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ABSTRACT 

Oligodendrocyte dysfunction, myelin degeneration and alterations in white matter 

structures are early events in Alzheimer's disease that contribute to cognitive deficits. 

Amyloid β oligomers (Ao) have been proposed to induce changes in oligodendrocytes 

and myelin, although the underlying molecular mechanisms remain incompletely 

understood. The differentiation program that oligodendrocyte progenitor cells undergo to 

become mature myelinating oligodendrocytes is intricately regulated by transcription 

factors, among which myelin regulatory factor (MYRF) plays an essential role. The self-

cleaved N-terminal of MYRF (N-MYRF) translocates from the endoplasmic reticulum 

into the nucleus to induce the expression of myelin-related genes such as myelin basic 

protein (MBP); subsequently, N-MYRF is phosphorylated by GSK3 and degraded via the 

ubiquitin-proteasome system. Despite the significance of MYRF in oligodendrocyte 

differentiation and myelination, little is known about its involvement in Alzheimer’s 

disease. 

With the aim of uncovering alterations in oligodendroglial lineage cells in the context of 

Alzheimer’s disease, through immunohistochemistry and EdU labelling we observed that 

the oligodendroglial population dynamics was disturbed within both the corpus callosum 

and the dentate gyrus of 3xTg-AD mice. Specifically, oligodendrocyte maturation was 

promoted, alongside region-specific oligodendrocyte loss in the dentate gyrus. Similarly, 

intracerebral injection of Aβo in WT mice also enhanced oligodendrocyte differentiation 

and maturation, suggesting that the observed oligodendrocyte alterations in 3xTg-AD 

mice were, at least in part, triggered by the presence of Aβo. Furthermore, bulk RNA 

sequencing analysis of oligodendrocytes isolated from adult 3xTg-AD mice revealed 

differential expression of multiple genes, primarily involved in critical biological 

processes such as ubiquitination, autophagy, and lipid metabolism. Additionally, 

upregulation of genes associated with pathways including oxidative stress and DNA 

damage indicated potential disruptions in oligodendrocytes at early stages of AD. 

Moreover, we found that Aβo increase MYRF protein levels both in vivo and in vitro, 

and, consistently, 3xTg-AD mice also exhibited more MYRF+ oligodendrocytes than WT 

mice. Interestingly, sustained MYRF overexpression was found to be toxic for 

oligodendrocytes in vitro, suggesting a potential role for MYRF in Aβo-induced 

oligodendrocyte impairments. Mechanistically, we observed that Aβo slow down nuclear 
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MYRF degradation by altering both the PKC/GSK3 signaling pathway and 

Fbxw7-mediated ubiquitination. This leads to ineffective clearance of MYRF in the 

nucleus, potentially resulting in an aberrant transcriptional activity that affects 

oligodendrocytes and myelin-related gene expression. Finally, we evaluated and 

validated PKC inhibition as a potential pharmacological strategy to reverse the observed 

Aβo-induced alterations in MYRF, oligodendrocytes, and myelin in vivo. Administration 

of the pan-PKC inhibitor Gö6983 successfully rescued the Aβo-triggered precocious 

oligodendrocyte maturation and the increased myelination in the spinal cord of zebrafish 

larvae. Similarly, continuous intracerebroventricular infusion of Gö6983 in 3xTg-AD 

mice resulted in reduced MYRF levels within the hippocampus, and reversed both the 

oligodendrocyte loss and the promoted differentiation in the dentate gyrus.  

In summary, our findings elucidate an Aβo-induced aberrant signaling pathway for 

MYRF degradation, with functional implications for oligodendrocytes in Alzheimer’s 

disease models. Additionally, we propose PKC inhibition as a potential pharmacological 

strategy to mitigate these disruptions that may be contributing to the onset and progression 

of AD pathology. 
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1. OLIGODENDROCYTES 

Glial cells, constituting approximately half of the cells within the central nervous system 

(CNS), have historically been perceived as passive bystanders in CNS function. However, 

emerging evidence increasingly underscores their indispensable role in regulating various 

aspects of CNS physiology (Allen & Lyons, 2018). Oligodendrocytes (OLs) represent 

one of the major glial cell types in the CNS, along with microglia and astroglia. OLs were 

first described by Spanish neuroscientist Pío del Río Hortega in 1921, whose study 

unveiled their intricate cellular morphology, characterized by a small cell body containing 

nuclei rich in chromatin and a highly complex network of cytoplasmic extensions filled 

with granules. OLs stand out as specialized cells responsible for myelinating axons, and 

thus facilitating efficient axonal conduction while supporting neuronal health and 

function. 

 

1.1. Oligodendrocyte functions 

Oligodendrocytes play multifaceted roles crucial for CNS homeostasis and neuronal 

function. They are pivotal in regulating efficient conduction velocity, maintaining ionic 

balance, and supporting axonal trophic and metabolic demands with energy-rich 

substrates (Figure 1). Moreover, apart from maintaining long-term axonal integrity and 

neuronal homeostasis, OLs and their precursor cells, oligodendrocyte precursor cells 

(OPCs), also interact with other cell types in the CNS. And they have also been involved 

in different stages of memory, such as memory consolidation and recall in associative 

learning (Munyeshyaka & Fields, 2022). Consequently, the disruption or loss of OLs 

function can have profound implications, contributing to the pathogenesis of various 

neurodegenerative and neuropsychiatric disorders, including multiple sclerosis, 

leukodystrophies (Stadelmann et al., 2019), and Alzheimer’s disease (S. Han et al., 2022). 

