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Abstract 

Biopsies and post-mortem tissue of patients with multiple sclerosis (MS) as well as 

inflammatory demyelinating animal models show that endoplasmic reticulum (ER) stress 

is a hallmark of the progression of these pathologies. Moreover, MS biopsies and animal 

models of neuroinflammatory diseases have detected axonal damage associated with 

mitochondria fragmentation and impaired distribution as an early event in absence of 

demyelination. It is thought that a combination of these phenomena makes cells more 

susceptible to inflammatory–mediated neurodegeneration and subsequent progression of 

the disease. Recent studies have demonstrated that Rab32, a small GTPase in the Ras 

protein family, plays a role in regulating mitochondrial mobility and ER stress induced 

apoptosis. Liang et al. showed that Rab32 expression sharply increases in response to 

acute brain inflammation, but subsequently drops. Based on the finding that activation of 

Rab32 induces ER stress related apoptosis and facilitates mitochondrial fragmentation via 

activation of dynamin-related protein 1 (Drp1), we hypothesize that Rab32 could play a 

role in altering the axonal mitochondrial distribution and inducing neurodegeneration in 

MS. In this study, we probed and measured the levels of Rab32 protein and functional 

related proteins Rab38 and Rab7L1, ER stress and apoptosis related proteins in acute as 

well as chronic lesions and normal-appearing white matter (NAWM) of inflamed MS 

brain tissues by Western blot and immunohistochemistry. Indeed, we found that high 

levels of Rab32 coincide with ER stress-associated apoptosis in acute lesions and its 

activation leads to shorter neurites with fragmented mitochondria in human neurons. 

Moreover, abnormal expression and activity of Rab32 accelerates apoptosis of human 

neurons, suggesting a role for Rab32 in neurodegenerative progression of MS.   
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1.  INTRODUCTION 

 

1.1 Multiple Sclerosis 

1.1.1 Overview 

Probably the very first case of Multiple Sclerosis (MS) documented is a girl in 

Holland who developed an acute sickness in 1395 at her age of 16 whose symptoms 

included blindness, loss of balance, weakness and pain [1].  In the next few centuries, 

similar cases occurred. In 1868, Dr. Jean-Martin Charcot, who is regarded as “the father 

of neurology”, examined a young woman with a tremor, noted her neurological 

abnormalities in speech and eye movement, and found the characteristic scars in her 

autopsy brain. He collected clinical symptoms and the post-mortem pathological 

evidences of many patients with similar neurological disabilities including cognitive and 

motor impairments. He concluded this was a disease of which some reliable indicators 

were intention tremor, nystagmus and scanning speech, and proposed naming this disease 

‘multiple sclerosis (MS)’ [1, 2]. In the following decades, great progresses were made in 

understanding the pathological mechanisms of MS and establishing therapies and 

symptomatic treatments with development of imaging techniques and advance of basic 

science research. 

Nowadays, MS is considered a complex chronic inflammatory disease of the central 

nerves system (CNS) [3] and its diagnosis is facilitated by  the use of neuroimaging 

techniques such as magnetic resonance imaging (MRI). MS symptoms are heterogeneous 

depending on the location of the lesions within the CNS and vary as time goes on. 

Patients with MS can suffer almost any of neurological symptoms, which include motor, 
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coordination, visual and cognitive impairments in most cases. The most common 

symptoms are numbness, vision impairment, motor impairment and spasticity [4].  

 

1.1.1.1 Facts of MS 

MS is the first cause of non-traumatic disability among young adults in North 

America and Europe and affects over two million people worldwide [5-10]. According to 

the recent announcement made by MS Society of Canada, 100,000 Canadians are 

currently living with MS, and this is one of the highest rates in the world. Disease onset is 

usually between age 15 and 40, whereas children as young as two can be diagnosed with 

pediatric MS and more likely to be suffering from seizures, and brainstem and cerebellar 

symptoms [11].  Similar to other autoimmune diseases, MS has a higher prevalence in 

females and the reason is possibly related to seasonal effects and hormonal fluctuations 

[4, 12].   

 

1.1.1.2 Measurements of Disabilities in MS Patients 

A method to evaluate patient’s neurological disability in MS, known as the 

Expanded Disability Status Scale (EDSS), was developed by Dr. John F. Kurtzke, who is 

a neuroepidemiologist and a neurology professor at Georgetown University in the United 

States [13]. The EDSS was established to quantify disability in eight functional systems 

of the human body, including pyramidal, cerebellar, brainstem, sensory, bowel and 

bladder, visual and other functions [13]. The functional system score scale goes from 1 to 

10, where 0 represents normal neurological exam, 1.0 to 4.5 indicates people with MS 
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who are fully ambulatory, 5.0 to 9.5 defines MS patients with impaired ambulation, and 

the highest score 10 represents “death caused by MS” [13]. 

 

1.1.1.3 Clinical Subtypes of MS 

It is recognized that MS has four clinical courses [14]. Around 85% of patients 

experience relapsing-remitting MS (RR-MS), where acute worsening of symptoms occurs, 

followed by symptom reduction or remission [4].  The majority of these patients 

eventually develop a secondary-progressive course (SP-MS), where even though relapses 

can occur, recovery is incomplete with a gradual progression of disability [4].  These 

patients are considered to be at an advanced clinical stage with increased disability and 

higher EDSS score. In contrast, 10-15% of patients have a primary progressive course 

(PP-MS) characterized by slow progression of disability without relapse [14]. Few 

patients present a progressive relapsing course (PR-MS) where relapses can occur on a 

background progression [14]. In RR-MS patients, some symptoms disappear during the 

remission period between two relapses [14]. However in some cases, permanent 

neurological impairment persists and leads to severe disability and eventually death at an 

advanced disease stage [14]. In MS patients, combinations of these disease courses may 

also occur and the disease course is extremely variable among different individuals [4]. 
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Figure 1.1 Different clinical courses and progression of MS.  Clinical disability of 

patients with 4 different MS clinical courses is illustrated over time. The most common, 

relapsing-remitting MS, starts with massive inflammation and progresses to secondary 

progressive MS where increased lesion volume, tissue damage and disability are dominant. 

Adapted from [15]. 

 

1.1.2 Etiology of MS 

1.1.2.1 Environmental Effects 

The etiology of MS has been widely studied, however no apparent candidate appear 

to completely describe the cause of the disease [16].  There are increasing amount of  

evidence suggesting that a number of environmental factors are important in the 

development of MS [11]. Lower prevalence is seen nearer the equator and in Asian 

countries, compared to the regions close to the poles  both in Europe and North America 
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[17-21]. The reasons for this difference can be genetic and/or environmental [22]. Studies 

have shown that migrants moving from high MS prevalence regions to lower risk regions 

particularly before the age of 15 may have lowered chance of contracting the disease, 

while a reverse migration will retain the lower MS risk with unclear age effect [23-30]. 

MS incidence was three-fold higher in women than in men, but the gender difference is a 

common factor in most autoimmune diseases [31, 32]. Two studies from the Ascherio 

group have shown that low vitamin D intake and the lack of serum vitamin D are 

associated with high risk of developing MS, indicating Vitamin D as the cause of the 

latitude effect [33, 34]. However, to date these researches remain inconclusive [35-38]. 

Cigarette smoking increases the risk of autoimmune diseases [39, 40], having a 

proinflammatory effect [41, 42] and increasing the permeability of the blood brain barrier 

(BBB) [43, 44], with subsequent induction of inflammation within the CNS and 

development of MS [5]. Viral and bacterial infections have been investigated as a 

possible cause for disease onset [45, 46]. Early infection by so-called long-acting viruses 

that remain hidden in the body for years induces latent immunological changes in the 

body and is present in many patients with MS  [47]. These viruses eventually result in 

autoimmune demyelination and  subsequently the appearance of disease symptoms [47]. 

This finding suggests that early exposure to these viruses could play an important role in 

the development of MS [47].  

 

1.1.2.2 Genetic Effect  

The genetic contribution to the susceptibility and age of disease onset is also 

undeniable [48]. Studies in twins demonstrate a concordance rate of more than 25% in 
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monozygotic compared to less than 3% for dizygotic twins in the normal population for 

MS, indicating that genetics contributes to the etiology of the disease [49].  In the early 

1970s, the human leukocyte antigen (HLA) gene cluster on chromosome 6p21.3 was 

discovered to be an MS susceptibility locus through the use of a classic case–control 

association approach [50]. Later, examination of common genetic variants among 

numerous individuals termed as genome-wide association study (GWAS) was conducted 

in a large group of MS patients to understand the association between single-nucleotide 

polymorphisms (SNPs) and disease traits. According to the most recent and reliable result 

of the GWAS in 2011, approximately 50 non- HLA genetic risk factors have been 

identified to be associated with MS [48]. However, no further molecular analysis of these 

risk genes in altering MS occurrence and progression has been done. With a large 

proportion of the disease heritability still unclear, more studies are now focusing on the 

identification of causal alleles, associated pathways, epigenetic mechanisms, and gene–

environment interactions [48]. 

Because of complexity and under-development of MS pathogenesis, there is 

currently no cure for MS [51]. However, several treatments have been established to 

improve patients’ quality of life. Different types of these treatments include disease-

modifying therapies that reduce the occurrence of relapses and lesions and slow down the 

aggravation of disabilities, and numerous medications and physiotherapies in treating MS 

symptoms [52]. The fact that there is currently no cure for MS suggests a need to develop 

effective therapeutic compounds and biomarkers based on a better understanding of the 

disease pathogenesis. 
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1.1.3 Pathology of MS 

1.1.3.1 Inflammation 

The term ‘inflammation’, which comes from the Latin inflammare meaning “to set 

on fire”, was first documented by Aulus Celsus, a Roman encyclopaedist, 2000 years ago 

according to four cardinal signs: redness, swelling, heat and pain [53]. The definition of 

inflammation based on a combination of clinical signs and symptoms underestimates the 

cellular processes and signals that do not give rise to any of the symptoms [54]. Before 

19
th

 century, inflammation was described as an acute and complex biological response of 

the body’s immune system to foreign harmful stimuli or one’s own damaged cells, which 

should have more of a protective effect on injury than a pathological impact. However, 

since it is observed that tissues and organs in inflammation lose some of their functions, it 

is obvious that the inflammatory response has its pros and cons [54]. When inflammation 

starts, activated immune cells invade the inflamed tissue where antigens are targeted and 

cells with these antigens present are killed. Damaged cells are then recognized by the 

immune system and produce molecules to attract more cells and induce further killing. 

The accumulated inflammatory response affects surrounding cells and tissues, and leads 

to permanent damage. Modern molecular analysis suggests that inflammation is 

characterized by a constellation of  more complex mechanisms including pro-

inflammatory signaling molecules mediated responses in absence of activated immune 

cell invasion [55].  
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1.1.3.2 Neuroinflammation-mediated MS Pathogenesis 

The pathology of MS is characterized by inflammation-initiated multiple lesions with 

demyelination and axonal injury within the CNS. However, in recent years, evidence has 

accumulated, supported by neuroimaging, that the progression of disability does not 

correlate with the number of demyelinated plaques, but rather with the level of total 

axonal damage and loss [56, 57]. The observed axonal injury and neurodegeneration in 

MS are believed to be inflammation-mediated [57, 58]. As mentioned above, the 

inflammatory response is an early, non-specific reaction of the immune system to tissue 

damage or pathogen invasion [14, 59]. Neuroinflammation is caused by unexpected 

activation of peripheral leukocytes migrating into an aberrantly compromised CNS [4, 

60]. The most accepted hypothesis is that T lymphocytes, myeloid cells and B cells are 

activated by an unknown antigen in the periphery. Then they up-regulate their surface 

molecules and efficiently adhere to the endothelial cells of the BBB in agreement with 

the local chemokine gradients [61]. BBB is a complex structure that protects the CNS 

from the circulatory system and absorbs nutrients, resists toxin from the blood and 

releases wastes from the brain. The integrity of BBB is vital to a normal homeostasis of 

the CNS. In MS, activated lymphocytes attach, roll and adhere to the BBB, secrete matrix 

metalloproteinase to alter the extracellular milieu and increase the permeability of BBB, 

and finally enter the CNS through trans-endothelial migration [55, 61].  These cells are 

thought to enter the CNS due to the similarity of  the unknown activating antigen to a 

CNS antigen, possibly myelin antigen [62].  This misrecognition is known as molecular 

mimicry, where a CNS protein is misinterpreted and targeted as a viral or bacterial 

antigen by the immune system [6, 63, 64].  Once in the CNS, the infiltrating T cells are 
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re-activated by resident antigen-presenting cells.  The presented antigen can be a myelin-

specific protein and can stimulate T cells to destroy myelin within the CNS, leaving 

axons vulnerable to further attacks from T cells or other neurotoxic agents. Furthermore, 

chronic activation of CNS-resident cells in response to pro-inflammatory cytokine 

secretion and epitope spreading were shown to participate in the killing, which may take 

place independent of ongoing peripheral events [61].  Astrocytes, which are an essential 

component of the BBB, may also provide the endothelial cells with signals corresponding 

to the pro-inflammatory environment, further facilitating leukocyte transmigration [65]. 

 

 

Figure 1.2 Neuroinflammatory mechanism of MS pathology in the CNS.  

Peripheral immune cells are activated in response to an unknown antigen, increase their 

surface molecules and adhere to the endothelial cells of the BBB responding to local 

chemokine gradients. Secretion of matrix proteases increases permeability of the BBB and 

allows invasion into the CNS. Invaded cells are reactivated in response to a similar antigen 

as in the periphery, and lead to pathological alterations in the CNS facilitated by 

chronically activated resident microglia. Adapted from [61]. 
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Recent pathological studies further emphasize the role of an adaptive immune 

response in the axonal damage within the CNS. A relationship between the severity of 

meningeal inflammation and the neuronal and axonal loss has been established [66, 67]. 

Similarly, amyloid precursor protein (APP) accumulations in axons was observed in 

chronic lesions correlating to the adaptive immune cell infiltration, indicating an acute 

axonal damage [68, 69]. In addition, Kerschensteiner and Misgeld group have shown that 

macrophage-derived toxins trigger mitochondrial dysfunction and focal axonal 

degeneration (FAD) with or without demyelination [58].  Therefore, the studies have 

indicated that the inflammation-mediated axonal injury are highly induced as the disease 

progresses, and the injured neurons become more susceptible to inflammation, further 

inducing neurodegeneration [6].  

 

1.1.3.3 Inflammation and Disease Progression of MS 

Neuroinflammation is considered to be the initial event in triggering MS pathology 

[61]. However, the mechanism of auto-activation of immune cells in healthy individuals 

is still unknown[61]. A potential event in triggering “self-immunity” might be genetic 

dysfunction of important molecules that leads to pro-inflammatory signal and increased 

susceptibility to immune cell attack. Supportive findings to genetic associations in MS 

patients have been described by GWAS study [70]. Moreover, in most MS patients, 

initial inflammatory response gradually decreases with time while neurodegeneration 

becomes dominant and irreversible at late stage, leading to severe disability [6]. It is 

considered that inflammation initiates axonal injury and neuron damage, whereas 
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subsequent progression and accumulated neurodegeneration does not rely on 

continuously active inflammatory responses.  

 

1.2 Mitochondria-Mediated Neuropathology in MS 

The neurodegeneration in MS, which is mostly characterized by the axonal 

degeneration within the CNS, is traditionally described as a progressive loss of myelin 

leading to impaired propagation of action potentials across the demyelinated regions of 

the axon, causing the neuronal dysfunction [6]. The demyelinated axons become 

transected and dystrophic [6, 71] and cumulative axonal loss is considered to be the 

possible reason for progressive and irreversible neurological disability in MS [6, 72]. 

However, it is still not clear whether demyelination is a prerequisite for axonal injury. It 

has been shown that a genetic mutation can cause axonal swellings and lead to premature 

neuron death without myelin damage [58, 73]. Another possible cause of axonal 

degeneration not associated with myelin loss might be represented by the abnormal 

function of cellular organelles, such as mitochondria.  

 

1.2.1 Mitochondrial Dysfunction in MS 

1.2.1.1 Mitochondria 

Mitochondria are a type of membrane-bound intracellular organelle ubiquitously 

found in most eukaryotic cells. They function as the major energy supplier in cellular 

metabolisms and signal transportations, and are essential for maintaining ionic 

homeostasis and structural integrity [74]. A mitochondrion is composed of four sub-

compartments including the outer membrane, the inter-membrane space, the inner 
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membrane and the matrix, and each carries out specialized functions. The mitochondrial 

outer membrane encloses the entire organelle and has high similarity in molecular 

composition and function to the eukaryotic plasma membrane [75]. It protects proteins in 

the inter membrane space from leaking into the cytosol and communicate with other 

membrane-enclosed structures in cells to adjust ionic homeostasis [75]. The inter 

membrane space contains vital ions and sugars diffused from cytosol and mitochondrial-

specific proteins facilitating metabolic reactions on inner membrane [75]. The inner 

membrane is one of the most essential compartments in mitochondria facilitating cellular 

energy regulation, where multiple enzymes, ion channels and transporters locate and 

form the electron transport chain (ETC) [75]. Cristae, which are a typical membrane-

folding structure of the inner membrane, significantly enlarge surface area of the 

membrane and enhance multiple reactions carried out on the membrane [75]. The matrix 

is the “storage room” for mitochondrial proteins, especially enzymes involve in the 

breakdown of carbohydrates and fatty acids and adenosine tri-phosphate (ATP) 

production with the aid of the ATP synthase located in the inner membrane [75]. It 

maintains osmotic balances and contains species-specific mitochondrial genome that is 

essential for mitochondrial inheritance and production of several proteins important in 

oxidative phosphorylation [75]. 

