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Abstract 

Dysfunctional RNA binding proteins (RBP) have been shown to contribute to 

neurological conditions, including amyotrophic lateral sclerosis, frontotemporal 

dementia, and Alzheimer’s disease. Pathological features associated with dysfunctional 

RBPs in these diseases include RBP mislocalization from its normal nuclear location to 

the cytoplasm, the formation of chronic stress granules (SGs), and altered RNA 

metabolism. We have previously shown that multiple sclerosis (MS) patients make 

antibodies to the RBP, heterogeneous nuclear ribonucleoprotein A1 (hnRNP A1). 

Addition of anti-hnRNP A1 antibodies to neuronal cell lines in vitro results in hnRNP A1 

mislocalization to the cytoplasm, SG formation, and alterations in key RNA transcripts. 

Furthermore, addition of these antibodies to animals with experimental autoimmune 

encephalomyelitis (EAE) results in worsened disease and preferential 

neurodegeneration in specific central nervous system areas. 

We hypothesized that dysfunctional RBP biology may also result from cytokines 

in addition to antibody exposure. We tested this hypothesis by examining dysfunctional 

RBP neuronal biology in neuronal cell lines, EAE, and human MS tissue. We found that 

exposure of a neuronal cell line to the pro-inflammatory cytokine, IFNg resulted in 

hnRNP A1 mislocalization, persistent SG formation, and disrupted translation in SG+ 

cells. In mice with EAE, we observed hnRNP A1 mislocalization and SG formation, both 

of which positively correlated with clinical score. Furthermore, EAE animals injected with 

anti-hnRNP A1 antibodies showed a greater degree of neuronal hnRNP A1 

mislocalization than EAE animals injected with IgG control antibodies or saline control 

(p<0.05). Finally, we found evidence of dysfunctional RBP biology in MS tissue, 

including a greater degree of hnRNP A1 mislocalization (p<0.0001) and SG formation 

(p<0.05) in neurons in MS brains compared to control brains. 

 These findings suggest that dysfunctional RBP biology is influenced by the pro-

inflammatory cytokine IFNg and anti-hnRNP A1 antibodies, which appear to be 

contributing to dysfunctional RBP biology observed in EAE animals and MS tissue. We 

have potentially identified a novel mechanism underlying neuronal damage and death in 

autoimmune disease of the central nervous system.  
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Parts of the introduction are adapted from Salapa et al. 20171. HES was the primary 

author of the article and wrote the manuscript under the supervision of MCL. This is an 

open access article from MDPI where in it is stated “published material can be re-used 

without obtaining permission as long as a correct citation to the original publication is 

given”. 

Chapter 1: Introduction 

1.1 Multiple Sclerosis 

1.1.1 History of Multiple Sclerosis 
 Multiple sclerosis (MS) as a distinct neurological disease was originally described 

by Jean-Martin Charcot in 1868 when he examined tissue of a patient with neurological 

problems and found scars or ‘plaques’ in the brain. He termed these ‘la sclérose en 

plaques’ and also named three characteristics that separated MS from other 

neurological conditions. These became known as Charcot’s triad and included 

nystagmus, intention tremor, and telegraphic speech. Although Charcot was the first to 

use the term ‘MS’, others had documented it previously. Sir Augustus d’Esté, a 

nobleman in the early 1800s, documented his own illness in a diary and described 

symptoms, such as optic neuritis, that are consistent with MS2. Charcot’s triad were the 

widely-accepted criteria for a MS diagnosis until 1965 when the Schumacher criteria 

become the officially recognized method for making a diagnosis3. 

The Schumacher criteria state that an MS diagnosis can be made if there are two 

attacks or relapses of neurological dysfunction disseminated in space and time3. 

Specifically, two distinct attacks occur at least a month apart with evidence of damage 

to two separate areas of the central nervous system (CNS). Subsequent criteria 

including the Poser and McDonald criteria required additional markers including the 

presence of CNS oligoclonal bands and magnetic resonance imaging (MRI) evidence of 

the brain and spinal cord to make a diagnosis3. Currently, the McDonald criteria (revised 

2017) are used and incorporate a number of radiological indicators, laboratory tests, 

and clinical evidence to make a definitive diagnosis of MS4. 

In 1983, Dr. John Kurtzke introduced the expanded disability status scale (EDSS) 

to evaluate neurological impairment in MS patients. This scale is defined by a system of 
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gradations that measure an array of neurological functions5. The EDSS is widely used 

in clinics as well as a primary outcome measure for clinical trials of new therapies for 

MS as well as to assist in classifying MS phenotypes6.  

1.1.2 Multiple Sclerosis classification and phenotypes 
 MS is a heterogeneous disease that manifests itself through varying symptoms 

across patients. The majority of patients are initially diagnosed with relapsing remitting 

MS (RRMS) where symptoms develop and are followed by a period of recovery or 

remission with no symptoms7,8. Fifty percent of RRMS patients gradually advance to 

having secondary progressive MS (SPMS) where symptoms steadily increase and 

worsen with rare periods of recovery7-9. Lastly, a smaller portion (5-15%) of patients 

develop primary progressive MS (PPMS) where there is a progression of symptoms 

with no relapses8,9. Common symptoms of MS include fatigue, numbness or weakness 

in limbs, an unsteady gait, loss of vision, and spasticity in limbs. Current therapies are 

immunomodulatory and because MS is a highly heterogeneous disease each treatment 

may impact patients in a different manner. 

1.1.3 Immunopathology 
One of the key pathological features of MS is the development of demyelinated 

lesions or plaques in the CNS, which are visualized using MRI. These plaques, 

depending on their stage, can contain a variety of immune cells, including T-cells, B-

cells, and macrophages7. T-cells are the primary immune cell infiltrates in MS. The 

greatest proportion of T-cells are found in active lesions and the meninges followed by 

slowly expanding lesions and then fewer cells in inactive lesions10. 

Although T-cells are believed to be the primary effector immune cells in MS, 

humoral autoimmunity also contributes to the pathogenesis of MS. B-cells show a 

similar distribution as T-cells with the greatest number found in active lesions and the 

meninges10; however, there are fewer B-cell than T-cell infiltrates. Follicular structures 

and plasma cells have been found in progressive disease patients suggesting that B-

cell expansion and the production of antibodies play a key role in disease 

pathogenesis10. B-cell follicle-like structures have been correlated with more aggressive 

disease courses as well as greater neuronal loss highlighting the role these structures 

may play in neurodegeneration11. Furthermore, approximately 95% of patients with MS 
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have detectable oligoclonal bands in their cerebrospinal fluid (CSF)12. Oligoclonal bands 

are immunoglobulins present in the patient’s serum or CSF and are indicative of high 

levels of circulating antibodies in the CNS. 

1.1.4 Neuronal and axonal damage 
Plaques in the brain and spinal cord are often associated with demyelination and 

immune cell infiltrates but show relatively normal axons. Because of this, MS was 

previously thought to be primarily an inflammatory, demyelinating disease with axonal 

loss occurring secondarily. Now, however, inflammation and axonal loss are believed to 

occur simultaneously13,14. Axonal and neuronal injury occurs without demyelination with 

no correlation between plaques and axonal loss15. There is ongoing axonal damage13,14 

and loss of cortical neurons16,17 as disease progresses14. Furthermore, axonal damage 

and loss underlie permanent disability. For example, grey matter atrophy, as opposed to 

white matter atrophy, is associated with higher clinical severity in MS patients18,19. 

SPMS patients show a higher degree of grey matter atrophy than RRMS patients further 

supporting a direct link between axonal and neuronal damage and disability19,20. 

Inflammation and neurodegeneration most likely do not occur independently in MS as 

correlations have been shown between axonal injury and inflammatory cell number 

even in progressive disease10.  

1.1.5 History of experimental autoimmune encephalomyelitis 
 Experimental autoimmune encephalomyelitis (EAE) is a commonly used animal 

model of MS, which recapitulates some pathological features of the human disease. All 

models start with antigen administration to an animal in the form of spinal cord or brain 

homogenate, myelin protein, or myelin peptides, including those from myelin 

oligodendrocyte glycoprotein (MOG), proteolipid protein (PLP), and myelin basic protein 

(MBP). Some models require the assistance of an adjuvant to enhance the response or 

the injection of a toxin to open the blood brain barrier of animals. Each model varies in 

how the disease manifests, including pathology, progression, and phenotype, 

depending on the immunization agent as well as the strain of the animal. 

The EAE model stems from studies performed in the early 1900s where 

researchers injected monkeys with emulsions or extracts from normal rabbit brains21,22. 

Monkeys were given as many as 93 injections, which resulted in the development of 
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CNS pathology including lesions near blood vessels, damage to grey matter and white 

matter, infiltrates around vessels, and myelin degeneration in all parts of the CNS21,22. 

The creation of Freund’s adjuvant, originally consisting of aquaphor, paraffin oil, and 

killed tubercle bacillus, further accelerated these animal models. In 1946, Kabat et al.23 

injected monkeys with normal rabbit brain emulsions in Freund’s adjuvant and found 

that monkeys exhibited symptoms including ataxia and motor disability. Furthermore, 

the authors compared this animal model to human MS suggesting that the lesions 

observed in the immunized monkey’s CNS resembled those in human MS23. However, 

authors drew firm distinctions between human demyelinating disease and monkey 

models. 

 Although EAE effectively recapitulates some of the axonal and myelin pathology 

observed in MS, it should be acknowledged that EAE is not MS. In fact, a number of 

therapies that were effective in EAE showed no efficacy or even damaging effects when 

they progressed to human clinical trials24,25. Furthermore, EAE is primarily a disease 

mediated by CD4+ T-cells, which lead to the production of myelin antibodies and 

demyelination through various mechanisms including macrophage or microglial 

activation26, On the other hand, MS employs a greater number of CD8+ T-cells and B-

cells, including antibody producing plasma cells26. Despite differences between EAE 

and MS, studying the EAE model has led to numerous insights into disease 

mechanisms regarding the immune system and tissue insult. If used properly and with 

caution, EAE is a useful tool to identify potential targets for therapeutic manipulation in 

human disease. 

1.1.6 Multiple Sclerosis as a prototypical autoimmune disease of the central 
nervous system 

MS is a demyelinating, autoimmune disease of the CNS. Over two million 

affected individuals world-wide, typically diagnosed in young adulthood, makes MS the 

most debilitating neurological disease in this population. Canada has some of the 

highest rates of MS in the world27,28. Saskatchewan has a significantly higher incidence 

of diagnosed MS cases as compared to other Canadian provinces28,29. Even though MS 

was first recognized in 1868, the cause is still unknown although many believe that a 

combination of environmental and genetic factors predisposes a person to develop the 
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disease. Over 200 risk loci for MS have been identified using genome-wide association 

studies. The majority of the risk loci are associated with immune system components, 

including genes involved in cytokine pathways, signal transduction, and co-stimulatory 

molecules30. The human leukocyte antigen (HLA) genes encode major 

histocompatibility complex proteins that are crucial for antigen recognition. HLA genes, 

particularly class 2 HLA-DR2 (HLA-DRB1*1501), are the most strongly associated with 

MS disease risk and these associations with risk regardless of MS subtype or 

population studied31,32. 

It is believed that myelin autoreactive T-cells are the primary driver of disease. 

Everyone has myelin autoreactive T-cells but myelin reactive T-cells from MS patients 

behave differently than those from healthy individuals33. T-cells from MS patients do not 

require CD28 or B7 co-stimulation in order to be activated in the presence of myelin33,34. 

In contrast, healthy controls need B7 co-stimulation and exposure to a myelin product in 

order for T-cells to become active and to start proliferating34. Peripheral blood 

mononuclear cells (PBMCs) from MS patients exhibit both CD4+ and CD8+ T-cell 

responses when challenged with a CNS myelin antigen35. CD4+ T-cell responses occur 

without CD8+ responses and vice versa but each response (CD4+ versus CD8+) exhibits 

differential expression of cytokines and chemokines in MS patients as compared to 

healthy subjects35. Additionally, PBMCs from healthy subjects show a CD8+ T-cell 

response to MBP peptides but this response is augmented when PBMCs from MS 

patients are challenged with the same myelin peptide36. These findings highlight the 

differences of both CD4+ and CD8+ T-cell myelin autoreactivity in MS patients as 

compared to healthy controls. Additionally, CD4+ T-cell effector subsets, such as TH1 

and TH17, have both been shown to contribute to inflammatory demyelination in MS37,38.  

It is also clear that B-cells and antibodies contribute to MS pathogenesis. 

Evidence for clonally expanded B-cells has been observed in MS CSF samples39,40. B-

cells expand after they have been activated and as they expand, random mutations 

occur to increase the cell’s affinity for an antigen. Clonally expanded B-cells from MS 

CSF samples show an increased mutation rate suggesting that these B-cells are 

positively selected through repeated interactions with an antigen40. A number of 

antibodies to different myelin and non-myelin antigens have been found in MS 



 6 

patients41-43. Administration of MOG antibodies to different EAE models leads to 

increased relapses and worsened disease44,45. Antibodies against myelin also enhance 

the ability of macrophages to engulf myelin products46. 

T- and B- cells are present in all MS subtypes and are closely related to the 

activity of demyelinating lesions with more active lesions containing greater numbers of 

lymphocyte infiltrates10. Targeted therapies modulating the immune response further 

endorse the importance of the immune response in MS. Treatments targeting 

lymphocytes that block lymphocyte trafficking or deplete them are efficacious in 

decreasing relapses and the appearance of new lesions on MRI47. B-cell therapies, 

such as anti-CD20 therapies, reduce B- and T-cells in the CSF in addition to decreasing 

relapses48. Although the currently available pharmaceuticals decrease relapse rates and 

lesion load in MRI, they do not halt the progression of disease. This emphasizes the 

role that neurodegeneration, including axonal injury and neuronal damage, plays in 

disease progression. 

1.2 Mechanisms of neurodegeneration in Multiple Sclerosis 

1.2.1 Axonal transport deficits 
 Axonal transport is an essential function for maintenance of neuronal health and 

its dysfunction has long been implicated in neurodegenerative conditions. The neuronal 

cytoskeleton is composed of microtubules, neurofilaments, and actin filaments. 

Microtubules provide a track system for the movement of cargo along the axons by the 

motor proteins kinesin and dynein. Kinesins mediate anterograde transport, moving 

organelles or vesicles from the soma to the synapse or membrane while dynein 

molecules are involved in retrograde axonal transport to move cargo toward the cell 

body (Figure 1.1). Axonal transport disruption through damage to motor proteins, such 

as kinesin and dynein, is an early occurrence in the pathogenesis of MS49-51. Evidence 

of disrupted axonal transport and axonal damage is observed in MS post-mortem tissue 

through staining with amyloid precursor protein (APP), a protein involved in ”fast” 

anterograde transport due to its ability to mediate interactions between cargo and 

kinesin proteins52. APP staining can be seen in acute MS brain lesions53, axonal 

swellings in demyelinated plaques54, and in normal appearing white matter of acute MS 

cases13. APP+ axons are present in the plaques of MS patient cortex as opposed to in 
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the surrounding white matter55. There is also an increase in the number of SMI-32+ 

axons in MS lesions as compared to control brains suggesting increased axonal 

damage in MS tissue16,53. SMI-32 stains non-phosphorylated neurofilament and 

typically, does not stain undamaged axons in normal brain tissue as the axons are 

properly phosphorylated53. Furthermore, impaired transport of organelles is a prominent 

early feature in inflammatory MS-like lesions51. 

1.2.2 Mitochondrial dysfunction and oxidative stress 
 Mitochondria are responsible for maintaining a cell’s energy production in the 

form of ATP generated by respiratory chain complex. In addition to producing ATP, 

mitochondria also function to produce amino acids, maintain calcium homeostasis, and 

the modulation of reactive oxygen species. It is therefore understandable that 

perturbation of mitochondrial processes could result in neuronal dysfunction, decreased 

viability, and even apoptosis leading to neuronal loss and degeneration (Figure 1.1). 

Loss of neurons in the MS patient cortex is commonly observed16,17. Incidentally, a 

decrease in mitochondrial electron transport gene expression is also observed in MS 

brain tissues, suggesting that mitochondrial dysfunction could be contributing to 

neuronal loss in patients56. Furthermore, mitochondrial DNA accumulates deletions in 

the grey matter of SPMS patients irrespective of lesions57,58. These damaged 

mitochondria could influence anterograde transport leading to axonal transport 

deficits49. In addition to compromising axonal transport, dysmorphic swollen 

mitochondria lead to increased reactive oxygen species and reactive nitrogen species 

concentrations and therefore, a release of pro-apoptotic mediators57. 

1.2.3 The contribution of the immune response to neurodegeneration 
 Neurodegenerative mechanisms specific to the inflammatory response in MS 

have also been suggested (Figure 1.1). For example, macrophage and T-cell numbers 

correlate with an increase in APP+ axons and decreased phosphorylated 

neurofilaments59. While T-cells are more prevalent during active demyelination, 

antibody-producing plasma cells become more evident during progressive stages of 

disease10. Lastly, meningeal macrophage and B- and T-cell infiltrates are thought to 

underlie neurodegenerative pathology in MS11,60.  
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 Previous studies have shown that cytokines and T-cells can lead to neuronal and 

axonal damage61. Further evidence from in vitro experiments and EAE suggests that T-

cell effector populations can facilitate axonopathy as well as demyelination62. In vitro co-

culture of polarized TH1 or TH17 cells and neurons leads to neuronal toxicity via 

increased calcium levels63. Researchers have examined this interaction more closely in 

vivo and found that MOG-specific TH17 cells can directly interact with neuronal cells in 

EAE models and lead to increased levels of axonal damage, which are most likely due 

to increased calcium influx64.  

 In addition to direct immune cell interaction with CNS cells, T-cell effector 

cytokines, such as interferon gamma (IFNg), contribute to EAE disease severity. For 

example, controlled administration of IFNg during EAE decreases remyelination of 

oligodendrocytes65 suggesting that IFNg is negatively impacting their myelinating 

abilities. Furthermore, the administration of IFNg during the initiation phase of EAE 

increases disease severity in mice66, which highlights the negative impact cytokines 

may have on the CNS and its resident cells. However, there is a mixed body of research 

regarding the impact cytokines have on disease progression in MS and EAE67-69. 

Furthermore, the humoral immune response has been shown to be involved in 

neurodegeneration in MS and EAE. Autoantibodies to myelin antigens such as MOG, 

MBP, and PLP have been identified7,41,42. These antibodies have been shown to play a 

primary role in the demyelination of axons7,44 through complement cascade 

activation70,71. Antibodies can act through multiple mechanisms including complement 

activation, FC receptor crosslinking on other immune cells, and antibody-dependent cell-

mediated cytotoxicity. Antibodies to non-myelin antigens, such as neurofascin, 

neurofilament, and KIR4.1, a potassium channel, seem to contribute to axonal and 

neuronal injury43,72. Autoantibodies to neurofascin and neurofilament have been shown 

to contribute axonal and neuronal insult through inhibition of conduction along the axons 

and deposition of complement factors43. Finally, autoantibodies to heterogeneous 

nuclear ribonucleoprotein (hnRNP A1) have been identified and implicated in neuronal 

dysfunction73-75. 
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Figure 1.1 Neurodegeneration hypotheses in MS. (1) In a normal, healthy axon, myelin (blue) wraps around the axon 

enabling saltatory conduction for fast signal transmission down the axon. Mitochondria and other cargo (green circles) are 

transported retrogradely along the axon by dynein (turquoise squares, inset). Transport is fast and uninterrupted because 

the axon is undamaged, has no energy shortage, and the motor proteins are intact. (2) In MS, there is CNS infiltration of 

T-cells, B-cells, plasma cells, and macrophages, which lead to a cascade of events including the release of pro-

inflammatory cytokines and antibodies, which are believed to be harmful to both myelin and neurons and axons. (3) 

Axonal damage and neurodegeneration occur simultaneously with inflammation. There is ongoing demyelination due to 

antibodies against myelin antigens (blue Y, C). Mutations in mitochondrial DNA (B) can impair the cell’s ability to generate 

enough ATP while antibodies to non-myelin antigens (black Y, A) damage axons. Reactive oxygen species (yellow, D) 

could be released from activated microglia or as a result of dysfunctional mitochondria. Impaired fast axonal transport (E) 

is also evident in MS. A combination of these events, as opposed to one in particular, contribute to neurodegeneration in 

MS1. 
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1.3 RNA metabolism and RNA binding proteins 

1.3.1 RNA metabolism and RNA granules 
 RNA metabolism refers to any stage during the life of an RNA molecule including 

RNA synthesis, modifications, translation, degradation, and processing. RNA is 

transcribed from a DNA template strand resulting in the production of one of three 

different types of RNA: messenger RNA (mRNA), transfer RNA (tRNA), or ribosomal 

RNA (rRNA). mRNA carries the code for gene products while tRNA acts as an assistant 

during protein synthesis. Finally, rRNA, together with proteins, constitutes the ribosome, 

which act as the protein synthesis machinery. After mRNA synthesis, the molecule may 

undergo additional processing, editing, or transport before it is translated or degraded. 

mRNA bind to proteins to form a messenger ribonucleoprotein (mRNP). These mRNP 

granule complexes consist of translationally silent mRNA, an RNA binding protein 

(RBP), and other proteins to form discrete membraneless structures often in the 

cytoplasm of cells. Neuronal granules, processing bodies, and stress granules (SGs) 

are all types of mRNP granules. Each type of granule has a core of proteins, some of 

which are unique to that particular mRNP granule and can therefore be used as specific 

markers76. Furthermore, components can move between granules, such as movement 

between processing bodies and SGs depending on the cellular environment. 

