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ABSTRACT OF THE DISSERTATION 

 

Mitochondrial Dynamics in the Demyelinating Cerebellum 

 

by 

 

Kelley Christine Atkinson 

 

Doctor of Philosophy, Graduate Program in Biomedical Sciences 
University of California, Riverside, September 2021 

Dr. Seema Tiwari-Woodruff, Chairperson 
 

 

Multiple Sclerosis (MS) is an autoimmune demyelinating disease of the central 

nervous system that leads to significant motor, cognitive and visual disability. 

Approximately 80% of MS patients have inflammatory demyelination within the 

cerebellum and present with tremors, impaired motor control and loss of coordination. 

While most MS patients exhibit symptoms indicative of cerebellar dysfunction, the 

pathophysiology of cerebellar symptoms in MS is complex and remains to be elucidated. 

Purkinje cells (PCs) are a class of myelinated gamma- aminobutyric acid (GABA)ergic 

neurons located solely in the cerebellum. These specialized neurons are the sole output of 

the cerebellar cortex and thus are an essential component of cerebellar circuitry. I 

hypothesize that, while immune cell infiltration and demyelination have been shown to 
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contribute to PC dysfunction, another source of PC dysfunction may arise directly from 

metabolic deficits due to mitochondrial pathology. PCs require higher metabolic activity 

due to their extensively branched dendritic arbors in addition to the large number of 

glutamatergic inputs they receive from climbing and parallel fiber innervation. 

Mitochondrial dysfunction in neurons has been shown to contribute to MS disease 

mechanisms, as shown in human post-mortem MS brain tissue. Understanding the 

pathology and repair of dysfunctional Purkinje cells (PCs) will aid in the search for 

reparative and regenerative therapeutic approaches in MS patients. In this dissertation, I 

will test my hypothesis by investigating the role of cerebellar dysfunction during disease 

progression in both the experimental autoimmune encephalomyelitis (EAE) and 

cuprizone mouse models of MS while also assessing the treatment effects of 

Chloroindazole, an estrogen receptor beta (ERb) ligand that has previously been shown 

to stimulate myelination and neuroprotection. Understanding the pathophysiology of 

mitochondria dysfunction in mouse models of MS while also elucidating the mechanism 

of action of remyelinating drugs on mitochondria for neuroprotection will help us identify 

superior therapeutics and improve the quality of life for patients with MS.  
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Chapter 1: Introduction 

Cerebellar dysfunction and multiple sclerosis (MS) 

Multiple sclerosis (MS) is a demyelinating, autoimmune, inflammatory disease of 

the central nervous system (CNS) that affects 2.3 million people worldwide and leads to 

chronic disability (Browne et al., 2014). Approximately 80% of MS patients have 

inflammatory demyelination within the cerebellum and during their lifetime presented 

with tremors, impaired motor control and loss of coordination (Kurtzke et al., 1977; 

Weinshenker et al., 1991; Koch et al., 2007). In addition, primary progressive MS 

(PPMS) and secondary progressive MS (SPMS) patients exhibit abundant cerebellar 

cortex demyelination in postmortem tissue, which is correlated with earlier death 

(Weinshenker et al., 1991; Kutzelnigg et al., 2007). While most MS patients exhibit 

symptoms indicative of cerebellar dysfunction, the pathophysiology of cerebellar 

symptoms in MS is complex and remains to be fully elucidated.  

 

Purkinje cells (PCs) are a class of myelinated gamma-aminobutyric acid (GABA)ergic 

neurons located solely in the cerebellum (Morton and Bastian, 2004). These specialized 

neurons are the sole output of the cerebellar cortex and proper function is finely 

calibrated to maintain normal cerebellar function (de Solages et al., 2008; Wise et al., 

2010; Person and Raman, 2012).  PCs have shown alterations in MS postmortem tissue. 

PC loss and demyelination have been found within cerebellar lesions (Kutzelnigg et al., 

2007; Redondo et al., 2015). In addition, PCs show fusion and heterokaryon formation in 
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MS postmortem tissue, possibly due to the inflammatory environment, to initiate 

neuronal repair (Kemp et al., 2012). Furthermore, PCs in MS present with aberrant 

expression of Nav1.8, a voltage-gated Na+ channel that rapidly recovers from inactivation 

normally found in unmyelinated C type nociceptive fibers in the periphery (Black et al., 

2000). All of these alterations likely contribute to more spontaneous PC firing and further 

PC dysfunction (Shields et al., 2012). Due to these, PC dysfunction in MS can be 

deleterious to CNS circuitry.  

 

PCs require higher metabolic activity due to their extensively branched dendritic arbors 

in addition to the large number of glutamatergic inputs they receive from climbing and 

parallel fiber innervation (Rolfe and Brown, 1997; Budd and Nicholls, 1998). 

Myelination of PCs provides trophic support to PC axons and facilitates rapid saltatory 

conduction to deep cerebellar nuclei (DCN) (Baumann and Pham-Dinh, 2001; Haines et 

al., 2011; Herbert and Monk, 2017). PCs show spontaneous electrophysiological activity 

in the form of simple and complex spikes that are Na+- and Ca2+-dependent that could be 

altered by demyelination and increased energy demand (Llinás and Hess, 1976; Llinas 

and Sugimori, 1980).   

 

Mitochondria dysfunction and MS 

While several elements are known to contribute to the neurodegeneration observed in 

MS, one factor that has been evident in MS as well as other neurodegenerative diseases is 
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mitochondria dysfunction. In the context of MS, the loss of myelin contributes to a loss in 

saltatory conduction and an increased energy demand needed for the axon to maintain its 

resting membrane potential (Shepherd, 1988; Waxman and Black, 1995; Kaplan et al., 

1997). The CNS has an extremely highly metabolic rate and it consumes about 20% of 

oxygen at rest while only accounting for 2% of total body weight (Silver and Erecińska, 

1998), meaning even slight changes in energy demand could be deleterious for the CNS as 

a whole.  

 

Mitochondria have an outer mitochondrial membrane (OMM), inner mitochondrial 

membrane (IMM), and the matrix (Figure 1A). The IMM is where the electron transport 

chain (ETC) is located and where adenosine triphosphate (ATP) production occurs 

(Wallace, 1992; Elston et al., 1998; Cheng et al., 2010; Ross et al., 2013). The ETC 

pumps protons from the mitochondrial matrix into the intermembrane space. This creates 

an electrochemical proton gradient across the IMM, providing ATP in addition to helping 

maintain the mitochondria membrane potential (MMP; DYm). Maintaining the MMP is 

essential. A low MMP is associated with limited ATP, low superoxide production, and 

mitochondria elimination with mitophagy, while a high MMP boosts ATP synthesis and 

superoxide production (Klingenberg, 1980; Korshunov et al., 1997; Lambert and Brand, 

2004; Chinopoulos et al., 2009; Geisler et al., 2010; Belenguer et al., 2019). 
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Mitochondria are the only organelles in eukaryotic cells that have their own unique DNA, 

mitochondrial DNA (mtDNA), which is distinct from nuclear DNA. mtDNA encodes 13 

polypeptides and features 4 of the 5 respiratory chain complexes (Taylor and Turnbull, 

2005; Islam, 2017) and is inherited maternally (Youle and Van Der Bliek, 2012). 

Mitochondria contain multiple copies of mtDNA that encode for genomic expression. 

Notably, this mitochondrial genome is not protected by histones, making its mutation rate 

higher than nuclear DNA (Islam, 2017). Human mtDNA is a circular molecule of 16,569 

base pairs that encodes the rRNAs and tRNAs necessary to support intramitochondrial 

protein synthesis using its own genetic code (Lin and Beal, 2006). This multi-copy nature 

is explained by heteroplasmy- where both mutated and wildtype mtDNA coexist in the 

same cell (Fetterman and Ballinger, 2019).  

 

In addition to producing ATP, mitochondria have additional functions vital to cells such 

as regulating oxidative stress, intracellular Ca2+ signaling homeostasis, and steroid 

synthesis (Rottenberg and Scarpa, 1974; Giacomello et al., 2020). Ca2+ storage in 

mitochondria is involved in the regulation of ion homeostasis, cell signaling, and 

apoptosis (Glancy and Balaban, 2012). These are all critical for cells in the CNS, 

especially neurons due to these cells’ high metabolic rate and increased sensitivity to 

oxidative damages (Kann and Kovács, 2007). Furthermore, neurons require ATP for 

proper execution of neurotransmission and plasticity (Bordone et al., 2019). Due to this, 
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proper neuronal development and survival are highly dependent on mitochondria 

function.  

 

All of these functions claim to be altered in neurons or oligodendrocytes in MS 

postmortem tissue and animal models of MS due to changes in energy demand and 

energy production (Witte et al., 2009). While some studies appear to be assessed in 

neurons in postmortem tissue, many are actually only performed in human cell lines (Li 

et al., 2013). Witte et al. shows an increase in mitochondrial numbers in active lesions in 

astrocyte and axons using immunohistochemistry co-localization, which may be the best 

way to assess mitochondrial pathology in specific cell types (Witte et al., 2009).  There 

are few studies that have assessed mitochondrial function in specific cell types in animal 

models (Madsen et al., 2017).  

 

Mitochondrial fission/fusion 

Mitochondrial dynamics is a broad term to describe how mitochondria fission and 

fusion regulate number, morphology, and positioning changes within a cell. 

Mitochondrial fission is defined as the division of one mitochondrion into two daughter 

mitochondria, while fusion is the union of two mitochondria resulting in one 

mitochondrion (Detmer and Chan, 2007; Chen and Chan, 2009; Garone et al., 2018). 

These two factors allow for this organelle to adapt to cell need at any given time and are 
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regulated by a variety of cellular pathways including proteolytic processing, 

ubiquitylation, SUMOylation, phosphorylation and dephosphorylation (Van der Bliek et 

al., 2013). When fusion or fission occur, the proteins are catalyzed by guanosine 

triphosphate (GTP)ase enzymes. In mammals, mitochondrial fission is mediated and 

controlled by dynamin-related protein 1 (Drp1) and dynamin 2 (Dnm2) (Figure 1B). 

Fusion has two GTPases which control the OMM, mitofusins 1 and 2 (Mfn1, Mfn2), 

while the IMM is controlled by optic atropy 1 (OPA1) in mammals (Chen et al., 2010). 

All of these proteins are important for maintaining cellular and mitochondrial function 

(Chen and Chan, 2009; Westermann, 2010; Barcelos et al., 2019). Too much 

mitochondrial fission will cause fragmented-like mitochondria that are elongated and 

thin, and too much mitochondrial fusion will cause a shortage in energy production in the 

cell (Youle et al. 2012). In addition, Drp1 is important for synapse formation in mice, and 

Mfn2 is protective against neurodegeneration (Ishihara et al., 2009).  

 

Fission in mammals is dependent on the main regulator Drp1 which consists of 4 

domains: the N-terminal GTPase domain, a middle assembly domain, a B/variable 

domain  (Garone et al., 2018), and a C-terminal GTPase effector domain (GED) (Chang 

et al., 2010; Van der Bliek et al., 2013; Hu et al., 2017). Drp1-dependent mitochondrial 

fission consists of translocation of Drp1 to the OMM, subsequently higher-order 

assembly, GTP hydrolysis, and disassembly (Hu et al., 2017). Drp1’s ability to bind to 

receptors on the OMM is mediated by the central stalk of the middle assembly domain to 

form a complex of Drp1 oligomeric helices (Garone et al., 2018). These Drp1 complexes 
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can move along the mitochondria tubule, inducing constriction and then fission 

(Westermann, 2010; Van der Bliek et al., 2013; Liu et al., 2020). Recruitment of Drp1 by 

mitochondrial fission factors Mff (Mff) regulate the division by recruiting Drp1 that 

oligomers into ring-like structures with GTP hydrolysis, contributing to the 

conformational change and mitochondrial constrictions.  

 

Mitochondria fusion is controlled by two large GTPases, one controlling the OMM and 

the other the IMM. This process is characterized by three steps which include the 

tethering of the two mitochondria, the docking of the two membranes (IMM and OMM), 

and fusion of the two OMM (Garone et al., 2018). When GTP binds to its domains, Mfn 

undergoes a conformational change that allows for mitochondria docking and an increase 

of membrane contact sites.  The mitofusins contain GTP-binding domains that anchor 

onto the OMM by a C-terminal transmembrane domain. The OMM of the opposing 

mitochondria gets tethered by the interaction of the GTPase domains of Mfns. Fusion of 

the OMM is driven by GTP hydrolysis and GTP-dependent oligomerization, which is 

responsible for inducing Mfn’s conformational changes, bringing the two membranes in 

contact with one another leading to mitochondria docking.  This change also increases the 

membrane contact sites. Following OMM fusion, OPA1 drives IMM fusion with the help 

of a mitochondria-specific lipid, cardiolipin (CL) (Liu et al., 2020).  The interaction 

between OPA1-CL on either side of the membrane tethers the two inner membranes 

following OPA1-dependent GTP hydrolysis (Liesa et al., 2009). It is important to note 

that IMM fusion occurs downstream of OMM fusion. Mfn2 is said to be present in the 
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ER and controls the tethering of the ER onto the mitochondria which is observed in the 

mitochondrial constriction of the fission process (Liu et al., 2020).  

 

Mitochondrial Transport 

Mitochondria depend on proper axon function to be transported to areas of high 

demand. Axons contain two types of mitochondria: stationary mitochondria and mobile 

mitochondria. In a healthy neuron, 70% of mitochondria are stationary and are generally 

found in areas of high ATP consumption (Fabricius et al., 1993). The 30% of mobile 

mitochondria are thought to move at a speed of 1 µm/s (Kiryu-Seo et al., 2010). In the 

axon, mitochondria are mostly stationary until they are regulated by intracellular signals 

(Hollenbeck and Saxton, 2005). Mitochondria are then delivered to regions of high 

demand by moving along microtubule and actin tracts with the assistance of kinesin and 

dynein proteins (Hollenbeck and Saxton, 2005). Anterograde axonal transport is largely 

mediated by kinesin superfamily motor proteins which hydrolyze ATP to generate motile 

forces to shift cargos along the axon via microtubule tracks (Brady, 1985). This type of 

transport is pertinent to axonal health, as this transport is required for organelles, lipids, 

and proteins (Barnett et al., 2016). Retrograde transport is largely mediated by dynein 

superfamily motor proteins and is important for degradation products that need to travel 

back towards the soma (Barnett et al., 2016). Once mitochondria are transported where 

they need to be, they are immobilized with syntaphilin (snph), a static anchor specific for 

axonal mitochondria, to keep mitochondria stationary in the axon. Without snph 
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mitochondria become mobile and move along microtubule tracts within the axon (Ohno 

et al., 2014). In addition, snph appears to be required for the increase in axonal 

mitochondrial volume in snph-deficient myelinated axons (Ohno et al., 2014).  

 

Mitochondria dynamics in MS postmortem tissue 

 Currently, alterations in mitochondria dynamics in humans can only be observed 

in postmortem tissue. Mitochondrial proteins, mitochondrial enzyme activity, and 

mtDNA mutations have been measured using immunohistochemical and biochemical 

techniques. While MS postmortem tissue has been reviewed extensively, MS patients 

display heterogeneity in their symptoms, lesions, and disease-modifying treatments, 

meaning conclusions from these studies can be vague and oversimplified (Campbell and 

Mahad, 2011; Barcelos et al., 2019). In addition, the postmortem delay can range from a 

few hours up to 24 hours, thus making analyses with postmortem tissue very convoluted. 

However, mitochondria dynamics in MS postmortem tissue appear consistent, depending 

on the type of lesions and MS the patients presented with. We summarized the 

mitochondria findings from human MS postmortem tissue in Table 1.   

 

Immunohistochemistry (IHC) is used for most postmortem studies to indicate 

mitochondrial involvement during multiple sclerosis. In chronic active MS lesions, one 

study observed increased mitochondria content (measured by porin) compared with 
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myelinated axons. However, there was no difference in axonal mitochondrial content 

between remyelinated and demyelinated axons in remyelinated regions close to 

demyelinated areas in chronic MS lesions (Zambonin et al., 2011). In addition, a 

reduction in mitochondrial content was observed in shadow plaques compared with 

chronically demyelinated axons in MS lesions (Zambonin et al., 2011). Another study 

found respiratory deficient neurons that were prevalent within the dorsal root ganglia in 

progressive MS, termed as mitochondria that lacked COXIV but contained COXII (Licht-

Mayer et al., 2020). These respiratory deficient neurons also had increased mitochondria 

content, size, and number (Licht-Mayer et al., 2020).  While several studies have 

demonstrated changes in mitochondrial pathology in postmortem tissue, IHC only shows 

a snapshot at one timepoint. In addition, tissue integrity is highly dependent on the time 

of death, because a brain not extracted right away will show more pathological cell and 

mitochondrial stress. 

 

In postmortem tissue, co-staining with immunohistochemistry showed a decreased 

COXIV expression in pattern III MS lesions in axons, astrocytes, and oligodendrocytes 

(Mahad et al., 2008). In addition, decreased COXIV activity was observed in axons in the 

rim of chronic active lesions, while axons within inactive lesions displayed increased 

activity of COXIV (Mahad et al., 2009). However, another study found the opposite 

result.  Mitochondrial protein expression and enzyme activity were investigated in active 

and inactive chronic MS lesions with adjacent normal appearing white matter (NAWM) 
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using immunohistochemistry (IHC) (Witte et al., 2009). COXIV activity was upregulated 

in MS lesions compared to control white matter and NAWM with an additional increase 

in mtHSP70, a mitochondrial stress protein (Witte et al., 2009). In addition, 

mitochondrial density in axons and astrocytes was increased in areas with active lesions 

compared to NAWM with a trend in inactive lesions. The variation in COXIV expression 

between the groups may be due to the type of lesions in both studies. Pattern III lesions 

are characterized by extensive oligodendrocyte apoptosis and hypoxia-like tissue injury 

(Lucchinetti et al., 2000). The MS postmortem tissue used in the study by Witte and 

colleagues did not have hypoxia-like damage or oligodendrocyte apoptosis. In addition, 

while Mahad and colleagues demonstrated an increase in COXIV activity in active 

lesions, they measured this particularly in axons, while Witte and colleagues measured 

COXIV activity in the entirety of the active lesion. Axonal COXIV activity may be 

overall decreased, but total COXIV activity in MS lesions may be increased. In addition 

to ETC changes, an upregulation of SNPH was observed in tissues from progressive MS 

patients compared to healthy patients (Mahad et al., 2009). While all of these studies 

clearly show mitochondrial involvement during MS, the extent and timeline of all of 

these studies is also dependent on the type of MS and the course of disease the patient 

had during their lifetime.  

 

Mitochondria DNA (mtDNA) mutations and expression have been implicated in MS 

postmortem tissue and has been discussed in (Campbell and Mahad, 2018). The 
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importance of mtDNA for maintaining a healthy CNS is highlighted by a number of 

primary mtDNA disorders, where the entire nuclear DNA-encoded complex of 

mitochondrial respiratory chain, complex II, is spared (DiMauro and Schon, 2003; 

Zeviani and Di Donato, 2004). Neurons in postmortem secondary progressive (SP)MS 

tissue have also demonstrated mtDNA deletions and are respiratory deficient with 

decreased COXIV, which could be a major contributor to neurodegeneration. These 

changes were extensive in the gray matter (Campbell et al., 2011). In addition, specific 

mtDNA variants and changes in mtDNA copy numbers have been demonstrated in 

patients with MS (Blokhin et al., 2008; Vyshkina et al., 2008; Yu et al., 2008; Kenney et 

al., 2014a; Kenney et al., 2014b; Tranah et al., 2015). Furthermore, a subset of nuclear-

encoded mitochondria ETC genes were decreased in the SPMS cortex compared to 

controls, including components for COXI, COXIII, COXIV, and ATP Synthase in upper 

motor neurons (Dutta et al., 2006). Using quantitative PCR and western blot, reduced 

levels of PGC-1a, a transcriptional coactivator and master regulator of mitochondrial 

function, were observed with neuronal loss in the cingulate gyrus and frontal cortex of 

normal appearing gray matter MS patients, indicating that mitochondria dysfunction 

could be due partly to PGC-1a (Witte et al., 2013). One group was able to assess the 

mitochondria proteome in the MS prefrontal cortex using Surface-Enhanced Laser 

Desorption Ionization Time of Flight Mass Spectrometry (SELDI-TOF-MS) (Broadwater 

et al., 2011). In addition to differentially expressed COX5B expression with SELDI-

TOF-MS, this study demonstrated decreased COX5B expression in its mitochondrial 

fractions isolated from the cortex with western blot (Broadwater et al., 2011). However, 
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since this study was from the entire cortex, the COX5B changes could be due to 

mitochondria in neurons, oligodendrocytes, astrocytes, microglia, and immune cells. 

Whole-genome sequencing (WGS) from PPMS and healthy subjects of European 

ancestry detected pathogenic variants exclusively found in PPMS patients that cause 

hereditary spastic paraplegias that share features with MS (Jia et al., 2018) and are 

involved with mitochondrial function (Atorino et al., 2003; Zheng et al., 2018).   

 

Altered mitochondrial dynamics in animal models of MS  

Due to the complexity of mitochondrial dysfunction in MS, mouse models that 

demonstrate inflammation, demyelination, and neurodegeneration are important to utilize 

in order to gain a better understanding of the pathophysiology. Different mouse models of 

MS such as Experimental Autoimmune Encephalomyelitis (EAE), cuprizone, 

lysolecithin, and ethidium bromide have been used to discuss mitochondrial dynamics in 

MS. Each model has caveats because of differences in inflammation and levels of 

demyelination.  

 

EAE is the best model of MS because it incorporates demyelination, peripheral 

inflammation and neurodegeneration (Craner et al., 2003; Hasselmann et al., 2017c). This 

model uses a myelin peptide to induce an autoimmune reaction. This model can cause 

paralysis in mice and more closely relates to MS; however, the mice can develop lesions 
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anywhere in the CNS, causing variation between mice in the same cohort. An additional 

demyelinating model includes the cuprizone (CPZ) diet-induced demyelination. While 

CPZ does not have peripheral inflammation, this mouse model has consistent 

demyelination in the corpus callosum and in other regions of the brain after varying 

amounts of length on the diet (Matsushima and Morell, 2001; Kipp et al., 2009). In 

addition, when CPZ diet is replaced by a normal diet after a few weeks of demyelination, 

spontaneous endogenous remyelination occurs, allowing for the study of remyelination. 

While it is known CPZ is a copper chelator, the true mechanism of CPZ is unknown. 

However, studies have shown the formation of megamitochondria in the liver tissue of 

mice. In addition, megamitochondria was observed in oligodendrocytes after 3 weeks 

(Acs and Komoly, 2012). Mitochondria have also been shown to be enlarged after 6 

weeks of cuprizone and in several mouse models of demyelination (Ineichen et al., 2020). 

Because copper is known to have important roles in the mitochondria ETC (Xu et al., 

2013), using CPZ as a method to understand mitochondrial dynamics in the complex of 

MS disease may be too convoluted. Both of these models, in addition to other models of 

demyelination such as lysolecithin and ethidium bromide, have been used to understand 

mitochondrial dynamics in MS. Lysolecithin and ethidium bromide are injected 

stereotaxically in the CNS and reproducibility of the location and the size of the lesion 

can also vary. There have been several mitochondrial studies with these mouse models 

that will be briefly discussed below and are also summarized in Table 2.  
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Demyelination can directly affect mitochondria dynamics due to changes in 

fission and fusion (Ohno et al., 2014). Fission and fusion are critical to mitochondria 

because they not only affect mitochondria morphology, but also affect mitochondria 

distribution within the cell.  Drp1 has been effectively studied in both the EAE and CPZ 

mouse models. Luo et al. observed increased Drp1 expression in the lesioned spinal cord 

at peak EAE disease and corpus callosum after 6 weeks on the CPZ diet (Luo et al., 

2017b; Luo et al., 2017a). Hyper-activation of Drp1 in culture contributed to an increase 

in mitochondrial fission, however, inhibiting Drp1 activation had a neuroprotective effect 

in both EAE and CPZ (Luo et al., 2017b).  Direct manipulation of mitochondrial proteins 

by deleting SLC25A46, an OMM protein, showed degenerating dendrites, enlarged 

mitochondria in Purkinje cells, and decreased ATP production compared to controls (Li 

et al., 2017). In addition, there was an increase of Mfn2 expression in PLP4e mice, a 

demyelinating mouse model containing extra copies of myelin genes (Thai et al., 2019). 

While these studies show direct changes of mitochondria, these changes are only 

observed after a protein was knocked out or after extra copies of genes are added. Due to 

the genetic alterations, these studies are unable to translate to human disease and 

postmortem tissue. Studies also showed decreased mitochondrial complex expression in 

EAE after depletion of LKB1 from astrocytes (Kalinin et al., 2020).  