 

1.2.1.2 Dysfunction of Mitochondria in Neurodegenerative Disorders 

In human, normal morphology and function of mitochondria is crucial for one’s 

health. The high energy demand of the CNS makes it particularly vulnerable to 

alterations in mitochondria [76]. In the CNS, impaired mitochondrial functions and 
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properties would make neurons intrinsically susceptible to cellular stress and genetic 

mutation, thus triggering neuronal apoptosis and degeneration of other CNS cells, 

unhealthy aging, permanent disability and death [77]. Studies have shown that 

mitochondrial impairment is associated with some most frequent neurodegenerative 

diseases. Induced oxidative stress, the ETC complex deficiency, mitochondrial 

deoxyribonucleic acid (DNA) mutation and distorted calcium homeostasis are the major 

pathological changes in mitochondria leading to neuronal loss in Alzheimer, Huntington 

and Parkinson’s diseases (AD, HD & PD) [78]. In Amyotrophic Lateral Sclerosis (ALS), 

reactive gliosis mediated inflammation and glutamatergic toxicity through the blockage 

of presynaptic receptors trigger excessive calcium influx and oxidative stress in 

mitochondria, causing degenerative damage in motor neurons and subsequent disabilities 

[79]. Neuroinflammation, which is a major neuropathological mediator in most 

neurodegenerative diseases, contributes to alterations in mitochondrial function and gene 

expression. Thus, it is not surprising that mitochondrial impairment is associated with 

neuroinflammation-initiated MS [80]. 

 

1.2.1.3 Dysfunction of Mitochondria in MS 

In the early phase of MS, inflammation is initial and usually transient [80]. However, 

the progression of the disease does not stop or even slow-down along with the attenuation 

of inflammatory responses and reduced number of relapses, and eventually chronic 

axonal neurodegeneration becomes dominant [60]. This suggests irreversible pathological 

change in MS is triggered but not necessarily maintained by inflammation.  
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Evidence is emerging that mitochondrial impairment plays a vital role for disease 

progression and possibly contributes to neurodegenerative processes in MS [76]. In MS, 

neuroinflammation mediated by active microglia in the CNS triggers the production and 

release of highly reactive free radicals including reactive oxygen species (ROS) and nitric 

oxide (NO). [81, 82]. These molecules can also oxidize and damage proteins, nucleic 

acids, polysaccharides and lipids, resulting in mitochondrial DNA mutation and organelle 

damage in both myelinated and demyelinated axons [77, 82, 83]. Evidences have shown 

that the activity of complex IV of mitochondrial respiratory chain and its catalytic 

component COX-I is defected in response to soluble products of active 

microglia/macrophages in post-mortem tissue of MS patients and the inflammatory 

lesions of a commonly used MS animal model, experimental autoimmune 

encephalomyelitis (EAE) [58, 84]. In EAE, pathological alteration of mitochondria 

happens even when peripheral immune cells are only present in meninges before invasion 

into the CNS parenchyma, suggesting the diffusing radicals ROS and NO secreted by 

these immune cells play a vital role in early mitochondrial damage [66, 85]. However, no 

study was performed to assess the activation of  CNS-resident microglia before leukocyte 

infiltration on oxidative damage of mitochondria in EAE [76]. Furthermore, 

inflammatory factors present in the CNS may alter neuronal mitochondrial distribution 

and accelerate mitochondria-mediated apoptosis, which has been observed in ALS and 

encephalitis [86, 87]. 

In MS, a particular pathological event is demyelination of intact axons. The absence 

of myelin triggers the re-distribution of ion channels, in particular sodium channels [88]. 

The alteration of ion channels is proposed to cause an increased intra-axonal energy 
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demand and subsequent induction and redistribution of mitochondria to provide energy 

for cell damage recovery [89]. In chronic MS lesions where inflammation is remarkably 

less than in acute MS lesions, axonal degeneration still progress. An explanation for the 

axonal degeneration independent of inflammatory responses is that  mitochondrial re-

alignment triggered by initial inflammation is impaired, thus not sufficient to fulfil the 

requirement of ATP production in these axons [82]. It is suggestive that this failure of 

mitochondrial activity may be due to organelle damage sustained previously during acute 

inflammatory response [76]. 

Mitochondrial DNA mutation is another mechanism leading to mitochondrial 

impairment mediated neurodegeneration. ROS and NO released by active microglia 

induce damage to neuronal mitochondrial DNA, which contributes to suppressed 

activities of complexes I, III and IV involved in oxidative phosphorylation reactions and 

subsequent reduction of ATP production [83]. Moreover, decreased expression of a 

transcriptional co-activator in MS neurons blocks the transcription of important oxidative 

phosphorylation subunits and antioxidants, causing mitochondrial impairment and energy 

deficiency [83]. Overall, mitochondria play an important role in MS pathogenesis and 

neurodegenerative progression. 

 

1.2.2 Mitochondrial Dynamics in MS 

1.2.2.1 Mitochondrial Membrane Dynamics 

A neuron is a specialized type of cell with a typically long fiber raised from the cell 

body named axon that conducts electrical impulses for information transmission to other 

CNS cells. Because of the long asymmetrical structure of neurons, mitochondria 
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generated in the cell body need to be delivered throughout the whole cell in response to 

local energy demand [90, 91]. The movement of mitochondria along axons is known as 

“mitochondrial membrane dynamics” and is facilitated by microtubule, cytoskeleton, 

motor proteins, and mitochondrial fission/fusion machineries mainly composed of 

dynamin and related guanosine triphosphate hydrolase (GTPase) [92, 93]. 

In response to alteration in local energy demand, mitochondria tend to fragment into 

small motile mitochondria while transporting along axons, and fuse into large stationary 

mitochondria at energy demanding sites [92, 93]. The fragmentation of mitochondria is 

called fission, which is critically regulated by dynamin-related protein 1 (Drp1), a 

ubiquitous protein related to dynamin [94]. Drp1, mainly located in the cytosol, is 

composed of an N-terminal GTP-binding domain, a central domain responsible for 

oligomerization, and a C-terminal assembly or GTPase effector domain (GED) for 

regulating GTPase activity and mitochondrial targeting [95]. Upon activation, Drp1 is 

recruited on ER tubules that wrap around mitochondria and attach to mitochondrial outer 

membrane facilitated by mitochondrial fission protein 1 (Fis1) or mitochondrial fission 

factor (Mff) [95, 96]. It then oligomerizes and compresses the mitochondrial scission site 

through GTPase reactions [95]. Drp1 can be post-translationally regulated in many ways, 

one well-studied machinery of which is through phosphorylation of serine residues within 

the GED [95]. Studies have shown that a phosphorylation of Ser616 residue by cyclic-

dependent kinase 1 (Cdk1) leads to induced mitochondrial fission by NO, whereas the 

phosphorylation of Ser637 or Ser656 by protein kinase A (PKA) inhibited mitochondrial 

fission and cell apoptosis through blockage of Drp1 translocation to mitochondria and its 

GTPase activity [95]. Other post-translational modifications include sumoylation, 
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ubiquitination and S-nitrosylation, which are all crucial for maintaining normal 

mitochondrial function and dynamics [95]. 

The fusion of mitochondrial outer membrane is mainly facilitated by mitofusins 1 

and 2 (Mfn1 & 2). They are transmembrane GTPase located in the mitochondrial outer 

membrane, and are composed of an N-terminal GTP-binding domain, a coiled-coil 

domain next to it (HR1), a transmembrane domain and a C-terminal coiled-coil or called 

heptad repeat domain (HR2) for mitofusin dimerization and assembly of adjacent 

mitochondria [95].  Mitochondria fragmentation is largely (over 85%) induced in absence 

of these mitofusins, whereas overexpression leads to long-tubule morphology of 

mitochondria [97]. Mfn1 has a greater GTPase activity and tether ability to induce 

mitochondrial fusion compared to Mfn2, while both are required for embryonic 

development [97, 98]. Besides, Mfn2 plays a role in calcium communication between 

mitochondria and endoplasmic reticulum (ER) through tethering mitochondria to the ER 

[99]. A similar machinery is carried out by optic atrophy 1 (Opa1) in fusion of inner 

mitochondrial membrane. Opa1 is a GTPase in the dynamin family thus contains GED at 

C-terminal next to a central domain and a GTPase domain in the middle of the protein. 

The other half of the protein contains a coiled-coil domain similar to mitofusins, 

hydrophobic segments and a mitochondrial import sequence at the N-terminal [95]. The 

hydrophobic segments contribute to anchoring Opa1 onto the mitochondrial inner 

membrane and GTPase functions in fusion reactions [95]. Opa1 is also essential to 

maintain mitochondrial membrane potential, preventing the release of cytochrome c in 

mitochondrial respiratory chain and subsequent apoptosis, regulating cristae junctions, 
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preserving mitochondrial DNA and targeting depolarized fragmented mitochondria for 

autophagy [95]. 

 

 

Figure 1.3 Mitochondrial membrane dynamics.  Drp1 is a major player in 

mitochondrial fission in facilitation by Fis1 that performs as a Drp1 docking site at the 

outer mitochondrial membrane. Mfn1 and Mfn2 carry out outer membrane fusion of 

mitochondria, while OPA1 functions to fuse inner mitochondrial membrane. Adapted from 

[95]. 

 

1.2.2.2 Dysfunction of Mitochondria in Neurodegenerative Disorders 

Normal mitochondrial dynamics are of vital importance for neurons because of their 

specific cell structure and high energy demands for survival and their specialized 
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functions. This makes neurons more vulnerable to mitochondrial dynamics defects. The 

alteration of mitochondrial mobility was observed frequently along with the progression 

of several neurodegenerative diseases, leading to neuronal dysfunction and apoptosis [92, 

100]. While studying autopsy brain tissue of patients with Alzheimer’s disease and 

neurons of transgenic mice, Manczak et al. [101] observed alterations of several 

mitochondrial fission/fusion proteins compared to control: increase in expression of Drp1 

and Fis1 and decrease in that of Mfn1, Mfn2 and Opa1. These results suggest that 

mitochondrial fission and fragmentation are induced in AD associated with amyloid β 

(Aβ) oligomer accumulation and cleavage of Tau, which triggers neurodegeneration 

[102]. Similar machinery was observed in neurons of HD patients where mutant 

huntingtin protein up-regulation and accumulation were present. In ALS where oxidative 

stress is a primary pathological event triggering disease progression, induced 

mitochondrial fragmentation and impaired mitochondrial dynamics were observed in 

motor neurons that express mutant superoxide dismutase (SOD1) in the inter membrane 

space of their mitochondria [103]. The vulnerability of dopaminergic neurons in 

substantia nigra to impairment of mitochondrial dynamics is suggested to be lower 

compared to other midbrain neurons [104]. A study on PD patient fibroblasts revealed 

that PTEN induced putative kinase 1 (PINK1) mutation promoted mitochondrial 

fragmentation [105]. In fibroblasts and dopaminergic neurons derived from stem cells of 

PD patients with LRRK2 mutant, inhibition of Drp1 function reduced excessive 

autophagy and neuronal damage [106], which suggested that mitochondrial fission could 

play a role in PD pathogenesis. All in all, mitochondrial dynamics are crucial to maintain 

neuronal health and are a potential therapeutic target for neurodegenerative diseases. 
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1.2.2.3 Impaired Mitochondrial Dynamics in MS 

As previously stated, MS pathology is considered to be inflammation-initiated. When 

the neurons in the CNS become inflamed and axonal injury and demyelination take place, 

mitochondria increase their sizes and activity at docking sites, and redistribute according 

to cell rescuing signal in response to inflammation.  

 

 

Figure 1.4 Node of Ranvier and surrounding regions. 

 

Within intact myelinated axons, long big stationary mitochondria are sitting and 

clustering in internodal and juxtanodal regions (Fig. 1.4) and account for more than 90% 

of total axonal mitochondria [89]. Whereas, in the nodes of Ranvier and paranodal 

regions, there are fewer and smaller mitochondria [89]. This distribution of mitochondria 

is in a similar pattern as the sodium/potassium ATPase (Na
+
/K

+
 ATPase) that is the 

primary consumer of ATP [89]. When demyelination happens, Na
+
/K

+
 ATPases are no 

longer compartmentalized and tend to diffuse and redistribute along axonal membrane. 

The change of energy demanding sites triggers mitochondrial relocation and an increase 

of mitochondrial size, density and activity [89]. Following remyelination, the size of 

mitochondria returns back to normal as seen in myelinated axons, whereas overall 
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number of mitochondria stays relatively high [89]. A study by Zambonin et al. [74] 

provides evidences of similar alterations in lesions of MS patients. The recovery of 

mitochondrial content in remyelinated neurons indicates the likelihood of fission-fusion 

cooperation being responsible for the recovery of destroyed myelin [89]. However, the 

consistently high number of mitochondria, including both mobile and stationary 

mitochondria, suggests an impairment of mitochondrial dynamics and energy deficits 

leading to secondary neuroinflammation and neurodegeneration [89, 107]. 

However, demyelination as a hallmark of MS is demonstrated not to be a prerequisite 

for the disease progression [58]. A study of acute lesions in EAE and MS patients 

performed by Nikic et al. [58] revealed that axonal injury or so-called ‘focal axonal 

degeneration (FAD)’  is the earliest sign of tissue damage corresponding to initial 

neuroinflammation and is the key event in triggering disease progression and permanent 

disability in patients. In these injured axons, mitochondrial pathology played a vital role. 

In Nikic’s study, FAD was assigned into three stages according to axonal morphology in 

the lesions: stage 0 represents normal-appearing axons, stage 1 represents focal swelling 

and stage 2 represents axonal fragmentation. In EAE lesions, mitochondrial size 

decreased as FAD stage increased with mild effect of demyelination, and induced 

mitochondrial fragmentation was observed in the region of axon within the lesion 

compared to the outside [58]. A similar pattern was observed in acute human MS lesion 

where mitochondrial size in intact demyelinated axon is relatively greater than that in 

normal-appearing myelinated axons [58]. These results represent impaired mitochondrial 

dynamics in MS pathogenesis in response to inflammation, and suggested a role of 

imbalanced mitochondrial fission-fusion cooperation in disease onset and degenerative 



23 

 

progression. Moreover, the blockage of mitochondria-mediated metabolic pathways is an 

early event in FAD and contributes to the initiation of axonal loss in MS [58]. FAD is 

promoted by inflammatory response to the active immune cells and free radical release, 

thus, suggesting a role of active microglia and macrophages in alteration of mitochondrial 

metabolism and redistribution [58, 82, 89]. All these studies conclude and emphasize the 

importance of normal mitochondrial motility in maintaining healthy neurons, and propose 

a rational therapeutic target for MS therapies. 

 

1.3 Endoplasmic Reticulum Stress in MS 

1.3.1 ER Stress 

1.3.1.1 Endoplasmic Reticulum 

Endoplasmic Reticulum (ER) is a large, sac-like, membrane-enclosed organelle in 

most types of human cells interconnecting nucleus and some important cytosolic 

compartments, including mitochondria and Golgi. The rough ER that locates near the 

nucleus is composed of ribosomes studded in peri-nuclear face of the membrane that 

translate messenger ribonucleic acid (mRNA), indicating an important role of the ER in 

protein synthesis [108]. Free ribosome starts the translation of proteins destined for the 

secretory pathway through translating a short piece of signal peptide that is recognized 

and bound by signal recognition particle [108]. The ribosome complex then binds to the 

rough ER and continues to translate the nascent polypeptide into the internal space of ER 

membrane called ER lumen, where the peptide is modified into proper structure [108]. 

This modification process requires an oxidizing environment within the ER for formation 

of disulfide bonds and multiple molecular chaperones, folding factors and sensors 
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cooperating and ensuring correct folding of peptides into mature proteins. The other type 

of ER that lacks bound ribosome is named as smooth ER, locating mainly in cell 

periphery. A major function of the smooth ER is to synthesize and secret phospholipids, 

cholesterol and steroids [108]. It also carries out carbohydrate metabolism, detoxification 

reactions, plasma membrane receptor translocation, and communication among 

mitochondria and Golgi. Most components of the ER membranes are freely diffusible 

between the rough and smooth regions, whereas the rough ER contains special proteins 

for ribosome translocation and binding [108]. Noteworthily, the lumen of the ER contains 

the highest concentration of Ca2+ within the cell because of active transport of calcium 

ions by Ca
2+

 ATPases and regulates intracellular calcium homeostasis that is important 

for cell metabolism, signaling and apoptosis [108]. 

 

1.3.1.2 Endoplasmic Reticulum Stress 

Disturbances such as viral infection, inflammation, aberrant Ca
2+

 regulation and 

cellular redox regulation cause accumulation of unfolded and incorrectly folded proteins 

in ER lumen, and trigger a cellular stress response called ER stress [109]. These 

accumulated proteins are then directed into ER quality control pathways for re-folding or 

degradation to adapt to the changing environment and re-establish normal ER function 

[109]. A molecular chaperone, binding immunoglobulin protein (BiP), is an early 

signaling marker responding to ER [109]. In the ER lumen, BiP binds to receptors on the 

membrane surface to inactivate them under non-stressful condition. In response to 

cellular disturbances, BiP releases from binding receptors thus, in short-term, activates 

inositol-requiring protein-1 (IRE1). The downstream activation of TNF receptor-
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associated factor 2 (TRAF2) signals and activates several kinases, causing expression of 

host defense genes to warn the cell of changing environment [109]. IRE1 receptor 

activation also induces the splicing of a transcription factor, X-box binding protein 1 

(XBP-1).The spliced and activated XBP-1 facilitates transcription of important ER 

chaperones, including BiP,  that are involved in protein re-folding or degradation to 

recover normal protein production and save cells [109]. Another ER membrane receptor, 

transcription factor-6 (ATF6), is activated upon BiP release and relocates to Golgi where 

it is cleaved by resident proteases [109]. Cleaved ATF6 is then released and migrates into 

the nucleus where it regulates protective gene expression and facilitates XBP-1 

production [109]. Absence of BiP-binding signal also activates protein kinase RNA-like 

ER kinase (PERK) on the ER membrane, induces phosphorylation of a translation 

initiation factor elF2α and subsequently inhibits global protein synthesis to reduce protein 

accumulation in the ER lumen [110]. However, if the accumulation of misfolded proteins 

is not resolved, a prolonged ER stress signal will implement up-regulation of a pro-

apoptotic marker C/EBP homologous protein (CHOP) through increased translation of a 

transcription factor, ATF4. The overexpressed CHOP blocks the transcription of several 

genes involved in cell metabolism, anti-apoptosis and calcium homeostasis, thus proceeds 

to programmed cell death [110]. Indeed, a key event in triggering and accelerating ER 

stress induced apoptosis is the distorted Ca
2+

 homeostasis, which is caused by excess 

outflow from the ER lumen into the cytosol.  The Ca
2+

 outflow activates multiple kinases 

and caspases essential for programed cell death, suppresses transcription of regulatory 

genes, blocks Ca
2+

-dependent ER chaperone activity and impairs Ca
2+

-sensitive 

mitochondrial activities [109, 110].  
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Figure 1.5 Signal transduction pathways associated with ER stress.  Accumulation 

of un- or mis- folded proteins in the ER lumen initiates release of BiP from ER membrane 

receptors, IRE1, ATF6 and PERK. The release subsequently activates the membrane 

receptors. Activated and phosphorylated IRE1 activates TRAF2, which in cascade leads to 

activation of several kinases facilitating transcription of cell survival genes. Active IRE1 

also induces post-translational modification of XBP-1, further regulating BiP production 

and gene transcription. ATF6 is released from the ER membrane upon dissociation with 

BiP, transports to Golgi where it is cleaved. Cleaved ATP6 then transports to cell nucleus 

where it regulates gene transcription and XBP-1 production. Active PERK in response to 

prolonged ER stress signal induces phosphorylation of elF2α, blocking mRNA translation 

and promote CHOP production. CHOP down-regulates survival gene transcription and 

signals cell apoptosis. Adapted from [110]. 
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1.3.2 ER Stress in Neurodegenerative Diseases 

In several neurodegenerative disorders, including AD, HD, PD and prion disease, 

accumulation of specific mutant and misfolded proteins is observed in triggering 

neurodegenerative progression, which proposed a role of ER stress in these diseases 

[111]. Induction of BiP expression was detected and varied in AD cases at different 

disease progression stages, suggesting ER stress is an early event in AD pathology [112]. 