Thus, a comprehensive understanding of OLs biology is essential for elucidating the 

underlying mechanisms of these disorders and developing targeted therapeutic 

interventions aimed at preserving or restoring OL function. 
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Figure 1. Oligodendrocyte functions in the developing and adult CNS. (1) OLs elaborate and 

remodel myelin sheaths. (2) OLs secrete extracellular matrix molecules, such as brevican, which trigger the 

clustering of NaV1.2 into pre-nodes. (3) OLs participate in nodal maturation by exchanging NaV1.2 for 

NaV1.6 and contribute to nodal maintenance. (4) OLs maintain ion homeostasis. (5) OLs secrete 

extracellular vesicles (EVs) containing molecules like FTH1 and SIRT2 to provide axons with energy and 

antioxidant support. (6) OLs provide axons with trophic factors and metabolites. They generate lactate or 

pyruvate and transfer them to axons via the periaxonal space through monocarboxylate transporter 1 

(MCT1) and 2 (MCT2). Neurons then catabolize these molecules in the mitochondria to generate ATP. 

Adapted from Pepper et al., 2018, and Krämer-Albers & Werner, 2023. Created with BioRender.com 

 

 

1.1.1. Myelination 

The primary function of OLs is to generate and maintain myelin (Figure 1.1), a highly 

specialized multilamellar lipid-rich structure that gives the white matter (WM) its color. 

This specialized membrane provides the structural basis for the rapid impulse propagation 

required to develop motor, sensory and cognitive functions in the CNS. Functionally, 

myelin enables maximum conduction velocity (20-100-fold faster than non-myelinated 

axons) and reduces axonal energy consumption (Crotty et al., 2006; Waxman, 1997). 
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The precise and coordinated production of myelin is essential for the correct development 

and functioning of the CNS; therefore, myelination is a tightly regulated process. In vivo, 

myelin is selectively targeted to certain axons based on their biophysical properties, such 

as axon size, with various extracellular signals serving as permissive or repulsive cues 

(Rafael Góis Almeida, 2018; Snaidero et al., 2014). OLs must effectively integrate these 

complex regulatory signals to control their responses and ensure proper myelin formation. 

Upon OL stimulation by extracellular mediators, multiple intracellular signaling 

pathways are activated to promote myelination. Key pathways include the 

PI3K/Akt/mTOR and ERK1/2-MAPK pathways, as well as Ca2+/CaMKII signalling, as 

myelin formation mediators (Gaesser & Fyffe-Maricich, 2016; White & Krämer-Albers, 

2014). Additionally, myelination is also regulated by a complex interplay of OL 

transcription factors such as Olig1, Sox10, and MYRF. These transcription factors 

collectively govern the sequential events of OL development and myelination, ensuring 

the proper formation and maintenance of myelin sheaths. Therefore, maintaining 

appropriate expression levels and function of these transcription factors is crucial. 

Importantly, in vivo studies have demonstrated that ablation or blocking of these factors 

leads to myelin loss (Dai et al., 2015; Hornig et al., 2013; Koenning et al., 2012), 

highlighting their significant contribution to the myelin synthesis process. 

During myelination, mature OLs extend several elongated membrane processes to make 

contact with axons and wrap around them, forming discrete segments of myelin sheaths 

along their length. The most accepted model that explains the underlying mechanism of 

myelination describes OLs initially forming a triangular membrane that simultaneously 

expands around and along the axon, in a coordinated bi-directional way. The axon is then 

wrapped in progressive membrane layers, where the outermost layer is closer to OL cell 

body, and the innermost is in direct contact with the axon (Nawaz et al., 2015; Samanta 

& Salzer, 2015; Zuchero et al., 2015). This process involves rapid cytoskeletal 

reorganization in OLs, driven by the axon-oligodendrocyte recognition (Bauer et al., 

2009; Simons & Trotter, 2007; Snaidero et al., 2014).  

Structurally, electron microscopy studies have revealed that myelin exhibits a high degree 

of conservation across species, showing fundamental similarities between zebrafish and 

mammalian models (Preston & Macklin, 2015). The spiraling pattern of myelin around 

axons gives rise to two distinct periodic morphological features: alternating 

electron-dense and -light layers. The dense layers consist of tightly compacted lipid 



4 

 

bilayers, whereas the light layers, also known as the interperiod line, contain cytoplasmic 

channels that allow for metabolic exchange between the OL cell body and the myelin 

sheath (Figure 2) (Hartline, 2008). This structural arrangement provides high electrical 

resistance and low capacitance, essential for efficient axon potential propagation. 

Myelinated segments along axons are separated by nodes of Ranvier, small periodic 

unmyelinated regions where the excitable axonal membrane is exposed to the 

extracellular space. Consequently, action potential generation is restricted to these nodes, 

characterized by a high density (>1200 / μm2) of voltage-dependent sodium channels 

(Figure 1.2, 1.3). Action potentials jump from one node of Ranvier to the next along the 

axon, enabling rapid saltatory conduction (Moore et al., 2020; Nave, 2010; Waxman & 

Ritchie, 1993). Adjacent to the nodes, myelin lateral edges form the paranode, a 

non-compacted structure where myelin is firmly attached to the axon. This specialized 

contact area is maintained by the adhesion of contactin-1 and Caspr proteins on the axonal 

surface and Neurofascin-155 on the glial side (Figure 2) (Stadelmann et al., 2019). 