 

Mitochondrial transport is altered in demyelinating mouse models (Andrews et al., 2006; 

Joshi et al., 2015; Ohno et al., 2014). Enhancing axonal mitochondrial transport in snph 
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knockout (KO) mice was shown to facilitate axon regenerative capacity (Zhou et al., 

2016). This was also observed in the dysmyelinating shiverer (Shi) mouse model that was 

crossed with a mouse lacking syntaphilin. Shi is often used as a mouse model for 

progressive MS and also provides metabolic matching by increasing the axonal 

mitochondrial mass (Andrews et al., 2006). Deletion of snph in the Shi mouse model 

significantly prolonged survival and reduced cerebellar degeneration (Joshi et al., 2015). 

Interestingly, another study using the cuprizone (CPZ) demyelinating mouse model 

demonstrated mitochondria immobilization mediated by syntaphilin facilitates the 

survival of demyelinated axons (Ohno et al., 2014). Demyelinated axons that are also 

deficient in syntaphilin degenerated at a greater rate than wildtype axons (Ohno et al., 

2014). However, deletion of snph did not have an effect in EAE (Joshi et al., 2015). All 

of these studies show indirect evidence that snph is involved in facilitating the survival of 

axons and preventing neurodegeneration.  

 

Mitochondria dynamics in other neurodegenerative diseases 

 As expected, modifications and aberrations of fission and fusion are associated 

with neurodegenerative diseases such as Autosomal Optic Nerve Atrophy, Parkinson’s 

Disease (PD), Alzheimer’s Disease (AD), and Huntington’s Disease (HD) (Delettre et al., 

2002; Dodson and Guo, 2007; Bossy-Wetzel et al., 2008; Chen and Chan, 2009). Since 

mitochondrial dysfunction is observed in other neurodegenerative diseases this could be a 

universal mechanism of neurodegeneration.   
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Autosomal Optic Nerve Atrophy and PD have demonstrated abnormalities in 

mitochondrial fission and fusion. Opa1 mutations are reported to be responsible for 

Autosomal Optic Nerve Atrophy and have been reported to be associated with MS-like 

disorders in patients (Yu‐Wai‐Man et al., 2016) based on the McDonald criteria for MS 

diagnosis. In addition, mutations in Mfn2 caused segmental axonal degeneration without 

cell body death (Misko et al., 2012). Two genes involved in hereditary PD are Pink1 and 

Parkin, which are both important in mitochondria integrity (Dodson and Guo, 2007). 

Mutation or loss of Parkin and PINK1 in human SH-SY5Y cells resulted in exacerbated 

mitochondrial fragmentation that is mediated by Drp1 (Filichia et al., 2016; Liu et al., 

2020). AD and HD have demonstrated morphological and pathological changes with 

mitochondria. AD patients are known to have abnormalities in mitochondria structure 

(Baloyannis, 2006). In addition, sporadic AD patients display elongated mitochondria 

which form collapsed perinuclear networks (Wang et al., 2008; Wang et al., 2009). HD is 

an autosomal dominant disease caused by a trinucleotide expansion (cytosine, adenine, 

and guanine [CAG]) within the huntingtin (Htt) gene. There is evidence that the 

expression of mutant Htt is associated with mitochondrial dysfunction (Chen and Chan, 

2009). Specifically, Htt expression correlated with decreased MMP, decreased COXII, 

reduced mitochondrial mobility and mitochondrial ultrastructural changes (Bossy-Wetzel 

et al., 2008).  
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The difficulty in assessing mitochondria with the available and published techniques 

 Most studies of mitochondrial dynamics rely on cultured cells, where 

mitochondria can be imaged at a high resolution. This poses a problem, as in vitro studies 

do not thoroughly represent what occurs in disease. The main difficulty in studying 

mitochondria in MS is the lack of animal models and techniques available to fully 

understand mitochondrial dynamics during disease progression. The use of animal 

models to study mitochondria could address these issues, however, there are still 

limitations to studying mitochondrial pathology. Here is a summary of several techniques 

used in order to probe the understanding of mitochondrial dynamics within the context of 

MS disease. Table 3 lists techniques used to measure mitochondria activity in vitro and 

in vivo.  

 

To visualize mitochondria density, morphology, shape, and cristae complexity in a 

specific region of the CNS, transmission electron microscopy (TEM) is often used. The 

demyelination model and timepoint after inducing demyelination contributes to a variety 

of results that have been previously published. In an ethidium bromide demyelination 

model in the caudal cerebellar peduncle in rats, there was an increase in mitochondria 

density in remyelinated axons compared to demyelinated axons with EM, indicating a 

modulation of energy dynamics after remyelination (Zambonin et al., 2011). Using a 

proteolipid protein (PLP1)-overexpressing mouse model, there was an increase in axonal 

mitochondrial density in the PLP1-overexpressing mice compared to the normal mice 
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(Hogan et al., 2009). An increased density of mitochondria was also observed in Purkinje 

cell soma in the dysmyelinated Shi model (Joshi et al., 2015). One EAE study 

demonstrated vacuolization and dissolution of mitochondrial cristae evident in optic 

nerve mitochondria 10 days post induction (dpi) (Qi et al., 2006). Using a focal axon 

demyelinating model of MS, mitochondria appeared swollen with TEM 6 dpi (Nikic et 

al., 2011). Furthermore, with an acute oxidative stress model, axonal mitochondria were 

more round with more complex cristae after acute oxidative stress 24 hours after 

exposure (Errea et al., 2015). This study used extensive quantification to calculate 

mitochondrial circularity and roundness. Three dimensional (3D) EM can be utilized as 

well to determine mitochondria morphology and size 3D. Using 3D EM, there was an 

increase in mitochondria numbers in the P0 CNS juxtaparanodal axon with the 

mitochondria also shorter and thicker, calculated in microns (Yin et al., 2016). Another 

study used 3D EM and demonstrated larger and longer mitochondria in demyelinated 

axons, but snph-KO mice had shorter and thicker mitochondria compared to controls 

(Ohno et al., 2014). While TEM and 3D EM are advantageous to understand 

mitochondrial morphology, we can only infer how the morphology relates to 

mitochondria dynamics and function.  

 

One of the best ways to observe mitochondria in distinct cell types is IHC. IHC is widely 

utilized to understanding mitochondria expression and function. This allows visualization 

of mitochondria, but on much lower magnification compared with TEM and 3D EM. IHC 
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allows for understanding of mitochondria content in specific cell types using 

colocalization with other antibodies in addition to understanding expression of proteins 

specific to mitochondria function and dynamics regionally. Both TOM20 and 

Porin/VDAC are used as a marker of mitochondria content and are quantified using 

ImageJ and puncta analysis (Zambonin et al., 2011; Honorat et al., 2017; Thai et al., 

2019). These proteins can also be used to determine whether other proteins are localized 

to the mitochondria or the soma in culture (Honorat et al., 2017). Mitochondria IHC is 

also used to determine function of the ETC by measuring specific OXPHOS subunits. 

COXI oxidizes NADH and is often used as a marker to determine overall ETC function 

(Joshi et al., 2015). Using IHC to measure Cytochrome C oxidase activity, or Complex 

IV (COXIV) can be used a measure of mitochondria activity (Hogan et al., 2009). There 

have also been studies that assessed mitochondria fusion using IHC in demyelinated optic 

nerves and saw an increase in Mfn2 expression in a chronic progressive demyelinating 

mouse model (Thai et al., 2019).  

 

Western blots are also often used to measure specific protein expression of mitochondria 

content. This technique has its caveats however, due to the fact that the homogenized 

tissue is typically an assortment of cell types in a region, so the protein expression is not 

due to a specific cell type. Studies have used Western blots using whole cell lysate, or by 

further isolating the mitochondria and performing a Western blot on a cleaner sample. 

One study used spinal cord lysates to measure ETC levels in mouse models of MS and 
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found an increase in COX I and III levels early in EAE disease (Ng et al., 2019). 

However, it is important to note that these spinal cord lysates do not just contain neurons 

and oligodendrocytes, but also astrocytes and immune cells. Assessing COX activity can 

also be done with isolated mitochondria content instead of the cellular lysates. However, 

there should not be a difference in results with either method because COX activity is 

only expressed by mitochondria (Mancini et al., 2018; Singh et al., 2018), but we still do 

not know which cell types the COX is coming from within the homogenate. All of the 

complexes have often been measured using western blot using an OXPHOS antibody 

cocktail, which contains subunits of each complex, COXI through ATP Synthase (Ferro 

et al., 2017; Djordjevic et al., 2020). This cocktail allows for visualization of COX 

expression levels individually on one blot to compare between groups. Mitochondria 

dynamics are often measured with western blot, using Drp1 for measurements of 

mitochondria fission and Mfn2 for mitochondria fusion. There was an increase in Drp1 

expression in the mitochondria rich fraction in a Parkinson’s mouse model (Filichia et al., 

2016). Drp1 hyperactivation has been evident in both EAE and cuprizone-induced 

demyelination models (Luo et al., 2017a). An increase in Mfn2 expression in optic nerve 

lysates was also observed in mice with extra copies of the PLP gene (PLP4e) (Thai et al., 

2019). Snph has also been used in Western Blot to understand mitochondria transport in 

the dysmyelinated shi mouse model (Joshi et al., 2015).  
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The use of dyes and lentiviruses to permeate mitochondria are being routinely 

used to assess their location and movement. These can be used in both primary cell 

cultures and brain slices to observe live movement and transport of mitochondria (Errea 

et al., 2015; Licht-Mayer et al., 2020). Depending on the dye or the lentivirus used, it is 

possible to study mitochondria function and location on the animal model of MS. One 

study used a lentivirus to tag mitochondria with in the Purkinje cell layer of the 

cerebellum (Licht-Mayer et al., 2020). A lentivirus containing mitochondrial-targeted 

DsRed2 has also been injected into slice cultures (Ohno et al., 2014; Errea et al., 2015) 

allowing for mitochondria to be visualized after stimulation. This could help understand 

mitochondria transport and movement after a period of time. To use DsRed2 as a method 

to understand mitochondria transport, this technique is also used concurrently with 

kymographs (Kiryu-Seo et al., 2010; Zambonin et al., 2011; Misko et al., 2012).  

 

Another method to quantify mitochondria function is by measuring mitochondrial 

membrane potential (MMP). Tetramethylrhodamine methyl ester (TMRM) is a cationic, 

potentiometric dye that measures MMP (Sadeghian et al., 2016). When mitochondria are 

depolarized, the TMRM dye no longer remains in the mitochondria. Instead of using slice 

cultures with the DsRed2 lentivirus, this method allows for in vivo imaging in mice and 

understanding depolarization of mitochondria in a live organism. This dye is also used in 

vitro to estimate the MMP (Misko et al., 2012). In addition to this dye, there are also 

near-infrared mitochondria probes for measuring the MMP (Ren et al., 2016). While live 
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mitochondrial imaging demonstratae what is occurring in cells in real time, fixed 

mitochondrial imaging can also be performed. Mitotracker Red has been used to measure 

MMP in fixed tissues throughout the CNS (Qi et al., 2006). The advantage is that it stains 

mitochondria in live cells and the dye is well-retained after aldehyde fixation.  

 

One relatively new assay used to measure mitochondria function that is the Agilent 

Seahorse analyzer. The Agilent Seahorse XF HS Mini Analyzer measures mitochondrial 

respiration and glycolysis in addition to ATP production rate of live cells in a miniplate 

format. This analyzer allows for the measurement of oxygen consumption rate, or OCR, 

by the mitochondria which can be utilized as a measure of mitochondria function. Most 

of the studies have been in cultured dorsal root ganglion cells, oligodendrocytes, 

astrocytes, and neurons (Licht-Mayer et al., 2020; Apicco et al., 2021; Demaré et al., 

2021). In addition to measuring basal respiration, the sensor cartridge contains ports to 

inject modulators into the cell wells during the assay for a variety of different tests to 

understand more aspects of mitochondria function. The Mitochondria Stress test is a 

specific test can performed by the Seahorse analyzer to determine dysfunction in specific 

ETC complexes based off of the compounds injected into the assay. This test was used 

after 6 weeks of 0.3% cuprizone isolated from the cortex to measure changes in maximal 

respiration (Singhal et al., 2020). This study is one of the first that has been performed in 

a cuprizone demyelinating cortex model. However, this data does not show a complete 

response of oligomycin which inhibits ATP Synthase, showing that the amount of 
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compound they used may not be adequate to get true responses. Djordjevic et al. used this 

test in a mouse model of Parkinson’s (Djordjevic et al., 2020). This test can be applied to 

mouse models of MS as well to determine what kind of mitochondria dysfunction might 

occur in these models at specific timepoints. This assay can be utilized using isolated 

mitochondria after induction of MS to regionally determine mitochondria dynamics at a 

specific timepoint after disease induction.   

 

Another method to measure mitochondrial function is with an ATP assay to measure 

ATP output from cells. This has been performed in several cell types including isolated 

optic nerves (Yin et al., 2016). Another group designed an in vivo approach to 

understanding mitochondria function using an H2O2-sensitive GFP (roGFP-Orp1) and a 

fluorescent ATP sensor (ATeam) that targets mitochondria. These were used to image 

and measure the dynamics of ATP and H2O2 production in mitochondria of myelinated 

axons in the PNS (Imamura et al., 2009; van Hameren et al., 2019). While this technique 

was utilized in the PNS, this method could be adapted to understand mitochondria 

dynamics in the CNS.  

 

Cell-specific tagging of mitochondria 

There is a pressing need to extend mitochondrial studies to tissues, particularly 

where cell culture-based models are inadequate in recapitulating complex cellular 
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interactions, such as in MS. Currently, there are several mouse lines available through 

Jackson Laboratory that allow for studying mitochondria in Cre- specific CNS tissues.  

 

One group developed a set of tools to visualize the dynamics of neuronal mitochondria by 

using mitochondrially targeted cyan (mitoCFP) and yellow (mitoYFP) fluorescent 

proteins selectively expressed in neurons under the control of Thy1 or nse (Eno2) 

regulatory elements, to make Thy1-mitoCFP and nse-mitoYFP mice (Misgeld et al., 

2007). These MitoMouse lines contain high levels of fluorescent proteins consistent with 

specific labeling of mitochondria in neurons (Mar et al., 2014; Hayes et al., 2019). The 

group that designed this line was able to perform time-lapse recordings to assess 

mitochondria transport in peripheral nerves and measure mitochondria transport after 

axonal injury.  

 

One available strain is MITO-TAG (Jackson #032290). This mouse line was developed 

from a group at Caltech and contains a hemagglutinin (HA)-tagged EGFP that localizes 

to the mitochondria outer membrane (Bayraktar et al., 2019). These mice have Rosa26 

knocked-in that express the MITO-Tag only in cells that express Cre recombinase as a 

result of the loxP-STOP-loxP (LSL) cassette. While this line has not been utilized yet in 

CNS tissues, this strain may allow for neuroscientists to elucidate mitochondria dynamics 

and function that occur in specific cell types during disease progression and treatment.  
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A recent development to study mitochondria dynamics in vivo is with the use of 

photo-activatable mitochondria (phAM mice) (Pham et al., 2012). This mouse line has 

the photo convertible protein Dendra2 targeted to the Rosa26 locus with an upstream 

loxP-flanked termination signal (Chudakov et al., 2007). The group used a 405nm laser to 

photoconvert a subpopulation of mitochondria from green to red fluorescence (Pham et 

al., 2012). This allows mitochondria to be studied in fixed and live tissues. In addition, 

the photo switchable properties of Dendra2 allow subsets of mitochondria to be precisely 

monitored within a dense mitochondria network. This line can be crossed with Cre 

drivers to measure expression in specific cell types, which will allow researchers to 

determine whether mitochondria are being trafficked locally to meet a specific demand, 

or whether mitochondria are undergoing fission or fusion (Pham et al., 2012). When the 

phAM mice were crossed to Meox2-Cre mice, allowing for ubiquitous expression, all 

organs exhibited mito-Dendra2 fluorescence (Pham et al., 2012). Specifically, in the 

CNS, they saw expression in Purkinje cells. This study also specifically used PCP2-Cre 

to observe mitochondria expression only in Purkinje cells and in Purkinje cells with 

mutant Mfn2 (Pham et al., 2012).  

 

To study mitochondria morphology in vivo, another group developed a reporter mouse 

with cell type-specific expression of YFP targeted to the mitochondrial matrix (Sterky et 

al., 2011). A lox-flanked stop cassette was placed upstream of the mito-YFP transgene to 

restrict expression to cells in which the stop cassette has been removed by cre-mediated 

excision and the construct was integrated by homologous recombination into the 
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Gt(ROSA)26Sor locus. This allows for ubiquitous expression of mito-YFP with healthy 

mice and normal function of the respiratory chain (Sterky et al., 2011). These mice also 

can be crossed to visualize mitochondria expression in Cre- specific CNS tissues.  

 

Additionally, the mito-QC (quality control) mouse line allows for studying mitophagy 

and mitochondrial architecture in vivo. This transgenic line contains an mCherry-GFP tag 

fused to the mitochondrial targeting sequence of the outer mitochondrial membrane 

(OMM) protein, FIS1. This GFP tag has a pH-sensitive fluorescent mitochondrial 

signature which allows for the assessment of mitophagy and mitochondrial architecture 

(McWilliams et al., 2016). Under steady-state conditions, the mitochondrial network 

fluoresces both red and green; however, upon mitophagy, mitochondria are delivered to 

lysosomes where mCherry fluorescence remains stable, but GFP fluorescence becomes 

quenched by the acidic microenvironment, resulting in punctate mCherry-only foci 

(McWilliams et al., 2018); (McWilliams et al., 2019). While mitophagy was only briefly 

described in this review, changes in mitophagy and how mitochondria are degraded could 

explain an additional aspect of mitochondria dysfunction in the context of neurobiology 

and disease.  

 

For the last few decades, mitochondrial studies were initiated in postmortem MS tissue or 

regions of tissue which lack the full picture of mitochondrial involvement in homeostatic 
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conditions or neurodegenerations. Recently, progress has been made with improved IHC 

antibodies, Western Blot, and mitochondrial dyes. In addition, functional studies such as 

the Seahorse Analyzer allow for assessment of mitochondrial function. Using a variety of 

techniques discussed paired with genetically engineered mitochondria mouse strains will 

allow researchers to further understand pathology in MS and hopefully improve the 

quality of life for patients with MS.   

 

Remyelination and neuroprotection with estrogen beta ligands 

Current MS treatments are immunomodulatory and do not increase myelination 

nor are neuroprotective (Lopez-Diego and Weiner, 2008). Treatment options that confer 

myelination and neuroprotection are needed due to the fact that MS is a 

neurodegenerative disease. To test drug efficacy in MS, new treatments are often tested 

in the experimental autoimmune encephalomyelitis (EAE) mouse model of MS, which 

incorporates demyelination, inflammation, and neurodegeneration (Lucchinetti et al., 

2000; Baxter, 2007; Mangiardi et al., 2011b). Estrogens that act on either estrogen 

receptor (ER)a or ERb have been evaluated as a treatment for MS due to their ability to 

stimulate myelination while also being neuroprotective (Offner et al., 2000; Sicotte et al., 

2002; Tiwari-Woodruff et al., 2007; Moore et al., 2014; Karim et al., 2018; Atkinson et 

al., 2019; Karim et al., 2019). Although ERa ligands have been shown to cause 

feminization as well as increase risks of breast and uterine cancer, ERb ligands have been 

considered more desirable therapeutic candidates (Lindberg et al., 2003). Indazole 

chloride (IndCl) and its analogues are unique, highly selective ERb ligands that have 
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been shown to increase myelination and neuroprotection in both EAE and cuprizone 

(CPZ) mouse models of MS (Moore et al., 2014; Khalaj et al., 2016; Karim et al., 2018; 

Karim et al., 2019). These ligands not only improves clinical disease scores and rotarod 

performance, but also has been shown to improve corpus callosal (CC) axon conduction 

(Moore et al., 2014; Karim et al., 2019), however its effects on mitochondria remain to be 

elucidated. These analogues were used in this dissertation to determine whether ERb 

ligands improve neuroprotection by modulating mitochondrial dynamics. As a control, 

we also used resveratrol (3,4’5-trihydroxystilbene; C14H12O3; RSV), which is a 

polyphenolic phytoalexin found in grapes, berries, peanuts, and wines (Jardim et al., 

2018). This compound has been shown to exert antioxidant, anti-inflammatory, anti-

apoptotic, and anti-cancer capacities (Jardim et al., 2018). Due to these properties, RSV is 

known to participate in the “French paradox,” which is the inverse correlation of red wine 

and the incidence of cardiovascular disease (Alarcon De La Lastra and Villegas, 2005; 

Borra et al., 2005). RSV modulates mitochondrial biogenesis through an indirect way 

through the induction of the expression of mitochondria-located antioxidant enzymes 

(Bowers et al., 2000; Jardim et al., 2018). By using both ERb analogues and RSV, we can 

determine whether ERb ligands are able to exert their neuroprotective effects by 

modulating mitochondria, or if the mitochondria is a result of the remyelination.  
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Hypothesis 

 The goal of these studies was to determine mitochondrial dynamics during the 

course of demyelinating disease and whether ERb ligand treatment will slow 

neurodegeneration by alleviating mitochondrial dysfunction. I hypothesize that 

mitochondrial dysfunction, consisting of altered morphology, increased fission, decreased 

fusion, and altered ATP production, is an early event in demyelination and contributes to 

neurodegeneration.  
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Figure 1. Overview of mitochondria and mitochondrial fission and fusion. (A) 
Mitochondria have an outer mitochondrial membrane (OMM), inner mitochondrial 
membrane (IMM), and the matrix (Figure 1A). The IMM is where the electron transport 
chain (ETC) is located and where adenosine triphosphate (ATP) production occurs. The 
ETC pumps protons from the mitochondrial matrix into the intermembrane space. This 
creates an electrochemical proton gradient across the IMM, providing ATP in addition to 
helping maintain the mitochondria membrane potential (MMP; DYm). (B)Mitochondria 
are highly dynamic organelles that divide and fuse with fission and fusion, respectively. 
Mitochondrial fission is defined as the division of one mitochondrion into two daughter 
mitochondria, while fusion is the union of two mitochondria resulting in one 
mitochondrion. These two factors allow for this organelle to adapt to cell need at any 
given time and are regulated by a variety of cellular pathways including proteolytic 
processing, ubiquitylation, SUMOylation, phosphorylation and dephosphorylation. When 
fusion or fission occur, the proteins are catalyzed by guanosine triphosphate (GTP)ase 
enzymes. In mammals, mitochondrial fission is mediated and controlled by dynamin-
related protein 1 (Drp1) and dynamin 2 (Dnm2). Fusion has two GTPases: mitofusins 1 
and 2 (Mfn1, Mfn2) which control the OMM, while the IMM is controlled by optic 
atropy 1 (OPA1) in mammals. Created with Motifolio Biology Bundle.  
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Figure 2. Mitochondrial changes in early MS and progressive MS. In homeostatic 
conditions, mitochondria produce ATP through ATP Synthase and with the help of the 
proton motive force of the electron transport chain. ATP is produced due to the negative 
potential in the mitochondrial matrix, when protons are pumped from the matrix into the 
intermembrane space. Early in demyelinating disease, the loss of myelination causes a 
decrease of saltatory conduction in the neuronal axon contributing to an increase in 
energetic demand. This causes an increase in ATP production in order to meet the new 
demands of the cell. However, the energetic demands will not be able to be met long term 
by the mitochondria. This, paired with an increase in reactive oxygen species (ROS), will 
cause ATP depletion. The Na+/Ca2+ exchanger will reverse in an attempt to restore the 
polarization, but this calcium influx will continue to be detrimental to the mitochondria 
and to the cells, and cause cell death. Created with Motifolio Biology Bundle. 
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Table 1. Mitochondrial changes in human MS postmortem tissue summary. 
Mitochondrial changes are observed in different subtypes of MS, including chronic active 
MS lesions, progressive MS, pattern III MS lesions, and inactive lesions. However, all of 
these types of lesions in MS have observed changes with COXIV.  
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Table 2. Summary of altered mitochondrial dynamics in animal models or genetic 
models of demyelination. While there is extensive research on mitochondrial fission, 
fusion and transport in genetic knockout models, there is not many studies on 
mitochondrial dynamics with experimental autoimmune encephalomyelitis or cuprizone.  
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Table 3. Techniques used to study mitochondria. Most studies that are used to study 
mitochondrial dynamics are assessed in vitro because it is less difficult and also easier to 
draw conclusions by studying mitochondria in one cell type. The studies that have been 
performed in vivo and ex vivo are geared towards specific areas of the brain that are 
largely affected, like the spinal cord, while also using genetic knockout models to 
determine drastic effects of mitochondrial dynamics with the loss of a major protein in a 
specific cell.  
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Chapter 2: General Methodology 
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Animals 

 All procedures followed the protocols established by the American Veterinary 

Medical Association in accordance with the National Institutes of Health (NIH) and were 

approved by the Institutional Animal Care and Use Committee (IACUC) at UCLA, Los 

Angeles and UCR, Riverside. Eight- to twelve- week-old C57BL/6J, Thy1-YFP (JAX 

#003709, Bar Harbor ME), and PLP-eGFP male and female mice were obtained from 

Jackson Laboratories and maintained in-house at the animal facility. PLP-eGFP mice were 

a kind gift provided by Dr. Wendy Macklin (University of Colorado, Denver CO, USA). 