Moreover, in post-mortem brain of AD patients and in vitro models, activation of PERK 

and induced phosphorylation of elF2α correlate with increased Aβ level and hyper-

phosphorylated Tau [112, 113]. These findings suggest a link between main pathological 

alterations and ER stress induced apoptosis in AD [111]. Similar associations were 

observed in HD and PD with mutation and accumulation of huntingtin and α-synuclein, 

respectively [111]. In the most common form of prion neurodegenerative disorder in 

human, Creutzfeldt-Jakob disease, several ER chaperones and sensor proteins including 

BiP were observed to be up-regulated [114]. ER stress facilitates production of misfolded 

forms of the prion protein in vitro, and the misfolded prion protein further induces ER 

stress and leads to cell apoptosis [115, 116]. 

 

1.3.3 ER Chaperone Alteration in MS 

In neurons, the tubular smooth ER distributes throughout axons and distal dendrites, 

regulating cell metabolisms, mitochondrial function and calcium homeostasis [110]. 

Axonal damage as an early event in MS neuropathology triggers ER stress to repair 

injured axons and rescue neurons from further degeneration [110]. With the accumulation 
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of axonal injury and neuroinflammatory responses, prolonged ER stress initiates cascades 

of reactions signaling cell apoptosis, and leads to subsequent pathological degeneration in 

MS [110]. Evidences suggest that increased expression of ER stress-associated proteins 

contribute to MS pathology [117, 118]. Both immunostaining and real-time PCR results 

indicate an induction of both BiP and CHOP in grey and white matter of MS patient 

biopsies and post-mortem brain tissue compared to those of normal control patient brain 

tissue [117, 118]. Interestingly, in the white matter of MS patient brain, CHOP is 

significantly induced at peri-lesional area compared to the center region of acute and 

chronic plaques [117]. In normal-appearing white matter (NAWM), expression level of 

CHOP is also significantly high compared to controls [117]. Indeed, peri-lesional areas 

are suffering from active immune cell infiltration and inflammation that diffuse into 

surrounding NAWM, whereas in the center of the lesions, demyelination and tissue 

damage are more dominant [84, 117]. Moreover, the preserved high level of CHOP at the 

center  of demyelinating plaques compared to controls indicates that ER stress signaling 

pathways are a mediator of myelin destruction [117]. Thus, it is possible that CHOP 

induction observed in MS brain as a marker of ER stress and apoptosis contributes to pre-

lesion alterations and lesion development in response to inflammation. A similar study 

performed in rat EAE model revealed that expression of ER stress-associated chaperons 

significantly increased in lesion tissue compared to those in normal rat tissue [119]. 

Conclusion of these findings indicates that ER stress is a potential hallmark of 

pathological progression in MS in response to inflammation and provides a potential 

therapeutic target for axonal and neuronal protection in this disease. 
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1.3.4 ER-Mitochondria Communication 

1.3.4.1 Mitochondria-Associated ER Membrane 

As stated in previous section (Section 1.3.1.1), ER is in contact with multiple 

membrane-enclosed intracellular organelle, including mitochondria. The region of the 

smooth ER membrane that interfaces with mitochondria is known as mitochondria-

associated ER membrane (MAM), where protein complexes tether the two organelles 

dynamically and closely but do not allow them to fuse [120].   

The first function of MAM identified is the formation and exchange of lipids. It has 

been shown that lipid handling at MAM can alter respiratory activity in yeast [121] and 

mitochondrial membrane dynamics in mice [122]. Later on, with the understanding that 

ER is the major calcium storage compartment and mitochondrial function relies on 

calcium signaling and homeostasis, cyclic exchange of calcium between the two 

organelles has been proposed and studied [123]. Transfer of calcium from the ER to 

mitochondrial matrix is essential for regulating mitochondrial activities through 

facilitating multiple enzymes in the electron transport chain. An in vitro study on the 

activity of pyruvate dehydrogenase indicated that this enzyme was hyper-phosphorylated 

and inactivated under impaired calcium influx into the mitochondria through the ER, 

which triggers mitochondrial dysfunction in redox reactions and ATP production and 

subsequent cell survival response to shortage of nutrients [124]. Furthermore, signaling 

cascades of calcium at the MAM is vital for regulating cell apoptosis. Recent studies 

showed that MAM becomes tighter and greater in number in response to harmful stimuli 

such as induced ER stress or nutrient deprivation [120]. The studies also demonstrated 

that the break-up of ER-mitochondrial network suppresses programmed cell death under 
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apoptotic signals [125]. A massive calcium signal changes mitochondrial morphology 

and membrane permeability, which triggers impairment of mitochondrial membrane 

potential and subsequent disabilities in ATP production and cell metabolisms [126]. It 

also urges the release of a respiratory chain subunit, which amplifies apoptotic signal 

through multiple pathways [127].  These findings proposed a tight linkage among ER 

calcium exchange, mitochondrial activities and cell apoptosis at MAM, highlighting the 

importance of maintaining normal MAM interaction and function in human health. 

 

1.3.4.2 The MAM and Neurodegeneration 

As mentioned in the last section, MAM is essential for cell apoptosis, so it is not 

surprising to see the association of MAM functions with disease pathology and 

progression where cell apoptosis is implicated, such as those of neurodegenerative 

disease. A typical event in triggering cognitive impairments and physical disabilities in 

AD patients is the progressive loss of hippocampal and cortical neurons [128]. It is 

believed traditionally that splicing of amyloid precursor protein (APP) into different 

forms of Aβ as well as Tau hyper-phosphorylation are key pathological characteristics in 

AD, which cause massive neuron loss. In APP-related pathology of AD, presenilin 

proteins and several secretases contribute to the splicing machinery whose genetic 

alterations are indicated to be associated with disease initiation and progression [128]. 

Studies have shown that presenilin 1 & 2 (PS1, PS2) interact directly with calcium 

transport IP3 receptors located at MAM to regulate mitochondrial influx of calcium, and 

mutations of these two proteins in AD enhanced the receptor activity [129]. Moreover, 

lipid metabolism is distorted in AD, which promotes re-arrangement of MAM lipid 
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composition, reorients APP transmembrane domain at this region and alters cleavage 

products of APP according to lipid composition and thickness of inserted membrane 

[128]. Thus, over-activation and impairment of MAM are proposed to underline 

pathogenesis of neurodegeneration in AD, and it is suggestive for a role of MAMs in MS 

neuropathology where calcium homeostasis defects, mitochondrial dysfunction and 

axonal degeneration occur. 

 

1.4 Rab Proteins 

1.4.1 Rab protein structure and reaction machinery 

Rab protein family is a member of Ras small molecular weight guanosine nucleotide-

binding protein (G-protein) expressed universally in human and other eukaryotic cells 

[130]. Rab proteins are in the size of 20-25kDa and localize at the cytosolic surface of 

many cellular organelles [130]. Similar to the structure of other G-proteins, Rab proteins 

contain a multi-loop structure interacting with GTP and handling its hydrolysis [130]. In 

active state, Rab binds to GTP and hydrolyze it. During hydrolysis, conformation of the 

loop region changes to adopt its binding to the hydrolyzed product of GTP, GDP. At the 

GDP-bound state, Rab is inactivated. Besides this well-conserved structure, Rab has a C-

terminal region that is hyper-variable between Rabs of different eukaryotic species and is 

essential for cellular targeting of individual Rabs [130]. A cysteine motif at the extreme 

carboxyl terminus is post-translational modified by adding geranyl groups known as 

isoprenylation, and is conserved for its function in membrane insertion [130]. In addition, 

by analogy with other Ras proteins, a specific sequence is identified in Rabs termed the 

“effector” domain [130]. Rabs are able to bind specific effector molecules or proteins to 
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their “effector” domain in active status, regulating and targeting these molecules to their 

destination [130]. Most of the effector proteins are involved in regulating protein sorting, 

recruitment and recycling, as well as vesicle transport, docking and fusion with 

appropriate membrane compartments [131]. 

A number of Rab mutations have been established to study the function and 

mechanism of these proteins. A frequently utilized mutant for Rabs is at amino acid 

position around 70 where the conservation of a glutamine (Q) to a leucine (L) takes place 

[130]. This Rab mutant is impaired in GTP hydrolysis thus remains dominantly activated 

at GTP-bound state [130]. In contrast, a mutation leading to everlasting association of 

GDP generates dominant inactive Rabs (or dominant negative Rab mutant) through the 

conversion of a serine (S) or a threonine (T) to an asparagine (N) near amino acid 

position 20 [130]. 

 

1.4.2 Rab protein cellular localization and function  

Rab proteins function predominantly in coordinating membrane trafficking and 

protein delivery because of their ubiquitous distribution to multiple subcellular structures 

and high-level specificity in membrane transport machinery. According to different 

cellular compartments they work at, characterized Rab proteins are divided into 13 

subfamilies excluding the Ras-related nuclear protein (Ran), summarized by Brighouse et 

al. [132]. Most Rabs transport dynamically among the ER, Golgi, lysosome and plasma 

membrane. These Rabs play major roles in facilitating the secretory and 

endocytosis/exocytosis pathways [130]. For example, Rab9 participates in vesicle 

formation from sorting endosome and transport to fuse with Golgi; Rab5 and Rab7 
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contribute to retrograde transport of transmembrane proteins from endosomes to Golgi; 

Rab8 attaches vesicles containing light-perceptive pigment to actin microfilaments; 

Rab11 facilitates vesicle transport in secretory pathways while Rab5 modulates 

endocytosis [132]. Several Rabs also participate in endosomal fusion through interaction 

of their regulatory proteins with membrane fusion proteins [133]. Some of the Rab 

proteins, such as Rab1 and Rab32, are more stationary at their docking sites compared to 

those dynamically transporting Rabs, and facilitate vesicle targeting and tethering 

between contacting compartments [130].  

 

1.4.3 Rab32 family proteins 

According to Brighouse’s categorizing of Rabs into different subfamilies in terms of 

their sequence similarity and cellular localizations, Rab32, Rab38, Rab7L1 (Rab29 in rat) 

are grouped together [132]. A specific sequence characteristic of this group of Rabs is 

that, in the GTPase domain, these Rabs contain an isoleucine (I) at the amino acid 

position where other Rabs contain a threonine (T) [134]. This alteration is evolution-

adapted and suggests a different binding property or efficiency of these Rabs to 

GTP/GDP. Besides their sequence specificity, Rabs in Rab32 subfamily function at 

similar subcellular compartments, such as cargo transport from post-Golgi to 

melanosomes that are lysosome-related organelles responsible for color and 

photoprotection [135]. However, recent studies indicate an association of Rab32 with ER 

and mitochondria where it may be involved in cell survival-related pathways [136, 137]. 
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1.4.3.1 Rab32 

Rab32 was first identified in blood platelets and distributed universally in human 

tissue and organs [134]. An mRNA-level study conducted by Bao et al. [134] illustrated 

that expression of Rab32 was high in heart, liver and kidney, and moderate in pancreas, 

placenta and lung, while a very mild expression of this protein was detected in brain and 

skeletal muscle. They also reported that Rab32 protein was fractionated together with 

granules/mitochondria and membranes, suggesting a potential involvement of this protein 

in mitochondrial activities [134]. In the same year 2002, Alto et al. [137] confirmed the 

co-localization of Rab32 with mitochondria and, more importantly, discovered a major 

function of this protein in regulating mitochondrial dynamics and distribution. In Alto’s 

study, Rab32 is characterized to be an A-kinase anchoring protein that target PKA to 

mitochondria [137].  Rab32, as other AKAPs, contains an amphipathic helix for PKA 

anchoring that is absent in other Rabs including closely related Rab38 and Rab7L1 [137]. 

This specific domain allows Rab32 to interact with and recruit PKA to mitochondrial 

membrane where PKA mediates phosphorylation of mitochondrial dynamics related 

proteins, such as Drp1 [136, 137].  

As stated in section 1.2.2.1, Drp1 is critical for mitochondrial division, size and 

shape, and distribution throughout the neuron, and the impaired expression and activity of 

Drp1 contributes to neuronal apoptosis in the progression of several neurodegenerative 

diseases. A more recent study on the role of Rab32 in regulating apoptosis and MAM 

properties presented co-localization of Rab32 with both mitochondria and the ER at 

MAM while highlighted the association of Rab32 with Drp1 [136]. It has been shown 

that the dominant negative Rab32 T39N mutants (Rab32T39N) and the wild type Rab32 
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(Rab32WT) co-localize nicely with MAM and mitochondria, where they target PKA to 

serine 637 in human Drp1 and lead to inactivation of Drp1 through doubling its 

phosphorylation level [136]. Inactivation of Drp1 facilitates mitochondrial fusion and 

protects cells from apoptosis by allowing functional complementation of mitochondrial 

DNA, proteins, and metabolites between adjacent mitochondria [94, 138]. In contrast, a 

GTP-bound dominant active mutant of Rab32 (Rab32Q85L) leads to a decreased 

association of PKA with mitochondrial membrane, similar to the effect of Rab32 protein 

depletion [136, 139]. Moreover, Rab32 protein is identified to modulate MAM by 

regulating ER calcium handling and disrupts the specific enrichment of calnexin on 

MAM [136]. Active Rab32 extracts and transports calnexin from MAM to cell periphery, 

which is believed to be a cell apoptotic signal [136]. Our collaborator, Dr. Thomas 

Simmen at the University of Alberta, showed that up-regulation of Rab32 was associated 

with ER stress induction under hypoxia condition in neuronal cells (unpublished data), 

and over-activated Rab32 distorted mitochondrial membrane potential (unpublished data) 

and accelerated cell apoptosis [136]. To summarize these findings, it is suggestive that 

Rab32 regulates mitochondria-associated and ER stress-induced neuronal apoptosis. A 

proposed machinery of Rab32 in regulating mitochondrial dynamics upon ER stress 

signal is illustrated in figure 1.6, as suggested by Dr. Simmen [140].  
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Figure 1.6 Machinery of Rab32-mediated mitochondrial dynamics regulation at 

MAM. In inactive state, GDP-bound Rab32 sits on the ER membrane. When ER stress 

initiates, Rab32 are up-regulated on the ER membrane and activated, binding to their 

effector protein Drp1 and recruiting them to MAM. Adapted from [140]. 

 

1.4.3.2 Rab38 and Rab29 

Rab38 and Rab7L1 are evolutionarily related to Rab32 according to the phylogenetic 

analysis of the Rab family proteins [141], and are similar in their localization and 

functions [132]. Similar to Rab32, Rab38 is mainly involved in facilitating transport 

cargo among ER, Golgi and melanosome [135], as well as melanosome biogenesis [142]. 

Interestingly, Rab38 has recently been identified as one of the top markers associated 

with the age of onset endpoint in the RR-MS and SP-MS [48]. In addition, Rab7L1 is of 

interest in the disease risk of Parkinson’s disease at genetic level [143]. These findings 
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suggest possible contributions of Rab32 protein subfamily to neurodegenerative 

mechanisms. 

 

1.6 Summary 

Over the past decade, MS researchers have shown much interest in the inflammation-

initiated neurodegenerative mechanisms, where mitochondrial dysfunction is suggested 

to play a significant role. High-level ER stress and impaired mitochondrial dynamics and 

distribution make cells more susceptible to inflammation, causing neurodegeneration and 

subsequent progression of the disease and onset of permanent disability. Rab32 protein is 

indicated to regulate mitochondrial fragmentation-mediated cell death by altering the 

activation level of Drp1 that is involved in neurodegenerative mechanisms of several 

CNS disorders. Rab32 also plays a role in apoptosis through its response to ER stress and 

modulation of mitochondria-ER communication. The evolutionary related Rab38 protein 

is identified as a risk marker in MS, and together with Rab7L1, may play a similar role to 

that of Rab32 in regulating mechanisms of cell apoptosis. These findings suggest the 

involvement of Rab32-like proteins in the neurodegenerative mechanisms of MS where 

their dysfunction may accelerate disease progression. 

 

1.7 Hypothesis and Specific Aims 

According to the literature findings stated above, I hypothesize that Rab32 plays a 

role in altering the axonal mitochondrial dynamics and distribution, and subsequent 

induction of neurodegeneration in MS in response to ER stress and inflammation. 

