrocytes may have 

restored iron homeostasis, since appropriate redistribution and trafficking of iron from the 

periphery into the CNS is essential for CNS development and remyelination (Schulz et al. 2012; 

Stephenson et al. 2014). 

 

Overall, our results suggest a model in which iron is actively imported into the lesion environment 

in order to facilitate repair. In the context of inflammation, however, excess iron can become 

sequestered within iron-avid microglia/macrophages and thereby remain within lesions even after 
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they remyelinate. In this model, iron is necessary for repair, but not sufficient. This begs the 

question of the source of iron in these lesions, with possibilities that include oligodendrocytes, 

myelin debris, red blood cells, and transport from outside the CNS in transferrin-bound form. The 

first two possibilities are less likely given the relative timing of demyelination and oligodendrocyte 

death in these lesions, which occur weeks before iron accumulation. Further, we found no signs of 

hemorrhage in the lesions, suggesting that iron does not derive from released hemosiderin of lysed 

red blood cells. However, we found that as lesions aged, the expression levels of TfR in the 

endothelium within the lesions increased, suggesting that iron may enter lesions from the periphery 

in transferrin-bound form. TfR in the brain capillary endothelium is known to maintain transferrin-

bound iron transport into the parenchyma (Burkhart et al. 2016; Duck and Connor 2016; Jefferies 

et al. 1984; Moos 2002). Although the mechanism by which iron influx is signaled remains unclear, 

there are numerous examples of links between inflammation and iron changes. For example, in 

anemia of chronic disease, increased production of HpC can lead to intracellular iron accumulation 

(Andersen et al. 2014; Nemeth et al. 2004; Wessling-Resnick 2010).  

 

In addition to limited ability to manipulate iron levels experimentally, a caveat of the current study 

is that some marmosets were inoculated with herpesvirus together with human white matter 

homogenate. Such multiple use of primates is not uncommon, given that they are a scarce resource. 

However, in this specific context, and even though HHV6 can affect the clinical course of EAE 

(E. C. Leibovitch et al. 2018), we did not observe any difference with respect to iron accumulation 

and dysregulation in our study.  
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In conclusion, intracellular iron deposition shows a specific spatial and temporal deposition inside 

marmoset EAE lesions. Similarly, in a cohort of 39 individuals with MS, more than half had at 

least 1 iron-containing lesion, suggesting that the perivascular iron deposition detected in 

marmoset EAE lesions is a characteristic and relevant pathobiological phenomenon in MS 

pathophysiology. This pattern of iron deposition is a distinct pattern from the previously described 

rim-like deposition, where iron is found at the edge of chronically demyelinating MS lesions 

(Absinta et al. 2013; Absinta et al. 2016), but nonetheless prevalent and important in understanding 

MS lesions.  

 

Our time course and gene expression data suggest a potential role for iron in repair/remyelination 

rather than inflammatory demyelination per se, with iron most likely being shuttled from the 

periphery via TfR in the CNS vascular endothelium. In order to further elucidate the precise role 

of intralesional iron deposition, future in vitro and in vivo studies, likely in appropriate rodent 

models, should investigate whether manipulating the signaling pathways involved in iron 

accumulation interferes with lesion repair.  
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Figure 4-13. Proposed model to explain perivascular iron deposition inside microglia/ 
macrophages in marmoset EAE lesions. Iron accumulates inside microglia/macrophages by 
increased expression of transferrin receptor (TfR), a main iron influx protein. There is both 
increased recruitment from the periphery through the endothelium of a nearby blood vessel, and 
de novo synthesis, as indicated by increased TfR mRNA expression. Increase in hepcidin (HpC), 
which binds, internalizes, and degrades ferroportin (FpN), a main iron efflux channel protein, also 
contributes to intracellular iron accumulation. Iron regulation returns to homeostasis in 
remyelinated lesions, albeit in the presence of higher levels of intracellular iron, whereas 
demyelinated lesions continue to show both dysregulated iron metabolism and persistent iron 
deposition.  
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CONCLUSION AND FUTURE DIRECTIONS 

 

Summary 

Multiple sclerosis (MS) is an inflammatory demyelinating disease affecting millions of individuals 

worldwide (Reich et al. 2018), and despite its prevalence, there is no definitive cure. The unknown 

etiology, and imperfect characterization and understanding of how and why such inflammatory 

demyelinating lesions form, repair, evolve, and grow, motivate the current dissertation project. 