The generation, characterization, and genotyping of these mice has previously been 

reported (Mallon et al., 2002). Mice were all kept on a 12 hr light/dark cycle with 

unrestricted access to food and water.  

 

Experimental Autoimmune Encephalomyelitis 

EAE was induced as previously described (Mangiardi et al., 2011a; Hasselmann et 

al., 2017b). In brief, one-part lyophilized myelin oligodendrocyte protein peptide 35-55 

(MOG35-55) (Mimotopes, San Diego, CA) was dissolved in Dulbecco’s phosphate buffered 

saline without calcium or magnesium (DPBS) and 1.3 parts heat killed Mycobacterium 

tuberculosis H37 Ra (Beckton Dickinson, Franklin Lakes NJ) in complete Freund’s 

adjuvant (CFA; Becton Dickinson, Franklin Lakes NJ) were emulsified, resulting in a final 

concentration for both MOG35-55 peptide and M. tuberculosis of 2 mg/mL. The EAE 

induction protocol involved initial MOG+CFA immunization and PTX injection on day 0, 
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second PTX injection on day 2, and second MOG+CFA immunization on day 7. On the 

first day of induction (Day 0), 0.05 mL of the emulsion was injected subcutaneously into 

the backs of the animals between the cervical vertebrae and left shoulder and another 0.05 

mL between the lumbar vertebrae and left thigh. Injections were placed as such to 

maximize proximity to axillary and inguinal lymph nodes. Each mouse was then injected 

intraperitoneally (IP) with 0.3 mL of Pertussis toxin (PTx; List Biological Laboratories, 

Campbell CA) in DPBS at 1.667 µg/mL, returned to its home cage with free access to water 

and food and monitored until recovered. Two days after induction (day 2), the mice were 

given booster IP injections of PTx at the same concentration. Five days later (day 7), motor 

function was assessed using clinical scores, then mice were injected with a freshly made 

MOG35-55 /M. tuberculosis emulsion at the same ratios and concentrations used on Day 0. 

Day 7 MOG35-55 injections at 0.05 mL each were placed between the cervical vertebrae and 

right shoulder, and the lumbar vertebrae and right thigh. Starting 7 days post induction 

(dpi), mice were scored daily for clinical disease severity. The clinical scoring protocol 

was defined as: 0, unaffected; 1, complete tail limpness; 2 failure to right upon attempt to 

roll over; 3, partial hind limb paralysis; 4, complete hind limb paralysis; and 5, moribund 

(Hasselmann et al., 2017a). Mice reaching clinical scores of 4.5 or higher were euthanized 

humanely with isoflurane anesthesia followed by cervical dislocation.  
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Cuprizone Diet 

For Chapter 4, mice were assigned to two groups: normal diet (normals) and 0.2% 

CPZ diet for either 3, 6, 9, or 12 weeks as previously described (Crawford et al., 2009; 

Moore et al., 2014; Lapato et al., 2017; Atkinson et al., 2019). For Chapter 6, mice were 

assigned to two groups: normal diet (control; n=13) and 0.2% CPZ diet for nine weeks 

(9wkDM; n=41) as previously described. Twenty-seven of the 9wkDM mice were then 

switched to two weeks of a normal diet and injected subcutaneously (s.c.) with either 

vehicle (RM+Veh; n=13) or IndCl (RM+IndCl; n=14). Unless otherwise noted, all animals 

were included in all methods and subsequent analysis.  

 

Treatment 

 At peak EAE disease, a subgroup of mice were treated and injected subcutaneously 

(s.c.) with either vehicle, IndCl, IndCl-o-Methyl, or IndCl-o-Chloro. IndCl and all IndCl 

analogues (synthesized in the J.A.K. laboratories) were dissolved in 10% ethanol + 90% 

(vol/vol) Miglyol 912N (vehicle; Sasol) and administered at 5mg/kg body weight in a 

volume of 0.1mL/injection (De Angelis et al., 2005). Vehicle/control groups received s.c. 

vehicle injections. Resveratrol was also used in some experiments as a positive control for 

mitochondria. Resveratrol was dissolved in DPBS and administered to mice 

intraperitoneally (i.p.) at 50mg/kg with DPBS used as vehicle.  
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Rotarod Behavioral Test 

Motor behavior was tested up at each timepoint for each mouse using a rotarod 

apparatus (Med Associates, Inc., St. Albans, VT). Briefly, animals were placed on a 

rotating horizontal cylinder for a maximum of 200 seconds. The amount of time the mouse 

remained walking on the cylinder without falling was recorded. Each mouse was tested on 

an either an accelerating speed of 4-40 rotations per minute (rpm) or a fixed speed of 16 

rpm and were given three trials for any given day. The three trials were averaged to report 

a single value for an individual mouse, and averages were then calculated for all animals. 

The first two trial days served as practice trials.  

 

Walking Gait Test Behavioral Test 

The walking gait test protocol was adapted from Carter et al., 1999 (Carter et al., 

1999). The walking gait test was used to compare the gate of EAE and normal mice. To 

obtain footprints, the hind and front feet of the mice were coated with blue and red nontoxic 

paints, respectively. The animals were then allowed to walk along a 50-cm-long, 10-cm-

wide runway (with 30-cm-high walls) in a plexiglass box. All mice had three training runs 

and were then given one run per week. A fresh sheet of white paper was placed on the floor 

of the runway for each run. The footprints were analyzed for four step parameters (all 

measured in centimeters). (1) Stride length was measured as the average distance of 

forward movement between each stride. (2) Hind-base width and (3) front-base width were 

measured as the average distance between left and right hind footprints and left and right 
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front footprints, respectively. These values were determined by measuring the 

perpendicular distance of a given step to a line connecting its opposite preceding and 

proceeding steps. (4) Distance from left or right front footprint/hind footprint overlap was 

used to measure uniformity of step alternation. When the center of the hind footprint fell 

on top of the center of the preceding front footprint, a value of zero was recorded. When 

the footprints did not overlap, the distance between the center of the footprints was 

recorded. For each step parameter, three values were measured from each run, excluding 

footprints made at the beginning and end of the run where the animal was initiating and 

finishing movement, respectively. The mean value of each set of three values was used in 

subsequent analysis. 

 

In vivo Diffusion Tensor Imaging (DTI)  

MRI Acquisition 

Mice were anesthetized with 4% isoflurane in oxygen flowing at 0.6L/min 

(control: n=7; 9wkDM: n=7; RM+Veh: n=5, RM+IndCl: n=6). Individual mice were 

transferred to a purpose-built cradle and secured using three-point immobilization of the 

head with two ear bars and a tooth bar. The mouse cradle was placed in the center of a 7 

Tesla (T) spectrometer (Oxford Instr, Carteret, NJ, USA) driven by a Bruker console 

running Paravision 5.1 (Billerica, MA USA). Respiration was monitored remotely, and 

the temperature was homeothermically controlled by forced air (SA11 Instr, Inc., USA). 

The S116 Bruker gradients (400 mT/m) were used in combination with a birdcage 
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transmit and an actively decoupled, receive-only, single-channel surface coil to acquire 

the data. Following a multi-slice, gradient-echo pilot scan to optimize positioning within 

the magnet, localized shimming was performed on the head to improve B0 homogenicity. 

A standard, 4-shot, spin echo, echo planar imaging sequence (38,000/23.3 ms repetition 

and echo time, respectively) was used to acquire diffusion-weighted images with 

directionally-encoded gradients applied along thirty different, even-spaced directions and 

with a b value of 1000 s/mm2, using Δ = 10 ms and δ = 4 ms and one additional image 

volume with a b value of 0 s/mm2. All images were acquired with a 128-read and 128-

phase-encoding-matrix (X,Y direction respectively) within a 20mm2 field-of-view and 

20x14 1 mm contiguous, coronal slices, resulting in an in-plan resolution of 156x156 µm 

and a 1000 µm slice thickness. The number of averages (NEX) was 1.  

 

In vivo DTI Data Analysis 

Data were fitted for parametric images of fractional anisotropy (FA), radial 

diffusivity (RD), and axial diffusivity (AD) using FSL tools, (University of Oxford, UK). 

Spatial co-registration of the FA data to a single common mouse brain was accomplished 

using affine transformations and then applied to the other diffusivity indices.  
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Ex vivo DTI Imaging 

For ex vivo imaging, mice were deeply anesthetized by isoflurane (Piramal 

Healthcare) inhalation and perfused transcardially with 1XPBS followed by 10% formalin 

(Thermo Fisher Scientific) with 10mM Prohance (a Gadolinium, Gd agent) (control: n=6; 

9wkDM: n=8; RM+Veh: n=8; RM+IndCl: n=8). While Gd is typically used to enhance T1 

imaging, here, it was used to increase brain structural contrast using T2 weighted imaging. 

The perfused brains were preserved in PBS until they underwent DTI. High-resolution DTI 

imaging was acquired ex vivo using a 9.4 T Bruker Advance Imager with gradient 

amplitude of 720 mT/m (Experimental Imaging Centre, University of Calgary, Calgary, 

Canada; Paravision 5.1; Bruker Biospin, Billerica, MA). This higher field strength 

compared the 7T used for in vivo maging allows for improved SNR. The data were 

collected using 128 x 128 matrix zero-filled to a final reconstruction of 256 x 256 matrix, 

with 15 mm x 15 mm field of view with 30 x 0.5 mm slices, 30 gradient directions, and 2 

b-values (b = 0 and b = 3000 s/mm2) with 5 b0 images. Reptition time (TR)/echo time (TE) 

was 8000 ms/35.66 ms and number of averages (NEX) was 4. The larger b-value was used 

in the current experiments as it provides enhanced contrast particularly when using 

increased number of sampling directions.  

 

Ex vivo DTI Data Analysis 

All data were fitted for parametric images of FA, RD, and AD using FSL tools, 

(University of Oxford, UK). Spatial co-registration of the FA data to a single common 
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mouse brain was accomplished using affine transformations and then applied to the other 

diffusivity indices. Tract-based spatial statistical analysis was conducted as before (Harris 

et al., 2016) with the exception that analysis was constrained to the CC, an area that has 

been shown to be significantly affected in this model (Matsushima and Morell, 2001; 

Crawford et al., 2009). All four experimental groups were entered into the general linear 

model for statistical interference of any effect between all groups, followed by posthoc 

testing with multiple contracts for difference to control at the cluster-corrected level of p < 

0.05 and z = 1.7 with a variance smoothing of 0.5 mm. A region-of-interest approach was 

also used by placing regions within the genu of the CC and the adjacent cingulum area. 

Regions were interrogated for mean diffusivity values. Images at the antero-posterior level 

from Bregma of 0.14/0.26mm (anterior) and -2.82/3.08mm (posterior) were utilized for 

tissue-level region analysis, chosen based on TBSS data. In addition, the regional analysis 

was performed using DTI-parametric maps generated in the DSI studio in native space 

(http://dsi-studio.labsolver.org). CC regions of interest (ROIs) were manually segmented 

by blinded experimenters.  

 

Histological Preparation of Tissues 

Mice were deeply anesthetized with isoflurane and intracardially perfused with ice 

cold phosphate buffered saline (PBS) then 10% formalin in PBS (Fisher Scientific, 

Waltham MA). The cerebellum was dissected and post-fixed in 10% formalin for 

immunohistochemistry (IHC). After 2 hours, the brain was transferred to 30% sucrose with 



 
 

45 

0.2% sodium azide for 2 days (Fisher Scientific, Waltham MA) for cryoprotection. Tissue 

was embedded in a gelatin/sucrose solution (7.5% w/v gelatin (Becton Dickinson, Franklin 

Lakes NJ) +15% w/v sucrose (Fisher Scientific, Waltham MA) in Milli-Q water). Gelatin 

tissue blocks were placed in 10% formalin for 2 hours, followed by 30% sucrose+0.2% 

sodium azide solution until ready for sectioning. Embedded cerebellar gelatin blocks were 

cut to 10µm thick sagittal sections using a cryostat and affixed directly to warm slides. 

Brain gelatin blocks were flash frozen on dry ice, and cut to 40µm thick coronal sections, 

then placed in PBS with 0.2% sodium azide.   

 

Immunohistochemistry 

Prior to antibody application, tissue sections were thoroughly washed with PBS to 

remove residual sodium azide, permeabilized with 0.3% Triton-X (Electron Microscopy 

Sciences, Hatfield PA) and blocked in 15% normal goat serum (NGS) (Sigma-Aldrich, St. 

Louis MO).  Sections were incubated in 1:500 dilutions of primary antibodies (Table 5) 

for 2 hours at room temperature followed by overnight at 4oC. The following day, the 

sections were washed with PBS and then tris buffered saline (TBS). The sections were 

incubated with the corresponding secondary antibodies in TBS: Goat anti-chicken Cy5 

(Invitrogen, Carlsbad, CA), Goat anti-rabbit IgG Cy5 (Invitrogen Carlsbad, CA), Goat anti-

rabbit IgG Cy3 (EMD Millipore, Burlington MA), Goat anti-Rat IgG Cy3 (Invitrogen, 

Carlsbad CA), Goat anti-mouse Cy5 IgG (Invitrogen Carlsbad, CA), Goat anti-mouse Cy3 

IgG (Invitrogen Carlsbad, CA). Sections were co-stained with 4’,6-Diamidino-2-



 
 

46 

Phenylindole (DAPI; EMD Millipore, Burlington MA). Lastly, the sections were washed 

again with TBS, mounted, and cover-slipped. 

 

Cerebellar mitochondria isolation 

Mitochondria isolation was adapted from (Djordjevic et al., 2020). All procedures 

were performed on ice. Mice were euthanized by isoflurane overdose, decapitated and the 

cerebellum quickly excised onto a cold petri dish. Whole tissue homogenates of cerebellar 

tissue was prepared in a glass homogenizer containing 1mL of mitochondrial isolation 

buffer (70mM sucrose, 210mM mannitol, 5mM HEPES, 1mM EGTA, 0.5% fatty acid free 

BSA). The tissue was homogenized with ten strokes each from pestle A, then pestle B, and 

the resultant homogenate was centrifuged at 800 x g for 10 minutes at 4oC. The resulting 

supernatants were collected and centrifuged at 8000 x g for 15 min at 4oC. The new 

supernatants were discarded, and the pellets were saved. The pellets were washed in 

mitochondria isolation buffer and centrifuged at 8000 x g for 15 min one more time at 4oC. 

The final supernatant was discarded, and the final pellet (isolated mitochondria fraction) 

was resuspended in 150µL of mitochondrial isolation buffer. A small volume of the 

suspension was collected for use in a Bradford to determine the concentration of total 

protein, and then protease and phosphatase inhibitors were added to the isolated 

mitochondria for the western blot. Protein concentrations of the samples were measured 

using the Bradford assay with a light absorbance at 595 nm in a microplate reader. 
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Western Blot 

Samples were boiled for 10 min at 55oC and subjected to electrophoresis on a 10% 

sodium dodecyl sulfate-polyacrylamide gel (SDS-PAGE). A Trans-blot Turbo Transfer 

System (Bio-Rad) was used to transfer proteins to PDVF membrane. Following transfer, 

total protein was detected by the ChemiDocTM MP Imager. Membranes were blocked for 1 

h at room temperature in TBS with 0.1% Tween-20 (TBST) containing 5% milk. 

Thereafter, membranes were incubated overnight, with selected primary antibodies in 

TBST with 5% milk at 4◦C. The following day, the membranes were washed in TBST 

(three ten-minute washes) and incubated with selected secondary antibody, also prepared 

in 5% milk in TBST, for 2 hours at 4oC. Antibody binding was detected with enhanced 

chemiluminescence (ECL) solution (Bio-Rad Clarity™ Western ECL Substrate Kit) and 

the membrane was imaged using a Bio-Rad UV transilluminator (ChemiDocTM MP 

Imaging System). PageRuler™ Plus Protein Ladder was used to determine the molecular 

weights of the protein bands. The following primary antibodies were used: Total OXPHOS 

Rodent WB Antibody Cocktail (ab110413, Abcam), VDAC1/Porin (ab14734, Abcam), 

Anti-Drp1 antibody (OTI4F6) (ab156951, Abcam), Anti-Mitofusin 2 antibody (ab56889, 

Abcam), and syntaphilin (sc-33824, Santa Cruz). The secondary antibodies Goat anti-

mouse IgG2a horseradish peroxidase (HRP) (ThermoFisher Scientific), goat anti-mouse 

IgG2b HRP (ThermoFisher Scientific), goat anti-mouse IgG (H+L) HRP (Millipore Sigma), 

and anti-rabbit IgG HRP (Cell Signaling Technology) were used. The antibodies and 

concentrations are displayed in Table 6.  
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Seahorse XFp Analyzer Mito Stress Test 

Complex-I-dependent mitochondrial respiration was assessed by measuring 

oxygen consumption rate (OCR) in real time, in freshly isolated mitochondria from the 

cerebellum, using the Seahorse XFp Analyzer (Agilent Technologies, CA). Two 

micrograms of freshly isolated mitochondrial protein were diluted in mitochondrial assay 

solution (MAS, volume of 25 µL) containing 70 mM sucrose, 220 mM mannitol, 10 mM 

KH2PO4, 5 mM MgCl2, 5 mM HEPES, 1 mM EGTA, and 0.2% BSA (pH 7.2), and plated 

in each well of the plate. The plate was then centrifuged for 20 min at 2000 g, at 4 ◦C. After 

centrifugation, 155 µL of MAS with pyruvate (10 mM) and malate (2 mM) was added to 

each well, and the plate was incubated at 37 ◦C for 8–10 min. Basal level of oxygen 

consumption was measured in the presence of Complex I substrates, pyruvate and malate. 

Adenosine diphosphate (ADP, 2 mM), oligomycin (1.5 µM), carbonylcyanide p-

trifluoromethoxyphenylhydrazone (FCCP, 4 µM) and rotenone (1 µM) + antimycin A (1 

µM) were injected consecutively through ports A, B, C and D in the Seahorse Flux Pak 

cartridges, to determine coupled respiration, uncoupled respiration, and non-mitochondrial 

oxygen consumption [35]. Coupled respiration that drives oxidative phosphorylation of 

ADP to ATP was measured after the addition of ADP. Oligomycin was then added to 

terminate coupled respiration through inhibition of ATP synthase. The protonophore FCCP 

was added to stimulate uncoupling of the respiratory chain and allow for the measurement 

of uncoupled respiration. Finally, injection of rotenone (Complex I inhibitor) and 

antimycin (Complex III inhibitor) blocked the flux of electrons through these complexes 

so that no oxygen was further consumed at cytochrome c oxidase (non-mitochondrial 
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respiration rates). OCR data were calculated with subtraction of non-mitochondrial 

respiration rates. 

 

Quantification and Microscopy 

Sections were imaged at similar light exposures using an Olympus BX61 spinning 

disc confocal microscope equipped with 10x and 40x Super Apochromat objectives 

(Olympus America Inc., Cypress CA) connected to a camera (Hamamatsu Photonics Orca-

R2, Hamamatsu Japan). Z-stack images were acquired, and projection images compiled 

using Slidebook 6 software (Intelligent Imaging Innovations Inc, Denver CO). 

Immunofluorescence intensity and cell numbers was assessed with NIH ImageJ software 

(v1.50i http://rsb.info.nih.gov/ij/) and quantified for MBP, Iba-1, COXIV, and TSPO 

immunofluorescence, or cell counts for PLP-EGFP+ cells. Histograms were adjusted 

evenly to match those of control images and saved. Files were then converted to RGB 

tagged image format (.tif) files and transferred to ImageJ where individual color channels 

were converted to gray scale. Brightness and contrast were automatically adjusted to limit 

experimenter bias and a region of interest was traced around an area encompassing the 

retina, optic nerve, optic tract, LGN, or visual cortex. The threshold of staining for each 

image and thus the percentage of fluorescent pixels in each area of interest was computed 

by the software and reported in a table, which was transferred to Prism® (Graphpad, La 

Jolla CA) for statistical analysis. Results from all counts were analyzed in GraphPad Prism 

as well. Puncta analysis in the COXIV images was adapted from (Horzum et al., 2014). 
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The background was subtracted, and the CLAHE and Laplacian of Gaussian Plugins were 

used.  

 

Electron Microscopy 

Cerebellums dissected from paraformaldehyde perfused mice were post-fixed in 

2% glutaraldehyde (Electron Microscopy Sciences, Hatfield PA) and 5% formalin (Fisher 

Scientific, Waltham MA). Cerebellums were Epon embedded and stained with uranyl 

acetate-lead citrate. Number of myelinated and unmyelinated axons and the g- ratio (the 

ratio of the axon diameter to the total myelinated fiber diameter), was quantified as in 

previous studies (Crawford et al., 2009). For each axon, two measurements for axon 

diameter were made. 

 

Statistical Analysis 

For IHC, two sections per mouse were taken for the cerebellum. There were 4-10 

mice per treatment group. Statistics were performed using Prism® (GraphPad, La Jolla) 

program for Windows. Graph values are expressed as mean + standard error of the mean. 

For histology, and in vivo studies statistical analysis of mean values was carried out using 

one-way ANOVA if mean values passed a normality test, or Kruskal Wallis multiple 

comparison test if they did not. For EAE clinical scores, statistics were performed using an 

ordinary two-way ANOVA with Bonferroni post-hoc test as previously described 
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(Hasselmann et al., 2017a). For chapter 6, DTI and immunohistochemistry data were 

analyzed by 2-tailed unpaired t-tests with Welch’s correction comparing Control vs. 

9wkDM and RM+Veh vs. RM+IndCl. Differences were considered significant at the 

*p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001 level. 
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Table 4. Antibodies used for immunohistochemistry.   
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Table 5. Antibodies used for Western Blot. All antibodies and dilutions used for 
Western Blots. Protocol was adapted from (Djordjevic et al., 2020) and all antibodies 
were diluted with 5% milk in tris-buffered saline with Tween 20 (TBST).   
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Chapter 3: Mitochondrial dynamics are altered longitudinally in experimental 
autoimmune encephalomyelitis 
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Abstract 

Postmortem studies of multiple sclerosis (MS) patients demonstrate decreased 

mitochondrial activity in addition to inflammation throughout the central nervous system. 

Gait abnormalities in MS patients have been linked to Purkinje cell (PC) demyelination, 

blebbing axons, and atrophy of dendrites in the cerebellum. Similar cerebellar changes 

are also observed in experimental autoimmune encephalomyelitis (EAE). In addition, 

axonal degeneration is linked to loss of metabolic support and demyelination. We 

hypothesize that mitochondrial dysfunction causes axonal degeneration in the context of 

inflammatory degeneration. To test this hypothesis, cerebellar pathology was investigated 

longitudinally in EAE disease course from peak disease (day 21) to late disease (day 60). 

Behavior (walking gait test and rotarod), pathology (immunohistochemistry and Western 

blot), and mitochondrial function (Seahorse XFp Mito Stress Test) were assessed. From 

peak disease to late disease, the average EAE clinical score was 2.5. Behavioral tests 

showed that EAE mice had decreased time on the rotarod and decreased stride length 

compared to normal. Similarly, increased inflammation and decreased myelination were 

observed at all timepoints. Mitochondria electron transport chain levels showed no 

change at peak disease, but chronic EAE showed decreased COXIV, ATP Synthase, 

mitochondria fusion (Mfn2), and increased mitochondrial fission (Drp1). Mitochondria 

dysfunction was evident with decreased basal respiration beginning at peak disease and 

lasting through chronic disease. These data demonstrate that mitochondria dysfunction is 

evident by peak disease following irreversible axon damage. Future studies will 

determine whether early treatment with an estrogen receptor b ligand before axon 
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damage occurs can alleviate mitochondria dysfunction and slow neurodegeneration in 

EAE.  
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Introduction 

The goal of this study was to determine when mitochondrial dynamics are altered 

in the EAE model of MS. This MOG35-55 peptide model of MS recapitulates inflammation, 

demyelination, and neurodegeneration (Craner et al., 2003; MacKenzie-Graham et al., 

2009; Shields et al., 2012; Shields et al., 2015; Hasselmann et al., 2017a; Hasselmann et 

al., 2017c; Kipp et al., 2017). We hypothesize that mitochondrial dynamics are altered early 

in experimental autoimmune encephalomyelitis and contributes to further 

neurodegeneration. To address our hypothesis, female mice were induced with EAE and 

mitochondria function and pathology were measured at peak EAE (EAE D21) and chronic 

EAE (EAE D40 and EAE D60) to determine when mitochondrial dynamics are changing 

longitudinally in disease. Mitochondria morphology, pathology, and function were 

measured using electron microscopy (EM), Western blot, and the Seahorse XFp Analyzer. 