To understand the effect of abnormal expression of Rab32 on pathological changes in MS, 
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a detailed characterization of its expression and localization in MS patient tissue needs to 

be established. Specifically, I will detect the expression of Rab32 in and out of lesions of 

MS brain tissue to have a general understanding of its potential contribution to MS 

pathology in response to ER stress and inflammation. I will identify its localization 

within neurons to glean insight of my understanding. Moreover, evaluation of cellular 

alteration in neurons can provide important information for a potential mechanism of 

Rab32 in triggering neurodegenerative progression of MS. I will investigate if transient 

changes in expression and activity of Rab32 impair neurite growth and mitochondrial 

dynamics within human neurons, and prolonged effect of these changes accelerates 

neuron apoptosis. 

Specific Aims: 

1. To detect the expression and variation of Rab32, Rab38 and Rab7L1 proteins in 

MS brain tissue. 

2. To detect the expression and variation of ER stress and apoptotic markers in MS 

brain tissue and speculate the association of Rab32 with these markers in acute 

and chronic lesions. 

3. To detect the expression of Rab32 in neurons of MS brain tissue and analyze 

mitochondrial morphology and dynamics in neurons that express mutant, WT or 

depletion of target Rab proteins. 

4. To evaluate the rate of apoptosis of neurons that express mutant, WT or depletion 

of target Rab proteins. 

5. To propose a potential mechanism of Rab32 protein in neurons of MS patients. 
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2. MATERIALS AND METHODS 

 

2.1 MATERIALS AND REAGENTS 

The materials, chemicals, and reagents used for this thesis were purchased from 

suppliers indicated below and used according to the manufacturers’ recommendations 

with modifications stated otherwise. 

Table 2.1 Chemicals and Reagents 

Chemical/Reagent Supplier 

2-Mercaptoethanol Bio-Rad 

4-(2-hydroxyethyl)-1-piperazieethanesulfonic acid (HEPES) Sigma-Aldrich 

4',6-Diamidino-2-Phenylindole, Dihydrochloride (DAPI) Life Technologies 

Acrylamide (30%) Bio-Rad 

AIM-V Medium (1X) GIBCO Life Technologies 

Ammonium Persulfate (APS) Bio-Rad 

Ampicillin Sigma-Aldrich 

Bovine Serum Albumin (BSA) Sigma-Aldrich 

Bromophenol Blue Bio-Rad 

Cytoseal XYL Richard-Allan Scientific 

Cytosine Arabinoside (AraC) Sigma-Aldrich 

Dimethyl Sulfoxide (DMSO) EMD 

DNase I Roche Diagnostics 

Dulbecco's Modified Eagle Medium (DMEM, + high 

glucose) 
GIBCO Life Technologies 

Eosin Y solution, alcoholic Sigma-Aldrich 

Ethanol Commercial Alcohols 

Fetal Bovine Serum (FBS) GIBCO Life Technologies 

Ficoll-Paque PLUS GE Healthcare 

Fungizone GIBCO Life Technologies 

Glycerol Bio-Rad 
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Goat serum GIBCO Life Technologies 

Hank's Balanced Salt Solution (HBSS) GIBCO Life Technologies 

Hematoxylin Solution, Mayer’s Sigma-Aldrich 

Isopropanol Fisher Scientific 

L-glutamine GIBCO Life Technologies 

Luria Broth Base, Miller BD Biosciences 

Luria-Bertani (LB) Agar, Miller BD Biosciences 

Luxol
®
 fast blue solution Sigma-Aldrich 

MEM Nonessential Amino Acids (NEAA) GIBCO Life Technologies 

Methanol Fisher Scientific 

Minimum Essential Medium (MEM) GIBCO Life Technologies 

MitoTracker Red CMX Ros Invitrogen 

Mouse serum Sigma-Aldrich 

N-2 supplement GIBCO Life Technologies 

Nitrocellulose Trans-blot Bio-Rad 

Paraformaldehyde (PFA) Sigma-Aldrich 

Penicillin-Streptomycin Solution GIBCO Life Technologies 

Phosphate Buffer Saline with Calcium and Magnesium 

(PBS++) 
Cellgro Mediatech, Inc. 

Phosphate Buffered Saline (PBS, pH 7.4) Sigma-Aldrich 

Poly-l-ornithine Sigma-Aldrich 

Precision Plus Protein Dual Colour Standards Bio-Rad 

ProLong Antifade Resin (PLAF) 
Invitrogen Molecular 

Probes 

Recovery cell-culture freezing media GIBCO Life Technologies 

Retinoic Acid (RA) Sigma-Aldrich 

RPMI medium 1640 (1X, +L-glutamine) GIBCO Life Technologies 

Saponin Fluka 

Sodium Bicarbonate EMD 

Sodium Chloride Fisher Scientific 

Sodium citrate dihydrate Sigma-Aldrich 

Sodium Dodecyl Sulphate (SDS) Bio-Rad 
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Sodium pyruvate GIBCO Life Technologies 

Sucrose Sigma-Aldrich 

Tetramethylethylenediamine (TEMED) OmniPur/EMD 

Tris Bio Basic Inc. 

Tris-HCl (0.125M, pH 6.8) Bio-Rad 

Triton X-100 Sigma-Aldrich 

Trypan Blue Stain (0.4%) GIBCO Life Technologies 

Trypsin (0.25%, +1mM EDTA) GIBCO Life Technologies 

Tween 20 Fisher Scientific 

UltraPure Water Invitrogen 

Xylenes Fisher Scientific 

 

2.1.1 Buffers and Solutions 

The buffers and solutions commonly used for this thesis, and their composition, are 

listed in the table below. 

Table 2.2 Common Buffers and Solutions 

Buffer / Solution Composition 

1x SDS Extraction 

Buffer 

0.125M Tris-HCK pH 6.8, 2% SDS, 10% Glycerol,  5% β-

Mercaptoethanol  

4x Seperating Buffer 1.5M Tris pH8.8, 0.4% SDS 

4x Stacking Buffer 0.5M Tris pH 6.8, 0.4% SDS 

Carbonate Transfer 

Buffer 
10mM NaHCO3, 3mM Na2CO3, 20% Methanol 

Citrate Buffer pH 6.0 10mM Sodium Citrate Dihydrate, 0.05% Tween 20 

Fixing Solution 1x PBS, 4% Paraformaldehyde 

Gel Running Buffer 25mM Tris, 200mM Glycine, 0.1% SDS 

Hank's Buffer HBSS, 1.5% HEPES, 0.3% Penicillin-Streptomycin 

HFN Basal Media 

MEM, 10% FBS, 1mM L-Glutamine, 1mM Sodium Pyruvate, 

1x NEAA, 1% Sucrose, 1% Penicillin-Streptomycin, 0.1% 

Fungizone 
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HFN Non-Serum 

Media 

MEM, 1mM L-Glutamine, 1mM Sodium Pyruvate, 1x NEAA, 

1% Sucrose 

IF Blocking Solution 1x PBS, 2% BSA, 0.5% Saponin 

IF Wash Solution PBS++, 0.2% BSA, 0.1% Triton X-100 

IHC Blocking Buffer 

for Human Tissue 
1x TBS-T, 5% Goat Serum, 1% BSA 

IHC Blocking Buffer 

for Mouse tissue 
1x TBS-T, 5% Goat Serum, 5% Mouse Serum 

Laemmli (Sample) 

Buffer 

60mM Tris pH 6.8, 2% SDS, 10% Glycerol, 5% β-

Mercaptoethanol, 0.01% Bromophenol Blue 

Mononuclear Cell 

Basal Media 
AIM-V Medium (1X), 1% Penicillin-Streptomycin 

Mononuclear Cell 

Washing Buffer 
1x PBS, 2% FBS 

NT2 Basal Media 
DMEM, 10% FBS, 1% Penicillin-Streptomycin, 0.1% 

Fungizone 

Rat Neuron Basal 

Media 

MEM, 2% FBS, 0.3mM L-Glutamine, 1.5mM Sodium 

Pyruvate, 1.5% HEPES, 1% N-2 Supplement0.3% Penicillin-

Streptomycin 

Tris Buffered Saline-

Triton X-100 (1x TBS-

T) 

10mM Tris pH 8.0, 0.15M NaCl, 0.05% Triton X-100 

Western Blocking 

Solution 
1x PBS, 2% BSA 

Western Blot Antibody 

Solution 
1x TBS-T, 2% Milk (Carnation, skim milk powder) 

 

2.1.2 Antibodies 

Primary and secondary antibodies, and their working concentration applied in 

Western Blot, Immunohistochemistry and Immunocytochemistry of this study, were 

listed in the tables below. 

Table 2.3 Primary Antibodies 

Antibody Supplier Host 
Antibody 

Clonality 

Working 

Dilution 

Appli-

cation 

Species 

Reactivity 

BECN1 Santa Cruz Mouse Polyclonal 1:200 WB 
Hu, Ms, 

Rt 
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BiP BD Mouse Monoclonal 1:1000 WB 
Dg, Hu, 

Ms, Rt 

BiP Abcam Rabbit Monoclonal 1:100 IHC Hu, Ms 

Calnexin 

Dr. Luc 

Berthiaume's 

Lab 

Rabbit Polyclonal 1:1000 WB --- 

Calreticulin Thermo Rabbit Polyclonal 1:1000 WB 
Hu, Ms, 

Rt 

Caspase 3 

(8G10) 

Cell 

Signaling 
Rabbit Monoclonal 1:1000 WB 

Hu, Ms, 

Rt 

Caspase 8 

(1C12) 

Cell 

Signaling 
Mouse Monoclonal 1:1000 WB Hu 

CD3 BD Mouse Monoclonal 1:1000 TA Hu 

CD28 BD mouse Monoclonal 1:100000 TA Hu 

CHOP 

(9C8) 
ENZO Mouse Monoclonal 1:1000 WB Hu, Ms 

CHOP 

(9C8) 
Thermo Mouse Monoclonal 1:100 IHC 

Hu, Ms, 

Rt 

DNM1L 

(Drp1) 
Abcam Mouse Monoclonal 1:1000 WB Hu, Rt 

Flag Rockland Mouse Monoclonal 1:100 IF --- 

GRP75/HS

PA9B 

Affinity 

BioReagents 
Mouse Monoclonal 1:1000 WB 

Hu, Mk, 

Ms 

GRP94 Millipore Rabbit Polyclonal 1:1000 WB 
Hu, Mk, 

Rt 

Lc3B (D11) 
Cell 

Signaling 
Rabbit Monoclonal 1:1000 WB 

Hu, Ms, 

Rt 

MFN2 Abnova Mouse Monoclonal 1:1000 WB 
Hu, Ms, 

Rt 

Nucleo-

porin p62 
BD Mouse Monoclonal 1:2000 WB 

Ch, Hu, 

Ms, Rt 

PACS2 Protein Tech Rabbit Polyclonal 1:600 WB 
Hu, Ms, 

Rt 

Phospho-

DRP1 

(Ser637) 

Cell 

Signaling 
Rabbit Polyclonal 1:1000 WB 

Ms, Mk, 

Rt 

Rab32 
Dr. John 

Scott's Lab 
Rabbit Polyclonal 1:1000 

WB/IH

C 
Hu 

Rab32 Protein Tech Rabbit Polyclonal 1:200 IHC Hu 
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Rab38 Abnova Mouse Monoclonal 1:1000 WB Hu 

Rab38 Abcam Rabbit Polyclonal 1:1000 WB 

 Ch, Cw, 

Hu, Ms, 

Rt 

Rab7L1 Abnova Mouse Monoclonal 1:1000 WB Hu 

Rab7L1 Abcam Mouse Monoclonal 1:1000 WB Hu 

SMI 312R Covance Mouse Monoclonal 1:1000 IHC Hu, Ms 

SMI 32R Covance Mouse Monoclonal 1:1000 IHC Mm, Ms 

α-Tubulin Millipore Mouse Monoclonal 1:2000 WB 

Ch, Gr, 

Hu, Ms, 

Rt 

WB: Western Blot 

ICC: Immunocytochemistry 

IF: Immunofluorescence 

IHC: Immunohistochemistry 

TA: T cell activation 

Hu: Human Ch: Chicken Dg: Dog 

Ms: Mouse Cw: Cow Gr: Gerbil 

Rt: Rat Mk: Monkey Mm: Mammalian 

 

Table 2.4 Secondary Antibodies 

Antibody Supplier Host 
Antibody 

Clonality 

Working 

Dilution 
Application 

Alexa Fluor 750 

anti-Rabbit 

Invitrogen-

Molecular Probes 
Goat Polyclonal 1:5000 WB 

Alexa Fluor 680 

anti-Mouse 

Invitrogen-

Molecular Probes 
Goat Polyclonal 1:5000 WB 

Alexa Fluor 594 

anti-Mouse 

Invitrogen-

Molecular Probes 
Goat Polyclonal 1:2000 IHC 

Alexa Fluor 488 

anti-Rabbit 

Invitrogen-

Molecular Probes 
Goat Polyclonal 

1:2000 

 
IHC 

Alexa Fluor 488 

anti-Mouse 

Invitrogen-

Molecular Probes 
Goat Polyclonal 

1:2000 

 
IF 

 



46 

 

2.1.3 Plasmids 

The plasmid vectors and small hairpin RNAs (shRNAs) used in this study are listed 

in the tables below. 

Table 2.5 Plasmids 

Plasmid 

Name 
Tag Vector 

Bacterial 

Resistance 
Promoter 

Plasmid 

type 
Supplier 

Rab32 WT Flag pcDNA3 Ampicillin CMV 
Mammalian 

Expression 

Dr. John 

Scott's Lab 

Rab32 

Q85L 
Flag pcDNA3 Ampicillin CMV 

Mammalian 

Expression 

Dr. John 

Scott's Lab 

Rab32 

T39N 
Flag pcDNA3 Ampicillin CMV 

Mammalian 

Expression 

Dr. John 

Scott's Lab 

pmaxGFP GFP pmaxGFP Kanamycin PCMV 
Mammalian 

Expression 
Lonza 

pDsRed2-

Mito 
DsRed2 pDsRed2 Kanamycin CMV 

Mammalian 

Expression 
Clontech 

pEYFP-

Mito 
YFP pEYFP Kanamycin CMV 

Mammalian 

Expression 
Clontech 

 

Table 2.6 shRNAs 

Name ID 
Reporter 

Gene 
Vector 

Selecting 

Marker 

Target 

Species 
Supplier 

RAB32 

RSH054438 

RSH054438-

1-CH1 
eGFP psi-H1 Puromycin Rat 

Gene 

Copoeia 

RAB32 

RSH054438 

RSH054438-

2-CH1 
eGFP psi-H1 Puromycin Rat 

Gene 

Copoeia 

RAB32 

RSH054438 

RSH054438-

3-CH1 
eGFP psi-H1 Puromycin Rat 

Gene 

Copoeia 

RAB32 

RSH054438 

RSH054438-

4-CH1 
eGFP psi-H1 Puromycin Rat 

Gene 

Copoeia 

shRNA 

Scrambled 

Control 

Clone 

CSHCTR001-

CH1 
eGFP psi-H1 Puromycin Rat 

Gene 

Copoeia 
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RAB32 

HSH001118 

HSH001118-

1-mH1 
mCherry psi-mH1 Puromycin Human 

Gene 

Copoeia 

RAB32 

HSH001118 

HSH001118-

2-mH1 
mCherry psi-mH1 Puromycin Human 

Gene 

Copoeia 

RAB32 

HSH001118 

HSH001118-

3-mH1 
mCherry psi-mH1 Puromycin Human 

Gene 

Copoeia 

RAB32 

HSH001118 

HSH001118-

4-mH1 
mCherry psi-mH1 Puromycin Human 

Gene 

Copoeia 

shRNA 

Scrambled 

Control 

Clone 

CSHCTR001-

mH1 
mCherry psi-mH1 Puromycin Human 

Gene 

Copoeia 

 

2.1.4 Cell Model and Human Tissue 

The cell lines, primary cell cultures purified from embryo tissues and patient autopsy 

tissue samples used in this study are listed in the tables below. Patient autopsy tissue 

samples are identified according to patient clinical information. 

Table 2.7 Primary Cell Culture and Cell Line 

Mammalian Cell Line Source 

NT2 human teratocarcinoma cell line ATCC 

Primary Cell Culture Source 

Human fetal neuron 15-19 weeks human fetal brain 

Rat cortical neuron 18 days rat embryos 

T cell Donated blood from volunteers 

Bacterial Cell Source 

DH5α E. Coli Dr. Gary Eitzen, University of Alberta 

 

Table 2.8 Human Brain Tissue Source 

Patient I. D. Age Gender Disease Course 

NP12-50 54 Male Secondary Progressive MS 

NP13-10 44 Male Relapsing-Remitting MS 
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2.1.5 Multicomponent System, Software and Equipment 

The multicomponent kit, software and equipment used in this study are listed in the 

tables below. 

Table 2.9 Multicomponent System 

Multicomponent system Supplier 

Amaxa Basic Nucleofector Kit (Primary 

Neurons) 
Lonza 

Amaxa Rat Neuron Nucleofector Kit Lonza 

Human CD4+ T Cell Enrichment Cocktail RosetteSep 

Human CD8+ T Cell Enrichment Cocktail RosetteSep 

QIAGEN Plasmid Midi Kit QIAGEN 

Vybrant Multicolor Cell-Labeling Kit Invitrogen 

 

Table 2.10 Detection and Analysis Software 

Software Supplier 

Adobe Photoshop CS5 Adobe 

Axiovision 4 Acquisition Software Carl Zeiss 

Microsoft Excel 2010-Data Analysis Microsoft 

ImageJ Software 

Rasband, W.S., ImageJ, U.S. National 

Institutes of Health, 

http://rsb.info.nih.gov/ij/ 

Image Studio Lite Ver 3.1 LI-COR 

Odyssey InFrared Imaging System LI-COR 

 

Table 2.11 Equipment 

Equipment Supplier 

550 Sonic Dismembrator Fisher Scientific 

Axio Observer Wide-field Microscope  Carl Zeiss 
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Centrifuge Beckman 

Li-Cor Scanner LI-COR 

Microcentrifuge Eppendorf 

NanoDrop Spectrophotometer ND1000 Thermo Scientific 

Nucleofector 2b Device Lonza 

 

2.2 METHODS 

2.2.1 Mammalian Cell Culture Techniques 

2.2.1.1 Maintenance and Differentiation of NT2 Cell Line 

A human embryonic teratocarcinoma cell line, NT2, was maintained in NT2 basal 

medium (Table 2.2). Cells were incubated at 37°C in an environment of 95% air and 5% 

CO2 and were passaged twice per week using 0.25% trypsin/1mM EDTA (Table 2.1).  