 

 

Figure 2. Schematic representation of the central nervous system myelin structure. Myelin is 

composed of tightly stacked layers of oligodendrocyte cell membranes, exhibiting two alternating distinct 

types of layers that are observable under electron microscopy: electron-dense and –light layers. The 

compaction of these membranes is primarily obtained by Myelin basic protein (MBP), which tightly zippers 

the cytoplasmic surfaces together. 2’,3’-Cyclic nucleotide 3’-phosphodiesterase (CNPase) interacts with 

the actin cytoskeleton, counteracting the polymerizing forces exerted by MBP, and thereby forming 

cytoplasmic channels within the myelin sheath. Gap junctions establish connections between the paranodal 

loops of myelin located at the lateral edges of the myelin sheath. MAG: myelin-associated glycoprotein. 

Adapted from Stadelmann et al., 2019. 
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In addition to its membrane ultrastructure, the specialized composition of myelin makes 

it a unique membrane in the CNS. While most plasma membranes consist of 

approximately equal proportion of protein and lipids (50% proteins and 50% lipids, by 

dry weight), the myelin sheath is characterized by a high proportion of lipids (70%–85%) 

and a low proportion of small proteins (15%–30%), with Myelin basic protein (MBP) and 

Proteolipid protein (PLP) being the most abundant (Figure 2). This high lipid / protein 

ratio in myelin creates a hydrophobic environment that exerts a repulsive force towards 

the extracellular fluid, thereby contributing to the compaction and tight organization of 

the myelin sheath (Min et al., 2009). Furthermore, the components of the myelin 

membrane have half-lives ranging from several weeks to months, making it a remarkably 

stable structure (Fornasiero et al., 2018). 

Despite its stability, myelination is a dynamic and plastic process that occurs over 

extended periods throughout life (Miller et al., 2012). In humans, myelination mainly 

occurs within the first 2 years of life, but WM volume continues to increase until around 

mid-life, driven by the myelination of new axonal projections. In contrast, myelin 

formation in rodents is typically completed in around 2 months, while robust myelination 

occurs within the first week of zebrafish life. Moreover, the maintenance and turnover of 

myelin driven by OLs enable the adaptation of myelin sheaths in response to changes in 

environmental stimuli, experience and neural activity, even in adulthood (Forbes & Gallo, 

2017). Remarkably, neurotransmitters can modulate OPCs and OLs behavior: in response 

to higher neural activity, OLs regulate myelin sheath production (Fields, 2015). 

Furthermore, myelin plasticity also plays a critical role in the regeneration of myelin 

following demyelinating injuries.  

 

1.1.2. Metabolic and trophic support of axons 

In addition to electrical insulation of axons, oligodendrocytes also play essential roles in 

ion homeostasis (Figure 1.4) and trophic and metabolic support for neurons. In this line, 

OLs can generate lactate or pyruvate in an activity-dependent manner (Saab et al., 2016), 

and transfer them to neurons through monocarboxylate transporter 1 (MCT1) located at 

the uncompact inner tongue of the myelin sheath. Then, lactate is taken up from the 

extracellular space by neurons, where it is catabolized to generate ATP (Figure 1.6) (Y. 

Lee et al., 2012; Rinholm et al., 2011). 
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Moreover, it has been recently described that OLs also provide axonal support via 

transcellular delivery of extracellular vesicles (EVs), usually with neuroprotective aims. 

For instance, OLs provide neurons with ferritin heavy chain (FTH1) through exosomes, 

which is thought to be a protective mechanism against oxidative stress in aging 

(Mukherjee et al., 2020). Additionally, they also deliver NAD-dependent deacetylase 

sirtuin 2 (SIRT2), which enhances neuronal ATP production by deacetylating 

mitochondrial proteins boosting axonal bioenergetics under pathological conditions 

(Figure 1.5) (Chamberlain et al., 2021). 

Other metabolites, nutrients and signaling molecules are also transported from OL soma 

towards axons through the non-compacted myelin areas called cytoplasmic channels 

(Nave & Werner, 2014). In fact, CNPase-null mice presents loss of these cytoplasmic 

channels, which results in a progressive axonal degeneration. In contrast, while MBP-null 

or shiverer mice develop a severe demyelination, they preserve the axonal integrity and 

function, likely by maintaining the glial metabolic support through the thin, uncompacted 

myelin process (Snaidero et al., 2017). Indeed, these observations in knockout mice for 

specific myelin proteins suggest that the absence of myelin is better than defective myelin 

for sustaining proper axonal functions, as defective myelin is associated with 

oligodendrocyte-axon metabolic support disconnection (Philips & Rothstein, 2017; 

Simons & Nave, 2016). 

 

1.1.3. Other functions of oligodendrocyte progenitor cells 

Interestingly, OPCs have recently been described as much more than only precursor cells 

for generating myelinating OLs. Actually, it has been proposed that OPCs act as sensors 

of physiological signals, which they integrate to subsequently mediate other surrounding 

cells. For example, they have been reported to be involved in sensing hypoxia to stimulate 

angiogenesis (Yuen et al., 2014) and acting as antigen-presenting cells upon 

demyelination (Falcão et al., 2018; Kirby et al., 2019), among other novel functions. In 

addition to their roles as signal integrators and mediators of non-neuronal cells, OPCs 

also participate in the regulation of neuronal circuitry in the healthy CNS (Y. Xiao & 

Czopka, 2023).  
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1.2. Oligodendrocyte differentiation 

The development and differentiation of OLs are tightly regulated processes that involve 

a series of molecular signaling events and interactions with surrounding neural cells. 