Understanding the pathophysiology of MS symptoms will allow us to improve treatments 

and the quality of life of patients with MS.  
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Results 

Demyelination, axon blebbing, and mitochondria dysfunction has been 

demonstrated in postmortem tissue from MS patients (Dutta et al., 2006; Mahad et al., 

2009; Witte et al., 2009; Campbell et al., 2011; Zambonin et al., 2011). To determine 

Purkinje cell counts are altered in the cerebellum, IHC was performed on MS and control 

postmortem cerebellar tissue (Figure 3A). Representative chromogen IHC for Calbindin, 

expressed in Purkinje cells, is shown in (Figure 3B). There was a significant decrease in 

Calbindin+ cells in the MS postmortem tissue compared to the control postmortem tissue.    

 

To show a similarity between human and mouse tissue, eight-week-old female Thy1-YFP 

mice were induced with MOG35-55 to assess mitochondrial dynamics longitudinally in 

disease and to determine when mitochondria dysfunction occurs in the context of 

demyelination, inflammation, and axon damage (Hasselmann et al., 2017c). After EAE 

induction, mice began to show clinical disease severity around Day 10 post-EAE and 

reached a peak score of about 2.5 by Day 19 (Figure 4A). This average score persisted 

throughout EAE D60. A subgroup of these mice were either perfused for 

immunohistochemistry or their mitochondria were isolated from the cerebellum for 

functional studies and Western blot at peak EAE disease (EAE D21) or chronic EAE 

disease (EAE D40, EAE D60).  
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EAE mice show alterations in gait early and decreased motor strength in EAE 

 The walking gait test (WGT) was performed to determine if there are alterations 

with gait in the EAE mice that could be attributed to cerebellar dysfunction. For these 

behavioral tests, we wanted to utilize mice that were not too sick on the clinical disease 

severity score to allow us to measure strides without compensating for mice that have 

their hind limbs paralyzed. This way, we used mice with a clinical disease severity score 

of 3 or less before the mice exhibited any type of hind limb paralysis. Mice front feet 

were painted with red paint and the hind feet were painted with blue paint, and the mice 

were placed at the edge of a runway and walked at least three consecutive strides. Stride 

length, frontpaw width, hindpaw width, and frontpaw/hindpaw overlap were measured 

(Figure 4B). EAE mice had a significant decrease in stride length early in EAE (EAE 

Day 13) compared to normal mice that persisted throughout EAE to EAE D64 (Figure 

4C). However, there was no significant difference in frontpaw width, hindpaw width, or 

frontpaw/hindpaw overlap between EAE mice and normal mice (Figure 4D-F). We also 

attempted to perform the WGT on mice that exhibited a clinical disease severity score of 

4, but these strides, especially the hindlimbs, were difficult to measure. While the WGT 

is not a behavioral test purely representative of cerebellar dysfunction, the alterations in 

the EAE mice demonstrate that their decreased stride length could be indicative of 

dysfunction within the cerebellar circuitry. Next, we performed the rotarod test to address 

whether EAE mice had alterations in motor strength. The rotarod test is a motor test 

where the mice balance on a rod rotating at 16 rotations per minute. EAE mice remained 
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on the rotarod for significantly less time compared to normal mice beginning at early 

EAE D13 (Figure 4G).   

 

EAE mice have demyelination and inflammation in the granule cell layer and white 

matter of the cerebellum  

Due to their contributions to neurodegeneration in EAE and disability in MS, both 

myelin and inflammation were characterized in the granule cell layer (GCL) and white 

matter (WM) of the cerebellum. The GCL is where Purkinje cell and climbing axons are 

located, and the WM is where all of the axons of the cerebellar cortex exit towards the 

cerebellar peduncles (Figure 5B). Mice were perfused at each timepoint longitudinally 

and sagittal slices of the cerebellum were processed for immunohistochemistry. When 

assessing the cerebellum as a whole, there was a visual decrease in myelin basic protein 

(MBP) expression throughout the white matter and cerebellar peduncles in the EAE mice 

compared to the normal mice, especially in the chronic EAE mice (Figure 5A). 20x 

images were then taken at lobule IV specifically at the GCL and WM layers. There was a 

decrease in MBP expression in both of these layers in the EAE mice compared to the 

normal mice, beginning at peak EAE disease (EAE D21) and persisting through chronic 

EAE (EAE D40 and EAE D60) (Figure 5C,D). These results are similar to our 

previously published study assessing changes in the cerebellum at EAE D70 

(MacKenzie-Graham et al., 2009).  
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To assess inflammation in the cerebellum after EAE induction, we used ionized calcium 

binding adaptor molecule 1 (Iba1) which is a marker for microglia and macrophages. 

There was an increase in Iba1 expression in both the GCL and WM in the EAE mice 

compared to the normal mice at EAE D40 and EAE D60 (Figure 5E, F). We also saw 

demyelination in the white matter with electron microscopy (EM) (Figure 5G). Within 

the axons, we also saw mitochondria morphology change between the normal and EAE 

mice. Specifically, the EAE mice had more swollen and round mitochondria compared to 

the normal mice.  

 

EAE mice have a decrease in coupled respiration at peak disease 

 To characterize mitochondrial dynamics within the cerebellum, mitochondria 

were isolated from the cerebellum and the Seahorse XFp Analyzer Mito Stress test was 

performed (Agilent, San Diego, CA) (Figure 6A). The Mito Stress test allows us to 

evaluate the functionality of the respiratory chain in the mitochondria by real-time 

monitoring of the oxygen consumption rate (OCR), which is primarily consumed by 

glucose metabolism through the citric acid cycle. Specific inhibitors are used to target 

components of the electron transport chain to determine what components are affecting 

overall oxidative phosphorylation. First, basal respiration rate is measured with the added 

substrates pyruvate and malate, called state 2 respiration. Then, Complex 1-dependent 

respiration in state 3 is measured, which measures the capacity of the mitochondria to 

metabolize oxygen in the presence of ADP, a substrate for ATP synthase (Complex V), 
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called coupled respiration. After, oligomycin is added to terminate coupled respiration 

through inhibition of ATP synthase. Oligomycin decreases proton flux through ATP 

Synthase which causes the accumulation of protons within the cristae. This results in a 

reduction of electron transport and oxygen consumption, demonstrating state 4 

respiration. Afterward, maximal respiration is measured by adding the protonophore 

Carbonyl cyanide-4 (trifluoromethoxy) phenylhydrazone (FCCP), an uncoupler agent of 

the respiratory chain that collapses the proton gradient and disrupts the mitochondrial 

membrane potential. This allows us to also measure spare respiratory capacity, or 

uninhibited electron flow through the electron transport chain and maximal oxygen 

consumption by complex IV. The difference between the uncoupled and basal OCR is 

calculated as the spare respiratory capacity (SRC). Lastly, injection of rotenone 

(Complex I inhibitor) and antimycin (Complex III inhibitor, specifically cytochrome C 

reductase) concurrently blocks the flux of electrons through the electron transport chain 

so that no oxygen was further consumed at cytochrome c oxidase (non-mitochondrial 

respiration rates). The averaged traces between the EAE mice and normal mice are 

demonstrated in Figure 6B. There was a significant decrease in coupled respiration (State 

3) between the EAE mice and normal mice at EAE D21 (Figure 6). However, there was 

no differences in basal respiration, uncoupled respiration, and SRC between the EAE 

mice and normal mice (Figure 6C,E,F). Furthermore, there were no significant changes 

in basal respiration, coupled respiration, uncoupled respiration, and spare respiratory 

capacity at chronic EAE compared to normal (Figure 7).  
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EAE mice have alterations in the electron transport chain  

 Western blot (WB) was also performed to determine whether there were 

pathological changes with oxidative phosphorylation even though there were no aberrant 

changes functionally with the XFp Mito Stress test (Figure 8A). Interestingly, WB 

results showed decreased protein levels of the MTC01 subunit of COXIV in cerebellar 

mitochondria of EAE mice compared to normal mice at EAE D40 and EAE D60 (Figure 

8E), appearing at the same time as when no functional changes are apparent with the 

Seahorse XFp Analyzer. There was no significant differences in any of the other 

complexes between the EAE mice and normal mice (Figure 8B-D,F) or between EAE 

D21 mice and normal mice.  

 

EAE mice have no changes in mitochondrial fission or fusion in the cerebellum 

 Mitochondria alter their shape to meet energy demand, which is regulated by 

fission and fusion. Fission is utilized when mitochondria need to divide to reach more 

places to meet energy demand, while fusion is used when mitochondria are damaged or 

when energy demand decreases. Dynamin-related protein 1 (Drp1) is one of the main 

proteins that regulates mitochondrial fission (Figure 9A), while Mitofusin2 (Mfn2) is one 

component that regulates mitochondrial fusion (Figure 9C). EAE mice had no difference 

in fission or fusion from the isolated cerebellum compared to the normal at any timepoint 

(Figure 9B,D).   
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EAE mice have decreased mitochondrial anchoring  

 To determine whether mitochondria transport is altered in EAE longitudinally, we 

measured syntaphilin (Snph), which is a protein located in axons and is often used as a 

measure of anchored mitochondria (Figure 10A). EAE mice had decreased Snph 

expression at EAE D40 and EAE D60, indicating that there is decreased mitochondrial 

anchoring likely for mitochondria to be transported to places of higher energy demand.  
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Discussion 

The purpose of this study was to determine when mitochondria dysfunction occurs 

in the cerebellum during EAE, a mouse model that consists of demyelination, 

inflammation, and neurodegeneration. To do this, female Thy1-YFP mice were induced 

with EAE and assessed for changes in mitochondria morphology, mitochondria function, 

and mitochondria pathology longitudinally in disease. These changes were assessed at peak 

disease at EAE D21 and at chronic disease at EAE D40 and EAE D60. Our lab has 

previously demonstrated a loss of the cerebellar cortex layer, Purkinje cell loss, and 

demyelination in the cerebellum at EAE D70 (MacKenzie-Graham et al., 2009), however, 

the mitochondrial changes have not yet been elucidated.  

 

The rotarod test was used as a measure of motor function to demonstrate that the EAE 

mice had motor disability in addition to using the daily clinical disease score. This has 

been demonstrated in previous studies with our lab (Moore et al., 2014; Karim et al., 

2018). In this study, we also determined whether there were abnormalities with gait using 

the walking gait test. The EAE mice demonstrated abnormalities of gait with decreased 

stride length compared to the normal mice. Our study only used EAE mice with a clinical 

disease severity score of 3 or below, due to the fact that mice with a score of 4 had both 

hindlimbs paralyzed and were difficult to measure. While the walking gait test is not a 

pure cerebellar test, dysfunction with gait can still be attributed to cerebellar dysfunction 

(Louis, 2018), in addition to dysfunction in the spinal cord or motor cortex (Baker, 2018). 
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Other studies measuring alterations in mouse gait have used the MotoRater gait analysis 

or kinematic gait analyses, which are more specific in assessing subtle gait pateterns. The 

MotoRater gait analysis test is a test that has been previously used in the SJL model of 

EAE that measures additional aspects including the distance between the floor and the 

tail (de Bruin et al., 2016), and the kinematic gait analysis is used to assess changes in 

joint movement change in mice, which has been used in MS patients (Fiander et al., 

2017).  

 

Via immunofluorescence we demonstrated demyelination, inflammation, and axon 

damage at EAE D21 that persisted throughout EAE D60. This is consistent with our 

previous results in addition to other sources ((Karim et al., 2019; Sekyi et al., 2021). 

Demyelination has been observed in the cerebellum as early as EAE D14 (Yan et al., 

2019) through EAE D66 (MacKenzie-Graham et al., 2009; MacKenzie‐Graham et al., 

2012; Hamilton et al., 2019). Regarding inflammation, microglia comprise of about 10% 

of total cells in the CNS and are the resident immune cells (Nimmerjahn et al., 2005; 

Salter and Stevens, 2017). Studies have shown that microglia and macrophages 

contribute to the pathogenesis of disease progression (Rawji and Yong, 2013; Chu et al., 

2018). Under normal physiological conditions there are few infiltrating macrophages into 

the CNS. However, when coupled with a compromised blood brain barrier (BBB), 

macrophages enter the CNS and release a combination of proinflammatory cytokines that 

further contribute to the inflammatory and degenerating milieu. The acute phase of MS 

and EAE is thought to have classically activated M1 macrophages that release 
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proinflammatory cytokines and induce tissue damage, demyelination, and 

neurodegeneration (Almolda et al., 2011; Jiang et al., 2012). The M2 macrophages seem 

to undergo a gradual increase until peak disease, when the amount of M1 cells decreases 

(Shin et al., 2012). The thought is that during chronic EAE, M2 microglia and 

macrophages become the dominant type in the CNS where anti-inflammatory cytokines 

are released to mediate EAE suppression and to contribute to tissue repair (Jiang et al., 

2012).  

 

To determine changes in mitochondrial dynamics throughout EAE longitudinally, 

cerebellums were dissected and were used for the Seahorse XFp analyzer to determine if 

there were alterations in mitochondria function. In order to evaluate the functionality of 

the respiratory chain, we measured Complex I-dependent respiration in state 3 (using the 

substrates pyruvate and malate) and maximal respiration (Djordjevic et al., 2020) by 

adding the uncoupler FCCP. State 3 respiration measures the capacity of the 

mitochondria to metabolize oxygen in the presence of ADP, which is a substrate for the 

ATP synthase (Complex V).  

 

There was no difference in basal respiration, uncoupled respiration, and spare respiratory 

capacity at EAE D21 (peak EAE) compared to normal mice. While this lack of changes 

was not expected, we suspect that this may be due to the various cell types in the 

cerebellum. Peak EAE presents demyelination alongside a decrease in MBP and an 
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increase in Iba1 expression. We would expect that the oligodendrocytes are dying at peak 

EAE disease, causing an increase in metabolic demand in the neuron. While neuronal 

mitochondria may have increased activity in addition to astrocytes and microglia (Figure 

3B), these changes are confounded with oligodendrocytes death and some neurons 

beginning the degenerating process. All of this activity happening simultaneously may be 

partly why there are very few changes were observed utilizing the Seahorse. There was a 

significant decrease in coupled respiration observed at the Peak EAE timepoint. Adding 

ADP converts the state 2 respiration to state 3 and results in rapid oxygen consumption 

and ATP formation (Salabei et al., 2014). The significant decrease in coupled respiration 

in the EAE mice could be due to less functional ATP Synthase, although there was no 

significant difference in ATP5A between the normal mice and EAE mice at peak EAE 

(Figure 6A). While alterations in ATP production and ATP Synthase have not been 

demonstrated in EAE or postmortem MS tissue, a decrease in nuclear encoded genes for 

ATP Synthase has been observed in SPMS postmortem tissue (Dutta et al., 2006). 

However, after peak EAE disease we no longer see functional differences with the 

mitochondria between EAE mice and normal mice (Figure 6). At the chronic EAE 

timepoint, more neurodegeneration is occurring in the presence of activated microglia 

and astrocytes. While there is likely less mitochondria present in neurons overall due to 

the neurodegeneration, the increased mitochondrial content in microglia and astrocytes 

compensate for any functional or pathological changes.   
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Mitochondria respiratory chain western blot studies have shown changes in complex I, II, 

and III in the spinal cord with no change with complex IV (COXIV) expression (Ng et 

al., 2019). The differences in our results and theirs may be due to different parts of the 

CNS observed and differing amounts of EAE severity. Studies that compared severely 

sick EAE mice with moderately sick EAE mice found significant variations in Tom20 

expression, which is a mitochondria protein (Hira et al., 2019). However, our studies are 

consistent with postmortem studies that demonstrated a decrease in COXIV expression in 

postmortem MS patients (Dutta et al., 2006; Mahad et al., 2008; Mahad et al., 2009; 

Campbell and Mahad, 2011; Licht-Mayer et al., 2020).  

 

The subtle changes that we are seeing in the context of EAE may also be due to the 

complexity of the disease model itself. Astrocytes, microglia, oligodendrocytes, and 

neurons all make up the cellular milieu of the cerebellum. In disease states such as in 

EAE, the combination of astrogliosis, microgliosis, oligodendrocyte death, and 

lymphocyte infiltration all contribute to mitochondrial changes in a cell specific way. In 

addition, the average EAE score of the mice in this experiment was a 2.5, which may 

correspond with a score of 4 with MS patients on the expanded disability status scale 

(EDSS). Postmortem studies show drastic differences in mitochondria content and 

activity, however that may be due to the accumulated disability and degeneration that 

occurred with these patients over their lifetime. Additional EAE studies using mice with 

hindlimb paralysis (a score of 4) that may correspond with MS patients with higher 

disability may be warranted to determine whether major degeneration needs to be present 
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to observe whole cerebellar changes in mitochondria pathology. Future studies can also 

assess mitochondria changes that are occurring in specific brain regions using brain slices 

punches with the Seahorse XFp analyzer (Underwood et al., 2020). Overall, we observed 

a decrease in coupled respiration at peak EAE, later resulting in decreased MTC01, a 

subunit of COXIV, at chronic EAE. Cell-specific studies assessing mitochondria function 

in specific cell types in animal models of MS are necessary to elucidate mitochondrial 

dynamics in the context of demyelinating disease. 
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Figure 3: MS Postmortem tissue show decreased Purkinje cells compared to control 
tissue. (A) Table demonstrating the characteristics of the normal and MS tissue (B) 
Representative chromogen images of Calbindin, a marker for Purkinje cells. (C) There 
was a decrease in Calbindin+ cells in the MS tissue compared to the normal tissue. 
Normal: n=4, MS: n=11. Data are represented as mean + SEM. Statistical differences 
between groups were determined using two-tailed, unpaired t test. *p < .05.   

 

  



 
 

72 

 

 

Figure 4:  EAE mice show decreased motor strength and alterations in gait early in 
EAE. (A) Eight week old Thy1-YFP female mice were induced with MOG35-55 
experimental autoimmune encephalomyelitis (EAE) as previously described. Mice began 
displaying clinical disease severity around EAE Day14 and reached peak EAE at EAE 
Day19 where severity persisted throughout the experiment. (B) Mice underwent the 
Walking Gait Test (WGT) throughout EAE to determine whether there are alterations in 
their gait that could be due to cerebellar dysfunction. Their front and hind feet were 
painted with red and blue paint, respectively. (B) shows representative footprint patterns 
of mice at various timepoints longitudinally throughout EAE. (C) EAE mice showed 
decreased stride length compared to the normal mice throughout EAE disease. (D-F) 
EAE mice did not show changes in frontpaw width, hindpaw width, or frontpaw/hindpaw 
overlap compared to normal mice throughout disease. (G) EAE mice remained on the 
rotarod for less time compared to the normal mice beginning at peak EAE disease and 
lasting through chronic EAE disease. Normal: n=13, EAE D21: n=20, EAE D40: n=15, 
EAE D60: n=9. Data are represented as mean + SEM. Statistical differences between 
groups were determined using two-way unbalanced ANOVA with Dunnett’s multiple 
comparisons test. *p < .05, ** p <.01.  
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Figure 5: EAE mice have demyelination and inflammation in the granule cell layer 
and white matter of the cerebellum. (A) 10X montages displaying sagittal sections of 
myelin basic protein (MBP; green) + ionized calcium binding adaptor molecule 1 (Iba1; 
Red) + 4’,6-diamidino-2-phenylindole (DAPI; blue). Representative montage of EAE 
D40 and EAE D60 show a decrease in MBP staining intensity with an increase in Iba1 
staining intensity as compared to Normal. (B) Representative 20X images from lobule 
IV/V immunostained with MBP and Iba1 show a similar result as in (A) and were used to 
quantify staining intensity in the white matter (WM) and granule cell layers (GCL). (C) 
MBP WM analysis showed a decrease in MBP expression at EAE D21, EAE D40, and 
EAE D60 compared to normal, (D) which is also shown in the GCL. (E) There is an 
increase in Iba1 expression in the WM (F) and GCL at EAE D21, EAE D40, and EAE 
D60 compared to normal. Normal: n=7, EAE D21: n=8, EAE D40: n=8, EAE D60: n=6. 
Data are represented as mean + SEM. Statistical differences between groups were 
determined using two-tailed, unpaired t test. *p < .05, **** p <.0001. Scale bar: 100µm.  
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Figure 6: EAE mice have decreased coupled respiration at peak disease. (A) 
Seahorse XFp Cell Mito Stress Test Profile with isolated mitochondria. Initial oxygen 
consumption rate (OCR) is State 2 basal respiration. When ADP is added, this allows for 
State 3 Coupled Respiration. After the Oligomycin addition, this blocks ATP Synthase 
and allows us to determine ATP production and proton leak. FCCP is a proton uncoupler 
that allows for free proton movement along the mitochondrial inner membrane and 
allows for the measurement of uncoupled respiration. Lastly, Rotenone and Antimycin A 
block Complexes I and III of the electron transport chain and allows for the calculation of 
spare respiratory capacity. (B) Averaged traces from Seahorse XFp Mito Stress test 
representing Normal (black) and EAE D21 (red). (C,E-F) There was no difference in 
Basal Respiration, Uncoupled Respiration, and Spare Respiratory Capacity between 
normal and EAE D21. (D) There was a decrease in coupled respiration in the EAE D21 
mice compared to the normal. Normal: n=5, EAE D21: n=4. Data are represented as 
mean + SEM. Statistical differences between groups were determined using two-tailed, 
unpaired t test. *p < .05.   
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Figure 7: EAE mice do not show alterations in cerebellar mitochondria function at 
chronic disease. (A) Averaged traces from Seahorse XFp Mito Stress test EAE D40 
representing Normal (black) and EAE D40 (red). (B-E) There was no difference in basal 
respiration, coupled respiration, uncoupled respiration, and spare respiratory capacity 
between EAE D40 and normal mice. (F) Averaged traces from Seahorse XFp Mito Stress 
EAE D60 representing Normal (black) and EAE D60 (red). Data are represented as mean 
+ SEM. (G-J) There was no difference in basal respiration, coupled respiration, 
uncoupled respiration, and spare respiratory capacity between EAE D60 and normal 
mice. Normal: n=9, EAE D40: n=6, EAE D60: n=5. Statistical differences between 
groups were determined using two-tailed, unpaired t test. 
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Figure 8: EAE mice have alterations in the electron transport chain. (A) 
Representative blot of OXPHOS subunits including COXI (NDUFB8; 20 kDa), COXII 
(SDHB 30 kDa), COXIII (UQCR2, 48 kDa), COXIV (MTC01, 40 kDa), and ATP 
Synthase (ATP5A, 66 kDa) with VDAC used as a loading control. (B-D) There is no 
significant difference in COXI, COXII, or COXIII expression between EAE and normal 
mice in the cerebellum. (E) There was a significant decrease in COXIV expression at 
EAE D40 and EAE D60 in the EAE mice compared to the normal mice. (F) There was 
no significant difference in ATP5A expression between normal mice and EAE mice. 
Normal: n=8, EAE D21: n=8, EAE D40: n=8, EAE D60: n=6. Data are represented as 
mean + SEM. Statistical differences between groups were determined using two-tailed, 
unpaired t test. *p < .05. 
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Figure 9: EAE mice have no difference in mitochondria fission or fusion. (A) 
Representative blot of dynamin-related protein 1 (Drp1) with Normal, EAE D21, EAE 
D40, and EAE D60. (B) There was no difference in Drp1 expression between EAE and 
normal mice. (C) Representative blot of mitofusin 2 (Mfn2) with Normal, EAE D21, 
EAE D40, and EAE D60. (D) There was no difference in Mfn2 expression between EAE 
and normal mice. Normal: n=5, EAE D21: n=5, EAE D40: n=5, EAE D60: n=5. Data are 
represented as mean + SEM. Statistical differences between groups were determined 
using two-tailed, unpaired t test. 
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Figure 10: EAE mice have decreased mitochondrial anchoring. (A) Representative 
blot of syntaphilin with Normal, EAE D21, EAE D40, and EAE D60. (B) There was a 
decrease in Syntaphilin expression at EAE D60 and EAE D40 compared to normal mice. 
Normal: n=8, EAE D21: n=8, EAE D40: n=8, EAE D60: n=6. Data are represented as 
mean + SEM. Statistical differences between groups were determined using two-tailed, 
unpaired t test. **p < .01.  
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Chapter 4: Mitochondrial dynamics are altered longitudinally independent of 
leukocyte infiltration in the cuprizone demyelinating mouse model 
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Abstract 

Progressive MS patients exhibit tremors and impaired motor control due to 

pathology in cerebellar related circuits. In addition, alteration of Purkinje cells (PCs) in 

the cerebellum has been linked to cerebellar dysfunction and gait abnormalities in MS 

patients. Mitochondria are recruited to demyelinated axons to meet the increased energy 

requirements necessary to maintain conduction. However, if the demyelination continues, 

other factors including free radical accumulation can cause further mitochondrial 

dysfunction that contributes to axon damage. We hypothesize that chronic cuprizone 

(CPZ) diet-induced demyelination contributes to mitochondrial dysfunction. Cerebellar 

pathology mimicking progressive MS was investigated in the chronic demyelinating CPZ 

diet mouse model. CPZ is a copper chelator which is known to be toxic to mature 

oligodendrocytes that contributes to axon demyelination. 3, 6, 9, and 12 week CPZ 

(12wkCPZ) mice were compared to normal mice in the white and gray matter of the 

cerebellum using immunohistochemistry (IHC) with markers for myelin (myelin basic 

protein; MBP) and microglia (allograft inflammatory factor 1; Iba1). In addition, a subset 

of mice at weeks 6, 9, and 12 were sacrificed and their cerebellums were dissected for the 

Seahorse XFp Mito Stress test, a mitochondrial function test, and paired with Western 

blot for changes in mitochondrial pathology.  CPZ mice demonstrated decreased MBP 

and increased Iba1 expression beginning at 6wkCPZ compared to normal mice. While 

alterations in mitochondria function was not visible with the Seahorse Mito Stress test, 

there was a significant decrease in mitochondria fusion at 12wkCPZ compared to normal. 
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Further cell-specific studies are needed to determine cell-specific mitochondria changes 

occurring in the context of demyelination.  
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Introduction 

MS patients with tremors during their lifetime demonstrated cerebellar 

demyelination after death, emphasizing the importance of understanding cerebellar 

pathology in the context of MS (Kurtzke et al., 1977; Weinshenker et al., 1991; Koch et 

al., 2007). MS is characterized by the loss of oligodendrocytes, altered axonal transport 

and signaling resulting in neurodegeneration and disability (Gelfand, 2014). Before 

neurodegeneration, axons show adaptive mechanisms when they are demyelinated, such 

as increased mitochondria density and increased size (Mutsaers and Carroll, 1998). These 

changes have also been observed outside of the CNS (Suzuki, 1969; Jürgensmeier et al., 

1998; Pfanner et al., 2019).  