NT2 cells were induced to differentiate into neuronal phenotypes after four weeks of 

treatment with 10µM Retinoic Acid (RA, Table 2.1) in aggregate cultures. Then cells 

were purified roughly and seeded into proper containers pre-coated with 1x poly-L-

ornithine (Table 2.1). Following a two-week treatment with 25µM Cytosine Arabinoside 

(AraC, Table 2.1), NT2 neuron grew into proper phenotypes and was ready for use. 

 

2.2.1.2 Isolation and Maintenance of Primary Neuron Cultures 

Human fetal neuron (HFN) culture was prepared from 15-19 weeks fetal brains 

obtained with consent (approved by the University of Alberta Ethics Committee) [144]. 

In short, fetal brain tissues were dissected and meninges were removed. A single cell 

suspension was prepared by trituration of the tissues through serological pipettes, 

followed by digestion for 30 minutes with 0.25% trypsin and 0.2 mg/ml DNase I (Table 

2.1), and was then passed through a 70-μm cell strainer (BD).  Cells were washed 2 times 
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with fresh HFN basal medium (Table 2.2) and seeded in proper containers pre-coated 

with poly-L-ornithine at 60-80 million cells/flask. 25μM AraC was added to the basal 

medium for growing HFN and preventing the growth of astrocytes. 

Rat cortical neuron culture was prepared from 18 days embryos (E18) obtained with 

consent (approved by the University of Alberta Ethics Committee). Briefly, embryos 

were removed from pregnant rat and cortices of the embryonic brains were isolated with 

removed skin, washed with Hank’s buffer (Table 2.2). The cortices were then digested in 

0.25% trypsin for 16 min and disrupted by glass Pasteur pipette. Cells were washed twice 

with HBSS medium (Table 2.1) and plated in proper container pre-coated with poly-L-

ornithine at 3 million cells/flask. The medium for growing rat cortical neurons was rat 

neuron basal medium (Table 2.2).  

 

2.2.2 Human Frozen Brain Tissues 

Tissues of three frozen MS brains collected from two identified patients (Table 2.8) 

and one unidentified patient, as well as tissues from a frozen ALS brain were obtained 

from Brain Bank in MS Clinic, University of Alberta. The post-mortem brain tissue 

(NP12-50, Table 2.8) was kindly donated by Dr. Christopher Power and Dr. Jian-Qiang 

Lu at the University of Alberta and collected as described in [145]. 

 

2.2.2.1 Protein Extraction from Human Frozen Brain Tissues 

Proteins were extracted from human frozen brain tissues in 1x SDS extraction buffer 

(Table 2.2). Following a one-minute brief vortex, samples were sonicated twice by 550 

Sonic Dismembrator (Table 2.11) for 5-10 minutes. Supernatants were collected and 
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protein concentrations were measured by NanoDrop Spectrophotometer ND1000 (Table 

2.11) at Absorbance 280nm.  

 

2.2.2.2 Sectioning of Autopsy Brain Tissues 

Surgical specimens were formalin-fixed, paraffin-embedded and sectioned at 5 µm. 

The fixed tissue sections were mounted onto slides and stained using 

immunohistochemistry techniques described below (see Section 2.2.4). 

 

2.2.3 Protein Immunoblot 

2.2.3.1 Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis (SDS-PAGE) 

Extracted protein samples from frozen brain tissues were denatured during extraction 

and separated by SDS-PAGE technique. In brief, protein samples and standards were 

separated using 4% stacking gels and 8, 12 or 15% separating gels, depending on the size 

of proteins of interest. The stacking gel is composed of 3% acrylamide (Table 2.1), 1x 

stacking buffer (Table 2.2), 0.1% TEMED (Table 2.1) and 0.2% APS (Table 2.1). The 

separating gel is composed of 1x separating buffer (Table 2.2), 0.1% TEMED, 0.1% APS 

and proper concentration of acrylamide. SDS-PAGE was done using the Mighty Small II 

gel running system (Amersham) under 150V for 70-120 minutes, depending on the gel 

percentage. 

 

2.2.3.2 Western Blot 

Following separation of the protein samples by SDS-PAGE, gels were transferred 

onto a nitrocellulose membrane (Table 2.1) using a Mini Transblot Cell apparatus (Bio-
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Rad) in Carbonate Transfer Buffer (Table 2.2) at 400mA for 2 hours at 4°C. The 

membrane was then incubated in Western Blocking Solution (Table 2.2) for 1 hour at 

room temperature. After blocking, the membrane was incubated in primary antibodies 

(Table 2.3) diluted into proper concentration using Western Blot Antibody Solution 

(Table 2.2), either overnight at 4°C or 1 hour at room temperature, according to 

specifications of each antibody. On the following day, the membrane was washed 3 times 

with 1x TBS-T (Table 2.2) for 5 minutes each at room temperature with gentle shaking. 

Secondary antibody incubation was performed for 1 hour in secondary antibodies (Table 

2.4) diluted into proper concentration using Western Blot Antibody Solution. Finally, the 

membrane was washed again as described above and sat in distilled water before 

detection. 

Detection was performed using Li-Cor scanner (Table 2.11) and basic analysis was 

performed by an Odyssey Infrared Imaging System (Table 2.10). 

 

2.2.4 Immunohistochemistry 

Sample sections from each specimen collected (as described in Section 2.2.2) were 

stained with hematoxyline and eosin (H&E) to identify demyelinated lesion area [145]. 

Selected sections of tissue blocks with chronic active lesion were deparaffinised 2 times 

in xylene for 5 minutes each and rehydrated in decreasing concentrations of ethanol 2 

times for 5 minutes each. Antigen retrieval was conducted by dipping the slides in boiling 

10mM citrate buffer (pH 6.0, Table 2.2) for 20 minutes. The slides were blocked in IHC 

blocking buffer (Table 2.2) and then probed for Rab32, CHOP, BiP and neurofilament by 

primary antibodies (Table 2.3) diluted into proper concentration using IHC blocking 
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buffer, according to standard protocol and manufacturer’s instruction. Fluorescent 

double-staining was carried out by detecting with goat-anti mouse/rabbit secondary 

antibodies conjugated to Alexafluor 488/594 (Table 2.4). Nuclei counterstaining was 

performed by incubating sections in 0.1% 4’,6-Diamidino-2-Phenylindole (DAPI, Table 

2.1) for 15min. Fluorescent microscopy was achieved by an Axiocam on an Axio 

observer microscope (Table 2.11) with either 10x or 20x plan-Apochromat lens. All 

images were processed by Axiovision 4 Acquisition Software using Z-stack correction 

and deconvolution functions and images were enhanced with Adobe Photoshop CS5 

(Table 2.11) using levels function only, until reaching saturation in the most intense areas 

of the image. 

 

2.2.5 Transfection and immunofluorescence microscopy 

2.2.5.1 Nucleofection 

Electroporation was carried out using Amaxa Basic Nucleofector Kit for primary 

neurons or Amaxa Rat Neuron Nucleofector Kit (Table 2.9) according to the 

manufacturer’s instructions. In brief, NT2, HFN or rat neurons were incubated in 0.25% 

trypsin for 3-5 minutes, followed by deactivation of trypsin using basal medium. 

Collected cell supernatant was pelleted and re-suspended in non-serum medium to a 

concentration of 4-5 million cells/ml for primary neurons or 3.5 million cells/ml for NT2 

neurons. After re-pellet, 5 million neurons were suspended in 100µl of pre-mixed 

Nucleofector Solution from the kit and mixed with 2-4 µg of plasmid (Table 2.5) or small 

hairpin RNA (shRNA, Table 2.6). Rab7L1 Wild Type (WT), Rab32 WT, Rab32 T39N 

(dominant negative mutant), Rab32 Q85L (dominant active mutant) or Rab32 shRNA 
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(sh-Rab32) plasmids (Table 2.5 & 2.6) were used in transfection of either type of cells. 

Fluorescent mitochondrial signal was achieved by either stain of neurons with 

MitoTracker Red CMXRos (Table 2.1) or transfection of neurons with pDsRed2-Mito 

plasmid (Table 2.5). For each cell type, the manufacturer suggested programs of 

nucleofector device (Table 2.11) were applied, and the most proper programs were 

determined based on cell viability and transfection efficiency for each type of cells. 

Ultimately, according to optimization results, A33, C03 and O03 programs were chosen 

for NT2 neurons, HFN and rat neurons, respectively. A recovery step was applied to 

improve cell viability by adding 500ul Roswell Park Memorial Institute medium (RPMI, 

Table 2.1) immediately into electroporated cells followed by 10-minute incubation at 

37 °C [146]. Cells were seeded on coverslips pre-coated with poly-L-ornithine and 

cultured for 24 to 72 hours at 37 °C before immune-staining and microscopy analysis.  

 

2.2.5.2 Immunocytochemistry 

Following a 24 to72-hour growth, cells were incubated with 0.5 µl/ml MitoTracker 

Red at 37°C for 30 minutes if necessary, washed 3 times with PBS (Table 2.1) and fixed 

in 2ml fixing solution (Table 2.1 & 2.2) for 20 minutes at room temperature. After 

fixation, cells were washed with 2ml IF washing solution (Table 2.2) for 1-2 minutes if 

stained by MitoTracker dye, and washed twice with PBS. Cells transfected with auto-

fluorescent protein tagged plasmids, including GFP (Table 2.5 & 2.6), pDsRed (Table 

2.5), YFP (Table 2.5) and mCherry (Table 2.6), are stored in PBS until all transfection 

groups are ready for DAPI staining and mounting. On the other hand, cells transfected 

with Flag-tagged plasmids (Table 2.5) were blocked with IF blocking solution (Table 2.2) 
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for 10 minutes at room temperature. The primary antibody solution was prepared by 

diluting primary antibodies (Table 2.3) in IF blocking solution and 100 µl of the antibody 

solution was dropped to cover per coverslip. The coverslip was incubated for 1-2 hours at 

room temperature in the dark, washed 2 times in PBS for 5 minutes each and incubated in 

secondary antibody solution for 30 minutes at room temperature in the dark. The 

secondary antibody solution was prepared by diluting secondary antibodies (Table 2.4) in 

IF blocking solution and 100 µl of the antibody solution was dropped to cover per 

coverslip. Cells were then washed twice in PBS for 5 minutes each and sat in PBS until 

they are ready for counterstaining and mounting. All coverslips were incubated in PBS 

with 5ng/ml of DAPI for 10 minutes at room temperature. For mounting, glass slides 

were labeled and approximately 20µl mounting PLAF resin (Table 2.1) was dropped on 

top for each coverslip. After putting coverslips on resin drops, slides were allowed to dry 

overnight in the dark at room temperature and stored in 4°C before analysis. 

 

2.2.5.3 Fluorescent Microscopy and Image Quantification 

Immunofluorescent microscopy detection was achieved by an Axiocam on an Axio 

Observer microscope (Table 2.11) with either 40x, 63x or 100x plan-Apochromat lens. 

All images were processed by Axiovision 4 Acquisition Software using Z-stack 

correction and deconvolution functions and images were enhanced with Adobe 

Photoshop CS5 (Table 2.11) using levels function only, until reaching saturation in the 

most intense areas of the image. For consistency, sh-Rab32 signal detected under RFP 

channel was converted to green and pEYFP-Mito signal detected under GFP channel was 

converted to red as displayed in the following figures. Analysis of axonal growth and 
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mitochondrial morphology was performed using ruler and count functions. Analysis of 

transfection rate and cell viability was achieved by count function in the Photoshop and 

particle analysis function in the ImageJ software. 

 

2.2.6 Bacterial Transformation 

Bacterial host cell used in this protocol was competent DH5α E. coli bacteria (Table 

2.7) stored in -86°C. Competent cells were thawed on ice for 15-20 minutes and 100µl of 

which was added to 1-2.5 µl of plasmid (Table 2.5) or shRNA (Table 2.6) and incubated 

on ice for 20 minutes. Bacteria were heat-shocked in a 45°C water bath for 45 seconds 

and mixed with 1ml of sterile LB broth (Table 2.1), prepared according to manufacturer’s 

instructions. In the case of DNA, cells were centrifuged down using a microcentrifuge 

(Table 2.11) at maximum speed for 30 seconds, and then re-suspended in 100µl of LB, 

and plated onto pre-poured LB agar (Table 2.1) containing appropriate antibiotic. LB 

agar plates were incubated overnight at 37°C. 

 

2.2.6.1 Bacterial Culture 

Colonies of DH5α E. coli containing the transformed plasmid were picked using 

sterile pipette tips and grown in 50ml of LB broth containing appropriate antibiotic 

overnight at 37°C in a 220 rpm rotary shaker. In the morning of next day, the 50ml broth 

with bacteria were pelleted down and either stored frozen at -20°C for a short period of 

time or at -87°C for a long period of time, or conducted to DNA isolation protocol (see 

below).  
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2.2.6.2 Isolation of Plasmid from Bacteria 

 The QIAGEN Plasmid Midiprep Kit (Table 2.9) was applied to isolate plasmid from 

frozen pellets centrifuged from 50ml bacterial cultures, according to the manufacturer’s 

instructions with modifications. 

 

2.3 STATISTICAL ANALYSES 

Data were analyzed statistically using the Student’s t test and one-way analysis of 

variance (ANOVA). T-test was used when comparing two sample means for one factor 

assuming equal variance and ANOVA was used when comparing more than two sample 

means for one factor. Error bars illustrate standard deviations of the mean. Microsoft 

Excel 2010 (Table 2.10) was used for data analyses. 
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3. HUMAN TISSUE STUDIES 

 

3.1 BACKGROUND AND RATIONALE 

As stated in Section 1.1.3, ER stress could play a role in the pathogenesis of MS 

where it complements pre-lesion alterations and lesion development in response to 

inflammation [117, 118]. Prolonged ER stress down-regulates global protein synthesis, 

distorts calcium homeostasis and accelerates cell apoptosis through multiple signaling 

pathways [109, 110]. Accordingly, I propose that ER stress is essential for massive CNS 

cell death in MS, including neurons. Rab32, a small GTPase mediating ER-mitochondrial 

interaction and calnexin enrichment at MAM [136], contributes to downstream pathways 

of ER stress signals and regulates apoptosis. It has been shown that, in neuronal cells, 

Rab32 is up-regulated in response to induced ER stress under hypoxia. In a mouse study 

of acute brain inflammation, Rab32 is substantially induced along with pro-inflammatory 

cytokines increment in the brain, suggesting a potential linkage between Rab32 and 

inflammation [147]. Moreover, one of the Rab32 family proteins has been identified in 

genetic level as a risk marker in patients with most common subtypes of MS, RR-MS and 

SP-MS [48]. Thus, these evidences encourage me to study the potential role of Rab32 in 

MS pathology in association with ER stress and inflammation. 

However, not much is known about Rab32 other than its AKAP function at MAM 

and involvement in post-Golgi transport. The mechanisms of Rab32 in these cellular 

compartments are not well studied, making it challenging to study this protein as a 

biomarker of a complicated disease such as MS. 
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3.2 RESULTS 

3.2.1 Expression of Rab proteins, ER stress and apoptosis markers in brain tissue of 

MS patients. 

3.2.1.1 Rab32 family proteins expression in MS brain tissue. 

Rab32 protein is a small GTPase in the Rab subfamily of Ras small molecular weight 

G-protein, and is detected ubiquitously in mammalian organs and tissues [136, 137]. Its 

universal expression reveals its vital role in common pathways of cellular metabolism in 

different types of cells. To study a potential role of Rab32 in MS pathology, we first need 

to investigate the presence and variation of Rab32 protein in human brains of MS patients.  

In order to detect Rab32 protein expression in MS brain tissues, total protein was 

extracted from either lesion or NAWM samples of frozen brain tissues of the three MS 

patients, and analyzed by SDS-PAGE and Western blot. Rab32 protein was observed to 

be universally expressed in NAWM and lesion of brain tissue from the three MS patients 

(Fig. 3.1A). Interestingly, Rab32 expression was significantly induced in the acute lesion 

where immune cell infiltration was active and activated resident microglia were present 

compared to surrounding NAWM (Fig. 3.1B). However, in chronic lesions where 

inflammation diminished and tissue damage dominated, the expression of Rab32 was 

relatively inhibited compared to peri-lesional NAWM (Fig. 3.1B). In fact, acute lesions 

are characterized by suffering from relatively high-level immune cell infiltration and 

inflammation compared to surrounding area, as well as in peri-lesion region of chronic 

lesions where inflammation is more dominant compared to the lesion center [84, 117]. 

Thus, Rab32 up-regulation is likely associated with inflammation as observed in acute 

lesion and NAWM of chronic lesion. 
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Expression levels of Rab38 and Rab7L1 proteins were probed as well considering 

their evolutionary and functional relationship with Rab32 and the relevance of RAB38 

gene to MS disease onset. The level of both Rab38 and Rab7L1 proteins were markedly 

increased in the active lesion compared to NAWM, while the variation of expression was 

relatively inconspicuous in chronic lesions compared to that of Rab32 (Fig. 3.1A&B). 