More specifically, my thesis focused on two aspects of the disease pathophysiology: (1) What 

factors might trigger the inflammatory demyelination cascade? (2) What factors might contribute 

to the heterogeneous pathophysiological characteristics of MS lesions? By using radiological and 

histopathological tools, and the marmoset experimental autoimmune encephalomyelitis (EAE) 

model, and available human MS tissue samples, the current thesis projects discovered that 

fibrinogen and iron may be important factors involved in the proinflammatory and repair processes 

of inflammatory demyelinating lesion pathobiology, respectively.  

 

Fibrinogen and Inflammatory Demyelination 

Results presented in Chapter 1 demonstrate that fibrinogen is associated with the early, active 

inflammatory phase of marmoset EAE lesion formation, and interestingly also with chronic active 

MS lesions in humans (which likely were present for years to decades). We show that the amount 

of fibrinogen deposition has a significant, positive correlation and spatiotemporal association with 

accumulation of inflammation and demyelination. This work, which was completed through a 

fruitful collaboration with Katerina Akassoglou’s lab at the University of California San 
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Francisco/Gladstone Institute of Neurological Disease, was published in a peer-reviewed journal 

(Lee et al. 2018).  

 

Recent studies consistently demonstrate the importance of fibrinogen as a potential therapeutic 

target for MS, as well as other neurodegenerative disorders (Petersen et al. 2017; Petersen et al. 

2018; Ryu et al. 2018). In EAE mice, introducing a de-fibrinogenating agent (Ancrod), or anti-

CD11b (the receptor on microglia/macrophages that binds fibrinogen by the mechanism shown on 

Figure 5-1) antagonist, halted inflammatory demyelination from occurring (Ryu et al. 2015). 

Future studies can therefore further explore the possibility of fibrinogen being an effective 

therapeutic target for countering the initiation and propagation of inflammatory demyelination.  

 

Figure 5-1. Proposed model for the role of fibrin(ogen) in the development of CNS 
autoimmunity. From (Ryu et al. 2015).  
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Iron and Inflammatory Demyelination 

Results presented in Chapter 2 demonstrate that iron is associated with later phases of EAE lesion 

evolution, that it is not associated with active inflammation (unlike fibrinogen), and that it may be 

potentially related to lesion repair. Iron was specifically found inside microglia/macrophages, 

bound to ferritin, in the perivascular area of chronic lesions. Improtantly, this pattern of iron 

deposition was also observed in MS lesions as well. This work is currently in preparation for 

publication.  

 

As our data demonstrate, iron has a specific spatiotemporal deposition that may play a role in 

repair. Iron is known to have a dichotomous role in inflammatory demyelination, as it can be pro-

inflammatory (Mairuae et al. 2011; Mehta et al. 2013; Weigel et al. 2014), but is also needed for 

remyelination (Schulz et al. 2012; Stephenson et al. 2014). Previous iron chelation trials for MS 

have focused on the pro-inflammatory, pro-demyelinating aspects of iron deposition; however, the 

outcomes were extremely variable and inconclusive (Weigel et al. 2014; Zanella and Roberti di 

Sarsina 2013). This may be due to the fact that iron is in fact needed for remyelination and repair, 

as suggested by the current project. Furthermore, the trials were not based on whether the patients 

had iron-laden MS lesions at the time of treatment, or what stage of development the lesions were 

in. In fact, in a select number of patients with low levels of baseline iron deficiency, iron 

supplementation helped reduce demyelination (Rooney et al. 1999; van Rensburg et al. 2006; van 

Rensburg et al. 2012; van Toorn et al. 2010). A clearer understanding of the spatiotemporal 

dynamics of intralesional iron deposition will elucidate these variables and the ultimate role of 

iron, and potentially guide iron-associated therapeutic trials (i.e. iron chelation or iron 

supplementation).  
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One of the preliminary studies conducted to better understand the dynamics of iron regulation and 

deposition in EAE marmosets was tracking iron deposition in vivo with high-resolution MRI to 

quantify the dynamics of iron accumulation. We specifically acquired high-resolution 2D multi-

echo T2*-weighted images to quantify the changes in signal caused by deposition of paramagnetic 

substance, which was confirmed to be iron using histopathology. Further post-processing can 

result in T2* map and quantitative susceptibility mapping (QSM) (Figure 5-2), both of which can 

indirectly measure iron concentration in the proper setting (Sati et al. 2012; Zheng et al. 2013). 