 

There is still no direct conclusion regarding the cause of MS, but it is known that 

mitochondrial dynamics are altered. While there are genetic and environmental risk 

factors that increase the likelihood of developing MS, there are also other theories, such 

as the “inside-out” model (Stys et al., 2012; Caprariello et al., 2018; Titus et al., 2020). 

The “inside-out” hypothesis is a theory stating primary pathogenesis of oligodendrocyte 

injury results in degeneration due to activation of a reactive inflammatory response. The 

“outside-in” hypothesis is a primary pathogenesis of autoimmune inflammation followed 

by myelin degradation and neurodegeneration (Stys et al., 2012). Due to this, there is a 

need to understand the contribution of mitochondrial dysfunction and pathology to MS to 

determine the role of this organelle in neurodegeneration.  
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One animal model used to study demyelination and neurodegeneration is the cuprizone 

(bis-cyclohexanone-oxalyldihydrazone, CPZ) model. CPZ is a copper chelator that 

allows for reproducible induction of acute or chronic demyelination with astrogliosis and 

microgliosis (Matsushima and Morell, 2001; Kipp et al., 2009; Moore et al., 2014; Lapato 

et al., 2017; Atkinson et al., 2019)). This allows the CPZ model to be beneficial when 

using therapeutics to assess changes in myelination and neurodegeneration. 6 weeks of 

the CPZ diet has been shown to demonstrate substantial demyelination (Matsushima and 

Morell, 2001; Kipp et al., 2017). While the mechanism is unknown, it is thought that 

mature oligodendrocytes are selectively vulnerable to CPZ . When oligodendrocyte death 

occurs, the demyelinated axons become more susceptible to attacks by brain intrinsic and 

inflammatory mediators. Specifically, copper chelation is thought to inhibit complex IV 

(COXIV) of the mitochondrial respiratory chain (Xu et al., 2013). However, its effect on 

other cell types with oxidative phosphorylation is less understood.  

 

The purpose of this study was to determine mitochondrial changes during the course of 

longitudinal cuprizone diet. Female mice were placed on a cuprizone diet and a subset 

was assessed at 3, 6, 9, or 12 weeks of CPZ diet to determine when mitochondrial 

functional and pathological changes are present in the cerebellum. Demyelination was 

evident in the cerebellar white matter and granule cell layers beginning at 6wkCPZ 

compared to normals, in addition to microgliosis. Cerebellar mitochondrial dysfunction 

was not evident with the Seahorse XFp Mito Stress at any point longitudinally with CPZ, 

but a decrease in mitochondrial fusion was observed at 12wkCPZ compared to normal.  
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Results 

Cuprizone mice exhibit no differences in motor activity or gait longitudinally 

Eight-week-old PLP-eGFP female mice were placed on the 0.2% cuprizone diet 

for either 3, 6, 9, or 12 weeks to assess demyelination and mitochondrial dynamics 

longitudinally in the cerebellum (3wkCPZ, 6wkCPZ, 9wkCPZ, 12wkCPZ). At each 

timepoint, a subgroup of mice were either perfused for immunohistochemistry (IHC), or 

their cerebellums were dissected to assess mitochondrial function and pathology. A 

subgroup of mice remained on a normal diet and were considered normal.  

  

To determine whether CPZ caused alterations in gait, which could be indicative of 

cerebellar dysfunction, we performed the walking gait test (WGT) and the rotarod. The 

WGT was used to determine whether the CPZ mice had changes in gait compared to the 

normal mice. Mice front and hind feet were painted with red and blue paint respectively 

and walked along a white sheet of paper. Stride length, frontpaw width, hindpaw width, 

and frontpaw/hindpaw overlap were measured after each mouse walked three consecutive 

strides (Figure 11A). There was no significant difference in any parameter of the WGT 

between the CPZ mice and the normal mice (Figure 11C-F). The rotarod test is a motor 

test where the mice balance on an accelerating rotating rod for up to 200 seconds. There 

was no difference in latency on the rotarod between the CPZ mice and normal mice at 

any time point (Figure 11B). Overall, CPZ mice do not show alterations in rotarod or 

gait compared to the normal mice, even after 12 weeks on the CPZ diet.  



 
 

85 

Cuprizone mice exhibit demyelination, microgliosis, and morphological mitochondrial 

changes longitudinally in the granule cell layers and white matter of the cerebellum 

 To determine the longitudinal effects of the CPZ diet on myelination and 

inflammation in the cerebellum, mice were perfused at each timepoint and sagittal slices 

of the cerebellum were processed for IHC (Figure 12). 10X montages demonstrate a 

decreased overall expression of myelin basic protein (MBP), a protein component of 

myelin, with an increased overall expression of ionized calcium binding adaptor molecule 

1 (Iba1), a marker for microglia and macrophages (Figure 12A). 20X images of lobules 

IV/V indicated by the dashed white rectangle were assessed in the granule cell layers 

(GCL) and the white matter (WM) for analysis (Figure 12B). The GCL was assessed 

because this is where Purkinje cell (PC) axons are located, which are heavily myelinated 

axons. The WM was assessed because this is the bundle of fibers leaving the cerebellar 

cortex which includes PC axons. There was a significant decrease in MBP expression and 

an increase in Iba1 expression in both of these layers beginning at 6wkCPZ and persisting 

through 12wkCPZ compared to the normals (Figure 12C-F).   

 

We also assessed myelination in the WM using transmission electron microscopy (EM). 

There was a decrease in myelinated axons in the 9wkCPZ mice compared to the normal 

mice (Figure 12G). We also assessed mitochondrial visually in the myelinated axons 

with EM. Compared to the mitochondria in the normal myelinated axons, the 

mitochondria in the 9wkCPZ axons appeared bigger and rounder.  
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Cuprizone mice do not show functional mitochondria changes with the Seahorse XFp 

Analyzer  

 The next step was to determine whether there were alterations in mitochondria 

within the cerebellum and to determine whether these changes correlated with changes in 

myelination and microgliosis. Mitochondria were isolated from the whole cerebellum at 

6wkCPZ, 9wkCPZ, and 12wkCPZ and the Seahorse XFp Analyzer Mito Stress test was 

performed (Agilent, San Diego, CA). Initially, basal respiration rate is measured in the 

presence of pyruvate and malate, indicative of state 2 respiration. Then, Complex 1-

dependent respiration in state 3 was measured, which measures the capacity of the 

mitochondria to metabolize oxygen in the presence of ADP, a substrate for ATP synthase 

(Complex V), called coupled respiration. Next, oligomycin is added to terminate coupled 

respiration by inhibition of ATP synthase. Oligomycin decreases proton flux through 

complex V which causes the accumulation of protons within the cristae. This results in a 

reduction of electron transport and oxygen consumption, demonstrating state 4 

respiration. Maximal respiration is then measured by injecting the protonophore Carbonyl 

cyanide-4 (trifluoromethoxy) phenylhydrazone (FCCP), an uncoupler agent of the 

respiratory chain that collapses the proton gradient and disrupts the mitochondrial 

membrane potential. This allows us to also measure spare respiratory capacity, or 

uninhibited electron flow through the electron transport chain and maximal oxygen 

consumption by Complex IV. The difference between the uncoupled and basal OCR is 

considered to be the spare respiration capacity. Finally, injection of rotenone (Complex I 

inhibitor) and antimycin (Complex III inhibitor, specifically cytochrome C reductase) 
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concurrently blocks the flux of electrons through the electron transport chain so that no 

oxygen was further consumed at cytochrome c oxidase (non-mitochondrial respiration 

rates). The Seahorse XFp Mito Stress test was performed at 6wkCPZ, 9wkCPZ, and 

12wkCPZ. There was no difference in basal respiration, coupled respiration, uncoupled 

respiration, or spare respiratory capacity in the 6wkCPZ mice compared to the normal 

(Figure 13). We also performed this test at chronic CPZ (9wkCPZ and 12wkCPZ) to 

determine if there were functional changes after a longer time on the CPZ diet, but there 

were still no changes between any parameter between the 9wkCPZ mice and normal mice 

(Figure 14,15).   

 

12wkCPZ mice have decreased mitochondrial fusion 

 To determine whether the CPZ diet altered mitochondria pathology in the 

cerebellum, isolated mitochondria were also measured by Western blot for OXPHOS 

subunit expression, mitochondria fission and fusion, and mitochondrial anchoring. First, 

an OXPHOS cocktail was used to determine whether there were pathological changes to 

subunits dedicated to oxidative phosphorylation (Figure 16). When assessing subunits 

for COXI, COXII, COXIII, COXIV, and ATP Synthase, there was no difference in any 

subunit expression between the 3wkCPZ, 6wkCPZ, 9wkCPZ, or 12wkCPZ mice 

compared to the normal mice, similar to the functional studies shown from the Seahorse 

XFp Analyzer. Next, mitochondrial fission and fusion were assessed with Dynamin 

related protein 1 (Drp1) and Mitofusin 2 (Mfn2), respectively (Figure 17). Mitochondria 
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are dynamic and are thought to undergo fission when there is a greater energy demand 

and mitochondria need to be located in more places throughout the cell (Chen and Chan, 

2009). Similarly, mitochondria undergo fusion when there is no longer a greater energy 

demand. In addition, they can undergo fusion when there is some damage, because two 

mitochondria fusing allows for an undamaged genome to replace the damaged 

mitochondria genome. There was no difference in Drp1 expression between 3wkCPZ, 

6wkCPZ, 9wkCPZ, or 12wkCPZ mice and normal mice (Figure 17A,B). However, there 

was a significant decrease in Mfn2 expression between the 12wkCPZ mice and normal 

mice, indicating that there is decreased mitochondria fusion occurring at chronic CPZ 

(Figure 17C,D).  
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Discussion 

 The purpose of this study was to determine the mitochondrial changes that occur 

in a mouse model of MS that lacks blood brain barrier permeability and leukocytic 

infiltration into the CNS. MS patients have demonstrated abnormalities in the cerebellum 

during their lifetime and in postmortem tissue. MS patients display T2 hypointensity in 

their subcortical gray matter with magnetic resonance imaging (MRI) with ambulatory 

impairment (Tjoa et al., 2005).  MS patients with tremors have cerebellar demyelination 

after death (Kurtzke et al., 1977; Weinshenker et al., 1991; Koch et al., 2007). PCs in 

postmortem MS patients showed changes in phosphorylation states, Purkinje axonal 

spheroids, and PC loss (Redondo et al., 2015). In addition, lesion burden in MS patients 

can vary throughout the CNS and is also dependent on the type of MS (Kis et al., 2008). 

For example, late-onset MS patients have more frequent spinal cord lesions, but less 

frequent cerebellar lesions (Kis et al., 2008). Interestingly, one study also demonstrated 

less cerebellar activation with MS compared with controls in function MRI studies, 

suggesting that the cerebellum may contribute to working memory impairment in MS (Li 

et al., 2004).  

 

The CPZ model is a reproducible model that allows for consist demyelination 

(Matsushima and Morell, 2001; Kipp et al., 2009; Steelman et al., 2012). The 

demyelinating occurs early and has only been shown to disrupt mature oligodendrocytes 

while sparring other CNS cell types (Kipp et al., 2017). Substantial demyelination is 
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observed by 3 weeks, but specifically in the corpus callosum (Matsushima and Morell, 

2001; Kipp et al., 2009). By 4-5 weeks of age, it’s been shown that most axons in the 

brain are demyelinated. In addition, the cerebellum has also demonstrated demyelination 

after the CPZ diet (Groebe et al., 2009; Skripuletz et al., 2010). It has also been shown 

that removal of CPZ from the diet can allow for remyelination (Matsushima and Morell, 

2001; Kipp et al., 2009). We hypothesized that mitochondrial changes are an early trigger 

for a cascade of events leading to demyelination, inflammation, and neurodegeneration.   

 

We did not observe differences at any timepoint with the rotarod and the walking gait test 

in the cuprizone mice compared to the normal mice (Figure 11). The lack of differences 

between the groups using the WGT is likely due to the lack of subtlety in the behavioral 

test used. While we attempted to measure obvious changes in gait by measuring distances 

in stride parameters, one study found that CPZ-fed mice fed for 37 days of 0.2% 

cuprizone exhibited more foot slips in walking ladder and beam tests compared to 

controls (Sen et al., 2020). Another study used a DigiGait analysis to measure the swing 

time of the mice feet as they walked and found differences in a recovered cuprizone 

group compared to a control group (Zhan et al., 2021). These tests are more sensitive and 

are also computerized, allowing for a more defined analysis of gait patterns in the mice.  

 

We also assessed myelination and microgliosis in the cerebellum to determine when these 

changes occur regionally (Figure 12). Demyelination is known to occur in the CPZ 
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model with the presence of microgliosis (Blakemore, 1972; Ludwin, 1978; Matsushima 

and Morell, 2001). Previous studies assessing myelination in the cerebellum after CPZ 

diet showed decreased PLP and MBP mRNA levels in the entire cerebellum beginning at 

1 and 2 weeks after the CPZ diet, respectively (Groebe et al., 2009). Groebe et al. did not 

show any changes in the WM or GCL in the cerebellum, however they only assessed the 

changes up to five weeks (Groebe et al., 2009). While there was no significant difference 

in PLP expression with immunohistochemistry, this study did observe more swollen 

axons with electron microscopy in the WM after 5 weeks of CPZ (Groebe et al., 2009) 

Another study demonstrated weak demyelination in the WM and GCL areas after 4 

weeks of the CPZ diet (Skripuletz et al., 2010). However, this demyelination was very 

apparent by 12 weeks (Skripuletz et al., 2010).  It is thought that microglia activation 

occurs within the first two weeks the mice are on the CPZ, where it reaches its peak of 

activation around 4-6 weeks on the CPZ diet (Morell and Wiesmann, 1984; Hiremath et 

al., 1998; Matsushima and Morell, 2001). This is consistent with what we see with 

immunofluorescence. It is assumed that the role of microglia and macrophages is to clear 

myelin debris. However, these cells are also located near the lesions, so these cell types 

could be attempting to aid in remyelination (Blakemore, 1972; Ludwin, 1978; 

Matsushima and Morell, 2001).  

 

Our EM comparing myelinated axons and mitochondria morphology between normal and 

9wkCPZ mice showed changes we expected (Figure 13G). One previous study 

demonstrated megamitochondria in oligodendrocytes by 3 weeks of cuprizone in the 
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corpus callosum and superior cerebellar peduncle, which could be due to the copper 

chelation within the mitochondrial respiratory chain (Acs and Komoly, 2012). We see 

enlarged mitochondria in our myelinated and demyelinated axons in the 9wkCPZ mice. 

While the enlarged mitochondria in the demyelinated axons could be due to increased 

energy demand after demyelination, the enlarged mitochondria in the myelinated axons 

could indicate increased energy demand and stress in the axon before demyelination 

occurs. This study also demonstrates that mitochondria in neurons are affected by the 

CPZ diet, not just oligodendrocytes.  

 

The overall mechanism of cuprizone is not completely understood, but it is known that it 

is a copper chelator that kills mature oligodendrocytes causing demyelination. Copper is 

an essential trace element for metalloenzymes, including copper-zinc superoxide 

dismutase and ceruloplasmin (Walshe and Munro, 1995; Zlotkin et al., 1995). It is 

important to note that cytochrome c oxidase, a major enzyme of the electron transport 

chain, may be affected with the CPZ diet due to the fact that it has copper centers 

(Suzuki, 1969). However, if CPZ binds copper in the electron transport chain, all cell 

types that contain mitochondria should be affected with the CPZ diet and not just mature 

oligodendrocytes. A decrease COXIV in PCs with immunohistochemistry was shown in 

the CPZ model, one of the first studies that demonstrates the effect of the CPZ diet on 

other cell types (Varhaug et al, 2020). 
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However, when we assessed functional mitochondria changes with the Seahorse XFp 

Analyzer, no significant differences were observed between the cuprizone mice and 

normal mice with basal respiration, coupled respiration, uncoupled respiration, and spare 

respiratory capacity (Figures 13-15). While this was not expected, this could be due to 

several factors. One reason could be that at the 6wkCPZ timepoint, there is demyelination 

occurring causing an increase in metabolic demand in the neuronal axons. However, this 

change is coupled with mature oligodendrocytes dying from the CPZ diet, causing a loss 

of mitochondria activity. These two major changes, in addition to an increase in 

microgliosis likely causing more activated mitochondria in these cell types as well, may 

display as no functional change when these mitochondria are pooled together for the 

analyzer. This concept may also translate to the very few pathological changes we 

observed in this CPZ model (Figures 16,17). There was no significant difference in any 

subunit of OXPHOS between cuprizone and normal mice at any time point. In addition, 

there was no difference in mitochondria fission.  

 

We did observe a significant decrease in mitochondria fusion in the 12wkCPZ mice 

compared to the normal mice. Mitochondria are dynamic organelles that have a balance 

of fission and fusion to regulate their size and morphology. Mitochondrial fission is the 

division of one mitochondrion into two daughter mitochondria, while fusion is the fusion 

of two mitochondria resulting in one mitochondrion (Detmer and Chan, 2007; Chen et al., 

2009). Defects in mitochondrial fission or fusion can contribute to mitochondrial 

fragmentation and eventually cell death (Jahani-Asl et al., 2010). Mfn2 regulates 
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mitochondrial fusion with mitofusin 1 and optic atrophy 1 (OPA1) (Chan, 2006). One 

study demonstrated that inhibition of Drp1, a component of mitochondrial fission, was 

protective in the experimental autoimmune encephalomyelitis (EAE) model of MS (Luo 

et al., 2017a). In addition, an increase in Mfn2 expression was shown in PLP4e mice, a 

demyelinating mouse model that contains extra copies of myelin genes (Thai et al., 

2019). Typically, mitochondria may fuse either due to a decrease in energetic demand, or 

to increase mtDNA stability (Chen et al., 2010). The decrease in mitochondrial fusion 

that we observed at 12wkCPZ may be due to axon damage occurring within the neurons, 

preventing mitochondria from being transported along microtubules and fusing together. 

Future studies assessing axon damage longitudinally in the CPZ model in the cerebellum 

may allow us to further understand mitochondrial dynamics.  

  

Overall, the functional and pathological mitochondria studies were performed on the 

entire cerebellum. Cell-specific studies may be necessary when assessing mitochondrial 

changes using the CPZ model to determine how mitochondria are affected in neurons 

after mature oligodendrocytes die. Understanding the pathophysiology of mitochondrial 

changes in animal models of MS is crucial to finding better therapeutics and improving 

the quality of life of patients with MS.  
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Figure 11: Cuprizone mice exhibit no differences in motor activity or gait 
longitudinally. (A) Eight week-old Thy1-YFP female mice ate a 0.2% Cuprizone (CPZ) 
diet for either 3, 6, 9, or 12 weeks. At each timepoint, mice were assessed with the 
walking gait test (WGT) to determine if there were alterations with their gait. Their front 
feet were painted red and their hind feet were painted blue and mice walked along a 60cm 
white sheet of paper. Example footprint patterns at each timepoint are shown in (A).(B) 
The rotarod test (used at an accelerating rate of 40-400rpm) was used to determine if 
mice had changes in motor function after the CPZ diet. There was no difference in time 
on the rotarod between the cuprizone mice and normal mice at any timepoint. (C-F) 
Cuprizone mice had no differences in stride length, frontpaw width, hindpaw width, and 
hindpaw/frontpaw overlap compared to the normal mice at any timepoint. Normal: n=8-
24, 3wkCPZ: n=41-50, 6wkCPZ: n=16-34, 9wkCPZ: n=11-28, 12wkCPZ: n=5-11. Data 
are represented as mean + SEM. Statistical differences between groups were determined 
using two-way unbalanced ANOVA with Dunnett’s multiple comparisons test. 
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Figure 12: Cuprizone mice exhibit demyelination, microgliosis, and mitochondrial 
morphological changes longitudinally in the granule cell layers and white matter of 
the cerebellum. 