The diminution of Rab38 and Rab7L1 signal could be observed clearly in one of the three 

chronic samples, while, in the other two samples, the expression level of both proteins in 

either NAWM or lesion was low (Fig. 3.1A). Quantitative analysis of band intensities 

represents similar expression tendency where the difference between chronic lesion and 

NAWM is really mild in either Rab38 or Rab7L1 protein-levels (Fig. 3.1B). Thus, I 

conclude that proteins in Rab32 subfamily, Rab32, Rab38 and Rab7L1, are present in 

human brain tissues and their variation of expression depends on the inflammatory status 

of the tissue.  
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Figure 3.1 Identification of Rab proteins in human brain tissues. A. Western blots 

of MS brain tissue samples. Extracted protein samples from MS brains with chronic and 

acute lesions were probed by anti-α-tubulin for microtubule subunit protein tubulin 

(50kDa), anti-Rab32 for human Rab32 (28kDa), anti-Rab38 for human Rab38 (24kDa) and 

anti-Rab7L1 for human Rab7L1 or rat Rab29 (25kDa) antibodies, and were detected using 

goat-anti mouse/rabbit secondary antibodies conjugated to Alexafluor 680/750 on an 

Odyssey infrared imaging system (LI-COR). Tubulin was used as a loading control. 

Clinical details of each patient are listed in Table 2.8. B. Quantitative analysis of band 

intensities of each protein. Quantification was performed using Image Studio Lite software. 

Band intensities of one acute and three chronic lesion samples were collected and corrected 
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according to the level of the loading control. Fold changes in chronic lesions were 

normalized relative to control NAWM, and mean values were plotted. Error bars indicate 

standard error of mean values. 

 

3.2.1.2 Detection of essential ER stress and apoptosis associated proteins 

With the same protein samples used in section 3.2.1.1, I then probed for several 

typical ER stress-associated proteins. As stated in section 1.3.1.2, the ER chaperone BiP 

is an early signaling marker in response to ER stress, and prolonged stress induces 

production of this protein for further signaling [109]. Calnexin is another ER chaperone 

assisting protein coding and quality control, whereas accumulation of improperly-folded 

proteins accelerates calnexin production and retention in the ER lumen [148]. CHOP is 

an indicator of active cell apoptosis responding to ER stress whose function is to block 

transcription of several genes and to facilitate transcriptional regulator production [110]. 

From the blotting image, the expression of ER stress markers calnexin and BiP increased 

in all four lesion samples compared to NAWM regardless of inflammation severity (Fig. 

3.2A). The increase in chronic lesion and NAWM samples becomes moderate when band 

intensities of these proteins were quantitatively evaluated (Fig. 3.2B). CHOP was 

expressed in relative low-level in all tissue samples (Fig. 3.2A), whereas the protein level 

in acute lesion is clearly increased compared to that in surrounding NAWM (Fig. 3.2B). 

In chronic lesion samples, the quantification results of band intensities indicated a 

relatively mild increase in CHOP compared to that in NAWM (Fig. 3.2B). This is 

conceivable because in acute lesion where inflammation is dominant, ER stress is heavily 

induced compared to less-affected NAWM, while in and around chronic lesions, both 

cellular damage and inflammation are present, leading to an overall high-level of ER 
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stress. Thus, the up-regulation of Rab32 protein level associates with induced ER stress 

in the acute lesion whereas in chronic lesions, Rab32 expression was occluded under 

relatively moderate ER stress. Combining with the information of inflammation, these 

findings suggested that Rab32 production is promoted under ER stress corresponding to 

inflammation severity. 
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Figure 3.2 Rab32 protein level varies upon ER stress in chronic and acute lesions 

of MS brain tissue. A. Western blots of MS brain tissue samples. Same extracted protein 

samples described in figure 3.1 were probed by anti-Rab32, anti-calnexin for ER chaperone 

calnexin (90kDa), anti-CHOP for transcription factor CHOP(31kDa), and anti-BiP for ER 

chaperone and stress sensor BiP (78kDa) antibodies, and were detected as described in 

figure 3.1. Tubulin was used as a loading control. B. Quantitative analysis of band 
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intensities of each protein. Quantification was performed using Image Studio Lite software. 

Band intensities of one acute lesion sample and three chronic lesion samples were collected 

and corrected according to the level of the loading control. Fold changes in chronic lesions 

were normalized relative to control NAWM, and mean values were plotted. Error bars 

indicate standard error of mean values. n=3, *p<0.01. 

 

3.2.1.3 Detection of other ER and mitochondrial proteins associated with ER stress, ER-

mitochondrial interaction and mitochondrial membrane dynamics. 

In addition, I probed for several other ER stress associated chaperones and some 

proteins involved in ER-mitochondrial communication and mitochondrial dynamics to 

further analyze the ER stress condition and mitochondrial alteration in MS. Glucose-

regulated protein 94 (Grp94) is a molecular chaperone closely interacting with BiP that 

has roles in folding, stabilizing and secreting proteins in the ER and associated 

degradation pathways, and is ER stress-inducible [148]. Glucose-regulated protein 75 

(Grp75), a member of the heat shock protein 70 (Hsp70) family, is a mitochondrial 

chaperone involved in ER-mitochondria interaction and protein folding and translocation 

in mitochondria, whose expression level is up-regulated under ER stress [149]. A 

multifunctional sorting protein, phosphofurin acidic cluster sorting protein 2 (PACS-2), 

integrates ER homeostasis and the ER-mitochondria interaction, and initiates a sequence 

of mitochondria-mediated apoptotic pathways [125]. Moreover, PACS-2 is identified to 

contribute to the enrichment of calnexin at MAM, which is believed to cause cell 

apoptosis [150]. Mfn2 and Drp1 are essential proteins in mitochondrial fission/fusion 

mechanisms [95]. 

In this study, one acute MS lesion case and one chronic MS lesion case were 

incorporated and protein detection was performed in the same fashion as described in 
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section 3.2.1.1. ER stress-associated chaperones, Grp75 and Grp94, were induced in both 

acute and chronic lesions compared to NAWMs (Fig. 3.3A&B), while the increase was 

relatively moderate in chronic lesion compared to the acute sample (Fig. 3.3B). This 

upward tendency agreed with the observed increase of other ER stress markers calnexin, 

BiP and CHOP, indicating a similar pattern of ER stress condition in acute and chronic 

lesion and surrounding tissue concluded in section 3.2.1.2. Besides, PACS-2 expressed in 

low level in all but the acute lesion sample (Fig. 3.3A), and its quantitative analysis of 

band intensity presented an apparent increase in both lesion samples compared to their 

NAWM (Fig 3.3B). Interestingly, bands of mitochondrial fusion protein Mfn2 showed 

overall low-level of its expression in both acute and chronic samples compared to those 

of fission protein Drp1 (Fig. 3.3A). Both Mfn2 and Drp1 increased their expression in 

acute lesion whereas this trend was reversed in chronic lesion compared to surrounding 

NAWMs (Fig. 3.3B). This might indicate an up-regulation of mitochondrial membrane 

dynamics in response to inflammation as well as an inhibition of production and activity 

of mitochondrial dynamics-related proteins in the area of cell degradation. It is also 

noteworthy that the variation of Drp1 expression has a similar tendency to that of Rab32 

in these samples, suggesting a potential partnership of these two proteins in cellular 

mechanisms of MS pathogenesis. 
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Figure 3.3 Detection of other ER and mitochondrial related proteins in chronic 

and acute lesions of MS brain tissue. A. Western blots of MS brain tissue samples. 

Two of the extracted protein samples described in figure 3.1 were probed by anti-GRP75 

for mitochondrial chaperone Grp75 (75kDa), anti-GRP94 for ER chaperone Grp94 
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(94kDa), anti-PACS2 for the apoptotic marker PACS-2 (116kDa), anti-DNM1L for 

mitochondrial fission protein Drp1 (90kDa), and anti-MFN2 for mitochondrial fusion 

protein Mfn2 (36kDa) antibodies, and were detected as described in figure 3.1. Tubulin 

was used as a loading control. B. Quantitative analysis of band intensities of each protein. 

Quantification was performed using Image Studio Lite software. Band intensities of one 

acute lesion sample and one chronic lesion samples were illustrated. 

 

3.2.2 Localization of Rab32 in brain tissue of MS patients 

3.2.2.1 Co-localization of Rab32 with apoptotic marker CHOP 

Following the blotting results showing that Rab32 expression is up-regulated in 

response to ER stress and inflammation, I examined the location of its expression 

variation in MS lesion tissues. To highlight the localization of ER stress, CHOP was 

chosen as a marker because of its very low expression within cells in non-stressful 

conditions compared to the other ER chaperones and its role in ER stress induced 

apoptotic mechanisms. The detection of CHOP indicates prolonged ER stress and 

ongoing apoptosis. 

Immunohistochemistry was performed on surgical tissue sections of one MS patient 

brain (NP12-50, Table 2.8). A sample section from each case was stained for general cell 

structures (cell nuclei and cytoplasm) and myelin structure using a combination of H&E 

and Luxol Fast Blue (LFB). Chronic active WM lesion, lesion border and NAWM were 

identified in appendix figure 7.1 in terms of coverage of myelin sheath (Fig. 7.1, blue) 

and tissue destruction (Fig. 7.1, pink). 

Immunofluorescent detection was then applied in adjacent sections to define the 

localization of Rab32 and CHOP. As observed, CHOP was expressed more at the border 

of chronic active lesions where immune cell infiltration and activation dominated, 
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suggesting high-level ER stress and inflammation in this area (Fig. 3.4B). It is worth 

noting that induction of Rab32 protein co-localized with the expression of CHOP at the 

lesion border (Fig. 3C&F). However, in NAWM and chronic lesion areas, the co-

localization was unlikely (Fig. 3C). Thus, the increase of Rab32 at active lesion border 

coincided with ER stress-induced apoptosis, suggesting inflammation-associated 

production and activation of this protein in response to prolonged ER stress. 

 

 

Figure 3.4 Rab32 co-localizes with the pro-apoptotic, ER stress-associated 

transcription factor CHOP on the border of chronic active lesions in MS tissue.   

Autopsy tissue sections from an MS patient (NP 12-50) brain with chronic active lesions 

were probed with anti-Rab32 and anti-CHOP antibodies and nuclei were counterstained 

with DAPI. Sections were detected by immunofluorescence using goat-anti mouse/rabbit 

secondary antibodies conjugated to Alexafluor 488/594 and fluorescent microscopy. 

Images were taken under 20x magnification. A: Rab32; B: CHOP; C: Merge in yellow, 

Rab32 in red, CHOP in green and nuclei in blue.  Chronic lesion, lesion border and 

NAWM were identified using H&E and LFB stain of adjacent sections as described in 

figure 7.1. The dashed lines in C represent the area of active lesion border. Highlighted 

areas in A, B and C were zoomed in and presented as D, E and F, respectively. Scale bar: 

A, B, C = 10µm. 
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3.2.2.2 Rab32 expression in neurons 

According to previous results showing that Rab32 protein levels were up-regulated 

in lesion tissue of MS patient brain in response to inflammation and ER stress, the next 

step was to determine whether this variation of expression was localized in neurons. To 

answer this question, adjacent tissue sections from surgical specimens of the same patient 

brain used in section 3.2.2.1 were tested for axonal and non-phosphorylated 

neurofilament, as well as Rab32. Rab32 was expressed in relatively high-level at border 

of chronic active lesion compared to other areas of the lesion within the section (Fig. 

3.5A), which is consistent with my previous findings (Fig. 3.4A). Neurofilament was 

universally expressed while a relatively diminished signal was observed in the chronic 

lesional area (Fig. 3.5C). Some swollen axons were observed at the lesion border (Fig. 

3.5B arrows), indicating an ongoing axonal degeneration within this area of the lesion in 

response to active inflammation. When we consider the merged images, signals of Rab32 

and neurofilament were only partially overlapping throughout the tissue section (Fig. 

3.5C&E). Interestingly, the co-localization appeared mainly in swollen axons at the 

active lesion border (Fig. 3.5C arrows). These swollen axons were surrounded by some 

nuclei that might have come from infiltrated immune cells (Fig. 3.5E, blue), and were 

possibly indicating active inflammatory-mediated focal degeneration. This suggests that 

Rab32 increases its production and plays a role in the inflammation-initiated axonal 

injury. Overall, it is possible that up-regulation of Rab32 occurs not necessarily in 

neurons but some other type of CNS cells as well. Moreover, an increase of Rab32 
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protein level in swollen axons indicates that Rab32-associated neuropathology in MS 

could be inflammation-dependent axonal injury. 

 

 

Figure 3.5 Rab32 expresses in neurons of MS brain tissue.  Autopsy tissue sections 

from the same brain as stated in figure 3.4 were probed with anti-Rab32 and anti-

SMI312/32R antibodies and DAPI stain was applied. SMI312/32R antibody cocktail was 

applied to indicate pan-axonal phosphorylated (pathological) and non-phosphorylated 

(normal) neurofilaments. Sections were detected by immunofluorescence using goat-anti 

mouse/rabbit secondary antibodies conjugated to Alexafluor 488/594 and fluorescent 

microscopy. Images were taken under 20x magnification. A: Rab32; B: neurofilament; C: 

Merge in yellow, Rab32 in red, neurofilament in green and nuclei in blue.  Chronic lesion, 

lesion border and NAWM were identified using H&E and LFB stain of adjacent sections as 

described in figure 7.1. The dashed lines in C represent the area of active lesion border. 

White arrows in B and C indicate swollen axons. Highlighted areas in A, B and C were 

zoomed in and presented as D, E and F, respectively. Scale bar: A, B, C = 10µm.  

 

3.3 SUMMARY 

Knowledge of ER stress and mitochondrial dynamics alteration in MS pathology 

remains limited. In this project, we examined a potential biomarker, Rab32, to study 

neglected cellular mechanism in neurodegeneration of the disease. The study of Rab32-
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mediated mechanisms allows us to link inflammation, ER stress and mitochondrial 

dynamics impairment all together and to have a better understanding of MS 

neuropathology. Rab32 at protein-level was altered in MS lesions in response to 

inflammation severity brought on by prolonged ER stress. It co-localized with ER stress 

and apoptotic marker at the border of MS lesions, emphasizing its metabolic functions in 

relation to inflammation and ER stress induced apoptosis. Furthermore, the observed 

localization of Rab32 within neurons of MS brain tissue suggests possible contribution of 

this protein in neurodegenerative mechanisms of MS leading to permanent disability. 
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4. CELLULAR STUDIES 

 

4.1 BACKGROUND AND RATIONALE 

Since I found altered Rab32 levels in neurons at active MS lesion border, I then 

decided to determine the function of Rab32 in neurons. Rab32 is identified as an A-

kinase anchoring protein (AKAP) regulating phosphorylation and inactivation of Drp1 

[136, 137], and the majority of endogenous Rab32 proteins are mitochondrial or ER 

membrane associated [136]. It has been predicted that, in a human immortal cancer cell 

line,  overexpression and inactivation of Rab32 increases phosphorylation of Drp1 at 

Ser656, which is known to inhibit mitochondrial fission and cell apoptosis [95]. In 

contrast, the blockage of Rab32 protein expression was shown to promote aberrant 

fragmentation of mitochondria [136], which would destroy mitochondrial function and 

induce cell apoptosis. Furthermore, activation of Rab32 was also observed to induce cell 

apoptosis onset through regulation of calcium homeostasis and calnexin localization in 

ER and MAM [136]. A suggested mechanism of active Rab32 at MAM is related to 

mitochondrial dynamics, where it drives Drp1 recruitment at mitochondrial 

communication sites of ER membrane to promote mitochondrial fragmentation and 

subsequent cell apoptosis [140]. It has also been observed that overexpressed active 

Rab32 lowered mitochondrial membrane potential in Hela cells, suggesting retarded ATP 

production and energy deficiency in these cells (unpublished data). In conclusion, these 

findings propose a vital role of Rab32 in regulating the normal mitochondrial dynamics 

and cell metabolism, whose abnormality in production and activity would lead to cell 

apoptosis. 
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4.2 RESULTS 

4.2.1 Function of Rab32 protein within neurons 

To examine the function of Rab32 in neurons, either wild type or mutant of this 

protein has to be overexpressed to amplify cellular alterations. As a great cell model, 

human fetal neuron mimics the complex bio-physiological condition and biochemical 

mechanisms of human cells. However, because of limited availability of human tissue, rat 

cortical neurons were also a good neuronal model for cellular analyses in vitro. 

 

4.2.1.1 Modification of nucleofection conditions 

We chose nucleofection as our ideal transfection technique because of the  high 

consistency and efficiency of the technique with low cytotoxicity to primary mammalian 

neurons and its suitability for the study of both transient and permanent transfected cells 

[146]. However, because primary rat cortical and human fetal neurons are sensitive to the 

environment and are relatively hard to transfect, control experiments were performed to 

find appropriate transfection conditions for these cells.  

Firstly, nucleofection of rat cortical neurons with GFP control vector was performed 

to improve viability and adherence of transfected neurons. Transfection of neurons with 

or without plasmid showed no effect on cell viability (Fig. 4.1A&B), whereas a recovery 

step applied following transfection was able to protect cells from electroporation-

mediated damage as described in section 2.2.5.1 (Fig. 4.1B&C). According to 

manufacturer suggestions, two of the programs in the nucleofector device (Table 2.10), 

O-03 and G-13, were tested. A mild improvement of transfection efficiency was observed 
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in O-03 transfection group compared to G-13 (Fig. 4.1C&E or 4.1D&F). Adherence of 

neurons onto the coverslip is important for cell viability and subsequent analysis. Two 

methods of coverslip-coating were examined and results showed no significant difference 

on neuron viability and morphology (Fig. 4.1C&D or 4.1E&F). Thus, O-03 program was 

selected to efficiently transfect rat neurons followed by a recovery step.  