 

 

Figure 5-2. Correlation between quantitative susceptibility mapping and iron concentration. 
From (Zheng et al. 2013) 
 

This pilot study was limited by the fact that the majority of the marmosets induced with EAE did 

not develop iron+ lesions due to the unpredictable course of the disease (i.e. lesions were less than 
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6 weeks old at the time of sacrifice). Furthermore, the post-processing required for QSM was 

limited by the fact that the T2*-weighted sequence performed yielded 2D images with thick slice 

thickness. To acquire more accurate measurements of intralesional iron accumulation in vivo, 

future studies can focus on reducing slice thickness or acquiring 3D isotropic T2*-weighted 

sequences, increase sample size, and further optimize marmoset EAE induction protocol to ensure 

longer disease duration.  

 

 

Figure 5-3. Post-processed T2*map and quantitative susceptibility mapping of marmoset 
brain. In vivo GRE MRI was processed to quantify iron-positive regions, such as the globus 
pallidus (yellow box).  
 

An additional pilot study that was initiated involved the injection of ferumoxytol, an ultrasmall 

superparamagnetic iron oxide (USPIO), into an EAE marmoset. USPIO is approved by the FDA 

as an iron supplementation for individuals with iron deficiency. When injected into the periphery 

intravenously, USPIOs are phagocytized by macrophages that can cross the BBB (Chalouhi et al. 

2013). As Chapter 2 demonstrated that intralesional iron is found inside microglia/macrophages, 

with precisely timed injection of ferumoxytol, we hoped to understand the origin of iron (i.e. from 
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the periphery vs. redistribution within the CNS), as well as to explore the effects of iron 

supplementation given at various timepoints of lesion and disease progression.  

 

 
 
Figure 5-4. Mechanism of ultrasmall superparamagnetic iron oxides crossing the blood-
brain barrier. From (Chalouhi et al. 2013). 
 

The pilot injection of ferumoxytol was performed on a single EAE marmoset with longstanding 

(>1 year) EAE. We found ferumoxytol inside lesions after injection, which persisted for at least 

72 hours (Figure 5-5). Although the results are promising, A larger cohort of marmosets, 

accompanied by more regular MRI scans, including the aforementioned quantitative MR 

sequences with optimized parameters and post-processing pipeline, will help understand the 

fluctuations and dynamics, as well as the possible pathobiological effects of introducing iron at 

specific timepoints of the disease and lesion evolution.  
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Figure 5-5. Pilot study of ferumoxytol deposition in marmoset EAE lesion. A marmoset EAE 
lesion demonstrates persistent hypointense ferumoxytol (USPIO) deposition (red box) after 
ferumoxytol injection on T2*-weighted MRI. PD = proton density. 
 
 
As mentioned at the end of Chapter 2, in order to further elucidate the precise role of iron in the 

development of inflammatory demyelinating lesions, future studies involving other appropriate 

animal models, including mice, should investigate whether manipulation of iron-associated 

signaling pathways may affect the development of lesions. As a pilot study, in collaboration with 

Dr. Robin Franklin’s lab in University of Cambridge, we investigated whether lysolecithin lesions 

(toxin-induced focal inflammatory demyelinating lesions) in mice also show intralesional iron 

deposition, and if so, whether they demonstrate a similar spatiotemporal distribution as observed 

in the EAE marmosets. As described in the earlier chapters, the toxin-induced focal demyelinating 

animal models are useful in that they have a more predictable time-course of lesion progression. 

This allows investigation of specific mechanisms and pathways, including repair mechanisms that 

iron may be associated with, in a much more straightforward manner than in EAE models. Mouse 

EAE lesions harbor similar intracellular, time-specific iron deposition (Zarruk et al. 2015); thus 

we wanted to confirm whether this was reproducible in the mice lysolecithin model. 
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The study consisted of 11 animals that were divided into three groups based on the days post-

injection (DPI) period. At least 2 animals of different sex were included in each of the following 

groups: 5 DPI, 14 DPI, and 21 DPI. Our preliminary data show that lesions in all age categories 

harbor iron (Figure 5-6). Due to the limited number of slides available, we could not perform any 

other histopathological analyses. Future studies can therefore explore the cellular composition of 

these iron+ lesions, and the effects of intervening iron regulation on lesion development and repair.  

 
 
Figure 5-6. Iron deposition in mice lysolecithin lesions, categorized based on age. All three 
age groups (5 days post injection (DPI), 14 DPI, and 21 DPI) demonstrate iron deposition (DAB-
Turnbull). Scale bar = 500Pm. 
 
 
 
Final Conclusions 

The EAE marmoset serves as an indispensable model to study the pathophysiology of MS lesions. 

By combining radiological and histopathological analyses, my thesis project focused on 

investigating the different factors involved at various specific stages of the lesion evolution. I hope 

that this helped the field move forward in MS research, and ultimately to the discovery of new 

therapeutic approaches to bettering the quality of the patients’ lives. 
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