 Neuronal granules contain translationally silenced mRNAs that are transported to 

different compartments of the neuron, such as dendritic synapses, for local translation77. 

The first evidence for this type of granule, formerly known as a transport 

ribonucleoprotein (RNP), was identified using SYTO 14, a dye that binds to cytoplasmic 

RNA, to visualize RNA, which showed the movement of RNA granules into the 

dendrites of primary cortical neurons using an active transport process78. Specific 

stimuli, including depolarization of the neuron, can lead to the reorganization of 

neuronal granules79. Neuronal granules are primarily used as a means of mRNA 

localization over large distances, such as from neuronal cell body to the synapse79. 

Translation of mRNA contained within neuronal granules typically occurs only once it 

has arrived at its proper location77. 

 Processing bodies, or P-bodies, are distinct cytoplasmic foci that contain 

translationally repressed mRNAs as well as protein factors involved in mRNA decay77. 
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P-bodies consist of a core group of proteins that include components of the mRNA 

decapping machinery80. Decapping mRNA allows for its degradation and is a critical 

step in the mRNA life cycle. P-bodies vary in size and composition depending on the 

environment. For example, glucose deprivation and osmotic stress lead to increased P-

body size81. Furthermore, if RNA is depleted by RNase treatment, P-bodies do not form 

or form at a greatly reduced rate suggesting that RNA availability is important for P-body 

formation81. Although the majority of mRNA that enter a P-body are degraded, there is a 

portion that can be stored and returned to translation80,82. There are many overlapping 

proteins between each mRNP granules but GW182 and DCP1/2 are specific markers 

for P-bodies77. 

 SGs harbor translationally silenced mRNAs during times of cellular stress, such 

as heat shock, oxidative conditions, hypoxia, and cytokine exposure. SGs are typically 

thought to be a protective mechanism so that the cell can use its energy resources to 

produce proteins that are crucial in helping the cell survive the stressor, such as 

molecules involved in damage repair. Once a stressor is removed, SGs disassemble 

releasing the sequestered mRNA and associated RNPs83. Different stressors can 

induce compositionally different stress granules containing a variety of RNPs76; however 

early translation initiation factors eIF2, eIF3, eIF4E, and eIF4G are core components of 

SGs and are always present84. Additionally, RNA binding proteins such as T-cell 

intracellular antigen-1 (TIA1), Ras GTPase-activating protein-binding protein (G3BP), 

and poly(A)-binding protein (PABP) are extensively used as markers of SGs76,85. 

1.3.2 RNA binding proteins 
 RBPs are important components of mRNP complexes. RBPs play a key role in 

influencing mRNA interactions and are crucial in mRNA stability, function, and transport. 

Interactions are promoted by conserved regions on RBPs called RNA binding 

domains86. There are different classes of RNA binding domains, such as RNA 

recognition motifs, zinc finger motifs, and arginine-rich motifs87. Different types of motifs 

vary in how they recognize RNA (i.e. structure as opposed to sequence) and each 

individual RNA binding motif may have an affinity for specific RNA base sequences87. 

RBPs vary vastly in their composition as well as their functions. These functions include 

alternative splicing, RNA modification, mRNA transport, translation, mRNA stability, and 
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others88. One RBP may not perform all of these functions but multiple RBPs can 

perform overlapping functions thus creating biological redundancy if one RBP is not 

performing a function properly. 

 RBPs contribute to the formation of membraneless organelles, such as P-bodies 

and SGs, through liquid-liquid phase separation (LLPS). Interactions between RNAs, 

prion-like domains of RBPs, and RNA binding domains of RBPs can drive formation of 

prion-like RBPs through phase separation. In the presence of high concentrations of 

RNA, such as in the nucleus, RBPs have a high solubility; however, decreasing 

concentrations of RNA availability, such as within the cytoplasm, may drive phase 

separation towards the liquid droplet phase thus creating aggregates89. These 

complexes of prion-like RBPs are liquid, however, in neurodegenerative disease, they 

may become solid protein aggregates or fibrils that lead to cell toxicity89,90. For example, 

mutations within TAR DNA-binding protein 43 (TDP-43), fused in sarcoma/translocated 

in liposarcoma (FUS), and hnRNP A1 have been shown to promote altered LLPS 

dynamics leading to accelerated aggregate formation of the RBP as well as SG 

formation in amyotrophic lateral sclerosis (ALS) and frontotemporal dementia (FTLD)91-

93. 

Altered LLPS dynamics through mutations or changes in RNA availability within a 

cell that lead to accelerated aggregate formation of RBPs and altered SG dynamics 

presents a new pathological mechanism for how protein aggregates may form in 

neurological diseases. Furthermore, the interaction between RNA and RBPs within 

mRNP structures, such as SGs, under disease states or inflammation may modify LLPS 

dynamics leading to lack of disassembly of these mRNP structures which, in turn, can 

become aggregates containing essential proteins and mRNA for cell survival. 

Decreasing the availability of essential cellular proteins and mRNA could have 

deleterious consequences, such as cell death or dysfunction. Additional post 

translational modifications, including methylation and phosphorylation, can further affect 

LLPS dynamics of both RBPs and mRNP granules94. 

1.3.3 Dysfunctional RNA binding proteins 
 Dysfunctional RBPs have been implicated in neurological disorders, including 

FTLD and ALS. Common features of these disorders include a triad of cellular 
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consequences including (1) the formation of persistent SGs in the cytoplasm of cells, (2) 

mislocalization of the RBP from its normal nuclear location to the cytoplasm, and (3) 

alterations in RNA metabolism95,96. Mutations within RBPs including TDP-43, FUS/TLS, 

and hnRNP A1 have been shown to underlie forms of FTLD and ALS91,97-99.  

Additional evidence from Alzheimer’s disease (AD) brain tissue and mouse 

models suggests that dysfunctional RBP biology, including SG formation and RBP 

cytoplasmic aggregates, may be a common theme amongst neurological diseases100-

104. TIA1+ SGs increase in size and number with increased disease severity in the 

P301L tau transgenic mouse model and correlate with tau pathology at moderate to 

severe disease phenotypes101. However, expression of tau alone in a neuronal cell line 

in vitro was insufficient to induce TIA1+ SGs100. Furthermore, RBPs, including TIA1 and 

PABP, have been shown to colocalize with tau in AD mouse models suggesting that 

RBPs may mislocalize to the cytoplasm and become part of or perpetuate pathological 

inclusions103. The formation of aggregates that include tau and RBPs in these models 

are perpetuated by chronic stress in these models leading to insoluble inclusions105. 

Because tau is highly aggregate prone, it may assist in promoting RBP inclusions in AD 

but it is unclear whether this is the primary cause of dysfunctional RBPs in this disease 

context102. 

Although these features are observed across neurological diseases and 

presumed to underlie neuronal and axonal damage, a precise mechanism for how RBP 

mislocalization or persistent SGs may lead to neuronal death remains to be elucidated. 

Several hypotheses exist that attempt to link dysfunctional RBPs with 

neurodegeneration. The first hypothesis is gain of toxicity in the cytoplasm postulating 

that increased cytoplasmic concentrations of an RBP alters its LLPS dynamics likely 

creating insoluble protein aggregates. Decreased RNA availability in the cytoplasm can 

cause RBPs to become more aggregate prone89 while increasing concentrations of 

proteins that have the potential to aggregate increases the probability of liquid to solid 

aggregate transitions106. In mouse models, mutant forms of TDP-43 have been shown 

to mislocalize to the cytoplasm and abnormally bind and splice cytosolic RNA 

targets107,108. Furthermore, more severe mislocalization of TDP-43 and FUS in mutant 

models has been shown to correlate with more severe forms of disease98,107. A second 
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hypothesis linking dysfunctional RBPs and neurodegeneration suggests that loss of 

function of the RBP in the nucleus is deleterious. Nuclear perturbations of a target RBP 

means it is no longer performing its necessary functions within the nucleus. For 

example, mutant FUS and TDP-43 and subsequent nuclear depletion leads to lack of 

proper RNA processing, including disrupted splicing regulation, transcriptional control, 

and micro-RNA processing99. Interestingly, nuclear depletion of TDP-43 has been 

shown to be sufficient to induce neuronal cell death suggesting that cytoplasmic 

inclusions are not necessary for neuronal death109.  In disease, it is most likely a 

combination of RBP gain of toxicity in the cytoplasm and loss of function in the nucleus 

that contributes to neuronal dysfunction and death107. In fact, nuclear depletion or loss 

of nuclear TDP-43 is often found in conjunction with cytoplasmic accumulation of the 

RBP in neurons from ALS patients110. 

Lastly, nucleocytoplasmic aberrations of RBPs are believed to contribute to 

neuronal cell death. Mutations within nuclear localization sequences of RBPs can affect 

amino acid sequences that are necessary to bind transporter proteins that allow the 

RBP to move between the nucleus and cytoplasm111. Nuclear import defects caused by 

mutations in FUS or impaired binding of transportin combined with other cellular 

stressors lead to pathological inclusion formation111,112. Researchers suggest that 

nucleocytoplasmic aberrations are part of a multiple-hit model in which a mutation within 

an RBP predisposes it to a second hit, such as cellular stress that more easily leads to 

RBP dysfunction111.
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Figure 1.2 RNA binding protein biology and stress granules under normal and pathological conditions. Under normal 

conditions, RBPs (pink, blue, green rectangles) are localized to the nucleus. RBPs can translocate between the nucleus 

and cytoplasm to transport mRNA (black lines) to sites for local translation. Following exposure to a stressor, RBPs 

mislocalize to the cytoplasm where they may form pathological inclusions with other RBPs or by associating with SGs, 

which always contain a core set of proteins (pink circles). Mutations in RBPs (pink and green rectangles with ***) can alter 

LLPS dynamics causing RBPs to become more aggregation prone. This can result in lack of disassembly of SGs and 

persistent pathological inclusion formation. Different stressors can induce either acute or chronic SGs. Acute SGs induced 

by type I stressors contain specific factors, such as RACK1 (yellow rectangle), that repress pro-apoptotic pathways or 

promote pro-survival pathways. Chronic SGs induced by type II stressors contain mutated RBPs and other yet 

unidentified factors (yellow pentagon) that promote disassembly and increase pro-apoptotic pathway signaling.
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1.4 Heterogeneous nuclear ribonucleoprotein A1 

1.4.1 Structure and function 
 hnRNP A1 is a RNA binding protein that contains two RNA binding domains or 

RNA recognition motifs (RRMs), a prion-like domain (PrLD), and a nuclear localization 

sequence (NLS) called ‘M9’ (Figure 1.3). RRMs are evolutionarily conserved protein 

domains that are abundant in eukaryotes accounting for approximately 2% of gene 

products113. The fact that the gene produces such a great number of proteins that 

include an RRM demonstrates the importance of this domain. RRMs have varying 

affinities for different RNA sequences. For example, hnRNP A1 most strongly binds to 

RNA containing the sequence of UAGGGA/U114. In addition to binding RNA, RRMs can 

also be involved in protein-protein interactions, such as an RRM interacting with another 

RRM or a RRM containing protein with bound RNA interacting with a non-RRM 

containing protein113. A PrLD contains low complexity sequences or domains, which 

have repetitive sequences of one or few amino acids. Low complexity sequences within 

a PrLD dictate its LLPS properties. The low complex sequences in the PrLD of hnRNP 

A1 facilitate its ability to assemble into protein droplets and when RNA is bound to 

hnRNP A1, the PrLD interacts with the RRMs to contribute to LLPS dynamics92. 

Furthermore, increased amounts of hnRNP A1 in the cytoplasm of cells along with other 

RBPs increases SG assembly92. Finally, the M9 NLS of hnRNP A1 facilitates movement 

between the nucleus and cytoplasm. Transportin, a member of the importin protein 

family, binds the M9 region allowing hnRNP A1 to shuttle from its normal nuclear 

location to the cytoplasm (Figure 1.3). Deletions of the M9 region result in loss of 

hnRNP A1 nuclear localization115, emphasizing the importance of this area in the proper 

functioning of hnRNP A1. Post translational modifications of hnRNP A1 can affect the 

properties of hnRNP A1 by manipulating its structure. PARylation of hnRNP A1 

enhances LLPS, which affects its interactions with other RBPs and enhances its ability 

to form toxic aggregates in mouse NSC-34 cells, a motor neuron cell line116. 

 hnRNP A1 plays a role in multiple RNA functions including transcriptional control, 

mRNA splicing, and mRNA transport117. Activation of the MKK3/6 p38 stress signaling 

pathway leads to cytoplasmic accumulation of hnRNP A1 in parallel with changes in 

pre-mRNA processing suggesting a role for hnRNP A1 in alternative splicing118. The 
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brain is enriched for hnRNP A1, which may be functionally important in neurons where 

mRNA is often transported long distances to sites along axons for local translation. 

Evidence suggests that hnRNP A1 contributes to mRNA export from the nucleus119. The 

ability of hnRNP A1 to shuttle mRNA to local translation sites may be functionally crucial 

in large neurons.  

1.4.2 Role in neurologic diseases 
 The majority of studies examining hnRNP A1 in the context of neurologic disease 

have focused on identifying mutations within hnRNP A1 and how these mutations might 

affect the ability of hnRNP A1 to function properly. For example, mutations in the PrLD 

of hnRNP A1 that underlie ALS promote SG formation in vitro and can lead to hnRNP 

A1 mislocalization from nucleus to cytoplasm under conditions of stress91. Furthermore, 

an alternatively spliced version of hnRNP A1 has been shown to accumulate in neurons 

of ALS patients and has been demonstrated as being toxic to cells in vitro120. Others 

have identified cytoplasmic inclusions that contain hnRNP A1 in muscle biopsies from 

ALS patients as well as spinal motor neurons91,121.  

 MS patients make antibodies to the M9 NLS region of hnRNP A174 (Figure 1.3). 

Adding anti-hnRNP A1 antibodies to rat brain slices leads to decreased neuronal firing 

as compared to normal IgG73. Further experiments demonstrated that treating neuronal 

cell lines with anti-hnRNP A1-M9 antibodies, which recognize the same 

immunodominant epitope as MS patient IgG, entered neurons resulting in increased 

neurodegeneration, alterations of key transcripts and their protein products, and hnRNP 

A1 mislocalization74,122. Mutations have also been found in the region M9 of hnRNP A1 

in progressive MS patients123. Transfection of constructs containing these hnRNP A1 

variants in neuronal cell lines leads to hnRNP A1 mislocalization and increased active 

caspase-3 production123. Finally, the administration of anti-hnRNP A1-M9 antibodies to 

EAE animals worsened disease severity, altered the clinical phenotype of animals, and 

increased neurodegeneration in key areas of the CNS75. Taking all of these data 

together suggests that hnRNP A1 plays a role in neurological disease, including MS. 
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Figure 1.3 Schematic of hnRNP A1 structure. hnRNP A1 has two RNA binding domains 

or RRMs on the N-terminus (RBD-1, RBD-2), a Prion-like domain near the C-terminus 

(PrLD) and a nuclear localization sequence, M9, from amino acids 268-305 (red font). In 

order to translocate from the nucleus to the cytoplasm, transportin (Trn, red box) has to 

bind the M9 area of hnRNP A1. MS patients make antibodies to hnRNP A1, specifically 

the M9 region (MS IgG, green)123.  
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1.5 Stress granules 

1.5.1 Stress granule dynamics 
 SGs are highly dynamic structures with proteins moving in and out of these 

membraneless organelles as well as exchange of mRNA124. There exists a fluidity 

between SGs and P-bodies wherein mRNAs and proteins are exchanged between the 

two complexes depending on environmental conditions76,125. The size of a SG is 

dependent on a number of factors and typically range in size from 0.1 to 2.0 µm126. 

G3BP, a SG specific marker, plays a key role in determining the size of SGs as well as 

their interactions with P-bodies127. Additionally, SG composition and kinetics are 

different between cell types and can vary in size as well128. Type of stressor and 

environmental conditions also influence the components in SGs83,126. 

Although composition of SGs may differ, SG assembly is dependent on a few 

main factors, which include the stage at which mRNAs are stalled, protein-protein 

interaction domains, the microtubule network, and protein modifications76. Different 

types of mRNP granules form depending on where in the translational process mRNAs 

have been stalled, which reflects the different functions of neuronal granules, P-bodies, 

and SGs. The protein-protein interaction domains within RBPs dictate their ability to 

more readily form SGs. For example, G3BP has two domains that dimerize in order for 

G3BP to be recruited to cytoplasmic SGs following arsenite stress129. SGs move 

through the cytoplasm and are transported by microtubules making the microtubule 

network an essential part of SG dynamics130,131. In addition to cellular mobility, the 

microtubule proteins, kinesin and dynein, influence the assembly and dissolution of 

SGs. The knockdown of dynein components using siRNA leads to impaired SG 

formation following both endoplasmic reticulum stress and oxidative stress132. 

Conversely, knockdown of kinesin using similar methods results in the formation of 

more persistent SGs that show delayed disassembly132. Modifications of key SG 

proteins is the last determinant of the ability of mRNAs and proteins to form SGs. For 

example, the phosphorylation of G3BP at S149 prevents its oligomerization and thus, 

the ability to form SGs following arsenite treatment129. One of the most important protein 

modifications associated with SG formation is the phosphorylation of eIF2a, an 

elongation initiation factor that is key in initiating translation83.  
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SGs have traditionally been believed to be a cellular protective mechanism that 

allows a cell to channel all of its energy towards producing proteins key for activating 

pro-survival pathways or sequestering proteins that would otherwise activate pro-death 

pathways. One example of protective sequestration is when TRAF2, a transferase 

protein, is incorporated into SGs following tumor necrosis factor signaling, which leads 

to interrupted pro-inflammatory signaling and increased NF-kB pro-survival pathway 

activation133.  For example, the scaffolding protein, RACK1, has been shown to interact 

with MTK1, a key stress response kinase involved in the activation of the p38 JNK 

MAPK pro-death pathway. Interaction of RACK1 and MTK1 is necessary for MTK1 

activation and consequently, the p38 JNK MAPK pro-death pathway134. Type I 

stressors, such as hypoxia, heat shock, and arsenite, sequester RACK1 into SGs 

preventing proper activation of MTK1 and thus, decreased activation of a key pro-

apoptotic pathway134. On the other hand, type II stressors, such as cytokines, activate 

MTK1 through binding with GADD45 and lead the cell towards apoptosis 134. Lastly, 

SGs have been shown to inhibit apoptosis by reducing reactive oxygen species 

generation135. 

Compounding evidence from multiple research studies has led the SG field to 

more completely acknowledge that there may be two different types of stressors (type I 

and type II) that lead to two types of SGs (typeI/acute/protective and type II/chronic/pro-

apoptotic)136. Acute SGs are typically formed after cells are exposed to a transient type I 

stressor and act in a pro-survival manner due to activation of key cellular signaling 

pathways and translation of pro-survival mRNAs whereas chronic SGs, often induced 

by a type II stressor, form after a prolonged exposure to that stressor (Figure 1.2)136. 

