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Abstract 
 

Oligodendrocyte (OL) injury and loss is a feature of multiple sclerosis (MS) lesions and other 
CNS disorders across the age spectrum. MS is known as an immune-mediated disease and all 
current treatments target the immune system. These treatments are effective in attenuating 
relapses associated with this disease but have not shown a significant effect on its progressive 
course. The probable reason for this ineffectiveness is that multiple factors, not only immune-
mediated insults, may cause OL degeneration. Metabolic stress is among these potential insults. 
This stress can be caused by cerebral blood hypoperfusion, which has been consistently 
identified in imaging studies as an early feature of MS. Metabolic stress also consistently causes 
significant cell death in human (h)OLs cultured in vitro.  

Metabolic stress can inflict sub-lethal injuries to hOLs, characterized mainly by process 
retraction, or cell death. In response to stress, cells can activate survival mechanisms, but in 
some cases, regulated cell death (RCD) pathways are triggered. Many RCD pathways are 
currently recognized and may be involved in OL death in demyelinating disorders. 

The main aim of this study was to understand how metabolic stress causes hOL death in vitro. 
The role of autophagy, a process closely associated with cell death and survival, in response to 
metabolic stress was also analysed. Finally, an in situ investigation of signs of metabolic stress 
based on features observed in vitro was conducted. 

We identified age-related differences in the injury response of hOLs to metabolic stress. Adult 
hOLs are more resistant to death than pediatric hOLs. Adult hOLs are also less prone to trigger 
apoptosis. This resistance is supported by a simultaneous upregulation of anti-apoptotic 
molecules and downregulation of pro-apoptotic molecules of the BCL-2 family in adult hOLs.  

The inhibition of autophagy in hOLs under metabolic stress accelerated cell death, indicating that 
this process plays a pro-survival role. Sustained metabolic stress (4 days of glucose deprivation 
in vitro) led to a failure in autophagic flux, characterized by the accumulation of 
autophagosomes that were unable to fuse with lysosomes. The impairment of autophagy was 
linked to a reduction in processes extension and release of myelin fragments. In situ studies 
indicated signs of autophagy failure in MS lesions and normal appearing white matter in MS 
patients. 

Besides apoptosis, the RCD pathways ferroptosis and mitochondrial permeability transition 
(MPT)-driven necrosis, which are potentially activated by metabolic stress, were also 
investigated. Although an increase in the production of reactive oxygen species in hOLs under 
metabolic stress was detected, which could lead to lipid peroxidation and cell death by 
ferroptosis, treatment with the ferroptosis inhibitor ferrostatin-1 was unable to reduce hOL loss 
in response to metabolic stress. Similarly, treatment with the MPT-driven necrosis inhibitor 
cyclosporin A did not affect the level of hOL death caused by metabolic stress. These results 
indicate that hOL death induced by metabolic stress is not an RCD. 
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Prolonged metabolic stress resulted in a strong reduction of intracellular adenosine triphosphate 
(ATP) levels and cleavage of spectrin, a target of Ca2+-dependent proteases. When hOLs under 
metabolic stress were treated with the Ca2+ chelator ethylene glycol-bis(β-aminoethyl ether)-
N,N,N’,N’-tetraacetic acid (EGTA), cleavage of spectrin was reduced. These results indicate that 
Ca2+ plays an important role in the injury and demise of hOLs under metabolic stress. 

In conclusion, our findings indicate that hOL death in response to metabolic stress is a long 
process and is not associated with any known regulated cell death. The demise of cells occurs 
due to a decrease in ATP availability, which potentially causes autophagy failure and an increase 
in intracellular Ca2+ concentration, resulting in degeneration of cellular structural integrity. These 
findings contribute to the understanding of disease-associated hOL injury and provide guidance 
for developing neuroprotective therapies. 
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Résumé 
 

Des dommages sous-létaux et létaux aux oligodendrocytes (OLs) sont des caractéristiques de la 
sclérose en plaques (SP) et d’autres troubles du SNC. La SP est connue comme étant une 
maladie immuno-médiée et tous les traitements actuels ciblent le système immunitaire. Ces 
traitements atténuent les rechutes associées à la SP, mais ne sont pas si efficaces contre son 
aspect progressif. Plusieurs facteurs, autres que des agressions immuno-médiées, peuvent causer 
la dégénérescence des Ols. Le stress métabolique (SM) causé par une hypoperfusion sanguine 
cérébrale, régulièrement identifiée dans des études d’imagerie comme une caractéristique 
précoce de la SP, en est un exemple.  

Le SM peut infliger des lésions sous-létales aux OLHs, caractérisées par la rétraction des 
processus, ou la mort cellulaire. En réponse au stress, les cellules peuvent activer soit des 
mécanismes de survie, soit des voies de mort cellulaire régulée (MCR). De nombreuses voies de 
MCR sont actuellement reconnues et pourraient être impliquées dans la mort des Ols dans les 
troubles de la démyélinisation tels que la SP. 

L’objectif principal de cette étude était de comprendre les mécanismes derrière la mort des OLHs 
provoquée par le SM in vitro. Le rôle de l’autophagie, qui est associé tant qu’à la mort qu’à la 
survie cellulaire en réponse au SM, a également été étudié. Enfin, une enquête in situ sur les 
signes de SM a été réalisée en se basant sur les caractéristiques observées in vitro. 

Nous avons identifié des différences liées à l’âge dans la réponse des OLHs au SM. Les OLHs 
adultes sont plus résistants à la mort cellulaire induite par le SM que les OLHs pédiatriques. Les 
OLHs adultes sont également moins enclins à déclencher l’apoptose. Cette résistance est 
soutenue par une plus grande expression des molécules anti-apoptotiques et une expression plus 
faible des molécules pro-apoptotiques de la famille BCL-2 chez les OLHs adultes comparés aux 
OLHs pédiatriques. 

L’inhibition de l’autophagie chez les OLHs sous un SM a accéléré la mort cellulaire, indiquant 
que ce processus soutient la survie des OLHs. Un SM soutenu a conduit à un échec du flux 
autophagique, caractérisé par l’accumulation d’autophagosomes non fusionnés avec les 
lysosomes. Une rétraction des processus et une perte de fragments de myéline ont été observées. 
In situ, des signes de défaillance de l’autophagie ont été observés dans des lésions de la SP et 
dans la matière blanche d’apparence normale chez les patients atteints de SP. 

Outre l’apoptose, la ferroptose et la nécrose induite par la transition de perméabilité 
mitochondriale (NTPM) sont également des voies de MCR. Une augmentation de la production 
d’espèces réactives de l’oxygène a été détectée chez les OLHs sous un SM, ce qui pourrait 
conduire à la peroxydation lipidique et à la mort cellulaire par la ferroptose. Cependant, un 
traitement avec la ferrostatine-1 (inhibiteur de la ferroptosis) n’a pas réduit la perte de OLHs en 
réponse au SM. Le traitement avec la cyclosporine A, un inhibiteur de la NTPM, n’a eu aucun 
effet sur la perte des OLHs non plus. Ces résultats indiquent que la mort des OLHs induite par le 
SM n’est pas une MCR. 
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Un SM prolongé a entraîné une forte réduction des niveaux d’adénosine triphosphate (ATP) 
intracellulaire et le clivage de la spectrine, une cible des protéases dépendantes du Ca2+. Lorsque 
les OLHs sous un SM ont été traités avec l'ethylene glycol-bis(β-aminoethyl ether)-N,N,N’,N’-
tetraacetic acid  (EGTA) (chélateur de Ca2+), le clivage de la spectrine a été réduit. Ces résultats 
indiquent que le Ca2+ joue un rôle important dans la mort des OLHs sous un SM. 

En conclusion, la mort des OLHs en réponse au SM est un processus long et n'est associée à 
aucune MCR connue. La mort des OLHs survient d'une diminution des niveaux d'ATP, la 
défaillance de l'autophagie et une augmentation de la concentration intracellulaire de Ca2+, 
entraînant la dégénérescence cellulaire. Ces résultats contribuent à la compréhension des lésions 
des OLHs associées à la SP et orientent le développement de thérapies neuroprotectrices. 
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The following findings presented in this thesis constitute contribution to original knowledge: 

1. Injury response of human oligodendrocytes to metabolic stress varies according to age, as 

resistance to cell death is increased in adults. 

2. The expression of BCL-2 family genes in human oligodendrocytes, important 

components of the intrinsic apoptotic pathway, varies according to age and differential 

stage of oligodendrocyte-lineage cells toward a profile that supports resistance to 

apoptosis. 

3. Some BH3-only molecules, responsible for stress detection by the cell, are activated 

under metabolic stress. 

4. Inhibition of anti-apoptotic molecules of the BCL-2 family increases hOL susceptibility 

to apoptosis.  

5. Inhibition of autophagy causes an increase in human oligodendrocyte death, indicating 

that this process supports the survival of these cells. 

6. Expression of lysosome-related genes is lower in fetal oligodendrocyte-lineage cells, 

indicating that the autophagy capacity of oligodendrocytes increases with age and cell 

differentiation. 

7. Metabolic stress causes rapid reduction of ATP levels in human oligodendrocytes. 

8. Prolonged metabolic stress leads to autophagy failure. 

9. Modulation of autophagy does not affect ATP levels in human oligodendrocytes. 

10.  Increased expression of autophagy failure markers is present in MS lesions and normal 

appearing white matter of MS patients. 
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11. Inhibition of autophagy causes processes reduction and loss of myelin fragments in 

human oligodendrocytes. 

12. Metabolic stress causes reduction of nuclear size of human oligodendrocytes in MS 

lesions, indicating that cells are undergoing necrosis or apoptosis. 

13. Metabolic stress increases the levels of reactive oxygen species in human 

oligodendrocytes. 

14. The intrinsic oxidative stress generated by metabolic stress causes limited injury to 

human oligodendrocytes. 

15. Metabolic stress does not induce ferroptosis or mitochondrial permeability transition-

driven necrosis, regulated cell death pathways that can be potentially activated in 

response to this stress. 

16. Expression of voltage-dependent anion channel 1 and 2 genes are downregulated in 

human oligodendrocytes. The low expression of these channels, which are responsible for 

the transfer of energetic substrates between the cytosol and the mitochondria, is a 

potential cause of the low level of mitochondrial respiration and reactive oxygen species 

generation in human oligodendrocytes. 

17. Metabolic stress causes spectrin cleavage, a major component of the cytoskeleton and a 

target of Ca2+-dependent proteases, indicating an increase in cytosolic Ca2+. This increase 

is a hallmark of cell death in human oligodendrocytes in response to metabolic stress. 
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GalC – Galactosylceramide 

GCN2 – General control non-depressible protein 2 

GEO – Gene expression omnibus 

GLUT1 – Glucose transporter 1 

GPX4 – Glutathione peroxidase 4 

GR – Glutathione reductase 

GSDMD – Gasdermin D 

GSEA – Gene set enrichment analysis 
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GSSG – Glutathione disulfide 
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HIF – Hypoxia inducible factor 1 
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HMOX1 – Heme oxygenase 1 
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HSF1 – Heat shock factor 1 
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ICD – Immunogenic cell death 
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ISR – Integrated stress response 
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LDCD – Lysosome-dependent cell death 
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LG – low glucose 
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MAG – Myelin-associated glycoprotein 

MAMP – Microorganism-associated molecular patterns 
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MHC – major histocompatibility complex 

MHC II – Major histocompatibility complex class II 
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MOM – Mitochondria outer membrane 
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mPTP – mitochondrial permeability transition pores 
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MS – Multiple sclerosis 

mTOR – mammalian target of rapamycin 
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NVU – neurovascular unit 
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PI – propidium iodide 
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CHAPTER 1 – Introduction 
 

1.1 Rationale 
 

Oligodendrocytes (OLs), the cells responsible for myelin production in the CNS, are essential 

components for the healthy functioning of the brain, allowing rapid transmission of neural 

impulses (Skoff and Benjamins, 2014). Injury and loss of OLs are the main pathological features 

of multiple sclerosis (MS) and other demyelinating diseases (Love, 2006). The process and 

causes for these insults are not completely characterized in MS. 

MS is classified into three types, according to the evolution of disabilities. The most common 

type is relapsing-remitting MS (RRMS), characterized by neurologic deficits followed by a 

recovery period. In some cases, RRMS patients can develop progressive disabilities, called 

secondary progressive MS (SPMS). The disease can also progress gradually without relapse 

episodes, known as primary progressive MS (PPMS) (Marcus, 2022). Many treatments are 

available today and are efficient in reducing the number and intensity of relapses, but there is no 

treatment capable of halting the progression of this disease. 

 MS is known as an immune-mediated disease, and all treatments developed so far target the 

immune system (Yang et al., 2022). However, other pathological features are observed in this 

disease, including energy deficiency (Lassmann and van Horssen, 2011). Hypoperfusion is a 

feature that is present early in the course of MS, which can impose metabolic stress on OLs, 

causing injury and cell death (D'Haeseleer et al., 2015). Moreover, as MS progresses, evidence 

of immune-mediated injury diminishes, while the importance of energetic failure consequences 

increases (Lassmann et al., 2012). Metabolic stress consistently causes (h)OL death in vitro 

(Rone et al., 2016, Cui et al., 2017, Rao et al., 2017). Therefore, metabolic stress is a relevant 
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component of injury in MS, and its impact on hOL is critical for the understanding of this 

disease. 

Research on cell death pathways has advanced considerably in recent years and many regulated 

cell death (RCD) pathways are currently described in the literature (Galluzzi et al., 2018). The 

activation of these RCD pathways depends on the cell micro-environment, stresses that may be 

imposed upon them, and their intrinsic susceptibility to triggering these pathways (Galluzzi et al., 

2018). Exploring the mechanisms responsible for hOL death in response to metabolic stress can 

provide valuable knowledge about the etiology of MS and support the development of new 

treatments. 

1.2 Objectives 
  
The main aim of this study was to investigate the molecular mechanisms that cause hOL death in 

response to metabolic stress in vitro. For this purpose, mechanisms involved in the main RCD 

pathways were taken into account.  The investigation was focused on pathways that are more 

likely to be mobilized in response to metabolic stress.  

Another aim of this study was to understand the resistance of hOL to apoptosis, which may be 

activated in response to metabolic stress. We also assessed the differences in this resistance 

according to age of individuals and differentiation stage of OL lineage cells.  

In the literature, autophagy is considered an essential process for cell survival, but sometimes it 

is associated with cell death. We aimed to understand the role of autophagy in cell death and 

survival of hOLs in response to metabolic stress. We also aimed to explore the potential benefits 

of autophagy modulation to support hOL survival. 
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Another aim of this study was to examine in situ tissue samples of MS patients in search of 

molecular evidence of induction of the same mechanisms that induce hOL death in response to 

metabolic stress in vitro. 
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CHAPTER 2: Literature review 
 

2.1 Oligodendrocytes 
 

OLs are the cells in the CNS responsible for producing myelin sheaths, which support neuronal 

conduction of action potentials (Skoff and Benjamins, 2014). Compared to astrocytes (AST), the 

other macroglia of the CNS, OLs are smaller and have denser soma. They present fewer 

intermediate filaments and a great number of microtubules in their processes (Peters, 1991, Lunn 

et al., 1997). OLs possess long processes that vary in number depending on the area of the CNS. 

The same axon may be ensheathed by different OLs (Peters, 1991).  

During development, oligodendrocyte progenitor cells (OPCs) arise from neuroepithelial cells. 

OPCs proliferate and migrate inside the CNS. These cells eventually differentiate into mature 

OLs following strict regulation (Elbaz and Popko, 2019). This process of proliferation and 

differentiation results in an overproduction of OPCs. OPCs produced in excess are eliminated by 

programmed cell death, mainly apoptosis (Hughes and Stockton, 2021b). However, after 

development in humans, the quantity of OLs is consolidated in early childhood and remains 

stable for the rest of the individual life. Little turnover is observed, indicating that OLs are a 

long-living type of cell (Yeung et al., 2019a). 

During differentiation, OL processes start to form, scanning for the presence of axons. In most 

cases, contact with axons causes process retraction, but in some situations, an association is 

started. This association is followed by the wrapping of the axon. The distal part of the process 

forms the inner tongue, which moves around the axon always in contact with it and entering 

underneath the previously deposited myelin membrane, resulting in the formation of a multilayer 

sheath. This sheath also extends laterally, forming coiling structures in the sides of the nodes of 
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Ranvier known as paranodes. Adhesion and scaffold proteins localized at the paranodes increase 

the stability of the connection between axons and OLs (Snaidero and Simons, 2017).  

It is possible to classify the OL lineage cells into neural precursors (NP), OPCs, pre-OLs, and 

myelinating OLs (Antel et al., 2019). A2B5, a monoclonal antibody for several gangliosides, is 

an early marker for NP and OPCs (Fredman et al., 1984). The expression of PDGFRα indicates 

differentiation into OPCs (Antel et al., 2019). The monoclonal antibody O4 is capable of 

marking OPCs and mature OLs (Armstrong et al., 1992). Galactosylceramide (GalC) identifies 

immature and mature OLs (Pfeiffer et al., 1993). The specific myelin protein 2’, 3’-Cyclic 

nucleotide-3’-phosphohydrolase (CNP), myelin basic protein (MBP), and PLP are markers of 

mature OLs., while myelin-associated glycoprotein (MAG) and myelin oligodendrocyte 

glycoprotein (MOG) identify myelinating mature OLs (Baumann and Pham-Dinh, 2001). 

2.2 Myelin structure 
 

Myelin sheaths are composed of compact multilayer stacks with a periodicity of 12 nm on 

average (Hildebrand et al., 1993). To create the compact structure of myelin, the membranes of 

the layers composing the sheaths are sealed together by adhesion molecules. MBP is responsible 

for the connexion between plasma membranes at the cytoplasmic side and PLP, a transmembrane 

molecule, closely attaches the layers between them (Readhead et al., 1987, Roach et al., 1983, 

Roach et al., 1985, Boison et al., 1995). Cytoplasmic channels are necessary for the trafficking of 

metabolites and trophic molecules within myelin (Stadelmann et al., 2019).  

The paranodes are located at the edges of each myelin sheath segment and consist of a sequence 

of compact loops. The paranode has an average length of 4 μm comprising around 40 loops 

(Hildebrand et al., 1993). Regions of 10-15 μm adjacent to paranodes are called juxtaparanodes. 
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The rest of the ensheathed segment is called the internode. The nodal region has 0.8 to 1.1 μm of 

length, in which the axon is constricted by 30-50% compared to the internode (Stadelmann et al., 

2019). Paranode loops are connected to axons by tight junctions, formed by neurofascin 155 

(NF155) at the side of the OL and contactin and contactin-associated protein (CASPR) at the 

side of the neuron (Gow et al., 1999, Yermakov et al., 2019). These complexes are connected to 

the scaffolding proteins of the cytoskeleton in the submembrane region, ankyrin G in the OL and 

4.1B, αII spectrin, and βII spectrin in the axon (Chang et al., 2014, Ogawa et al., 2006, Zhang et 

al., 2013). These tight junctions are essential for saltatory conduction, as it prevents the leaking 

of current and avoids diffusion of ion channels (Rosenbluth, 2009). Paranodes are attached 

between them by gap junctions formed by connexins (Abrams and Scherer, 2012). These gap 

junctions are necessary for electrical coupling and metabolite transport through the loops of 

paranodes (Stadelmann et al., 2019). Paranodes separate voltage-gated sodium channels that 

localize at the node of Ranvier from K+ channels at the juxtaparanodes (Rasband et al., 2001). 

The axon-glial internodal domain is a space of about 10 nm between the axon and the myelin 

sheath (Stadelmann et al., 2019). MAG expressed by OLs localizes to this region in the 

membrane of the inner tongue of the myelin sheath and interacts with neuronal gangliosides 

(Schnaar and Lopez, 2009). MAG signaling through Cyclin-dependent kinase 5 (Cdk5) and 

extracellular signal-regulated kinase 1/2 (ERK1/2) modulates axonal cytoskeleton maturation 

and diameter size (Yin et al., 1998). 

2.3 Multiple sclerosis 
 

Many diseases involve the degeneration of myelin. A demyelinating disease is characterized by 

the loss of myelin with primary preservation of axons. Therefore, diseases that present 
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demyelination following neuronal injury are not included in this category. Also, disorders in 

which myelin fails to form are not considered, denoted as dysmyelinating diseases (Love, 2006). 

Demyelinating diseases can be classified according to their pathogenesis: inflammation, viral 

infection, metabolic derangement, hypoxia/ischemia, and focal compression (Love, 2006).  

Among demyelinating diseases, multiple sclerosis is the most prevalent. Multiple sclerosis is a 

chronic autoimmune disease in which the main hallmark is demyelination. About 900,000 people 

are afflicted with MS in the US. MS is frequently diagnosed between 20 and 30 years old and is 

three times more common in women than men. The main risk factors for MS are genetics, low 

vitamin D levels, Epstein-Barr virus (EBV) infection, and smoking. (Marcus, 2022). 

2.3.1 Progressive MS 

The most common type of MS is RRMS. A considerable number of patients with RRMS develop 

SPMS. There is also a minority of patients who have PPMS. Most of the MS treatments currently 

available are effective for RRMS, as they reduce the occurrence of relapses. However, there are 

no treatments for the progressive forms of MS with consistent effectiveness (Cree et al., 2021). 

From a pathologic point of view, the key difference between RRMS and SPMS is that in RRMS 

the immune-mediated damage is more accentuated, while in SPMS neurodegeneration becomes 

more relevant and the immune contribution to injury is reduced (Lassmann et al., 2012). RRMS 

and SPMS seem to be intertwined with pathological features in common (Lassmann, 2018). A 

differential feature is that cortical demyelination and diffuse white matter damage evolve during 

the transition from RRMS and SPMS (Bevan et al., 2018). OL loss is more frequently detected in 

lesions in SPMS patients (Lucchinetti et al., 2004).  
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During the early stages of MS, and when RRMS is prevalent, peripheral immune responses 

toward the CNS are the main cause of injury. As the disease passes to its progressive form, 

immune reactions within the CNS are the most relevant (Correale et al., 2016). A reduction in 

blood-brain barrier (BBB) permeability has been detected during the transition from RRMS to 

SPMS (Correale et al., 2017). However, BBB permeability is higher in patients with SPMS 

compared to normal white matter due to the accumulation of fibrin in the perivascular area (Cree 

et al., 2021). 

 The formation of lymphocytic aggregates and tertiary lymphoid structures is observed in 

patients with SPMS. These structures are close to chronic inflammation sites and subpial cortical 

lesions. Meningeal lymphoid aggregates are associated with progression independent of relapse 

activity (Ransohoff, 2023).  

Brain atrophy is observed in SPMS. Neuroaxonal loss is present in both white and gray matter 

and may be the cause of atrophy along with loss of myelin (Chard and Miller, 2016, Bergsland et 

al., 2018). 

MRI, histologic studies, and PET indicate that macrophages and microglia present a higher level 

of activation in SPMS patients compared to healthy controls, suggesting that microglia activation 

may be the cause of diffuse inflammation in SPMS (Matthews, 2019, Rissanen et al., 2014). 

Iron accumulation is observed by MRI in patients with SPMS, especially in deep gray matter 

(Stankiewicz et al., 2007). Iron staining was observed around demyelinated plaques, within 

blood vessels near lesions at gray matter, and perilesional white matter near lesions (Craelius et 

al., 1982). Iron accumulation may be an effect of neurodegeneration and also can underlie further 
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damage (Zecca et al., 2004). Iron can cause toxicity when combined with reactive oxygen 

species (ROS) leading to lipid peroxidation and cell death (Halliwell, 2006). 

Mitochondrial dysfunction contributes to neurodegeneration in MS (Su et al., 2009). 

Mitochondria potentiate the production of ATP, an important property, especially for neurons 

due to their high energetic demand (Witte et al., 2014). Mitochondria also produce ROS, that can 

cause oxidative stress (Lin and Beal, 2006). In some acute MS lesions, defects in the respiratory 

chain of mitochondria are present in OLs, ASTs, and neurons (Witte et al., 2014). Mitochondrial 

injury is associated with oxidative bursts caused by the release of ROS and reactive nitrogen 

species (RNS) by microglia and macrophages (Fischer et al., 2012, Witte et al., 2010).  

Demyelination causes an increase in mitochondrial activity in axons, which may underlie further 

damage. An elevation in the activity of sodium channels increases the energy demand, 

overwhelming mitochondria respiration and causing virtual hypoxia (Trapp and Stys, 2009). This 

virtual hypoxia reduces mitochondrial respiratory capacity and shortage of ATP, leading to axon 

degeneration (Trapp and Stys, 2009).  

2.3.2 Potential treatments for progressive MS 

 

The development of therapies for progressive MS is the ultimate challenge in the treatment of the 

disease. Up to now, only ocrelizumab was approved for the treatment of PPMS(Lamb, 2022).  

Other drugs targeting the immune system have shown some positive effects in the treatment of 

progressive MS, but only in the active mode of the disease (Kappos et al., 2018, Hartung et al., 

2002, Sorensen et al., 2020, Kuhle et al., 2016).  
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The supplementation with some co-factors has shown some positive effects, especially lipoic 

acid, an iron chelator and co-factor for pyruvate dehydrogenase and alpha-ketoglutarate 

dehydrogenase, N-acetylcysteine, which increase the anti-oxidative system of cells, and vitamin 

D (Spain et al., 2017, Monti et al., 2020, Ascherio et al., 2014).  

All treatments for RRMS target the immune system. However, these treatments have limited 

effects on progressive MS. The pathological features of progressive MS, showing increased 

mitochondrial dysfunction and oxidative stress, along with the positive effect of anti-oxidants 

and co-factors involved in energetic metabolism, point that treatments aiming to reduce 

oxidation and restore proper metabolic functions may constitute promising strategies for the 

treatment of this type of the disease. 

2.4 Potential contribution of metabolic stress to MS 

2.4.1 Brain energy supply 

The brain is by far the most demanding human organ in terms of caloric consumption (Raichle 

and Gusnard, 2002). To meet this high energetic demand, the brain is equipped with a vast 

vascular network of arteries, arterioles, capillaries, venules, and veins that need to be 

dynamically regulated to supply a proper and constant blood flow to the brain (Fouda et al., 

2019).  Due to the importance of this constant supply, it is not surprising that impairments in 

blood flow are linked to dementia and neurodegenerative diseases (Iadecola et al., 2019, 

Wardlaw et al., 2019, Gorelick et al., 2016, Chabriat et al., 2009, Sweeney et al., 2018, Cortes-

Canteli and Iadecola, 2020, Paul and Elabi, 2022).  

The blood flow needs also to be locally regulated to deliver nutrients and oxygen to meet the 

demands of specific brain regions (Muoio et al., 2014). This regulation is executed at the level of 
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the microvasculature by the neurovascular unit (NVU) which is composed of endothelial cells, 

vascular smooth muscle cells (VSMC), pericytes (PE), and ASTs (Schaeffer and Iadecola, 2021). 

There is an active communication, known as neurovascular coupling (NVC), between the NVU 

and cells from the CNS parenchyma to coordinate the regional blood flow in the CNS (Kaplan et 

al., 2020).  

VSMCs are capable of contractions and can alter the blood vessel diameter providing a 

regulatory mechanism by which it modulates the cerebral blood flow. Changing oxygen and 

nutrient levels trigger a signaling cascade that induces contractions of VSMCs by the modulation 

of Ca2+ concentration and interaction between myosin and actin (Hayes et al., 2022). VSMCs 

also respond to mechanical forces and circumference pressure, a reaction that is faster than 

chemical signaling (Na et al., 2008, Liu and Lin, 2022). VSMCs can change their phenotype in 

response to several stimuli. Instead of their most common state in which their main function is 

contraction and regulation of blood flow, they can adopt phenotypes involved in inflammation 

and matrix remodeling. Dysfunction of this dynamic regulation can lead to impaired cerebral 

blood flow (Starke et al., 2014). 

Brain capillaries are not surrounded by VSMCs. In this case, PEs are present in contact with the 

endothelial cells. PEs are also capable of contraction and, therefore, implicated in the regulation 

of blood flow in the exchange zone of nutrients and other signaling molecules between the brain 

parenchyma and the circulating blood (Armulik et al., 2011).  Neural activity and the release of 

glutamate elicit PE relaxation, increasing blood flow in the neighboring areas (Hall et al., 2014). 

Aging can lead to loss of PEs and cause vascular-mediated neurodegeneration (Bell et al., 2010).  

PE dysfunction and loss are also observed in the early stages of Alzheimer's disease (AD) 

(Nortley et al., 2019, Shi et al., 2020, Apátiga-Pérez et al., 2022). PEs can also be responsible for 
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neurodegeneration through excessive capillary constriction, immune system regulation, and 

participating in glial scar formation (Cheng et al., 2018). 

Endothelial cells are also surrounded by AST end-feet. This structure creates an interface 

between the circulating blood and the brain parenchyma in a way that ASTs are responsible for 

the interchange of nutrients, signaling molecules, and other substances between these two 

elements in the brain (Abbott et al., 2006). ASTs are also implicated in changes in the BBB 

phenotype (Davson and Oldendorf, 1967). These changes involve the upregulation of tight 

junctions and a change in the expression of transporter molecules and enzymes (Dehouck et al., 

1990, Rubin et al., 1991, Schinkel, 1999, McAllister et al., 2001, Hayashi et al., 1997, Sobue et 

al., 1999, Haseloff et al., 2005). ASTs give metabolic support to neurons by executing glycolysis 

and transferring lactate to neurons which are used to produce high volumes of ATP by 

OXPHOS, supplying the energy necessary for neural function (Bonvento and Bolaños, 2021, 

Bélanger et al., 2011, Alberini et al., 2018). Impairments in the metabolic relation between ASTs 

and neurons can be implicated in neurologic disorders such as stroke, migraines, edema, and 

encephalopathy (Benarroch, 2005). Expression of ApoE4 by ASTs was shown to cause 

dysfunction in the BBB causing loss of selective permeability. As ApoE4 is a gene associated 

with AD, ASTs may contribute to this disease via disruption of the BBB (Jackson et al., 2022). 