During late embryonic developmental stages, oligodendrocyte progenitor cells (OPCs) 

originate from multipotential neural progenitor cells (NPCs) in specific regions of the 

CNS. Under specific signals, NPCs start to express Olig2, triggering the first embryonic 

wave of OPC specification (Figure 3) (Naruse et al., 2017). Then, these OPCs migrate 

from the ventricular/subventricular zone of the brain to the developing WM, where they 

proliferate and establish an evenly spaced network of cell processes. Interestingly, unlike 

other undifferentiated stem and progenitor cells, OPCs are evenly distributed throughout 

the CNS rather than residing in specific niches (Dawson et al., 2003; Marisca et al., 2020). 

Upon OPC migration and establishment at a suitable region, some of them stay in a 

precursor state, while others undergo differentiation into post-mitotic mature OLs 

(Simons & Nave, 2016). Intrinsic and extrinsic factors allow segregation of OPCs into 

functionally different groups, which restrict their roles and propensities to differentiate 

(Marisca et al., 2020; Spitzer et al., 2019). 

The process of creating mature OLs from OPCs is called oligodendrogenesis, and it is 

characterized by several stages of cell maturation defined by morphological aspects and 

the expression of specific marker proteins (Emery, 2010). This sequential expression of 

developmental markers divide the oligodendroglial lineage into distinct phenotypic stages 

(Baumann & Pham-Dinh, 2001). In fact, a recent single-cell RNA-sequencing analysis 

identified a continuum of 12 different subpopulations within the oligodendrocytic lineage 

ranging from OPCs to mature OLs, suggesting that oligodendrocyte differentiation 

represents a series of linked cellular transformations (Marques et al., 2016). 

Shortly, initially early progenitor cells (early OPCs), responsible for migration and 

proliferation, express the platelet-derived growth factor receptor-α (PDGFR-α) and 

exhibit a bipolar or stellate morphology. Then, early OPCs differentiate into late 

progenitor cells (late OPCs), which acquire the marker O4 and the proteoglycan 

neuron-glial antigen 2 (NG2), and develop a more complex shape. At this stage, cells 

keep their ability to proliferate, but they lose their motility almost completely. Following 

oligodendrocyte lineage progression, late OPCs give rise to pre-myelinating or immature 

OLs, down-regulating PDGFR-α and NG2 expression while retaining SOX10 and OLIG2 
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expression. Immature OLs are characterized by the expression of the earliest 

myelin-related marker, 2′,3′-cyclic nucleotide 3′-phosphodiesterase (CNPase), along with 

OL cell surface markers O4 and O1. Moreover, they can be further distinguished from 

other OL lineage cells based on their aspect, as they develop a highly branched 

morphology of fine processes aimed at reaching axons. Finally, these immature cells 

differentiate into mature myelinating OLs, expressing CC1 and producing myelin-related 

proteins such as myelin basic protein (MBP), proteolipid protein (PLP), 

myelin-associated glycoprotein (MAG), and myelin oligodendrocyte glycoprotein 

(MOG) (Figure 3) (Fletcher et al., 2021). Morphologically, mature OLs form myelin 

sheaths, with rod-like processes oriented parallel in the WM and randomly in the grey 

matter (GM) (Young et al., 2013a). It has been recently shown that mature OLs persist 

life-long in mice and humans, actively producing and maintaining myelin throughout the 

CNS (Tripathi et al., 2017; Yeung et al., 2014). 

 

 

Figure 3. Oligodendrocyte differentiation stages. Cells within the oligodendroglial lineage arise from 

neural progenitor cells (NPCs), and undergo distinct stages of differentiation characterized by specific 

protein expression patterns. These stages include early oligodendrocyte progenitor cells (early OPCs), late 

oligodendrocyte progenitor cells (late OPCs), pre-myelinating or immature OLs, and myelinating mature 

OLs. OPCs express PDGFR-α and the NG2 proteoglycan. Upon differentiation, pre-myelinating OLs 

upregulate Nkx2.2, O4 and MYRF, and initiate expression of the first myelin-related protein, CNPase. 

Mature myelinating OLs express CC1 and various myelin-related proteins, including MBP, PLP and MAG, 

with MOG being the last to be expressed. All cells of the oligodendroglial lineage express the transcription 

factors Olig2 and SOX10, although their expression levels gradually decline during maturation. Adapted 

from Pepper et al., 2018. Created with BioRender.com 
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After development, a population of OPCs remains in the adult brain, preserving their 

ability to proliferate and generate new mature OLs, which will be needed to maintain 

myelin in both healthy or diseased brains (Young et al., 2013a). Notably, it has been 

described that new myelin formation after demyelination primarily occurs through the 

differentiation of specialized OPCs rather than existing mature OLs (Czopka et al., 2013). 

 

1.2.1. Mechanisms regulating oligodendrocyte differentiation 

The process of oligodendrocyte differentiation is intricately controlled by a multitude of 

well-coordinated events and regulatory mechanisms, spanning from the proliferation of 

OPCs to the regulation of myelin synthesis. This regulatory landscape is governed by a 

complex interplay of molecular signals, transcriptional networks, epigenetic 

modifications, and extracellular cues, collectively ensuring the precise orchestration of 

OL differentiation and myelination (Almeida et al., 2011; Samudyata et al., 2020). 

Therefore, a wide repertoire of both positive and negative regulators contribute to the 

tight control of these processes.  