There is some variation in the composition of acute and chronic SGs. One of the best-

known differences between acute and chronic SGs comes from the above-mentioned 

study by Arimoto et al. (2008) where it was found that type II stress induced SGs do not 

contain RACK1 (Figure 1.2). Subsequent studies have found that chronic SGs can also 

be induced by nitric oxide137 and chronic nutrient starvation138 and lead to decreased 

cell survival.  

 A variety of environmental stressors have been shown to induce SGs, many of 

which are compositionally unique to that condition. Sodium arsenite and heat shock are 
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the two most prevalent SG inducers in the literature and form SGs that are 

compositionally similar across cell types85. The application of viruses, including 

poliovirus, to cells leads to SGs that contain host mRNA and are distinguishable from 

other stressors because of their unique contents139,140. TIA1+ SGs have been found in 

areas of the rat hippocampus following ischemic treatments but the numbers of SGs 

can decrease with reperfusion of the area141. Cytokines have also been shown to 

induce SGs. The addition of interferon alpha (IFNa) or interferon beta (IFNb) to Vero 

cells led to the formation of G3BP+ SGs in a dose dependent manner142. Furthermore, 

adding IFNg and tumor necrosis factor alpha (TNFa) together to mouse colonic 

epithelial cells enhances SG formation following heat shock, although neither cytokine 

was examined individually143. 

1.5.2 Elongation initiation factor 2-alpha (eIF2a) phosphorylation 

Elongation initiation factor 2 (eIF2) is an important factor in eukaryotic translation 

where it forms the 43S preinitiation complex with other elongation initiation factors. The 

alpha subunit of eIF2 is the main regulatory subunit of the protein containing potential 

RNA binding sites as well as a site for phosphorylation. Phosphorylation of eIF2a at 

serine 51 inhibits translation by decreasing the availability of the eIF2-GTP-tRNAi(met) 

complex for translation initiation84. The phosphorylation of eIF2a is performed by one of 

four kinases, which include protein kinase R (PKR), PKR-like endoplasmic reticulum 

kinase (PERK), general control non-depressible 2 kinase (GCN2), and heme-regulated 

inhibitor kinase (HRI). Each kinase is activated by specific stimuli, however, some 

signals can activate multiple kinases depending on the context144. For example, heme 

deficiency specifically activates HRI144 but proteasome inhibition can activate either HRI 

or GCN2 to phosphorylate eIF2a145,146. Downstream consequences of eIF2a 

phosphorylation include the inhibition of translation and in certain cases, activation of 

pro-apoptotic pathways and cell death147-149. 

Different types of stressors induce different eIF2a kinases, which in turn leads to 

SG assembly150. Phosphorylation of eIF2a is a key step in initiating but not maintaining 

SG assembly83. Interestingly, the size of a SG has been found to correlate with eIF2a 

phosphorylation levels151 suggesting that phosphorylation is a crucial part of SG 
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formation. Inhibition of translation and SG formation are most commonly associated with 

eIF2a dependent mechanisms, however, varying stimuli can induce SGs and 

translational disruption through eIF2a independent mechanisms152-155. Phosphorylation 

levels of eIF2a can push a cell towards apoptosis instead of being protective showing 

that there is a delicate balance between pro-apoptotic and protective eIF2a 

phosphorylation levels147. 

The phosphorylation of eIF2a has been associated with several disease models, 

including EAE149,156,157. In a Huntington’s disease (HD) mouse model, brain sections 

were found to have increased phos-eIF2a as compared to controls149. Specifically, 

huntingtin protein aggravated ER stress, which in turn induced PERK to phosphorylate 

eIF2a and led to subsequent cell death. Increased levels of phos-eIF2a have also been 

found in oligodendrocytes and neurons from EAE animals156. In this model IFNg could 

activate the ER stress pathway, similar to what is observed in the HD model, and lead 

to oligodendrocyte and neuronal death157. Because phos-eIF2a is key for SG 

assembly77, this data suggests that SGs may be forming in these models and 

contributing to cell apoptosis. 

1.5.3 Stress granules and disease 
 SGs are found in neurons of multiple neurological diseases including AD, ALS, 

and FTLD112,158,159 and now through data generated in this thesis, MS160. The presence 

and size of SGs have been found to correlate with disease severity in both animal 

models and patients with neurological disease85. Although the presence of SGs and 

their association with RBPs in the cytoplasm of pathological samples is well 

documented, the mechanism of pathogenicity of these inclusions is unclear. There are a 

few possibilities as to how these aggregates form as well as how they could lead to cell 

death during disease. It is well established that mutations in RBPs alter their biophysical 

properties leading to an increase in the protein’s self-aggregating properties100. For 

example, ALS and FTLD associated TIA1 mutations alter the LLPS dynamics of TIA1 

leading to persistent SG formation following stressor removal in vitro161. These TIA1 

mutations decrease the mobility of SGs to move between assembly and disassembly161. 

This could create abnormally stable SGs that do not readily disassemble100. 
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Furthermore, the existence of abnormally stable SGs could serve as a platform for the 

formation of protein inclusions162. In addition to being an initiating factor for cytoplasmic 

inclusion formation, SGs can be damaging in other ways. For example, SGs can 

become damaging when SG associated pathways are overactive or when SGs fail to 

disassemble leading to extended translational repression162. The toxicity of prolonged 

sequestration of important RBPs and mRNAs needed for cell survival combined with 

translational impairment could be a mechanism for cell death163. Additional in vitro 

experiments suggest that augmented SG formation decreases cell viability137. It is 

unclear what the underlying mechanism of SG pathogenicity is in neurological disease, 

however, it is likely a combination of the above factors that eventually result in cell 

death. 

1.6 Hypotheses and aims 

Although dysfunctional RBPs have been shown to contribute to the pathogenesis of 

neurological disease, their role in neurodegeneration as it relates to pro-inflammatory 

cytokine-mediated and antibody-mediated autoimmune mechanisms in MS is unclear. 

The hypothesis to be tested in this thesis is that altered RBP and SG biology is driven 

by pro-inflammatory cytokines and antibodies, which contribute to the pathogenesis of 

neurodegeneration in autoimmune diseases of the CNS. In vitro, in vivo, and in situ 

(human tissue) approaches will be used to examine the hypothesis. The hypothesis will 

be tested by completing the following aims: 

1.6.1 The role of inflammatory cytokines in RNA binding protein and stress 
granule dysfunction will be tested using an in vitro model of neurodegeneration 
 Neuronal-like cells will be exposed to inflammatory cytokines and examined for 

dysfunctional RBP pathology, including hnRNP A1 mislocalization and SG formation. 

Furthermore, if SGs were present following inflammatory cytokine exposure, we 

examined whether this might be related to an eIF2a phosphorylation independent or 

dependent mechanism. 

1.6.2 Altered RNA binding protein and stress granule biology and its relationship 
to neurodegeneration will be examined in EAE 
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 Considering dysfunctional RBP pathology is observed in animal models of ALS 

and FTLD, we wanted to examine the spinal cords of animals with EAE, an animal 

model of MS, to determine whether disease severity and markers of neurodegeneration 

were related to hnRNP A1 mislocalization and SG formation. 

1.6.3 Evidence for dysfunctional RNA binding protein pathology and stress 
granule formation will be examined in human Multiple Sclerosis samples 
 Our observations in vitro and in vivo regarding SG formation and hnRNP A1 

mislocalization led to the hypothesis that dysfunctional RBP pathology might be 

observed in brains of MS patients in contrast to control tissue. 
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Chapter 2: Methodology 

2.1 Experimental autoimmune encephalomyelitis 

2.1.1 Induction 
An EAE kit containing MOG35-55 in complete Freund’s adjuvant and pertussis 

toxin were used (Hooke Laboratories EK-2110). On day 0 of an experiment, C57BL/6J 

female mice (Jackson Laboratories cat. no. 000664) were immunized with MOG35-55 in 

complete Freund’s adjuvant by subcutaneously injecting 100 µL of the emulsion 

between the shoulder blades on the dorsal side and 100 µL between the hind limbs on 

the dorsal side. Additionally, on days 0 and 1, mice were given intraperitoneal injections 

of pertussis toxin dissolved in phosphate buffered saline (PBS) as per previously 

published laboratory protocols75. 

2.1.2 Scoring 

Table 2.1 EAE clinical scoring guidelines  

Clinical Score Main Symptoms Subtle Changes and Tests 

0 
No obvious changes in 

motor function 
 

0.5 Tip of the tail is limp  

1.0 Limp tail 
When picked up by base of tail, entire tail 

drapes over finger with no tail movement 

1.5 
Limp tail and hind limb 

inhibition 

When mouse is dropped on a wire rack, 

one hind limb consistently falls through; 

slightly wobbly walk 

2.0 
Limp tail and hind limb 

weakness 

When mouse is placed on its back, it is 

unable to right itself; dragging of toes in 

one foot 

2.5 
Limp tail and dragging 

of hind limbs 

Mouse could also have no movement or 

complete dragging of one leg but 

movement in other leg 
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3.0 
Limp tail and complete 

hind limb paralysis 

Legs are apart and dragging behind the 

body as the mouse moves 

3.5 

Limp tail, complete 

paralysis of hind limbs 

but unable to right itself 

Legs are together are dragging together 

behind the body; mouse is still ambulatory; 

when placed on its side, mouse is unable 

to right itself 

4.0 

Limp tail, complete 

hind limb and partial 

front leg paralysis 

Mouse has decreased grip strength and 

shows minimal movement around the 

cage but still alert and eating 

4.5 Same as a 4.0 
Mouse is no longer alert, moving around 

the cage or eating 

5.0 Moribund  

If a mouse scored 4.0 for 2 or more days, it was euthanized and assigned a 

score of 5.0 for the rest of the experiment. Additionally, any mice that were euthanized 

before the end of the experiment due to severe disease were assigned a score of 5.0 

for the remainder. 

2.1.3 Experimental groups 
At a score of 1.0 (limp tail), mice were intraperitoneally injected with one of the 

following: (1) PBS (2) IgG2bk isotype control antibody (Millipore cat. no. MABC006) (3) 

anti-hnRNP A1-M9, clone 9H10 antibody (Millipore cat. no. 04-1469). Injections were 

given three times every other day. 100 µg was given for each antibody injection and a 

corresponding volume of PBS was administered. Anti-hnRNP A1, clone 9H10 (anti-

hnRNP A1-M9), antibodies recognize the same immunodominant epitope as MS patient 

IgG 74 and were therefore used as the experimental group. IgG2bk isotype control 

antibodies are the same isotype as the anti-hnRNP A1-M9 antibodies and were used as 

a control to account for any effects of injecting antibody into the mice. These control 

antibodies do not recognize a specific epitope of a protein. PBS was administered as an 

injection control. 
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2.1.4 Tissue collection 
Brains and spinal cords were harvested on Day 15 post treatment injection (PBS, 

IgG antibody, or anti-hnRNP A1 antibody). Animals that were used for fixed-frozen 

tissue collection were euthanized with euthanyl and perfused with 30 mL of ice cold 

PBS followed immediately by 100-150 mL of ice cold 4% paraformaldehyde. Brains and 

spinal cords were collected and placed into 4% paraformaldehyde to post-fix for 

approximately 48 hours at 4°C. Following post-fixation, tissues were put through a 

sucrose gradient (10%, 20%, 30%) at 4°C to cryoprotect the tissue. After cryoprotection, 

tissue was embedded in optimal cutting temperature compound (OCT, Tissue-Tek cat. 

no. 4583) and immediately frozen in isopentane. Tissue was stored at -80°C until 

needed. If tissue was collected for western blot, it was immediately frozen on dry ice 

after PBS perfusion and stored at -80°C.  

2.2 Cell Culture 

2.2.1 Cells and seeding 
SK-N-SH (ATCC HTB-11) are a human neuroblastoma cell line derived from a 

bone marrow metastatic site and display neuronal-like properties. SK-N-SH cells were 

cultured in Dulbecco’s Modified Essential Medium (DMEM, Sigma cat. no. D6429) 

supplemented with 10% heat-inactivated fetal bovine serum (FBS, Gibco cat. no. 

12483-020) and 100U of penicillin/streptomycin (Corning cat. no. 30-002-CI). Cells were 

passed once they reached 80% confluency and subcultivated at a ratio of 1:5. When 

cells were seeded for immunocytochemistry experiments, they were counted using 

trypan blue solution and plated at a density of 25,000 cells per well for 8-well plates. 

2.2.2 Cytokine treatments 

SK-N-SH cells were plated and allowed to sit for at least 24 hours before 

treatment. Cells were treated with the following cytokines: human IFNg (R&D Systems 

285-IF), human interleukin-12 (IL12) (R&D Systems 219-IL), and human transforming 

growth factor beta (TGFb) (R&D Systems 240-B). Cytokines were administered at a 

concentration of 200 ng/mL. Cells were incubated for 16 or 48 hours before harvest or 

fixation and analysis. For wash out and recovery experiments, cells were incubated with 

cytokine for 48 hours before media was removed. Cells were then washed with media 
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three times and allowed to recover for 4 or 24 hours before fixation and analysis. For 

heat shock treatments, cells were plated and allowed to sit for at least 24 hours. Cells 

were then incubated at 43°C with 5% CO2 for 1 hour before fixation and analysis. 

2.2.3 Puromycin incorporation assay 
SK-N-SH cells were plated and allowed to sit for at least 24 hours before 

treatments. Cells were treated as described in 2.2.2. 30 minutes prior to the end of a 

treatment, cells were pulse-labeled with puromycin (InvivoGen cat. no. ant-pr-1) at 1 

µg/mL under normal cell culture conditions164,165. Puromycin is an antibiotic that 

incorporates into elongating peptides during translation. Thus, it can be used a measure 

of translational rates. Puromycin was detected during immunocytochemistry using an 

anti-puromycin antibody (see 2.5.1 Primary Antibodies). 

2.2.4 Protein kinase R inhibitor treatments 
SK-N-SH cells were plated in T75 flasks (Fisher Scientific cat. no. 12-565-349) 

and allowed to multiply until the flask was approximately 70% confluent. Cells were 

treated with 1000 nM of a PKR inhibitor (PKRi) compound (Millipore Sigma cat. no. 

527451) according to previously published data determining the IC50 of this 

compound166. PKRi was added into complete medium for 4 hours prior to IFNg 

treatment. Following a 16 hour IFNg treatment, cells were harvested for western blot 

(see 2.4.2 Cell Culture Protein Extraction). 

2.2.5 Immunocytochemistry 
Following treatment, cells were fixed in 8-well chamber slides with 3.7% 

formaldehyde diluted in DMEM for 15 minutes at 37°C. After fixation, cells were washed 

twice with PBS before permeabilization with ice cold acetone for 5 minutes at -20°C. 

Cells were once again washed twice with PBS before being placed into Sea Block 

blocking buffer (ThermoFisher cat. no 37527) for 1 hour at room temperature. Cells 

were washed twice for 5 minutes in PBS with 0.1% Triton-X 100 (PBST, 0.1%). Next, 

cells were incubated in primary antibody (Table 2.4) diluted in 10% Sea Block blocking 

buffer in PBST (0.1%) for 1 hour at room temperature. Cells were washed twice for 5 

minutes with PBST (0.1%) and then placed into secondary antibody (Table 2.5) diluted 

in 5% Sea Block blocking buffer for 30 minutes at room temperature. Following 
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secondary antibody incubation, cells were washed twice for 5 minutes with PBS. For 8-

well plates, the chambers were removed and slides were mounted using ProLong Gold 

Antifade Mountant with DAPI (Invitrogen cat. no. P36935). 

2.3 Histochemistry 

2.3.1 Human tissue samples 
 Human tissue samples were formalin-fixed paraffin embedded. Cortical regions 

were selected for analyses. For MS tissues, the sample areas selected were not related 

to plaque location and only grey matter was used for analyses. 

Table 2.2 Human tissue sample information 

Sample ID Age Sex MS Subtype Brain Area Analysis Use 
A451 26 M Control Forebrain 

hnRNP A1, 
TIA1 

AA210 41 M Control Precentral gyrus 
hnRNP A1, 

TIA1 

A95-24 N/A N/A Control Forebrain 
hnRNP A1, 

TIA1 

02-AUA 18204 74 F Control 
Inferior parietal 

lobule 
hnRNP A1 

03-AUA 18515 76 M Control 
Occipital 

watershed 
hnRNP A1 

AR03-152 51 F Acute MS Forebrain 
hnRNP A1, 

TIA1 

A96-08 52 M Acute MS Insula 
hnRNP A1, 

TIA1 

A02-325 N/A F SPMS Frontal lobe 
hnRNP A1, 

TIA1 

 

2.3.2 Paraffin sections 
Tissue that was embedded in paraffin was sectioned at 5 µm and mounted onto 

slides before undergoing deparaffinization through a xylene and ethanol gradient with a 

hydrogen peroxide block to inactivate endogenous peroxidases. Slides were immersed 

in the following solutions for the specified times: 
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Table 2.3 Deparaffinization protocol for human tissue sections 

Step Solution Time 
1 Xylene 5 minutes 

2 Xylene 5 minutes 

3 Xylene/100% Ethanol 5 minutes 

4 100% Ethanol 5 minutes 

5 100% Ethanol 5 minutes 

6 95% Ethanol 5 minutes 

7 0.2% Hydrogen Peroxide in methanol 30 minutes 

8 95% Ethanol 5 minutes 

9 70% Ethanol 5 minutes 

10 Antigen retrieval buffer 5 minutes 

Heat mediated antigen retrieval was performed by placing slides in 10 mM citric 

acid buffer or 10 mM Tris/EDTA buffer for 45 minutes in a Black & Decker vegetable 

steamer. Following antigen retrieval, slides were set to cool before being placed into 

0.1M PBS. 

2.3.3 Immunofluorescence protocol 
Fixed-frozen tissue blocks were acclimated to the cryostat (-22°C) before 

sectioning. Sections were cut at 10 µm onto slides and were placed at room 

temperature to acclimate before staining. Following warming to room temperature, 

slides were briefly placed on a hot plate to adhere tissue to the slide before being 

placed into 0.1M PBS. Slides were washed three times for 10 minutes in 0.1M PBS. 

Following washes, slides were placed into Sea Block blocking buffer (ThermoFisher cat. 

no. 37527) for 1 hour at room temperature in a humidity chamber. Blocking solution was 

removed from slides and primary antibody was added to slides and incubated overnight 

at 4°C in a humidity chamber. Primary antibody (Table 2.4) was diluted in 10% Sea 

Block in PBST (0.1%). After overnight incubation, slides were washed three times for 10 

minutes in 0.1M PBS. Slides were incubated in secondary antibody (Table 2.5) for 1 

hour at room temperature, covered, in a humidity chamber. Secondary antibodies were 

diluted in 5% Sea Block in PBS. Slides were washed three times for 10 minutes in 0.1M 
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PBS with 5 µL of Hoescht 33342 (ThermoFisher cat. no. 62249) added to the final wash 

in order to stain nuclei. Slides were coverslipped using ProLong Gold Antifade Mountant 

(Invitrogen cat. no. P36934). If slides were autofluorescent, they were treated with an 

autofluorescence eliminator reagent as per manufacturer’s protocol (Millipore cat. no. 

2160).  

2.3.4 Immunofluorescence protocol using two mouse primary antibodies 
Slides were stained with the first mouse antibody as described in 2.3.2. Following 

secondary antibody incubation, slides were washed three times in 0.1M PBS with 

Hoescht in the final wash and then blocked with an avidin and biotin blocking kit (Vector 

Laboratories cat. no. SP-2001). Slides were then stained with a second mouse primary 

antibody using a mouse on mouse immunofluorescence kit (Vector Laboratories cat. no. 

BMK2202) following the manufacturer’s suggested protocol. This protocol uses a 

tertiary binding system where the primary antibody is bound to its target first. A 

biotinylated secondary then recognizes the primary antibody. Finally, an avidin 

conjugated fluorophore is used to detect the biotinylated antibody. 