(A) 10X montages showing myelin basic protein (MBP; green), ionized calcium binding 
protein (Iba1; red) with DAPI. Visually there is a decrease in MBP expression with an 
increase in Iba1 expression in the 6, 9, and 12wkCPZ mice compared to the normal mice. 
(B) 20X imaging representative images of cerebellar lobule IV/V. (C) MBP analysis in 
the white matter (WM) demonstrates a decrease in MBP expression in the 6wkCPZ, 
9wkCPZ, and 12wkCPZ mice compared to the normal mice. (D) There is a significant 
decrease in MBP expression in the granule cell layer (GCL) in the 6wkCPZ, 9wkCPZ, 
and 12wkCPZ mice compared to the normal mice. (E) There is a significant increase in 
Iba1 expression in the 3wkCPZ, 6wkCPZ, 9wkCPZ, and 12wkCPZ mice compared to the 
normal mice in the WM (F) and the GCL layer. (G) Transmission electron microscopy 
showing cross sections of the cerebellar WM comparing myelinated axons in the normal 
vs. demyelinated axons in the 9wkCPZ mice. Normal: n=6, 3wkCPZ: n=9, 6wkCPZ: 
n=9, 9wkCPZ: n=10, 12wkCPZ: n=6. Data are represented as mean + SEM. *p<0.05, 
**p<0.01, ***p<0.001, ****p<0.0001. Scale bars: 100µm, 50nm. Statistical differences 
between groups were determined using two-tailed, unpaired t test. 
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Figure 13: Cuprizone mice may not have differences in mitochondria function at 
6wkCPZ. (A) Representative averaged traces for the Seahorse XFp Mito Stress Test 
showing normal (black) and 6wkCPZ (red). (B-E) Oxygen consumption rate (OCR) 
results from basal respiration, uncoupled respiration, spare respiratory capacity, and 
coupled respiration. There is no difference in these parameters between normal mice and 
6wkCPZ mice. Normal: n=5, 6wkCPZ: n=7. Data are represented as mean + SEM. 
Statistical differences between groups were determined using two-tailed, unpaired t test. 
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Figure 14: There is no difference in mitochondrial function at 9wkCPZ. (A) 
Representative averaged traces for the Seahorse XFp Mito Stress Test showing normal 
(black) and 9wkCPZ (red). (B-E) Oxygen consumption rate (OCR) results from basal 
respiration, uncoupled respiration, spare respiratory capacity, and coupled respiration. 
There is no difference in these parameters between normal mice and 6wkCPZ mice. 
Normal: n=5, 9wkCPZ: n=7. Data are represented as mean + SEM. Statistical differences 
between groups were determined using two-tailed, unpaired t test. 
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Figure 15: There is no difference in mitochondria function at 12wkCPZ. (A) 
Representative averaged traces for the Seahorse XFp Mito Stress Test showing normal 
(black) and 12wkCPZ (red). (B-E) Oxygen consumption rate (OCR) results from basal 
respiration, uncoupled respiration, spare respiratory capacity, and coupled respiration. 
There is no difference in these parameters between normal mice and 6wkCPZ mice. 
Normal: n=7, 9wkCPZ: n=4. Data are represented as mean + SEM. Statistical differences 
between groups were determined using two-tailed, unpaired t test. 
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Figure 16: Cuprizone mice have no pathological changes in oxidative 
phosphorylation. (A) Representative blot of OXPHOS subunits including COXI 
(NDUFB8; 20 kDa), COXII (SDHB 30 kDa), COXIII (UQCR2, 48 kDa), COXIV 
(MTC01, 40 kDa), and ATP Synthase (ATP5A, 66 kDa) with VDAC used as a loading 
control. (B-E) There is no significant difference in COXI, COXII, or COXIII expression 
between 3wkCPZ, 6wkCPZ, 9wkCPZ, or 12wkCPZ and normal mice in the cerebellum. 
Normal: n=11, 3wkCPZ: n=4, 6wkCPZ: n=10, 9wkCPZ: n=7, 12wkCPZ: n=5. Data are 
represented as mean + SEM. Statistical differences between groups were determined 
using two-tailed, unpaired t test. 
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Figure 17: Cuprizone mice have decreased mitochondrial fusion at 12wkCPZ. (A) 
Representative blot of dynamin-related protein 1 (Drp1) with Normal, 3wkCPZ, 
6wkCPZ, 9wkCPZ, and 12wkCPZ. (B) There was no difference in Drp1 expression 
between CPZ and normal mice. (C) Representative blot of mitofusin 2 (Mfn2) with 
Normal, 3wkCPZ, 6wkCPZ, 9wkCPZ, and 12wkCPZ. (D) There was a decrease in Mfn2 
expression between the 12wkCPZ mice and normal mice. Normal: n=11, 3wkCPZ: n=4, 
6wkCPZ: n=10, 9wkCPZ: n=7, 12wkCPZ: n=5. Data are represented as mean + SEM. 
**p<0.01. Statistical differences between groups were determined using two-tailed, 
unpaired t test.  
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Chapter 5: ERb ligand treatment alleviates mitochondria dysfunction in 
experimental autoimmune encephalomyelitis 
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Abstract 

Approximately 80% of multiple sclerosis (MS) patients present with cerebellar 

symptoms consisting of tremors, impaired motor control and loss of coordination. The 

pathophysiology of these cerebellar symptoms is complex and remains to be fully 

elucidated. Therefore, there is a crucial need to understand the mechanism to yield 

important insights for potential MS treatments. Purkinje cells (PCs) are a class of 

myelinated neurons that are the sole output of the cerebellar cortex and thus are an essential 

component of cerebellar circuitry. These specialized cells demand higher metabolic 

activity due to their extensively branched dendritic arbors in addition to the large number 

of glutamatergic inputs they receive from climbing and parallel fiber innervation. Aberrant 

function and loss of PCs has been observed in MS and animal models of MS, including 

experimental autoimmune encephalomyelitis (EAE). Additionally, oligodendrocyte (OL) 

loss during demyelination reduces metabolic support of axons, leading to axonal 

mitochondrial dysfunction and subsequent neurodegeneration. Thus, we propose that EAE-

induced OL loss leads to mitochondrial dysfunction in PCs which can be rescued with 

targeted estrogen receptor (ER) b ligand treatment. This hypothesis evaluated the status of 

PCs and PC mitochondria during EAE-induced inflammatory demyelination. In addition, 

the therapeutic effect of an ERb ligand, IndCl-o-Me, previously shown to stimulate 

myelination and neuroprotection, as well as resveratrol (RSV), a phytoalexin that 

stimulates mitochondrial biogenesis, were evaluated. Our preliminary results demonstrate 

extensive cerebellar inflammation, demyelination, reduction of mature OLs, and changes 

in PC morphology in day 40 EAE-induced C57BL/6 male Thy1-YFP transgenic mice. 
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IndCl-o-Me-treated EAE mice revealed an increase in myelinated axons with decreased 

inflammation in cerebellar brain sections as compared to vehicle-treated mice. However, 

RSV-treated mice showed no change in axon myelination or inflammation. To assess 

mitochondrial status, sections were immunostained with i) translocator protein (TSPO), a 

component of mitochondrial bioenergetics, and ii) Complex IV, one subunit of the 

Cytochrome C Oxidase (COX) hetero-oligomeric enzyme located in the inner 

mitochondrial membrane. An increase in TSPO and COX expression was observed during 

EAE, consistent with previous studies. Interestingly, IndCl-o-Me treatment reduced both 

proteins, whereas, RSV treatment only decreased TSPO levels. IndCl-o-Me treatment 

appears to affect mitochondria expression and bioenergetics, however whether this occurs 

directly or indirectly remains to be elucidated. Future experiments will investigate in detail 

the timing, structural changes, and function of PC mitochondria in the presence of these 

drugs. 
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Introduction 

Due to the fact that PPMS and SPMS patients exchibit demyelination that 

correlates with earlier death (Weinshenker et al., 1991; Kutzelnigg et al., 2007), it is 

essential that the pathophysiology of multiple sclerosis is understood to slow 

neurodegeneration and to improve the quality of life in MS patients.  

 

The goal of this study was to evaluate mitochondrial dynamics in the EAE mouse model 

and to determine whether treatment with ERb ligands or RSV improved mitochondrial 

dynamics during demyelination, inflammation, and neurodegeneration with the EAE 

model of MS. Mitochondria are the major organelles involved in the synthesis of ATP in 

mammalian cells due to the presence of the components responsible for the maintenance 

of oxidative phosphorylation (Mink et al., 1981). The CNS has a high metabolic rate and 

consumes about 20% of oxygen at rest while only accounting for 2% of total body weight 

(Silver and Erecińska, 1998). We hypothesized that treatment with ERb ligands will 

improve mitochondrial dynamics compared to the vehicle treatment. Indazole chloride 

(IndCl) and its analogues are unique, highly selective ERb ligands that have been shown 

to increase myelination and neuroprotection in both EAE and cuprizone (CPZ) mouse 

models of MS (Moore et al., 2014; Khalaj et al., 2016; Karim et al., 2018; Karim et al., 

2019). IndCl and its analogues not only improves clinical disease scores and rotarod 

performance, but also has been shown to improve corpus callosal (CC) axon conduction 
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(Moore et al., 2014; Karim et al., 2019), however its effects on mitochondria remain to be 

elucidated. 

 

This study also used resveratrol (3,4’5-trihydroxystilbene; C14H12O3; RSV), a 

polyphenolic phytoalexin found in grapes, berries, peanuts, and wines (Jardim et al., 

2018). Since RSV is known to modulate mitochondrial biogenesis, we wanted to 

determine if modulating mitochondrial biogenesis and mitochondrial dynamics is enough 

to increase myelination and be neuroprotective in the EAE model of MS (Bowers et al., 

2000; Jardim et al., 2018).  
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Results 

ERb ligands, but not RSV treatment, decreases EAE severity and improves motor and 

gait dysfunction.  

 The purpose of this study was to determine whether ERb ligand treatment 

improve mitochondrial dynamics compared to vehicle treatment. After EAE induction, 

mice were scored each day for clinical disease severity on a range from 0 to 5 (Figure 

18). Mice demonstrated an onset of symptoms on Day8 and reached peak disease on 

Day18, when treatment began. The EAE+IndCl-o-Me group had decreased clinical 

disease scores compared to the EAE+Vehicle group. There was no difference in clinical 

disease severity scores between the EAE+Vehicle group and the EAE+RSV group.  

 

EAE-induced demyelination and a decrease in OLs is alleviated by ERB ligand 

treatment, but not RSV treatment 

 To assess myelination in the cerebellum on EAE day40 after treatment with ERb 

ligands, mice were perfused and brains were sectioned and immunostained for myelin 

basic protein (MBP). Representative cerebellar montages for MBP + DAPI comparing 

normal and EAE+Vehicle groups demonstrate decreased MBP expression in the 

EAE+Vehicle group compared to the normal group (Figure 19A). To analyze MBP 

expression, we focused on the white matter (WM) in cerebellar lobule IV/V indicated by 

the white dashed rectangle because this is where the myelinated axons, including PC 

axons, are leaving the cerebellar cortex (Figure 19B). Representative 20x images for 
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MBP and DAPI indicate decreased MBP expression in the EAE+Vehicle group 

compared to the normal group. The EAE+IndCl-o-Me had increased MBP expression 

compared to the EAE+Vehicle group, however there was no change in MBP expression 

in the EAE+RSV group compared to the EAE+Vehicle group (Figure 19D).  

 

 Next we assessed mature oligodendrocyte counts using adenomatous polyposis 

coli (CC1) in the WM (Figure 19C). There was a decrease in CC1+ cells in the 

EAE+Vehicle group compared to the normal group (Figure 19E). There was an increase 

in CC1+ cells in the EAE+IndCl-o-Me group compared to the EAE+Vehicle group; 

however, there was no significant difference in CC1+ cells in the EAE+RSV group 

compared to the EAE+IndCl-o-Me group, indicating that RSV has no effect on 

myelination and mature oligodendrocyte numbers.  

 

ERb ligand treatment decreases leukocytes 

 Next, we assessed leukocytes in the cerebellar white matter and granule cell layer 

using CD45 with 20x images of the WM and granule cell layer to determine the effects of 

ERb ligand treatment and RSV treatment on inflammation (Figure 20A). At EAE D40, 

there was a significant increase in CD45 expression in the Vehicle-treated mice compared 

to the normal mice. ERb ligand treatment decreased CD45+ expression in the WM and 

GCL compared to the vehicle treatment (Figure 20B). However, there was no significant 

difference in leukocyte infiltration between RSV and vehicle treatment.  
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Both ERb ligand treatment and RSV treatment modulate mitochondrial dynamics  

 Lastly, we performed immunofluorescence to determine whether mitochondrial 

dynamics were affected after treatment with ERb treatment and RSV treatment. To do 

this, we measured cytochrome C oxidase subunit 4 (COXIV), which is the last 

component of the electron transport chain that converts molecular oxygen to water. This 

marker is often used to measure mitochondrial activity. Representative 40X images are 

shown in Figure 21A showing the molecular layer and Purkinje cell layer of the 

cerebellar cortex. When counting puncta in both of these layers, there was a significant 

decrease in COXIV expression in the vehicle mice compared to normal mice (Figure 

21B). ERb ligand treatment increased the amount of COXIV puncta in this area 

compared to the vehicle treatment. When we assessed the number of puncta with the 

RSV treatment, we also observed an increase in puncta compared to the vehicle 

treatment.  

 

 The next step was to determine whether mitochondria movement was altered 

within the axons with syntaphilin, a mitochondrial anchoring protein (Ohno et al., 2014; 

Joshi et al., 2015; Zhou et al., 2016). When mitochondria express syntaphilin, the 

mitochondria are anchored to the microtubules and are unable to move along the axon to 

get to places of higher energetic need. Compared to the vehicle-treated mice, there was an 

increase in syntaphilin expression with RSV treatment and IndCl-o-Methyl treatment, 
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indicating that both this ERb ligand and RSV modulate mitochondrial movement (Figure 

22).  
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Discussion 

The purpose of this study was to determine whether ERb ligands would modulate 

mitochondrial dynamics in EAE: an inflammatory, demyelinating, degenerative animal 

model of MS. EAE is similar to MS in that it is a T cell-mediated inflammatory disease 

with lymphocyte infiltration, demyelination, and neurodegeneration (Guo et al., 2013; 

Eberle et al., 2015).  

 

Our lab has previously found that IndCl and its analogues are selective ERb ligands that 

reduce CNS inflammation, promote remyelination, and ameliorate clinical disease 

severity in both the EAE and cuprizone (CPZ) models of MS (Moore et al., 2014; Karim 

et al., 2018; Karim et al., 2019). The IndCl-o-Me and IndCl-o-Cl analogues have single 

substitutions to the phenol ring while retaining ERb selectivity over ERa (Karim et al., 

2019).  We have previously demonstrated that treatment with either analogue improves 

motor function with the rotarod test, increases myelination and neuroprotection in the 

spinal cord and corpus callosum, and decreases pro-inflammatory cytokines (Karim et al., 

2019). However, the effects of ERb ligands on mitochondrial dynamics and function are 

not yet elucidated. 

 

Interestingly, ERb is expressed directly on mitochondria, indicating that our ERb ligands 

could have a direct effect on mitochondrial biogenesis and function (Yang et al., 2004).  
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Recent studies have illustrated ERa and ERb in mitochondria of various cell types where 

they bind mtDNA (Klinge, 2017). Since our ERb ligands already have properties that we 

know act directly on astrocytes and oligodendrocytes (Tiwari-Woodruff et al., 2007; 

Karim et al., 2018), the idea that they may also act directly on mitochondria may partially 

explain the neuroprotective aspect of the treatment.  

 

RSV is a polyphenol compound found in a variety of foods and beverages including red 

grapes, peanuts and red wine (Jang et al., 1997; Alarcon De La Lastra and Villegas, 2005; 

Das and Das, 2007; Csiszar, 2011). These effects are thought to be exerted via activation 

of sirtuin 1 (SIRT1), which prevents axonal degeneration (Borra et al., 2005). RSV is 

thought to act as an anti-inflammatory agent through its antioxidant properties and 

through inhibition of lipoxygenase and cyclo-oxygenase formation (Gautam and Jachak, 

2009). This drug has also been discussed as neuroprotective through SIRT1 activation. 

Studies that have utilized RSV for cardiovascular studies suggested that RSV exerted a 

vasodilation effect by improving the function of endothelial cells along the inner wall of 

blood vessels (Nicholson et al., 2010). However, this finding could implicate enhanced 

tethering, rolling, and adhesion of circulating inflammatory cells across the blood-brain 

barrier, exacerbating CNS symptoms in MS (Rice et al., 2005). Another study found that 

mice treated with RSV in their chow had more severe clinical signs than the control 

group induced with EAE and exacerbated demyelination and inflammation (Sato et al., 

2013). In addition, GlaxoSmithKline reported that the safety of a proprietary formulation 
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of RSV (SRT501) was questioned in a clinical trial for patients with multiple myeloma 

(GlaxoSmithKline halts all further development of resveratrol drug SRT501 (The 

Myeloma Beacon 2010 Nov 30 [Internet])). Several patients in this trial experienced 

kidney failure, although it is unclear whether the kidney failure is due to SRT501 

treatment or was a natural consequence of the disease.  

 

However, there are other studies that show implications for RSV slowing disease in 

animal models of MS (Pallàs et al., 2013). RSV has been shown alter pro-inflammatory 

cytokine production (Singh et al., 2007). In addition, RSV-treated mice induced with 

EAE had lower clinical scores compared to control (Singh et al., 2007; Imler Jr and Petro, 

2009). Other studies found that a high dose of RSV (250mg/kg/day) delayed the onset of 

EAE, but a low dose of RSV (100mg/kg/day) had no effect (Fonseca-Kelly et al., 2012). 

Interestingly, RSV treatment protected from RGC loss (Fonseca-Kelly et al., 2012), 

protected blood-brain barrier (BBB) integrity in EAE mice (Wang et al., 2016), inhibited 

neurodegeneration, and promoted neurogenesis and neuronal SIRT1 (Shindler et al., 

2007; Shindler et al., 2010). Improved remyelination has also been demonstrated in the 

cuprizone model with RSV treatment (Ghaiad et al., 2017).  

 

Studies suggest that RSV protects mice from EAE by inducing aryl hydrocarbon (AhR) 

and ER-mediated apoptosis, primarily in activated T cells (Singh et al., 2007). This 

finding could mean that treatment with both an ERb ligand and RSV could be deleterious 
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to mice. The drug Laquinimod, currently under investigation for treatment of MS and 

other neuroinflammatory diseases, prevented development of EAE and was dependent on 

the AhR, as the protective effects were abolished in AhR knockout mice (Berg et al., 

2016).  

 

RSV treatment is thought to increase mitochondrial biogenesis, which is a complex 

process responsible for the synthesis of new mitochondria in mammalian cells (Borra et 

al., 2005). Both nuclear and mitochondrial genomes are necessary to modulate 

mitochondrial biogenesis (Pallàs et al., 2013). Peroxisome proliferator-activated receptor 

gamma coactivator 1-alpha (PGC-1alpha) is the major regulator in mitochondrial 

biogenesis by acting with the nuclear respiratory factors 1 and 2 (NRF-1 and NRF-2). 

PGC-1alpha upregulates NRF-1 and NRF-2, as well as the estrogen-related receptor 

alpha (ERRa), leading to the expression of mitochondrial proteins encoded by nuclear 

DNA (Lagouge et al., 2006; Witte et al., 2013). One of these proteins encoded by nuclear 

DNA is mitochondrial transcription factor A (TFAM), which leads to alternations in 

mitochondrial DNA (mtDNA) and causes synthesis of mitochondrial RNA. TFAM is 

involved with both transcription and replication of mtDNA.  

 

Overall, our ERb ligand treatment could demonstrate neuroprotection by modulating 

mitochondrial activity and transport in neurons. Assessing mitochondrial dynamics in 

specific cell types through the Cre-loxP system or cell sorting may provide a more 
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thorough investigation on mitochondrial changes in the context of demyelinating disease 

and treatment.  
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Figure 18: ERb ligand treatment, but not resveratrol treatment, rescues clinical 
disease severity. Mice were induced with experimental autoimmune encephalomyelitis 
(EAE) and began to show clinical disease severity at EAE Day8. Mice reached a peak 
disease at around EAE D18 when treatment started. There was a significant decrease in 
clinical disease severity between the IndCl-o-Methyl-treated mice and the vehicle-treated 
mice. However, there was no difference between the RSV-treated mice and the vehicle-
treated mice.  Normal: n=5, EAE+Vehicle: 5, EAE+IndCl: 5, EAE+IndCl-o-Methyl: 5, 
EAE+IndCl-o-Chloro: 5, EAE+RSV: 5. Data are represented as mean + SEM. **p<0.01. 
Statistical differences between groups were determined using two-way unbalanced 
ANOVA with Dunnetts multiple comparisons test. 
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Figure 19: ERb ligand treatment, but not resveratrol treatment, preserves 
myelination and mature oligodendrocytes in the white matter of the cerebellum. (A) 
10X montages showing myelin basic protein (MBP; green) with DAPI. Visually there is a 
decrease in MBP expression in the EAE+Vehicle mice compared to the normal mice. (B) 
20X representative images of cerebellar lobule IV/V showing MBP with DAPI. (C) 40X 
representative images of cerebellar lobule IV/V with Olig2 (green), adematous polyposis 
coli (CC1; red), and DAPI. (D) There is a decrease in MBP expression in the white 
matter (WM) in the EAE+Vehicle mice compared to the normal mice. In addition, there 
is an increase in MBP expression with treatment with ERb ligands compared to vehicle 
treatment. There was no difference in MBP expression between RSV treatment and 
vehicle treatment. (E) There is a decrease in percentage of CC1 cells with vehicle 
treatment compared to normal treatment. There was a significant increase in CC1 cells 
with IndCl-o-Chloro treatment compared to vehicle treatment. There was no difference in 
percentage of CC1 cells between RSV treatment and vehicle treatment. Normal: n=5, 
EAE+Vehicle: 5, EAE+IndCl: 5, EAE+IndCl-o-Methyl: 5, EAE+IndCl-o-Chloro: 5, 
EAE+RSV: 5. Data are represented as mean + SEM. Statistical differences between 
groups were determined using ordinary one-way ANOVA using Kruskal-Wallis multiple 
comparison test. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Scale bars: 100µm, 
50µm.   
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Figure 20: ERb ligand treatment, but not RSV treatment, decreases leukocytes in 
the cerebellum. (A) 20X representative images showing CD45 (red) with DAPI (blue). 
(B) There is an increase in CD45 expression in the EAE+Vehicle mice compared to the 
normal mice. In addition, ERb ligand treatment decreased CD45 expression compared to 
vehicle treatment, but not RSV treatment. Normal: n=5, EAE+Vehicle: 5, EAE+IndCl: 5, 
EAE+IndCl-o-Methyl: 5, EAE+IndCl-o-Chloro: 5, EAE+RSV: 5. Data are represented as 
mean + SEM. Statistical differences between groups were determined using ordinary one-
way ANOVA using Kruskal-Wallis multiple comparison test. *p<0.05, **p<0.01. Scale 
bar: 100µm.   
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Figure 21: ERb ligand treatment and resveratrol treatment increase COXIV 
expression in the molecular layer and Purkinje cell layer in the cerebellum. (A) 40X 
representative images showing cytochrome c oxidase subunit 4 (COXIV; green). (B) 
There is a decrease in COXIV puncta expression with the EAE+Vehicle mice compared 
to the normal mice. In addition, there is an increase in COXIV expression with treatment 
with both ERb ligands and RSV compared to vehicle treatment. Normal: n=5, 
EAE+Vehicle: 5, EAE+IndCl: 5, EAE+IndCl-o-Methyl: 5, EAE+IndCl-o-Chloro: 5, 
EAE+RSV: 5. Data are represented as mean + SEM. Statistical differences between 
groups were determined using ordinary one-way ANOVA using Kruskal-Wallis multiple 
comparison test. *p<0.05, **p<0.01. Scale bar: 50µm.   
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Figure 22: ERb ligand IndCl-o-Methyl modulates mitochondrial movement. (A) 40X 
representative images syntaphilin (green) in the granule cell layer of the cerebellar cortex. 
(B) There is an increase in syntaphilin expression with both RSV treatment and IndCl-o-
Methyl treatment compared to vehicle treatment. Normal: n=5, EAE+Vehicle: 5, 
EAE+IndCl: 5, EAE+IndCl-o-Methyl: 5, EAE+IndCl-o-Chloro: 5, EAE+RSV: 5. Data 
are represented as mean + SEM. Statistical differences between groups were determined 
using ordinary one-way ANOVA using Kruskal-Wallis multiple comparison test. 
***p<0.001. Scale bar: 50µm.   
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Chapter 6: Diffusion tensor imaging identifies aspects of therapeutic estrogen 
receptor b ligand-induced remyelination in a mouse model of multiple sclerosis 
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Abstract 

Diffusion tensor imaging (DTI) has been shown to detect white matter degeneration in 

multiple sclerosis (MS), a neurodegenerative autoimmune disease that presents with 

diffuse demyelination of the central nervous system. However, the utility of DTI in 

evaluating therapeutic remyelination has not yet been well-established. Here, we assessed 

the ability of DTI to distinguish between remyelination and neuroprotection following 

estrogen receptor β ligand (Indazole chloride, IndCl) treatment, which has been 

previously shown to stimulate functional remyelination, in the cuprizone (CPZ) diet 

mouse model of MS. Adult C57BL/6J male and female mice received a normal diet 

(control), demyelination-inducing CPZ diet (9wkDM), or CPZ diet followed by two 

weeks of a normal diet (i.e., remyelination period) with either IndCl (RM+IndCl) or 

vehicle (RM+Veh) injections. We evaluated tissue microstructure of the corpus callosum 

utilizing in vivo and ex vivo DTI and immunohistochemistry (IHC) for validation. 