The NVU and the BBB are delicate structures essential for the supply of elements necessary for 

the survival and proper function of the cells of the brain parenchyma. Many possible conditions 

can lead to impairments in these structures causing a shortage of nutrients and neurodegeneration 

(Yu et al., 2020, Cai et al., 2017, Iadecola, 2017, Kugler et al., 2021). 

At the level of the brain parenchyma, neurons, ASTs, and OLs consume glucose and other 

energetic substrates in a shared manner (Dienel, 2019). Glucose is the main energy source in the 
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brain (Mergenthaler et al., 2013). The most energetic demanding cells in the brain are neurons, 

consuming much more than glial cells to execute their functions (Li and Sheng, 2022). To 

support this energy demand, ASTs share part of their energetic resources with neurons. This is 

accomplished by the execution of oxidative glycolysis, a low-efficient mechanism for the 

production of ATP, and lactate is shuttled to neurons where it is used for mitochondrial 

respiration, a more productive mechanism of ATP synthesis (Dienel, 2019, Bélanger et al., 2011, 

Bonvento and Bolaños, 2021).  Besides, ASTs also store glycogen, providing an energy buffer 

that can be used to guarantee a constant supply (Alberini et al., 2018, Brown and Ransom, 2015, 

Falkowska et al., 2015). 

The metabolic relationship between OLs and neurons is less understood, but some studies 

suggest that OLs also support neurons in their metabolic needs (Fünfschilling et al., 2012, 

Bastian et al., 2019). OLs switch their metabolism during development, importing glucose and 

lactate in the myelinating stage to produce lipids, but become mainly glycolytic after maturation 

(Rinholm et al., 2011, Fünfschilling et al., 2012). Due to this glycolytic phenotype, OLs release 

lactate in the periaxonal space via MCT-1 and transfer it to neurons, which is essential for their 

physiological activities (Lee et al., 2012b).  

ASTs and OLs are also connected metabolically and share energetic substrates. This exchange is 

allowed by gap junctions formed between ASTs and OLs via connexin47 and connexin30 (Tress 

et al., 2012). This junction supports OLs in their development during myelination (Nave, 2010). 

This pan-glial network is possibly the main source of glucose and energetic metabolites to 

neurons (Saab et al., 2013).  
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Impairments in the metabolic support of neurons by ASTs and OLs can cause neurodegeneration, 

which can induce dysregulation in the NVC, leading to disruption of the energy metabolism in 

local brain areas (Griffiths et al., 1998, Saab et al., 2013, Mot et al., 2018). 

2.4.2 Cerebral hypoperfusion in MS 

The immune-related aspects of MS are well characterized and all current treatments target this 

feature of the disease. These treatments are effective for RRMS. However, progressive MS 

continues to be resistant to current systemic immune therapies (Doshi and Chataway, 2016).  

Many observations indicate that auto-immune reaction is not the only cause of the disease. The 

self-antigen that characterizes auto-immune disease has not yet been discovered. Some focal MS 

lesions evolve without a prior inflammatory response. The causes of axonal degeneration, a 

major aspect of progressive MS, are not known and seem not related to inflammation. After 30 

years of development of treatments based on immune suppression, none of them can effectively 

reduce disabilities linked to progressive MS (D'Haeseleer et al., 2015).  

Many studies with different techniques that range from single-photon emission computed 

tomography and positron emission tomography to dynamic susceptibility contrast-enhanced 

perfusion magnetic resonance imaging (DSC-MRI) indicate a reduction in CNS perfusion 

(Swank et al., 1983, Brooks et al., 1984, Lycke et al., 1993, Sun et al., 1998, Law et al., 2004a, 

Adhya et al., 2006, Varga et al., 2009). Hypoperfusion was diffusely detected in gray matter and 

normal-apparent white matter (NAWM) in progressive MS, RRMS, and clinically isolated 

syndrome patients, showing that cerebral hypoperfusion is an early event in MS (Papadaki et al., 

2012, Law et al., 2004a, Varga et al., 2009). In a longitudinal study, altered local perfusion was 

detected before inflammation, BBB leakage, and plaque formation (Wuerfel et al., 2004). A 
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recent study using 3-T MRI demonstrated a correlation between gray matter hypoperfusion and 

white matter damage in MS patients (Mascali et al., 2023). An association between low cerebral 

artery flow and increased neurofilament light chain in the blood was also identified in patients 

with MS, indicating an implication of hypoperfusion on axonal pathology (Jakimovski et al., 

2022). 

Imaging studies revealed a general decrease in perfusion in the CNS of MS patients in both 

RRMS and progressive forms of MS, which is not caused by metabolic impairments due to 

axonal degeneration (D'Haeseleer et al., 2011). Hypoperfusion in NAWM in MS patients seems 

to be primarily caused by vascular impairment and not as a consequence of axonal degeneration 

induced by metabolic demand decrease (De Keyser et al., 2008).  

Some MS lesions are gadolinium-enhancing, which may be caused by vasodilation induced by 

inflammation, as well as actual disruption of the BBB (Ge et al., 2005). However, in some 

lesions, it is possible to observe that the increase in enhancement forms a ring in the border of 

the lesion, with a center with low perfusion (Wuerfel et al., 2004).  

MS lesions preferentially form in areas of the brain with low blood perfusion (Narayana et al., 

2014). An area of the brain that is particularly susceptible to the formation of MS lesions is the 

periventricular white matter (Martinez Sosa and Smith, 2017). This area of the brain possesses 

particularly long and thin arterioles and poor vascularization. Besides, these are end-arterioles 

that supply exclusive fields, meaning that they lack compensatory supply (Martinez Sosa and 

Smith, 2017). Moreover, long and narrow arteries tend to lose more oxygen through their walls 

and this loss is exacerbated in tissues that are hypoxic, which is observed in MS (Martinez Sosa 

and Smith, 2017). 
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Hypoperfusion was also observed in animals with experimental autoimmune encephalomyelitis 

(EAE), with hypoxia being observed in conjunction with clinical effects and demyelination 

(Davies et al., 2013). Treatments with nimodipine, a CNS-specific vasodilator, were able to 

restore oxygen levels in the lesioned area of EAE-affected mice, with a reduction in 

demyelination (Desai et al., 2020). Chen et al., using the bilateral carotid artery stenosis (BCAS) 

model, which mimics chronic cerebral hypoperfusion, identified an increase in expression of the 

immunoproteasome in reactive microglia and ASTs contributing to demyelination (Chen et al., 

2021b). These findings indicate that hypoperfusion may be also secondarily caused by 

inflammation, causing a spiral increase in damage.   

Another indicator of hypoperfusion is the expression of hypoxia inducible factor 1 (HIF-1). HIF-

1 is a transcription factor activated in response to hypoxia and ischemia. HIF-1 is composed of 

two subunits (HIF-1α and HIF-1β). While HIF-1β is constitutively expressed, HIF-1α is 

regulated by oxygen availability. In normal conditions, HIF-1α is degraded by hydroxylation. In 

hypoxic conditions, HIF-1α accumulates, translocates to the nucleus, and forms a complex with 

HIF-1β, which interacts with its target genes promoting cell survival (Correia and Moreira, 2010, 

Benarroch, 2009). HIF-1α upregulation was detected in white matter pre-demyelinating lesions 

in MS patients (Graumann et al., 2003, Zeis et al., 2008). Overexpression of HIF-1α is associated 

with inflammatory responses and vascular permeability (Peyssonnaux et al., 2007, Thiel et al., 

2007, Weidemann et al., 2009). A high expression of HIF-1α was detected in MS lesions with 

OLs presenting dying-back oligodendropathy (Lassmann, 2003).  

Possible causes of cerebral hypoperfusion are edema and disturbance of microcirculation 

(Lassmann, 2003). BBB damage and edema are found in MS lesions (Kwon and Prineas, 1994). 

A breakdown of the BBB occurs before the formation of a new MS lesion, according to MRI 
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studies (Kermode et al., 1990). This breakdown causes leakage of serum proteins into the CNS 

parenchyma, which may result in swelling of the tissue and edema, consequently leading to 

disturbances of microcirculation and ischemia (Lassmann, 2003). 

Inflammation of the vessel wall is another potential cause of hypoxia-like conditions in MS 

lesions (Lassmann, 2003). Inflammation can induce the clotting cascade, microvascular 

thrombosis, and impairment of microcirculation (Lassmann, 2003). Inflammation can be caused 

by antibodies that react against antigens present in the vessel or cytokines released by leukocytes 

(Lassmann, 2003). For example, monocytes can stimulate endothelial cells to express adhesion 

molecules, which can lead to coagulation activation and thrombosis (Mosevoll et al., 2018). 

Endothelial cell activation can also cause loss of thrombomodulin, which induces vascular 

thrombosis (Kopp et al., 1997). In a study using the EAE model, T-cells induced ischemic-like 

damages in the perivascular tissue (Huseby et al., 2001).  

Excitotoxins can also induce ischemic-like conditions, especially glutamate, which is released by 

neurons, ASTs, and activated macrophages and microglia (Lipton, 1998). Altered glutamate 

homeostasis was detected in MS lesions and may cause excitotoxic damage to neurons and OLs 

and subsequently tissue damage (Werner et al., 2001). 

Another possible cause for this decrease in hypoperfusion is impaired axonal metabolism. Axon 

degeneration in MS is related to mitochondria dysfunction and oxidative stress (Cambron et al., 

2012). A decreased level of N-acetyl aspartate (NAA), which indicates a reduction in axon 

metabolism, was detected in NAWM of SPMS patients by quantitative magnetic resonance 

spectroscopy (Aboul-Enein et al., 2010). However, this decrease was comparable to control 

individuals who presented a milder decrease in hypoperfusion, suggesting that axonal metabolic 

failure is not the direct cause of hypoperfusion (Steen et al., 2013). 
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The diffused nature of hypoperfusion in MS indicates that the underlying causes are not local 

inflammation or microvessel thrombosis (De Keyser et al., 2008). Vascular pathologies cause 

regional cerebral defects, in contrast to the diffused impairment observed in MS (De Keyser et 

al., 2008). Moreover, structural vascular pathology is not present (Aboul-Enein and Lassmann, 

2005). These observations suggest that hypoperfusion in MS may be linked to dysregulation of 

microcirculation in the CNS (De Keyser et al., 2008). 

Endothelin-1 (ET-1), a potent vasoconstrictor, was found in elevated levels in the blood and 

cerebrospinal fluid of MS patients (Speciale et al., 2000, Haufschild et al., 2001).  Patients with 

MS have presented impaired capacity in cerebral arterioles dilatation (Marshall et al., 2014). ET-

1 is mainly released by endothelial cells (Piechota et al., 2010). However, some studies detected 

participation in the production of ET-1 by reactive ASTs in brain conditions such as 

Alzheimer’s, stroke, and traumatic injury (Nie and Olsson, 1996, Ostrow et al., 2000). In MS 

plaques, ET-1 was detected in reactive ASTs (D'Haeseleer et al., 2013). High levels of serum 

ET-1 were detected in patients recovering from optic neuritis, which is linked to vascular 

hypoperfusion in MS patients (Castellazzi et al., 2019). Therefore, hypoperfusion could be 

caused by vasoconstriction induced by ET-1 released by reactive ASTs (D'Haeseleer et al., 

2015). 

ASTs also control vasodilation by K+ signaling. ASTs release K+ by its end-feet in the 

perivascular space that is captured by VSMC, causing hyperpolarization and closing voltage-

dependent Ca2+ channels, which result in vasodilation (Butt and Kalsi, 2006, Knot and Nelson, 

1998).  

This regulation mediated by ASTs may also be impaired in MS and be a possible cause of 

hypoperfusion (De Keyser et al., 2008). A deficiency in β2-adrenergic receptors in ASTs was 
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detected in MS (De Keyser et al., 1999, Zeinstra et al., 2000). The binding of norepinephrine to 

these receptors induces cAMP formation and release of trophic factors and lactate which are 

uptaken by neurons, supporting their energetic metabolism (De Keyser et al., 2004). A reduction 

in cAMP levels caused by the deficiency in β2-adrenergic receptors in ASTs can reduce lactate 

shuttle to neurons and reduce the release of K+ due to lower axonal activity (De Keyser et al., 

2004). Also, the activity of Ca2+-dependent K+ channels can be reduced due to reduced levels of 

cAMP (Bolton et al., 2006). The reduced release of K+ in the perivascular area would stimulate 

vasoconstriction (De Keyser et al., 2008). 

2.5 OLs injury, demyelination, and remyelination in MS 

2.5.1 Injury and demyelination in MS 

OL injury is a major hallmark of MS and an underlying cause of disabilities. OLs injury is an 

early event in MS and may be sub-lethal, characterized by loss of processes, a phenomenon 

termed dying-back, or lethal, with permanent loss of OLs by cell death (RODRIGUEZ et al., 

1993). 

Sub-lethal injury is observed in the early onset of MS lesions. This type of injury leads to a loss 

of myelin sheets and is preceded by the widening of inner myelin lamellae and degeneration of 

internal glial loops (RODRIGUEZ et al., 1993). Alterations in myelin structure start at the inner 

cytoplasmic tongue in the distal region of processes, before demyelination and changes in OL 

cell bodies (Ludwin and Johnson, 1981). 

Lethal injury is also observed, specifically in old and established plaques, suggesting a slow 

expansion of lesions. This expansion is not accompanied by signs of inflammation (Prineas et al., 

2001). Changes in the microenvironment that may cause metabolic impairment in the cells are 
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recognized as a potential cause of OL injury (Fischer et al., 2012, Lassmann and van Horssen, 

2011, Lassmann, 2003, Law et al., 2004b).  

OPCs were shown to be more susceptible to cell death than mature OLs. The presence of OPCs 

in MS lesions is reduced compared to NAWM, while the reduction of mature OLs is less 

pronounced (Cui et al., 2013). In vitro studies demonstrated that OPCs are more susceptible to 

cell death under metabolic stress conditions compared to mature OLs and have a higher 

propensity to trigger apoptosis (Cui et al., 2013).  

Injury response to metabolic and oligodendrogliopathy is associated with their distinct 

bioenergetic properties (Rone et al., 2016).  In vitro, OPCs and mature OLs rely mainly on 

oxidative glycolysis for their energetic metabolism, which would redirect metabolites to protein 

and lipid synthesis necessary for myelin construction. Mature OLs are less metabolically active 

than OPCs and both OPCs and OLs are more active in rats than in humans. Under metabolic 

stress, a considerable retraction of OL processes, reduction in energy utilization, and ATP 

production are observed before any signs of cell death (Rone et al., 2016). 

The maintenance of myelin requires a considerable amount of ATP, which may be provided by 

OXPHOS (Harris and Attwell, 2012). Concurrently, metabolites produced by glycolysis are 

necessary for the production of myelin (Sánchez-Abarca et al., 2001). Therefore, it is expected 

that the metabolic profile would be different between OPCs, which proliferate and differentiate, 

and mature OLs, which have less dynamic activity, in which energy is required to maintain their 

structure. Moreover, it is suggested that OLs support neurons by shuttling lactate (Philips and 

Rothstein, 2017). However, studies with rat OLs, indicated that adult OLs produce most of their 

ATP from glycolysis, while in OPCs, ATP is mainly produced by OXPHOS. Differentiation 

from OPC to OL leads to lower production of ATP. Seahorse analyses demonstrated a higher 
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level of extracellular acidification in adult OL compared with OPCs, which may indicate a 

higher release of lactate (Rao et al., 2017). Under metabolic stress, ECAR is reduced indicating a 

lower release of lactate as a consequence of less production of pyruvate by glycolysis. These 

findings suggest that OLs under metabolic stress are less capable of producing myelin, as 

observed by their processes retraction, and also less capable of releasing lactate that would be 

donated to neurons in the CNS (Rao et al., 2017). 

2.5.2 Remyelination 

Remyelination is traditionally attributed to OPCs, according to animal experiments (Zawadzka et 

al., 2010a). A stable and abundant population of OL progenitors is found in adult mice brains. 

This population is constantly renewed due to the mitotic capacity of these cells (Psachoulia et al., 

2009).  In the case of myelin injury in adult mice, OPCs are recruited to differentiate, proliferate 

and migrate to the injured region, where new myelin is formed, although the newly formed 

myelin sheaths are thinner and shorter (Zawadzka et al., 2010b). This process is subjected to a 

complex regulation, susceptible to inhibitors and dependent on pro-regenerative factors, and 

therefore susceptible to failure (Franklin and Ffrench-Constant, 2017a).  

A significant number of OPCs are found in MS lesions. There are MS lesions that lack 

remyelination, despite the presence of OPCs, suggesting that these OPCs are not properly 

activated or lack an intrinsic capacity for remyelination (Wolswijk, 1998). In vitro, rodent OPCs 

are capable of myelinating nanofibers and the extension of myelination depends on the fiber 

diameter (Lee et al., 2012a, Franklin and ffrench-Constant, 2017b). Remyelination by OPCs is 

also modulated by action potentials (Wake et al., 2011). 
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Inhibition of remyelination by OPCs may be due to immune modulation and age (Cunniffe and 

Coles, 2021). The activity of macrophages and microglia seems to be important regulators of 

OPC activation (Rawji and Yong, 2013). Inhibitors of OPC differentiation are found in myelin 

debris (Robinson and Miller, 1999, Kotter et al., 2006). Therefore, myelin debris must be cleared 

by macrophages or microglia (Plemel et al., 2013). Microglia can assume two polarized 

phenotypes: proinflammatory (M1) and anti-inflammatory (M2). Studies in animal models have 

shown that microglia polarization to M2 promotes OPC differentiation (Miron et al., 2013).  

Remyelination capacity also declines with age and duration of the disease (Goldschmidt et al., 

2009, Franklin et al., 2012, Frischer et al., 2015). Clinical evidence indicates that age is a 

significant negative factor for remyelination, as the onset of progressive MS happens at similar 

ages (Confavreux and Vukusic, 2006). Remyelination is slower in older mice, attributed to an 

impairment of OPC recruitment and differentiation (Shields et al., 1999, Sim et al., 2002). 

Magnetization transfer ratio, which indicates remyelination, declines with age in MS lesions 

(Brown et al., 2013). OPC differentiation capacity is reduced with age (Woodruff et al., 2004). 

This decline is due both to extrinsic factors to OPCs, such as a reduction in the efficiency of the 

inflammatory response of macrophages (Zhao et al., 2006), and intrinsic factors, as OPCs are 

also less responsive to differentiation in aged individuals (Kuhlmann et al., 2008).  

The capacity of OPCs to remyelination is also dependent on the location of the lesion, as 

remyelination of perivascular lesions is less extensive than in subcortical lesions (Patrikios et al., 

2006). This difference indicates heterogeneity in OPC differentiation capacity due to intrinsic or 

extrinsic factors dependent on the brain region (Kitada and Rowitch, 2006). 

However, a study investigating the dynamics of OL generation in MS, indicates that old OLs are 

present in shadow plaques, which are demarcated areas of remyelinated lesions, indicating that 
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mature OLs also contribute to the process of remyelination (Yeung et al., 2019b). New OLs were 

not detected in shadow plaques, possibly because they are incapable of surviving and integrating 

to form new myelin (Yeung et al., 2019b). A study using snRNA-sequencing analysis also 

indicated that the presence of OPCs is scarce and fully mature, and stable OLs are lost in MS 

lesions. This study also showed the upregulation of myelin genes in mature OLs in MS, 

suggesting that these cells play an important role in remyelination (Jäkel et al., 2019). Further 

supporting the importance of OLs for remyelination, in vitro studies indicate that OPCs are more 

susceptible to injury than OLs in MS lesions (Cui et al., 2013).  

Mature OLs have the potential to restore myelin in MS lesions. In situ analysis indicates that 

OLs are preserved in MS lesions with active inflammatory demyelination, although with signs of 

process dysfunction (Cui et al., 2017). Changes in the inner tongue were observed, indicating 

that process degeneration starts at its distal part. Macrophages are mainly observed engulfing 

myelin debris, but not extracting myelin directly from OLs, indicating that processes 

fragmentation precedes phagocytosis by macrophages (Cui et al., 2017). 

 In situ observations of MS lesions suggest an overall cellular injury that is not dependent on 

cell-cell contact (Cui et al., 2017). These observations are coherent with the dying-back theory, 

supporting a gradual retraction of processes causing myelin loss (Ludwin and Johnson, 1981). 

These sub-lethal injuries do not necessarily lead to cell death as they can be reversed. In vitro 

studies have shown that mature OLs that had previously lost their processes in response to 

metabolic stress are capable of regrowing if optimal culture conditions are reestablished (Cui et 

al., 2017). In vitro, OLs have shown considerable resistance to metabolic stress, enduring up to 4 

days without considerable levels of cell death. These cells have also presented resistance to 

trigger apoptosis (Cui et al., 2017). 
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2.6 Cell survival pathways 
 

Cells will not always be in an optimal environment for their functions, growth, and replication 

and will be often challenged by stresses. To overcome stress, cells are equipped with a series of 

mechanisms that promote cell survival. These mechanisms are triggered in response to specific 

stresses, comprising ER stress, oxidative stress, hypoxia, DNA damage, nutrient stress, and heat 

shock (Twayana and Ravanan, 2018). 

2.6.1 ER stress and unfolded protein response (UPR) 

One of the functions of the ER is protein folding, which is a complex process that depends on 

specialized chaperone proteins. This process is frequently subjected to errors, so the 

 ER is also responsible for the quality control of protein folding. Polypeptides that are unproperly 

folded must be retained and destined for degradation by the proteasome (Twayana and Ravanan, 

2018). ER stress can be triggered by nutrient deprivation, metabolic demand, infection, and 

chemical insults (Kaufman, 2002). 

ER stress induces the unfolded protein response (UPR), a signal pathway that regulates the 

transcription and translation of genes, and post-translational modifications involved in protein 

folding (Hetz et al., 2020). Three proteins are responsible for initiating UPR: Protein kinase R 

(PKR)-like endoplasmic reticulum kinase (PERK), Inositol requiring enzyme-1α (IRE1α), and 

activating factor 6 (ATF6) (Figure 2.1) (Hetz et al., 2020). 

When activated by ER stress, PERK phosphorylates eukaryotic initiation factor 2 α (eIF2α), 

reducing overall cellular protein translation. This response reduces the ER load and the 

accumulation of misfolded proteins. The phosphorylation of eIF2α also causes the selective 

translation of activating factor 4 (ATF4), a transcription factor that regulates genes involved in 
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amino acid metabolism, antioxidative response, autophagy, and ER protein folding. ATF4 is also 

indirectly responsible for the dephosphorylation of eIF2α by upregulating protein phosphatase 1 

(PP1), which dephosphorylates eIF2α in association with growth arrest and DNA-damage-

inducible protein (GADD34), returning protein synthesis to normal (Ron and Walter, 2007, 

Novoa et al., 2001). 

IRE1α activation by ER stress induces its RNase activity, activating the transcription of factor X-

box-binding protein 1 (XBP1), which upregulates genes involved in ER protein translocation, 

folding and secretion, and degradation of misfolded proteins (Hetz et al., 2020). IRE1α also 

cleaves a set of RNAs, which reduces the protein folding load in the ER (Hollien et al., 2009).  

ER stress causes the translocation of ATF6 to the Golgi complex, where it is cleaved. A fragment 

of this cleavage translocates to the nucleus, where it is responsible for the upregulation of genes 

involved in ER protein translocation, folding and secretion, and degradation of misfolded 

proteins (Haze et al., 1999, Wu et al., 2007). 

The effect of the UPR is an adjustment in ER folding capacity and proteostasis in response to ER 

stress. However, if the stress is too intense, UPR may lead to apoptosis by the activation of 

C/EBP homologous protein (CHOP) by ATF4, which induces the expression of the pro-apoptotic 

molecule BCL-2 interacting mediation (BIM) (Ohoka et al., 2005). 



53 
 

 

Figure 2.1 – Unfolded protein response pathways. ER Stress activates ATF6, PERK and IRE1, 

which induces the translocation to the nucleus of ATF6, ATF4 and XBP1, upregulating the 

expression of XBP1, ER chaperones, amino acid and lipid biosynthesis, autophagy and 

endoplasmic-reticulum associated degradation (ERAD). Obtained from Biorender under 

permission. 

2.6.2 Integrated stress response (ISR) 

The ISR is induced by hypoxia, glucose or amino acid deprivation, viral infection, ER and 

oncogene activation (Pakos-Zebrucka et al., 2016). It overlaps with the UPR, as PERK is also 

considered a trigger of the ISR. Also, the downstream pathway initiated by PERK in the ISR is 

the same: phosphorylation of eIF2α with reduction of protein synthesis, subsequent activation of 

ATF4, and regulatory negative feedback loop by GADD34 in association with PP1, which 

terminates the ISR by dephosphorylation of eIF2α (Ron and Walter, 2007, Novoa et al., 2001). 
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As in the UPR, the activation of ATF4 induces the transcription of autophagy-related genes and 

interaction with CHOP can lead to apoptosis (Ron and Walter, 2007, Ohoka et al., 2005). 

  

Figure 2.2 – Integrated stress response. The ISR is triggered by low heme, viral components and 

misfolded proteins respectively detected by HRI, PKR, GCN2 and PERK, causing the 

phosphorylation of eIF2α. This phosphorylation inhibits protein translation and activates ATF4, 

which induces the expression of genes associated with protective mechanisms. ATF4 also induces 

the expression of GADD34, which dephosphorylates eIF2α and terminates the ISR. Obtained from 

Biorender under permission. 
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However, the ISR can also be initiated in response to amino acid deprivation, viral infection, and 

heme deprivation (Figure 2.2). These stresses are respectively sensed by general control non-

depressible protein 2 (GCN2), double-stranded RNA-dependent protein kinase (PKR), and 

heme-regulated eIF2α (HRI) (Donnelly et al., 2013). These kinases phosphorylate eIF2α and 

induce the same downstream mechanisms as PERK (Donnelly et al., 2013). 

The outcome of the ISR is not always the same and depends on the duration, severity, and nature 

of the stress, and correspondent levels of eIFα phosphorylation and ATF4 translation (Dey et al., 

2010, Guan et al., 2014). A mild and short ISR is regarded as pro-survival, while a longer 

activation may induce cell death (Rutkowski et al., 2006).  

2.6.3 Antioxidant response 

 Eukaryotic cells are capable of efficiently produce energy for their functions by cellular 

respiration in their mitochondria, a process that requires oxygen to produce ATP. At the same 

time, oxygen can be toxic to the cell, as respiration also generates ROS as a subproduct, which at 

elevated levels can damage many cell components (Agrawal and Mabalirajan, 2016). This 

process is known as oxidative stress (Pizzino et al., 2017). 

To keep ROS at homeostatic levels, cells are equipped with antioxidant mechanisms that 

counterbalance ROS production. During respiration, the uncoupling of electrons in the electron 

transport chain results in the generation of superoxide anion (Turrens, 2003). This ROS can be 

transformed into hydrogen peroxide (H2O2) by the enzyme superoxide dismutase (SOD) and 

H2O2 can be converted into water and oxygen by catalase (Karmakar et al., 2022, Glorieux and 

Calderon, 2017). However, H2O2 can also be converted into OH- in the presence of ferrous iron 

(Fe2+), which is known as the Fenton reaction (Winterbourn, 1995). Also involved in oxidative 
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stress are reactive nitrogen species (RNS), which are mainly nitric oxide (NO) and its derivate 

peroxynitrite (Adams et al., 2015). Oxidative stress can cause DNA damage resulting in cell 

cycle arrest or inducing apoptosis (Klein and Ackerman, 2003). ROS can cause lipid 

peroxidation, which not only damages membranes but also produces toxic subproducts 4-

hydroxynonenal (HNE) and malondialdehyde (MDA) (Yang and Stockwell, 2016, Barrera, 2012, 

Bhat et al., 2015) (Figure 2.3). 

 

Figure 2.3 - Antioxidant system. ROS are generated as a by-product of the ETC and H2O2, which 

can react with Fe2+ generating OH-, which causes lipid peroxidation and the formation of reactive 

aldehydes. Lipid peroxidation can be neutralized by the action of GSH and GPX4, which needs 

to be further restored by GSH reductase in the presence of NADPH.  

 

The main cellular antioxidant system is performed by the neutralization of ROS/RNS by 

glutathione (GSH), yielding glutathione disulfide (GSSG), a process catalyzed by glutathione 
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peroxidase 4(GPX4). GSSG can be further converted back to GSH by glutathione reductase 

(GR) in exchange for the conversion of NADPH into NADP+, which is returned to its reduced 

form during the pentose phosphate pathway (Wu et al., 2004). Additional antioxidants are 

peptides such as thioredoxin, glutaredoxin, and peroxiredoxin (Lillig and Holmgren, 2007). 

Some nutrients such as tocopherol, ascorbic acid, and beta-carotene are important antioxidants 

(Lobo et al., 2010). 