2.3.5 3,3’-diaminobenzidine (DAB) immunohistochemistry 
Human tissue that was embedded in paraffin underwent deparaffinization and 

heat mediated antigen retrieval (see 2.3.1 for further instruction). Following antigen 

retrieval, slides were placed into 1X PBS prior to blocking. Blocking was performed for 

15 minutes at room temperature with 10% fetal calf serum (ATCC cat. no. 30-2020). 

Slides were incubated with primary antibody diluted in 10% fetal calf serum in 1X PBS 

at 4°C overnight. After primary antibody incubation, slides were washed three times with 

PBS. Biotinylated secondary antibody diluted in 10% fetal calf serum and 3% human 

serum (Sigma cat. no. H4522) in 1X PBS was added to slides for 1 hour at room 

temperature. Following three 1X PBS washes, slides were incubated with avidin-

peroxidase (1:100; Sigma cat. no. A3151) diluted in 10% fetal calf serum in 1X PBS for 

1 hour at room temperature. Slides were washed with 1X PBS and placed into a coplin 

jar while preparing DAB stain. DAB was dissolved into 1X PBS with hydrogen peroxide. 

Slides were placed into DAB solution and checked frequently to determine adequate 
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development. Once proper development was reached, slides were placed into tap water 

to stop the reaction. Slides were then counterstained with hematoxylin (see 2.3.6). 

2.3.6 DAB immunohistochemistry with Vector Red counterstain 
Human tissue that was double labelled using DAB immunohistochemistry and 

Vector Red was treated as above (see 2.3.5). However, both primary antibodies were 

included during the overnight incubation. Following DAB development, sections were 

washed and incubated with the appropriate species of alkaline phosphatase conjugated 

antibody. Sections were washed before being developed using the Vector Red 

substrate (Vector Laboratories cat. no. SK-5100) according to the manufacturer’s 

protocol. Slides were then stained with hematoxylin (see 2.3.6).  

2.3.7 Hematoxylin counterstain 
Sections were placed into hematoxylin solution for 10 minutes following DAB 

immunohistochemistry. Following staining, sections were rinsed three times with tap 

water and then placed into an acid/alcohol solution containing 500 µL of hydrochloric 

acid and 100 mL of 70% ethanol for 5 seconds. Sections were quickly rinsed in tap 

water and placed into Scott Solution (0.2% KHCO3/2% MgSO4•7H20) for 10 minutes. To 

prepare for mounting, slides were placed into a gradient of ethanols and then xylene 

before being mounted using Cytoseal (Fisher Scientific cat. no. 23-244256). 

2.3.8 Nissl stain 
Slides were brought to room temperature and placed on a hot plate to allow 

sections to further adhere to slides. Slides were then washed twice with PBS followed 

by one wash in ddH2O. Excess water was removed from slides and then placed into 

cresyl violet solution for 5 minutes. Slides were then rinsed with ddH2O, dipped into 

95% ethanol and allowed to air dry before being placed into xylene and then 

coverslipped using DPX (Sigma cat. no. 06522). 

2.4 Protein Analysis 

2.4.1 Animal tissue protein extraction 
Tissue was extracted from animals, cut into smaller pieces and placed into T-

PER tissue protein extraction reagent (ThermoFisher cat. no. 78510) with a protease 

inhibitor tablet (Roche cat. no. 04-693-159-001). Tissue was homogenized using the 
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Tissue Tearor. Following homogenization, samples were centrifuged for 10 minutes at 

17,800 x g at 4°C. Supernatant was placed into a new tube and samples were spun a 

second time at 17,800 x g for 10 minutes at 4°C. Supernatant was placed into a final 

tube and stored at -80°C until further use. 

2.4.2 Cell culture protein extraction 
Cells were harvested using a cell scraper (Fisher Scientific cat. no. 08-100-241). 

Cell suspensions were collected into 50 mL conical tubes and spun for 5 minutes at 500 

x g. The supernatant was discarded and the pellet was resuspended in 10-15 mL of 

PBS. The suspension was spun for 5 minutes at 500 x g. The supernatant was 

discarded again and the pellet was resuspended in 10-15 mL of PBS for a second 

wash. The suspension was spun for 5 minutes at 500 x g. The supernatant was 

discarded and the pellet was resuspended with a volume of cytobuster protein 

extraction reagent (Fisher Scientific cat. no. 71-009) and protease inhibitor tablet. One 

protease inhibitor tablet was used per 10 mL of cytobuster protein extraction reagent. 

Following pellet resuspension in the cytobuster reagent, the suspension was agitated 

for 5 minutes before being spun for 5 minutes at 16,000 x g at 4°C. The supernatant 

(cell lysate) was collected and stored at -20°C for further analysis. 

2.4.3 Nuclear cytoplasmic fractionation 
Cells were harvested with trypsin-EDTA and then centrifuged 500 x g for 5 

minutes at 4°C. Cells were resuspended in 1 mL of PBS before being transferred to a 

1.7 mL centrifuge tube and pelleted by centrifugation at 500 x g for 3 minutes. The NE-

PER Nuclear and Cytoplasmic Extraction Reagents (Thermo Scientific cat. no. 78833) 

were used to isolate cytoplasmic and nuclear fractions. The supernatants were collected 

and stored at -80°C for further analysis. 

2.4.4 Acetone precipitation 
The amount of protein needed for each experiment was determined using a 

NanoDrop spectrophotometer (Thermo Scientific cat. no. ND-2000) and this volume of 

tissue or cell lysate was added to at least five times the volume of ice cold acetone. 

Samples in acetone were then briefly vortexed and incubated at -20°C for a minimum of 

20 minutes. Following this incubation, samples were centrifuged at 18,000 x g for a 
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maximum of 20 minutes at 4°C. The supernatant was discarded and the remaining 

pellet was allowed to air dry for 5 minutes to allow the acetone to evaporate. After 

drying, the pellet was resuspended in 1X sample buffer by vortexing. Samples were 

then loaded onto polyacrylamide gels. 

2.4.5 Polyacrylamide gels 
Polyacrylamide gels were poured into casting sets using the reagents and 

volumes listed in Table 2.3 depending on the percentage of gel. 

Table 2.4 Acrylamide gel ingredients and proportions 

Resolving Gel 
8% 10% Reagent 

4.2 mL 3.8 mL ddH2O 

1.6 mL 2 mL 40% Acrylamide 

2 mL 2 mL 1.5 M Tris, pH 8.8 

80 µL 80 µL 10% Sodium dodecyl sulfate 

80 µL 80 µL 10% Ammonium persulfate 

8 µL 8 µL Tetramethylethylenediamine 

 

Stacking Gel 
6% Reagent 

3.525 mL ddH2O 

750 µL 40% Acrylamide 

625 µL 1.0 M Tris, pH 6.8 

50 µL 10% Sodium dodecyl sulfate 

50 µL 10% Ammonium persulfate 

5 µL Tetramethylethylenediamine 

The resolving portion of the gel was allowed to set for 30 minutes before the 

stacking gel was poured and allowed to polymerize. After gels were poured and fully 

polymerized, they were placed into the electrophoresis cassette. 1X running buffer was 

poured to fill the cassette, combs were removed from the stacking gels and samples 

were loaded onto the gel. Gels were run at 120V for approximately 2 hours. Gels were 

removed from the casting set and prepared for semi-dry transfer. Polyvinylidene 

difluoride (PVDF) (Millipore, cat. no. IPVH00010) membrane was soaked in methanol 

for 5 minutes followed by a rinse in ddH20. The membrane was transferred to cold 
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transfer buffer and allowed to incubate with filter paper (Fisher Scientific cat. no. 

PI88605) for 30 minutes. In the semi-dry transfer apparatus, the filter paper, membrane, 

and gel stack was prepared and bubbles were rolled out using a conical tube. Transfers 

were run at 10V for 30 minutes. Following transfer, membranes were placed into boxes 

for subsequent blotting. 

2.4.6 Western blotting 
Membranes were incubated in Licor blocking solution (Licor cat. no. 927-40000) 

or 10% normal horse serum (Vector Laboratories cat. no. S-2000) in 10 mM PBS+0.5% 

Tween-20 (PBST) for 1 hour at room temperature or overnight at 4°C. Following a brief 

rinse in 10mM PBST (0.5%), membranes were placed into primary antibody diluted in 

PBST overnight at 4°C or for 1 hour at room temperature with agitation. After primary 

antibody incubation, membranes were washed three times for 10 minutes at room 

temperature using 10mM PBST. Secondary antibody diluted in 10mM PBST was added 

for one hour and left shaking at room temperature. Membranes were then washed twice 

for 5 minutes at room temperature with 10mM PBST and once for 5 minutes with 10mM 

PBS. Membranes were scanned on an Odyssey near-infrared fluorescent imaging 

system (Licor). 

2.5 Antibodies and Cytokines 

2.5.1 Primary antibodies 

Table 2.5 Primary antibodies used for immunocytochemistry (ICC), 

immunohistochemistry-paraffin sections (IHC-P), immunofluorescence (IF), and western 

blot (WB) 

Target Species Catalog No. Application Dilution 
G3BP Rabbit Abcam ab181149 ICC 1:250 

G3BP Mouse Abcam ab56574 ICC 1:500 

   IHC-P 1:500 

   IF 1:500 

hnRNP A1 Rabbit Abcam ab4791 ICC 1:500 

   IHC-P 1:500 
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   IF 1:500 

hnRNP A1 

(9H10) 
Mouse Millipore 04-1469 ICC 1:500 

   IHC-P 1:500 

hnRNP A1 

(4B10) 
Mouse Millipore 05-1521 ICC 1:1000 

   WB 1:2000 

   IHC-P 1:1000 

   IF 1:1000 

TIA-1 Rabbit Abcam ab140595 ICC 1:100 

   IHC-P 1:100 

   IF 1:100 

Spastin Rabbit Fisher PA5-44807 WB 1:2000 

Puromycin Mouse Kerafast EQ0001 ICC 1:1000 

Phos-eIF2a Rabbit Abcam ab32157 WB 1:500 

   ICC 1:250 

eIF2a Rabbit CST 9722 WB 1:1000 

b-Actin Rabbit CST 4967 WB 1:1000 

SMI-32 Mouse BioLegend 801701 IF 1:1000 

CD3 Rabbit Abcam ab5690 IF 1:500 

CD68 Rabbit Abcam ab125212 IF 1:1000 

NeuN Rabbit Abcam ab177487 IF 1:1000 

IFNg Rat Invitrogen MM700 IF 1:100 

2.5.2 Secondary antibodies 

Table 2.6 Secondary antibodies used for ICC, IHC-P, IF, and WB 

Target Species Catalog No. Dilution 

Mouse AlexaFluor488 Donkey 
Jackson ImmunoResearch 

715-546-151 

IF, ICC 

1:1000 



 37 

Mouse DyLight594 Goat 
Jackson ImmunoResearch 

115-515-006 

IF, ICC 

1:1000 

Rabbit DyLight594 Goat 
Jackson ImmunoResearch 

111-586-006 

IF, ICC 

1:1000 

Rabbit AlexaFluor488 Goat 
Jackson ImmunoResearch 

111-545-006 

IF, ICC 

1:1000 

Rat AlexaFluor488 Donkey 
Jackson ImmunoResearch 

712-545-153 
IF 1:500 

Mouse IR680 Donkey Licor 926-68022 WB 1:15,000 

Rabbit IR680 Donkey Licor 926-68023 WB 1:15,000 

Biotinylated Mouse IgG Donkey Amersham RPN1001 IHC 1:200 

Biotinylated Rabbit IgG Donkey Amersham RPN1004 IHC 1:200 

Mouse Alkaline 

Phosphatase 
Donkey 

Jackson ImmunoResearch 

715-055-151 
IHC 1:200 

 
2.5.3 Cytokines 

Table 2.7 Cytokines used for in vitro experiments 

Cytokine Target Species Catalog No. 

IFNg Human R&D Systems 285-IF 

IL-12 Human R&D Systems 219-IL 

TGFb Human R&D Systems 240-B 

 
2.6 Data Analysis 

2.6.1 Experimental autoimmune encephalomyelitis 
Each animal was given a daily score based on the criteria outlined in 2.1.2. At the 

end of an experiment, animals were separated based on treatment group and the 

scores were averaged each day for each treatment group. Every animal experiment 

was averaged together to give the total number of animals were treatment group. A 
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one-way ANOVA was conducted to determine differences between groups on each day. 

Statistical analyses were performed using GraphPad Prism 8.  

2.6.2 Western blot 
Signal intensity was calculated for each western blot using ImageJ software. 

Next, percent signal intensity was calculated for each protein tested. For each protein, 

the relative signal intensity was calculated relative to the control animal signal. The 

adjusted signal intensity was normalized relative to the loading control protein (beta-

actin). Relative change of signal intensity for treatments was compared relative to 

control tissue for each protein tested. 

2.6.3 Stress granule quantification (in vitro) 
Slides were examined using an Olympus BX53 microscope with the 

accompanying software. Randomly selected areas of the individual treatment wells on 

the 8-well cell culture plate were photographed for quantification. Images were acquired 

by an Olympus DP72 camera. Images were imported into ImageJ for counting of nuclei 

and SGs using the counter tool. Experiments were repeated at least three times. 

Groups of 500 cells were counted from each experiment to quantify the percentage of 

SG+ cells. Results are shown as means ± SEM for groups of 500 cells that were 

counted from each experiment. Statistical analyses were performed using GraphPad 

Prism 5 software. For multiple comparisons, one-way ANOVA with Bonferroni or 

Dunnett’s post-hoc tests were used to determine statistical significance. P<0.05 was 

considered statistically significant. 

2.6.4 Stress granule quantification (in vivo) 
Slides were examined using an Olympus BX53 microscope with the 

accompanying software. Spinal cord sections were assessed for the total number of 

cells with TIA1+ granules within the anterior portion of the grey matter. Two serial 

sections of four individual cord sections (n=8 sections) were assessed for each animal. 

Each individual cord section was from a different area of the spinal cord (cervical, upper 

thoracic, lower thoracic, lumbar). 
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2.6.5 Cytoplasmic mislocalization quantification (in vivo) 
Slides were examined using a Zeiss microscope with the accompanying ZEN 

software. Images were imported into ZEN software for the extraction of individual 

channels (blue, green, red). CellProfiler (v. 3.1.5) was used to quantify cytoplasmic 

mislocalization of hnRNP A1 in mouse spinal cord sections. Individual nuclei (DAPI) and 

hnRNP A1 images were imported into CellProfiler and run through a pipeline which 

allowed for the individual outlining of nuclei (Figure 2.1) and hnRNP A1/whole cell 

(Figure 2.1) staining. The program then generates the difference between nuclear and 

hnRNP A1 staining as a third area referred to as ‘cytoplasm’ (Figure 2.1). The sum of 

the pixel intensities within each object (nuclear, hnRNP A1, cytoplasm) was measured 

by the program and referred to as the integrated intensity. In order to determine the 

percent of hnRNP A1 in the nucleus, the integrated intensity in a cell’s nucleus (Figure 

2.1) was divided by the integrated intensity of the whole cell (Figure 2.1) and multiplied 

by 100. For the percent of hnRNP A1 in the cytoplasm, the integrated intensity in a cell’s 

cytoplasm (Figure 2.1) was divided by the integrated intensity of the whole cell (Figure 

2.1) and multiplied by 100. All integrated intensity measurements were taken on the 

hnRNP A1 image. Groups of 25 cells per spinal cord section were counted to quantify 

the percentage of nuclear versus cytoplasmic hnRNP A1. Larger cells were selected for 

quantification and only cells in focus were used. Statistical analyses were performed 

using GraphPad Prism 8 software. For multiple comparisons, one-way ANOVA with 

Bonferroni post-hoc tests were used to determine statistical significance. P<0.05 was 

considered statistically significant.
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Figure 2.1 Quantification strategy for hnRNP A1 mislocalization in spinal cord neurons. In order to compare hnRNP A1 

localization across animals, a method for quantifying hnRNP A1 in the cytoplasm was used. Images of spinal cord were 

acquired at 40X and imported into CellProfiler (v. 3.1.5). Nuclei images, marked by DAPI, and hnRNP A1 images were run 

through a pipeline which allowed for the individual outlining of nuclei (DAPI, nuclei) and hnRNP A1 staining (hnRNP A1, 

cells). The program then generates the difference between nuclear and hnRNP A1 staining as a third area referred to as 

‘cytoplasm’. The sum of the pixel intensities within each object were taken from the hnRNP A1 image and referred to the 

integrated intensity. In order to determine the percent of hnRNP A1 in the nucleus, the integrated intensity in a cell’s 

nucleus was divided by the integrated intensity of the whole cell and multiplied by 100. For the percent of hnRNP A1 in the 
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cytoplasm, the integrated intensity in a cell’s cytoplasm was divided by the integrated intensity of the whole cell and 

multiplied by 100. White stars indicate cells that were traced in the example image.
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2.6.6 Immune cell infiltrate quantification (in vivo) 
For CD3+ cell quantification, whole spinal cord images were acquired using Zeiss 

and the accompanying Zen Blue Software. The CD3+ fluorescent channel (red) was 

exported as a TIFF file with an embedded 100 µm scale bar. Images were imported into 

ImageJ software for manual counting of CD3+ cells using the cell counter tool. In order 

to correct for differences in spinal cord areas, the scale bar was used to set a scale for 

all of the images. Spinal cords were manually traced using the freehand selection and 

then measured with the output in µm2, which was converted to mm2 to give CD3+ cells 

per mm2 as the final measurement. Statistical analyses were performed using 

GraphPad Prism 8 software. For multiple comparisons, one-way ANOVA with 

Bonferroni post-hoc tests were used to determine statistical significant. P<0.05 was 

considered statistically significant. Pearson’s R was calculated for correlation analysis. 

 For CD68+ cell quantification, whole spinal cord images were acquired using the 

same as above. However, the exposure times for each fluorescent channel were 

identical across samples. DAPI images were acquired at 0.746 milliseconds. Green 

fluorescence was captured at 19.466 milliseconds. Red fluorescence was captured at 

200 milliseconds. As above, the red fluorescent channel was exported. Images were 

opened in ImageJ and converted to 8-bit grey-scale images. The brightness and 

contrast of every image was adjusted with the following parameters: minimum [0] 

maximum [203]. The integrated density, mean gray value, and area were recorded for 

each whole image as well as three background selections with no fluorescence. Using 

the integrated density, the corrected total cell fluorescence (CTCF) per mm2 was 

calculated. Results were reported as CD68 immunoreactivity. Statistical analyses were 

performed using GraphPad Prism 8 software. For multiple comparisons, one-way 

ANOVA with Bonferroni post-hoc tests were used to determine statistical significant. 

P<0.05 was considered statistically significant. Pearson’s R was calculated for 

correlation analysis. 

2.6.7 SMI-32 quantification (in vivo) 
For SMI-32 immunoreactivity, whole spinal cord images were acquired using the 

same microscope, camera, and software as immune cells. Identical exposure times for 

each fluorescent channel were employed across samples. DAPI images were acquired 
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at 2.493 milliseconds. Green fluorescence was captured at 32.863 milliseconds. Red 

fluorescence was captured at 191.176 milliseconds. Red fluorescent channel images 

were opened in ImageJ and converted to 8-bit grey-scale images. The brightness and 

contrast of every image was adjusted with the following parameters: minimum [0] 

maximum [203]. The integrated density, mean gray value, and area were recorded for 

each whole image as well as three background selections with no fluorescence. Using 

the integrated density, the CTCF per mm2 was calculated. Results were reported as 

SMI-32 immunoreactivity. Statistical analyses were performed using GraphPad Prism 8 

software. For multiple comparisons, one-way ANOVA with Bonferroni post-hoc tests 

were used to determine statistical significant. P<0.05 was considered statistically 

significant. Pearson’s R was calculated for correlation analysis. 