 

 

Figure 4.1 Modification of transfection conditions for primary neurons.  Rat 

cortical neurons were electroporated using two different programs of the nucleofector 

device (Table 2.10) according to manufacturer’s suggestions, where different conditions of 

coverslip-coating and post-transfection recovery steps were applied. Transfection was 

performed for 4.5 million cells per program with either pmaxGFP vector, pDsRed2-Mito 

plasmid or both (Table 2.5), and grew for 72 hours on coverslips pre-coated with poly-L-

ornithine (poly-O) post-transfection. After fixation, cells expressing inserted plasmids were 

detected by immunofluorescence microscopy. As illustrated in images A to F, GFP 

expressing cells show green signal and mitochondria show red signal, and the merged show 

yellow signal. Images show portions of cells. A. Neurons were transfected using program 

O-03 with no plasmid added; coverslip-coating was 2 hours, 37°C. B. Neurons were 

transfected using program O-03 with both of the plasmids; coverslip-coating was 2 hours, 

37°C. C. Neurons were transfected using program O-03 with both of the plasmids followed 

by a recovery step that 500ul RPMI (Table 2.1) was added to electroporated cells followed 
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by the incubation at 37°C for 15 minutes before seeding; coverslip-coating was 2 hours, 

37°C. D. Most conditions were performed in the same way as described in C, except that 

coverslip-coating was 3 hours at room temperature. E. Neurons were transfected using 

program G-13 with both of the plasmids followed by a recovery step; coverslip-coating 

was 2 hours, 37°C. F. Most conditions were performed in the same way as described in E, 

except that coverslip-coating was 3 hours at room temperature. The most proper 

transfection condition was chosen based on viability, neuron morphology and growth, and 

relative transfected cell number per unit area. Scale bar = 20µm. 

 

For human neurons, a similar control experiment was performed using six different 

nucleofector programs, and other steps were carried out as in rat neurons. After 

evaluating cell viability and transfected cell number and morphology, C-03 program was 

selected as the most suitable program for HFN transfection (Fig. 4.2). 

 

 

Figure 4.2 Selection of nucleofection program for human fetal neurons.  Human 

fetal neurons were electroporated using six different programs of the nucleofector device 

according to manufacturer’s suggestion. Double transfection was performed for 4 million 

cells per program with pmaxGFP vector and pDsRed2-Mito plasmid, and grew for 72 

hours on coverslips post-transfection. Coverslips were pre-coated with poly-O for 3 hours 
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at 37°C. After fixation, cells expressing inserted plasmids were detected using 

immunofluorescence microscopy. As illustrated in all six images, GFP expressing cells 

show green signal and mitochondria show red signal, and the merged show yellow signal. 

Nucleofector device program applied is labeled in white on the top of each image. Images 

show portions of cells. The most proper program was chosen based on viability, neuron 

morphology and growth. Scale bar = 20µm. 

 

Moreover, transfection efficiency was examined in HFN for four types of Rab32 

plasmids and a control GFP vector. Transfection efficiency could be affected by different 

plasmid applied, and relied on purity and amount of the plasmid [146]. As observed in 

figure 4.3, both GFP and Rab32WT transfection groups had a relatively high efficiency 

with more green-signaling cells present, while the Rab32WT group showed high viability 

compared to other groups (Fig. 4.3A). In Rab32Q85L and sh-Rab32 transfection groups, 

both cell viability (Fig. 4.3A) and transfection efficiency (Fig. 4.3B) decreased.  

Rab32T39N had a moderate efficiency in terms of cell viability (Fig. 4.3A&B). In 

quantitative comparison with control GFP vector, Rab32 Q85L and sh-Rab32 plasmids 

were the most difficult to transfect and express in HFN, whereas Rab32 WT and T39N 

plasmids had higher efficiencies (Fig. 4.3B).  
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Figure 4.3 Evaluation of transfection efficiency of different plasmids in HFNs 

using C-03 program.  HFNs were electroporated as described in figure 4.2 using C-03 

program. Transfection was performed for 5 million cells per program with pmaxGFP 

vector as well as Rab32 WT, Rab32 Q85L, sh-Rab32 and Rab32 T39N plasmids (Table 

2.5&2.6) and grew for 24 hours on coverslips post-transfection. After fixation, nuclear 

staining was performed and cells expressing inserted plasmids were detected using 

immunofluorescence microscopy. A. Neurons transfected with each plasmid under the 

same transfection conditions. Green signal shows the expression of specific plasmid as 

labeled on the top left corner of each image, and DAPI signal (blue) shows nuclear staining. 

Scale bar = 50µm. B. Quantification of transfection efficiency for each plasmid. Under 10x 

magnification, five positions were randomly selected for each transfection group and the 

ratio of transfected cell (green) number over total cell (DAPI) number within the observed 

area was plotted as the transfection rate for each plasmid. n = 5; *p<0.05.  
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4.2.1.2 The role of Rab32 in neuronal growth and mitochondrial dynamics 

Considering that Rab32 plays a role in regulating mitochondrial dynamics and cell 

apoptosis, I then wanted to determine whether these functions have been preserved in 

neurons. Thus, transfected neurons were analyzed using fluorescent microscopy at high 

magnification to evaluate neurite outgrowth and mitochondrial morphology and 

distribution. Both a GFP control group and a corresponding negative-control group were 

selected as normal controls to be compared with Rab32 transfected groups. The negative 

control was defined as neurons on the same coverslip of Rab transfected neurons 

expressing only mitochondrial plasmid. Thus, GFP transfection group was used as a 

universal control to retain cellular alterations caused by double insertion and expression 

of plasmids, while negative control was used to control for confounding factors of GFP 

transfection and isolate changes caused by abnormal expression and activity of Rab32 

proteins. A significant difference between Rab32 transfected neurons and either GFP or 

negative control could provide insight on Rab32’s function in cellular mechanisms within 

neurons. As observed in figure 4.4, there was no difference between GFP-negative 

control and GFP-positive cells in either neurite outgrowth or mitochondrial distribution 

(Fig. 4.4B), suggesting that they were both reasonable controls and the effect of double-

transfection was negligible on neuronal morphology.  
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Figure 4.4 Control transfection of HFN with GFP vector.  HFNs were co-

electroporated with pDsRed2-Mito and pmaxGFP vectors. 24-hour post transfection, cells 

were fixed and processed for immunofluorescence microscopy. A. Neurons that express 

mitochondrial vector only. Merged channel image shows expression of mitochondrial 

plasmid but no GFP since only red signal was observed. The black and white image shows 

mitochondria distribution in the soma and axon of neurons. B. Neurons that express both 

GFP and mitochondrial plasmids. Merged channel image shows expression of both of the 

plasmids, GFP in green and mitochondria in red. Highlighted area of mitochondrial 

distribution images in A and B was enlarged as presented below the top panel. A, B: scale 

bar = 5μm. The longest neurite length of each Mito-expressing neuron with or without 

GFP was measured using Adobe Photoshop (Table 2.11), as well as the count of 
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mitochondria in each of its neurites. C. Quantification of average length of the neurite. D. 

Quantification of the number of mitochondria per unit length of the neurite. C, D: n=10. 

 

To examine cellular alteration caused by abnormal protein-level and activity of 

Rab32, human or rat neurons were electroporated with either WT, shRNA, dominant 

active Q85L mutant or dominant negative T39N mutant plasmids. In each transfection 

group, tens of neurons expressing mitochondrial plasmid with or without Rab32 protein 

signal were captured for further study. Some of these cells appeared to be transected in 

the images. This was due to overlapping of the cells, which caused them to be partially 

covered. To evaluate neuronal growth and mitochondria distribution, respectively, for 

each transfected neuron captured, the length of the longest neurite and the count of 

mitochondria per unit length in the same neurite were measured.  

As observed in most transfected neurons, mitochondria were evenly distributed 

throughout the neurite (Fig. 4.5-4.8). In the enlarged region of interest (ROI) of 

mitochondria, a relative decrease of their size was observed in Rab32Q85L transfected 

neurons (Fig. 4.5B) but not in others (Fig. 4.6-4.8B) compared to corresponding negative 

controls (Fig. 4.5-4.8A), suggesting induced mitochondria fragmentation associated with 

activation of Rab32.  
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Figure 4.5 Activation of Rab32 inhibits neurite outgrowth and induces 

mitochondria fragmentation in human neurons.  HFNs were co-electroporated with 

pDsRed2-Mito and dominant active Rab32 Q85L plasmids. 24-hour post transfection, cells 

were fixed and processed for immune-staining and fluorescence microscopy. A. Neurons 

that express mitochondrial vector only. Merged channel image shows expression of 

mitochondrial plasmid but no Rab32Q85L since only red signal was observed. The black 

and white image shows mitochondria distribution in the soma and axon of neurons. B. 

Neurons that express both Rab32Q85L and mitochondrial plasmids. Merged channel image 

shows expression of both of the plasmids, Rab32Q85L in green and mitochondria in red. 

Highlighted area of mitochondrial distribution images in A and B was enlarged as 

presented below the top panel. A, B: scale bar = 5μm. The longest neurite length of each 

Mito-expressing neuron with or without Rab32Q85L was measured as well as the count of 

mitochondria in each of its neurites. C. Quantification of average length of the neurite. 
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GFP was used as an alternative control. D. Quantification of the number of mitochondria 

per unit length of the neurite. C, D: n=16; *p<0.05, **p<0.01. 

 

Quantitative analysis of neurite length showed significant difference along with 

overexpression and/or activation of Rab32 in comparison with negative controls (Fig. 

4.5&4.6), where neuron growth was promoted with high-level of Rab32 (Fig 4.6C) but 

was inhibited in Rab32-activated neurons (Fig. 4.5C). However, these effects were really 

mild when comparing to GFP control. Thus, the effect of abnormal Rab32 expression and 

activity on neuron growth is not clear and needs further analyses.  

Moreover, an increased number of mitochondria was observed in neurites expressing 

over-activated Rab32 compared to both controls (Fig. 4.5D). In contrast, a reduction of 

mitochondria count was present in neurites expressing inactive Rab32 when compared to 

its negative control, while this reduction disappeared when compared to GFP control (Fig. 

4.7D). In other transfected neurons, no significant effect was present in mitochondrial 

distribution within the neurites (Fig. 4.6&4.8D). In conclusion, these results imply that 

Rab32 over-activation plays an important role in regulating mitochondrial fragmentation 

and distribution in neurons, and affects neurite outgrowth. Overexpression or inactivation 

of this protein was shown to contribute to similar alterations of neurons but the effect was 

not significant.  
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Figure 4.6 Overexpression of Rab32 has moderate effect on neurite outgrowth 

but not mitochondrial distribution. HFNs were co-electroporated with pDsRed2-Mito 

and Rab32 WT plasmids. 24-hour post transfection, cells were fixed and processed for 

immune-staining and fluorescence microscopy. A. Neurons that express mitochondrial 

vector only. Merged channel image shows expression of mitochondrial plasmid but no 

Rab32WT since only red signal was observed. The black and white image shows 

mitochondria distribution in the soma and axon of neurons. B. Neurons that express both 

Rab32WT and mitochondrial plasmids. Merged channel image shows expression of both of 

the plasmids, Rab32WT in green and mitochondria in red. Highlighted area of 

mitochondrial distribution images in A and B was enlarged as presented below the top 

panel. A, B: scale bar = 5μm. The longest neurite length of each Mito-expressing neuron 

with or without Rab32WT was measured as well as the count of mitochondria in each of its 
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neurites. C. Quantification of average length of the neurite. GFP was used as an alternative 

control. D. Quantification of the number of mitochondria per unit length of the neurite. C, 

D: n=12; *p<0.05.  

 

 

 

Figure 4.7 Inactivation of Rab32 has moderate effect on mitochondrial 

distribution but not neuron morphology.  HFNs were co-electroporated with 

pDsRed2-Mito and dominant negative Rab32 T39N plasmids. 24-hour post transfection, 

cells were fixed and processed for immune-staining and fluorescence microscopy. A. 

Neurons that express mitochondrial vector only. Merged channel image shows expression 
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of mitochondrial plasmid but no Rab32T39N since only red signal was observed. The 

black and white image shows mitochondria distribution in the soma and axon of neurons. B. 

Neurons that express both Rab32T39N and mitochondrial plasmids. Merged channel image 

shows expression of both of the plasmids, Rab32T39N in green and mitochondria in red. 

Highlighted area of mitochondrial distribution images in A and B was enlarged as 

presented below the top panel. A, B: scale bar = 5μm. The longest neurite length of each 

Mito-expressing neuron with or without Rab32T39N was measured as well as the count of 

mitochondria in each of its neurites. C. Quantification of average length of the neurite. 

GFP was used as an alternative control. D. Quantification of the number of mitochondria 

per unit length of the neurite. C, D: n=11; *p<0.05. 
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Figure 4.8 Depletion of Rab32 has no significant effect on neuron morphology 

and mitochondria distribution.  HFNs were co-electroporated with pEYFP-Mito and 

sh-Rab32 plasmids. 24-hour post transfection, cells were fixed and processed for 

immunofluorescence microscopy. For consistency, signal color of each plasmid was 

interconverted as described in section 2.2.5.3. A. Neurons that express mitochondrial 

vector only. Merged channel image shows expression of mitochondrial plasmid but no sh-

Rab32 since only red signal was observed. The black and white image shows mitochondria 

distribution in the soma and axon of neurons. B. Neurons that express both sh-Rab32 and 

mitochondrial plasmids. Merged channel image shows expression of both of the plasmids, 

sh-Rab32 in green and mitochondria in red. Highlighted area of mitochondrial distribution 
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images in A and B was enlarged as presented below the top panel. A, B: scale bar = 5μm. 

The longest neurite length of each Mito-expressing neuron with or without sh-Rab32 was 

measured as well as the count of mitochondria in each of its neurites. C. Quantification of 

average length of the neurite. GFP was used as an alternative control. D. Quantification of 

the number of mitochondria per unit length of the neurite. C, D: n=11. 

 

In addition, rat cortical neurons were transfected with sh-Rab32 plasmid to compare 

and verify the findings in human neurons. Rat neurons transfected with small hairpin 

RNA vector were used as the only control instead of GFP control. In observation, both 

vector and sh-Rab32 transfected neurons were in low viability whose mitochondria were 

evenly distributed but more abundant in the region of neurites close to soma (Fig. 

4.9A&B). It is worth noting that Rab32-depleted neurons grew in a sub-healthy status 

with relatively shorter neurites compared to the control (Fig. 4.9C). Mitochondria were 

distantly distributed in these neurites but the effect was not statistically significant (Fig. 

4.9D).  Moreover, by measuring and comparing the size (length) of individual 

mitochondrion within the neurites, its difference between Rab32 knock-out and control 

neurons was not significant (Fig. 4.9E). More than half of mitochondria were shorter than 

0.5 µm in Rab32-depleted neurons, whereas less than half was shorter in control neurons 

(Fig. 4.9F). Thus, depletion of Rab32 protein could have a more severe effect on 

mitochondrial dynamics and growth of rat neurons when compared to human neurons. 
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Figure 4.9 Mitochondrial distribution and morphology are relatively preserved in 

Rab32-depleted rat neurons.  Rat cortical neurons were co-electroporated with 

pDsRed2-Mito and either sh-Rab32 (rat, Table 2.6) or sh-control (rat, Table 2.6) plasmids. 

72-hour post transfection, cells were fixed and processed for immunofluorescence 

microscopy. A. Neurons that express sh-control and mitochondria plasmids. Merged 
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channel image shows expression of both of the plasmids, sh-control in green and 

mitochondria in red.  The black and white image shows mitochondria distribution in soma 

and axon of neurons. B. Neurons that express both Rab32sh-Rab32 and mitochondria 

plasmids. Merged channel image shows expression of both of the plasmids, sh-Rab32 in 

green and mitochondria in red. Highlighted area of mitochondrial distribution images in A 

and B was enlarged as presented below the top panel. A, B: scale bar = 5μm. The longest 

neurite length of each Mito-expressing neuron with sh-control or sh-Rab32, the count of 

mitochondria and the length of mitochondria in each of these neurites were measured. C. 

Quantification of average length of the neurite. D. Quantification of the number of 

mitochondria per unit length of the neurite. E. Quantification of average length of 

mitochondria in the neurite. F. Quantification of proportion of mitochondria with the 

length less or over than 0.5µm in each transfection group. Percentage was calculated 

according to the following formula: Percentage of less than 0.5 µm length of mitochondria 

= (number of mitochondria with length shorter than 0.5 µm in the longest neurite) / (total 

number of mitochondria in this neurite). C, D, E, and F: n=5. 

 

4.2.1.3 Long-term effect of Rab32and its mutants on neuron survival. 

Rab32 protein is also identified to regulate cell apoptosis through multiple 

mechanisms [136]. One of the possible mechanisms is the regulation of calcium transport 

at MAM and subsequent metabolic activities of mitochondria, including ATP production 

[136]. Other mechanisms involve calnexin relocation-signaling cascades inducing 

apoptotic reactions and up-regulation of apoptotic markers [136].  

To examine long-term effects of Rab32 on the induction of neuronal apoptosis, a 

timeline experiment was performed. Rab32 WT, Rab32 Q85L, Rab32 T39N and sh-

Rab32 plasmids were used as different transfection groups and GFP vector as a control 

(Fig. 4.10A, vertically). Four time points were selected to measure cell viability after 

transfection, which were 24, 40, 48 and 72 hours (Fig. 4.10A, horizontally). The viability 

at each time point was quantitatively analyzed with a normalization and a correction 
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based on total cell number and positive cell number at 24 hours. Details are described in 

figure 4.10 legend. It was observed that either activation or inactivation of Rab32 

promoted neuronal death as early as 48 hours after the insertion of the plasmids (Fig. 

4.10B). Overexpression of this protein showed an effect on neuronal killing at 72 hours 

(Fig. 4.10B). However, no significant effect was observed on neuronal viability in GFP 

control and Rab32-depletion groups (Fig. 4.10B). Thus, these findings suggest that 

Rab32 plays a role in accelerating neuronal apoptosis. 
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Figure 4.10 Viability of neurons expressing different mutants of Rab32.  HFNs 

were co-electroporated with either pmaxGFP, Rab32 WT, Rab32 Q85L, sh-Rab32 or 

Rab32 T39N plasmids. 24-hour, 40-hour, 48-hour or 72-hour post transfection, cells were 

fixed and processed for immune-staining and fluorescence microscopy. A. Viability of 

neurons transfected with each plasmid at different time points. Transfection groups with 

different plasmids are displayed vertically and time points are arranged horizontally. 
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Viability is estimated by number of transfected cells with green signal in each picture. 