Compared to control mice, the 9wkDM group showed decreased fractional anisotropy 

(FA), increased radial diffusivity (RD), and no changes in axial diffusivity (AD) both in 

vivo and ex vivo. Meanwhile, RM+IndCl groups showed increased FA and decreased RD 

ex vivo compared to the RM+Veh group, in accordance with the evidence of 

remyelination by IHC. In conclusion, the DTI technology used in the present study can 

identify some changes in myelination and is a valuable translational tool for evaluating 

MS pathophysiology and therapeutic efficacy.
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Introduction 

Multiple sclerosis (MS) is an autoimmune, demyelinating, and neurodegenerative disease 

of the central nervous system (CNS) that affects about 2.3 million people 

worldwide(Browne et al., 2014). Due to widespread demyelination and axonal damage, 

MS patients exhibit a variety of symptoms, including problems with vision due to optic 

neuritis, motor deficits, and cognitive dysfunction. The gold standard for MS diagnosis is 

magnetic resonance imaging (MRI). The criterion is based on longitudinal detection of 

lesions with abnormalities in T1 and T2 hyperintensities over time (McDonald et al., 

2001). Although MS-related pathology and MRI change can be seen anywhere in the 

CNS, conventional MRI cannot differentiate lesions that are due to demyelination and/or 

axonal damage. Diffusion tensor imaging (DTI), however, has revolutionized clinical 

neuroimaging by allowing for the detection of demyelination and axonal pathology 

earlier and with greater specificity than conventional MRI (Song et al., 2003). DTI 

examines water diffusion within the white matter tissue (i.e., the degree and direction of 

water diffusion along multiple axes) through tensor-model based reconstruction. This 

method provides valuable information regarding tissue microstructure, based on several 

metrics (Basser et al., 1994; Le Bihan et al., 2001; Mori and Zhang, 2006). Fractional 

anisotropy (FA) represents the asymmetry or directionality of water diffusion (FA=1, 

anisotropic diffusion; FA = 0, isotropic diffusion), while mean diffusivity (MD) examines 

the average magnitude of water diffusion within a voxel. Other metrics include axial 

diffusivity (AD, λǁ ), which reflects water diffusion along the axon and measures axon 

integrity, whereas radial diffusivity (RD, λ⊥) reflects water diffusion perpendicular to 
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axons, thereby measuring myelin integrity. With such metrics, DTI has been effectively 

used to quantify demyelination and axonal loss in MS patients (Hesseltine et al., 2006; 

Klawiter et al., 2011; Elshafey et al., 2014; Ontaneda et al., 2014).  

 

Current MS drugs, including interferon β, glatiramer acetate, and fingolimod, are 

immunomodulatory and do not directly stimulate remyelination or confer neuroprotection 

(Lopez-Diego and Weiner, 2008). Effective treatment options to initiate remyelination 

and prevent neurodegeneration are needed, as MS displays characteristics of a classical 

neurodegenerative disorder with damage to axons, synapses, and nerve cell bodies, along 

with rampant demyelination. The therapeutic efficacy of new MS treatments is usually 

tested in MS mouse models such as the experimental autoimmune encephalomyelitis 

(EAE) model, which incorporates key pathological components of MS (Lucchinetti et al., 

2000; Baxter, 2007; Mangiardi et al., 2011b). However, the chronic cuprizone diet (CPZ) 

mouse model has been shown to be better suited for studying the progressive stage of MS 

with demyelination, axon damage, astrogliosis, and microglial activation(Matsushima 

and Morell, 2001; Kipp et al., 2009; Moore et al., 2014; Lapato et al., 2017). Further, this 

model is advantageous when evaluating disease progression and therapies that target such 

degeneration given its consistent demyelination in structures such as the corpus callosum 

(CC) and superior cerebellar peduncles (Matsushima and Morell, 2001; Kipp et al., 

2009). Cuprizone diet for 6 weeks is sufficient for substantial demyelination. However, 

this timepoint demonstrates some variability resulting from an extensive attempt to 

remyelinate the CNS, which starts early, even before cuprizone exposure terminates, 
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confounding interpretation and drug-induced remyelination (Matsushima and Morell, 

2001; Kipp et al., 2009). Thus, while cuprizone intoxication is inducing demyelination, 

oligodendrocyte progenitor cells (OPCs) are proliferating and differentiating to 

remyelinate axons during the 4–6 week cuprizone diet. By 9 week of cuprizone diet, there 

is near complete demyelination in the cortex, hippocampus, and CC and is an appropriate 

period to switch to normal diet to obtain clear axon remyelination for comparison with 

and without remyelinating drugs (Moore et al., 2014; Lapato et al., 2017).  

 

Recently, estrogens have been evaluated for MS therapy due to their ability to stimulate 

myelination with neuroprotective benefits (Offner et al., 2000; Sicotte et al., 2002; 

Tiwari-Woodruff et al., 2007; Kumar et al., 2013; Moore et al., 2014; Karim et al., 2018; 

Karim et al., 2019). Due to estrogen receptor (ER) α-mediated feminization as well as 

increased risks of breast and uterine cancer, ERβ agonists have been considered more 

desirable therapeutic candidates (Lindberg et al., 2003). IndCl is a unique, highly 

selective ERβ ligand that induces accelerated, functional remyelination in both EAE and 

CPZ mouse models of MS (Moore et al., 2014; Khalaj et al., 2016; Karim et al., 2019). 

IndCl not only improves clinical disease scores and rotarod performance but also 

stimulates remyelination and neuroprotection in the chronic CPZ model, with 

improvements in CC axon conduction (Moore et al., 2014; Karim et al., 2019).  
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While progress has been made in the development of novel therapies for MS, DTI’s 

utility in evaluating therapeutic remyelination has not been well-established yet could 

prove critical as DTI might serve as a valuable tool for the research and development of 

novel remyelinating agents like IndCl. For longitudinal monitoring of MS 

pathophysiology and potential therapeutic efficacy, in vivo DTI can be utilized. In turn, 

ex vivo DTI provides improved imaging resolution for the detection of more subtle 

changes in white matter microstructure due to longer acquisition times and elimination of 

in vivo brain pulsations and movement artifacts.  

 

The goal of this study was to utilize in vivo and ex vivo DTI in evaluating remyelination 

and neuroprotection following IndCl treatment in the CPZ diet-induced demyelination/ 

remyelination model of MS. We hypothesized that DTI could adequately report CPZ-

induced demyelination along with axonal damage as well as IndCl-induced therapeutic 

remyelination. This is the first study to evaluate the diagnostic potential of DTI with a 

remyelinating drug in an MS model. As such, it will serve as a first step towards 

longitudinal DTI assessment of white matter integrity in demyelinating MS models, 

which, combined with molecular and histological techniques, will streamline the 

screening process of therapeutic candidates and optimize the preclinical evaluation of 

their therapeutic potentials. 
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Results 

Attempted in vivo quantitative DTI measures do not adequately reflect demyelination and 

remyelination  

The initial goal of this study was to evaluate brain demyelination and remyelination in a 

mouse model of MS by in vivo DTI. Sex- and age- matched C57Bl/6 J mice were placed 

on a 0.2% CPZ diet for nine weeks to induce chronic demyelination (9wkDM). After nine 

weeks on a CPZ diet, a subset of these mice was switched to a normal diet for two weeks 

to induce remyelination and, concurrently, injected with a known functionally 

remyelinating ERβ ligand IndCl (RM + IndCl) or the vehicle (RM + Veh) (Figure 23A) 

(Moore et al., 2014). Because the CC is a major white matter tract that undergoes 

extensive demyelination during nine weeks on a CPZ diet, focused analysis of this 

commissural white matter tract of the left CC, center CC, and right CC was performed 

(Figure 23B).  

 

FA is a coefficient that reflects the magnitude and orientation of anisotropic water 

diffusion and is highly sensitive to white matter microstructural integrity (Feldman et al., 

2010). Representative group average maps for FA in control and 9wkDM groups are 

shown in Fig. 2A. Changes in vector colour intensity in regions such as the CC and 

cingulum were observed qualitatively between the groups as indicated by white arrows. 

ROIs for left CC, center CC and right CC (Figure 24B) were drawn manually and 

analyzed. Two-tailed, unpaired t-test with Welch's correction statistics were performed 
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comparing control (n= 5) with 9wkDM (n=6) and RM+Veh (n=5) with RM+IndCl (n=6). 

In vivo FA was decreased in the center and right CC of the 9wkDM group as compared to 

the control group (p = .25 left CC; p = .02 center CC; p = .002 right CC). However, no 

difference was observed between the RM+Veh and RM+IndCl groups (p=.89 left CC; 

p=.82 center CC; p = .60 right CC) (Figure 24C). To further assess differences in 

demyelination and remyelination between the groups, RD and AD were measured in vivo. 

RD represents the diffusion perpendicular to the main axial direction and is known to be 

altered in response to experimental demyelination and dysmyelination (Song et al., 2002; 

Song et al., 2005; Alexander et al., 2007). RD analysis showed an increase in the left and 

right CC of the 9wkDM group compared to the control group (p = .03 left CC, p = .69 

center CC, p = .03 right CC) (Figure 24D). However, no difference in RD was observed 

between the RM+IndCl and RM+Veh groups (p=.83 left CC, p=.52 center CC, p=.51 

right CC). AD is defined as the mean diffusion coefficient of water molecules diffusing 

parallel to the tract within the voxel (Song et al., 2003). Interestingly, in vivo AD in the 

CC did not differ between the control and 9wkDM groups or the RM+Veh and 

RM+IndCl groups (Figure 24E) (control vs. 9wkDM: p=.17 left CC, p=.52 center CC, 

p=.22 right CC; RM+Veh vs. RM + IndCl: p = .66, p = .24, p = .44). Overall, in vivo DTI 

showed minimal differences in demyelination between control and 9wkDM and no 

differences between RM+Veh and RM+IndCl.  
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Chronically demyelinated CC shows decreased fractional anisotropy (FA) and mean 

diffusivity (MD) by tract-based spatial statistics (TBSS)  

To enhance white matter resolution, ex vivo DTI was performed on a separate cohort of 

animals (control: n = 6; 9wkDM: n = 8; RM + Veh: n = 8; RM + IndCl: n = 8) (Figure 

25). Tract-based spatial statistics (TBSS) of the CC comparing the 9wkDM and control 

groups revealed that some CC regions in the 9wkDM group had lower FA (blue; Figure 

25A). This was also apparent in three dimensional (3D) reconstructions of the TBSS 

(Figure 25B). FA revealed a decrease throughout the CC in the 9wkDM compared to the 

control group (p = .0001). However, no difference in FA TBSS was detected between the 

RM +Veh and RM+IndCl groups (p = .53) (Figure 25B). TBSS-based MD analysis 

showed increased MD (red) in the 9wkDM group compared to the control group, 

indicating fewer barriers and more isotropic diffusion (Figure 25D). 3D projection of 

these data illustrated that in the antero-lateral portion of the CC (red; Figure 25E). 

Indeed, there was an overall increase in MD in the 9wkDM group compared to the 

control group throughout the CC (p=.002). However, no difference was observed 

between the RM+Veh and RM+IndCl groups (p = .21) (Figure 25F). Overall, ex vivo 

DTI with TBSS analyses demonstrates changes in FA and MD in the chronically 

demyelinated CC.  
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Ex vivo DTI reveals corpus callosal changes in chronically demyelinated and IndCl-

treated remyelinating groups  

Since CPZ induces demyelination in distinct regions of the CC in a rostral to caudal 

fashion (Steelman et al., 2012; Schmidt et al., 2013), it is possible that remyelination 

events are differentially localized or below the detection threshold. Thus, assessment of 

local CC regions was performed by assigning ROIs (Figure 26). Based on the results of 

Fig. 3, an anterior section (Bregma 0.14/0.26mm) and a posterior section (Bregma 

−2.92/3.08mm) were analyzed. The CC was analyzed by tracing ex vivo ROIs for left CC, 

center CC, and right CC for anterior sections and for left CC and right CC for posterior 

sections as shown in Figure 23B and Supplementary Fig. S1. In anterior sections, the FA 

was reduced in the left, center, and right CC in the 9wkDM compared to the control 

group (p < .0001 left CC, p = .02 center CC, p = .004 right CC). In addition, the right CC 

FA was increased in the RM+IndCl group compared to the RM+Veh group (p = .51 left 

CC, p = .30 center CC, p = .03 right CC) (Figure 26A). The MD in these sections was 

not different between the control and 9wkDM groups throughout the CC (p = .96 left CC, 

p = .33 center CC, p = .98 right CC); however, the MD in the left CC of the RM + IndCl 

group was reduced compared to the RM+Veh group(p =.005 left CC; p =.09 center CC, p 

=.08 right CC) (Figure 26B). No difference in FA (p = .05 left CC, p = .20 right CC) 

(Figure 26C) or MD (Figure 26D) was observed in the posterior section of 9wkDM and 

control groups (p = .36 left CC, p = .13 right CC). However, the left CC MD of the 

RM+IndCl group was decreased relative to the RM+Veh group (p = .01 left CC, p = .22 

right CC). Because further imaging of posterior sections revealed fewer differences 
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(Supplementary Fig. S1), we chose to focus the remainder of our study on the anterior 

sections for ex vivo DTI.  

 

IndCl treatment during the remyelination phase does not affect radial diffusivity (RD)  

To further delineate microstructural myelin changes indicated by the FA, we assessed RD 

(Figure 27). Ex vivo TBSS for RD showed an increase in the 9wkDM group compared to 

the control group (red; Figure 27A). Statistical summary of RD TBSS revealed an 

increase throughout the CC of the 9wkDM group compared to the control group (Figure 

27B). In contrast, RD quantification in the anterior section showed no difference in any 

region of the CC between the 9wkDM and control groups (p = .37 left CC, p = .19 center 

CC, p = .43 right CC) (Figure 27C). However, there was a decrease in ex vivo RD in the 

RM+IndCl group in the left and right CC compared to the RM+Veh group (p = .03 left 

CC, p = .39 center CC, p = .04 right CC).  

 

IndCl treatment during the remyelination phase potentiates remyelination  

Based on the anterior and posterior ex vivo DTI results, IHC was performed to understand 

and compare DTI results to CPZ-induced demyelination followed by normal diet-induced 

remyelination effects. IHC was performed at the level of the dorsal hippocampus between 

the anterior and posterior DTI Bregmas (Figure 28). To visualize changes in myelin, 

montages displaying myelin basic protein (MBP; green) and DAPI (blue) were imaged 
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with staining intensity analyzed. MBP intensity was decreased in the 9wkDM group 

compared to the control group, with a dramatic increase in MBP expression in the 

RM+IndCl group as compared to the RM+Veh group (Figure 28A,B). The center CC of 

the 9wkDM group showed a significant decrease in MBP intensity as compared to the 

control group (control vs. 9wkDM: p < .0001, Figure 28C). There was, however, a 

significant increase in MBP intensity in the RM+IndCl group compared to the RM+Veh 

group (RM+Veh vs. RM+IndCl p < .0001, Figure 28C). Similar changes were observed 

when the levels of another myelin protein, myelin oligodendrocyte glycoprotein (MOG) 

were measured (Supplementary Fig. S2). To further delineate changes in myelin 

organization, MBP coherency was quantified in the CC of anterior brain sections (Figure 

28D). There was an increase in MBP coherency (more coherently organized myelin) 

throughout the CC of the 9wkDM group compared to the control group (control vs 

9wkDM: p = .0004 left CC, p = .001 center CC, p < .0001 right CC). In addition, an 

increase in coherency was observed in the RM+IndCl group in the left CC compared to 

the RM+Veh group (RM+Veh vs RM+IndCl: p = .04 left CC, p = .17 center CC, p = .14 

right CC). Overall, while IndCl treatment increased myelination by IHC analysis (similar 

to published results (Moore et al., 2014), DTI analysis demonstrated mixed results.  

 

IndCl treatment during the remyelination phase minimally affects AD  

Next, we assessed axonal integrity with AD (Figure 29). Ex vivo TBSS assessed in the 

CC showed qualitative increases in AD between the 9wkDM and control groups (the red 
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representing regions; Figure 29A). Quantification of images across the CC showed an 

increase in AD TBSS in the 9wkDM group compared to the control group (p = .03) 

(Figure 29B). However, there was no difference between the RM+Veh and RM+IndCl 

groups (p = .20). In contrast to the AD TBSS data, ex vivo analysis in the anterior 

sections displayed no significant differences between the 9wkDM and control groups (p = 

.27 left CC, p = .76 center CC, p = .41 right CC). There was an overall increase in ex vivo 

AD in the remyelinating groups. However, there was a decrease in AD in the RM+IndCl 

group compared to the RM+Veh group in the left and center CC (p=.003 left CC, p=.04 

center CC, p=.51 right CC) (Figure 29C).  

 

IndCl treatment during the remyelination phase decreases NF-M+ intensity  

Changes in AD are associated with axonal damage and loss. To assess whether the few 

changes in AD correlated with pathology, brain sections were immunostained for SMI-

32. An increase in non-phosphorylated neurofilament reactivity is seen during 

demyelination as myelin is stripped, exposing denuded axons. SMI-32 intensity was 

quantified in the center CC as indicated on a coronal brain section montage 

immunostained with SMI-32 and DAPI (Figure 30A). Representative 20× images for 

SMI-32 in the center CC are displayed in Fig. 8B. SMI-32 analysis showed increased 

SMI-32 expression in the 9wkDM group compared to the control group (p < .003) 

(Figure 8C). In addition, the RM+IndCl group showed decreased SMI-32 expression 

compared to the RM+Veh group (p < .03) (Figure 8C). Changes in axon pathology with 
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demyelination and remyelination were also confirmed by neurofilament M (NF-M) 

intensity analysis, an additional marker for axon damage (Supplementary Fig. S3).  

 

Astrogliosis (glial fibrillary acidic protein; GFAP) and microglial activation (Iba-1) 

immunostaining were also performed to assess the extent of inflammation and glia 

activation. Similar to previous results (Moore et al., 2014), there was an increase in 

GFAP and Iba-1 immunoreactivity in the CC of the 9wkDM group compared to the 

control group (Supplementary Fig. S4). Remyelination did not modify GFAP and Iba-1 

levels, and these were similar to the 9wkDM group levels. In summary, Table 1 

summarizes the DTI and IHC results. Overall, aspects of DTI were representative of 

demyelination and remyelination pathology; however, DTI may not purely report all 

aspects of the histologically observed pathology.  
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Discussion 

Mouse models are often used to model human white matter disease; however, rodents 

possess significantly less white matter than humans, so assessing disease progression in 

rodents using MR imaging can be difficult in the context of myelination (Zhang and 

Sejnowski, 2000). Out of the various MS mouse models, the CPZ model provides reliable 

and reproducible white matter pathology(Matsushima and Morell, 2001; Mangiardi et al., 

2011b; Praet et al., 2014). The reproducibility of the CPZ model makes it well suited for 

studying mechanisms of demyelination and remyelination in the brain(Song et al., 2005; 

Xie et al., 2010; Yano et al., 2017), and for testing therapeutic treatments focused on 

improving axonal health and myelination.  

 

In the present study, we included groups of mice that underwent CPZ-diet-induced chronic 

demyelination, followed by remyelination (initiated by switching to a normal diet) in the 

absence or presence of a known functionally remyelinating drug, IndCl. IndCl is a small, 

potent ERβ agonist with a 100:1 affinity for ERβ over ERα(De Angelis et al., 2005). IndCl 

has been previously shown to stimulate functional remyelination and neuroprotection by 

elevating neurotrophic factors and promoting oligodendrocyte survival and myelination 

through the PI3K/ Akt/mTOR pathway(Saijo et al., 2011; Moore et al., 2014). Furthermore, 

IndCl decreases pro-inflammatory IFNγ levels while enhancing chemokine CXCL1 levels, 

which can also potentially indirectly increase myelination (Karim et al., 2018; Karim et al., 

2019).  
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The control, demyelinating (9wkCPZ) and remyelinating groups (9wkCPZ + 2wkND with 

vehicle or IndCl) were assessed by in vivo DTI, ex vivo DTI, and IHC to monitor changes 

in axon and myelin pathology (Moore et al., 2014; Karim et al., 2018). Here, for the first 

time, using DTI image analysis as an outcome, we were able to discriminate drug- induced 

remyelination changes.  

 

Past published studies have shown conflicting data with in vivo DTI during demyelination. 

An increase in RD and a decrease in FA was observed in one study using 4wk CPZ diet 

(Yano et al., 2017), whereas a decrease in FA and no apparent change in RD was observed 

in another study using 6wk CPZ diet (Zhang et al., 2012). In our present study, in vivo DTI 

study showed a significant reduction in callosal FA during CPZ demyelination with no 

change in RD, which is in congruence with Zhang et al. (Zhang et al., 2012). However, in 

our hands, in vivo DTI analysis failed to detect white matter microstructural alteration 

following normal diet-induced remyelination in the presence of IndCl treatment. No 

difference in FA or RD between RM+Veh and RM+IndCl was observed. This lack of 

difference could be due to incomplete remyelination after chronic CPZ diet, producing 

thinner myelin that evaded DTI changes(Moore et al., 2014; Duncan et al., 2017).  

 

Since changes were apparent with in vivo DTI between control and 9wkDM groups, but 

not between the RM+Veh and RM+IndCl groups, ex vivo DTI was initiated to further 

assess demyelination and remyelination differences in an additional experiment. Our ex 
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vivo TBSS data detected similar decreases to in vivo FA in the CC, as well as significant 

increases in MD in the 9wkDM group compared to the control group. However, no 

significant changes in RD were observed even with ex vivo DTI. Previous studies exhibited 

that the rostral CC is less susceptible to pathological changes in chronic CPZ compared to 

the middle and caudal CC, which is why we analyzed the caudal CC (anterior Bregma) by 

IHC (Wu et al., 2008; Xie et al., 2010; Steelman et al., 2012). Our 9wkDM group showed 

demyelination, axon damage, astrogliosis, and microglial activation similar to previous 

studies (Varga et al., 2018) . In addition, we observed a significant increase in coherency 

in MBP, indicating that MBP stained myelin was more coherently organized. Such results 

may reflect the altered organization of myelin due to the initial loss of myelin in the chronic 

demyelinated white matter. However, we saw no significant changes in SMI-32 coherency, 

which we interpret as surviving axons maintaining a similar orientation following 

demyelination.  

 

Examination of specific CC regions in the remyelinating groups chosen based on ex vivo 

DTI TBSS data identified significant changes in FA and MD following RM+IndCl 

treatment as compared to RM+Veh alone. Such results signify not only that remyelination 

by IndCl was effective in altering white matter microstructure following experimental MS, 

but that only ex vivo data specific to the anterior regions of CC could detect these 

remyelination effects. Similar to previous results (Moore et al., 2014; Karim et al., 2019), 

the RM+IndCl group increased myelination and alleviated axon damage.  
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In essence, our study is one of the first to use DTI as a biomarker to evaluate CPZ-induced 

demyelination and remyelination with IndCl, an effective preclinical drug candidate. In the 

present ex vivo study, IndCl-treated mice showed a significant increase in FA compared to 

vehicle-treated mice. This result is expected due to increased anisotropy within the white 

matter voxels due to IndCl treatment-related stimulation of both remyelination and 

neuroprotection. These results also are in congruence with the significant decrease in RD 

observed ex vivo between the RM+IndCl and RM+Veh groups. However, the significant 

decrease in AD in the RM+IndCl group compared to the RM+Veh group was unexpected, 

because, as observed by IHC, IndCl decreased axon damage. However, it is important to 

note that DTI metrics do not match a single, specific physiological component. In fact, 

changes in axonal diameter, myelin distribution, axonal organization, intracellular 

compartments, and extracellular space can all contribute to changes in AD and overall DTI 

results (Zhang et al., 2012; Thiessen et al., 2013; Yano et al., 2017). Chronic demyelination 

changes are visible by in vivo and ex vivo DTI, but remyelination (induced with 3 week of 

normal diet) in the absence or presence of IndCl treatment produces thinner myelin around 

axons(Moore et al., 2014) as compared to myelinated axons in control mice. Thin myelin 

sheaths in the adult CNS are recognized as a marker of remyelination (shadow plaques in 

MS tissue (Popescu et al., 2013) and the mechanism driving the incomplete recovery 

remains unknown (Duncan et al., 2017). More sophisticated DTI measures using multi-

shell sequence, alternative microstructure models beyond diffusion tensor, and diffusion 

kurtosis-DK) may be useful in teasing apart aspects of demyelination and remyelination. 

A recent study demonstrated that DKI-derived metrics are indeed sensitive to 6 week CPZ 
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induced demyelination and 3 week normal diet induced spontaneous remyelination of 

cortical areas (but not CC), thus high- lighting the potential of kurtosis for the detection of 

grey matter alterations (Guglielmetti et al., 2016). Recently, a study performed to assess 

performance of DKI and DTI parameters in detecting microstructural changes and 

associated pathology in relapsing remitting MS (RRMS) provided some interesting results. 

DTI-derived diffusion parameters (FA, MD, and RD) detected abnormality in white matter 

regions with coherent fiber arrangement; however, the kurtosis parameters (mean kurtosis, 

MK, axial kurtosis, Ka, and radial kurtosis, Kr) were able to discern abnormalities in white 

matter regions with complex fibers (Li et al., 2018).  