2.6.8 Human pathology quantification 

Slides were examined using an Olympus BX53 microscope with the 

accompanying software. Images were acquired by an Olympus DP72 camera. Images 

were imported into ImageJ and individual neurons were assessed for different RNA 

binding protein features. Images were labeled with case identifier numbers so that 

counters were blinded to the condition of each case. These included: neurons with 

mislocalized hnRNP A1, neurons with hnRNP A1 cytoplasmic granules, neurons with 

nuclear hnRNP A1, neurons with mislocalized TIA1, neurons with cytoplasmic TIA1+ 

SGs, and neurons with nuclear TIA1. Groups of 500 neurons were counted for each 

case and percentages were determined by dividing the number of positive neurons for a 

pathological feature by the total number of neurons counted. Statistical analyses were 

performed using GraphPad Prism 8 software. For comparisons between control and MS 

samples, one-tailed unpaired t-tests were used to determine differences. P<0.05 was 

considered statistically significant. 
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Chapter 3: Results 

3.1 Dysfunctional RNA binding protein pathology as a result of IFNg addition to 
the media of the neuroblastoma cell line SK-N-SH in vitro 

 Dysfunctional RNA binding protein biology shows three major consequences: (1) 

persistent SG formation (2) RBP mislocalization from the nucleus to the cytoplasm and 

(3) altered RNA metabolism96. Because cytokines play such a crucial role in MS 

pathogenesis167-169, we wanted to assess the impact of cytokines on SG formation and 

persistence, hnRNP A1 localization, and RNA metabolism. 

3.1.1 IFNg treatment, but not TGFb or IL12, induces G3BP+ stress granules 
 We first wanted to determine whether cytokines would induce SG formation in 

SK-N-SH cells, a neuroblastoma cell line with neuron-like properties. We selected three 

cytokines: TGFb, a primarily regulatory cytokine170, IL12, a cytokine involved in the 

differentiation of naïve T cells into TH1 cells171, and IFNg, the primary pro-inflammatory 

cytokine released by TH1 cells172. Cytokines were added individually to SK-N-SH for 48 

hours at a concentration of 200 ng/mL. Cells were then fixed and immunostained for SG 

granule formation using the SG-specific marker, G3BP. Figure 3.1 shows the 

differences in SG formation across the cytokine treatments. Untreated, TGFb treated, 

and IL12 treated cells showed G3BP staining diffusely distributed throughout the 

cytoplasm of cells with no SG formation in the cytoplasm of cells (Figure 3.1). However, 

IFNg treated cells exhibited the formation of foci in the cytoplasm of cells that are 

characteristic of SGs (Figure 3.1). There was a statistically greater degree of SG 

formation in IFNg treated cells as compared to untreated, TGFb treated, and IL12 

treated cells (Figure 3.1). 

3.1.2 IFNg treated cells show the persistence of stress granules following a 4-hour 
recovery period 
 Because SGs typically disassemble following removal of a stressor158,161, we 

chose to examine whether the SGs that formed following IFNg treatment would 

disassemble after the removal of IFNg with sufficient time to recover. Previous research 

has shown that SGs can disassemble within minutes of stressor removal so we chose 
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to allow cells to recover for 4 hours, allowing sufficient time for this to occur. Cells were 

treated with IFNg (200 ng/mL for 48 hours) or heat shock, a positive control for SG 

formation, for 1 hour at 43°C. Following the specified treatments, media was removed, 

cells were washed with fresh media and placed at normal conditions for 4 hours before 

being fixed and immunostained. There was sustained SG formation after the 4-hour 

recovery period following IFNg treatment (Figure 3.2, IFNg recovery) whereas cells 

treated with heat shock showed SG resolution following the 4-hour recovery period 

(Figure 3.2, heat shock recovery). The number of SGs in the IFNg 4-hour recovery 

treatment was similar to cells that were treated with IFNg and not allowed to recover 

(Figure 3.2). However, the number of SGs in the heat shock 4-hour recovery treatment 

were comparable to control cells (Figure 3.2). 
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Figure 3.1 IFNg treatment, but not TGF-b or IL-12, induces stress granules. SK-N-SH 

cells were treated for 48 hours at 37°C with media (control) TGFb (200 ng/mL), IL12 (200 

ng/mL), or IFNg (200 ng/mL) and stained for SG formation (G3BP, green). Scale bar 30 

μm. Boxes show magnified images of cells. Treatments were quantified as the percent of 

SG containing cells. Each treatment is plotted as the mean +/-SEM (error bars). One-Way 

ANOVA (**p<0.01).   
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Figure 3.2 IFNg treated cells show the persistence of stress granules following a 4-hour 

recovery period. SK-N-SH cells were treated with media (control) at 37°C, heat shock at 

43°C for 1 hour (heat shock), heat shock at 43°C for 1 hour followed by 4 hours at 37°C 

(heat shock recovery), IFNg (200 ng/mL) for 48 hours at 37°C (IFNg) or IFNg (200 
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ng/mL) for 48 hours at 37°C followed by three washes with media and a 4-hour 

incubation period at 37°C (IFNg recovery). Cells were stained for SG formation (G3BP, 

green). Scale bar 30 μm. Treatments were quantified as the percent of SG containing 

cells. Each treatment is plotted as the mean +/-SEM (error bars). One-Way ANOVA 

(**p<0.01, ***p<0.001, ****p<0.0001, ns=not significant). 
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3.1.3 IFNg addition leads to hnRNP A1 cytoplasmic mislocalization 

 We next wanted to determine whether IFNg could induce hnRNP A1 

mislocalization from the nucleus to the cytoplasm. Cells were treated with IFNg (200 

ng/mL for 48 hours) before being fixed and immunostained for SG formation and 

hnRNP A1 localization. In control cells, hnRNP A1 was localized entirely to the nucleus 

(Figure 3.3, top) with no SG formation in the cytoplasm of cells. In contrast, IFNg 

treatment led to the mislocalization of hnRNP A1 from the nucleus to the cytoplasm 

(Figure 3.3, middle and bottom). Mislocalization of hnRNP A1 due to IFNg treatment 

was confirmed by western blot using nuclear and cytoplasmic fractions harvested from 

IFNg treated cells. The nuclear fractions from control, heat shock, and IFNg treated cells 

showed approximately the same amount of hnRNP A1. However, cytoplasmic lysates 

from IFNg treated cells showed an increase in hnRNP A1 protein amounts as compared 

to the control and heat shock treated cytoplasmic lysates (Figure 3.3). Furthermore, 

immunostaining for both hnRNP A1 and SGs revealed colocalization of mislocalized 

hnRNP A1 with SGs in some IFNg treated cells indicating hnRNP A1 may be recruited 

to SGs (Figure 3.3, arrows). Additionally, some cells with hnRNP A1 mislocalization did 

not show SG formation (Figure 3.3, asterisks). 

3.1.4 IFNg treatment leads to disrupted translation in G3BP+ stress granule cells, 
which persists following a 4-hour recovery period 
 During stress, SG formation is associated with disrupted RNA metabolism, such 

as translational arrest. Translation resumes following recovery from a stressor 83. We 

next wanted to determine whether IFNg-induced SGs showed translational impairment 

as a measurement of RNA metabolism. Translation was monitored by pulse-labeling 

cells with puromycin, which incorporates into elongating peptides without damaging 

cells at low concentrations164. 30-minutes before cells were fixed, cells were pulse 

labeled with puromycin at a concentration of 1 µg/mL. Puromycin was detected using an 

anti-puromycin antibody during immunostaining. Control cells showed puromycin 

staining in cells, which is indicative of puromycin incorporation into elongating peptides 

suggesting that translation in occurring normally (Figure 3.4, top). Conversely, cells that 

were exposed to IFNg showed a lack of puromycin immunoreactivity in SG+ cells 
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indicative of a disruption in translation (Figure 3.4, middle). There was also little to no 

puromycin immunoreactivity in SG+ cells following IFNg treatment and after the 4-hour 

recovery period suggesting that translation is still impaired even after IFNg, the stressor, 

has been removed (Figure 3.4, bottom). In contrast, adjacent cells without SGs in these 

two IFNg experimental groups showed robust puromycin immunostaining indicative of 

normal translation. 
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Figure 3.3 IFNg addition leads to the formation of stress granules and hnRNP A1 

mislocalization with colocalization between stress granules and mislocalized hnRNP A1. 

SK-N-SH cells were treated for 48 hours with media (control) or IFNg (200 ng/mL) at 

37°C. Cells were stained for SGs (G3BP, green) and hnRNP A1 (red). The asterisks 

indicate cells with hnRNP A1 mislocalization and the arrows indicate colocalization 

between SGs and cytoplasmic hnRNP A1. Scale bar 20 μm. Western blot analysis 

confirmed hnRNP A1 mislocalization to the cytoplasm following IFNg treatment. SK-N-
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SH cells were treated with media (C–negative control), heat shock (HS–positive control 

for SG formation) for 1 hour at 43°C, or IFNg (200 ng/mL for 48 hours at 37°C). Western 

blots were performed three times with new biological replicates each time. For nuclear 

lysates, 30 µg of protein was loaded for each condition. For cytoplasmic lysates, 50 µg 

of protein was loaded for each condition. Western blot results are quantified relative to 

beta-actin, which was used as a loading control. One-way ANOVA (*p<0.05).  
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Figure 3.4 IFNg treated stress granule positive cells show disrupted translation even 

following a 4-hour recovery period. SK-N-SH cells were treated with media at 37°C for 

48 hours (control, top), IFNg (200 ng/mL) for 48 hours at 37°C (IFNg, middle) or IFNg 

(200 ng/mL) for 48 hours at 37°C followed by three washes of media and a 4-hour 

incubation period at 37°C (IFNg Recovery, bottom). Cells were then stained for SGs 

(G3BP, green) and puromycin incorporation (red). Puromycin tags elongating peptides 

during translation. Incorporation of puromycin and detection of it via 

immunocytochemistry is an indication that translation is occurring. Control cells show 

incorporation of puromycin indicative of normal translation. Dotted outlines surround 

individual cells showing that SG containing cells also had inhibited translation, in 

contrast to adjacent cells without SGs, which showed normal translation. Scale bar 20 

μm.  
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3.1.5 IFNg treatment leads to stress granule formation via a phos-eIF2a dependent 
mechanism 
 One of the primary drivers of SG formation is the phosphorylation of eIF2a83. 

Although the majority of stressors induce SGs via a phosphorylated eIF2a dependent 

mechanism, there are some stressors, such as UV light and hydrogen peroxide, that 

lead to the formation of SGs in a phos-eIF2a independent mechanism154,155. We 

hypothesized that IFNg was leading to SG formation through a phos-eIF2a dependent 

mechanism. Cells were exposed to IFNg (200 ng/mL for 48 hours) and immunostained 

for SGs and phos-eIF2a. IFNg treated cells that were SG+ showed increased staining 

for phos-eIF2a (Figure 3.5, arrows). Contrastingly, adjacent cells without SGs formation 

showed reduced immunoreactivity for phos-eIF2a (Figure 3.5). In order to confirm 

increased levels of phos-eIF2a following IFNg treatment, western blot was performed. 

Immunoblot was performed for phos-eIF2a,  eIF2a, and b-actin. Protein bands were 

normalized to b-actin and results were reported as the phos-eIF2a/eIF2a ratio to control 

for differences in overall eIF2a protein production. Increased levels of phos-eIF2a 

following IFNg treatment were confirmed by western blot (Figure 3.6B). 

3.1.6 IFNg may contribute to phosphorylation of eIF2a through the kinase, protein 
kinase R 
 eIF2a is phosphorylated by four kinases: PERK, PKR, HRI, and GCN2. Previous 

research has shown that different stressors can activate one or more of these 

kinases144. Furthermore, prior studies have shown that interferons, including IFNg, as 

well as other cytokines can activate PKR to phosphorylate eIF2a173. We wanted to 

examine whether the mechanism by which IFNg was leading to increased levels of 

phos-eIF2a was PKR mediated. In order to test this, we used a PKRi. The IC50 for the 

PKRi was reported as 210 nM, however, the dose curve appeared to completely inhibit 

PKR activity around approximately 1000 nM166. Therefore, we chose 1000 nM 

concentration to completely block PKR activity in the cells. Cells were treated with IFNg 

for 16 or 48 hours (200 ng/mL) or treated with 1000 nM PKRi for 4 hours prior to being 

exposed to IFNg for 16 hours.  Cells were fixed and immunostained for phos-eIF2a or 



 55 

harvested for western blot. Membranes were immunoblotted for phos-eIF2a,  eIF2a, 

and b-actin. Protein bands were normalized and results were reported as the phos-

eIF2a/eIF2a ratio to control for differences in overall eIF2a protein levels. 

Immunostaining showed relatively little to no phos-eIF2a immunoreactivity in control 

cells (Figure 3.6A, top panels). Contrastingly, 16 hour and 48 hour IFNg treated cells 

showed increased levels of phos-eIF2a immunoreactivity (Figure 3.6A, second and third 

panels). However, PKRi pre-treated cells that were subsequently exposed to 

IFNg showed phos-eIF2a immunoreactivity levels similar to control cells (Figure 3.6A, 

bottom panels). These results were confirmed by western blot (Figure 3.6B). The PKRi 

experimental group had a decreased phos-eIF2a/eIF2a ratio as compared to the 16 

and 48 hour IFNg ratio, however, this difference only reached significance between the 

16 hour IFNg treatment and PKRi groups (Figure 3.6C). These results suggest that PKR 

may be partially responsible for the phosphorylation of eIF2a following IFNg treatment 

and that this may subsequently result in SG formation.



 56 

 
Figure 3.5 IFNg treatment leads to phosphorylation of elongation initiation factor 2 alpha (phos-eIF2a), the first step in 

global inhibition of translation. SK-N-SH cells were treated with media alone at 37°C (top panel, control) or media 

containing IFNg at 200 ng/mL for 48 hours at 37°C (bottom panel, IFNg). Cells were then stained for SG formation (G3BP, 

green) and phosphorylated eIF2a (phos-eIF2a, red). IFNg treated cells, in contrast to control cells, showed the formation 

of SGs. Cells with G3BP+ SGs also showed increased levels of phosphorylated eIF2a suggesting that translation was 

inhibited in these cells. Scale bar 50 µm. 
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Figure 3.6 IFNg phosphorylation of eIF2a is partially mediated by the kinase protein 

kinase R. (A) SK-N-SH cells were treated with media alone at 37°C (top panel, control), 

media containing IFNg at 200 ng/mL for 16 hours at 37°C (second panel, 16hr IFNg), 

media containing IFNg at 200 ng/mL for 48 hours at 37°C (third panel, 48hr IFNg), or 

media containing 1000 nM PKRi for 4 hours followed by IFNg at 200 ng/mL for 16 hours 

(bottom panel, PKRi). Cells were then stained for phosphorylated eIF2a (phos-eIF2a, 

red). Both of the 16 and 48 hour treatments with IFNg led to increased levels of phos-

eIF2a however, pre-treatment with the PKRi partially prevented phosphorylation of 

eIF2a suggesting that PKR may be one of the kinases responsible for this effect after 

treatment with IFNg. (B) Western blot confirmed elevated levels of phos-eIF2a following 

IFNg treatments. Each lane represents a biological replicate of that designated 

treatment. Western blots were repeated three times for three technological replicates 

with two biological replicates per each technological replicate. 50 µg of protein was 

loaded for each condition. (C) Results are graphed as a ratio of phos-eIF2a to non-

phosphorylated eIF2a to control for differences in non-phosphorylated protein levels 

across samples. All samples were normalized to beta-actin, the loading control. One-

way ANOVA (*p<0.05 **p<0.01). Scale bar 50 µm.  
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3.2 Dysfunctional RNA binding protein biology in animals with experimental 
autoimmune encephalomyelitis  

 The EAE animal model is popularly used as an animal model of MS because it 

recapitulates similar (but not all) neurological, pathological, and immunological features 

of MS
25,174

. In order to determine the effect that anti-hnRNP A1 antibodies may be 

playing in disease, we injected EAE animals with anti-hnRNP A1-M9 antibodies that 

recognize the same immunodominant epitope of hnRNP A1 as MS patient IgG (Figure 

1.3)
74

. At the first sign of disease, limp tail, animals were injected with anti-hnRNP A1-

M9 antibodies (100 µg every other day X 3; ‘anti-hnRNP A1 animals’), IgG isotype 

control antibody (100 µg every other day X 3; ‘IgG animals’), or PBS (100 µL every 

other day X 3; ‘PBS animals’).  

3.2.1 Stress granule formation and hnRNP A1 mislocalization occur in the spinal 
cords of mice with EAE 
 We have previously shown that anti-hnRNP A1 antibodies induce SGs and 

endogenous hnRNP A1 mislocalization in vitro122,175
. This and our in vitro findings 

regarding the role of IFNg in dysfunctional RBP biology, led us to hypothesize that EAE 

animals would show features of dysfunctional RBP biology, including SG formation and 

hnRNP A1 mislocalization. 

In order to test these hypotheses, fixed spinal cord tissue from naïve, PBS, IgG, 

and anti-hnRNP A1 animals were cryosectioned and stained for hnRNP A1 and TIA1, a 

marker of SGs. Previous findings in EAE demonstrated damage to the anterior portions 

of the grey matter of spinal cord
59,176-178

. This led us to concentrate on this area to look 

for signs of dysfunctional RBP biology in neurons.  Naïve animals showed nuclear 

localization of hnRNP A1 with little to no cytoplasmic staining in grey matter cells 

(Figure 3.7, top panels). However, neurons in the grey matter of EAE mice from all three 

treatment conditions (PBS, IgG, and anti-hnRNP A1) showed hnRNP A1 cytoplasmic 

mislocalization (Figure 3.7, bottom panels). Furthermore, spinal cord grey matter 

neurons from naïve animals showed nuclear localization of TIA1 with no cytoplasmic 

foci suggesting no SG formation in these animals (Figure 3.7, top panels). EAE animals, 

including all three treatment groups, showed an increase in the number of grey matter 
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cells with TIA1
+
 cytoplasmic foci indicating the formation of SGs in these cells (Figure 

3.7, bottom panels, an example). SGs ranged in size and number in these animals 

consistent with the literature that shows variation in SG size which is dependent on 

numerous factors
126

. Additionally, a number of these TIA1
+
 SGs in EAE animals showed 

colocalization with mislocalized hnRNP A1 puncta in the cytoplasm of cells (Figure 3.7, 

arrows). These findings confirmed our hypothesis that EAE animals exhibited features 

of dysfunctional RBP biology, including hnRNP A1 mislocalization and SG formation. 

3.2.2 hnRNP A1 mislocalization in the spinal cords of mice with EAE positively 
correlates with clinical score 

RBP mislocalization from nucleus to cytoplasm is a hallmark of disease in ALS 

and FTLD and can be observed in their corresponding animal models
179

. In fact, 

mutations within FUS that cause a greater degree of cytoplasmic mislocalization in vitro 

are associated with more severe forms of ALS
112

. Therefore, we wanted to determine 

whether the degree of hnRNP A1 mislocalization might be related to clinical disease 

severity as it is in ALS animal models. 