Some signaling pathways are activated under oxidative stress, which may lead to survival or cell 

death according to oxidative intensity. NRF2 is a transcription factor that stimulates the 

expression of antioxidant response elements (ARE) in response to the activation of MAP kinase 

pathways by mild oxidative stress (Koinzer et al., 2015). However, these signal pathways can 

also lead to apoptosis when oxidative stress is high (Ki et al., 2013). The PI3K/AKT pathway 

protects the cell under oxidative stress by inactivating proapoptotic molecules and upregulating 

antiapoptotic proteins (Choi et al., 2012). The tumor suppressor p53 is also involved in the 

transcriptional antioxidant response and may induce cell death when levels of oxidative stress are 

high (Liu and Xu, 2011). 

2.6.4 Heat shock response 

The conformation flexibility of proteins is an essential property for their functions and any 

temperature change can affect their activities. As cells are frequently subjected to changes in 

temperature, proteins alter their conformation, which can cause cytoskeleton disruption, Golgi 

system and ER breakdown, decrease in the number of lysosomes and mitochondria, protein 

aggregation, and impairment of nuclear processes, eventually resulting in cell cycle arrest or 

even cell death (Richter et al., 2010). 



58 
 

The response to heat stress is executed by heat shock proteins (HSP). There are seven classes of 

HSP (Richter et al., 2010): molecular chaperones, responsible for guiding protein conformation, 

are the most common (Ellis et al., 1989), components of the proteolytic system, which clear 

misfolded proteins and aggregates(Richter et al., 2010), nucleic acid modifiers are responsible to 

repair DNA and nuclear processes (Jantschitsch and Trautinger, 2003), metabolic enzymes are 

needed to modulate the cellular energy supply (Malmendal et al., 2006), regulatory proteins, 

which initiate stress responses and inhibit some gene expression, like those involved in ribosome 

biogenesis (Al Refaii and Alix, 2009). Other proteins are involved in the protection of the 

cytoskeleton and other cellular structures. The last class of heat proteins comprises those that are 

involved in transport, detoxification, and membrane stability (Richter et al., 2010). 

The heat shock response is transcriptionally regulated by heat shock factor 1 (HSF1). HSF1 is 

kept inactive by forming a complex with HSP90, HSP70, and HSP40. When the level of 

unfolded proteins increases, these HSPs will let HSF1 free to translocate to the nucleus and bind 

to the heat shock element, inducing the overexpression of HSPs (Åkerfelt et al., 2010). HSF1 is 

also regulated by phosphorylation, oligomerization, and other post-translational modifications 

(Akerfelt et al., 2010, Prahlad and Morimoto, 2009, Hietakangas et al., 2003, Westerheide et al., 

2009).   

2.6.5 DNA damage repair (DDR) 

DNA is constantly subjected to many types of stress, including oxidation, deamination, 

replication errors, radiation, and chemical agents (Helleday et al., 2014). These stresses cause 

single and double-strand breaks (SSB and DSB) that must be repaired. The DDR involves 

sensors, transducers, and effectors that are activated in response to damage. Sensor molecules 

including poly (ADP-ribose) polymerase (PARP) and DNA-dependent protein kinase detect 
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strand breaks and recruit the transducer molecules ataxia telangiectasia mutated (ATM) and 

ATM-Rad3-related (ATR) (Wei and Yu, 2016). These transducers activate checkpoint kinase 

(chk) 1 and 2, initiating the DDR, which includes cell cycle arrest, providing the necessary time 

for DNA repair, but can also lead to apoptosis or senescence (Wei and Yu, 2016, Zannini et al., 

2014). The p38 MAPKs are also important stress sensor that induces cell cycle arrest by 

triggering G2/M cell cycle checkpoint (Wood et al., 2009). 

SSB repair is initiated by PARP1 detection, followed by the insertion of nucleotide and ligation 

by specific enzymes (Caldecott, 2008). DSB can be repaired by homologous recombination 

(HR), nonhomologous end joining (NHEJ), and single-stranded annealing (SSA). DSB repair is 

initiated by the sensor molecules Ku70/80 and Mre11-Rad50-Nbs1(MRN) complex (Twayana 

and Ravanan, 2018).   

2.6.6 Response to nutrient stress 

Nutrients are not always available in the quantity and variety cells need to execute their 

functions, grow and proliferate. This availability may vary considerably from scarcity to excess, 

and cells need to modulate their consumption according to nutrient availability. 

To cope with nutrient stress, cells are equipped with three main survival pathways mediated by 

mammalian target of rapamycin (mTOR), AMP-activated protein kinase (AMPK), and Sirtuin 1 

(SIRT1).  

The mTOR is a kinase and core component of two protein complexes, TORC1 and TORC2, 

which execute distinct but complementary functions in the regulation of protein synthesis, 

autophagy, metabolism, and organelle biogenesis (Lipton and Sahin, 2014). During fasting and 

starvation, nutrient levels in the blood decrease, resulting in a reduced level of insulin in 
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circulation. Also, the reduced availability of nutrients increases the AMP: ATP ratio (Zoncu et 

al., 2011). When these changes are sensed by the cell, mTOR in coordination with AMPK 

mediates a switch between anabolic and catabolic modes according to nutrient availability. 

mTORC1 activates ribosomal protein S6 kinase 1/2 (S6K1/2) and inhibits the eukaryotic 

translation initiation factor 4E-binding protein 1 (4E-BP1), which induces protein synthesis 

(Lipton and Sahin, 2014). mTORC1 also inhibits autophagy and indirectly activates mTORC2, 

which is involved in cell survival, proliferation, and maintenance of the actin cytoskeleton. 

Therefore, the inhibition of mTORC1 by AMPK or other pathways linked to nutrient or growth 

factors deprivation leads to a reduction in protein synthesis and activation of autophagy, 

switching the cell to a catabolic mode (Figure 2.4) (Lipton and Sahin, 2014). 

Besides its role in regulating mTOR, AMPK also phosphorylates acetyl-CoA carboxylase 1 

(ACC1) and sterol regulatory element-binding protein 1c (SREBP1c) and therefore regulates the 

metabolism of lipids (Jeon, 2016). AMPK is also implicated in promoting glucose uptake by 

inducing the translocation of glucose transporter 1 (GLUT1) to the cell membrane, glycolysis by 

phosphorylating phosphofructokinase-2 (PFK2), and autophagy by activating Unc-51-like 

autophagy-activating kinase 1 (ULK1) (Jeon, 2016). 
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Figure 2.4 - AMPK/mTOR pathway. AMPK is activated when the ratio between ATP/AMP is 

low. AMPK inhibits mTORC1, causing a reduction in cell growth and proliferation, and 

inducing autophagy. Insulin withdrawal also leads to mTORC1 inhibition. Low levels of amino 

acids cause inhibition of mTORC1 and mTORC2, which is responsible for cell survival and 

cytoskeletal organization. Obtained from Biorender under permission. 
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SIRT1 is an NAD+-dependent deacetylase that localizes to the nucleus and cytoplasm (Lee, 

2019). In the nucleus, it regulates gene expression by deacetylation of histones and signaling 

proteins (Chang and Guarente, 2014). In response to starvation, SIRT1 induces autophagy by 

deacetylating autophagic components and suppresses apoptosis by inhibiting p53 (Lee, 2019). 

2.6.7 Response to hypoxia 

Oxygen is an essential element for OXPHOS. Therefore, in the absence of oxygen, cells need to 

compensate for the lack of ATP production by OXPHOS and balance their energy consumption 

with its availability. To this end, the cell cycle is arrested, energy-consuming processes are 

slowed and a compensatory pathway for energy production, anaerobic glycolysis, is stimulated 

(Twayana and Ravanan, 2018). 

The main mediators of the response to hypoxia in cells are the HIFs. HIFs are heterodimers 

consisting of an α and β units and have three isoforms. The α subunit is sensitive to oxygen and β 

is stable. HIF1α activation promotes a shift from OXPHOS to anaerobic glycolysis (Majmundar 

et al., 2010). This transcription factor induces the expression of glycolytic enzymes, glucose 

transporters, and lactate dehydrogenase A (LDHA), which converts pyruvate into lactate and 

increases the availability of NAD+ for glycolysis (Gordan et al., 2007). HIF1α also upregulated 

pyruvate dehydrogenase kinase 1 (PDK1), which inhibits pyruvate dehydrogenase (PDH) and the 

conversion of pyruvate into acetyl-CoA, reducing the supply of this substrate of OXPHOS, and 

also reducing ROS generation (Majmundar et al., 2010). HIF1α also switches the pentose 

phosphate pathway (PPP) to a non-oxidative mode (Zhao et al., 2010) (Figure 2.5). 

HIF2α induces the expression of anti-oxidant molecules, including SOD2 and heme oxygenase 1 

(HMOX1). HIF2α is possibly implicated in stimulating a shift toward anaerobic glycolysis by 
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regulation of PPARα (Huang et al., 2002, Aragonés et al., 2008). HIF2α also modulates fatty 

acid metabolism, inhibiting β-oxidation and promoting the formation of lipid droplets (Rankin et 

al., 2009). 

 

Figure 2.5 - HIF1 activation. In the presence of oxygen, VHL binds to HIF1α, leading to its 

degradation. In the absence of oxygen, HIF1α translocates to the nucleus, inducing the 

expression of Hypoxia-response elements (HRE), promoting glycolysis and lactate production, 

and inhibiting OXPHOS. Adapted from Biorender under permission. 

 

Both HIF1α and HIF2α are involved in the modulation of cytochrome c oxidase, which increases 

the efficiency of the electron transport chain (ETC) (Gordan et al., 2007) and stimulates 

angiogenesis by promoting the expression of vascular endothelial growth factor (VEGF) 

(Manalo et al., 2005, Hu et al., 2003, Kelly et al., 2003). 
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Regulation of HIF is performed by oxygen availability. When O2 is abundant, HIFs are 

hydroxylated by prolyl hydroxylase domain-containing (PHD) and consequently marked for 

degradation at the proteasome by von Hippel-Linday protein (pVHL). In the absence of O2, PHD 

is inhibited and HIFs are stabilized for the execution of their functions (Kaelin and Ratcliffe, 

2008). ROS, fumarate, and succinate also inhibit PHD activity (Klimova and Chandel, 2008, 

Kaelin, 2005, Sudarshan et al., 2009, Kaelin and Ratcliffe, 2008). Another regulator of HIFs is 

the hydroxylase factor-inhibiting HIF-1α (FIH1), which inhibits HIFs when O2 is available 

(Webb et al., 2009, Mahon et al., 2001). 

2.7 Autophagy 
 

Autophagy is a major catabolic process in the cell, responsible for the degradation of 

intercellular components, including macromolecules, aggregates, and organelles (Dikic and 

Elazar, 2018). The biological functions of autophagy include providing nutrients to the cell 

during starvation, selectively eliminating potentially harmful cytosolic components, and 

secreting cytosolic components (Dikic and Elazar, 2018). Autophagy can be implicated in the 

modulation of neurodegeneration, cancer, infectious diseases, and other pathological conditions 

(Dikic and Elazar, 2018). 

There are three types of autophagy: macroautophagy, characterized by the formation of vesicles 

called autophagosomes, microautophagy, which involves membrane internalization and 

chaperone-mediated autophagy (CMA), which selects materials from the cytosol and transports 

them to lysosomes (Yamamoto and Matsui, 2023). Macroautophagy and microautophagy can be 

both selective and non-selective  (Figure 2.6) (Yamamoto and Matsui, 2023). 
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Macroautophagy is initiated by the activation of ULK complex, which in turn phosphorylates the 

class III PI3K complex I, starting the nucleation of autophagosomes by producing 

phosphatidylinositol-3-phosphate (PI3P). PI3P recruits WD repeat domain phosphoinositide-

interacting protein 2 (WIPI2), which intermediates the binding with the ATG12-ATG5-

ATG16L1 complex. This complex in association with ATG3 mediates the binding of 

microtubule-associated protein light chain 3 (LC3) and γ-aminobutyric acid receptor-associated 

protein (GABARAPs) to phosphatidylethanolamine (PE) in the autophagosome membrane. LC3 

and GABARAP are responsible for cargo selection, elongation, and closure of the 

autophagosome membranes. After maturation, autophagosomes fuse with lysosomes forming 

autolysosomes, where the sequestered cytosolic components are degraded (Dikic and Elazar, 

2018). 
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Figure 2.6 - The three types of autophagy. Macroautophagy is composed by the formation of 

autophagosomes, which capture components in the cytosol and transport them to lysosomes 

where these components are degraded. Chaperone-mediated autophagy depends on the 

recognition of the KFERQ motif in proteins by HSC70, which mediates their translocation to 

lysosomes. In microautophagy, components in the cytosol are absorbed directly by the lysosome. 

Obtained from Biorender under permission. 

 

Microautophagy is executed at the surface of lysosomes, either by invagination or protrusion. 

Invagination requires an endosomal sorting complex required for transport (ESCRT) and 

protrusion requires SNARE proteins. In both cases, LC3 and GABARAP are recruited for cargo 
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selection.  Microautophagy also occurs in endosomal membranes and requires either ESCRT or 

nSMase2 for invagination (Yamamoto and Matsui, 2023).  

Important cargo receptor molecules for both macroautophagy and microautophagy are SQSTM1, 

NBR1, NDP52, TAX1BP1, and NCOA4, which are involved in the degradation of ferritin 

(Yamamoto and Matsui, 2023). 

CMA is mediated by a complex formed by HSC70, HSP40, and CHIP, which binds to proteins 

containing KFERQ motives and is transported into the lysosome by lysosome-associated 

membrane protein 2A (LAMP2A) (Yamamoto and Matsui, 2023). 

Autophagy is regulated in response to exposure to stresses such as nutrient starvation, hypoxia, 

oxidative stress, and growth factors deprivation (Pietrocola et al., 2013). An important sensor 

and regulator of autophagy is AMPK, which induces autophagy by inhibiting mTOR, a 

suppressor of autophagy (Egan et al., 2011, Inoki et al., 2003). The recognition of pathogen-

associated molecular patterns (PAMPs) as a sign of infection by pattern recognition receptors 

(PRR) also activates autophagy (Nakamoto et al., 2012, Rasmussen et al., 2011). ER stress via 

PERK signaling can upregulate autophagy as well (Rouschop et al., 2010). As these mechanisms 

of regulation are based on post-translational modifications, activation of autophagy in these cases 

is fast. 

Autophagy is also transcriptionally regulated. Transcription factors that regulate the expression 

of autophagy components include p53, nuclear factor kappa-light-chain-enhancer of activated B 

cells (NF-κB), HIF-1, HSF1, signal transducer and activator of transcription 3 (STAT3) and 

forkhead box O (FOXO) 1, 3 and 4 (Vousden and Prives, 2009, Karin, 2006, Semenza, 2007, Yu 

et al., 2009, Dansen, 2011). A strong driver of autophagy is transcription factor EB (TFEB), 
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which upregulates the expression of autophagy components and lysosomal biogenesis and is 

activated by nutrient deprivation (Settembre et al., 2011). 

2.8 Cell Death  
 

Cell death is a central feature in neurodegenerative diseases, and understanding its causes  

in each situation is an important requirement for the development of treatments (Moujalled et al., 

2021).  

In certain situations, cell death is a desirable event for the organism. During development, some 

cells must be eliminated, so an organ can acquire its proper shape and organization (Obeng, 

2021). In some cases, cells must be destroyed as they represent a threat to the organism, as in the 

case of neoplasia and self-reactive lymphocytes (Nossal, 1994, Kroemer et al., 2013). Virus-

infected cells are intentionally killed by cytotoxic cells from the immune system to avoid the 

spreading of the virus to other cells in the body (Tummers and Green, 2022). 

Cells can also intentionally commit suicide when exposed to stress conditions like DNA damage, 

accumulation of misfolded proteins, oxidative stress, or metabolic stress (Tang et al., 2019). This 

behavior can be viewed as an altruistic attitude of the suicidal cells to avoid further damage that 

they can cause to other cells in the body. Therefore, cells are equipped with molecular 

mechanisms that trigger cell death when exposed to specific stress conditions. This is known as 

regulated cell death (RCD), in opposition to accidental cell death (ACD), in which cell death 

occurs as a failure to survive in harmful conditions (Tang et al., 2019).  

In some cases, RCD is part of a physiological program, especially during development, but also 

in tissues with a high turnover of cells, as in the blood and skin. This type of RCD is called 

programmed cell death (PCD) (Obeng, 2021).    
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Cell death was initially classified by morphology into three types. Type I or apoptosis, in which 

the cell shrinks and forms extracellular vesicles known as apoptotic bodies, type II or autophagic 

cell death, in which a large number of intracellular vesicles are observed, and type III or 

necrosis, characterized by cell swelling, plasma membrane disruption and loss of organellar 

organization (Green and Llambi, 2015). 

Currently, cell death is classified by its molecular mechanisms. Many signaling pathways have 

now been described, which characterizes cell death as a heterogeneous process (Galluzzi et al., 

2018). The specific molecular pathway that causes the death of a cell depends on the type of 

signaling or stress this cell is subjected to (Kist and Vucic, 2021). Some pathways depend on the 

interaction between cells. Some are very specific to certain types of cells. Also, some types of 

cells are more prone to certain pathways than others (Kist and Vucic, 2021). 

Detecting which pathways are involved in the death of cells in a disease helps in understanding 

its underlying pathology and eventually unveils potential therapeutical targets (Kist and Vucic, 

2021). These pathways will be briefly described in this section. 

2.8.1 Apoptosis 

Apoptosis is a cell death pathway in which cell components disassemble in an organized fashion. 

Internal structures and molecules are degraded and packed in vesicles called apoptotic bodies 

that can easily be engulfed by phagocytic cells (Poon et al., 2014). This organized degradation of 

cells during apoptosis is orchestrated by a group of cysteine-aspartic proteases, simply called 

caspases (CASP). CASPs are divided into two groups: initiator CASPs, mainly CASP-8 and 

CASP-9, and executioner CASPs, mainly CASP-3, CASP-6, and CASP-7 (Elmore, 2007). 
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Cells express procaspases that, in response to stimuli, are cleaved and give origin to the activated 

CASPs. Activation of initiator CASPs triggers a cascade of molecular transformations resulting 

in the activation of executioner CASPs, which perform the events that cause DNA 

fragmentation, degradation of the cytoskeleton, expression of signaling molecules for phagocytic 

cells, and the formation of apoptotic bodies (Poon et al., 2014) 

Apoptosis can be initiated by two distinct pathways, both dependent on CASPs. The intrinsic 

pathway is activated by the detection of intracellular signals, in many cases indicating damage or 

infection (Lockshin and Zakeri, 2004). The extrinsic pathway is activated by signaling molecules 

present in the microenvironment or expressed on the surface or near other cells (Oppenheim et 

al., 2001). 

The initiation of the intrinsic apoptotic pathway is regulated by the interaction of molecules from 

the B-cell lymphoma 2 (BCL-2) family (Youle and Strasser, 2008). This family of molecules can 

be divided into three groups: pro-apoptotic, anti-apoptotic, and BH3-only molecules. Mainly pro-

apoptotic molecules are BCL2-associated X protein (BAX), BCL2 antagonist/killer (BAK), and 

to a minor extent BCL-2 related ovarian killer (BOK). These molecules are located at the 

mitochondria outer membrane (MOM) and are capable of oligomerizing and forming pores in 

the MOM, causing the release of cytochrome c and DIABLO, which will cascade the 

downstream process of apoptosis (Youle and Strasser, 2008). To avoid this oligomerization, the 

anti-apoptotic molecules, BCL-2, BCL-XL, MCL-1, BCL-W, BCL-B, and BCL-A1, bind to the 

pro-apoptotic molecules keeping them in an inactive complex (Youle and Strasser, 2008). The 

role of BH3-only is to disrupt this interaction between anti- and pro-apoptotic molecules and 

allow the oligomerization of pro-apoptotic molecules and the downstream process that leads to 

apoptosis. Many molecules can be classified as BH3-only and they are activated in response to 
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different triggers which can be DNA damage, oxidative stress, metabolic stress, and infection, 

among others (Figure 2.7) (Kønig et al., 2019).  

In this way, a particular stress activates a BH3-only molecule that disrupts the interaction of anti-

apoptotic and pro-apoptotic molecules, leading to the formation of pores by pro-apoptotic 

molecules and the release of cytochrome c and DIABLO (D’Arcy, 2019). These molecules bind 

to apoptotic protease activating factor 1 (APAF1), changing its conformation allowing for the 

binding to ATP and exposing their caspase recruitment domain (CARD). This change in 

conformation induces the oligomerization of APAF1 and the formation of the apoptosome 

(D’Arcy, 2019). The CARDs in the center of the apoptosome bind to procaspase 9 causing their 

activation. The activated CASP-9 then cleaves the executioner procaspase 3, which in its 

activated form will execute the proteolytic reactions that result in apoptosis and its typical 

characteristics (D’Arcy, 2019).   

The extrinsic apoptotic pathway is initiated by signaling through the binding of extracellular 

ligands to cell membrane receptors from the TNF superfamily including TNF-related apoptosis-

inducing ligand (TRAIL), Fas ligand and Fas receptor, and TNF and its receptor. The binding 

between ligand and receptor triggers the recruitment of Fas-associated death domain (FADD) or 

TNFR-associated death domain (TRADD) (Locksley et al., 2001, Hsu et al., 1995). These 

recruitments lead to the formation of signaling complexes called complex I in the case of Fas and 

death-induced signaling complex (DISC) in the case of TNF. These complexes include 

procaspase-8 which is cleaved and activated. CASP-8 then cleaves the executioner caspases, 

causing the subsequent catalytic reactions that lead to apoptosis (Hsu et al., 1995, Wajant, 2002). 

The extrinsic apoptotic pathway can be inhibited by FLICE-like inhibitory protein (cFLIP). 

cFLIP has a similar structure to CASP-8, but without its enzymatic activity and it forms a 
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proteolytically inactive heterodimer with CASP-8 (Micheau et al., 2002). A protein called Toso 

also inhibits the biogenesis of CASP-8 and extrinsic apoptosis as a consequence (Hitoshi et al., 

1998).  

Inhibition of apoptosis is also performed by a series of proteins collectively known as inhibitors 

of apoptosis (IAP). These molecules are inhibited by second mitochondrion-derived activator of 

caspase/direct inhibitor of apoptosis-binding protein with low pI (SMAC/DIABLO), which is 

delivered in the cytosol after apoptosis is triggered and binds to IAPs, leading to their 

inactivation (Chai et al., 2000).  
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Figure 2.7 - Extrinsic and intrinsic pathway of apoptosis. The extrinsic apoptotic pathway is 

initiated by TNF, FasL or TRAIL binding to its receptors, inducing the activation of caspase 8, 

which activates caspase 3 and 7, leading to apoptosis. The intrinsic pathway is initiated by the 

recognition of stress signals by BH3-only molecules, inducing the formation of pores in the 

mitochondria by BAX and BAK, releasing cytochrome c in the cytosol and activating caspase 9, 

which activates caspase 3 and 7, leading to apoptosis. The anti-apoptotic molecules BCL-2, 

BLC-XL and MCL-1 can inhibit the action of BAX and BAK, preventing apoptosis. XIAP can 

also prevent apoptosis by inhibiting caspase 9. Obtained from Biorender under permission. 

2.8.2 Necroptosis 

Necroptosis is a non-apoptotic form of RCD and, as in extrinsic apoptosis, is triggered by the 

binding of TNFα to TNFR1 or FasL to Fas (Laster et al., 1988, Holler et al., 2000). Necroptosis 
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can also be started by the binding of double-stranded DNA to Toll-like receptor (TLR) 3 and 

LPS to TLR4 (He et al., 2011). However, necroptosis is not mediated by CASP-8 activation. 

Inhibition of CASP-8, which may be caused by pathogens, induces necroptosis (Tummers and 

Green, 2017). Many pathogens have developed mechanisms to block apoptosis by targeting 

FADD, CASP-8, or cFLIP, which allow them to escape from their elimination from the organism 

by the immune system (Tummers and Green, 2017). Therefore, necroptosis is a counteraction 

against these pathogenic mechanisms. A key molecule in the pathway of necroptosis is receptor-

interacting serine/threonine-protein kinase 1(RIPK1), which forms a complex with 

FADD/TRADD and CASP-8 or CASP-10 after activation of TNFR1 or Fas. RIPK1 recruits and 

phosphorylates RIPK3, forming a complex called ripoptosome (Bertheloot et al., 2021). This 

complex recruits and phosphorylates mixed lineage kinase domain like pseudokinase (MLKL). 

Phosphorylated MLKL induces the opening of Ca2+ and Na2+ channels and forms pores in the 

plasma membrane, causing cell swelling and membrane rupture, a morphology of necrosis 

(Figure 2.8) (Cai et al., 2014, Bertheloot et al., 2021).  
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Figure 2.8 - Necroptosis pathway. TNFα, FasL and PAMPs can induce the binding of RIPK1 to 

TRADD/FADD and CASP8/10. RIPK1 then binds to RIPK3 activating MLKL which induces 

the degradation of the cell membrane. Created with Biorender. 

 

RIPK1 can be inhibited by cIAP1/2 and XIAP, limiting the death effect of TNF by the 

necroptotic pathway (Mahoney et al., 2008). In opposition, cylindromatosis (CYLD) and Smac 

promote necroptosis by inhibiting cIAP1/2 and XIAP (Trompouki et al., 2003, Wang et al., 

2008).  

Necroptosis is an important pathway for the organism's defense against infection, as the release 

of damage-associated and pathogen-associated molecular patterns (DAMP, PAMP) and 

cytokines after the cell demise leads to a pro-inflammatory reaction. A similar reaction is 

induced in sterile inflammation, as in cancer, as the pro-inflammatory effects of necroptosis, in 
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special mediated by the activation of NFκB, is an efficient antitumor mechanism (Bertheloot et 

al., 2021).  

2.8.3 Pyroptosis 

Pyroptosis is another RCD pathway that has a necrotic morphology, presenting plasma 

membrane disruption instead of the formation of apoptotic bodies. Pyroptosis is mainly triggered 

by PAMPs and DAMPs, which are signs of microbial infection or breakdown of cells, possibly 

caused by pathogens (Bertheloot et al., 2021). Cells that undergo pyroptosis also release IL-1β 

and IL-18, therefore promoting a systemic inflammatory reaction, which includes fever. This 

reaction explains the name of this pathway, as pyros is the Greek word for fire (Fink and 

Cookson, 2005). 

Pyroptosis is initiated by the recognition of pathogens linked molecules signs such as PAMPs, 

DAMPs, and microbial fragments like LPS, flagellin, or bacterial/viral genetic material (Wu et 

al., 2022). The detection of these signs is executed by a complex called inflammasome, which 

contains NACHT, LRR, FIIND, CARD domain, and PYD domains-containing proteins (NLRP) 

1, 3, and 4 or absent in melanoma (AIM) 2. When the inflammasome recognizes a pathogen sign, 

it recruits and cleaves procaspase-1, activating CASP-1 (Rathinam and Fitzgerald, 2016). CASP-

1 cleaves gasdermin D (GSDMD), causing its fragmentation and translocation to the plasma 

membrane, forming pores that lead to cell death. In parallel, CASP-1 also cleaves pro-IL-1-β and 

pro-IL-18. The active forms of IL-1β and IL-18 are then released through the pores formed in the 

plasma membrane (Figure 2.9) (Wu et al., 2022). 
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Figure 2.9 - Pyroptosis pathways. Pyroptosis is started by PAMPs, DAMPs, or TNF. These 

elements are recognized by the inflammasome, and activate caspase 1, which promotes the 

translocation of gasdermin D to the cell membrane, causing the opening of pores. Gasdermin D 

can also be activated by CASP-8, as a consequence of TNF binding to its receptor. IL-1β and IL-

18 are also activated by caspase 1, and are released from the cell inducing inflammatory 

reactions. Created with Biorender. 

 

Alternatively, GSDMD can be cleaved by CASP-4/5 or CASP-8. CASP-8 can also cleave 

GSDMC. Pores in the membrane can also be formed by GSDME, GSDMC, or GSDMB, which 

is activated upon cleavage by CASP-3 or granzyme B and granzyme A, respectively. Therefore, 

Pyroptosis can also be induced by TNF or granzyme-secreting cells such as CD8 T-cells (Wu et 

al., 2022). 
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Pyroptosis can be regulated by the action of ESCRT, which repairs the plasma membrane 

damaged by GSDMD (Rühl et al., 2018). However, the release of IL-1β and IL-18 can occur 

without the cell demise, as it only requires the formation of pores (Heilig et al., 2018). Pyroptosis 

is also regulated by ubiquitination and phosphorylation of NLRP1, NLRP3, and NLRP4 (Baker 

et al., 2017, Song et al., 2016). 

2.8.4 Parthanatos 

Parthanatos has morphological features similar both to apoptosis and necrosis. As in apoptosis, 

parthanatos presents DNA fragmentation, nuclei condensation, and shrinkage. However, the 

plasma membrane is disintegrated during parthanatos, but neither apoptotic bodies nor 

membrane blebbing is detected during this RCD pathway (Wang et al., 2009, Andrabi et al., 

2008, David et al., 2009).  