DAPI stain shows total number of cells in each transfection group at 24 hours. Scale bar = 

50μm. B. Quantification of time-dependent viability of transfected cells.  Under 20x 

magnification, ten positions were randomly selected for each transfection group at each 

time point. Normalization factor (nf) for each transfection group was calculated: nf = (total 

cell number at 24 hour) / (total cell number at any time points). Normalized number of 

transfected cells representing cell viability was calculated by multiplying observed number 

of transfected cells with nf at each time point. Normalized cell number at 40, 48 and 72 

hours were then evaluated based on that at 24hr by taking the ratio: percentage of positive 

cell = (normalized cell number at any time points) / (normalized cell number at 24hr), thus 

to indicate the variation of positive cell count since initial time-point (100% at 24hr). The 

percentages were plotted in y-axis and time points in x-axis. n=10; **p<0.01. 

 

4.3 SUMMARY 

Rab32 protein possibly has different functions in different cell types [151, 152]. In 

this part of the project, I found that Rab32 has similar function in regulating 

mitochondrial dynamics and cell apoptosis to that observed in human cancer cell lines 

[136]. Dominant-activation of Rab32 protein had a significant effect on mitochondrial 

fragmentation and distribution and neurite outgrowth while these cellular mechanisms 

were barely affected by other Rab32 mutants.  Moreover, the alteration of protein 

expression and activity showed long-term effect on neuronal viability, suggesting a role 

of Rab32 in neurodegenerative mechanisms and progression of MS. To sum up, I suggest 

that Rab32 is a potential bio-marker and target in MS pathology and therapeutic 

treatments. 

 

  



96 

 

 

 

 

CHAPTER 5: 

Discussion and Future 

Directions 

  



97 

 

5. DISCUSSION AND FUTURE DIRECTIONS 

 

5.1 DISCUSSION 

5.1.1 Rab32 protein expression is altered in MS brain tissue 

Our results demonstrated that Rab proteins, Rab32, Rab38 and Rab7L1, were present 

in MS patient brains and the level of expression varied according to the inflammatory 

status of the tissue. This finding suggests a potential role of Rab32 family proteins in the 

pathology of MS in response to inflammation. Furthermore, Rab32 protein is up-

regulated in association with high-level ER stress within active lesions where 

inflammation and immune cell infiltration dominate, implying a potential involvement of 

Rab32 in inflammation-associated ER stress and downstream mechanisms. However, in 

chronic lesions, Rab32 protein-level decreased under preserved high-level ER stress.  A 

possible explanation could be that, in these lesions, the massive loss of neurons and other 

CNS cells could be due to activation of apoptosis through other mediator pathways and 

necrosis. Indeed, infiltrating activated immune cells gradually diffuse into the 

surrounding NAWM as disease progresses, leading to induced inflammation in NAWM 

rather than in chronic lesions [84, 117]. However, in the central area of chronic lesions, 

active inflammation becomes rare and severe tissue disruption takes place instead [84, 

117]. Thus, in place of an up-regulation in the center of chronic lesions, the relative high-

level of Rab32 in chronic NAWM represents inflammation diffusion, which confirms 

some of the MRI results observed in MS patient brains [153]. Furthermore, in MS brain 

tissues, Rab32 co-localizes with ER stress and apoptotic marker CHOP at active 

inflammatory region of lesions. These results are suggestive of a primary function of 
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Rab32 in the initiation of ER stress-mediated cell apoptosis in response to high-level 

inflammation.  

Intriguingly, a recent study on acute inflammation in mouse brain represented a 

potential relationship between Rab32 protein and inflammation. They found that Rab32 

protein was substantially up-regulated during the acute phase of inflammation in response 

to pro-inflammatory cytokines and returned to a relatively normal level after early 

inflammation [147]. However, the experiments in this study [147] were performed only 

for a 24-hour-period and were not reflective of the chronic inflammatory responses 

occurring in most MS brains. In chronic disease stages, Rab32 expression is down-

regulated within lesions compared to the NAWM, suggesting a relatively slow and 

inactive apoptotic status and degeneration of large amount of CNS cells. My findings 

showing that Rab32 protein expression is elevated in the active stage of acute lesion and 

depressed in the chronic lesions, are suggestive of a role of Rab32 protein in the early 

disease progression following the initial inflammation in MS. Furthermore, the increment 

and reduction of Rab38 protein suggests a potentially similar role to Rab32. 

In addition to the previous observations, Rab32 was found to be mainly up-regulated 

in swollen axons at the active inflammatory lesion border, indicating its contribution to 

the early axonal injury in MS neuropathology. Accumulation of axonal loss subsequently 

leads to neurodegeneration and irreversible neurological disability in MS. The immune-

staining data of expression localization of Rab32 in MS brain tissue and its up-regulation 

in neurons of active inflammatory MS lesions are highly suggestive of a potential role of 

Rab32 in neurodegenerative progression of MS in response to inflammation.  
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A mechanism can be proposed based on the available literature and my findings. The 

infiltration and activation of immune cells induce neuroinflammation in acute lesions or 

surrounding NAWM of chronic lesions within MS brains. Under the attack of activated 

immune cells, CNS resident cells activate BiP signaling pathways in ER to coordinate the 

extracellular stress conditions. The activation of these pathways, as an indicator of 

induced ER stress, signals a cascade of events to accelerate the production of ER 

chaperones, such as XBP-1 and BiP, involved in the quality-control cycle in the attempt 

to rescue the cell. However, sensing irreversible signal of prolonged ER stress, cell starts 

cascades of reactions that will lead to cell death in response to inflammatory environment. 

The elevated synthesis and release of the ER stress-associated pro-apoptotic marker 

CHOP blocks transcription of several genes crucial to cell metabolism and survival, 

subsequently inducing cell apoptosis. Meanwhile, induction and activation of Rab32 in 

response to long-term ER stress indirectly lead to cell death through impaired 

mitochondrial dynamics and function. 

 

5.1.2 Rab32 protein alters cellular metabolism and mitochondrial distribution in 

neurons 

My results from the intracellular studies in rat and human neurons indicated cellular 

alterations associated with abnormal expression and activity of Rab32. Over-activation of 

Rab32 was shown to significantly increase mitochondrial number in neurons through a 

mechanism of increased fragmentation. Inhibition of Rab32 activity reduced 

mitochondrial count and relatively protected mitochondria against fragmentation, which 

was in agreement with the finding in Hela cells where dominant negative Rab32 mutant 
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caused phosphorylation and inactivation of Drp1 [136]. However, depletion of Rab32 

protein in human neurons had less obvious effect on mitochondrial morphology and 

distribution whereas the influence became apparent in rat neurons. This suggests the 

presence of other proteins functionally related to Rab32 in human neurons. On the other 

hand, in rat neurons, Rab32 plays a dominant role in these mechanisms. Thus, inhibition 

of Rab32 production is possibly a therapeutic target for treating neurodegeneration in MS 

patients caused by overexpression and abnormal activity of Rab32. 

An interesting phenomenon of mitochondria content in response to demyelination 

and remyelination in MS brain tissue was observed by Zambonin et al. Their findings 

indicated that axonal content of mitochondria, including size and number, was 

significantly induced in demyelinated axons, while remyelination of these axons did not 

recover mitochondrial content with preserving high-level of mitochondrial number [74].  

This suggests that mitochondrial dynamics are impaired independently of myelin and 

remyelination does not affect neurodegeneration in MS. Thus, understanding the 

mechanisms of mitochondrial axonal transportation in neurons, a mechanism that could 

be impaired in MS, would contribute to better understanding the pathological alterations 

at disease onset and shed new light on a potential treatment target for MS.  

Mitochondrial-ER membrane associated proteins are well positioned to play a key 

role in coordinating and regulating diverse mitochondrial functions [154]. It is not 

surprising that the Rab32 protein, which is mostly ER and mitochondrial membrane 

associated [136], performs numerous organelle related functions, including regulation of 

mitochondrial fission [137], modulation of ER calcium handling and disruption of 

specific enrichment of calnexin on the mitochondria-associated membrane [136], 
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regulating ER stress-associated and mitochondrial impairment-triggered cell apoptosis 

[136], and microtubule-based mitochondrial transportation [134]. My data from the 

intracellular studies indicate a consistent appearance of abnormal mitochondria 

morphology and distribution in neurons with overexpression of dominant-active Rab32 

protein, and the impaired mitochondrial dynamics affected neurite outgrowth and the 

phenotype to a certain extent. These results suggest an energy deficit status of these 

neurons characterized by smaller and disoriented mitochondria and inhibited growth. 

These observations are in agreement with the finding of energy deficiency described in 

Hela cells associated with diminished mitochondrial membrane potential (unpublished 

data). Accordingly, it is conclusive that Rab32 protein is essential to maintain regular 

mitochondrial functions, and the impairment of mitochondrial dynamics in neurons of 

MS patients is potentially related to Rab32 protein alterations.  

Moreover, the timeline experiment performed to examine cell viability showed long-

term effect in neurons. Induced mortality in neurons with altered activity of Rab32 

showed toxicity of these mutants potentially related to the impairment in mitochondrial 

dynamics. In addition, overexpression of this protein induces cell death in the long-term, 

suggesting a vital role of Rab32 in preserving normal cellular activities and neuronal 

survival. I observed that, in neurons overexpressing Rab32, neurite outgrowth was 

transiently enhanced.  Thus, linking to my finding that Rab32 overexpression accelerates 

neuronal apoptosis in the long-term, it is possible that this protein is involved in multiple 

pathways and regulates neuron growth and death in a time-dependent manner. 

According to the literature and published protocols, transfected neurons using the 

nucleofector system were ready for analysis as early as 24 hours. This time point was 
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applied in our study to analyze intracellular alteration such as mitochondrial morphology 

and distribution. A long-term analysis over 40 hours post-transfection is not suggested 

because of induced cell apoptosis in some transfection groups leading to a decrease in 

sample sizes and missing information at onset. However, a time course experiment is 

important to study Rab32 alteration and function in MS disease progression. MS is a 

chronic inflammatory disease where inflammation triggers a slowly progressing neuronal 

death and tissue damage. Prolonged effect of Rab32 on neuron viability was comparable 

with the chronic progression of MS, indicating a potential role of this protein in linking 

early CNS inflammation with late-stage neurodegeneration in this disease. 

 

5.1.3 Genetic association of Rab protein family with MS 

There is a risk gene identified in MS whose protein product has a Rab-GTPase 

regulatory activity, which may be related to the variation of Rab protein levels in MS 

brain tissues. A recent GWAS study conducted by the International Multiple Sclerosis 

Genetics Consortium has identified a number of putative MS susceptibility genes [155]. 

Among them, 21 SNPs that are located in the GFI1-EVI5-RPL5-FAM69A locus, and the 

ecotropic viral integration site 5 (EVI5) is the most likely candidate as a risk gene for MS 

[48, 156, 157]. EVI5 gene encodes Evi5 protein homolog which has a domain stimulating 

and up-regulating Rab GTPases activity, termed as GTPase-activating protein (GAP). 

Evi5 protein is mostly known as a Rab11-GAP [158] while it targets several other Rab 

proteins including Rab5 [159], Rab6 [159], Rab10 [160], Rab23 [161] and Rab35 [162] 

in vitro. Although there was no evidence showing a regulatory function of Evi5 protein 

on Rab32, Rab38 or Rab7L1, indirect regulation might exist due to its multi-targeting 
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property. Evi5 is also a nuclear zinc-finger protein that functions as a transcriptional 

repressor that is possibly a part of the centrosome stability and dynamics [156]. This 

suggested a potential regulatory role of Evi5 protein in the transcription of functional 

membrane associated motor proteins, and implied a possibility of Evi5 in modulating 

mitochondrial movement and distribution in neurons. Moreover, another possibility of 

EVI5 in MS is that it facilitates the regulation at genetic level, where EVI5 gene may 

modulate alternative transcription of the other MS risk genes. 

 

5.1.4 Potential impairment of mitochondrial dynamics in MS brain tissue 

Another protein  functionally related to Rab32 in regulating mitochondrial dynamics 

is Drp1. Drp1 is highly  expressed in neurons compared to other types of cells [94] and 

regulates mitochondrial fission associated with neuronal apoptosis [163]. Rab32 regulates 

the activation of Drp1 thus indirectly modulates mitochondrial dynamics [136]. 

Interestingly, alterations of Drp1 expression in MS brain tissues showed the same 

tendency as Rab32 in both acute and chronic samples, suggesting a partnership of these 

two proteins in cellular mechanisms. Another mitochondrial dynamics-related protein, 

Mfn2, showed similar change of its expression as Drp1 in MS tissues, which indicated 

dysfunction of mitochondria dynamics in MS patient brains in response to inflammation 

severity. There is a possibility that the reduction of Rab32 and Drp1 in chronic lesion is 

related to the significant loss of neurons and the deficit of functional cellular proteins in 

the late-stage chronic MS brain. Even though the mechanism of Rab32 protein in neurons 

is not clear, it is noteworthy that Rab32 proteins have potential roles in regulation of 

mitochondrial mobility and inflammatory-induced neuronal apoptosis in MS. 
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5.2 LIMITATIONS 

There were limitations in my experiments and the way data was collected. High cell 

viability was achieved through modification of transfection conditions, whereas the 

transfection efficiency of primary neurons was consistently low and further modification 

of the technique is needed for improvement. Also, the standard deviations were relatively 

large in the statistical analysis of the data. One reason could be that there are multiple 

populations of neurons in the cortex and it is hard to differentiate these populations only 

through neuron morphology. A large sample size could not be achieved by considering 

only one population of neurons under very low transfection efficiency, leading to less 

significant difference between treatment groups. The short growth period of neurons for 

only 24 hours might not allow a notable variation in mitochondrial phenotype as a 

consequence of the Rab32 dysfunction. However, long-term treatment led to death of 

transfected neurons caused by toxicity of expressing plasmid and was not suitable for 

evaluating cellular alteration at early-stage. The transfection techniques and cut-off time 

need to be improved and deliberated to obtain more analyzable data. 

In addition, detection of Rab32 expression was performed in a limited number of MS 

cases without healthy control cases due to shortage of post-mortem tissue. Increasing the 

sample size of each type of lesion and incorporating healthy controls are among the steps 

that could be taken to obtain statistically analyzable data. 
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5.3 CONCLUSIONS  

Rab32 family proteins were detected in human MS brain and their expression level 

varied with different pathological conditions. Rab32 protein-level was induced in 

association with inflammation severity in MS lesion tissues in response to prolonged ER 

stress. In these tissues, Rab32 was observed to co-localize with ER stress and apoptotic 

marker at the active lesion border, emphasizing that its metabolic mechanism was related 

to both ER and inflammation. These results suggested a role of this protein in 

inflammation-initiated and ER stress-induced cell apoptosis during MS progression. 

Furthermore, the observed localization of Rab32 within neurons in the same lesion tissue 

indicated possible contribution of this protein in neurodegenerative mechanism in MS 

leading to permanent disabilities and death of patients. 

Dominant-active Rab32 protein had a significant effect on mitochondrial distribution 

and neurite outgrowth while these cellular mechanisms were affected moderately by 

other Rab32 mutants.  It was shown that mitochondria were fragmented and crowded in 

Rab32-activated neurites. These neurites were shorter in length, suggesting inhibited 

neuron growth caused by mitochondrial impairment. When neuron expressed inactivated 

Rab32, mitochondria tended to distribute further in the axons. Moreover, alteration of 

Rab32 expression and activity showed long-term effect on neuron viability. Over- or 

under-activation of Rab32 caused induction in cell apoptosis since 48 hours post-

transfection, while this decreased viability was observed in neurons overexpressed Rab32 

at 72 hours post-transfection. This is suggestive of a role of this protein in 

neurodegenerative pathways and chronic progression of MS. Thus, Rab32 is likely a 

potential bio-marker and therapeutic target in MS pathology and treatments. 
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5.4 FUTURE DIRECTIONS 

Our exciting results are encouraging and they inspire many potential new 

experiments to further understand the mechanism of Rab32-regulated mitochondrial 

dynamics and neuronal apoptosis in MS.  

Firstly, a better human cell model can be introduced with relative consistency in 

neuron morphology and mimicry of brain environment, such as induced pluripotent stem 

cells (iPSC) [164]. This type of stem cell can be obtained and derived from fibroblasts 

[164] or white blood cells [165] of MS patients and it is able to be differentiated into 

different types of CNS cells. A mixed culture of iPSC-derived CNS cells from MS 

patients can preserve genetic information while presenting cellular alterations caused by 

single protein mutation, such as Rab32, and external variations, such as inflammation. 

Other good human neuronal models, such as dorsal root ganglion (DRG) neurons, are 

good for their stable morphology and large size of axons, thus can make observing 

mitochondrial alterations more steadily and easily. 

Moreover, MS animal models such as EAE should be included to study behavioral 

and pathological changes caused by alteration of our target protein. We could try to 

develop different types of Rab32 transgenic mouse and incorporate techniques of 

humanized immune system [166], and study pathological effect of this protein in more 

complex living organisms. The use of animal model also allows us to mimic the 

neuroinflammatory condition in MS patients with infiltration of peripheral immune cells 

and chronic activation of resident microglia, linking Rab32-associated machinery to 

inflammation in MS directly. 
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Last but not least, more biological replicates need to be done to further confirm our 

findings. 
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APPENDIX 

 

 

Figure 7.1 Identification of lesion and NAWM areas in surgical specimen tissue 

section of MS patient brain.  Autopsy tissue sections from a MS patient (NP 12-50) 

brain with chronic active lesions were stained by hematoxylin and eosin (Table 2.1) for 

basic cellular structure and Luxol Fast Blue (Table 2.1) for myelin structure. In the image 

of the section, purple dots represent cell nucleus and pink area represents cytosolic tissue 

structure. The blue area on lower right corner represents myelin-covered normal-appearing 

white matter, and the peri-ventricular white matter area without myelin (blue) shows highly 

disruptive tissue structure, and is identified as a chronic active lesion. The junction between 

NAWM and lesion shows less destruction of the tissue without myelin sheath coverage is 

indicated as lesion border where cell degeneration is relatively mild but immune cell 

activation and inflammation are more dominated. The upper left cover of the section shows 

the ventricle. Scale bar = 500µm.  