Spinal cord tissue from naïve mice and EAE mice treated with PBS, IgG 

antibodies, and anti-hnRNP A1 antibodies was cryosectioned and immunostained for 

hnRNP A1. Figure 3.8 shows similar thoracic spinal cord regions from two different anti-

hnRNP A1 animals with different clinical scores. The top panel shows an anti-hnRNP 

A1 animal with a clinical score of 2.0, which exhibits less hnRNP A1 mislocalization than 

a different anti-hnRNP A1 animal in the bottom panel with a clinical score of 3.0. All 

three groups showed positive correlations between EAE clinical score and the amount 

of hnRNP A1 in the cytoplasm: IgG (R=0.8209, p=0.0063), anti-hnRNP A1 animals 

(R=0.7963, p=0.0161) and PBS animals (R=0.8104, p=0.0253). These data suggest 

that EAE clinical score and hnRNP A1 cytoplasmic mislocalization may be related. 
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Figure 3.7 hnRNP A1 mislocalization and stress granule formation are pathological features in the spinal cord of EAE 

animals. Spinal cord cross sections from naïve and EAE mice were sectioned and stained for hnRNP A1 (green) and TIA1 

(red), a marker of SGs. Naïve animals (top panels) show nuclear colocalization of hnRNP A1 and TIA1 but there is no 

cytoplasmic colocalization or presence of either hnRNP A1 or TIA1. However, EAE mice (bottom panels) show hnRNP A1 

cytoplasmic mislocalization as well as the formation of SGs in a subset of spinal cord cells. Some TIA1+ SGs colocalized 

with hnRNP A1 cytoplasmic granules (arrows). Scale bar 50 µm.
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Figure 3.8 EAE animals with higher clinical scores show a greater degree of hnRNP A1 mislocalization than mildly sick or 

naïve animals. Spinal cord cross sections from EAE mice were stained for hnRNP A1 (green). Similar thoracic areas from 

two different anti-hnRNP A1 EAE animals illustrate the positive correlation found between clinical score and cytoplasmic 

hnRNP A1 (n=7, R=0.7963, p=0.0161). EAE animals with lower clinical scores (top panel, clinical score: 2.0) showed mild 

to little hnRNP A1 cytoplasmic mislocalization as opposed to EAE animals with higher clinical scores (bottom panel, 

clinical score: 3.0) which showed a greater degree of hnRNP A1 cytoplasmic mislocalization. IgG animals (n=8) and PBS 

animals (n=6) also showed a positive correlation between clinical score and cytoplasmic hnRNP A1 (R=0.8209, p=0.0063; 

R=0.8104, p=0.0253). Groups of 25 cells were analyzed for hnRNP A1 mislocalization in four separate spinal cord 

sections for each animal and averaged together to achieve a cytoplasmic hnRNP A1 amount for each animal. Scale bar 

for Nissl 10 µm. Scale bar for fluorescence 50 µm.
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3.2.3 PBS and IgG injected animals with higher clinical scores show a greater 
degree of stress granule formation but anti-hnRNP A1 injected animals suggest 
an opposite relationship 

 The formation of SGs has been shown to be related to higher rates of 

pathological tau accumulation in transgenic mouse models of AD where these animals 

are often sicker than those with less tau deposition and fewer SGs101. We wanted to 

determine whether SG formation was related to EAE disease severity. We hypothesized 

that a greater number of TIA1+ SG cells would correlate with higher clinical scores. 

Spinal cords from PBS, IgG, and anti-hnRNP A1 animals were cryosectioned and 

immunostained for TIA1. 

 Naive animals showed no TIA1+ SG formation in the spinal cord (Figure 3.9, 

naïve, top panels). All EAE animals examined, regardless of treatment, showed the 

formation of TIA1+ SGs in the spinal cord grey matter. PBS (n=5) and IgG (n=6) animals 

showed significant positive correlations between clinical score and TIA1+ SG containing 

cells (R=0.8304, p=0.0409 and R=0.9242, p=0.0042, respectively). This positive 

correlation is represented by comparing two IgG animals in Figure 3.9. The IgG animal 

with a clinical score of 2.0 (middle panel) showed fewer TIA1+ SG containing cells than 

a different IgG animal with a clinical score of 3.5 (bottom panel). Interestingly, anti-

hnRNP A1 animals (n=4) showed a trend towards a negative correlation between 

clinical score and TIA1+ SG containing cells (R=-0.8884, p=0.0558). 
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Figure 3.9 PBS and IgG injected EAE animals with higher clinical scores show a greater degree of stress granule 

formation than mildly sick or naïve animals; however, anti-hnRNP A1 injected animals suggest an opposite relationship. 

Naïve animals showed no TIA1
+
 SGs in the spinal cord (naïve, top panel). All EAE animals, regardless of treatment, 

showed the formation of TIA1
+
 SGs in the spinal cord. In the PBS and IgG treatment groups, animals with higher clinical 

scores showed a greater degree of SG formation than animals with milder disease. The above figure shows two IgG 

animals, one with a clinical score of 2.0 (middle panel) and one with a clinical score of 3.5 (bottom panel). The IgG animal 

with a clinical score of 2.0 shows fewer TIA1
+
 SG containing cells than the animals with a clinical score of 3.5 (n=6 IgG 

animals, R=0.9242, p=0.0042). For PBS animals (n=5), R=0.8304, p=0.0409. However, anti-hnRNP A1 animals (n=4) 

showed a trend towards a negative correlation between clinical score and TIA1
+
 SG containing cells but it did not reach 

significance (R=-0.8884, p=0.0558). Scale bar 50 µm.
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3.2.4 hnRNP A1 mislocalization correlates with CD3+ immune cell infiltrates but 

not CD68+ immune cell infiltrates 

 The presence of T-cells and macrophages throughout the spinal cord in EAE has 

been extensively studied. T-cells and other immune cells enter the spinal cord in EAE 

near the L5 area180 and move rostral toward the cervical area of the spinal cord as 

disease progresses181. Interestingly, we observed differences in hnRNP A1 

mislocalization severity within the same animals wherein the cervical area of the cord 

had less hnRNP A1 mislocalization than the thoracic and lumbar areas of the cord.  This 

observation along with previous research, including data from our lab181, describing the 

movement of inflammation rostral within the spinal cord as disease progresses, led us 

to hypothesize that hnRNP A1 mislocalization may be related to the localization of T-

cells and macrophages. 

 Spinal cords from naïve, PBS, IgG, and anti-hnRNP A1 animals were 

cryosectioned and immunostained for hnRNP A1 and CD3, a pan T-cell marker. The 

number of CD3+ immune cell infiltrates per mm2 was calculated for four different spinal 

cord sections for each animal. CD3 infiltrates were only found in the white matter of the 

spinal cord (Figure 3.10). The amount of cytoplasmic hnRNP A1 in neurons was 

determined using the previously described methods for each of the same spinal cord 

sections from which the CD3 quantification was performed. Therefore, each spinal cord 

section had a corresponding CD3 and neuronal cytoplasmic hnRNP A1 quantification. 

These were used for graphs and statistical analyses. All EAE treatment groups showed 

a positive correlation between CD3+ immune cell infiltrates and cytoplasmic hnRNP A1. 

Figure 3.11 shows a cervical and thoracic cord area from the same anti-hnRNP A1 

animal. There are few CD3+ infiltrates in the cervical cord and a low percentage of 

cytoplasmic hnRNP A1. However, the thoracic cord shows a higher degree of CD3+ 

infiltrates in the white matter of the spinal cord and a greater amount of hnRNP A1 in 

the cytoplasm of cells within the grey matter of the same cord. IgG animals showed the 

strongest correlation between CD3+ infiltrates per mm2 and cytoplasmic hnRNP A1 

(R=0.7585, p<0.0001) as compared to PBS animals (R=0.4706, p=0.0244) and anti-

hnRNP A1 animals (R=0.7228, p=0.0026). These data suggest a relationship between 

the amount of CD3 cells in the white matter and hnRNP A1 localization in the grey 
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matter. Furthermore, we stained serial cross sections of spinal cord for IFNg, CD3, and 

hnRNP A1 to determine whether IFNg was being produced by CD3+ cells in areas of the 

spinal cord with hnRNP A1 mislocalization in neurons. We found that areas of the spinal 

cord white matter with high numbers of CD3+ infiltrates also showed expression of IFNg 

(Figure 3.12). Associated grey matter areas where there were high numbers of CD3+ 

infiltrates and expression of IFNg exhibited robust hnRNP A1 cytoplasmic 

mislocalization in neurons (Figure 3.12).  

 We then investigated whether there was a relationship between CD68 infiltrates 

and cytoplasmic hnRNP A1. Spinal cords from all animal groups were cryosectioned 

and immunostained for hnRNP A1 and CD68, a macrophage marker. CD68 infiltrates 

were quantified by taking whole cord images using identical microscope acquisition 

settings across animals and then calculating the immunofluorescent signal in ImageJ. 

This quantification was referred to as the degree of CD68 immunoreactivity and 

performed for four different spinal cord sections for each animal. CD68 infiltrates were 

primarily found in the white matter of the spinal cord (Figure 3.13). The amount of 

cytoplasmic hnRNP A1 was calculated as described previously. Each spinal cord 

section had a corresponding CD68 and cytoplasmic hnRNP A1 quantification. We found 

no correlation between cytoplasmic hnRNP A1 and degree of CD68 immunoreactivity in 

any of the treatment groups. Figure 3.14 shows two different areas from the same IgG 

animal with varying degrees of CD68 immunoreactivity. The thoracic area (left) shows a 

lesser degree of CD68 immunoreactivity in the white matter than the lumbar area (right), 

however both show similar degrees of hnRNP A1 mislocalization in cells of the grey 

matter. We found no correlation between cytoplasmic hnRNP A1 and degree of CD68 

immunoreactivity in any of the treatment groups (Figure 3.14). 

  



 69 

 
Figure 3.10 Detailed staining pattern of CD3 in the white matter of the spinal cord. CD3 

staining in the thoracic spinal cord from an EAE animal shows CD3+ cells in the white 

matter. The white outline in the whole cord image on the left delineates grey matter from 

white matter. 40X and 60X images illustrate the CD3 staining pattern (red) around the 

nuclei (blue) of cells in the white matter boxed area (merge). Scale bars 50 µm. 
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Figure 3.11 hnRNP A1 mislocalization correlates with CD3+ immune cell infiltrates in 

EAE animals. Two different spinal cord areas from the same anti-hnRNP A1 animal 

show different degrees of hnRNP A1 cytoplasmic mislocalization. The cervical area (left 

panel of images) shows little to no CD3+ immune cell infiltrates and little to no hnRNP 

A1 in the cytoplasm. However, the thoracic area (right panel of images) shows a high 

degree of CD3+ immune cell infiltrates and a large degree of hnRNP A1 mislocalization 

to the cytoplasm. All EAE animals examined, regardless of treatment, showed a positive 

correlation between total CD3+ immune cell infiltrates in the white matter and grey 
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matter neuronal cytoplasmic hnRNP A1. Correlation analysis for IgG animals (n=6) 

showed a positive correlation between CD3+ immune cell infiltrates and the amount of 

hnRNP A1 in the cytoplasm of cells (R=0.7585, p<0.0001). For PBS animals (n=5), 

R=0.4706, p=0.0244. For anti-hnRNP A1 animals (n=4), R=0.7228, p=0.0026. For CD3+ 

immune cell infiltrates, the number of positive cells were counted in the corresponding 

areas of the spinal cord. Spinal cords were traced and measured in µm2, which was 

converted to mm2 to give CD3+ cells per mm2 as the final measurement. The white 

outlines in the DAPI channel image delineate grey matter from white matter. Scale bar 

for whole cord image 500 µm; for zoom images 50 µm. 
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Figure 3.12 IFNg and CD3 show similar staining patterns of spinal cord white matter 

and are associated with grey matter areas containing hnRNP A1 mislocalization. Serial 
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spinal cord cross sections from an EAE mouse were stained for IFNg with hnRNP A1 

and CD3 with hnRNP A1. Two serial sections (10 µm apart) show similar distribution of 

IFNg (green, top section) and CD3 infiltrates (red, bottom section) in the white matter. 

IFNg is punctate around nuclei. Associated grey matter areas in both sections show 

mislocalization of hnRNP A1 in grey matter neurons. Scale bar for whole cord image 

500 µm; for zoom images 50 µm.  
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Figure 3.13 Detailed staining pattern of CD68 in the white matter of the spinal cord. 

CD68 staining in the thoracic spinal cord from an EAE animal shows CD68+ cells 

primarily in the white matter. 40X and 60X images of different white matter areas 

illustrate the CD68 staining pattern (red) around the nuclei (blue) of cells in this area 

(merge). Scale bars 50 µm. 
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Figure 3.14 hnRNP A1 mislocalization does not correlate with CD68 immunoreactivity 

in EAE animals. Two different areas from the same IgG animal show different degrees 

of CD68 immunoreactivity. However, both areas show similar degrees of hnRNP A1 

cytoplasmic mislocalization (hnRNP A1, green). Correlation analysis of IgG animals 

(n=6) shows no significant correlation between total CD68 immunoreactivity in the white 

matter and the amount of hnRNP A1 in the cytoplasm of neurons (R=0.4042, 

p=0.0772). For PBS animals (n=5), R=-0.1248, p=0.7147. For anti-hnRNP A1 animals 
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(n=4), R=-0.07601, p=0.8242. For CD68 immunoreactivity, images were acquired using 

identical exposure times for each fluorescent channel across samples. Using ImageJ, 

the integrated density, mean gray value, and area were recorded for each whole image 

as well as three background selections with no fluorescence. Using the integrated 

density, the CTCF was calculated. Results were reported as CD68 immunoreactivity per 

mm2. Scale bar for whole cord image 500 µm; for zoom images 50 µm.  
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3.2.5 EAE animals exposed to anti-hnRNP A1 antibodies show worsened disease 

 The addition of anti-hnRNP A1 antibodies to mice with EAE exacerbated 

disease, as compared to mice who were administered IgG isotype control antibodies or 

PBS (Figure 3.15). These differences became apparent on day 12 after the initial 

antibody injection (typically around day 26 post-MOG immunization). Furthermore, anti-

hnRNP A1 animals continued to exhibit a more severe phenotype for multiple days 

(days 12, 13, 14) following antibody injections. These data replicate previously 

published work by our lab with larger numbers of animals in each group75. 

 We have previously shown that anti-hnRNP A1 animals show increased 

neurodegeneration in the ventral spinocerebellar tract (VSCT) as it leaves the brainstem 

and enters the cerebellum75. The VSCT is an afferent pathway whose cell bodies of 

origin lie in laminae VII, VIII, and X of the anterior horn of the lumbosacral grey matter of 

the spinal cord. Because we observed increased neurodegeneration in the distal 

portions of this tract, we hypothesized that this could be ‘dying back’ neurodegeneration 

where the cell bodies are damaged and distal portions of their axons begin to 

deteriorate. In order to test this hypothesis, we examined the VSCT cell bodies of origin 

in each of the animal groups to determine if there was a loss of neurons in the anti-

hnRNP A1 animals. Interestingly, there is a significant decrease in the density of the 

spinal grey matter that contains VSCT cell bodies in the anti-hnRNP A1 animals (Figure 

3.16).  
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Figure 3.15 EAE animals injected with anti-hnRNP A1 antibodies show higher clinical 

scores than EAE animals injected with PBS or IgG antibodies. EAE animals injected 

with anti-hnRNP A1 antibodies show higher clinical scores starting at day 12 post first 

injection. Arrows indicate days of injections. One-way ANOVA (*p<0.05). 
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Figure 3.16 EAE animals injected with anti-hnRNP A1 antibodies have increased neuronal cell loss in the anterior grey 

matter than EAE animals injected with PBS or IgG antibodies. Lumbosacral spinal cord sections from naïve and EAE mice 

were sectioned and stained for NeuN (green) to determine cell density in the lamina VII area. The outlined area 

represents laminae VII, where the VSCT cells of origin lie. Anti-hnRNP A1 animals showed a decrease in cell 

fluorescence in this area. Using ImageJ, the integrated density, mean gray value, and area were recorded for each traced 

area as well as three background selections with no fluorescence. Using the integrated density and background values, 
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the CTCF was calculated. Results were reported as CTCF per area2. One-way ANOVA (**p<0.01 *p<0.05). Scale bar 10 

µm.
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3.2.6 EAE animals injected with anti-hnRNP A1 antibodies show significantly 

more hnRNP A1 mislocalization than PBS or IgG injected animals 

We further hypothesized that hnRNP A1 mislocalization would be worse in anti-

hnRNP A1 animals as compared to IgG and PBS animals. Approximately 25 cells in the 

anterior spinal cord grey matter were analyzed for each section of cord. Initially, four 

individual cord sections were analyzed for each animal and averaged to give each 

animal an average value of cytoplasmic hnRNP A1 (%). PBS animals (n=6), IgG 

animals (n=6), and anti-hnRNP A1 animals (n=7) showed significantly more hnRNP A1 

in the cytoplasm of cells as compared to the naïve animals (n=4) (Figure 3.17A, B). 

Interestingly, when examining ‘whole cord’, PBS and anti-hnRNP A1 animals were not 

significantly different from each other with regards to the amount of cytoplasmic hnRNP 

A1, however IgG and anti-hnRNP A1 animals were significantly different (Figure 3.17B). 

While quantifying the different areas of cord in each animal, we noticed that 

hnRNP A1 mislocalization seemed dependent on the area of spinal cord being 

examined. Because of this, we decided to examine the thoracic area of spinal cord 

specifically and compare the amount of mislocalization at this anatomical location 

across all the groups. We have previously found that inflammation and injected anti-

hnRNP A1 antibodies localize to this area of the cord by Day 28, which is approximately 

when these animals were sacrificed75,181. PBS (n=6), IgG (n=6), and anti-hnRNP A1 

animals (n=7) all had significantly more hnRNP A1 mislocalization in thoracic grey 

matter neurons as compared to naïve animals (n=4). Anti-hnRNP A1 animals had 

significantly more hnRNP A1 in the cytoplasm of neurons in the thoracic grey matter of 

the spinal cord when compared to PBS and IgG animals; however, PBS and IgG 

animals were not significantly different from each other (Figure 3.17C).   
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Figure 3.17 EAE animals injected with anti-hnRNP A1 antibodies show significantly 

more hnRNP A1 mislocalization than PBS or IgG injected animals. Spinal cord cross 

sections from naïve and EAE mice were stained for hnRNP A1 (green) and NeuN (red), 

a neuronal marker. (A) Naïve animals (n=4) (top panel) show nuclear localization of 

hnRNP A1 with little to no cytoplasmic staining. PBS (n=6) and IgG animals (n=6) 

(second and middle panels) show a greater degree of hnRNP A1 cytoplasmic 

mislocalization than naïve animals but not as much as anti-hnRNP A1 animals (n=7) 

(bottom panel). Cytoplasmic hnRNP A1 (%) was determined for each animal by 

averaging the cytoplasmic hnRNP A1 values from 25 different cells in four individual 
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spinal cord sections. Whole cord values were an average of four different areas of cord 

(B) or only an average of the 25 cells counted in a thoracic cord section (C). Error bars 

are +/- SEM. One-way ANOVA (*p<0.05 **p<0.01 ***p<0.001). Scale bar 50 µm. 
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3.2.7 EAE animals injected with anti-hnRNP A1 antibodies do not show any 

differences in stress granule formation 

Next, we quantified the number of TIA1+ SG cells in each animal. In order to do 

this, we counted the total number of cells in the anterior spinal cord grey matter that 

contained TIA1+ SGs. The number of SG+ cells per cord was calculated. Four individual 

spinal cord sections were analyzed for each animal and averaged to give each animal 

an average number of TIA1+ SG cells per spinal cord. Naïve animals (n=3) did not show 

the presence of TIA1+ SG cells in the spinal cord. PBS animals (n=5), IgG animals 

(n=6), and anti-hnRNP A1 animals (n=4) showed a higher degree of SG formation than 

naïve animals in grey matter cells of the spinal cord (Figure 3.18). Additionally, no 

differences were observed between the EAE treatment groups with regards to TIA1+ SG 

cells (Figure 3.18).  

3.2.8 hnRNP A1 mislocalization correlates with SMI-32 immunoreactivity, a marker 

of neurodegeneration 

 Neurodegeneration is a pathological feature of EAE as well as MS53,182. As in 

MS, neurodegeneration occurs throughout the EAE disease course182. We 

hypothesized that hnRNP A1 mislocalization may be related to neurodegeneration. In 

order to test this, we immunostained spinal cord sections from naïve, PBS, IgG, and 

anti-hnRNP A1 animals for hnRNP A1 and SMI-32, which stains non-phosphorylated 

neurofilament. Increased levels of SMI-32 and thus, non-phosphorylated neurofilaments 

are believed to be a sign of damaged or degenerating axons, which is a marker of 

neurodegeneration183. Naïve animals showed a baseline staining for non-

phosphorylated neurofilament in the grey matter of the spinal cord, which has been 

previously documented and is not considered abnormal184,185. We observed increased 

levels of SMI-32 immunoreactivity in all EAE animals as compared to naïve. PBS (n=5) 

and anti-hnRNP A1 animals (n=4) showed significant positive correlations between total 

cord SMI-32 immunoreactivity and neuronal cytoplasmic hnRNP A1 (R=0.8306, 

p<0.0001 and 0.7979, p=0.0001, respectively). Figure 3.19 depicts a representative 

anti-hnRNP A1 animal with a greater degree of SMI-32 immunoreactivity in the thoracic 

(right) than the cervical (left) area of the spinal cord. Furthermore, there is more hnRNP 

A1 mislocalization in the grey matter of the thoracic spinal cord than in the grey matter 
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of the cervical area. In fact, some cells in the grey matter of the thoracic cord show 

colocalization between cells with hnRNP A1 mislocalization and robust SMI-32 

immunoreactivity (Figure 3.19, arrows). In contrast to PBS and anti-hnRNP A1 animals, 

IgG animals (n=6) showed no correlation between SMI-32 immunoreactivity and 

cytoplasmic hnRNP A1 (R=-0.1437, p=0.4836). 