From the biochemical point of view, parthanatos is mediated by the activation of poly(ADP-

ribose) polymerase 1 (PARP1) (Andrabi et al., 2008). PARP1 is located at the nucleus and is 

activated upon DNA damage (Yu et al., 2003, Szabó and Dawson, 1998). It has an important role 

in DNA repair (Oliver et al., 1999). However, in some cases when cells are subjected to 

significant injury, PARP1 activation leads to cell death (Andrabi et al., 2006). PARP1 activation 

causes the accumulation of poly (ADP-ribose) (PAR) polymers (Fatokun et al., 2014). These 

polymers or free PAR translocate from the nucleus to the mitochondria (David et al., 2009). The 

mitochondrial uptake of PAR leads to the release of apoptosis-inducing factor (AIF), which 

translocates from the mitochondria to the nucleus. Inside the nucleus, AIF induces chromatin 

condensation and DNA fragmentation, ultimately resulting in cell death (Loeffler et al., 2001) 

(Figure 2.10). 
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Parthanatos is triggered by diverse types of stress that lead to genomic stress and DNA damage 

that are common in conditions such as inflammation, ischemia-reperfusion, glutamate 

excitotoxicity, and myocardial infarction (David et al., 2009). Genomic stress may be caused by 

oxidative stress from ROS, nitrosative stress from NO or peroxynitrite, inflammation, hypoxia, 

hypoglycemia, and DNA-alkylating agents (Huang et al., 2022). 

 

Figure 2.10 - Parthanatos pathway. Parthanatos is initiated by the recognition of DNA damage 

in the nucleus by PARP1, which produces PAR. In abundance, PAR translocates to 

mitochondria, inducing the translocation of AIF to the nucleus, where it promotes chromatin 

condensation and DNA fragmentation. Created with Biorender. 

2.8.5 Lysosome-dependent cell death 

The main hallmark of lysosome-dependent cell death (LDCD) is lysosome membrane 

permeabilization (LMP). LMP causes the release of lysosomal proteases, particularly cathepsins, 

which can cause uncontrolled cleavage of cellular components (Boya and Kroemer, 2008). 

Lysosomal proteases are functional under low pH, but high levels of LMP can lead to an increase 
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in cytosolic acidity, creating a favorable environment for lysosomal protease activity with 

cytotoxic effects (Wang et al., 2018). 

LMP can be triggered by external and internal stimuli, including ROS, molecules from the pro-

apoptotic BCL-2 family (BAX, BAK), DNA damage, some ATPase and kinase inhibitors, 

photodamage, some lipids, some antibiotics, some bacterial proteins, some viral infections and 

other lysosomotropic agents that can cause LMP (Boya, 2012) (Figure 2.11). 

LMP can cause apoptosis by the cleavage of anti-apoptotic molecules from the BCL-2 family or 

IAPs (Galluzzi et al., 2018).  LMP can also lead to ferroptosis due to the release of ROS from 

lysosomes, or pyroptosis, as some cathepsins may be involved in the activation of the 

inflammasome (Wang et al., 2018). 

 

Figure 2.11 - Lysosome-dependent cell death. Lysosome membrane permeabilization can be 
caused by pores formed by BAX/BAK or ROS. This permeabilization causes the realise of 
lysosomal proteases in the cytosol, which can cause degradation of cellular components in the 
presence of a low pH. Created with Biorender 
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2.8.6 Immunogenic cell death  

Immunogenic cell death (ICD) is a type of RCD executed by the organism's immune system in 

response to cellular signals (Kroemer et al., 2022). This RCD pathway is mediated by cells of the 

immune system, and its mechanisms are not contained in the cell that is dying, in contrast to 

other RCDs discussed so far. Cells subjected to certain stresses, mostly related to infection or 

tumorigenic mutations, may release antigens that are detected by the immune system, which 

interprets this release as a signal of a threat to the organism (Galluzzi et al., 2017b). The adaptive 

immune system is activated and executes a cytotoxic response that culminates in the elimination 

of the targeted cells and the establishment of immunological memory (Galluzzi et al., 2020). 

Natural stressors that lead to ICD are obligate intracellular pathogens, oncolytic viruses, and 

molecules with oncolytic potential. Besides, many types of chemotherapeutic agents can also 

induce ICD (Galluzzi et al., 2020). Also, ICD is involved in auto-immune disorders, caused 

when the immune system interprets a self-antigen as a pathogenic or oncogenic signal (Kroemer 

et al., 2022). 

After infection, cells can sense microorganism-associated molecular patterns (MAMPs) by 

PRRs, which induces the cell to communicate to other cells of the organism about a potential 

treatment via the release of cytokines (Galluzzi et al., 2017b). When an infected cell dies, 

cellular components are detected by antigen-presenting cells (APCs), which causes the activation 

of T-cells and a cytotoxic response that induces ICD (Roche and Furuta, 2015). 

Chemotherapeutic agents cause the exposure of DAMPs by cancer cells including calreticulin 

(CALR), protein disulfide isomerase family A member 3 (PDIA3), HSP70, and HSP90 (Obeid et 

al., 2007b, Panaretakis et al., 2008, Fucikova et al., 2011). These cells also release ATP, CXC-

chemokine ligand 10 (CXCL10), high-mobility group box 1 (HMGB1), and annexin A1 



82 
 

(ANXA1) (Michaud et al., 2011, Sistigu et al., 2014, Apetoh et al., 2007, Vacchelli et al., 2015). 

These DAMPs are captured by APCs, which activate a cytotoxic response of αβ and γδ T cells. 

ICD can also be induced by physical cues, including irradiation, photodynamic therapy, and 

hydrostatic pressure (Obeid et al., 2007a, Garg et al., 2012, Fucikova et al., 2014). Irradiation can 

induce ICD by the exposure of CALR or HSP70 and secretion of ATP, HMGB1, IFN, or IL-1β 

(Obeid et al., 2007a, Golden et al., 2014, Lim et al., 2014, Brusa et al., 2009, Chen et al., 2012). 

In the case of photodynamic therapy and hydrostatic pressure, ICD is triggered by exposure to 

CALR, HSP70, or HSP90 and the release of ATP and HMGB1 (Garg et al., 2012, Fucikova et 

al., 2011, Fucikova et al., 2014, Korbelik et al., 2011). 

2.8.7 Entotic cell death 

Entosis is a process in which a viable cell is engulfed by another cell. This engulfed cell can be 

killed by an RCD named entotic cell death (Krishna and Overholtzer, 2016). This type of cell 

cannibalism is seen in unicellular organisms in response to nutrient starvation, as in Bacillus 

subtilis and Dictyostelium caveatum (González-Pastor, 2011, Waddell and Duffy, 1986). This 

process is also seen in metazoan organisms and consists of the engulfment of viable cells by a 

diversity of mechanisms (Krishna and Overholtzer, 2016). 

The mechanism of entosis depends on the adherens junction molecules E-cadherin and α-catenin 

(Overholtzer et al., 2007). The cell that is engulfed plays an active role in the process of entosis 

through the activity of RhoA-GTPase and Rho-kinase I and II (ROCK I/II), which drive the 

uptake of the adherens molecules (Overholtzer et al., 2007, Sun et al., 2014). Actin and myosin 

accumulate on the side of the engulfed cell as opposed to the contact with the engulfing cell. The 

actomyosin contraction is promoted and helps the process of engulfment (Purvanov et al., 2014, 
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Sun et al., 2014). Therefore, the entosis engulfment resembles a cell invasion due to the active 

involvement of the engulfed cell (Figure 2.12) (Krishna and Overholtzer, 2016).  

Most of the cells engulfed by entosis die in a non-apoptotic process, without activation of CASP-

3 (Overholtzer et al., 2007). Engulfed cells present upregulation of autophagy, as a reaction to 

nutrient starvation (Florey et al., 2011). At the side of the engulfing cell, autophagy is also 

activated, with LC3 into the vacuole that contains the engulfed cell. The lipidation of LC3 

promotes the fusion of lysosomes with the entotic vacuole, resulting in the further degradation of 

the engulfed cell (Florey et al., 2011).  

Entotic structures have been found in human cancers and seem to have contradictory effects on 

tumor growth (Huang et al., 2015, Schwegler et al., 2015). Entosis inhibits tumor growth of the 

engulfed cell in vitro (Overholtzer et al., 2007, Sun et al., 2014, Florey et al., 2011), but also 

induces aneuploidy in the engulfing cell, which has tumorigenic effects (Krajcovic et al., 2011). 
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Entosis and entotic cell death are also involved in embryo implantation, in which epithelial cells 

in the lumen of the uterus are engulfed by trophectoderm cells of the blastocyst (Li et al., 2015). 

 

Figure 2.12 - Entotic cell death. The entotic cell death consists of the engulfment of one cell by 

another, which is mediated by the adherens junction molecules E/α-cadherin in the cell 

membrane and the activity of RhoA and ROCK I/II. Created with Biorender 

 

2.8.8 NETosis 

NETosis is an RCD pathway found in neutrophils. This RCD is a consequence of the formation 

of neutrophil extracellular traps (NETs), which are formed by chromatin released from the cell 

with inclusions of bactericidal proteins. The formation and release of NETs cause the death of 

the neutrophil (Vorobjeva and Chernyak, 2020). NETs have a protective role against microbial 

infection and are commonly formed in response to attacks on epithelial barriers in the eyes, skin, 

and mucosa (Vorobjeva and Chernyak, 2020). NETosis can also have pathological effects, being 

involved in thrombosis, pulmonary diseases, and autoimmune diseases (Martinod and Wagner, 

2014, Moschonas and Tselepis, 2019, Ebrahimi et al., 2018, Vassallo et al., 2019, Uddin et al., 

2019, Toussaint et al., 2017, Gupta and Kaplan, 2016).  
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The formation of NETs and NETosis depend on the release of ROS by NADPH oxygenase 

(Fuchs et al., 2007). NADPH oxygenase is activated by phosphorylation by protein kinase C 

(PKC) in conjunction with mitochondrial ROS (mtROS) (Dikalova et al., 2010). mtROS is 

released in response to the formation of mitochondrial permeability transition pores (mPTP), 

which are caused by Ca2+ overload in the mitochondria (Gupta and Kaplan, 2016).  

The cascade of events that leads to cell death during NETosis starts with the release of enzymes 

from granules into the cytosol (Vorobjeva and Chernyak, 2020). These enzymes include serine 

proteases that break down cytoskeleton components and peptidyl-arginine deaminase 4 (PAD4), 

which translocate to the nucleus and cause chromatin decondensation, which, together with 

proteolytic degradation of the nuclear lamina, leads to the rupture of the nucleus envelope, 

releasing the chromatin in the cytosol (Vorobjeva and Chernyak, 2020). Finally, pores in the 

plasma membrane are formed by GSDMD and NETs are released to the extracellular space, 

along with the cell death (Vorobjeva and Chernyak, 2020) 

 



86 
 

 

Figure 2.13 NETosis. Neutrophils release NETs as a defensive mechanism against 

microorganisms. This release causes the cell death. NETosis is initiated by the activation of 

NADPH oxidase by mtROS or PKC, which leads to the activation of PAD4, responsible for the 

formation of NETs, and serine proteases, which mediate the cell decomposition. Adapted from 

Biorender under permission. 

2.8.9 Ferroptosis 

Ferroptosis is an RCD pathway associated with oxidative stress. Oxidative stress occurs when 

ROS accumulates inside the cells, which causes damage to several cellular components, which 

include membranes, lipids, proteins, and DNA (Pizzino et al., 2017). One of these damages is 

lipid peroxidation, which destroys the cell membrane and can lead to cell death (Gaschler and 

Stockwell, 2017). Lipid peroxidation is caused by hydroxyl radicals (OH-) that are generated due 

to the Fenton reaction, a reaction between ROS produced as a by-product of cellular respiration, 
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and iron (Tsuneda, 2020, Gaschler and Stockwell, 2017). This pathway is called ferroptosis 

because of the high levels of intracellular iron required for its induction (Dixon et al., 2012). 

The level of lipid peroxidation that leads to ferroptosis depends on the balance between oxidative 

and anti-oxidative processes (Liang et al., 2022). On one side, superoxide is generated by the 

ETC in the mitochondria but is converted into H2O2 by superoxide dismutase (SOD), and H2O2 

is converted into water by catalase (Sies, 1997). However, in the presence of iron, part of H2O2 is 

converted to OH-, which can react with polyunsaturated fatty acids (PUFA) and generate lipid 

peroxides. Lipid peroxides are unstable and react with other PUFAs, generating more lipid 

peroxides, in a chain reaction that eventually destroys membranes (Gaschler and Stockwell, 

2017). On the other side, the cell produces GSH, which is capable of neutralizing lipid peroxides, 

interrupting the chain reaction, and protecting cell membranes (Figure 13) (Forman et al., 2009).  

Ferroptosis comprises interactions between the antioxidant system, iron, lipid, and glucose 

metabolism (Chen et al., 2021a). Therefore, regulation of this RCD may be executed in 

modulating any of these pathways. Some key elements are GPX4, which catalyzes the 

neutralization of lipid peroxides in the presence of GSH, and the system x-
c, which is responsible 

for the uptake of cystine, a precursor of GSH (Chen et al., 2021a). Also, modulation of ROS 

generation, changes in lipid, iron metabolism or autophagy, and transcriptional or epigenetic 

modifications can regulate ferroptosis (Chen et al., 2021a).  
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Figure 2.14 - Ferroptosis. An increase in intracellular ROS in the presence of Fe2+ results in the 

formation of OH-, which can cause lipid peroxidation to PUFA, and cell death by ferroptosis as a 

consequence. Lipid peroxidation can be neutralized by GSH. Adapted from Biorender under 

permission. 

2.8.10 MPT-driven necrosis 

MPT-driven necrosis is an RCD pathway associated with the opening of mitochondrial 

permeability transition pores (MPTP). These pores transverse both mitochondrial membranes 

and are opened in response to perturbations in Ca2+ and redox homeostasis, and the opening of 

MPTP causes loss of mitochondrial transmembrane potential, which causes osmotic imbalance 

and breakdown of mitochondria, leading to cell death, often with necrotic morphology (Izzo et 

al., 2016, Bonora et al., 2015, Bernardi et al., 2015). 
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The structure and components of MPTP are not known. The only molecule that is certainly 

involved in the formation of these pores is peptidylprolyl isomerase F (PPIF, also named 

cyclophilin D, CYPD) (Baines et al., 2005). Possible components of MPTP are adenine 

nucleotide translocator (ANT), F1F0-ATPase, inorganic phosphate carrier (PHC/SLC25A3), 

SPG7, and voltage-dependent anion channel (VDAC) (Weaver et al., 2005, García et al., 2006, 

Leung et al., 2008, Shanmughapriya et al., 2015). The upstream regulation of MPTP is not well 

understood neither. Potential participants of this regulation are peripheral benzodiazepine 

receptor (PBR/TSPO), hexokinase (HXK) 1 and 2, protein kinase Cε (PRKCE), glycogen 

synthase kinase 3β, and proteins from the BCL-2 family, BCL2, BCL-XL, BAX, BAK and BH3 

interacting domain death agonist (BID), and tumor protein p53 (Decaudin et al., 2002, Smeele et 

al., 2011, Baines et al., 2003, Das et al., 2008, Shimizu et al., 1999, Arbel et al., 2012, Karch et 

al., 2013, Zamzami et al., 2000, Vaseva et al., 2012). 

Triggers of MPT-driven necrosis include cytosolic and mitochondrial Ca2+ accumulation, 

alkalization, and accumulation of inorganic phosphate and long-chain fatty acids (Brenner and 

Grimm, 2006, Martens et al., 2022). The best-known inhibitor of MPT-driven is Cyclosporin A, 

which binds to CYPD, constraining the opening of MPTP (Galluzzi et al., 2018). 
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Figure 2.15 - MPT-driven necrosis. Excessive influx of Ca2+ into the mitochondria can promote 

the opening of mitochondrial transition pores, which are regulated by CYPD. Release of Ca2+ 

from mitochondria can reduce the mitochondria membrane potential and activate Ca2+-dependent 

proteases. Created with Biorender. 

2.8.11 Autophagy-dependent cell death (ADCD) 

ADCD happens when the demise of the cell is mainly mediated by components of the autophagic 

machinery. Cell death induced by autophagy is highly context-specific, and the interaction 

between autophagy and some RCDs is common (Doherty and Baehrecke, 2018). Moreover, a 

classical classification of cell death based on cell morphology includes what is known as type II 

cell death, named autophagic cell death, in which cells present a large number of vesicles that 

resemble autophagosomes in their cytoplasm (Schweichel and Merker, 1973). Therefore, the 

determination of ADCD as an RCD is considerably controversial (Denton and Kumar, 2019). 
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A type of ADCD called autosis is mediated by the overactivation of Na+ K+-ATPase and can be 

triggered by starvation (Liu et al., 2013). ADCD can be seen in some transformed cells that 

present the oncogenic Ras (Byun et al., 2009). ADCD was also detected in A549 lung carcinoma 

cells after treatment with resveratrol (Dasari et al., 2017). Autophagy can contribute to cell death 

in C. Elegans germline due to genotoxic stress in the absence of apoptosis (Wang et al., 2013). 

The amoeba Dictyostelium discoideum is unequipped of apoptotic machinery and cell death in 

response to starvation and activation of differentiation-inducing factor (DIF-1) is mediated by 

autophagy (Cornillon et al., 1994). The most well-documented case of ADCD is the programmed 

cell death during larval-pupal transition in Drosophila, in which inhibition of autophagy reduces 

cell death (Denton et al., 2013). 

In all cases where ADCD was demonstrated, inhibition of autophagy leads to cell death rescue 

without the activation of any other RCD pathways. 

2.8.12 Ca2+ and cell death 

Ca2+ is involved in many regulatory pathways in the cell, including mechanisms of RCD. 

Intracellular Ca2+ overload is a serious perturbation for many cellular functions and organelles, 

and it can be involved in cell death in different possible ways (Dhaouadi et al., 2023).  

The ER is a major store of Ca2+, and in response to dysfunction in the ER process, Ca2+ may be 

released in the cytosol. This release can activate CASP-12 which in turn activates effector 

caspases, causing apoptosis (Nakagawa et al., 2000). 

Ca2+ is important for mitochondria function and the concentration of Ca2+ is higher in the 

mitochondria than in the cytosol. Rises in intracellular Ca2+ can lead to an overload in 

mitochondrial Ca2+ concentration. To keep this concentration in homeostatic conditions, 
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mitochondria open MPTP, which can lead to mitochondrial swelling and disruption 

(Zhivotovsky and Orrenius, 2011). 

Multiple enzymes are activated by Ca2+, including proteases, kinases, endonucleases, 

phosphatases, phospholipases, and NO synthases. Calpain is a Ca2+-dependent protease 

implicated in different modalities of cell death (Zhivotovsky and Orrenius, 2011). Activated 

calpain in the intermembrane space of the mitochondria cleaves AIF, leading to parthanatos 

(Norberg et al., 2010). High levels of calpain activation in the cytosol can cause damage to the 

cytoskeleton with cytotoxic consequences (Zhivotovsky and Orrenius, 2011). 

2.9 In vivo models of MS – characteristics and limitations 
 

Animal models of MS have been very useful for unveiling mechanisms associated with the 

disease and testing potential therapies. However, these models focus on specific features of the 

disease and fail to represent the whole complexity of MS. Moreover, MS is a heterogeneous 

disease that cannot be captured by a single animal model (Procaccini et al., 2015). There are 

three main animal models of MS: Experimental autoimmune encephalomyelitis (EAE), toxic 

models of MS, and Theiler’s murine encephalomyelitis virus (TMEV) (Procaccini et al., 2015).  

The EAE is the most used model of MS because it mimics autoimmune injuries, the best well-

characterized aspect of MS. EAE is induced by self-CNS antigens such as MBP, PLP, and MOG 

(Procaccini et al., 2015). The relapse-remitting course of the disease can be obtained by mice 

immunization with an epitope of PLP and a chronic phenotype can be induced by injection of the 

MOG35-55 peptide (Tuohy et al., 1989, Tompkins et al., 2002).  

Toxic models of MS are characterized by the direct induction of demyelination of OLs and are 

useful for the study of the process of demyelination and remyelination (Blakemore and Franklin, 



93 
 

2008). Cuprizone, a copper chelator, is a common agent used in toxic models of MS. This agent 

induces demyelination due to mature OL apoptosis accompanied by activation of ASTs and 

microglia. Remyelination in this model is executed by the recruitment and differentiation of 

OPCs (Matsushima and Morell, 2001).  

TMEV can induce demyelination in mice and is a neurotropic viral infection model of MS 

(Tsunoda and Fujinami, 2010). This model represents a chronic progressive course and presents 

inflammatory demyelination (Owens, 2006). In this model, axonal degeneration occurs before 

demyelination, representing an inside-out model, in which demyelination is not the initial aspect 

of the disease (Tsunoda et al., 2003). 

Animal models of MS have several limitations. In the case of EAE, this model does not represent 

the progressive aspects of MS, which is currently the major challenge for treatments. In this 

model, lesions are randomly distributed in time and location, which complicates the study of 

remyelination. EAE mainly affects the spinal cord, while MS has a wider distribution throughout 

the CNS (Procaccini et al., 2015). In the case of toxic models, although they are good models for 

the study of demyelination and remyelination, they fail to consider external factors, especially 

the autoimmune influence in the disease and aspects related to its progression (Procaccini et al., 

2015, Dedoni et al., 2023). In the case of the TMEV model, this virus only induces 

demyelination in mice, having no effects on human, which raise doubt about its translational 

potential. (Procaccini et al., 2015). 

2.10 In vitro models of MS – characteristics and limitations 
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In vitro models are options for the study of cells or tissues in more detail, in a controlled 

environment. In the case of MS, these models include primary cell culture, immortalized cell 

lines, ex vivo models, and induced pluripotent stem cells (iPSC) (Dedoni et al., 2023). 

2.10.1 Primary cell culture 

The main cells of interest for the study of MS are OLs. Therefore, most of the in vitro studies in 

MS research use this type of cell for primary culture. These cells are mainly extracted from 

rodents, but human cells can also be used (Fedoroff and Richardson, 2008).  Rat OPCs can be 

easily obtained from newborn animals, yielding a satisfactory number of cells for culture (Chen 

et al., 2007). These cells can be further differentiated into mature myelinating OLs (Chen et al., 

2007). Thus, this model is useful for the study of cellular behavior as proliferation, 

differentiation, and myelination properties of OPCs and mature OLs, as well as their molecular 

mechanisms. hOLs can be obtained from surgical procedures or fetal tissues, which considerably 

limits their availability (Fedoroff and Richardson, 2008). However, the use of human cells is of 

paramount importance, due to the clear differences between them and those obtained from 

animals (Rao et al., 2017, Sax et al., 2022, Cui et al., 2010, De Paula et al., 2014). These cells 

can also be used in co-cultures with neurons or in plates containing nanofibers, allowing the 

study of their myelination process and properties (Pang et al., 2018, Lee et al., 2012a).  

Interactions between ASTs and OLs are intense and disruptions in this relationship affect OLs 

functions and may cause them damage (Dedoni et al., 2023). ASTs can be obtained for primary 

culture or co-culture with OLs from rodents or human fetal materials, which can be 

cryopreserved (Dedoni et al., 2023, John, 2012). Co-culture with primary neuronal cultures is 

also possible, although difficult to prepare (Lopes et al., 2017, Pang et al., 2018). 
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2.10.2 Immortalized cell lines 

Immortalized cell lines are the most practical and cost-efficient models for the study of cell 

behaviors and characteristics, although their resemblance with the cells they mimic is weak 

(Dedoni et al., 2023). 

 HCN, NT2, and SHSY5Y are neuronal-like cell lines and can be differentiated in cells that show 

neuronal features upon treatment with brain-derived neurotrophic factor (BDNF – for HCN and 

NT2) and retinoic acid (RA – for SHSY5Y) (Dedoni et al., 2023). CG4 is similar to 

oligodendrocyte-type 2 astrocyte precursors and can differentiate into OLs (Louis et al., 1992). 

Other OL-like cell lines include OLN93, Oli-Neu, O-2A/myc, N1, N20.1 obtained from 

immortalized rodent OPCs, and HOG, TC620, MO3.13, and KG-1C, which are tumoral-derived 

cell lines (Merrill and Matsushima, 1988, Kashima et al., 1993, Richter‐Landsberg and Heinrich, 

1996, Söhl et al., 2013, Barnett and Crouch, 1995, De Vries and Boullerne, 2010). C8-D1A and 

NHA are examples of astrocyte cell lines (Kumar et al., 2004, Sato et al., 2012). 

2.10.3 Ex vivo 

3D organotypic brain slides can be obtained from mice, humans, and rats and are good models 

for brain tissue architecture. This model enables manipulations difficult to perform in vivo and is 

useful for the analysis of axonal myelination in a system that keeps the actual interconnection 

between cells present in the brain (Sekizar and Williams, 2019, Mi et al., 2009, Doussau et al., 

2017, Gianinazzi et al., 2005, Nogueira et al., 2022). 

2.10.4 iPSC and organoids 

iPSC lines represent a recently established in vitro approach for studying MS. Many cell lines 

have been derived from different individuals with varying ages, including some affected with 
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RRMS (Mutukula et al., 2021). iPSCs can be differentiated into neural progenitor cells (NPCs), 

OLs, ASTs, neurons, microglia, and vascular cells (Mutukula et al., 2021, Xie et al., 2016, 

Yamashita et al., 2017, Gunhanlar et al., 2018, Abud et al., 2017, Perriot et al., 2018, Shaltouki 

et al., 2013, Faal et al., 2019). Unfortunately, there are still limitations to the use of these cells. 

Each cell line requires constant DNA sequencing due to genetic modifications and residual 

epigenetic memory from cell sources can affect the characteristics of the iPSC-derived lines 

(Rebuzzini et al., 2016, Zhou et al., 2018). 

iPSCs can also be differentiated into 3D organoids, allowing the study of the interaction between 

cells of a neural lineage (Wray, 2021). This system has been used to model genetic disorders and 

for preclinical drug screening (Madhavan et al., 2018). Cells that do not belong to the neural 

lineage, such as microglia, can be incorporated into the model to enhance its representativeness 

(Benito-Kwiecinski and Lancaster, 2020, Marton and Pașca, 2020).   
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3.1 Abstract 
 

Myelin destruction and OL death consequent to metabolic stress is a feature of CNS disorders 

across the age spectrum. Using cells derived from surgically resected tissue, we demonstrate that 

young (<age 5) pediatric-aged sample OLs are more resistant to in-vitro metabolic injury than 

fetal O4+ progenitor cells, but more susceptible to cell death and apoptosis than adult-derived 

OLs. Pediatric but not adult OLs show measurable levels of TUNEL+ cells, a feature of the fetal 

cell response. The ratio of anti- vs pro-apoptotic BCL-2 family genes is increased in adult vs 

pediatric (<age 5) mature OLs and in more mature OL lineage cells. Lysosomal gene expression 

was increased in adult and pediatric compared to fetal OL lineage cells. Cell death of OLs was 

increased by inhibiting pro-apoptotic BCL-2 gene and autophagy activity. These distinct age-

related injury responses should be considered in designing therapies aimed at reducing myelin 

injury. 
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3.2 Introduction 
 

Oligodendrocyte (OL) injury with subsequent cell death consequent to metabolic insults is a 

feature of several acquired disorders of the central nervous system (CNS) across the age 

spectrum. These include adult-onset multiple sclerosis (MS) and focal and diffuse injury in 

children. In the acute lesions in MS, there is limited loss of OLs (Kuhlmann et al., 2017, 

Lucchinetti et al., 2004) with inconsistent evidence of active cell death response mechanisms as 

measured by presence of OLs with morphologic features of apoptosis or cleaved caspase-3 

(Prineas and Parratt, 2012, Barnett and Prineas, 2004). Surviving OLs show disruption of 

terminal cell processes consistent with a dying-back phenomenon (Ludwin and Johnson, 1981, 

RODRIGUEZ et al., 1993), which may reflect sub-lethal injury that is potentially reversible (Cui 

et al., 2017, Rone et al., 2016) and allow them to contribute to subsequent myelin repair (Yeung 

et al., 2019b, Duncan et al., 2018). In chronic lesions, there is universal loss of OLs (Kuhlmann 

et al., 2017). Although immune-mediated mechanisms are considered to underlie initial lesion 

formation, analysis of MS tissues provides evidence of local ischemia/hypoxia contributing to 

ongoing injury (Lassmann and van Horssen, 2016, Mahad et al., 2015, Aboul-Enein et al., 2003, 

Stadelmann et al., 2005, Trapp and Stys, 2009). These responses are attributed to disturbance of 

the micro-circulation due to focal edema or local production of toxic metabolites that interfere 

with energy metabolism (D'Haeseleer et al., 2015). Dutta and Trapp, using tissue micro-dissected 

from established MS lesions, found no evidence of activation of programmed cell death 

pathways to account for the OL loss (Dutta and Trapp, 2012). The variable myelin repair in MS 

is mainly attributed to OPCs present in lesions (Franklin and ffrench-Constant, 2017b). Our 

previous studies suggest that OPCs in MS lesions are even more susceptible to injury than 

mature OLs (Cui et al., 2013). 
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Across the pediatric age range, metabolic insults can result in permanent motor and cognitive 

deficits (Schneider and Miller, 2019). Underlying causes for such insults include systemic 

metabolic disorders and infection, trauma, and prolonged seizures (Volpe, 2012, Gunn and 

Thoresen, 2019, Glass, 2018, Plouin and Kaminska, 2013). Such insults in full term newborn 

infants are referred to as neonatal hypoxic/ischemic encephalopathy (reviewed in Volpe, 2012). 

The pathologic features include involvement of subcortical and central white matter similar to 

what is observed in periventricular leukomalacia that occurs in pre-term infants (Schneider and 

Miller, 2019). Pre-myelinating oligodendrocytes; phenotypically characterized as O4+/platelet 

derived growth factor-receptor α (PDGF-R+)/NG2+ progenitor cells, remain abundant after birth 

(Back et al., 2001, Chang et al., 2000, Leong et al., 2014) and are particularly vulnerable to this 

form of injury (Back et al., 2002, Giacci et al., 2018, Marin and Carmichael, 2019). Most injury 

was considered to be via necrosis although some degree of apoptosis could be observed 

(Edwards and Mehmet, 1996). We identified such a cell population in our previous single-cell 

RNA sequencing analysis of surgically derived pediatric age brain samples (Perlman et al., 

2020). Cell death of OPCs was shown to occur by apoptosis in an in vivo neonatal rat model of 

hypoxic-ischemic injury (Segovia et al., 2008, Rao et al., 2017). 