Extrinsic factors present in the microenvironment surrounding OPCs play a crucial role 

in regulating OL differentiation. For instance, in the adult brain, OPCs exhibit 

region-dependent differences in their ability to proliferate and differentiate: cells in GM 

regions have a longer cell cycle and lower differentiation properties, as compared to cells 

in the WM (Dimou et al., 2008; Simon et al., 2011). Among regulatory extracellular cues, 

growth factors such as platelet-derived growth factor (PDGF) and fibroblast growth factor 

(FGF) promote OPC proliferation and survival (Pukos et al., 2018; Woodruff et al., 2004), 

while neurotrophic factors like brain-derived neurotrophic factor (BDNF) regulate OL 

maturation and myelination (Fletcher et al., 2018; J. Xiao et al., 2011). Moreover, in 

addition to its involvement in OPC survival and proliferation, insulin-like growth factor 1 

(IGF-1) signalling is also required for OL differentiation and myelin formation (Zeger et 

al., 2007) via PI3K/Akt/mTOR signaling pathway (Flores et al., 2008; Tyler et al., 2009). 

Thyroid hormone 3 (T3) also contributes to OL differentiation, with observations of 

reduced myelin gene expression in hypothyroidism patients and rodents (S. Mitew et al., 

2014). Furthermore, cell-cell interactions mediated by signalling molecules and 

extracellular matrix components also influence OL differentiation and myelination 

capacity (Colognato & Tzvetanova, 2011). 
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Concerning the intracellular regulators of OL differentiation, transcription factors play a 

central role in regulating and shaping the progression of OPCs towards mature OLs 

(Figure 4). Positive regulators include Myelin Regulatory Factor (MYRF), Olig1/2, 

Sox2/3/10 and Nkx2.2 that interact synergistically to drive OL maturation (Elbaz & 

Popko, 2019; Hornig et al., 2013). Olig2, a key transcriptional factor expressed in OPCs 

and throughout the whole OL lineage, is essential for the OL fate determination during 

early CNS development. Olig2 promotes the expression of genes involved in OL 

differentiation while repressing alternative lineage pathways (Kitada & Rowitch, 2006; 

Küspert et al., 2011). Then, its levels progressively decrease at mature stages. In fact, 

ablation of Olig2 in OPCs causes a sustained decrease in OL differentiation, while 

ablation in mature cells have no detrimental effect, suggesting that Olig2 mediates cell 

differentiation but has no role on mature OL functions, as myelination (Mei et al., 2013). 

Similarly, Sox10, a member of the SRY-related HMG-box (Sox) family of transcription 

factors, is also critical for the maintenance of OPC identity and the progression of OPCs 

towards mature OLs (Küspert & Wegner, 2016; Wittstatt et al., 2019). Sox10, in 

conjunction with Olig2, regulates the expression of genes required for OL differentiation 

and myelination, including the transcription factor MYRF and lipid synthesis enzymes 

(Hornig et al., 2013). Finally, MYRF is specifically upregulated during OL 

differentiation, and it is essential for the induction of myelin-related genes expression 

(Emery, 2010; H. Huang et al., 2021). Importantly, MYRF is also required for 

maintaining myelin in the adult brain (Emery et al., 2009; Koenning et al., 2012). 

 

 

Figure 4. Transcriptional networks regulating myelination in oligodendrocytes. Olig2 acts during 

OPC specification stage to promote the expression of Sox10. Next, during OL differentiation, the 

collaborative action of Sox10 and Olig2 induces the expression of MYRF, with Sox10 binding the intron 1 

enhancer/ECR9. Finally, Sox10 and MYRF act together at myelin gene promoters and enhancers to drive 

myelin-related genes and proteins expression. Adapted from Emery, 2013. Created with BioRender.com 
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Conversely, negative regulators such as Hes family basic helix-loop-helix (bHLH) 

transcription factors 1 and 5 (Hes1/5) and inhibitor of DNA binding 2 and 4 (Id2/4) act 

to inhibit OL differentiation by directly binding to pro-differentiation factors such as 

Olig1 and Sox10, thereby repressing their function (Liu et al., 2006; Samanta & Kessler, 

2004). These negative regulators play essential roles in maintaining the proper balance 

between OPC proliferation and differentiation within the OL lineage.  

Moreover, in the recent years several epigenetic mechanisms, such as DNA methylation, 

histone modifications, long non-coding RNAs (lncRNAs), and chromatin remodelling, 

have been described to contribute to the regulation of OL differentiation (Samudyata et 

al., 2020). These mechanisms modulate the accessibility of chromatin to transcription 

factors and other regulatory proteins, thereby influencing gene expression programs 

associated with OL development (Koreman et al., 2018). Ultimately, epigenetic 

remodelling of the genome not only regulates gene expression levels, but it can also 

modulate the binding affinities of transcription factors to target genes. 

Finally, microRNAs (miRNAs) have also recently emerged as critical regulators of OL 

differentiation, exerting post-transcriptional control over gene expression. Dynamic 

expression patterns of miRNAs during OL development suggest their pivotal roles in 

modulating the differentiation process (Galloway & Moore, 2016). For instance, during 

the maturation of OLs, miR-219, -338, and -138 promote OL development and 

myelination by repressing factors that inhibit OL differentiation, including Hes5, Sox6 

and PDGFR-α (X. Zhao et al., 2010). 

 

 

2. MYELIN REGULATORY FACTOR 

The process of myelination, whereby oligodendrocytes ensheath axons with myelin, 

constitutes a critical event in CNS development and function. Among the diverse array 

of transcription factors orchestrating this intricate process, Myelin Regulatory Factor 

(MYRF) stands out as a key regulator of late OL differentiation and myelin-related 

functions, including myelin formation, upkeep, and repair (Elbaz & Popko, 2019; H. 