3.2.9 Altered phenotype in anti-hnRNP A1 injected EAE animals may be due to 

altered levels of spastin, a mRNA that specifically binds to hnRNP A1 

 Interestingly, anti-hnRNP A1 animals showed an altered phenotype in their hind 

limbs, which became spastic (Figure 3.20A). Spasticity is a common symptom of MS 

patients. The increased prevalence of spasticity in anti-hnRNP A1 animals led us to 

hypothesize that the anti-hnRNP A1 antibody was affecting the ability of hnRNP A1 to 

properly bind mRNA targets. Mutations within a protein called spastin have been shown 

to cause hereditary spastic paraplegia, a disease clinically similar to MS186-188. 

Furthermore, the RBD of hnRNP A1 has a 100% binding match for the spastin mRNA 

sequence and we have previously shown that the addition of anti-hnRNP A1 antibodies 

in vitro altered spastin mRNA and protein levels as compared to IgG antibodies8,122. We 

hypothesized that spastin protein and mRNA levels might be altered in the anti-hnRNP 

A1 animals leading to the development of spasticity in these mice. Spinal cords from 

three anti-hnRNP A1 animals showed significantly decreased spastin mRNA levels as 

compared to naïve animals whereas PBS and IgG spinal cords did not (Figure 3.20D). 

Although anti-hnRNP A1 spastin mRNA levels in the spinal cord trended towards being 

less than PBS and IgG, this did not reach significance (Figure 3.20D). Spinal cords 

were also assessed for spastin protein levels. Anti-hnRNP A1 animals showed a 

significant decrease in spastin protein levels in the spinal cord as compared to naïve 

animals (Figure 3.20B). There also appeared to be a trend towards lower levels of 

spastin protein in the spinal cords from anti-hnRNP A1 animals as compared to PBS 

and IgG spinal cords but it did not reach significance (Figure 3.20C).  
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Figure 3.18 There were no differences in stress granule formation between EAE animals injected with PBS, IgG, or anti-

hnRNP A1 antibodies. Spinal cord cross sections from naïve and EAE mice were stained for TIA1 (red), a SG marker. 

Naïve animals (n=3) (top panel) show nuclear localization of TIA1 with little to no cytoplasmic staining. PBS (n=5), IgG 

(n=6), and anti-hnRNP A1 animals (n=4) show a greater degree of TIA1 in the cytoplasm that forms foci reminiscent of 

SGs. White boxes surround cells with SGs that are shown in the right column. Data was plotted as an animal average of 

TIA1+ SG cells the spinal cord. Scale bar 50 µm.
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Figure 3.19 hnRNP A1 mislocalization correlates with SMI-32 immunoreactivity, a 

marker of neurodegeneration, in EAE animals. Two different spinal cord areas from the 

same anti-hnRNP A1 EAE animal show different degrees of hnRNP A1 cytoplasmic 

mislocalization. The cervical area (left panel of images) shows mild SMI-32 

immunoreactivity and little to no hnRNP A1 in the cytoplasm. However, the thoracic 

area (right panel of images) shows a more robust SMI-32 immunoreactivity and a large 

degree of hnRNP A1 mislocalization to the cytoplasm. Correlation analysis for anti-
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hnRNP A1 animals (n=4) showed a positive correlation between SMI-32 

immunoreactivity and the amount of hnRNP A1 in the cytoplasm of cells (R=0.7979, 

p=0.0001). For PBS animals (n=5), R=0.8306, p<0.0001. However, IgG animals (n=6) 

showed no correlation between cytoplasmic hnRNP A1 and SMI-32 (R=-0.1437, 

p=0.4836). For SMI-32 immunoreactivity, images were acquired using identical 

exposure times for each fluorescent channel across samples. Using ImageJ, the 

integrated density, mean gray value, and area were recorded for each whole image as 

well as three background selections with no fluorescence. Using the integrated density, 

the CTCF was calculated. Results were reported as SMI-32 immunoreactivity per mm2. 

Scale bar for whole cord image 500 µm, for zoom images 50 µm.  

 
  



 90 

 
Figure 3.20 EAE mice injected with anti-hnRNP A1 antibodies show an altered 

phenotype that could be due to decreased levels of spastin. (A) EAE animals injected 

with anti-hnRNP A1 antibodies develop spasticity, or stiffness, in the hind limbs that is 

most noticeable when animals are a clinical score of 3.0. Western blot (B, C) and RNA 

analyses (qPCR) (D) were performed using whole spinal cord lysates to determine 

whether levels of spastin protein and mRNA were altered in the spinal cords of anti-

hnRNP A1 EAE animals. Each individual lane of the western blot contains spinal cord 

lysate from a different animal. 50 µg of protein was loaded into each well. Two technical 

replicates were done to obtain western blot results. qPCR results showed a decrease in 

Spast levels in the spinal cord samples from anti-hnRNP A1 animals (n=3) that were 

significantly different from naïve animals but not the other EAE treatment groups. 

Western blot results showed a trend toward decreased spastin protein levels but no 

comparisons reached significance. One-way ANOVA (**p<0.01).   
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3.3 Dysfunctional RNA binding protein biology in Multiple Sclerosis tissue 

 In vitro and in vivo observations led to the hypothesis that dysfunctional RBP 

biology might be part of MS pathology; specifically mislocalization of hnRNP A1 and the 

formation of SGs. 

3.3.1 Neurons from Multiple Sclerosis brain tissue show significantly more 
nucleocytoplasmic hnRNP A1 mislocalization than neurons from control brain 
tissue 

 Cortical brain tissue samples from control and MS patients were stained for 

hnRNP A1 using DAB immunohistochemistry. Tissue was then examined for hnRNP A1 

nuclear localization, hnRNP A1+ cytoplasmic granule formation, and hnRNP A1 

cytoplasmic mislocalization. Two different control and two different MS brain samples 

are illustrated in Figure 3.21 (top panels). In control cortex, hnRNP A1 was primarily 

localized to the nuclei of neurons with some diffuse cytoplasmic staining and little to no 

hnRNP A1+ cytoplasmic granules. In contrast, MS cortex showed little to no hnRNP A1 

in the nuclei of neurons with cytoplasmic mislocalization of hnRNP A1 and the formation 

of hnRNP A1+ cytoplasmic granules (Figure 3.21). 

 MS cases showed varying degrees of hnRNP A1 mislocalization and the 

formation of hnRNP A1+ cytoplasmic granules. In order to compare control and MS 

samples, 500 neurons from each case were counted and characterized based on their 

hnRNP A1 staining pattern. Neurons were counted based on the distribution of hnRNP 

A1. hnRNP A1 was considered nuclear in a neuron if the majority of the protein was 

localized to the nucleus and hnRNP A1 was considered mislocalized if the majority of 

hnRNP A1 was cytoplasmic (represented as hnRNP A1 mislocalization). Neurons were 

also examined for hnRNP A1+ cytoplasmic granules. As seen in the graphs in Figure 

3.21, MS cases (n=3) showed significantly more neurons with hnRNP A1 mislocalization 

and hnRNP A1+ cytoplasmic granules than control cases (n=5). 

3.3.2 Neurons from Multiple Sclerosis brain tissue show significantly more 
formation of TIA1+ stress granules than neurons from control brain tissue 
 We next wanted to determine whether SGs were present in MS brain tissue. We 

performed DAB immunohistochemistry to examine TIA1 distribution in control and MS 
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cortical brain tissue samples. Tissue was examined for TIA1 localization and TIA1+ 

cytoplasmic SG formation. Two different control brain and two different MS brain 

samples are shown in Figure 3.21 (bottom panels). Control cases showed TIA1 

primarily localized to the nucleus of neurons with diffuse cytoplasmic staining and the 

formation of a few cytoplasmic granules. Conversely, some neurons from MS cortex 

showed nuclear depletion of TIA1 and cytoplasmic accumulation of TIA1 into SG 

structures (Figure 3.21). As with hnRNP A1 staining, we quantified these findings by 

counting 500 neurons from each case to look at differences in TIA1 nuclear depletion 

and TIA1 cytoplasmic SG formation. Neurons were considered positive for TIA1 nuclear 

depletion if there was little to no TIA1 in the nuclei and were considered positive for 

TIA1 cytoplasmic SGs if there were three or more granules in the cytoplasm. We found 

a significantly greater number of neurons in MS cases (n=3) contained TIA1+ 

cytoplasmic granules than control cases (n=3).  

3.3.3 hnRNP A1 colocalizes to TIA1+ cytoplasmic stress granules in neurons from 
Multiple Sclerosis tissue 
 Results from individual DAB immunohistochemistry experiments examining 

hnRNP A1 and TIA1 in human tissue revealed the formation of hnRNP A1+ cytoplasmic 

granules and TIA1+ SGs in neurons from MS patients. We hypothesized that some of 

these cytoplasmic granules would show colocalization of hnRNP A1 and TIA1. In order 

to evaluate this, we performed DAB immunohistochemistry for TIA1 with Vector Red 

counterstaining to detect hnRNP A1. In Figure 3.22, neurons from control brain showed 

the colocalization of TIA1 and hnRNP A1 in the nucleus with some diffuse cytoplasmic 

staining (Column A, A’). However, neurons from MS brain showed the mislocalization of 

hnRNP A1 and TIA1 to form cytoplasmic SGs (Column B, B’). Furthermore, some of 

these granules showed hnRNP A1 and TIA1 colocalization. We confirmed these results 

using immunofluorescence for hnRNP A1 and TIA1. Arrows in Figure 3.22 (Column B’) 

show cytoplasmic SGs that contain both hnRNP A1 (green) and TIA1 (red) indicative of 

colocalization (yellow).  
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Figure 3.21 MS brain tissue samples show mislocalization of hnRNP A1 and TIA1+ 

stress granule formation in neurons. Human brain tissue samples were stained with 

hnRNP A1 and TIA1 to determine protein localization and SG formation in the 

cytoplasm. Two different control brain and two different MS brain samples are illustrated 

above. In the control samples (n=5), hnRNP A1 (top panels) was primarily localized to 

the nuclei of neurons with some diffuse cytoplasmic staining. However, MS samples 

(n=3) showed varying degrees of hnRNP A1 mislocalization from nucleus to cytoplasm. 

In control samples (n=3), TIA1 (bottom panels) was primarily localized to the nuclei of 

neurons with some diffuse cytoplasm staining. However, MS samples (n=3) showed 

varying degrees of TIA1+ cytoplasmic SG formation. Groups of 500 neurons from cortex 

were counted per case and the number of cells positive for hnRNP A1 mislocalization or 
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TIA1 cytoplasmic SGs were recorded. A percentage for each case was calculated 

based on this data. Arrows point to SGs in neurons of MS 1 and asterisks indicate 

where the nuclei of cells are located. Each individual dot in the graphs represents a 

different sample, which are detailed in Table 2.2. Unpaired t-test, one tailed analysis 

with *p<0.05 ****p<0.0001. Scale bar 10 µm. 
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Figure 3.22 MS brain tissue samples show colocalization of hnRNP A1 and TIA1+ 

cytoplasmic stress granules in neurons. DAB immunohistochemistry with Vector Red 

counterstain showed colocalization of hnRNP A1 and TIA1 in the nuclei of neurons from 

a control patient (Column A) which was confirmed using immunofluorescence (Column 

A’). Contrastingly, neurons from an MS patient showed mislocalization of both hnRNP 

A1 and TIA1 from the nucleus to the cytoplasm as well as the formation and 

colocalization of hnRNP A1 and TIA1+ cytoplasmic SGs (Column B) which was 

confirmed using immunofluorescence (Column B’). Scale bar 22.5 µm. 
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Chapter 4: Discussion 

 Dysfunctional RBPs have been shown to contribute to a number of neurologic 

diseases, including ALS, FTLD, HD, and AD. The mechanisms by which dysfunctional 

RBP biology contributes to neuronal cell death are just being elucidated. Several 

striking consequences of dysfunctional RBP biology have become hallmarks of these 

diseases. These consequences include mislocalization of the RBP from its normal 

nuclear location to the cytoplasm, cytoplasmic SG formation, and alterations in RNA 

metabolism, including disrupted translation and altered RNA:protein interactions. Data 

presented in this dissertation, for the first time, show evidence of RBP dysfunction as a 

contributor to the pathogenesis of autoimmune mediated disease of the CNS. 

4.1 The role of IFNg in dysfunctional RNA binding protein biology 

 First, we examined whether exposure of neuronal-like cells to inflammatory 

cytokines might lead to dysfunctional RBP pathology, including hnRNP A1 

mislocalization, SG formation, and disrupted translation. Furthermore, if SGs were 

present following inflammatory cytokine exposure, we wanted to determine whether this 

was an eIF2a phosphorylation independent or dependent mechanism. Previous studies 

indicate that anti-hnRNP A1 antibodies added to neuronal-like cells in vitro lead to these 

consequences suggesting that the immune response may influence RBP biology122,175. 

After treating SK-N-SH cells, a neuroblastoma cell line, with IFNg, IL12, or TGFb 

we found that only IFNg elicited SG formation in the cytoplasm of a small percentage of 

cells. IFNg induced SGs were maintained following a 4-hour recovery period suggesting 

that IFNg leads to the formation of persistent SGs that do not disassemble at a normal 

rate (Figure 1.2). Furthermore, the addition of IFNg also led to the mislocalization of 

hnRNP A1 from the nucleus to the cytoplasm of cells some of which colocalized within 

SGs. We then examined translational efficiency and found that IFNg induced SG+ cells 

also displayed properties of disrupted translation (as shown by decreased uptake of 

puromycin), which persisted following a 4-hour recovery period. Halted translation in 

these SG+ cells was shown to be due to the phosphorylation of eIF2a, which was only 

found in IFNg treated cells, which contained SGs and not in adjacent cells. Further data 

indicated that IFNg may be partially acting through the kinase PKR to phosphorylate 
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eIF2a. We, therefore, confirmed our hypotheses that pro-inflammatory cytokine 

exposure, specifically IFNg, leads to (1) sustained SG formation, (2) hnRNP A1 

mislocalization, and (3) disrupted translation through a phosphorylated eIF2a 

mechanism.  

 Multiple mechanisms exist to explain how cytokines are toxic to cells within their 

environment and how this may lead to neurodegeneration. The addition of TNFa and 

interleukin-1b to human primary cell cultures of mixed neuronal and glial populations 

leads to increased nitric oxide production from astrocytes and subsequent neuronal 

injury189. Treatment of primary cell cultures with IFNg and TNFa results in the production 

of toxic b-amyloid suggesting that cytokines may modulate toxic proteins and negative 

impact neurons in AD190. Finally, exposure of NSC-34 cells, a motor neuron cell line, to 

TNFa results in the mislocalization of TDP-43 in a manner similar to what we observed 

with IFNg and hnRNP A1 mislocalization191. While many studies point to the toxicity of 

cytokines, others suggest a dichotomy between protective and harmful cytokines which 

is dependent on the cytokine as well as the brain region where the cytokine is having its 

effect61. 

 IFNg is a potent pro-inflammatory cytokine that plays a major role in CNS 

diseases. Expression of IFNg induced by recombinant gene editing techniques in the 

mouse brain preferentially damages basal ganglia and nigrostriatal pathways192. The 

knockdown of IFNg in a Parkinson’s disease model prevents neurodegenerative effects 

on dopaminergic neurons suggesting that IFNg is a key played in neuronal damage193. 

Further evidence in primary neuronal cultures and cell lines shows that these cells are 

sensitive to cytokines, including IFNg, that can result in damaging effects such as 

excitotoxicity and decreased cell viability194,195. In addition to neuronal effects, IFNg has 

been shown to lead to primary rat oligodendrocyte cell death in vitro as well as 

increasing their susceptibility to a secondary insult157,196. 

 The damaging effects of IFNg become more contested in EAE models, where 

there is competing evidence to suggest protective effects of IFNg. Administration of IFNg 

during EAE have been shown to improve disease severity68,197-199 as well as worsen 

it68,198. Taking all of these studies together, however, suggests that the effect of IFNg is 
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dependent on time of administration during the EAE disease course as well as the strain 

of animal68,198,200.  

 Our data provide a novel mechanism by which IFNg contributes to neuronal 

damage. The effect of cytokines on RBP biology has been shown previously. Treatment 

of Vero cells with IFNa or IFNb elicits a robust SG response that is mediated by PKR 

kinase142. The addition of IFNg and TNFa to intestinal epithelial cells enhances SG 

formation and eIF2a phosphorylation following heat shock insult143. The mislocalization 

of hnRNP A1 caused by IFNg treatment is novel, however, hnRNP A1 has previously 

been shown to associate with SGs under times of stress201. Prolonged exposure of cells 

to IFNg, such as in our in vitro system, may lead to the formation of chronic SGs as 

opposed to acute SGs. In fact, our data showing sustained SG formation suggests that 

this is occurring and that extended IFNg may result in pro-apoptotic instead of protective 

SGs. In the context of EAE and MS, cells are chronically exposed to IFNg. Sustained 

chronic SG formation with the incorporation of hnRNP A1 may disrupt translation of 

critical RNAs for normal neuronal function long enough to lead to cell death or 

dysfunction. 

It is well established that IFNg can activate the kinase PKR so it is unsurprising 

that our data supports this dogma173. However, the addition of a PKR inhibitor to cells 

prior to IFNg did not entirely ameliorate eIF2a phosphorylation suggesting that another 

kinase may also be activated by IFNg. Interestingly, there is an extensive amount of 

research supporting the activation of PERK following IFNg treatment65,157,196,202. It is 

possible that IFNg could be activating PKR and PERK in our system to lead to eIF2a 

phosphorylation and SG formation. 

Although IFNg is a potent pro-inflammatory cytokine, which has been shown to 

contribute to the pathogenesis of EAE and MS, other cytokines cannot be ignored. The 

effect of TNFa and other pertinent cytokines alone or in combination could potentially 

influence RBP biology leading to RBP mislocalization, persistent SGs, and altered 

translation. Additionally, this IFNg-mediated mechanism of dysfunctional RBP biology 

may be more broadly applied to other diseases, including more neurological disorders 

that involve inflammatory cytokines. 
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4.2 Contribution of dysfunctional RNA binding protein biology in EAE 

Next, we examined whether there was evidence of dysfunctional RBP biology in 

mice with EAE. We examined the spinal cords of mice with EAE, an animal model of 

MS, to determine whether there was (1) hnRNP A1 mislocalization, (2) SG formation, 

and (3) altered RNA metabolism. MS patients make antibodies to hnRNP A1 and 

because of this, we injected EAE animals with anti-hnRNP A1 antibodies at disease 

onset. Our lab previously observed that the administration of anti-hnRNP A1 antibodies 

worsened EAE and altered the phenotype from a flaccid hind limb paralysis to spastic 

hind limb paralysis75. We replicated these findings with larger groups of animals for 

each experimental group. Anti-hnRNP A1 injected mice showed exacerbated disease 

as compared to mice who were given IgG isotype control antibodies or PBS. We also 

observed an altered phenotype in animals injected with anti-hnRNP A1 antibodies 

where the hind limbs became spastic in a subset of the animals. 

We hypothesized that EAE animals would show features of dysfunctional RBP 

biology including hnRNP A1 mislocalization and SG formation. We further hypothesized 

that anti-hnRNP A1 injected animals would show a greater degree of hnRNP A1 

mislocalization and SG formation than IgG or PBS injected animals. We concentrated 

our analyses and examination of the spinal cord in the anterior portion of the grey 

matter, where we found increased neuronal loss in anti-hnRNP A1 animals. We found 

that naïve animals showed mostly nuclear localization of hnRNP A1 with minimal 

cytoplasmic staining as well as no SG granule formation. However, all EAE animals 

varying quantities of hnRNP A1 cytoplasmic mislocalization as well as the formation of 

SGs. This confirmed our first hypothesis and showed for the first time in this EAE 

model, evidence of immune-mediated dysfunctional RBP biology. 