In our current study, we demonstrate the age-related differences in susceptibility of human OL 

lineage cells to metabolic injury and relate these to the underlying molecular mechanisms, 

specifically the interaction of BCL-2 family molecules that regulate the intrinsic apoptotic 

pathway (Balmer et al., 2013) (illustrated in Supplementary Fig. 3.1) and the autophagy pathway. 

The BCL-2 family is divided into three groups: the pro-apoptotic effector molecules BAX and 

BAK, the anti-apoptotic BCL-2, BCL-XL (encoded by BCL2L1 gene), BCL-2A1, MCL-1, BCL-

W (encoded by BCL2L2 gene) and BCL-B (encoded by BCL2L10 gene) and the sensor/activator 
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molecules from the BH3-only subfamily (BAD, BIM, BID, and others) (Kale et al., 2018, Happo 

et al., 2012, Guo et al., 2001). Under stress, BH3-only subfamily members are activated or 

upregulated. They can bind to the anti-apoptotic family members, preventing their interaction 

with BAX and BAK, or bind directly to BAX and BAK to result in their release from inhibition, 

triggering the apoptotic pathway. The BCL-2: BAX ratio has been used as a measure of the 

relative expression of anti- vs pro-apoptotic molecules (Kale et al., 2018). In vitro studies 

indicate that pro-apoptotic family members are constitutively expressed at a considerably higher 

level than anti-apoptotic family members in rat OPCs (Itoh et al., 2003, Khorchid et al., 2002). 

With differentiation, the expression of anti- vs pro-apoptotic members increases (Itoh et al., 

2003, Khorchid et al., 2002, Yin et al., 1998), potentially increasing resistance to apoptosis. We 

provide evidence for the significance of the BCL-2 pathway in protecting human OLs. 

Autophagy reflects a metabolic switch from anabolism to catabolism with degraded cellular 

components being used as a source of energy. This process initially supports the survival of the 

cell under nutrient starvation (Ashkenazi and Salvesen, 2014, Bankston et al., 2019). However, 

the formation of autophagosomes without a further fusion with lysosomes can be detrimental to 

the cell, ultimately leading to cell death (autophagic cell death); such cell death can occur either 

dependently or independently of apoptosis (Ashkenazi and Salvesen, 2014, Bankston et al., 

2019, Button et al., 2017, Denton and Kumar, 2019, Galluzzi et al., 2017a, Galluzzi et al., 2016, 

Glick et al., 2010, Liu et al., 2013, Munson and Ganley, 2015, Nakamura and Yoshimori, 2017). 

In a neonatal mouse model of asphyxia, OL death was increased by preventing autophagy 

(Galluzzi et al., 2018, Yu et al., 2018). Neuman et al. found that fasting or treatment with 

metformin could reverse age-related decreases in metabolic function and protect against DNA 

damage in aged rat A2B5+ OPCs, resulting in enhanced myelination capacity (Neumann et al., 



102 
 

2019b, Neumann et al., 2019a). In a previous study, we observed that metabolic stress conditions 

induced an enhanced autophagy response in adult human OLs as measured by increased 

expression of LC3 (Rone et al., 2016). We now address the role of autophagy in regulating OL 

cell death in response to metabolic insult. 

For our study, we isolated OLs from surgical resections of pediatric and adult cases to (i) 

determine their relative susceptibility to metabolic insult (LG/NG) conditions in cell culture 

assays and (ii) identify molecular signatures related to cell death and potential protective 

pathways linked with the observed functional responses based on whole-cell single-cell RNA 

sequencing (scRNAseq). Comparisons are also made with OL lineage cells derived from second-

trimester fetal brain samples. Our findings show that pediatric age OLs have acquired resistance 

to BCL-2 family apoptotic mediated injury compared to fetal OPCs but residual susceptibility 

persists relative to corresponding cells present in the adult CNS. We also now show that genes 

responsible for the formation of lysosomes are upregulated in pediatric and adult OLs ex vivo 

compared to fetal O4 + cells and use in vitro blocking assays to indicate the initial protective 

effect of the autophagy response induced by LG conditions. 

3.3 Results 
 

3.3.1 Functional studies demonstrate age-related differences in injury responses of 
human OLs to metabolic stress 

To model conditions of metabolic stress in vitro and to investigate whether there is an age-

related difference in the protective response to cell death, we utilized dissociated cultures of OLs 

derived from adult and pediatric surgical samples and O4+ cells derived from fetal samples. We 
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compared relative levels and underlying mechanisms of cell death between cells cultured in 

optimal conditions (DMEM/F12 + N1, hereafter referred to as N1) and cells cultured under sub-

optimal conditions i.e. reduced overall nutrients (DMEM alone) plus low and no glucose 

(LG/NG) conditions. We documented that the cultures from the pediatric donors contain a high 

proportion (>90–95%) of O4+ cells (Supplementary Fig. 3.2 —control condition panel) as we 

have previously shown for adult donor derived cells (Esmonde-White et al., 2019). Previous flow 

cytometry studies indicated that the OLs express the late antigen MOG (Leong et al., 2014). We 

did not detect PDGFRα+ cells in these cultures at the time of functional injury studies. 

As shown in Fig. 3.1a, for OLs derived from the human adult brain, there was no significant cell 

death (% propidium iodide (PI) positive cells) after 48 h of culture in LG or NG conditions. In 

contrast, at the same time point, significant cell death (% PI positive cells) was detected in OLs 

derived from pediatric donors under LG or NG conditions (Fig. 3.1b, illustrated in 

Supplementary Fig. 3.2 - LG and NG conditions panels). The mean % PI+ cells was significantly 

higher in the pediatric OLs compared to adults in NG conditions (30.3 ± 5.7% vs 

11.5 ± 2.1%; p < 0.05) (Fig. 3.1a, b). Total cell numbers were also significantly reduced in the 

pediatric sample (Fig. 3.1i). A sub-analysis based on donor age suggested increased 

susceptibility in the younger donors (<age 5 vs >age 5, 23 ± 5% vs 8 ± 1%; p < 0.05). The 

pediatric OLs were however more resistant to cell death (% PI+ cells) compared to O4+ cells 

isolated from fetal human brain samples under LG conditions at 2 days (Fig. 3.1c) (16.9 ± 4.0% 

vs 32.1 ± 6.0%; p = 0.06). For the pediatric samples, the proportion of TUNEL+ cells was also 

statistically higher in LG and NG conditions compared to N1 conditions (Fig. 3.1e); however, 

the percentage of TUNEL+ cells under NG conditions was significantly lower than the 

percentage of PI positive cells (8.2 ± 2.2% vs 30.3 ± 5.7%; p < 0.05) (Fig. 3.1b, e). For the fetal 
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cells, % TUNEL+ cell was comparable to the % PI+ cells (Fig. 3.1c, f) (37.5 ± 9.3% vs 

43.8 ± 8.9%). As shown in Fig. 3.1g, h, prolonged (6 day) culture of the adult OLs under LG and 

NG conditions resulted in a higher % of PI+ cells that was not associated with any significant 

increase in % TUNEL+ cells. Cell numbers were also reduced under NG vs N1 conditions at day 

6 in the adult cell cultures (Fig. 3.1j, k). 

 

3.3.2 Identification of OL lineage subsets by whole-cell scRNA seq of immediately ex 
vivo cells 

In order to identify sub-populations of OL lineage cells that may have distinct cell death 

responses, we applied unbiased cluster analysis to the pooled OL-lineage cells across a range of 

ages (Fig. 3.2a, b). Figure 3.2c presents violin plots showing relative expression levels across 

clusters of selected marker genes. In addition to the three subpopulations mature OLs (mOLs), 

late OPCs (lOPCs), and early OPCs (eOPCs) as identified in our previous report (Perlman et al., 

2020), we identified an additional PDGFRA- PTPRZ1+ MBP+ population, here labeled as 

committed pre-OLs (pOLs). A population expressing both immune and oligodendrocyte markers, 

akin to that described by Jäkel et al. (Jäkel et al., 2019), was also identified but not included in 

this analysis (Supplementary Fig. 3.3a). 

As seen in Fig. 3.2 a, b, mature OLs comprised the large majority of OL lineage cells in both 

adult and pediatric samples although progenitors were apparently more abundant in the pediatric 

samples (quantified in Supplementary Fig. 3.3b). eOPCs were derived entirely from fetal 

samples. 
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3.3.3 Identification of OL lineage subsets by whole-cell scRNA seq of immediately ex 
vivo cells 

To identify molecular signatures that would help understand the basis for the observed age-

related differences in resistance to metabolic insult, we first considered the baseline expression 

of genes encoding pro- and anti-apoptotic BCL-2 family members in the OLs in our adult and 

pediatric samples. 

Our initial analysis across age groups includes pooled total OL-lineage cells from all our donor 

samples as for some subsets there were insufficient numbers of cells to compare between 

individual samples. We divided the BCL-2 family genes into pro-apoptotic (BAX, BAK1) and 

anti-apoptotic (BCL2A1, BCL2, BCL2L2) categories, and further separated genes whose product 

activity depends on alternatively spliced products (BCL2L1, MCL1) (Senichkin et al., 2019, 

Rajan et al., 2009) (Fig. 3.3a-c). BCL2L10 is not included as it was not captured due to dropout 

events in sequencing. Actual normalized expression values are presented in Supplementary 

Dataset 1. As presented in Fig. 3.3a, for the total OL cluster, the fetal derived OL cells expressed 

higher levels of pro-apoptotic gene BAX as compared to pediatric and adult donor cells. 

Comparison of OL sub-populations defined by differentiation stage indicates skewing to greater 

anti- vs pro-apoptotic gene expression with cell differentiation (Fig. 3.3b), particularly on 

comparison of mOLs and pOLs with lOPCs and eOPCs. As shown in Supplementary Fig. 3.4a, 

comparisons of different lineages within the pediatric age group indicate that there is skewing to 

greater anti- vs pro-apoptotic gene expression with cell differentiation. We are unable to draw a 

statistical conclusion from the adult cohort as the numbers of progenitor cells are too limited 

(Supplementary Fig. 3.4b). 

Figure 3c presents the expression patterns for mature OLs from pediatric and adult samples, sub-

dividing the pediatric group into <5 and >5-year subgroups, coinciding with our functional in 
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vitro studies. This analysis suggested an increase in anti- vs pro-apoptotic BCL-2 family gene 

expression pattern with age. Figure 3.3d presents ratios of expression of individual pro- and anti-

apoptotic genes calculated from individual donors, as well as the pooled ratio of these genes. The 

pooled data indicates a significant increase in the anti- vs pro-apoptotic gene expression ratio in 

the adult compared to the overall pediatric samples. The main difference from the adult group is 

derived from the younger cohort. 

We could not identify age and differentiation stage-related expression patterns in BCL-2 family 

genes whose product activity depends on alternatively spliced products. Additional data suggest 

that age-related differences in anti- vs pro-apoptotic BCL-2 family gene expression is also noted 

in lOPCs and pOLs though these did not reach significance (Supplementary Fig. 3.4c, d). 

To address the hypothesis that the observed lack of apoptotic cell death of the adult donor cells 

may reflect the activation state of BH3-only molecules, we re-examined our previously described 

microarray of adult human OLs under LG conditions (Cui et al., 2013) for the expression of 25 

previously characterized BH3-only subfamily members (Kønig et al., 2019). As shown in 

Fig. 4a, there are significant increases in the expression of BCL2L11, BNIP3, and RAD9A under 

LG condition for 48 h; at this time point, there was no significant change in expression of anti-

apoptotic and pro-apoptotic genes (Supplementary Fig. 3.5) and no significant cell death 

(Fig. 3.1). These results suggest that the intrinsic apoptotic pathway was initiated by activation of 

some BH3-only molecules, but then inhibited by anti-apoptotic proteins. 

To directly investigate the potential contribution of BCL-2 family anti-apoptotic molecules to 

cell survival in human adult OLs, we used ABT-737, an inhibitor of multiple BCL-2 family anti-

apoptotic molecules (mainly BCL-XL, BCL-2, and BCL-W) and WEHI-539, a specific inhibitor 

of BCL-XL (Kline et al., 2007, Lessene et al., 2013). Addition of ABT-737 to adult donor OLs 
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significantly increased cell death in NG compared to control conditions, as measured by reduced 

number of surviving cells and increased % PI+ cells (Fig. 3.4b, c). Cell process extension was 

also reduced (Supplementary Fig. 3.6). There was also a significant increase in % TUNEL+ cells 

(Fig. 3.4d) indicating that the adult OLs have the capacity to activate the BCL-pro-apoptotic 

cascade if anti-apoptotic proteins are inhibited. The relative lack of effect of WEHI-539 suggests 

that inhibiting BCL-XL alone is not sufficient to inhibit apoptosis. 

 

3.3.4 Contribution of autophagy pathway genes to age-related OL susceptibility to 
metabolic injury 

To determine whether differences in the relative baseline expression of autophagy genes 

contributed to the observed age and differentiation linked injury responses, we examined the 

expression of a select number of genes contributing to the autophagy response in relation to these 

variables. As reviewed in (Glick et al., 2010, Nakamura and Yoshimori, 2017) autophagy can be 

divided into four stages: initiation, nucleation, elongation, and fusion. As shown in Fig. 5a, we 

detected a trend to decreased expression of lysosome-related genes in fetal total OL-lineage cells 

as compared to pediatric and adult OLs; in particular, LAMP1 and LAMP2 were significantly 

downregulated. Consistent age-related differences in expression of genes involved in autophagy 

initiation, nucleation, and elongation were not detected (Supplementary Fig. 3.7). 

We did not detect differences in expression of autophagy genes involved in autophagy initiation 

in OLs under 48 h of glucose deprivation with the exception of PIK3CG which is downregulated 

(Fig. 3.5b). We did not detect a significant change in the expression levels of the elongation 

genes with glucose deprivation alone (Fig. 3.5c). Expression of genes encoding LC3 

(MAP1LC3B) and p62 (SQSTM1) that were measured in the protein assays were suggestively 
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increased (Fig. 3.5c). Regarding the expression of genes involved in fusion of lysosomes and 

autophagosomes (Fig. 3.5d), only VAMP8 is downregulated under low glucose. Among the 

genes that are involved in the lysosome formation (Fig. 3.5e), cathepsins C, H, and O are 

downregulated although there is no change in cathepsins B, D, and L. 

To determine whether glucose deprivation conditions at a time prior to cell death were inducing 

a potential protective autophagy response, we treated cultures with chloroquine, which inhibits 

the fusion of autophagosomes with lysosomes (Mauthe et al., 2018) (Fig. 3.6a-c). We observed 

that chloroquine did not increase cell death in the human OLs under optimal culture conditions 

(N1) but significantly increased cell death (% PI+ cells) in glucose deprivation conditions (Fig. 

3.6a-c). Cell process extension was also reduced (Supplementary Fig. 3.6). To further investigate 

the engagement of autophagy in the response of the OLs to LG/NG conditions and the effect of 

chloroquine, we analyzed the protein levels of the autophagosome components LC3 and p62 by 

western blot. We detected an increase in the levels of these markers in these conditions when 

combined with chloroquine (Fig. 3.6d-f). This was not seen when cells were cultured in optimal 

conditions. These results indicate that autophagy is activated in glucose deprivation conditions. 

Accumulation of autophagosomes in these cells indicates an impairment in the fusion with 

lysosomes induced by chloroquine. These combined functional and Western blot studies support 

the early protective effects of the autophagy response. 

 

3.4 Discussion 

Our data identify the BCL-2 family and autophagy pathways as contributors to age-linked 

responses of human OL lineage cells to metabolic injury. The viability of the cells isolated 

immediately from the surgical samples allowed us to perform both whole-cell scRNA seq, which 
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includes cytoplasmic RNA in contrast to single nucleus studies, and complementary in vitro 

functional assays. Samples were obtained from normal appearing tissue, within the corridor 

required to access the pathologic site. The status of the samples was confirmed by 

histopathologic analysis. The metabolic insult used was designed to model focal ischemic 

conditions found in MS lesions and in the penumbra of focal pediatric ischemic/hemorrhagic 

events. 

The functional in vitro injury data indicate that under the stress conditions used (combining 

LG/NG with reduced nutrient supplements), human fetal OL lineage cells (O4+) were highly 

susceptible to cell death (within 24–48 h), with the majority of cells being TUNEL+. The OLs 

derived from the pediatric age samples were more resistant than the fetal cells but more 

susceptible to injury than the adult cells. The pediatric OLs showed measurable, although 

limited, apoptosis. Our data that active cell death pathways are prominent in early human OPCs 

in response to metabolic insults are supportive of findings from rat models of hypoxic cerebral 

hypoxia-ischemia. The latter showed that apoptotic mechanisms were several-fold more 

pronounced in immature than in juvenile and adult brains (Back et al., 2002, Zhu et al., 2005). 

For adult OLs, consistent with our previous report (Rone et al., 2016) the delayed cell death was 

not linked to induction of active cell death pathways. 

The bioinformatics data provides insight into the molecular basis for the age-related functional 

injury responses that we detected. We selected representative members of the BCL-2 pathway 

that are well documented to be pro-or anti-apoptotic. Using the total OL population, we found 

that the highly injury susceptible fetal cells, containing the early OPC population, expressed the 

highest levels of pro-apoptotic genes. With OL differentiation, there is skewing to greater 

anti- vs pro-apoptotic gene expression. Our observation that pediatric donor mature OLs cells 
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still exhibit a relative increase in the expression of pro- vs anti-apoptotic genes compared to the 

adult derived cells, is consistent with our observed age-related susceptibility to injury. Our in 

vitro studies showing that blocking anti-apoptotic genes results in significant apoptotic cell death 

under the LG conditions indicate the functional relevance of the relative skewing to anti- vs pro-

apoptotic gene expression in OLs. Our data suggest that anti-apoptotic genes are impeding the 

BH3-only family molecules, observed to be activated, from inducing the apoptosis pathway. 

BH3-only family members can be triggered by multiple pathologic conditions, including hypoxia 

(Happo et al., 2012, Guo et al., 2001, Lee and Paik, 2006). 

The cell death induced by the metabolic insult used in this study is likely closely linked to energy 

failure. We previously documented immunocytochemically that the metabolic conditions used in 

the current study increased LC3 expression, an indicator of autophagy activation in adult human 

OLs (Rone et al., 2016). We now confirm by Western blotting for p62 and LC3-II that autophagy 

is activated in these cells and demonstrate that the response is initially protective, based on the 

increased cell death in the presence of chloroquine. The bioinformatics data derived from 

immediately ex vivo cells indicate that the fetal OL lineage cells that are highly susceptible to 

metabolic stress, have reduced expression of the lysosome forming genes, which are an integral 

part of the autophagy pathway. Our observations seem compatible with those of Neumann et al. 

that autophagy pathway gene expression is upregulated in A2B5 antibody selected progenitor 

cells in aged rats; these cells overall had reduced stem cell properties (Neumann et al., 2019a, 

Neumann et al., 2019b). 

The microarray data from the adult human OLs cultured in LG for 2 days (the time when 

autophagy is activated) indicate that while expression of most genes involved in encoding the 
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autophagy pathway is unchanged, a limited number of genes were downregulated. These 

included PIK3CG, whose gene product inhibits autophagy initiation (Galluzzi et al., 2017a), 

and VAMP8, which encodes a SNARE protein that is necessary for the attachment of lysosomes 

to autophagosomes (Nakagawa et al., 2000). Among the genes involved in lysosome formation, 

cathepsins C, H, and O are downregulated although there is no change in cathepsins B, D, and L. 

This downregulation may reduce the digestion capacity of lysosomes, although it is possible that 

the overall concentration of cathepsins would be sufficient. p62 and LC3 are suggestively 

upregulated. We did not detect a significant change in the expression levels of elongation genes, 

including those encoding p62 and LC3. We consider that some downregulation of genes under 

our LG conditions can reflect overall reduction in metabolic activity of the cells as we have 

previously shown using the Seahorse bioanalyzer (Cui et al., 2017). Our overall results suggest 

that the observed autophagy activation most reflects post-translational changes. 

Overall, our study provides molecular and functional data to document the susceptibility of 

human OL lineage cells to metabolic injury and elucidates the role of age and OL lineage cell 

maturity level in this process. Defining the mechanism of cell death can direct therapeutics 

aimed at protecting cells that may initially survive acute or chronic insults across the age 

spectrum, enhancing the possibility of their participation in subsequent myelin repair (Yeung et 

al., 2019b, Duncan et al., 2018). 

3.5 Methods 
 

3.5.1 Human cell samples 
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Brain tissue samples were obtained from surgical procedures. Anonymized adult samples were 

obtained via the Department of Neuropathology at the Montreal Neurological Institute and 

Hospital (MNI) and pediatric samples from the Montreal Children’s Hospital with written 

consent from families. 2nd trimester (14–17 weeks) fetal samples were obtained from the 

University of Washington Birth Defects Research Laboratory (MP-37-2014-540; 13-244-PED; 

eReviews_3345). Demographics of the pediatric patients are given in Supplementary Table 1. 

Adult donors ranged in age from 30–65 years; all had non-tumor related focal epilepsy. Use of 

pediatric and adult tissues were approved by the MNI Neurosciences Research Ethics Board 

(Protocol ANTJ 1988/3) and the use of pediatric tissues approved by the Montreal Children’s 

Hospital Research Ethics Board. 

 

3.5.2 Cell isolation 

Tissues from the surgical corridor from the adult and pediatric samples were collected into 

CUSA bags. Tissue derived from the CUSA bags was subjected to trypsin digestion followed by 

Percoll gradient centrifugation in order to obtain a myelin-depleted whole-cell fraction 

comprised mainly of OLs and microglia with few if any astrocytes or neurons. The scRNA seq 

data from the adult and pediatric surgical samples were derived from sequencing this total cell 

population. For in vitro studies of the adult and pediatric samples, we derived an enriched OL 

population by adhering the total cell population overnight to remove adherent microglia. Fetal 

cell isolation does not require a Percoll gradient step but in order to enrich for OL cells for our 

functional assays, we used immuno-magnetic beads coated with O4 antibody (IgM) to collect 

rare (1–5%) O4+ cells. 
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3.5.3 Cell culture 

After selection, cells were plated in 96-wells or 24-wells plates coated with poly-lysine and 

extra-cellular matrix at a density of 3 × 104 cells (96-wells plate) or 1 × 106 cells (24-wells plate) 

per well. Cells were cultured in DMEM-F12 media supplemented with N1 (Sigma, Oakville, 

ON, Canada. For metabolic deprivation experiments, cells were cultured in DMEM containing 

0.25 g/l of glucose (LG) or with no glucose added (NG). 

 

3.5.4 Immunocytochemistry 

Cells were live stained with propidium iodide (PI; Invitrogen) (1:200) for cell viability 

measurement and with O4 monoclonal antibody (R&D Systems, Minneapolis, MN) (1:200) for 

15 min at 37 °C and then fixed with 4% paraformaldehyde for 10 min in room temperature. Goat 

anti-mouse IgM Cy3 (1:500) was used as secondary antibody to O4, 30 min at room temperature. 

Cells were stained with a commercial TUNEL kit (Promega, Madison, WI). Cell nuclei were 

stained with Hoechst 33258 (1:1000). Inhibitors used in these experiments were: Chloroquine 

(10 µM; Sigma, Oakville, ON, Canada), WEHI-539 (10 µM; Selleckchem, Houston, TX) and 

ABT-737 (10 µM; Selleckchem, Houston, TX). 

 

3.5.5 Western blot 

SDS-PAGE was run with 5–10 µg of protein in each sample in 15% acrylamide gels. Proteins 

were transferred to a PVDF membrane. The membranes were blocked with 5% milk and probed 

with the primary antibodies overnight at 4 °C. Bands were visualized with horseradish 

peroxidase-conjugated secondary antibody used in conjunction with an ECL Western blot 

detection kit (Cell Signaling, Danvers, MA). Primary antibodies used were LC3B (#2775 Cell 
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Signaling, Danvers, MA), SQSTM1/p62 (#5114 Cell Signaling, Danvers, MA) and β-actin 

(Sigma, Oakville, ON, Canada); the dilution used in all primary and secondary antibodies was 

1:1000. 

 

3.5.6 Single-cell RNA sequencing 

Fetal, pediatric, and adult tissue samples were sent for sequencing at the McGill University and 

Génome Québec Centre. RNA sequencing libraries were prepared with 10X Chromium v2.0 and 

single cell RNA sequencing (scRNAseq) was performed on the Illumina HiSeq4000 PE75 

sequencer. A droplet-based sequencing method by 10X Chromium was used to obtain single-

cells. The 10XGenomics CellRanger pipeline was used to demultiplex cell and unique molecular 

identifier barcodes, and to align reads to the GRCh38 human reference genome. All subsequent 

analyses were primarily done using the Seurat (v3.1) R package (Butler et al., 2018, Stuart et al., 

2019, van den Brink et al., 2017, Zhang et al., 2019b). 

The standard Seurat pipeline for quality control, gene expression normalization, batch-effect 

correction, clustering, and differential expression analysis was used. For each sample, dead cells 

were filtered by removing cells with >5% mitochondrial gene content. Low quality cells and cell 

multiplets were removed by excluding cells with unique feature counts of less than 200 or over 

2500 respectively. Expression counts were then natural log-normalized and scaled. A subset of 

the top 2000 highly variable features for each sample were identified to be prioritized during 

integration for batch correction, to adjust for sample-driven clustering. Integration was done 

using a method described by Stuart et al. (Stuart et al., 2019). Briefly, cell pairwise 

correspondences across datasets used to “anchor” the datasets were identified after canonical 

correlation analysis (CCA) reduction and L2-normalization to canonical correlation vectors. 
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Then, “correction” vectors for each cell were calculated and expression values were transformed 

to integrate datasets together for the purposes of clustering. All samples of pediatric and adult 

donors were integrated together into one dataset; all samples of fetal donors were integrated into 

a second dataset. Up to extracting OL-lineage cells, fetal samples were processed separately as 

their cell-type makeup was dramatically different from that of the pediatric and adult samples 

due to the earlier described differences in tissue processing. Running integration and batch 

correction in samples where cell types are extremely imbalanced can lead to incorrect alignment 

(Zhang et al., 2019b). 

Principal component analysis (PCA) was used on each dataset to reduce the high-dimensional 

dataset to lower dimensions. For this analysis, genes highly associated with tissue dissociation 

were regressed to reduce the generation of artifacts in downstream analyses, such as creating a 

subpopulation that does not exist in vivo (van den Brink et al., 2017). A shared-nearest neighbor 

graph was constructed based on the PCA analysis of each large dataset and the Louvain 

clustering algorithm was used several times to identify clusters at multiple different resolutions. 

To visualize the clusters in two-dimensional space, uniform manifold approximation and 

projection (UMAP) was used for non-linear dimensional reduction. The clustree R package was 

used to construct a clustering tree (Zappia and Oshlack, 2018). The clustering tree visualizes the 

movement of cells between clustering branches and was used to determine the optimal resolution 

for the stable clustering. A high degree of movement between branches indicates over-clustering. 

A clustering resolution of 1.5 was chosen for the integrated fetal dataset and 0.5 was chosen for 

the integrated pediatric/adult dataset. 

Clusters in each dataset were annotated as OL-lineage cells using relative expression of 

canonical markers such as SOX10 for OL-lineage cells; PDGFRA, PTPRZ1 for oligodendrocyte 
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progenitor cells (OPCs); and MBP, PLP1, for mature OLs (mOLs). OL-lineage cells were 

extracted from each of the two integrated datasets and merged to create a final total OL-lineage 

dataset. Louvain clustering with clustering tree analysis was again applied on these total OL-

lineage cells. A base resolution of 0.08 was chosen and one modification was made to this 

clustering solution. A higher resolution of 0.35 was used to separate a specific subpopulation as 

differing expression of canonical OL-lineage markers PDGFRA, PTPRZ1, MBP was apparent 

and those particular clusters remained very stable even at higher resolutions. 

 

3.5.7 Statistics and reproducibility 

In vitro studies 

All statistics were measured by the mean and the standard error of the mean. The quantity of 

independent biological samples, statistical tests used and level of significance are indicated in the 

figure legends. 