Huang et al., 2021). 
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The Myrf gene was initially identified through gene profiling studies utilizing 

immunopanning to isolate astrocytes, neurons, and OLs from the postnatal mouse 

forebrain (Cahoy et al., 2008). This study revealed that Myrf, previously denoted as Gene 

Model 98, is expressed in pre-myelinating and myelinating OLs but not in OPCs, 

underscoring its specific involvement in OL maturation and myelination processes. 

Indeed, genetic ablation of Myrf within the OL lineage did not perturb OPC generation or 

proliferation, but notably impeded their differentiation into fully mature myelinating OLs. 

Furthermore, inducible conditional deletion of Myrf in mature cells of adult mice resulted 

in a marked down-regulation of myelin gene expression and severe demyelination, 

accompanied by neurological impairments (Emery et al., 2009; Koenning et al., 2012). 

Interestingly, Myrf is not expressed in the peripheral nervous system (PNS), including 

Schwann cells responsible for PNS myelination (Emery et al., 2009). Collectively, these 

findings firmly establish MYRF as a pivotal regulator of OL maturation, primary myelin 

formation, and the life-long maintenance and repair of myelin in the CNS. 

 

2.1. Molecular structure and mechanism of action of MYRF 

MYRF exhibits atypical molecular characteristics as a transcriptional factor. Structurally, 

the protein contains at least four distinct functional and structural domains that 

demonstrate remarkable homology across species. These domains include a 

DNA-binding domain (DBD) at the N-terminal, which shares homology with the one in 

the yeast transcription factor Ndt80, and an Intramolecular Chaperone Auto-cleavage 

domain (ICA), a transmembrane domain, and a functionally uncharacterized MYRF 

conserved domain (MYRF_C2) at the C-terminal (Figure 5) (Bujalka et al., 2013; Li et 

al., 2013). Notably, the ICA domain demonstrates homology to a domain found in the 

bacteriophage endosialidase tailspike protein, establishing MYRF as the first eukaryotic 

protein identified with this homology (Li et al., 2013; Senoo et al., 2013). Typically, such 

domains contribute to quaternary structure assembly. 

Initially synthesized as a type-II transmembrane protein anchored in the endoplasmic 

reticulum (ER), MYRF follows a unique activation process. First, it must undergo a 

homo-trimerization process facilitated by the ICA domain, which acts as an 

intramolecular chaperone to assist MYRF in forming a triple β helix (D. Kim et al., 2017; 

Schulz et al., 2010; Schwarzer et al., 2007). Following homo-trimerization, the ICA 
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domain catalyzes an auto-processing reaction, cleaving the full-length MYRF 

(FL-MYRF) at three P586-S587 peptide bonds that connect the ICA homo-trimer to the 

N-terminal region of MYRF (N-MYRF) (Figure 5). Given its evident participation in 

MYRF’s processing, the integrity of the ICA domain is crucial for MYRF activation. In 

fact, mutations in critical residues of this domain have been demonstrated to significantly 

impair not only the trimerization, but also the auto-cleavage, and the subsequent 

transcriptional activity of MYRF (An et al., 2020).  

 

Figure 5. MYRF protein structure and mechanism of action. MYRF is generated as a 

transmembrane (TM) protein in the endoplasmic reticulum (ER), and needs to undergo a 

homo-trimerization process to perform its activity. Once trimerized, the full-length protein (FL-MYRF) is 

auto-cleaved from the ICA domain, and its N-terminal fragment (N-MYRF) is released from the ER to 

enter the nucleus, where it acts as a transcriptional factor thanks to its DNA-binding domain (DBD). 

Adapted from An et al., 2020. Created in BioRender.com 

 

 

Upon auto-processing, the cleaved C-terminal fragment (C-MYRF) remains in the ER 

with yet unclear biological functions, while the N-MYRF containing the DBD is released 

from the ER and translocated to the nucleus, where it functions as a homo-trimeric 

transcription factor, inducing the expression of numerous genes (Figure 5) (B. Chen et 

al., 2018; D. Kim et al., 2017; Zhen et al., 2017). Chromatin immunoprecipitation-

sequencing (ChIP-seq) analysis of MYRF in rat OLs revealed enrichment primarily in 

myelin-related genes, such as Mbp, Plp1, Mag, and Mog, conferring upon MYRF the 
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nowadays well-established identity as a key myelin regulator. However, results 

demonstrated that MYRF also targets other genes with diverse important biological 

functions for OL. These included genes encoding for cytoskeletal proteins (Tppp, Kif21a), 

receptors (Fgfr2, Gpr37), oligodendrocyte-neuron junctional proteins (Cntn2, Hapln2, 

Nfasc), lipid metabolism protein (Aspa, Ugt8, Slc45a3), transcription factors (Sox10, 

Nkx6.2), and others whose roles in myelination remain to be elucidated (Rffl, Nipal4, 

Rnf220) (Bujalka et al., 2013). This broad range of targets underscores the multifaceted 

functions of MYRF beyond OL differentiation and myelination processes.  