After noticing varying degrees of hnRNP A1 cytoplasmic mislocalization, we 

developed a quantification strategy to assess the differences between experimental 

groups of animals. Considering that EAE is an ascending paralysis, which affects 

different areas of the cord as the disease progresses, we compared hnRNP A1 

nucleocytoplasmic mislocalization of distinct anatomical areas of spinal cord. We found 

significant differences in cytoplasmic hnRNP A1 between the treatment groups. This 
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data was strongest in the thoracic area of the spinal cord where anti-hnRNP A1 animals 

showed a greater amount of cytoplasmic hnRNP A1 than IgG or PBS injected animals.  

During data collection, we observed that animals with higher clinical scores 

showed higher degrees of SG formation and hnRNP A1 mislocalization. Subsequent 

correlation analyses revealed that hnRNP A1 mislocalization positively correlated with 

EAE clinical score in each of the treatment groups indicating that animals with higher 

clinical scores have more hnRNP A1 in the cytoplasm. This is consistent with 

dysfunctional RBP biology findings in ALS and AD animal models where animals that 

are sicker have a greater amount of the RBP of interest in the cytoplasm101,179. 

Furthermore, in vitro studies examining ALS and FTLD-associated mutations in RBPs 

have found that patients who carry mutations that show greater mislocalization have 

more severe disease112. Our data indicate a similar relationship between RBP 

accumulation in the cytoplasm and disease severity. 

We further examined hnRNP A1 mislocalization to see whether it correlated with 

immune cell infiltrates or markers of neurodegeneration. Our in vitro data suggests that 

cytokines lead to hnRNP A1 mislocalization and so this led us to hypothesize that 

mislocalization would correlate with immune cell infiltration. We found significant 

positive correlations between CD3+ infiltrates and cytoplasmic hnRNP A1 across the 

treatment groups. Conversely, we did not find any relationship between CD68 

immunoreactivity and cytoplasmic hnRNP A1 in any of the treatment groups. These 

data both support and refute our hypothesis. The relationship between CD3+ infiltrates 

and cytoplasmic hnRNP A1 suggest that pro-inflammatory cytokines, such as IFNg, 

released from T-cells may influence RBP localization. We further confirmed these 

findings by showing increased IFNg expression in areas of spinal cord white matter with 

large numbers of CD3+ infiltrates. Grey matter neurons in the same sections exhibited 

robust hnRNP A1 cytoplasmic accumulation. This suggests that the effects of IFNg we 

observed in vitro may translate to disease in vivo. Additionally, published data from 

others suggests that inflammation influences RBP distribution in spinal cord neurons191. 

Finding no correlation between CD68 immunoreactivity and cytoplasmic hnRNP A1 was 

not entirely surprising. CD68 is a classical macrophage marker that does not 

discriminate between subpopulations of macrophages, such as between the M1 and M2 
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phenotypes203. This could explain why there is no correlation between macrophage 

infiltrates and hnRNP A1 mislocalization. 

Because RBP mislocalization is thought to contribute to neuronal cell damage 

and death99,107-109, we next hypothesized that cytoplasmic hnRNP A1 might correlate 

with SMI-32, a marker of non-phosphorylated neurofilaments, whose increased levels 

are believed to be a sign of damaged or degenerating axons, a marker of 

neurodegeneration, which has been used to identify damaged neurons in EAE and MS 

tissue16,53,59,183. We found significant positive correlations between SMI-32 

immunoreactivity and cytoplasmic hnRNP A1 in all of the treatment groups. In fact, 

some cells within the grey matter of the spinal cord showed colocalization between 

cytoplasmic hnRNP A1 and increased immunoreactivity for SMI-32. These results 

suggest that disrupting the normal function of hnRNP A1 may lead to 

neurodegeneration in the form of neuronal and axonal damage. Published data from 

others demonstrates that in addition to white matter, the grey matter of the spinal cord is 

highly vulnerable to damage in EAE, thus it is possible that hnRNP A1 mislocalization is 

contributing to this pathology59,176. 

Overall, hnRNP A1 mislocalization in EAE could be related to a number of factors 

instead of one particular insult. T-cell interactions with neurons or the release of 

cytokines from T-cells could be influencing the distribution of hnRNP A1 in neurons in 

the grey matter of the spinal cord. It is unclear whether increased neurodegeneration is 

a result of cytoplasmic accumulation of hnRNP A1 or whether the neurons are damaged 

first leading to cytoplasmic mislocalization. The mechanisms underlying hnRNP A1 

mislocalization in EAE have yet to be fully elucidated but this data provides compelling 

evidence that it may be contributing to disease progression and neurodegeneration.  

Next, we examined SG formation across the treatment groups. We found no 

significant differences in SG formation in the spinal cord of EAE animals between the 

three treatment groups. Because we had observed a relationship between cytoplasmic 

hnRNP A1 and clinical score, we wanted to determine whether the same relationship 

might be observed between SGs and clinical score. We found significant positive 

correlations between TIA1+ SGs and clinical score in the PBS and IgG animals but a 

trend towards a negative correlation in anti-hnRNP A1 animals. This was puzzling at 
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first, however, we have data showing a decrease in the density of cell bodies in laminae 

VII, VIII, and X of the lumbosacral portion of the spinal cord in anti-hnRNP A1 animals 

as compared to PBS and IgG animals. A decreased number of cells in a large area of 

the spinal cord where we were conducting our analyses could explain why sicker anti-

hnRNP A1 animals had fewer TIA1+ SGs. For example, lower numbers of neurons in an 

examined area, would cause lower numbers of SG+ cells. Observing an increased 

number of TIA1+ SGs in sicker animals in the other two treatment groups is interesting 

and suggests that these cells may contain persistent chronic SGs that accumulate over 

disease and have the potential to be toxic to cells. Finding SGs in EAE animals also 

aligns with other studies showing increased levels of phosphorylated eIF2a in spinal 

cord neurons of EAE animals156. These models also demonstrated oligodendroglial and 

neuronal death as a result of increased eIF2a phosphorylation levels157. 

Finally, we examined anti-hnRNP A1 animals for evidence of altered RNA 

metabolism. Previous studies from our lab indicated that anti-hnRNP A1 antibodies 

altered mRNA and protein levels of key hnRNP A1 targets122. Spastin, a protein that 

when mutated causes hereditary spastic paraplegia186,187,204, a disease clinically similar 

to MS, has a RNA sequence that has a 100% binding match with the RBD of hnRNP 

A174. Spasticity is a common symptom of MS and HSP and a subset of the anti-hnRNP 

A1 animals showed a spastic phenotype in their hind limbs. We hypothesized that 

spastin protein and mRNA levels would be altered in anti-hnRNP A1 animals 

contributing to the development of spasticity in the hind limbs. We found decreased 

spastin protein and mRNA levels in the spinal cords from anti-hnRNP A1 animals as 

compared to naïve, PBS and IgG animals. This suggests that anti-hnRNP A1 antibodies 

may be disrupting normal hnRNP A1 functions in EAE.  

It should be noted that EAE is a highly variable disease in which timing of 

sacrifice and tissue harvest makes a difference. In these experiments, all animals were 

sacrificed on day 15 post treatment injection, which is when we began to see 

differences in clinical scores between the treatment groups75. Examining tissue samples 

at earlier or later time points may reveal less or more extensive amounts of hnRNP A1 

mislocalization, SG formation, and neuronal cell death. Additionally, altering the timing 

of when treatments are administered may also affect RBP biology. Giving PBS, IgG 
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antibody, or anti-hnRNP A1 antibody injections before symptom onset or when animals 

exhibit more severe clinical scores may affect the degree of hnRNP A1 mislocalization 

and SG formation. 

Dysfunctional RBP biology has been studied extensively in animal models of 

ALS, FTLD, and even AD. Expression of an ALS associated mutant TDP-43 that 

harbors an ineffective nuclear localization signal in mice leads to increased 

neurodegeneration in vulnerable CNS regions109. The presence of cytoplasmic 

aggregates containing TDP-43 were present in this model but not a predominant feature 

of the model. TDP-43 mislocalization has been confirmed in other similar mutant mouse 

models205. However, other models employing ALS-associated TDP-43 mutations in 

mouse and zebrafish models show time dependent motor deficits with neuronal loss but 

no TDP-43 cytoplasmic accumulation108,206. FUS mutant mouse models of ALS display 

progressive motor neuron degeneration and motor deficits with a gain of toxic 

cytoplasmic FUS207. Data from transgenic AD mouse models suggest that TIA1+ SGs 

contribute to neuronal cell loss in the cortex as well as colocalize with pathogenic tau in 

aggregates100,103,105,208. Furthermore, although TIA1 colocalizes with tau in cytoplasmic 

aggregates, TDP-43 and FUS do not209 but other RBPs, such as PABP do103. 

Differences in which RBPs contribute to insoluble aggregates in each mouse model is 

not surprising and could be due to a number of factors, including which genetic mutation 

the mouse is harboring.  

Recently, the role of RBPs in disease has become a topic of research in the 

context of autoimmune disease. In 2017, researchers investigated the role HuR in 

neuropathic pain and motor deficits in a relapsing remitting model of EAE210. 

Researchers administered antibodies to block the activity of HuR and found decreased 

neuropathic pain symptoms, improved motor function, and decreased demyelination210. 

Another group found that oligodendrocytes sequester myelin associated mRNAs, such 

as Mbp, into SGs during times of stress and suggest that disrupted RNA metabolism in 

oligodendroglial cells may play a role in neurodegenerative conditions, including MS211. 

One of the most recent publications examines TDP-43 pathology in Theiler’s murine 

encephalomyelitis virus (TMEV) infected mice, another model for MS. Researchers 

examined TMEV infected mouse spinal cords during disease and found evidence of 
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TDP-43 mislocalization and aggregate formation in the cytoplasm of anterior horn 

neurons as well as in oligodendrocytes in areas of demyelinated white matter212. Our in 

vivo data from MOG immunized EAE animals adds to this growing body of work in 

autoimmune demyelinating disease models that dysfunctional RBPs are part of the 

pathology in both the grey and white matter. It is not entirely clear from these 

publications or our own data how RBPs are mechanistically contributing to disease and 

further work needs to be done to identify molecular pathways that may be altered to 

prevent damage due to dysfunctional RBP biology. 

 

4.3 Dysfunctional RNA binding protein biology is a part of Multiple Sclerosis 
pathogenesis 

 Lastly, we examined brain tissue from control and MS patients to determine 

whether there were pathological features of dysfunctional RBP biology including (1) 

hnRNP A1 mislocalization and (2) SG formation. We focused our efforts on grey matter 

neurons as MS pathology is incredibly complex especially when lesion classification and 

white matter are included in the analyses. We hypothesized that grey matter neurons in 

MS tissue would have a greater degree of hnRNP A1 mislocalization and SG formation 

s compared to control. Our initial observations in an acute MS case showed striking 

differences when compared to the control case. In controls, hnRNP A1 was primarily 

localized to the nucleus of neurons with diffuse cytoplasmic staining. The MS case 

showed nuclear depletion and granular cytoplasmic accumulation of hnRNP A1 in 

neurons. We then examined the tissues for TIA1 to determine if SGs were present. In 

the control case, TIA1 stained the nuclei of neurons with a diffused cytoplasmic staining 

similar to that of hnRNP A1. In the acute MS case, we found nuclear depletion of TIA1 

in neurons as well as the appearance of cytoplasmic granules suggesting the formation 

of SGs. The distribution pattern similarities between hnRNP A1 and TIA1 led us to 

examine whether there was colocalization of hnRNP A1 and TIA1 in the cytoplasmic 

SGs of neurons in MS. Control tissue showed colocalization of hnRNP A1 and TIA1 in 

the nuclei of neurons but MS tissue revealed colocalization of hnRNP A1 and TIA1 in 

cytoplasmic SGs of neurons in the cortex. These data are a novel discovery and the first 

of its kind observed in CNS tissue of an MS patient. This suggests that hnRNP A1 is 
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mislocalized to the cytoplasm where it forms aggregates with TIA1, a marker of SGs. 

The presence of hnRNP A1 in SGs along with other RBPs, including TIA1, following 

stress in vitro has previously been documented201,213. 

 Following these initial observations, we included more control and MS cases to 

determine whether this phenomenon was part of more than a single case. Using five 

control and three MS cases, we found significant differences in hnRNP A1 

mislocalization in neurons. Approximately 10% of neurons counted in control cases 

contained hnRNP A1 mislocalization while approximately 70-90% of neurons in the MS 

cases showed hnRNP A1 mislocalization. Furthermore, MS cases showed a greater 

degree of hnRNP A1+ cytoplasmic granules in neurons. Next, we examined tissue for 

the formation of TIA1+ SGs. We found a significant increase in the number of neurons 

that contained TIA1 cytoplasmic SGs in MS cases versus controls. The degree of TIA1+ 

cytoplasmic SG formation in control and MS cases was variable. This could be due to 

multiple factors including type of MS (RRMS, SPMS, PPMS), and disease duration. 

 The findings of hnRNP A1 mislocalization and SG formation in MS patients is 

novel. However, it is consistent with a literature showing dysfunctional RBP biology in 

other neurological diseases. TIA1 and PABP positive SGs have been found in ALS, 

FTLD, and AD patient samples101,112,158,159. Some of these SGs were also colocalized 

with TDP-43158. Furthermore, pathological TDP-43 and FUS inclusions with in spinal 

cord cells have been well documented110,121,158,214. Finally, hnRNP A1 cytoplasmic 

aggregate formation and nuclear depletion has been found in spinal motor neurons from 

ALS patients91,120,121. 

 It is unclear what causes hnRNP A1 mislocalization and SG formation in neurons 

of MS patients. Our in vitro data suggests that IFNg could be contributing to both of 

these features. Interestingly, previous research has shown that NSC-34 cells that are 

exposed to TNFa exhibit TDP-43 mislocalization191. Furthermore, transgenic TDP-43 

mice treated with lipopolysaccharide, a potent inflammation inducer, also showed TDP-

43 mislocalization in spinal cord neurons191. These experiments advocate for a 

mechanism of RBP mislocalization induced by inflammatory insult. However, other 

potent stressors, such as reactive oxygen species, that may be present during disease 

cannot be excluded from influencing dysfunctional RBP biology. 
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The variability in hnRNP A1 mislocalization and SG formation across the 

examined patients suggests that there may be a relationship between disease 

progression and dysfunctional RBPs. Two of the MS cases were acute cases wherein 

the patients were diagnosed and the disease progressed rapidly resulting in death. 

These cases showed the most severe hnRNP A1 and SG phenotypes where almost all 

neuronal nuclei examined were completely devoid of both hnRNP A1 and TIA1 with 

large cytoplasmic aggregates that were positive for both proteins. Another case of 

SPMS showed more subtle hnRNP A1 mislocalization and SG formation in a lower 

percentage of neurons. It could be that the severity of dysfunctional RBP biology is 

related to severity of disease or even MS subtype but it cannot be said whether the 

dysfunctional RBP consequences observed are a cause of progression or because of it. 

It has not yet been determined whether features of dysfunctional RBP biology 

can be observed in white matter cells, such as oligodendrocytes, in MS tissue. Mouse 

models that conditionally delete TDP-43 from mature oligodendrocytes exhibit 

neurological deficits that accumulate as the mice age215. Additionally, researchers 

reported decreased myelination and a loss of mature oligodendrocytes in grey matter 

but not white matter suggesting that TDP-43 is critically important for oligodendrocyte 

survival215. TMEV mice also show TDP-43 mislocalization in oligodendrocytes and other 

glial cells in spinal cord white matter lesions suggesting that RBP mislocalization is not 

only a characteristic of neurons212. Furthermore, the importance of RBPs in other glial 

cells, such as astrocytes and microglia, is relatively unknown. One study showed 

mislocalization of the RBP, HuR, from nucleus to cytoplasm in astrocytes following 

injury in vitro and subsequent recruitment of inflammatory molecules by HuR216. 

Microglial and astrocytes primary cultures exposed to lipopolysaccharide showed TDP-

43 mislocalization as well191. These data highlight the role of RBPs in glial cells and how 

disruption of normal RBP functions in oligodendrocytes, astrocytes, and microglia may 

be harmful.  

 RBPs normally shuttle in and out of RNA granules through normal LLPS 

dynamics that dictate assembly and dissolution of these membraneless structures. 

However, upon exposure to a cellular stressor, such as cytokines, the composition of 

the RNA granules may change leading to persistent RNA granule formation, such as 
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persistent SGs104. The presence of persistent SG structures can lead to a variety of 

consequences including attracting cytoplasmic RBPs to form larger aggregates, 

sequestering transcripts important for cell survival, and inhibiting normal translation. MS 

patients experience exacerbations of disease, which can expose cells to prolonged 

periods of immune-mediated stress. This environment might be conducive to forming 

persistent SGs that become pathological. 
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5. Conclusions and Future Directions 

MS is an autoimmune, demyelinating disease of the CNS. Inflammation and 

neurodegeneration occur concurrently throughout disease. Neurodegeneration, 

including neuronal and axonal damage, are believed to underlie permanent disability in 

MS. Current therapies target and modulate the immune response and there are none 

available that aim to reverse, fix, or halt neurodegeneration. Identifying mechanisms 

that underlie neurodegeneration in MS could reveal new therapeutic targets for drug 

development. Here, we provide evidence that dysfunctional RBP biology is present in 

EAE and MS neurons, which could lead to neuronal cell damage, thus providing a novel 

therapeutic target. 

First, we showed that dysfunctional RBP biology, including hnRNP A1 

mislocalization, persistent SG formation, and disrupted translation is induced by the pro-

inflammatory cytokines IFNg in a neuronal cell line. IFNg activates PKR, which 

phosphorylates eIF2a, leading to SG formation. Future studies may elaborate on the 

effect other pertinent cytokines have on dysfunctional RBP biology to determine if this a 

consequence of all pro-inflammatory cytokines or a subset. 

Next, we examined EAE animals that had been injected with PBS, IgG isotype 

control antibodies, or anti-hnRNP A1 antibodies for evidence of hnRNP A1 

mislocalization, SG formation, and altered RNA metabolism. All groups of EAE animals 

showed hnRNP A1 mislocalization and SG formation in neurons of the spinal cord grey 

matter. Anti-hnRNP A1 animals had worsened disease and a greater degree of 

neuronal hnRNP A1 mislocalization than PBS and IgG animals but all of the groups 

showed comparable numbers of SGs. Some cells with mislocalized hnRNP A1 were 

also positive for SMI-32, a marker of neurodegeneration suggesting that these cells 

might be damaged. All groups showed positive correlations between the amount of 

cytoplasmic hnRNP A1 and clinical score as well as cytoplasmic hnRNP A1 in grey 

matter neurons and CD3+ infiltrates in the white matter. No relationship was found 

between CD68 infiltrates and hnRNP A1 mislocalization. Finally, anti-hnRNP A1 

animals showed decreased protein and mRNA levels of spastin, a binding partner of 

hnRNP A1. Experiments that investigate how these features change depending on time 

of sacrifice following treatment injection as well as the timing of treatment administration 
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should be projects of interest in the future. Future research should examine small 

molecule inhibitors that block or reverse RBP mislocalization to determine if this is a 

directly contributing factor to neurodegeneration and clinical severity. 

We investigated RBP distribution in MS tissue as compared to controls and found 

increased numbers of neurons with hnRNP A1 mislocalization and TIA1+ cytoplasmic 

granules as compared to controls. Furthermore, mislocalized hnRNP A1 colocalized in 

some of the TIA1+ cytoplasmic granules suggesting that hnRNP A1 is a component of 

these granules. Given the demonstrated importance of RBPs in oligodendroglial 

survival215, future studies should evaluate whether dysfunctional RBP biology is present 

in oligodendrocytes in white matter in MS and whether this biology is related to plaque 

formation in the white matter. This could provide insight into a potential mechanism of 

oligodendrocyte death in MS. 

Identifying dysfunctional RBPs in EAE and MS tissue provides data for a new 

mechanism that may underlie neurodegeneration, and in turn, disease progression. 

Further elucidating how this mechanism is initiated, progresses, and develops allows for 

the potential of developing and testing new therapeutics that reverse or impede RBP 

mislocalization and SG formation. 
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