 

Single cell RNA seq differential expression analysis 

Differential expression (DE) analysis based on the Wilcoxon rank sum test was done on the 

uncorrected expression values. Results were adjusted for familywise error rate (FWER) with 

Bonferroni correction. Genes were considered to be significantly up- or downregulated if they 

had an average log fold change (logFC) ≥ 0.25, adjusted p value < 0.05; lowly up- or 

downregulated if they had an average logFC ≥ 0.1, adjusted p value < 0.05. For comparisons 

between age groups, genes that were differentially expressed between samples of the same age 

group were removed from the DE list of that age group to account for human biological 

variability between samples. 
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3.6 Data availability 
 

Source data for figures are provided in Supplementary Data 1. Uncropped scans of western blot 

are shown in Supplementary Figs. 3.8–3.10. Microarray and RNA-seq data were deposited at 

GEO under accession number GSE160813. Immunocytochemistry images will be provided upon 

request. 
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3.9 Figures and figures legends 
 

 

Figure 3.1- In vitro cell death response of adult, pediatric and fetal samples derived human OLs 

to glucose deprivation conditions. a–c % PI+ cells in 2-day cultures under N1, LG, and NG 

conditions. a Adult OLs show no significant increase in % PI+ cells under LG/NG 

conditions. b Pediatric OLs show significant increase in % PI+ cells under LG and more so 

under NG conditions. c Fetal O4+ cells show high levels of % PI+ cells under LG and more so 
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under NG conditions. d–f % TUNEL+ cells in 2-day cultures under N1, LG, and NG 

conditions. d Adult OLs show no significant increase in %TUNEL+ cells under LG/NG 

conditions. e Pediatric OLs show significant increase in %TUNEL+ cells under NG condition 

but lower than % PI+ cells. f Fetal O4+ cells show high levels of %TUNEL+ cells comparable to 

% PI+ cells under LG and NG conditions. g–h % PI+ and TUNEL+ adult OLs maintained in 

culture for 6 days. There are increased levels of % PI+ cells under LG and NG conditions (g), 

while there is no significant increase in %TUNEL+ cells (h). i–k Cell number/well in 2-day 

cultures under N1, LG, and NG conditions. Pediatric OLs at 2 days under LG and NG conditions 

and adult OLs at day 6 under NG conditions show significant decrease in cell numbers/well 

compared to N1 conditions. For some samples only LG or NG experimental conditions could be 

evaluated; all were compared to N1 control conditions. Each point in the graph corresponds to an 

independent biological sample. Mean ± SEM for each condition shown in the figure. Statistical 

significance was verified by Student’s t-test: *(<0.05), **(<0.01), ***(<0.001). 
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Figure 3.2: Sub-populations of human OL lineage cells as defined by whole scRNA sequencing. 

OL lineage cells derived from whole-cell sequencing of fetal, pediatric, and adult tissue samples 

cluster into distinct OL lineage subpopulations. a Uniform manifold approximation projection 

(UMAP) plots of pooled OL-lineage cells, visualizing 4 clusters: mOL, pOL, lOPC, and eOPC. 

Individual dots on UMAP plots represents single cells. b UMAP plots of OL-lineage cells split 

by age-group. c Violin plots showing relative expression level across clusters of selected marker 

genes, where expression levels are z-scored normalized average expression and gray dots 

indicate individual cells expressing the marker. Number of independent biological samples by 

age group: 4 adult, 7 pediatric and 4 fetal. 
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Figure 3.3 - Differential baseline BCL-2 family gene expression in adult, pediatric and fetal OL-

lineage cells. a–c Relative expression of pro and anti-apoptotic BCL-2 family genes across OL 

lineage spectrum in relation to age and lineage. Scale is z-scores of averaged normalized gene 

expression across the cell types or age groups; percent expressed indicates the percentage of OL-

lineage cells in the category on the x-axis expressing the gene. Arrows indicate up- (orange) or 

down- (blue) regulation (adj. p < 0.05) against all other groups, where one arrow |logFC | > 0.1, 

two arrows |logFC | > 0.25, by Wilcoxon rank sum differential expression testing with Bonferroni 

correction. d Data indicates the ratios of average expression of individual pro- and anti-apoptotic 

genes for mature OLs. Data under all pediatric are combined from pediatric >5 and pediatric <5. 
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Open circles indicate outliers by Grubbs’ test. Comparison of summated and individual ratios 

between adult and all pediatric donors was done by two-way ANOVA with Sidak’s correction 

for multiple comparisons both with and without the outliers, *p < 0.05. Age group comparisons 

of summated and individual ratios between adult, pediatric >5, and pediatric <5 was done by 

two-way ANOVA with Tukey’s correction for multiple comparisons, both with and without the 

outliers, *p < 0.05, **p < 0.01. Number of independent biological samples by age group: 4 adult, 

7 pediatric (3 pediatric >5, 4 pediatric <5) and 4 fetal. 
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Figure 3.4 - Contribution of BCL-2 family genes to protecting human adult OLs from metabolic 

injury. a Changes in RNA expression of the BH3-only genes in human adult OLs due to glucose 

deprivation. Average RNA expression levels of members of the BH3-only family in media 

containing low concentration of glucose (LG) or in optimal culture media (N1) derived by 

microarray analysis of human adult OLs. N = 3 independent biological samples. b–d Effects of 

inhibition of the BCL-2 family on cell death of human adult OLs. Cells were cultured in optimal 

culture media (N1) and in media with no glucose (NG) and treated with the specific inhibitor of 

BCL-XL WEHI-539 and the non-specific inhibitor ABT737 in N1 and NG media for two days. 

Cells treated only with DMSO were used as the vehicle control. N = 3 independent biological 

samples. Data are presented as (b) number of cells present; c %PI+ cells and d %TUNEL+ cells. 

Mean ± SEM for each condition in the figure. Significant levels for the ANOVA/Dunnett’s test 

for paired samples with DMSO as reference: *(<0.05), **(<0.01). 

  



124 
 

 

Figure 3.5 - Differential baseline expression of genes of the autophagy pathway in adult, 

pediatric, and fetal OL-lineage cells. a Relative expression of lysosome formation genes of the 

autophagy pathway in total OL lineage cells from adult, pediatric, and fetal samples. Scale is z-

scores of averaged normalized gene expression across the age groups; percent expressed 

indicates the percentage of OL lineage cells in the age group expressing the gene. Arrows 

indicate up- (orange) or down- (blue) regulation (adj. p < 0.05) against all other groups where 

one arrow is |logFC | > 0.1, two arrows |logFC | > 0.25, three arrows |logFC | > 0.99, by Wilcoxon 

rank sum differential expression testing with Bonferroni correction. Number of independent 

biological samples by age group: 4 adult, 7 pediatric and 4 fetal. b–e Relative expression of 

genes involved in nucleation of autophagosomes (b), elongation of autophagosomes (c), fusion 

of autophagosomes and lysosomes (d) and lysosome formation (e) in optimal conditions (N1) 

and low glucose (LG) in adult OLs. mRNA expression was measured by microarray analysis 
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with N = 3 independent biological samples from adult donors. Mean ± SEM for each condition in 

the figure. Statistical significance was verified by Student’s t-test: *(<0.05), **(<0.01), 

***(<0.001). SQSTM1 encodes for p62 and MAP1LC3B encodes for LC3-II. 

  



126 
 

 

Figure 3.6 - Contribution of the autophagy pathway to protecting OLs from metabolic injury. a–

c Protective effects of autophagy in human adult OLs. Cell death measured by % PI+ cells of 

human adult OLs cultured in optimal culture media (N1), in low glucose media (LG) and in 

combined treatment with chloroquine (N1 + CQ; LG + CQ) after two (a), four (b) and six days 

(c). Addition of CQ results in increase % PI+ cells at day 4 and 6. N = 5 independent biological 

samples. d–f Representative western blot for the combined treatment of N1, LG, and NG with 

and without chloroquine after two days (N = 3 independent biological samples) (d) and 

quantification of the relative expression compared to actin of LC3 II (e) and p62 (f). 

Mean ± SEM for each condition in the figure. Statistical significance was verified by 

ANOVA/Tukey test: *(<0.05), **(<0.01), ***(<0.001). 
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3.10 Supplementary Information 
 

 
Supplementary Figure 3.1 – Role of BCL-2 sub-families interaction in the intrinsic apoptotic 

pathway. Illustration of how stress caused by glucose deprivation can activate the molecules of 

the BH3-only subfamily that in turn can directly activate the pro-apoptotic molecules or 

indirectly trigger apoptosis by inhibiting the anti-apoptotic subfamily. The anti-apoptotic 

molecules directly inhibit apoptosis by blocking the pro-apoptotic molecules or indirectly by 

blocking the action of BH3-only molecules on the pro-apoptotic molecules. 
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Supplementary Figure 3.2 - Expression of the oligodendrocyte marker O4 in adult, pediatric and 

fetal samples- dissociated culture of OLs derived from each of an adult (HA), pediatric (HP) and 

fetal (HF) sample under N1 control, LG and NG conditions for 2 days stained with anti-O4 

antibody (green), propidium iodide (PI, red), and nuclear stain (Hoechst) blue, indicating 

presence of PI+ cells in pediatric and fetal O4+ cells in LG condition, and reduced cell numbers 

in NG condition. Scale bar = 20 µm is shown in the bottom right, all other figures are in the same 

scale. 
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Supplementary Figure 3.3 – Expression of oligodendrocyte markers in the identified cell 

clusters. a. Expression of markers distinguishing immune-oligodendrocyte population identified 

by Jäkel et al. (2019). Expression levels are z-scored normalized average expression and grey 

dots indicate individual cells expressing the marker. b. OL lineage cell-type make-up differs in 

across age groups. Shown are percentage of cells in specific subpopulations out of total OL 

lineage cells for each sample by age-group. Two-way ANOVA with Tukey’s correction for 

multiple comparisons was done, significance is adjusted p<0.05*, p<0.01**. Number of 

independent biological samples by age group: 4 adult, 7 pediatric and 4 fetal. 
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Supplementary Figure 3.4 – Relative expression of pro- and anti-apoptotic BCL-2 genes within 

age groups and OL-lineage cell types. Average expression in (a) OL-lineage cells within pediatric 

and fetal samples, (b) OL-lineage cells within adult and fetal samples, (c) pOLs across age groups, 

and (d) lOPCs across age groups. Scale is z-scores of averaged normalized gene expression across 

the cell types or age groups; percent expressed indicates the percentage of OL-lineage cells in the 

cell type or age group expressing the gene. Arrows indicate up- (orange) or down- (blue) regulation 

(adj. p<0.05) against all other groups on the x-axis, where one arrow |logFC| > 0.1, two arrows 

|logFC| > 0.25, by Wilcoxon rank sum differential expression testing with Bonferroni correction. 

Number of independent biological samples by age group: 4 adult, 7 pediatric (4 pediatric < 5; 3 

pediatric >5), and 4 fetal. 
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Supplementary Figure 3.5 - Changes of expression in the anti and pro-apoptotic molecules in 

human adult oligodendrocytes due to glucose deprivation. Average RNA level of the (a) anti-

apoptotic and (b) pro-apoptotic molecules of the BCL-2 family in media containing low 

concentration of glucose (LG) or in optimal culture media (N1) derived by microarray analysis 

of adult human oligodendrocytes. N=3 independent biological samples. MeanSEM for each 

condition in the figure. 
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Supplementary Figure 3.6 – Illustrations of changes in process extension by adult human OLs 

exposed to chloroquine or BCL-2 inhibitors under LG conditions for 2 days. a, g) N1 condition; 

b) LG condition; c, j) NG condition ;d) N1 condition + chloroquine; e) LG condition + 

chloroquine; f) NG condition + chloroquine; h) N1 condition + BCL-2 inhibitor WEHI; i) N1 + 

BCL-2 inhibitor ABT737; k) NG conditions + BCL-2 inhibitor WEHI, l) NG condition + BCL-2 

inhibitor ABT737  ; m) summary the effects of chloroquine on cell area under N1, LG or NG 

conditions; n) summary the effects of BCL-2 inhibitors WEHI or ABT737 on cell area under N1 

or NG conditions. Each dot corresponds to an independent biological samples. MeanSEM for 

each condition in the figure. Statistical significance was verified by ANOVA/Tukey test 

Compared to corresponding control conditions: * p < 0.05. Scale bar = 20 µm is shown in l), all 

other figures are in the same scale.  
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Supplementary Figure 3.7 – Relative expression of genes related to autophagy pathways. 

Expression level of genes related to autophagy (a) initiation, (b) nucleation, (c) 

elongation/maturation, and (d) fusion in total OL lineage cells of pooled adult, pediatric, and 

fetal samples. Scale is z-scores of averaged normalized gene expression across the age groups; 

percent expressed indicates the percentage of OL-lineage cells in the age group expressing the 

gene. Arrows indicate up- (orange) or down- (blue) regulation (adj. p<0.05) against all other 

groups, where one arrow |logFC| > 0.1, two arrows |logFC| > 0.25, by Wilcoxon rank sum 

differential expression testing with Bonferroni correction. Number of independent biological 

samples by age group: 4 adult, 7 pediatric and 4 fetal. 

  



135 
 

 

 

 

Supplementary Figure 3.8 – Uncropped blot images for LC3, p62 and Actin (loading control) 

measurement in the first human oligodendrocyte samples from Figure 6. Molecular weight is 

indicated at the left of each band and the corresponding protein on the right. Conditions of each 

lane is indicated at the top of each blot. The last two conditions on the right were not used for 

this study. All blots are derived from the same gel.  
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Supplementary Figure 3.9 – Uncropped blot images for LC3, p62 and Actin (loading control) 

measurement in the second human oligodendrocyte samples from Figure 6. Molecular weight is 

indicated at the left of each band and the corresponding protein on the right. Conditions of each 

lane is indicated at the top of each blot. 
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Supplementary Figure 3.10 – Uncropped blot images for LC3, p62 and Actin (loading control) 

measurement in the third human oligodendrocyte sample from Figure 6. Molecular weight is 

indicated at the left of each band and the corresponding protein on the right. Conditions of each 

lane is indicated at the top of each blot. All blots are derived from the same gel. 
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Supplementary Table 3.1 – Pediatric Patient Demographics 

 Age Sex Diagnosis scRNAseq in vitro assays 
< 5 years 1.5 M focal cortical dysplasia + + 

2 F focal cortical dysplasia  + 
2 F megalencephaly +  
2 M Rasmussen’s encephalitis + + 
4 F focal encephalomalacia  + 
4 M focal cortical dysplasia + + 
5 M focal cortical dysplasia  + 

> 5 years 7 M focal cortical dysplasia  + 
8 F focal cortical dysplasia  + 
10 F focal epilepsy +  
13 F focal epilepsy   + + 
14 F congenital stroke +  
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Bridge between manuscripts 
 

In Chapter 3, some of the research questions established in the aims were clarified. We could 

demonstrate that OLs are resistant to apoptosis and the mechanisms that underlie this resistance. 

We could also observe that this resistance is increased in mature OLs and OLs extracted from 

older individuals. Transcriptomics and functional assays indicated the important role in the 

expression of anti-apoptotic molecules of the BCL-2 family. This profile suggests that during 

development cells switch to a resistant phenotype, in which these mature cells are stably 

incorporated in the neural tissue, providing myelin for proper neural function. Loss of cells in 

these conditions would require a considerable cost for the organism for its substitution. In 

contrast, apoptosis is known to have a function in development. During development, OPCs 

proliferate and migrate, in search of positions in which they will differentiate and establish 

myelin sheaths around axons they eventually find. When OPCs are unable to find a position 

suitable for their differentiation, they undergo apoptosis to eliminate cells that are in excess 

(Hughes and Stockton, 2021a).  Therefore, it is expected that mature cells resist not only 

apoptosis but also any kind of regulated cell death. 

The comparison of OL lineage cells extracted from fetal, pediatric, and adult tissues, showed a 

profound difference between fetal and the other two age categories, as fetal cells are composed 

exclusively of early OPCs, which were not detected in the other categories. We also notice the 

presence of a considerable quantity of late OPCs in pediatric samples, which are less present in 

adults. This data suggests that OLs differentiate and acquire resistance early in life, and therefore 

are set to survive and execute their functions while the individual is alive.  
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The literature about the role of autophagy in cell death and survival is ambiguous. Some studies 

indicate that autophagy supports cell survival, while others indicate the existence of autophagy-

mediated cell death (Lockshin and Zakeri, 2004, D’Arcy, 2019, Dikic and Elazar, 2018, 

Nakamoto et al., 2012, Rouschop et al., 2010). We observed that autophagy is activated in hOLs 

in response to metabolic stress and that the inhibition of autophagy accelerates cell death. 

Therefore, our data suggest that autophagy is not contributing to cell death. Moreover, the 

transcriptomics comparison between genes involved in the expression of components of the 

autophagy machinery indicates that older individuals have an improved autophagy apparatus. 

This improvement in combination with the increased resistance to apoptosis may indicate that 

the overall resistance to cell death of hOLs is increased during development and associated with 

the full differentiation of this type of cells.  

After this study, many questions remained to be answered to fulfill the aims of this thesis. As 

apoptosis is not triggered by metabolic stress in hOLs, other RCD pathways need to be 

investigated. After examining the RCD described in the literature, we concluded that those that 

have a higher potential to occur in hOLs due to metabolic stress are ferroptosis and MPT-driven 

necrosis.  

As autophagy was demonstrated to have a protective role, we hypothesized that autophagy would 

fail after long periods of metabolic stress, contributing to the demise of cells. Also, as autophagy 

is reported to contribute to energetic metabolism by supplying substrates to oxidative 

phosphorylation (White et al., 2015), we intended to verify if modulation of autophagy could 

affect cellular ATP levels and reduce cell death. We also aimed to investigate the occurrence of 

autophagy in situ, in samples of MS cases, which would indicate the presence of metabolic 

stress. 
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Finally, we aimed to verify the role of Ca2+ in the process of cell death, as it can contribute in 

many ways to cell death, as described in the literature review (Zhivotovsky and Orrenius, 2011). 
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4.1 Abstract 
 

OL injury and loss are central features of evolving lesions in multiple sclerosis. Potential 

causative mechanisms of OL loss include metabolic stress within the lesion microenvironment. 

Here we use the injury response of primary human OLs (hOLs) to metabolic stress (reduced 

glucose/nutrients) in vitro to help define the basis for the in situ features of OLs in cases of MS. 

Under metabolic stress in vitro, we detected reduction in ATP levels per cell that precede 

changes in survival. Autophagy was initially activated, although ATP levels were not altered by 

inhibitors (chloroquine) or activators (Torin-1). Prolonged stress resulted in autophagy failure, 

documented by non-fusion of autophagosomes and lysosomes. Consistent with our in vitro 

results, we detected higher expression of LC3, a marker of autophagosomes in OLs, in MS 

lesions compared to controls. Both in vitro and in situ, we observe a reduction in nuclear size of 

remaining OLs. Prolonged stress resulted in increased ROS and cleavage of spectrin, a target of 

Ca2+-dependent proteases. Cell death was however not prevented by inhibitors of ferroptosis or 

MPT-driven necrosis, the regulated cell death (RCD) pathways most likely to be activated by 

metabolic stress. hOLs have decreased expression of VDAC1, VDAC2, and of genes regulating 

iron accumulation and cyclophilin. RNA sequencing analyses did not identify activation of these 

RCD pathways in vitro or in MS cases. We conclude that this distinct response of hOLs, 

including resistance to RCD, reflects the combined impact of autophagy failure, increased ROS, 

and calcium influx, resulting in metabolic collapse and degeneration of cellular structural 

integrity. Defining the basis of OL injury and death provides guidance for development of neuro-

protective strategies. 
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4.2 Introduction 
 

Demyelination within the CNS is the pathologic hallmark of multiple sclerosis (MS). Histologic 

analyses indicate that while the number of oligodendrocytes (OLs), the myelin producing cells, 

are relatively preserved in initial demyelinating white matter lesions (“relapsing phase”), there is 

detectible cell loss in active post-demyelinating lesions, with increasing loss in mixed active / 

inactive lesions (also named chronic active or smoldering lesions) (Heß et al., 2020, Kuhlmann 

et al., 2017). Actively demyelinating lesions are mostly found in patients with early relapsing 

remitting disease course, whereas the proportion of mixed lesions significantly increases in 

patients with progressive disease (Bitsch et al., 2001, Lassmann et al., 2012, Luchetti et al., 

2018). Prineas et al. reported that surviving OLs at the lesion border in chronic active white 

matter lesions only rarely showed apoptotic nuclei and were not TUNEL positive (Prineas et al., 

2001). Bonetti and Raine also concluded that the OLs associated with MS lesions in cases of 

chronic progressive MS do not undergo apoptosis (Bonetti and Raine, 1997). 

Mechanisms of cell death have been considered under the broad categories of either accidental or 

regulated cell death (RCD) (Galluzzi et al., 2018). Accidental cell death is the end result of an 

instantaneous and catastrophic process that results in a state that is incompatible with cell 

survival; this is typically attributed to acute exposure of cells to severe external physical insults 

that result in rupture of the plasma membrane and release of cytoplasm into the extracellular 

space (Edinger and Thompson, 2004). In contrast, RCD implies a dedicated molecular 

machinery that can be modulated (Galluzzi et al., 2018). Multiple RCD pathways are now 

recognized that can also result from perturbations of the intra- or extracellular environments 

when adaptive responses cannot restore homeostasis (Galluzzi et al., 2018). 
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Conditions implicated in OL cell loss in progressive MS include infection/inflammation and 

metabolic stress (Galluzzi et al., 2018). In a previous study we showed that primary adult human 

OLs, a cell type that is heavily dependent on glycolysis as an energy source (Rone et al., 2016), 

when challenged with metabolic stress conditions, undergo delayed cell death without activation 

of apoptotic pathways when compared to young pediatric brain derived OLs and especially fetal 

brain derived progenitor cells (Cui et al., 2013, Fernandes et al., 2021). Exposure of adult human 

OLs to pro-inflammatory cytokines induced only sub-lethal injury (dying back of cell processes) 

(Cui et al., 2017, Pernin et al., 2022). Examining human MS lesions we detected increased 

expression of the integrated stress response (ISR) constituent phosphorylated EIF2α in situ, 

consistent with local metabolic stress. Further, RNA sequencing studies have revealed the 

upregulation of an array of metabolic stress related genes in OLs in MS lesions (Jäkel et al., 

2019). 

The central aim of the current study was to define the mechanistic basis of cell death of primary 

human OLs (hOLs) in vitro in response to metabolic stress (reduced glucose/nutrients) and relate 

this to the in situ features of OLs that evolve during the course of MS. Our in vitro studies using 

this model of metabolic stress demonstrate a significant reduction in ATP per hOL that precedes 

any change in cell survival. Both in the in vitro stress model and in situ MS lesions, we detect an 

increase in LC3 in OLs, a marker of autophagosomes, indicating that the initially activated 

autophagy pathway has stalled. We detected nuclear condensation and volume reduction 

(pyknosis) (Burgoyne, 1999) in hOLs in vitro under sustained stress conditions and in remaining 

OLs in “active/post-demyelinating” lesions. We show that prolonged stress in vitro results in 

increased ROS and cleavage of spectrin, a target of Ca2+-dependent proteases in hOLs; however 

both in vitro and in situ, the hOLs resist triggering either ferroptosis or mitochondrial 
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permeability transition-driven necrosis (MPTN), RCD pathways commonly linked to metabolic 

stress and operative in MS related models including EAE and cuprizone toxicity (Galluzzi et al., 

2018, Hu et al., 2019, Jhelum et al., 2020). We consider that the distinct cell death response of 

hOLs, a cell type resistant to activating RCD pathways, reflects the combined impact of 

autophagy failure, increased ROS and calcium influx, resulting in the collapse of cellular 

structural integrity. The prolonged time course of hOL cell death may provide an opportunity for 

therapeutic targeting. 

 

4.3 Materials and methods 
 

4.3.1 In situ immunohistochemical studies - MS and control tissue samples 

For LC-3 immuno-fluorescence-based histochemistry, human rapid post-mortem brain tissue 

samples were obtained from the Neuroimmunology Research Laboratory, Centre de Recherche 

du Centre Hospitalier de l’Université de Montréal (CRCHUM) under ethical approval number 

BH07.001.31. Sections with areas of chronic active demyelination were selected based on Luxol 

Fast Blue-Hematoxylin and Eosin (LFB/H&E) staining and presence of macrophages, some of 

which contained LFB positive material. The immunohistochemistry procedure and confocal 

imaging were performed as previously described (Pernin et al., 2022). Sudan black was added to 

suppress autofluorescence. Primary antibodies used were LC3 (1:500, NB100-2220 Novus 

Biologicals) and Nogo-A (1:5000, University of Zurich). Secondary antibodies used were goat 

anti-rabbit Alexa Fluor 488 (1:500) and goat anti-mouse Alexa Fluor 555 (1:500). LC3 

expression was quantified by pixel intensity in individual Nogo-A + cells. Data were derived by 
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blinded observers measuring 10–15 cells per region of interest. Results are expressed as mean 

pixel intensity of the cells counted in each region of interest. 

For the tissue sections selected to assess OL nuclei in MS tissue sections, the 

immunohistochemical labeling procedures, and means of quantitating cell numbers are as 

detailed previously (Heß et al., 2020). 

 

4.3.2 In vitro studies - human surgical samples 

Anonymized surgically resected brain tissue samples were obtained from the Department of 

Neuropathology at the Montreal Neurological Institute and Hospital (MNI) and from the 

Montreal Children’s Hospital. All had non-tumor related focal epilepsy. Data on individual 

samples are provided in the Supplementary table. Studies were approved by the MNI 

Neurosciences Research Ethics Board (Protocol ANTJ 1988/3) and the Montreal Children’s 

Hospital Research Ethics Board. 

 

4.3.3 Cell isolation 

Normal appearing tissue was derived from “surgical corridors” resected to access sites of 

pathology. As previously described (Fernandes et al., 2021), tissue derived from CUSA bags was 

subjected to trypsin digestion followed by Percoll gradient centrifugation to obtain a myelin-

depleted whole-cell fraction comprised mainly of OLs and microglia with few if any astrocytes 

or neurons. An enriched OL population was obtained by plating the total cell population 

overnight in culture flasks; the floating cell fraction was recovered, leaving behind adherent 
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microglia. The final culture contains an average of ~ 90% O4 positive cells (OLs), < 5% 

micorglia, and only rarely astrocytes. 

 

4.3.4 Cell culture 

After selection, primary human cells were plated in 96-well or 24-well plates coated with poly-

lysine and extra-cellular matrix at a density of 3 × 104 cells (96-wells plate) or 1 × 106 cells (24-

wells plate) per well. Cells were cultured in DMEM-F12 media supplemented with N1 (Sigma, 

Oakville, ON, Canada). For metabolic deprivation experiments, cells were cultured in DMEM 

containing 0.25 g/l of glucose (LG) or with no glucose added (NG). HeLa cells were cultured 

and treated in DMEM + 10% fetal calf serum. 

 

4.3.5 Immunocytochemistry 

Cells were live stained with propidium iodide (PI; Invitrogen) (1:200) for cell viability 

measurements and with O4 monoclonal antibody (R&D Systems, Minneapolis, MN) (1:200) for 

15 min at 37 °C and then fixed with 4% paraformaldehyde for 10 min at rt. Goat anti-mouse IgM 

Cy3 (1:500) was used as secondary antibody, 30 min at rt. Staining of autophagosomes and 

lysosomes was done as previously described (Sharifi et al., 2015). Cells were washed and 

permabilized in 100% cold methanol for 10 min at -20 °C. Cells were incubated in blocking 

buffer for 30 min at rt. Labeling using primary antibodies against LAMP-1 (MA1-184, 

Invitrogen, mouse IgG1), LC3 (2775 S, Cell Signaling, rabbit) and alpha-II spectrin (PA5-35383, 

ThermoFisher, IgG rabbit) at 1:200 dilution was performed overnight at 4 °C. Cells were 

incubated in secondary antibodies coupled to Alexa 488 or Alexa 647 at 1:500 dilution for 2 h at 
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rt. Cell nuclei were stained with Hoechst 33258 (1:1000) for 1 h at rt. Coverslips were mounted 

with Prolong gold (Invitrogen) (Sharifi et al., 2015). Reagents used were: chloroquine (Sigma, 

Oakville, ON, Canada; 10 µM), erastin (Sigma-Aldridge, Saint Louis, MO, USA), H2O2 (Sigma, 

Oakville, ON, Canada), cyclosporine A (Sigma, Oakville, ON, Canada), ferrostatin-1 (Sigma-

Aldridge, Saint Louis, MO, USA) and torin-1 (Selleckchem, Houston, TX, USA). 

 

4.3.6 Confocal microscopy 

Images of intracellular components were obtained using a Leica TCS SP8 with a 63x/1.4 n.a. oil 

immersion objective at rt. LAS X was used as acquisition software, ImageJ was used for 

quantification and R for data and statistical analysis. 

 

4.3.7 Western blot analyses 

Cellular homogenates, 5–20 µg of total protein in each sample, were resolved using 7.5% (high 

MW targets) or 15% (low MW targets) SDS-PAGE. Proteins were electroblotted to a 

nitrocellulose membrane. Membranes were blocked with 5% milk and probed with 1:5000 alpha-

II spectrin polyclonal antibody (PA5-35383, ThermoFisher, IgG rabbit) and anti-Caspase 3 

(31A1067 Novus Biological, IgG1 mouse). Anti-rabbit horseradish peroxidase- conjugated 

secondary antibody was applied and bands visualized using an ECL Western blot detection kit 

(Cell Signaling, Danvers, MA). 

 

4.3.8 ATP and H2O2 assays 
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Levels of ATP and H2O2 were measured using Cell Titer-Glo 2.0 (Promega, G9242) and ROS-

Glo H2O2 Assay (Promega G8820). Normalization to cell number was calculated using the ratio 

between the measures of ATP and H2O2 obtained in the assay and the number of cells counted 

after Hoechst 33258 staining (1:1000, 1 h at rt) using ImageJ. 