Despite the necessity for exquisite regulation of MYRF’s expression and activity, the 

mechanisms governing its regulation are not yet fully understood. Unlike other known 

membrane-associated transcription factors, MYRF’s cleavage does not appear to be 

regulated in response to any known biological signal; instead, it seems to occur 

constitutively (Bujalka et al., 2013). However, importantly, the recent discovery of 

repressive interactions with the ER transmembrane protein TMEM98 suggests that 

MYRF’s processing is subject to regulation in vivo (Choi et al., 2018). MYRF and 

TMEM98 show a similar expression pattern in pre-myelinating OLs, indicating their 

coexistence during OL differentiation. TMEM98 has been shown to bind to the 

C-terminal end of MYRF in the ER, thereby inhibiting its self-cleavage and activity. 

Indeed, overexpression of Tmem98 suppressed MYRF cleavage in transfected HEK cells 

(Garnai et al., 2019) and inhibited OL maturation in electroporated embryonic chick 

spinal cords (H. Huang et al., 2018). Thus, this likely represents a crucial cellular 

mechanism for preventing premature OL differentiation and myelination. Nonetheless, 

additional regulatory mechanisms governing MYRF activity remain unclear. 

 

2.2. Molecular mechanisms involved in MYRF degradation 

Maintaining appropriate levels of transcription factors is essential for precise gene 

expression control and cellular function. Key to this regulation is the efficient clearance 

of transcription factors from the nucleus once their activity is no longer required. Thus, 

an effective degradation program is crucial to prevent prolonged or inappropriate gene 

activation, which can disrupt cellular homeostasis and contribute to diseases like cancer 

and neurodegenerative disorders (Chu et al., 2007; Desterro et al., 2000). However, the 

mechanisms governing nuclear N-MYRF degradation are incompletely understood. 
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According to a study conducted in mouse hepatocellular carcinoma (mHepa) cells, the 

stability of nuclear MYRF is regulated through the ubiquitin-proteasome system (UPS). 

Initially, to undergo degradation, the N-terminal of MYRF must be phosphorylated at 

Ser138 and Ser142 residues by glycogen synthase kinase 3 (GSK3). Then, this 

phosphorylation is recognized by the F-box protein Fbxw7, leading to its subsequent 

ubiquitination and proteasomal degradation (Figure 6) (Nakayama et al., 2018). 

Nevertheless, no studies have been conducted in oligodendrocytes to date. 

 

 

Figure 6. Model for MYRF degradation pathway. The nuclear form of N-MYRF is 

(1) phorphorylated by glycogen synthase kinase 3 (GSK3), (2) ubiquitinated by SCFFbxw7, and thereby 

targeted for (3) degradation by the proteasome. (Ub, ubiquitin. P, phosphorylation.) Adapted from 

Nakayama et al., 2018. Created with BioRender.com 

 

 

2.2.1. GSK3-mediated phosphorylation 

The first described step in the MYRF degradation pathway involves GSK3-mediated 

serine phosphorylation of N-MYRF (Nakayama et al., 2018). Glycogen synthase kinase 3 

(GSK3) is a proline-directed serine/threonine kinase that stands out among kinases due 

to its unconventional characteristics, including constitutive activity and inhibition through 

phosphorylation at specific residues, diverging from typical kinase activation paradigms 

(Beurel et al., 2015). 
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This kinase exists in cells as two distinct gene products, GSK3α and GSK3β, which 

exhibit high homology in the catalytic domain while differing in N- and C-terminal 

sequences (Woodgett, 1990). GSK3 is ubiquitously expressed across the animal kingdom 

and in all tissues, being particularly abundant in the brain (Salcedo-Tello et al., 2011). 

Both GSK3α and β are collectively implicated in various physiological and pathological 

processes such as cancer, diabetes, neurodegeneration, and psychiatric disorders (Beurel 

et al., 2015). In fact, GSK3β was predicted to have more substrates than any other known 

kinase (Linding et al., 2007). As a result, GSK3 employs multiple regulatory mechanisms 

to effectively modulate its substrate-specific actions. These mechanisms include changing 

the subcellular localization of GSK3 and its substrates, the pre-phosphorylation of 

substrates by other kinases, the incorporation of GSK3 into protein complexes, and the 

regulatory phosphorylation of GSK3 itself (Doble & Woodgett, 2003; Jope & Johnson, 

2004), with the latter being the most extensively studied.  

Thus, GSK3 activity depends on its phosphorylation state (Figure 7). Activation requires 

phosphorylation at Tyr216-GSK3β and Tyr279-GSK3α residues (Hughes et al., 1993). 

Notably, GSK3 itself autophosphorylates these residues during translation, enabling its 

synthesis as an active kinase (Cole et al., 2004). Conversely, inhibition primarily occurs 

through phosphorylation at Ser9-GSK3β and Ser21-GSK3α. This inhibitory serine 

phosphorylation can be mediated by a large number of different kinases, including Akt, 

protein kinases A (PKA) and C (PKC), and p70S6K, all of which play crucial roles in 

cellular signalling pathways and pathologies (Beurel et al., 2015). In contrast, protein 

phosphatases 1A (PP1A) and 2A (PP2A) dephosphorylate the inhibitory serine sites of 

GSK3, leading to its activation (Salcedo-Tello et al., 2011). 
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Figure 7. Modulation of GSK3 activity by phosphorylation. GSK3 can be active or inactive 

depending on its phosphorylation state. GSK3 is synthesized as a constitutively active kinase, through 

autophosphorylation in tyrosine (Tyr216/279). Members of the receptor tyrosine kinase family of cell 

surface receptors (RTKs) can also mediate the phosphorylation in tyrosine to activate GSK3. Protein 

phosphatases 1 (PP1A) and 2A (PP2A) activate GSK3 by removing the inhibitory serine (Ser9/21) 

phosphorylation. On the other hand, serine-phosphorylation mediated by kinases such as Akt, protein kinase 

C (PKC) , protein kinase A (PKA) or p38 mitogen-activated protein kinase (MAPK) inhibit GSK3 activity. 