 

Diffusion scalars provide only a weighted mean of the pathology observed by IHC. For 

example, there is extensive demyelination, inflammation, reactive astrocyte accumulation 

and axon damage in the CC of 9wkDM mice as compared to controls that are not singularly 

reflected in either of the AD, RD, and FA values for both in vivo and ex vivo conditions. 

Furthermore, many factors can influence DTI outcomes and introduce variability between 

measurements (in vivo vs. ex vivo). Ex vivo images were acquired at a higher field strength 

at 9.4 T as compared to in vivo acquisition at only 7 T. The higher b-values used for ex vivo 

have been reported to be more sensitive towards slow-diffusing intra-axonal and myelin 

bound water and thus more sensitive to microstructural alterations within the white matter 

(Yoshiura et al., 2003). Several other reasons, such as changes in tissue temperature and 

increased membrane permeability due to cell death and brain fixation for the ex vivo 

samples, could contribute to variation between in vivo and ex vivo results (Shepherd et al., 
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2009). Finally, the diffusion time (Δ), which was adjusted to report optimal tissue diffusion 

in each condition, may play a role in producing the differences between in vivo and ex vivo 

data.  
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Figure 23. Experimental design. (A) Eight-week-old male and female mice were fed 
either a normal diet (control; n = 13) or nine weeks of a 0.2% cuprizone (CPZ) diet 
(9wkDM; n = 41). After nine weeks, 27 9wkDM mice were switched to a normal diet for 
two weeks and received daily injections of an estrogen receptor β ligand IndCl (RM+IndCl; 
n = 14) or the vehicle (RM+Veh; n = 13). Brains were collected for immunohistochemistry 
(IHC) following in vivo diffusion tensor imaging (DTI), which was performed at week 
eleven for the aforementioned groups and week nine for the control and 9wkDM groups. 
Another cohort of mice underwent ex vivo DTI followed by IHC at weeks eleven and nine. 
(B) Regions were interrogated for fractional anisotropy values. Images at the antero-
posterior level from Bregma 0.14/0.26mm (anterior) and Bregma -2.92/3.08mm (posterior) 
were utilized for tissue-level region analysis, chosen based on tract based spatial statistics 
(TBSS) data. Ex vivo DTI primary diffusion vectors modulated by group average fractional 
anisotropy (FA) for control and 9wkDM groups are shown (red = medial-lateral [X], green 
= dorsal=ventral [Y], blue = anterior-posterior [Z]). The following regions of interest (ROI) 
were analyzed: left CC (L-CC), center CC (C-CC), and right CC (R-CC).   
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Figure 24. In vivo DTI detects CPZ-induced demyelination but not IndCl-induced 
remyelination. (A) In vivo primary diffusion vectors modulated by group average 
fractional anisotropy (FA) for control and 9wkDM groups (anterior to posterior sections 
from left to right, red = medial-lateral [X], green = dorsal-ventral [Y], blue = anterior-
posterior [Z]). Diffusion data were warped to an anatomical template and used to 
calculate group averages. White arrows indicate areas that differ in FA between control 
and 9wkDM groups. (B) In vivo regions of interest for C-CC, L-CC, and R-CC were 
analyzed. (C) FA was decreased in the C- and R-CC of the 9wkDM compared to the 
control group. No differences in FA were detected between RM+Veh and RM+IndCl 
groups. (D) Radial diffusivity (RD) was increased in 9wkDM compared to the control 
groups in the L- and R-CC, while no differences in RD were observed between the 
RM+IndCl and RM+Veh groups. (E) No differences in axial diffusivity (AD) were 
observed between the control and 9wkDM groups, or between the RM+Veh and 
RM+IndCl groups. Control: n = 8; 9wkDM: n = 6; RM+Veh: N = 5; RM+IndCl: n = 6. 
Data are represented as mean + SEM. Statistical differences between groups were determined 
using 2-tailed, unpaired t-tests with Welch’s correction. *p < .05, **p < .01.  
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Figure 25. Chronic CPZ diet results in reduced ex vivo fractional anisotropy (FA), 
with no detectable differences between vehicle and IndCl-treated remyelination 
(RM) groups. (A) Tract-based spatial statistics (TBSS) of the CC comparing the control 
and 9wkDM groups (green: white matter skeleton; blue: significant decrease). (B) Three-
dimensional projection of a mouse brain (purple: a significant decrease in the 9wkDM 
group compared to the control group). (C) FA was decreased throughout the CC of the 
9wkDM group compared to the control group. (D) Mean diffusivity (MD) TBSS 
(µm2/ms) within CC comparing the 9wkDM and control groups (green: white matter 
skeleton; red: significant increase). (E) Three-dimensional projection of a mouse brain 
(red: a significant increase in the 9wkDM group compared to the control group). (F) MD 
was increased in the 9wkDM group compared to the control group. Control: n = 6; 
9wkDM: n = 8; RM+Veh: n = 8; RM+IndCl: n = 8. Data are represented as mean + SEM. 
Statistical differences between groups were determined using 2-tailed, unpaired t-tests with 
Welch’s correction. **p < .01, ***p < .001.   
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Figure 26. Ex vivo DTI reveals differences in corpus callosal (CC) fractional 
anisotropy (FA) and mean diffusivity (MD) of chronic CPZ versus control groups, 
and IndCl versus vehicle-treated remyelination (RM) groups. (A) FA in anterior 
sections was decreased in the L-CC, C-CC, and R-CC of the 9wkDM group compared to 
the control group. In addition, FA was increased in the R-CC of the RM+IndCl group 
compared to the RM+Veh group. (B) MD did not differ between the control and 9wkDM 
groups throughout the CC but was decreased in the L-CC of the RM+IndCl group 
compared to the RM+Veh group. (C) No differences in FA were detected in the posterior 
CC of the 9wkDM group compared to the control group, or between the RM+Veh and 
RM+IndCl groups. (D) No differences were observed in the MD in posterior CC between 
the control and 9wkDM groups. MD was decreased in the L-CC of the RM+IndCl group 
compared to the RM+Veh group. Control: n = 6; 9wkDM: n = 8; RM+Veh: n = 8; 
RM+IndCl: n = 8. Data are represented as mean + SEM. Statistical differences between 
groups were determined using 2-tailed, unpaired t-tests with Welch’s correction. *p<.05, 
**p < .01, ****p < .0001. 
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Figure 27.  IndCl-treated remyelination group decreases ex vivo corpus callosal (CC) 
radial diffusivity (RD) compared to the vehicle-treated group. (A) Tract-based spatial 
statistics (TBSS) of the CC comparing the control and 9wkDM groups for RD (green: white 
matter skeleton; red: significant increase). (B) RD was increased throughout the CC of the 
9wkDM group compared to the control group. (C) Ex vivo RD in anterior sections had no 
differences between control and 9wkDM. RD was decreased in the RM+IndCl group 
compared to the RM+Veh group in the left and right CC. Control: n = 6; 9wkDM: n = 8; 
RM+Veh: n = 8; RM+IndCl: n = 8. Data are represented as mean + SEM. Statistical 
differences between groups were determined using 2-tailed, unpaired t-tests with Welch’s 
correction. *p<.05, ***p < .001. 
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Figure 28. IndCl-treated remyelination group increases myelination. (A) 10X 
montages displaying coronal sections of myelin basic protein (MBP; green) + 4’,6-
diamidino-2-phenylindole (DAPI; blue). Representative montage of 9wkDM brain 
section shows a decrease in MBP staining intensity as compared to the control group. 
Whereas, RM+IndCl brain section shows an increase in staining intensity as compared to 
RM+Veh brain section. (B-C) Representative 10X images from the center CC from 
different groups immunostained with MBP show a similar result as in (A) and were used 
to quantify MBP intensity (scale bar = 50µm) shown in (C). (D) Analysis of MBP 
Orientation J (Ori J) in the L-, C-, and R-CC revealed an increase in the anterior sections 
of the 9wkDM group compared to the control group in the entire CC. However, the 
RM+IndCl group had an increase in MBP Ori J coherency compared to the RM+Veh 
group only in the left CC. Control: n = 6; 9wkDM: n = 8; RM+Veh: n = 8; RM+IndCl: n 
= 8. Data are represented as mean + SEM. Statistical differences between groups were 
determined using 2-tailed, unpaired t-tests with Welch’s correction. *p<.05, **p < .01, 
****p < .0001.  
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Figure 29.  IndCl-treated remyelination group decreases ex vivo axial diffusivity 
(AD). (A) Tract-based spatial statistics (TBSS) of the CC comparing the control and 
9wkDM groups for AD (green: white matter skeleton; red: significant increase). (B) AD 
was increased throughout the CC of the 9wkDM group compared to the control group. 
(C) Ex vivo AD in anterior sections showed no difference between the control group and 
9wkDM group. AD was decreased in the RM+IndCl group compard to the RM+Veh 
group. Control: n = 6; 9wkDM: n = 8; RM+Veh: n = 8; RM+IndCl: n = 8. Data are 
represented as mean + SEM. Statistical differences between groups were determined using 2-
tailed, unpaired t-tests with Welch’s correction. **p < .01, ***p < .001.   
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Figure 30. IndCl-treated remyelination group decreases non-phosphorylated 
neurofilament (SMI-32+) expression. (A) 10X montages displaying SMI-32 (red), a 
marker for axon damage, + 4’,6-diamidino-2-phenylindole (DAPI; blue). The box 
represents 40X region where axon damage was imaged and analyzed in the C-CC. (B) 
10X images for SMI-32 (red) + DAPI (blue). Scale bar = 50µm.  (C) The 9wkDM group 
has more SMI-32 expression compared to the control group in the center CC. In addition, 
the RM+IndCl group had decreased SMI-32 expression compared to the RM+Veh group. 
Control: n = 6; 9wkDM: n = 8; RM+Veh: n = 8; RM+IndCl: n = 8. Data are represented 
as mean + SEM. Statistical differences between groups were determined using 2-tailed, 
unpaired t-tests with Welch’s correction. *p < .05.   
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Chapter 7: Discussion and Future Directions 
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Discussion 

 Two different models of MS, EAE and CPZ, were utilized to assess 

demyelination-induced changes in callosal axons by DTI and in mitochondrial health in 

white matter and Purkinje cells in the cerebellum. While EAE is a chronic mouse model 

of MS that incorporates demyelination, inflammation, and neurodegeneration, lesions 

occur throughout the CNS similar to MS, making direct comparison in groups of mice 

difficult but necessary.  CPZ is a copper chelator that causes mature oligodendrocyte 

death in the brain, causing demyelination and neurodegeneration in a reproducible 

manner which allows a direct comparison within groups (Matsushima and Morell, 2001; 

Kipp et al., 2009).  

 

MRI is currently used for the McDonald Diagnostic Criteria for MS (McDonald et al., 

2001). While this technique is used to diagnose MS patients and is not invasive, MRI 

cannot differentiate myelin vs. axonal pathology in the CNS (Song et al., 2002).  DTI is a 

better method to differentiate between myelin vs axonal pathologies due to differential 

water diffusion, thus identifying aspects of demyelination and remyelination (Chapter 

6). Investigating advanced imaging methods in rodents has been complicated by the fact 

that mice have different scalings of gray and white matter compared to primates and 

humans (Ventura-Antunes et al., 2013). Because there is a larger fraction of neurons 

connected through WM in rodents, there is no clear distinction between white and gray 

matter. DTI utilization and comparison to humans with advanced imaging methods in 
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rodents does not translate well to clinical studies. Even though advancements have been 

made in the MS field with improved imaging and add-on MRI techniques to assess 

myelination, translation of these imaging methods have been difficult in diagnosing MS-

related myelin changes unless the patients have high disability scores (Barile et al., 2021). 

The DTI study performed here was a collaboration with UCLA and Loma Linda and 

involved completion of the imaging DTI data and correlation to IHC. This project 

increased my knowledge of MS diagnosis and MRI imaging techniques and I learned 

about the difficulty in assessing demyelination and remyelination with imaging. During 

this time, I became interested in how larger neurons such as PCs in the cerebellum are 

affected during demyelination throughout the disease course. I was specifically interested 

in the energy demand of these cells and how it changes during disease and chose to focus 

on mitochondrial dynamics.  

 

It is well known that demyelination contributes to diffusion of nodal and juxtaparanodal 

voltage-gated ion channels throughout the axon.(Dzhashiashvili et al., 2007; Susuki et al., 

2013). This reorganization is thought to occur due to increased metabolic demand from 

the loss of saltatory conduction (Felts et al., 1997). When demyelination is paired with an 

autoimmune reaction, additional changes are occurring to the cellular milieu. Due to a 

broken BBB, macrophages are entering the CNS and releasing proinflammatory 

cytokines (e.g., IL-17, IL-4, IL-10, TNF-a) and reactive oxygen species (ROS) (Almolda 

et al., 2011; Jiang et al., 2012; Lassmann and van Horssen, 2016). Mitochondria are 

highly vulnerable to the action of ROS because it can interfere with the respiratory chain 
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(Lassmann and van Horssen, 2016). All of these changes are affecting mitochondria in 

neurons, oligodendrocytes, microglia, and astrocytes.  

 

It is well known that neurons need mitochondria and ATP to maintain the resting 

membrane potential and for neurotransmission (Howarth et al., 2012; Friese et al., 2014). 

In addition, neurons do not have as many energy stores compared to other cells, such as 

astrocytes (Almeida et al., 2001; Saez et al., 2014). Oligodendrocytes not only utilize 

ATP, but also release lactate for the neuron as energy (Funfschilling et al., 2012; Lee et 

al., 2012; Philips and Rothstein, 2017). As oligodendrocytes collect lactate 

intracellularly, they can then transport them to the neuron through monocarboxylate 

transporter 1 (MCT1) into the neuron where they can metabolize it depending on their 

energy need (Funfschilling et al., 2012; Lee et al., 2012; Morrison et al., 2013). 

Astrocytes also utilize mitochondria for ATP; however, these cells have significant 

energy stores and can store glucose as glycogen (Almeida et al., 2001; Saez et al., 2014). 

Upon glutamate release from neurons, astrocytes can uptake glucose and convert glucose 

into pyruvate and lactate. Astrocytes can also shuttle metabolic substrates to neurons at 

the nodes of Ranvier through astrocytic MCT1 and MCT4  (Pellerin and Magistretti, 

1994; Kasischke et al., 2004). Astrocyte-derived lactate has been shown to contribute to 

neuronal metabolism, but contact with neurons is generally limited to specific regions 

such as the soma, synaptic area, and nodes of Ranvier, whereas oligodendrocytes have 

extended contact with neurons through their myelin sheaths.  
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Microglia comprise of about 10% of total cells in the CNS and are the resident immune 

cells (Nimmerjahn et al., 2005; Salter and Stevens, 2017). Studies have shown that 

microglia and macrophages contribute to the pathogenesis of disease progression (Rawji 

and Yong, 2013; Chu et al., 2018). Under normal physiological conditions, there are few 

infiltrating macrophages into the CNS. However, when coupled with a compromised 

blood brain barrier (BBB), macrophages enter the CNS and release a combination of 

proinflammatory cytokines that further contribute to the inflammatory and degenerating 

milieu. Additional immune cells that could be contributing to neurodegeneration are the 

leukocytes that migrate into the CNS due to the compromised BBB. T cells require 

oxidative phosphorylation for Foxp3 transcription factor expression, differentiation, and 

anti-inflammatory IL-10 cytokine synthesis (Chávez and Tse, 2021). Microglia, the 

specialized brain macrophages, are known to require lots of energy to perform 

homeostatic functions. These cells primarily use glucose as the main source of metabolic 

fuel for oxidative phosphorylation (Vannucci et al., 1997; Wang et al., 2019; Lynch, 

2020). In vitro, microglia have also been shown to adapt to the resources in their local 

environment by maintaining oxidative phosphorylation through other substrates, such as 

glutamine, lactate, pyruvate, and ketone bodies (Nagy et al., 2018). In addition, microglia 

have increased fission morphologically in the demyelinated cerebellar white matter 

(Katoh et al., 2017). Axon damage is a characteristic hallmark of EAE and MS. Some 

studies have shown focal axon degeneration (FAD) in the axon that is present before 

demyelination, likely due to reactive oxygen species (ROS) and reactive nitrogen species 

(RNS) released by macrophages (Nikic et al., 2011). Mitochondria are thought to 
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contribute to axon damage, as a microglia deficiency in peroxisome proliferator-

activated-receptor-gamma (PPAR-γ), a nuclear receptor that increases metabolic 

homeostasis, contributes to exacerbated axonal injury in EAE (Doroshenko et al., 2021).  

 

While there are several studies that have assessed mitochondrial changes in postmortem 

tissue (Dutta et al., 2006; Dutta et al., 2011), these studies only provide a picture of the 

pathology at that time.  Still, mitochondrial changes are evident in MS postmortem tissue. 

One study observed increased mitochondria content (measured by porin) in chronic 

active MS lesions compared with myelinated axons. However, there was no difference in 

axonal mitochondrial content between remyelinated and demyelinated axons in 

remyelinated regions close to demyelinated areas in chronic MS lesions (Zambonin et al., 

2011). Another study found respiratory deficient neurons that were prevalent within the 

dorsal root ganglia in progressive MS, noted as mitochondria that lacked COXIV but 

contained COXII (Licht-Mayer et al., 2020). These respiratory deficient neurons also had 

increased mitochondria content, size, and number (Licht-Mayer et al., 2020).  

 

Decreased COXIV expression in pattern III MS lesions was observed in axons, 

astrocytes, and oligodendrocytes (Mahad et al., 2008). In addition, decreased COXIV 

activity was observed in axons in the rim of chronic active lesions, while axons within 

inactive lesions displayed increased activity of COXIV (Mahad et al., 2009). However, 

other studies have demonstrated increased mitochondrial activity. COXIV activity was 
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upregulated in MS lesions compared to control white matter and NAWM with an 

additional increase in mtHSP70, a mitochondrial stress protein (Witte et al., 2009). In 

addition, mitochondrial density in axons and astrocytes was increased in areas with active 

lesions compared to NAWM with a trend in inactive lesions. The variation in COXIV 

expression between the groups may be due to the type of lesions in both studies. Pattern 

III lesions are characterized by extensive oligodendrocyte apoptosis and hypoxia-like 

tissue injury (Lucchinetti et al., 2000). The MS postmortem tissue used in the study by 

Witte and colleagues did not have hypoxia-like damage or oligodendrocyte apoptosis. In 

addition, while Mahad and colleagues demonstrated an increase in COXIV activity in 

active lesions, they measured this particularly in axons, while Witte and colleagues 

measured COXIV activity in the entirety of the active lesion. Axonal COXIV activity 

may be overall decreased, but total COXIV activity in MS lesions may be increased. In 

addition to ETC changes, an upregulation of SNPH was observed in tissues from 

progressive MS patients compared to healthy patients (Mahad et al., 2009).  

 

Conclusion 

In the preceding work, the goal was to determine mitochondrial changes during the 

course of demyelinating disease. These studies were performed in two mouse models, 

EAE and CPZ. In the context of EAE, the inflammation aspect of the disease causes 

immune cell infiltration, astrocyte activation, and microgliosis, increasing mitochondrial 

activity in these cell types. However, this change is paired with the demyelination and 
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neurodegeneration aspect of this MS model, causing oligodendrocyte and neuronal death, 

decreasing mitochondrial activity. Even though there is little to no immune cell 

infiltration in the CPZ model, the microgliosis and astrocyte activation is still occurring 

in the presence of demyelination and neurodegeneration. Due to this, overall 

mitochondrial changes observed in both demyelinating models was subtle as the entire 

cerebellum was used for the mitochondrial pathological and functional studies. EAE 

(Chapter 3) showed an increase in coupled respiration at peak EAE disease (EAE D21) 

with the Seahorse Analyzer, decreased COXIV expression, and decreased Syntaphilin 

expression at chronic EAE (EAE D40 and EAE D60) with Western Blot. At peak disease 

when inflammation and demyelination are occurring, there is increased energy demand in 

the neurons. The decrease in coupled respiration may indicate that ATP Synthase may not 

be as functional, even when ADP is provided as a substrate. Eventually when the energy 

demand is not able to be met by the neurons and neurodegeneration occurs, there is a 

decrease in COXIV expression due to decreased mitochondria activity. The decreased 

syntaphilin may be a last effort from the neurons to allow the mitochondria to be 

transported to where they need to be within the axon before they degenerate; however, 

there may be too much axon damage by this point to allow the mitochondria to transport.  

Another reason why the changes are subtle could be due to the clinical disease score. In 

the longitudinal EAE Study (Chapter 3), the average EAE score for the mice used was a 

2.5. This score is moderately sick for the mice and could be translated to an expanded 

disability status score in humans to a 4. Due to low disability score, the mice may have to 
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display a more severe clinical disease severity score of 3-4 to observe more aberrant 

mitochondrial changes in the cerebellum.  

 

The CPZ model (Chapter 4) showed no changes except a decrease in mitochondrial 

fusion (Mfn2) at 12wkCPZ compared to normal. Mitochondrial fusion typically occurs 

when there is a decrease in energy demand, so not as much mitochondria are needed 

(Westermann et al., 2010). The decrease in mitochondrial fusion at 12wkCPZ compared 

to normal may be due to an increased energy need due to demyelination. When 

demyelination occurs, we would expect an increase in energy demand and an increase in 

fission. While we did not see changes in these, likely due to the other cell types in the 

cerebellum, the decrease in fusion may indicate that the mitochondria are doing the 

opposite of combining and are trying to scatter throughout the cells. Overall mitochondria 

in the WM (made up of mostly PC axons of demyelinating 9wkCPZ through EM) look 

much rounder and swollen, which some studies attribute to mitochondrial fusion (Luo et 

al., 2017). Similar swollen mitochondria through axons, have been depicted in previous 

studies with oligodendrocytes. To get a more in depth view on what is occurring with 

fission and fusion in both EAE and CPZ, 3D EM reconstruction could be performed to 

assess mitochondrial dynamics (Qi et al., 2006).  

 

ERβ ligand treatment may directly act on mitochondria as a neuroprotective mechanism 

(Yang et al., 2004), in addition to these ligands’ direct effects on oligodendrocytes and 
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astrocytes (Tiwari-Woodruff et al., 2007; Karim et al., 2018). Furthermore, ERβ is also 

expressed on neurons and immune cells, so this treatment may also act on mitochondria 

in all cell types. In Chapter 5, ERβ ligand treatment was able to show changes with 

COXIV expression in the molecular and Purkinje cell layers of the cerebellar cortex with 

immunofluorescence. In addition, there was an increase in Syntaphilin expression in the 

granule cell layer, which is where PC axons would leave the cerebellar cortex. Since 

these changes with ERβ treatment were observed around PCs, future directions should 

involve assessing Purkinje cell-specific mitochondrial changes.  

 

As a summary, the changes in mitochondrial dynamics we see are:  

• In EAE: Decreased coupled respiration at EAE D21, decreased COXIV 

expression at EAE D40 and EAE D60, and decreased syntaphilin expression at 

EAE D40 and EAE D60 

• In CPZ: Decreased mitochondrial fusion at 12wkCPZ 

  

Future Directions   

Future studies assessing mitochondrial changes in the cerebellum should most 

importantly assess cell-specific changes. The experiments in this dissertation were 

performed with the entire cerebellum. While there were some changes observed, we are 

unable to conclude whether these mitochondrial changes are from neurons, glial cells, or 
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immune cells. PLP-eGFP mice are currently available at the Jackson Laboratory and 

express an enhanced green fluorescent protein under the PLP promoter. This line will 

allow for fluorescent activated cell sorting (FACs) to isolate PLP cells after 

demyelination to determine mitochondrial changes in PLP cells after EAE or CPZ diet. 

This technique can not only be performed on oligodendrocytes, but any cell that has a 

fluorescent probe attached. 

 

Since ERβ ligand treatment showed benefits to mitochondrial dynamics in the cerebellar 

cortex, selectively deleting ERβ from PCs using the Purkinje Cell Protein 2 (PCP2) 

promoter will allow us to determine whether ERβ ligand treatment directly acts on PCs. 

While we know that ERβ ligands directly act on oligodendrocytes and astrocytes, we will 

be able to determine whether these effects are also directly beneficial to neurons.  

 

Lastly, to be able to determine mitochondrial changes directly in PCs, PCP2-Cre mice 

can be crossed with MITO-tag mice to be able to see fluorescent, GFP-tagged 

mitochondria in PCs (Jackson #032290) (Bayraktar et al., 2019). In addition to assessing 

mitochondria morphology with fluorescence, GFP-tagged mitochondria also have the 

potential capability to be sorted as well for mitochondria-specific functional and 

pathological studies. All of these studies will further understand mitochondrial dynamics 

in the context of MS and MS mouse models. By understanding mitochondrial dynamics 
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in disease, we can build superior therapeutics and improve the quality of life for patients 

with MS. 
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