 

4.3.9 Molecular studies 

RNA was extracted from selected hOLs as previously described (Healy et al., 2016). Quality 

control of the bulk RNA samples, as well as the library preparation, RNA-sequencing, and 

alignment were performed as describe in Luo et al. (Luo et al., 2022). Raw read counts were 

normalized, variance-stabilized transformed and differential gene expression analysis were done 

using DESeq2 package in R (Love et al., 2014). Adjusted p-value < 0.05 and log2 fold 

change > 1 were used to identify DEGs. Single sample gene set enrichment analysis (ssGSEA) 

implanted in GenePattern (Reich et al., 2006) was used to run pathway level enrichment analysis 

on bulk RNA-seq data. To define reference for ssGSEA, we generated signatures for different 

cell death pathways derived from XDeathDB database (Fiore et al., 2022). We used Li et al., and 

Bauer et al., publications to define signatures of ferroptosis and MPT derived necrosis (Bauer 

and Murphy, 2020, Li et al., 2020). In addition to our local datasets, we used five datasets for 

HeLa cell lines with gene accession numbers GSE188567, GSE186370, GSE155493, 

GSE157717, and GSE174116 obtained from gene expression omnibus (GEO) database (Batie et 

al., 2022, Fiore et al., 2022, Haimovici et al., 2022). Normalized read counts were used for 

hierarchical clustering and results were visualized in heatmaps format using GenePattern (Reich 

et al., 2006). Single nuclear RNA-seq dataset from Jakel et al. (Jäkel et al., 2019) was 

downloaded and analyzed as previously described (Yaqubi et al., 2022). 
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4.3.10 Statistics and reproducibility 

In vitro studies 

All statistics are presented as the mean and standard error of the mean. The statistical test used 

and level of significance are indicated in the figure legends. 

 

Transcriptome studies 

Data were analyzed using GraphPad Prism version 8.3.0. Throughout the manuscript, p-

values are indicated in the graphs and non-significant values are shown using “ns”. 
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4.4 Results 
 

4.4.1 Metabolic stress rapidly reduces ATP in hOLs followed by autophagy failure 

Reduction of ATP levels under metabolic stress in vitro - In a previous study, we showed that 

autophagic flux is increased in metabolically stressed hOLs and that inhibiting autophagic flux 

with chloroquine in metabolically stressed hOLs causes an accumulation of autophagosomes and 

increases cell death after 2 days (Fernandes et al., 2021); while cell death was not observed under 

stress conditions alone. We further verify activation of AMPK, a key regulator of autophagy, in 

hOL under NG conditions (Supplementary Fig. 4.1); To determine the impact of metabolic stress 

on cytoplasmic ATP, we assessed ATP levels per cell under such conditions. As shown in 

Fig. 1a, we detected a significant decrease in the amount of ATP in hOLs within 6 h in cell 

culture medium containing low glucose (LG) and no glucose (NG) compared to cells in optimal 

culture media (N1) (Fig. 4.1a). The decline in ATP levels continued during the following 2 and 4 

days (Fig. 4.1b). 

Autophagy modulation does not impact ATP levels - To assess the contribution of autophagy to 

the energy status of the cells under these stress conditions, we evaluated ATP levels in the 

presence of chloroquine, an autophagy inhibitor, and Torin-1, an inhibitor of mTOR, thus an 

activator of autophagy (Fig. 4.1a). Neither chloroquine nor Torin-1 had a measurable impact on 

ATP levels under basal or stress conditions. 

Autophagy failure under metabolic stress– Autophagy provides cellular functions beyond energy 

production, including misfolded protein clearance and material recycling in the cell (Yan et al., 

2019). Autophagy itself requires ATP for the transport and fusion of autophagosomes and 

lysosomes (Lőrincz and Juhász, 2020). Therefore, the ATP depletion detected during metabolic 
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stress could be the underlying cause of autophagy failure. To address the status of autophagy in 

hOLs when challenged with metabolic stress, we used confocal microscopy with LC3 as a 

marker of autophagosomes and LAMP1 as a lysosomal marker (Sharifi et al., 2015). After 2 days 

in culture, few LC3-positive vesicles (autophagosomes) were observed in N1 and NG conditions 

(Fig. 4.1c i-d i); the few LC3-positive vesicles detected were colocalized with LAMP1-positive 

vesicles (Fig. 4.1 c iii-d iii) indicating the formation of autolysosomes. After 4 days, a limited 

number of LC3-positive vesicles were detected in the N1 condition (Fig. 4.1e i) and most were 

colocalized with LAMP1-positive vesicles (Fig. 4.1e iii), indicating successful fusion with 

lysosomes. In NG conditions, we detected a considerable increase in the number of LC3-positive 

vesicles (Fig. 4.1f i), and most were not colocalized with LAMP1-positive vesicles (Fig. 4.1f iii), 

indicating autophagy failure. Quantification revealed a significant increase in the number of 

LC3-positive vesicles per cell induced by metabolic stress and in the number of LC3-positive 

vesicles not colocalized with LAMP1 in hOLs (Fig. 4.1g, h). 

Increased presence of autophagosomes in OLs in situ in MS – To determine whether 

autophagosomes accumulate in situ in cases of MS, akin to their accumulation in hOLs in 

response to metabolic stress in vitro. we co-labeled tissue sections containing chronic active 

lesions with antibodies for NOGO A for OLs and LC3 as a marker of autophagosomes. 

Examples of the range of LC3 expression are provided in Fig. 4.2a. Expression of LC3 in OLs 

was significantly increased in the MS cases, both in the chronic active lesions and in normal 

appearing white matter (NAWM), compared to control tissue samples from non-MS cases 

(Fig. 4.2b). 

Autophagy inhibition causes cell process loss and shedding of membrane fragments - We have 

previously observed hOL process retraction at day 6 when challenged by metabolic stress alone 
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(Pernin et al., 2022). Comparing N1 conditions alone (Fig. 4.3a-b), NG conditions alone 

(Fig. 4.3c-d), or N1 conditions containing the autophagy inhibitor chloroquine (Fig. 4.3e-f), 

hOLs treated with chloroquine under NG conditions exhibited a marked reduction of cellular 

process thickness and length by 2 and 4 days (Fig. 4.3g-h). NG conditions or N1 conditions 

combined with chloroquine, resulted in a limited number of small O4-positive membranous 

fragments outside the cells (Fig. 4.3c-f). These were not observed in N1 conditions alone 

(Fig. 4.3a-b). Inhibition of autophagy with chloroquine in NG conditions resulted in a larger 

number of extracellular O4-positive fragments (Fig. 4.3g-h). 

4.4.2 hOL loss and shrinkage of nuclear size in MS lesions and under metabolic stress 
in vitro 

In a previous study, we evaluated OL cell numbers in MS lesions characterized as 

active/demyelinating, active post-demyelinating, and mixed active/inactive lesions (Heß et al., 

2020). For active demyelinating lesions, characterized by the presence of macrophages/microglia 

throughout the whole lesion area and a significant subset of these phagocytes containing myelin 

degradation products (Kuhlmann et al., 2017), we observed OL numbers comparable to normal 

appearing white matter (NAWM) (Heß et al., 2020). In contrast, mixed active/inactive lesions, 

which have a hypocellular lesion center and a rim of macrophages/microglia at the lesion border 

(subsequently named mixed lesions) as well as inactive lesions, which are almost completely 

devoid of phagocytes, show an almost complete loss of oligodendrocytes (Heß et al., 2020). In 

active post-demyelinating lesions, which represent a transition stage from active/demyelinating 

lesions to either mixed lesions or inactive lesions, macrophages/microglia are present throughout 

the lesion areas, but there are no myelin degradation products within the phagocytes. OL 

numbers are variably reduced in this lesion type, as are the mean numbers of CD68 positive 
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macrophages/microglia compared to active/demyelinating lesions (Heß et al., 2020). For the 

current study, we selected 9 “active/post-demyelinating” lesions from autopsies from 4 patients. 

All lesions were in the white matter of the brain (n = 8) or the cerebellum (n = 1). An example of 

such a lesion is provided in Supplementary Fig. 4.2. We confirmed our previous findings (Hess 

et al. (Heß et al., 2020) of reduced numbers of OLs (178 +/- 79 cells/mm2 vs. 1081 +/- 27 

cells/mm2) and macrophages/microglia (715 +/- 111 /mm2 vs. 2491 +/- 112 mm2) in active/post-

demyelinating lesions versus active/demyelinating lesions. We observed a high variability in the 

number of macrophages/microglia and oligodendrocytes between the individual lesions (between 

2 and 618 OLs/mm2 and between 283 and 1333 macrophages/microglia/mm2). In lesions with a 

relative preservation of OLs, we found a graded loss of OLs from the lesion border to the lesion 

center (Supplementary Fig. 4.2d). 

Nuclear condensation and volume reduction (pyknosis) are hallmarks of cell death. Pyknosis can 

occur in two forms: nucleolytic and anucleolytic. Metabolic stress causes anucleolytic pyknosis 

(Burgoyne, 1999). We observed a significant decrease in nuclear area size of surviving OLs 

within the lesions compared to OLs in NAWM (Fig. 4.4a-b). Under in vitro stress conditions, 

mean nuclear size was reduced in OLs at day 4 (Fig. 4.4c-d), a time when significant cell death 

was initially detected (Cui et al., 2017). 

 

4.4.3 Limited contribution of ROS to hOL injury under metabolic stress 

We compared the susceptibility of primary hOLs to exogenous oxidative stress to HeLa cells, a 

cell type used in previous studies of this mechanism of injury (Gryzik et al., 2021). Addition of 

H2O2 as an exogenous source of ROS is toxic to hOLs only at concentrations greater than 

required for HeLa cells, i.e., the proportion of PI-positive cells following treatment with 400 µM 
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of H2O2 is higher in HeLa cells than hOLs (Fig. 4.5a-b). As glutathione protects against ROS, we 

exposed hOLs and HeLa cells to Erastin, which inhibits glutathione synthesis. Erastin alone 

applied for 24 h, as previously shown (Gryzik et al., 2021), results in significant HeLa cell death 

(Fig. 4.5c). In contrast, primary hOLs under N1 conditions were resistant to Erastin induced cell 

death (Fig. 4.5d). Under NG conditions, Erastin increased hOL cell death (Fig. 4.5d), and was 

associated with increased ROS within 1 day (Fig. 4.5e). These data indicate that anti-oxidative 

mechanisms are limiting the injury effects of the increased ROS produced in the hOLs by 

metabolic stress conditions. 

To identify a mechanistic basis for hOL resistance, we compared expression of ROS and iron 

regulating genes between hOLs and HeLa cells cultured under basal conditions. Examining ROS 

related pathways, we found that VDAC1 and VDAC2, which control the exchange of small 

metabolites between the mitochondria and the cytosol (Li et al., 2020), are relatively 

downregulated in the hOLs, potentially contributing to reduction of ROS formation (Fig. 4.5f). 

Examining gene products that contribute to the regulation of iron levels, we detected increased 

expression of HMOX1, which degrades the heme molecular complex, along with its regulators 

NRF2 and KEAP1 (Li et al., 2020). Genes related to iron uptake, SLC39A14, SLC39A8, 

SLC11A2, TRFC and a transcription factor that regulates their expression, HSPB (with the 

exception of SLC11A2 (Li et al., 2020) were downregulated in hOLs as a result of metabolic 

stress. In contrast, the iron export-related gene SLC40A1 (Li et al., 2020) was upregulated. Three 

genes involved in glutathione precursors uptake, SLC1A5, SLC38A1 and SLC7A11, are 

downregulated, while CDKN1A, a gene responsible for reduction in sensitivity to ferroptosis, is 

upregulated (Li et al., 2020). Amongst four key gene products related to lipid metabolism in the 

regulation of ferroptosis (Li et al., 2020), only SAT was differentially regulated. These 
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transcriptional profiles suggest that hOLs are more resistant to iron accumulation than HeLa 

cells. 

Lack of evidence of Ferroptosis - endogenous oxidative stress is shown to react with iron to 

cause lipid peroxidation. This can trigger the RCD referred to as ferroptosis. To determine if 

these treatments triggered mechanisms associated with ferroptosis mediated cell death, we 

applied ferrostatin-1. No protection from cell death was detected (Fig. 4.5g). We have also used 

buthionine sulfoximine (BSO) to evaluate ferroptosis inhibition; this agent also had no effect on 

hOL cell death induced by metabolic stress (data not shown). 

Using an enrichment score of pathways mediating a wider range of RCD pathways, we did not 

observe any differences in the ferroptosis related transcriptome of primary hOLs cultured under 

optimal versus metabolic stress conditions (Fig. 4.5h). Using nuclear RNA sequencing databases 

from MS tissues (Batie et al., 2022, Fiore et al., 2022, Haimovici et al., 2022), this RCD pathway 

was not activated in OLs in the MS cases compared to control tissues (Fig. 4.5i). 

 

4.4.4 Calcium-dependent mechanisms degrade hOL cytoskeleton components under 
metabolic stress 

We hypothesized that decreased intracellular ATP, due to metabolic stress, could lead to an 

increase in cytosolic Ca2+ concentration [Ca2+]i and that this could contribute to hOL 

degeneration via activation of calcium-dependent proteases that target the cytoskeleton (Lynch 

and Baudry, 1987). We therefore evaluated cleavage of spectrin, a substrate of the calcium-

dependent protease calpain. Cleavage of spectrin was detected after 2 and 4 days in low glucose 

and no glucose conditions (Fig. 4.6a). As spectrin is also a substrate of caspase-3, we performed 

western blots using an anti-caspase-3 antibody capable of detecting both procaspase-3 and its 
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activated cleaved form. Cleaveage of caspase-3 was not identified after 2 days of treatment, 

either in low or no glucose conditions, in contrast to Hela cells treated with staurosporine 

(Fig. 4.6b). Using the same sample as in Fig. 4.6a, we also did not detect cleavage of caspase-3 

after day 4 when cultured in low and no glucose conditions (Fig. 4.6c). 

To further test the hypothesis that activation of calcium-dependent proteases is critical to the 

hOL cell death induced by metabolic stress, the cells were treated with the calcium chelator 

EGTA in combination with the no glucose condition. At day 4, we determined that spectrin is 

preserved in hOLs in EGTA treated no glucose cultures, in contrast with the no glucose alone 

condition, in which spectrin had been almost completely degraded (Fig. 4.6d). 

These findings support the hypothesis that the activation of a calcium-dependent protease 

contributes to the metabolic stress induced degradation of the hOL cytoskeleton. 

Lack of evidence of MPT mediated necrosis - This RCD pathway triggers cell death by opening 

the mitochondrial permeability transition pore complex due to overloaded cytosolic calcium 

(Galluzzi et al., 2018). We determined if the increased cytoplasmic calcium described above 

might be linked to MPT-driven necrosis. To test this, primary hOLs were treated with 

cyclosporin A, which inhibits cyclophilin, a calcium activated protein that regulates the transition 

pore complex (Bauer and Murphy, 2020). No changes were detected in cell number or cell death 

compared to untreated cells in N1 or NG conditions (Fig. 4.7a-b). 

Examining the expression of MPT related genes, PPIF, the gene encoding cyclophilin, is 

expressed at a lower level in hOLs compared to HeLa cells (Fig. 4.7c). No consistent differences 

in gene expression were detected between hOLs and HeLa cells for gene products related to 

calcium influx (Fig. 4.7c). Among MPT pore related genes, we identified five that are expressed 

at a significantly lower level in hOLs than HeLa cells (Fig. 4.7c). Overall, the transcriptomic 



167 
 

analysis of genes encoding proteins that regulate MPT pore function suggest that hOLs are more 

resistant to MPT pore formation than HeLa cells. As with our ferroptosis enrichment score 

analyses, we did not observe any differences in the transcriptomes of primary hOLs cultured 

under optimal versus metabolic stressed conditions (Fig. 4.7d) or any significant upregulation of 

this pathway in OLs from MS lesions (Fig. 4.7e). 

Our findings provide evidence that metabolic stress results in elevated intracellular calcium 

concentration [Ca2+]i in hOLs, yet without activation of MPT driven necrosis. 

 

4.5 Discussion 
 

Here we investigate the mechanisms underlying the distinct injury response of human mature 

OLs to metabolic stress. 

 

4.5.1 Metabolic stress reduces cellular ATP and compromises autophagic flux in hOLs 

ATP depletion - Our time-course studies showed that the delayed cell death of hOLs was 

preceded by a significant and progressive reduction in ATP per cell. We previously used a 

Seahorse bio-analyzer to show that hOLs when challenged with metabolic stress exhibit a strong 

dependence on glycolysis and a comparatively low rate of ATP production (Rone et al., 2016). 

When internal levels of ATP are low, AMP-activated protein kinase (AMPK) is activated. This 

kinase inhibits the activity of the mammalian target of rapamycin (mTOR), causing a reduction 

in protein synthesis and activation of autophagy (García-Prat et al., 2016, Glick et al., 2010, 

Gross and Graef, 2020, Mizushima, 2007). Autophagy provides substrates for the tricarboxylic 

acid (TCA) cycle (Gross and Graef, 2020). However, as mentioned, hOLs exhibit a reduced 
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reliance on oxidative phosphorylation and are more dependent on glycolysis for energy 

production (Rone et al., 2016). We did not observe any significant effect of inhibition or 

activation of autophagy with chloroquine or Torin-1 on ATP levels under either basal or stress 

conditions, suggesting that in hOLs autophagy is not a major mechanism contributing to the 

modulation of energy production. 

Autophagy failure – we used LC3, a marker of autophagosomes to assess autophagy status in 

vitro (in combination with LAMP1) and in MS cases. Our data indicate that autophagy failure 

occurs under sustained metabolic stress. As sustained activation of autophagy depends on ATP 

(Yang et al., 2019), this may be a consequence of ATP depletion. Autophagosomes are 

transported by dyneins while lysosomes are transported by kinesins. Both of these families of 

motor molecules depend on ATP for motility (Zhao et al., 2021). The fusion between 

autophagosomes and lysosomes depends on RAB7, a small GTPase, also dependent on ATP 

availability. Thus, a lack of ATP would impair the transport and fusion of autophagosomes and 

lysosomes and cause the autophagy failure observed in hOL under metabolic stress (Zhao et al., 

2021). We confirmed our previous observation that inhibiting autophagy progression exaggerates 

cell death (Fernandes et al., 2021). 

Assessing autophagosome formation and fusion with lysosomes in vitro, after 2 days of 

metabolic stress when ATP levels were already reduced, we found limited buildup of unfused 

autophagosomes, indicating a functioning if not heightened autophagy pathway activation. 

Autophagy, however, was not able to sustain ATP levels and we did not detect a burst of ATP 

production at the earliest time points tested under stress conditions. With prolonged stress, 

accumulation of unfused autophagosomes was present, indicating autophagy failure. Such failure 

can lead to a disruption in the regulation of cytoskeleton remodeling as identified by He el al. 



169 
 

(He et al., 2016) or an impairment of myelination as shown by Karim et al. (Karim et al., 2007), 

We detected many O4-positive fragments outside the cells indicating that cellular material is 

being lost to the environment. 

Our in situ studies of MS cases parallel our in vitro findings. We detected significant reduction 

of OL numbers in both our in vitro model and active post demyelinating and chronic active 

lesions (Heß et al., 2020). We now document reduced size of nuclei (pyknosis) (Burgoyne, 1999) 

in hOLs in vitro and in MS lesions, suggesting substantial cellular distress and potentially 

ongoing cell death. Immunohistochemical analyses of MS cases revealed a build-up of 

autophagosomes (increased expression of LC3) in OLs serving as an indicator of metabolic 

stress. We note that Satoh et al. did not detect LC3 expression in OLs in MS cases, in 

comparison to the high expression noted in cases of Nasu-Hakola disease (Satoh et al., 2014). 

The increase of LC3 in NAWM indicates that stress is not restricted to the lesion area, 

potentially preceding the formation of new lesions. 

 

4.5.2 Basis of metabolic stress induced cell injury 

Limited contribution of ROS to hOL injury - The stress conditions we applied to hOLs in vitro 

increased the production of ROS, which promotes lipid peroxidation. Further, combining Erastin 

with glucose deprivation increased cell death, indicating a protective role for antioxidants. Our 

functional data however suggest that ROS makes a relatively minor contribution to hOL injury 

induced by these metabolic stress conditions, possibly because hOLs have a lower rate of 

oxidative phosphorylation compared to rat OLs and OPCs (Rone et al., 2016). 

Our transcriptomic analyses provide insight into the mechanism underlying the relative 

resistance of hOLs to exogenous H2O2 compared to HeLa cells. Our findings revealed 
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downregulation of VDAC1 and VDAC2, which control the exchange of small metabolites 

between the mitochondria and the cytosol (Li et al., 2020), as well as resistance to iron 

accumulation in hOLs compared to HeLa cells. These differences in transcriptional profile could 

compensate for the observed reduction of glutathione synthesis related genes. We then addressed 

if the production of ROS under stress conditions triggered ferroptosis (Galluzzi et al., 2018, 

Jhelum et al., 2020, McKenzie et al., 2020, McKenzie et al., 2018). Blocking ferroptosis with 

ferrostatin did not protect the cells from death under the stress conditions applied here, 

supporting the conclusion that ferroptosis is not the primary underlying mechanism of cell death. 

Analyses of publicly available molecular databases did not identify changes in expression of the 

ferroptosis RCD pathway in OLs in active MS lesions (Jäkel et al., 2019). 

Increase in [Ca2+]i and activation of Ca2+-dependent proteases - Our findings support the 

hypothesis that metabolic stress triggers hOL cell death via a mechanism that depends on an 

increase in [Ca2+]i that then leads to the proteolytic degradation of the cytoskeleton. Myelin 

produced by hOLs is a plastic structure that constantly adjusts its morphology to adapt to neural 

activity. Local changes in myelin sheets are dependent on Ca2+ signaling that is regulated by 

voltage-gated and ligant-gated channels, modulating conformation changes in the cytoskeleton 

via Ca2+ influx (Paez and Lyons, 2020). Considerable energy is required to maintain the calcium 

gradient across the plasma membrane, engaging the plasma membrane calcium ATPase 

transporter (PMCA) (Frandsen et al., 2020). Calcium is also extruded by the Na+/Ca2+-exchanger 

(NCX) and Na+/Ca2+/K+-exchanger (NCKX) (Frandsen et al., 2020). Low levels of ATP in the 

cell compromize the capacity of the cell to maintain the steep ionic gradients across the plasma 

membrane, which can ultimately lead to metabolic collapse and cell death. 
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As a readout of abnormally high cytoplasmic calcium, we documented metabolic stress induced 

cleavage of spectrin, a major cytoskeletal component that is a target of the Ca2+-dependent 

protease calpain (Rajgopal and Vemuri, 2002). This cleavage was not caspase-3 dependent but 

was inhibited by chelating extracellular Ca2+ with EGTA. Possible contributing sources of the 

increased intracellular Ca2+ include transmembrane flux from the extracellular space, or release 

from intracellular stores including endoplasmic reticulum and mitochondria (Bauer and Murphy, 

2020, Zhang et al., 2022). Notably, release of calcium from intracellular stores can activate the 

MPT-driven necrosis RCD pathway (Galluzzi et al., 2018), however, addition of cyclosporine A 

to inhibit cyclophilin, a central participant in mitochondrial pore opening (Zhang et al., 2019a), 

did not protect hOLs in the conditions tested, providing evidence that MPT-driven necrosis does 

not contribute to hOL death in these conditions. 

 

4.6 Conclusion 
 

Here we demonstrate that the response of hOLs to metabolic stress is distinct from RCD 

mechanisms that are readily triggered in other cell types (Fig. 4.8). Although the cause of OL 

cell death in MS cases has not yet been identified, our studies of hOLs in vitro indicate that 

metabolic failure is the most consistent cause of death (Cui et al., 2017, Fernandes et al., 2021, 

Pernin et al., 2022, Rone et al., 2016). Other mediators of cellular stress, particularly cytokines, 

resulted in only sublethal injury without significant cell death (Pernin et al., 2022). We consider 

that the hOL cell death described here results primarily from energy depletion, followed by 

autophagy failure. Our studies link the distinct response of these cells to metabolic insults to their 

low basal metabolic state and dependence on glycolytic metabolism (Rao et al., 2017, Rone et 

al., 2016), together with a genetic program of resistance to RCD activation. Notably, our 
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detection in vitro of cell and nuclear shrinkage, autophagosome accumulation, and lack of RCD 

activation is paralleled by in situ observations of MS lesions. We postulate that the observed 

release of cellular contents would engage interactions with surrounding glia, engaging an 

ongoing injury response. Defining the distinct bases of OL injury and death provides guidance 

for the development of neuro-protective interventions. 

 

4.7 Data availability 
 

The dataset used and/or analysed during the current study are available from the corresponding 

author on reasonable request. 
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OL: Oligodendrocyte 

hOL: Human oligodendrocyte 

RCD: Regulated cell death 

MS: Multiple sclerosis 

ISR: Integrated stress response 

MPTN: Mitochondrial permeability transition-driven necrosis 

CRCHUM: Centre Hospitalier de l’Université de Montréal 

LFB: Luxol Fast Blye 

H&E: Hematoxylin and Eosin 

MNI: Montreal Neurological Institute 

LG: Low glucose 
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NG: No glucose 

PI: Propidium iodide 

ssGSEA: Single samples gene set enrichment analysis 

GEO: Gene expression omnibus 

N1: Optimal media 

CQ: Chloroquine 

NAWM: Normal appearing white matter 

DIV: Days in vitro 
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AMPK: AMP-activated protein kinase 

mTOR: Mammalian target of rapamycin 
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PMCA: Plasma membrane calcium ATPase transporter 
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4.11 Figures and legends 
 

 
Figure 4.1 - Metabolic stress reduces ATP resulting in failure of autophagic flux in hOLs. a ATP 

levels in hOLs cultured in optimal (N1), low glucose (LG), and no glucose (NG) conditions 

combined with chloroquine (CQ) or Torin-1. 6 h of treatment resulted in a significant decline in 

ATP under LG and NG conditions without an additive effect of CQ or Torin-1. Statistical 

significance was verified by ANOVA/Dunnett’s test: **(< 0.01), ***(< 0.001) b ATP levels in 

hOL cultured in N1, LG, and NG conditions. After 2 and 4 days of treatment, ATP levels 

continue to decline in LG and NG conditions. Mean ± SEM for each condition shown in the 

figure. Statistical significance was verified by ANOVA/Dunnett’s test: *(< 0.05). c-f Confocal 

images of autophagosomes (LC3 - green) and lysosomes (LAMP1 – red) in hOLs under control 

(N1) or no glucose (NG) conditions. After 2 days of treatment under N1 c and NG d conditions, 
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few autophagosomes (LC3 puncta) were detected (c i, d i). The majority of these 

autophagosomes were fused with lysosomes (LAMP1 puncta) (c iii, d iii). e After 4 days of 

treatment under N1 conditions, few autophagosomes (LC3 puncta) were detected (e i). The 

majority of these autophagosomes were fused with lysosomes (LAMP1 puncta) (e iii). f After 4 

days of treatment under NG conditions, many autophagosomes (LC3 puncta) were detected (f i); 

most were not fused with lysosomes (LAMP1 puncta) (f iii). g Quantification of autophagosomes 

(LC3 puncta) per cell in N1, LG and LG conditions after 2 and 4 days of treatment. After 2 days, 

in all conditions, the number of autophagosomes per cell was low. After 4 days, this number was 

slightly increased in LG conditions and strongly increased in NG conditions. Statistical 

significance was verified by Student’s t-test. h Quantification of autophagosomes not fused with 

lysosomes (LC3 + ve LAMP1 -ve puncta) per cell in N1, LG and NG conditions after 2 and 4 

days of treatment. After 2 days, in all conditions, the number of autophagosomes not fused with 

lysosomes per cell was low. After 4 days, this number increased in NG conditions. Each dot-

color corresponds to an independent biological sample. Bar indicates the mean. hOLs were 

marked with DAPI (blue), indicating the cell nucleus. Statistical significance was verified by 

Student’s t-test. 
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Figure 4.2 - Increased expression of the autophagy marker LC3 in MS lesions and NAWM 

compared to controls. a Sample images showing relative expression of LC3 in a non-MS CTRL 

case, in NAWM from an MS case, and in a chronic active lesion of an MS case. Scale bars 

correspond to 5 μm. b Quantification of LC3 expression as measured by average 

immunofluorescence intensity of LC3 in OLs in healthy controls, NAWM, and chronic active 

MS lesions. Individual regions of interest are indicated by color and shape corresponding to 3 

non-MS controls, 4 NAWM regions, and 6 lesions from 4 individuals with MS. Statistical 

significance was assessed using Student’s t-test: * (< 0.05), *** (< 0.001) 
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Figure 4.3 - No glucose conditions and treatment with chloroquine cause cell process loss and 

shedding of membrane fragments. a, b hOLs project long processes in N1 conditions at 2 and 4 

days in vitro (DIV). c, d With NG, processes show signs of contraction. O4 positive fragments 

are visible in the media (indicated by arrows). e In N1 conditions combined with chloroquine, 

the morphology of hOLs was similar to N1 conditions without chloroquine after 2 DIV. f After 4 

days of treatment in N1 combined with chloroquine, some process retraction and some 

O4 + fragments can be observed outside the cell (fragments indicated by arrows). g, h Combined 

treatment of NG and chloroquine after 2 and 4 DIV resulted in greater retraction of processes and 

the presence of many fragments outside the cell. Cell size was decreased. The inset picture 

in h illustrates a magnified view of the O4 positive fragments. Scale bars correspond to 20 μm in 

the large figures and 2.5 μm in the inset in panel h 
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Figure 4.4 - Shrinkage of hOL nuclear size in MS lesions and under metabolic stress in 

vitro. a Sample images of an MS case showing nucleus size in NAWM, lesion edge, and lesion 

center. Scale bars correspond to 10 μm. b Quantification of nuclear size (surface area) in 

NAWM, lesion edge, and lesion center, showing nuclear size reduced in the lesion center and 

edge compared to NAWM. Statistical significance was assessed using ANOVA/Dunnett’s test: 

*(< 0.05), **(< 0.01). c Quantification of nuclear size in optimal (N1), low glucose (LG) and no 

glucose (NG) conditions at 4 days, showing nuclear size reduced under metabolic stress. 

Statistical significance was assessed using ANOVA/Dunnett’s test: *(< 0.05). d Sample images 

illustrating nucleus size (DAPI staining) in vitro under N1, LG and NG conditions. Scale bars 

correspond to 20 μm. 
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Figure 4.5 - ROS mediates limited damage in hOL following metabolic stress. a-b hOLs and 

HeLa cells were treated with hydrogen peroxide for 1 day at different concentrations and rate of 

cell death was measured by PI assay. a hOL cell death was increased only by 4 mM 

H2O2. b HeLa cell death was substantially increased by 400 μm of H2O2. Statistical significance 

was assessed using an ANOVA/Tukey test: *(< 0.05), ***(< 0.001). c HeLa cells were treated 

with Erastin at different concentrations for 1 day. Cell death was significantly increased by 
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treatment with 10 µM of erastin. Statistical significance was assessed using a Student’s t-test: 

*(< 0.05). d hOLs were treated with Erastin, NG, H2O2 or combination of these treatments for 

1 day. Cell death was only significantly increased with the combined treatment of Erastin with 

NG and not with NG or Erastin alone. Statistical significance was assessed using a Student’s t-

test: *(< 0.05), **(< 0.01). e H2O2 levels measured in hOLs treated with Erastin in optimal and 

NG conditions. H2O2 levels were increased under NG conditions alone. No additional effect of 

Erastin was detected. Statistical significance was assessed using an ANOVA/Dunnett’s test: 

*(< 0.05). f Genes presenting significant difference in their transcriptional expression in hOLs 

compared to HeLa cells were categorised according to the pathway involved in ferroptosis. 

Genes upregulated are shown in red and downregulated in blue. HeLa cell data were obtained 

from publicly available databases (Batie et al., 2022, Fiore et al., 2022, Haimovici et al., 2022). 

hOLs data was obtained from a bulk RNA sequencing database that we have previously 

published (Luo et al., 2022). g Rate of hOL cell death under NG conditions following treatment 

with Ferrostatin-1 for 4 days, measured by PI assay. No significant differences were observed 

between treatment conditions. Each dot/line in the graphs corresponds to an independent 

biological sample. Statistical significance was assessed using an ANOVA/Dunnett’s 

test. h Comparison of the enrichment score of genes related to ferroptosis in N1 and NG 

conditions in vitro. Mean ± SEM for each condition shown in the figure. Statistical significance 

was assessed using a Student’s t-test: *(< 0.05). i Enrichment score of genes related to ferroptosis 

in MS cases compared to “control” individuals. Mean ± SEM for each condition shown in the 

figure. Statistical significance was assessed using a Student’s t-test: *(< 0.05) 
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Figure 4.6 - hOL cytoskeleton is degraded by a mechanism dependent on calcium 

activation. a hOLs were cultured in N1, LG and NG conditions for 2, 4 and 6 days. Spectrin 

cleavage was assessed by Western Blot. b Hela cells were treated with the apoptosis activator 

staurosporine and hOL were cultured in N1, LG and NG conditions for 2 days. Procaspase-3 is 

detected at 32 kDa, while cleaved caspase-3 at 17 kDa. c In the same sample used in a), cleavage 

of caspase-3 was not detected after 4 days in low and no glucose conditions. d hOLs were treated 

under N1 and NG conditions in combination with EGTA for 4 days and immunocytochemistry 

for Spectrin and O4 (hOL marker) was performed, followed by confocal imaging. 

  



186 
 

 

Figure 4.7 Metabolic stress triggers spectrin cleavage without activation of MPT-driven 

necrosis. a-b hOLs treated with CsA at 2 µM and 10 µM in combination with N1 and NG 

conditions did not cause a reduction in cell number or increase in PI-positive cells after 4 days of 

treatment. Each dot in the graphs corresponds to an independent biological sample. Mean ± SEM 

for each condition is shown in the figure. Statistical significance was assessed using a 

ANOVA/Dunnett’s test. c Genes presenting significant differences in their transcriptional 

expression in hOLs compared to HeLa cells were categorised according to pathways involved in 
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MPT-driven necrosis. Genes upregulated are shown in red and downregulated in blue. HeLa cell 

data was obtained from publicly available databases (Batie et al., 2022, Fiore et al., 2022, 

Haimovici et al., 2022). hOLs data was obtained from a bulk RNA sequencing database that we 

have previously published (Luo et al., 2022). d Comparison of the enrichment score of genes 

related to MPT-driven necrosis in N1 and NG conditions in vitro. Mean ± SEM for each 

condition shown in the figure. Statistical significance was assessed using a Student’s t-test: 

*(< 0.05). e Enrichment score of genes related to MPT-driven necrosis in MS cases compared to 

“control” individuals. Mean ± SEM for each condition shown in the figure. Statistical 

significance was assessed using a Student’s t-test: *(< 0.05) 
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Figure 4.8 Mechanisms of human OL lethal injury. In the absence of glucose uptake, glycolysis, 

the main source of ATP in hOL, is reduced. As ATP is necessary for the transport and fusion of 

autophagosomes and lysosomes, autophagy is impaired. Autophagy blockage results in process 

disruption in OLs, indicating that this mechanism is important for the structural integrity of the 

cell. Reduction in ATP levels also causes a decrease in the activity of ATP-dependent 

Ca2+ pumps, like plasma membrane calcium ATPase (PMCA), and the Na+K+ATPase, leading to 

an increase in cytosolic Ca2+ and Na+. The raise in intracellular Na+ increases the activity of Na+-

Ca2+ exchangers, what causes an additional influx of Ca2+. High levels of Ca2+ activate Ca2+-

dependent proteases as calpain, which cleave spectrin, an essential component for the integrity of 

the cytoskeleton. These mechanisms initially contribute to loss of hOL processes (sub-lethal 

injury) and subsequently to cell death. Figure created using Biorender. 
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4.12 Supplementary information 
 

Supplementary Table 1. Clinical details of samples used for functional and biochemical 

assays 

Prep Age Sex 
ATP 
6h 

ATP 
2/4 
d Autophagy Nucleus H2O2/PI Erastin/PI H2O2 Fer-1 WB CsA IHC 

HA820 12 F       +               

HA831 16 F       +               

HA832 11 M       +               

HA833 11 M       +               

HA834 23 F       +               

HA836 42 M   +                   

HA837 28 F   +                   

HA838 13 F   +                   

HA841 24 M   +                   

HA842 68 M   + +                 

HA843 8 F   + +                 

HA849 54 M   +     +             

HA850 64 F   +     + +           

HA851 18 F   + +   + +           

HA853 6 N           +           

HA854 39 F           +           

HA855 48 F                   +   

HA857 13 M                   +   

HA858 12 F             +     +   

HA859 44 F             +   +     

HA861 14 F             +         

HA862 26 M +                     

HA863 32 F +                     

HA865 56 M +                     

HA867 12 F                       

HA868 75 M                       

HA869 10 M                       

AB103 48 M                       

AB129 33 F                     + 

AB187 26 M                     + 

AB203 44 F                     + 

AB159 67 M                     + 

P18 59                       + 

P24 56                       + 

P30 61                       + 
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Supplementary Figure 4.1 – Metabolic stress induces activation of AMPK in hOL. hOL were 

treated for 2 days in optimal culture conditions (N1), low glucose (LG) and no glucose 

conditions (NG). Actin was used as loading control. Numbers correspond to the level of AMPK 

related to actin.  

  

   N1       LG       NG  

Actin - 

AMPK-p - 

AMPK - 

3.1         16.9         16.0 

5.8        12.7        11.5 
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Supplementary Figure 4.2 - Loss of hOL is intensified in the center of MS lesions. a-c Sample 

images of an MS case showing adjacent normal appearing white matter (NAWM), lesion edge, 

and lesion center, immunolabeled with anti-CD68 (microglia/macrophages) (A), anti-MBP 

(myelin) (B), and anti TPP (OLs) antibodies (C). Scale bar correspond to 200 µm. d Number of 

hOLs from the border (0-2mm2) to the center (6-8mm2) of MS lesions. 
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CHAPTER 5: Discussion 
 

5.1 Resistance to apoptosis 
 

In this study, we investigated the possible molecular mechanisms that potentially cause hOL 

death in response to metabolic stress based on the current literature on RCD pathways. We first 

confirmed that hOLs are resistant to apoptosis and this resistance increases with age and 

differentiation. Metabolic stress can potentially induce apoptosis through the intrinsic pathway, 

by the activation of the pro-apoptotic molecules BAX and BAK (Balmer et al., 2013). We 

showed that activation of BAX and BAK are inhibited by anti-apoptotic molecules of the BCL-2 

family.  

The role of these anti-apoptotic molecules is essential for the inhibition of apoptosis in metabolic 

stress conditions, considering that some BH3-only molecules are activated. As extensively 

analysed by Kønig et al., there are potentially 282 BH3-only molecules and 26 of these were 

characterized to some extent in the literature (Kønig et al., 2019). As these molecules are the 

stress sensors of the intrinsic apoptotic pathway, and considering that they can be activated by a 

plethora of different stresses, it is fair to suppose that the upregulation of the anti-apoptotic 

molecules gives OLs an overall resistance to apoptosis. However, interactions between BH3-

only and the other members of the BCL-2 family vary according to potential stresses and 

environments (Kale et al., 2018), implying that apoptosis can be potentially triggered in OLs 

under different circumstances than metabolic stress. 

A relevant example is the activation of apoptosis mediated by CD4+ Th17 cells (Jamann et al., 

2022). Th17 cells are identified in active MS lesions and their presence is increased in the 



202 
 

circulation of MS patients during relapses (Fujii et al., 2016, Matusevicius et al., 1999, Tzartos et 

al., 2008). Contact between hOLs and CD4+Th17 cells induces cell death in association with the 

release of Granzyme-B by the T-cells (Jamann et al., 2022). Granzyme-B is known to initiate the 

intrinsic apoptotic pathway by cleaving BH3 interacting-domain death agonist (BID), as its name 

implies, a member of the BH3-only family (Sutton et al., 2000). There are situations when the 

elimination of cells by apoptosis is desired, in the case of neoplasia, for example. However, this 

pathway is also susceptible to dysregulation at the organism and intracellular level, which 

justifies further investigation of possible pathological implications of apoptosis in human OLs in 

potentially neurodegenerative conditions. 

5.2 Ferroptosis 
 

In addition to apoptosis, we have analysed two other RCD pathways: ferroptosis and MPT-

driven necrosis. These pathways were selected as we reasoned that they have the most potential 

to be triggered by metabolic stress in hOLs. There was no clear evidence that these pathways are 

activated. 

Ferroptosis is a consequence of severe lipid peroxidation of the cell membrane, which is caused 

by ROS intracellular accumulation, in particular hydroxyl radicals (Chen et al., 2021a). Hydroxyl 

radicals are produced by the Fenton reaction, which consists of the oxidation of iron by hydrogen 

peroxide (Tsuneda, 2020). Therefore, the presence of iron is an important factor in the induction 

of ferroptosis. We have detected an increase in intracellular H2O2 that could potentially cause 

lipid peroxidation and ferroptosis to hOLs. However, as cell death was not attenuated by 

ferrostatin-1, which is a potent inhibitor of lipid peroxidation, there is no evidence that the H2O2 

generated as a consequence of metabolic stress causes cell death in hOL.  
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Glutathione is the most important antioxidant of the cell and is capable of neutralizing H2O2 

(Forman et al., 2009). Erastin inhibits glutathione synthesis by reducing cellular uptake of its 

precursor cystine (Dixon et al., 2012). We did not observe an induction of ferroptosis in hOLs 

when treated with Erastin, in contrast with an increase in cell death in HeLa cells. Therefore, the 

level of glutathione is not a decisive factor for the protection of hOLs from ferroptosis. Potential 

factors for this protection are low levels of intracellular iron and levels of ROS that do not 

surpass a lethal threshold. 

As in the case of apoptosis, it is relevant to consider that, although metabolic stress in isolation 

does not induce ferroptosis, a combination of other factors can cause this RCD. As shown in 

Chapter 4, high levels of external H2O2 are lethal to hOLs. Besides, an increase in intracellular 

iron could also lead to fatal consequences. In addition, glutamate, an excitotoxin associated with 

neurodegeneration can reduce the antioxidant resistance by impairing the uptake of cystine 

(Chen et al., 2021a). Therefore, it is reasonable to accept that ferroptosis could occur in 

conditions presenting high levels of ROS, internally and externally produced, high levels of 

intracellular iron and glutamate toxicity. 

5.3 MPT-driven necrosis 
 

MPT-driven necrosis is an RCD pathway in which mitochondria are saturated with Ca2+ and 

permeability transition pores are opened, returning this ion to the cytosol and increasing its 

cytosolic concentration (Baines et al., 2005). Although we have evidence of the role of Ca2+ and 

the activation of Ca2+-dependent proteases in hOL in response to metabolic stress, the origin of 

Ca2+ does not appear to be the mitochondria, as treatment with cyclosporin A, an inhibitor of the 
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opening of permeability transition pores, did not reduce levels of cell death in hOLs under 

metabolic stress. 

A possible explanation for the resistance of hOLs to MPT-driven necrosis is the downregulation 

of cyclophilin D, which is the main regulator of the opening of the mitochondrial permeability 

transition pore, and potential components of these pores, including VDAC1, which also 

participates in the transport of Ca2+ between the mitochondria and the cytosol (Shoshan-Barmatz 

et al., 2018).  

5.4 PANoptosis 
 

Pyroptosis, intrinsic apoptosis, and necroptosis are currently perceived as a complex response to 

infection and tissue damage that leads to cell death. These three RCD pathways have clear 

molecular mechanisms. While apoptosis is mainly executed by caspases, which are intracellular 

proteases, pyroptosis, and necroptosis are mediated by GSDMD and MLKL respectively. 

Apoptosis is immunologically silent, in contrast with the other two pathways that trigger 

immunological reactions (Malireddi et al., 2019). It is hypothesized that pyroptosis and 

necroptosis were evolutionary adaptations of organisms that developed defenses against 

pathogens capable of inhibiting apoptosis in infected cells (Tummers and Green, 2022).   

The main triggers of these pathways are TNF and activation of TLRs by PAMPs and DAMPs 

(Bertheloot et al., 2021). As this study is restricted to cell death directly caused by metabolic 

stress, pyroptosis, and necroptosis were not included in our investigations. However, it is 

plausible to consider that these pathways could occur as a secondary cause of cell death in cases 

in which metabolic stress is the primary cause. In these cases, after death, cells would release 

DAMPs that could trigger either pyroptosis or necroptosis in neighboring cells.  
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Evidence of pyroptosis was observed in MS patients, in which clear detection of cells expressing 

GSDMD and IL-1β was present. Exposure of hOL in vitro to TNFα also induced GSDMD 

activation (McKenzie et al., 2018). Therefore, pyroptosis and necroptosis cannot be discarded as 

possible mediators of cell death in MS and other conditions in which the presence of DAMPs or 

TNFα is suspected.  

5.5 Other RCD pathways 
 

Another RCD pathway that was not analysed in this study is parthanatos. The main reason is that 

one of the main hallmarks of this pathway is DNA fragmentation and this feature could be 

detected by the TUNEL assay (David et al., 2009). The proportion of TUNEL-positive cells 

detected in our in vitro experiments in hOLs subjected to metabolic stress is consistently low, 

indicating that parthanatos is not being activated. 

We also reasoned that lysosome-dependent cell death is unlikely to occur. This RCD pathway is 

dependent on LMP formation, which can be caused by a series of stresses, including ROS (Aits 

and Jäättelä, 2013). However, we verified that the level of ROS produced in hOLs as a 

consequence of metabolic stress is not sufficient to cause cell death. Nevertheless, it would be 

relevant to evaluate this mode of RCD in models where hOLs are exposed to a combination of 

external ROS, metabolic stress, and glutamate. 

Some studies reported evidence of entosis, in which OLs can be engulfed by ASTs (Ghatak, 

1992, Shintaku and Yutani, 2004). This mode of RCD must be taken into consideration in future 

studies with co-cultures of OLs and ASTs or other models that investigate the interaction 

between these two types of cells. 
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5.6 ATP levels (Glycolysis vs. OXPHOS) 
 

A clear aspect of the response of hOLs to metabolic stress is the drastic decrease in ATP levels. 

This decrease is considerably fast, as it is detected hours after initiation of treatment. As it is 

reasonable to expect that ATP production decreases as a consequence of glucose deprivation, 

which implies less glycolysis and eventually less OXPHOS, it is more difficult to understand 

how these cells can survive for 4 to 6 days without ATP as a source of energy. One possible 

explanation is that energy may be stored in other molecules as GTP and other phosphorylated 

proteins.  

Under metabolic stress, low levels of ATP and increased levels of AMP activate AMPK, which 

promotes a metabolic switch in the cell. AMPK phosphorylates and inhibits mTOR, which is a 

pro-anabolic and anti-catabolic factor. As a consequence, protein synthesis is reduced and 

catabolic mechanisms such as autophagy are activated (Lipton and Sahin, 2014, Zoncu et al., 

2011). Although in previous studies a sharp decline in ATP production was observed (Rone et 

al., 2016), a possible outcome of glucose deprivation would be that the cell enters an economic 

mode, which would slow down the decline in ATP consumption and keep sufficient ATP levels 

to support cell functions for an extended period. 

Another possible outcome of glucose deprivation is the production of ATP using stored material 

as an energy source. Glycogen or lipid droplets could be degraded into glucose and acyl-CoA 

and used in glycolysis and OXPHOS for the production of ATP (Roach et al., 2012, Olzmann 

and Carvalho, 2019). Our results suggest that this degradation of intracellular energy sources is 

not sufficient to compensate for the decrease in energy production. According to the literature, 

glycogen is mainly stored in ASTs in the brain (Alberini et al., 2018) and it is not clear how 
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much glycogen is kept in OLs. Therefore, in the CNS parenchyma, shortages of energetic 

metabolites are compensated by the mobilization of glycogen storage in ASTs, transferring 

energetic metabolites to neurons and OLs (Brown and Ransom, 2015). In this way, an exclusive 

culture of OLs cannot capture this mechanism. Future studies with co-cultures of ASTs and OLs, 

in vivo or ex vivo models that preserve the interactive structures between ASTs and OLs could 

provide valuable information on this energetic support in metabolic stress conditions. 

 As reported in previous studies, mature hOLs rely less on OXPHOS than glycolysis for ATP 

production. Under glucose deprivation conditions, the production of ATP by OXPHOS is even 

lower (Rone et al., 2016). A possible explanation for this low cellular respiration in hOLs is the 

low expression of VDAC1 and VDAC2, which are the mitochondrial channels responsible for 

the transport of energetic metabolites, mainly pyruvate. Moreover, as myelin requires lipid 

biosynthesis for its maintenance, a large proportion of acetyl-CoA is directed to the production 

of lipids instead of energy (Bauernfeind et al., 2014).  A reduction in OXPHOS also contributes 

to reduced levels of ROS, as discussed in the section about ferroptosis. 

5.7 Autophagy 
 

This study indicates that autophagy is necessary for the survival of hOLs and its activity is 

increased when cells are deprived of glucose. The inhibition of autophagy in these deprived 

conditions leads to an acceleration of cell death. Therefore, we hypothesized that autophagy 

could contribute to cell survival by providing substrates for energy production. Protein and lipids 

degraded in the autophagic process could be transformed into amino acids and acetyl-CoA and 

used in glycolysis and OXPHOS for the production of ATP (Meijer and Codogno, 2006). We 

then expected that the inhibition of autophagy would cause a decrease in ATP levels. In contrast, 
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autophagy activation would contribute to an increase in ATP levels. However, the use of 

chloroquine, an autophagy inhibitor, and Torin-1, an autophagy activator, did not cause changes 

in the intracellular ATP levels in hOLs, especially under glucose deprivation conditions, when 

autophagy is activated and cells need energy. A possible explanation for this lack of autophagy 

influence in ATP production is that hOLs rely preferentially on glycolysis for energy production 

than OXPHOS, as discussed in the last section. Autophagy may capture and degrade intracellular 

material in the cytosol, but this material is directed to other ends, possibly for recycling and 

remodeling the internal cell structure in response to an environment scarce in energy sources.  

5.8 ATP and autophagy 
 

Our results indicate that not only autophagy does not contribute to ATP production in the cell, 

but ATP depletion may be causing failure in the autophagic flux. As discussed in Chapter 4, 

autophagy needs dyneins and kinesins for the transport of autophagosomes and lysosomes, and 

these molecules use ATP to propel their movements. The fusion between autophagosomes also 

indirectly requires ATP, as this process is mediated by GTPases (Zhao et al., 2021). This ATP 

dependence may be the underlying cause of the autophagosome accumulation in hOLs after 4 

days of glucose deprivation presented in Chapter 4. 

Autophagy inhibition, in addition to accelerating cell death, was also associated with the 

reduction of hOLs processes length and the release of debris in the culture media. A possible 

explanation for this injury is that materials that should be used for recycling cellular components 

are captured in autophagosomes.  

Some studies support that failure of autophagy can disrupt cytoskeleton integrity. He el al. found 

that autophagy has a role in the regulation of microtubules in axons. This regulation is mediated 
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by superior cervical ganglia protein 10 (SCG10), which is a microtubule disassembly protein 

expressed in neurons. In this same study, the induction of autophagy contributed to axon 

regeneration after nerve injury (He et al., 2016). 

In studies using a mouse model of Pelizaeus-Merzbacher disease (PMD), overexpression of PLP 

was associated with hypomyelination (Karim et al., 2010, Karim et al., 2007). OLs in this model 

presented an accumulation of autolysosomes, and colocalization of PLP and LAMP1, indicating 

that PLP was captured in these autolysosomes. This accumulation caused a dysregulation of 

myelin protein expression, in particular MBP (Karim et al., 2007). Treatments with rapamycin, 

an autophagy activator, increased the accumulation of PLP in autophagosomes (Karim et al., 

2010).   

These examples demonstrate that autophagy can be implicated in different cellular functions, and 

its impairment can cause an imbalance in the availability of cellular components with deleterious 

consequences to the cell.  

5.9 The role of Ca2+ in hOL death in response to metabolic stress 
 

As discussed in Chapter 4, our findings suggest that Ca2+ has an important role in the hOLs death 

process in response to sustained metabolic stress, as it activates Ca2+-dependant proteases, which 

target cytoskeleton components (Rajgopal and Vemuri, 2002).  We hypothesized that this 

regulation is linked to ATP availability, which is necessary for the maintenance of intracellular 

Ca2+ gradients (Frandsen et al., 2020). 

As our data indicates that MPT-driven necrosis is not activated, these results suggest that hOL 

death caused by metabolic stress is a passive process, not actively regulated by the cell. 
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Considering the long-lived nature of hOLs (Yeung et al., 2019a), this resistance to metabolic 

stress may integrate the set of mechanisms that support the survival capacity of these cells.  

5.10 Perspectives 
 

Given the findings obtained in this study, we can point to opportunities for further investigation 

of the potential causes of cell death in hOLs in MS and other disorders, and the development of 

protective therapies. 

5.10.1 Improving the in vitro model 

The in vitro model used in this study consists of a purified culture containing on average 90% 

O4+ OLs. The optimal culture condition (N1) used as control has a considerably high level of 

glucose of 25 mM. Normal levels of glucose in the blood of rats vary in the range of 3 to 8 mM, 

and healthy human blood glucose levels between 4 and 6.5 mM are considered normal (Levin et 

al., 2011) (Hindmarsh and Geertsma, 2017). In the extracellular space of rat brains, glucose 

concentration ranges between 0.4 and 2.5 mM (Levin et al., 2011). Furthermore, glucose is not 

the only substrate used by OLs as energy, as these cells are also capable of uptake and 

metabolizing lactate and ketone bodies (Tepavčević, 2021). More realistic models should have a 

considerably lower concentration of glucose in the media, and should also contain other 

energetic metabolites. Experiments that explore the influence of different levels of these 

metabolites could give better insights into the energetic metabolism and responses to treatment in 

hOLs. 

Energetic metabolites in the blood must traverse the BBB to reach OLs, which involves the 

participation of endothelial cells and ASTs. It is possible to develop an in vitro model that better 

represents the BBB using transwell systems (Stone et al., 2019). In this model, a layer of 
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endothelial cells is formed at the bottom of a transwell insert. A layer of pericytes and ASTs is 

formed under the layer of endothelial cells, simulating a BBB. Neurons or microglia are cultured 

in the underlying well, so this system can test how treatments are affected by the BBB (Stone et 

al., 2019). This system could be used to culture OLs or co-cultures of OLs and neurons and test 

treatments and responses to the availability of energetic metabolites to OLs and other types of 

cells in the system. A possible improvement of this system could be the addition of a microfluid 

system that models capillaries as described by Sivandzade & Cucullo (Sivandzade and Cucullo, 

2018). 

5.10.2 Therapeutic potential of metabolism regulation 

The findings presented in this thesis have translational and clinical potential. The impact of 

metabolic stress and the described hOL cell death pathway provide new insight into the 

mechanisms that underlie MS and demyelinating diseases pathology. Each of these features have 

potential as targets for the development of therapeutic interventions. 

As we found that hOL death in response to metabolic stress is directly associated with ATP 

depletion, a therapeutic strategy to avoid this depletion could be to increase the efficacy of 

cellular respiration. This efficacy could be improved by modulating molecular mechanisms that 

regulate OXPHOS. PDK is an inhibitor of PDH, which converts pyruvate into acyl-CoA (Patel et 

al., 2014). Pharmaceutical inhibition of PDK could induce hOLs to metabolize more acetyl-CoA 

that could be used to produce ATP (Mayers et al., 2003). Another potential target is lactate 

dehydrogenase (LDH) which mutually converts pyruvate into lactate. This enzyme has two 

forms, LDHA, which preferably converts pyruvate to lactate, and LDHB, which preferably catalyzes 

the inverse reaction (Kolappan et al., 2015). Inhibition of LDHA could increase the availability of 

pyruvate which could be directed to increase OXPHOS. The activation of the transcription factor 
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proliferator-activated receptor γ (PPARγ) could also stimulate OXPHOS by promoting Ca2+ oscillations, 

which improves the function of mitochondrial dehydrogenases (Bernardo et al., 2013). 

5.10.3 Cerebral hypoperfusion 

Another strategy to avoid hOL death in response to metabolic stress could target the metabolic 

stress itself. Therefore, treatments that improve cerebral perfusion could reduce hOL injury. As 

described in Chapter 2, ET-1 is a potent vasoconstrictor and is released by endothelial cells and 

ASTs. Pharmaceutical inhibition of ET-1 could help increase cerebral perfusion and availability 

of nutrients to hOLs, avoiding metabolic stress (Michinaga et al., 2020) 

5.10.4 Astrocytes 

As ASTs have an important role in the BBB and the metabolic support of hOLs and neurons 

(Bélanger et al., 2011), these cells may have a significant role in the survival of hOLs. ASTs can 

transmit energetic metabolites by gap junctions and MCT channels (John, 2012). How the flux of 

these metabolites is controlled is not very well characterized. Also, it is unclear how changes in 

AST phenotypes could influence this flux. Further studies on this process could contribute to the 

understanding of the dynamics of metabolic stress on hOLs and represent another target for 

treatments. 

5.11 Conclusion 
 

The main objective of this work was to understand the mechanisms by which metabolic stress 

causes hOLs death. Based on the results obtained, we can conclude that hOLs do not trigger any 

known RCD pathway in response to metabolic stress, and cell death occurs in a slow process of 

cellular integrity disruption caused by ATP depletion. Due to this ATP shortage, autophagy, a 

process that supports hOL survival, fails, leading to processes retraction and loss of myelin. 
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Evidence of autophagy failure was identified in lesions and NAWM of MS patients, indicating 

that this mechanism occurs in this disease and may be a consequence of metabolic stress. ATP 

depletion also entails an increase in Ca2+ concentration, activation of Ca2+-dependent proteases, 

and cleavage of cytoskeleton components. Adult hOLs are resistant to apoptosis. This resistance 

is supported by an increased expression of anti-apoptotic molecules of the BCL-2 family and a 

decrease in the expression of pro-apoptotic molecules of this same family.  

hOLs death and injury are hallmarks of MS and other demyelinating diseases (Baumann and 

Pham-Dinh, 2001, RODRIGUEZ et al., 1993) and the findings in this study contribute to the 

understanding of this pathological process by uncovering the molecular mechanism involved in 

response to metabolic stress, which may be caused by cerebral hypoperfusion, a feature 

consistently identified in MS patients (D'Haeseleer et al., 2015). This understanding can 

contribute to therapeutic approaches to attenuate the progressive pattern of MS.  

This study demonstrated that hOLs are resilient cells that are not prone to succumb to cell death. 

Our results focused on the resistance of these cells to injuries caused by metabolic stress. Some 

insights were given on their resistance to oxidative stress. Further studies could investigate hOLs 

response to combined stresses including metabolic and oxidative stress, glutamate excitotoxicity, 

the influence of cytokines and interactions with cells of the immune system. The development of 

models that can better represent how impairments in the supply of energetic metabolites affect 

OLs could also contribute to identifying potentially harmful mechanisms and targets for 

treatment. 

Our findings indicate opportunities for therapeutic strategies that could increase hOLs capacity to 

survive in a metabolic challenged environment and possible alternatives to attenuate metabolic 

stress, potentially contributing to treatments for MS and other demyelinating diseases.   
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