Adapted from Salcedo-Tello et al., 2011. Created with BioRender.com 

 

 

Therefore, the activation of PKC serves as a key upstream mechanism for inhibiting 

GSK3 activity, thereby blocking GSK3-mediated downstream signalling cascades. 

Protein kinase C (PKC) encompasses a family of phospholipid-dependent 

serine-threonine kinases consisting of around fifteen isozymes, categorized into three 

subgroups: classical, novel, and atypical PKCs. Initially catalytically inert, PKC needs to 

undergo phosphorylation for catalytic activation and translocation for conformational 

activation, relieving its autoinhibition to become a fully-active kinase (Seki et al., 2005). 

This activation occurs in a subtype-specific manner, stimulated by different second 

messengers: classical PKCs can be stimulated by both diacylglicerol (DAG) or calcium 

ions (Ca2+), novel PKCs are DAG-dependent but calcium-independent; and, lastly, 

atypical PKCs are not regulated by either of these second messengers (Nakamura & 

Nishizuka, 1994; Ohno & Nishizuka, 2002). 

PKC plays pivotal roles in multiple signal transduction cascades through the 

phosphorylation of its target proteins, including GSK3. In particular, PKC is implicated 

in a wide range of disorders such as cancer (Garg et al., 2014) and neurodegenerative 

diseases like multiple sclerosis, Parkinson’s, and Alzheimer’s disease (Garrido et al., 

2002). Additionally, it also contributes to various physiological processes including 

neuroprotection, cell cycle regulation (Nelson & Alkon, 2009), and the differentiation of 

various cell types (Damato et al., 2021). Indeed, several studies have implicated PKCs in 

oligodendrocyte differentiation and myelination processes (Cavaliere et al., 2013; Swire 

et al., 2019). However, further detailed investigation is needed to elucidate the underlying 

molecular mechanisms governing the interaction between PKC and OL differentiation. 

Therefore, although the interplay between PKC and GSK3 seems vital for relevant 

signalling pathways, their role in the MYRF degradation pathway in OLs remains 

unexplored.  
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2.2.2. Fbxw7-mediated ubiquitination and proteasomal degradation 

Upon GSK3-mediated phosphorylation, phosphorylated N-MYRF is recognized by 

Fbxw7 to its subsequent ubiquitination and proteasomal degradation (Nakayama et al., 

2018). The ubiquitin-proteasome system (UPS) stands as one of the most relevant protein 

degradation systems in eukaryotes, meticulously mediating the degradation of numerous 

cellular proteins with remarkable specificity. Central to this system is the covalent 

attachment of ubiquitin molecules to target proteins, marking them for recognition and 

subsequent degradation by the proteasome (Ciechanover & Schwartz, 1998; Hershko & 

Ciechanover, 1998). This finely tuned process ensures the elimination of misfolded or 

damaged proteins. Hence, dysfunctions in the UPS are associated with a variety of 

pathological conditions, with particular significance observed in neurodegenerative 

diseases characterized by pathogenic protein aggregation, such as Alzheimer’s disease 

(Oddo, 2008). Interestingly, ubiquitin also mediates alternative non-degradative cellular 

signalling functions, depending on the type of ubiquitin chain and substrate involved 

(O’Neill, 2009), what makes it an even more complex regulatory mechanism.  

In essence, the ubiquitination cascade involves three enzymes: an ubiquitin-activating 

enzyme (E1), an ubiquitin-conjugating enzyme (E2), and an ubiquitin ligase (E3), with 

the latter determining substrate specificity. Among E3 ligases, the Skp1–Cul1–F-box 

protein (SCF) complex is one of the most well-characterized, and it is composed of four 

subunits: Skp1, Cul1, Rbx1, and an F-box protein. F-box proteins are responsible for 

substrate recognition within each complex (Frescas & Pagano, 2008; Nakayama et al., 

2018). Among these, F-box and WD repeat domain-containing 7 (Fbxw7) plays a critical 

role in regulating cell proliferation, differentiation and development, through the 

ubiquitination of key target proteins such as cyclin E, c-Myc, Notch, and c-Jun (Hoeck et 

al., 2010; Koepp et al., 2001; Welcker et al., 2004; Welcker & Clurman, 2008). 

Interestingly, a study in zebrafish identified a mutation disrupting Fbxw7, resulting in the 

formation of excess oligodendrocyte lineage cells (Snyder et al., 2012) and ectopic and 

excessive myelin gene expression. Given Fbxw7’s role in targeting mTOR for 

degradation in cancer cells, it has been proposed that Fbxw7 modulates myelination by 

negatively regulating mTOR signalling activity both in OLs (Kearns et al., 2015) and in 

Schwann cells (Harty et al., 2018). 
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A considerable proportion of Fbxw7 targets are ER-anchored transcription factors, whose 

N-terminal domains undergo translocation into the nucleus to initiate the transactivation 

of target genes; this is also the case of MYRF, at least in mHepa cells (Nakayama et al., 

2018). However, the biological significance of the relationship between Fbxw7 and 

MYRF in OLs and in myelin-related pathologies remain to be elucidated. 

 

2.3. Myelin-independent implications of MYRF 

MYRF’s critical role extends beyond oligodendrocyte-generated myelination. In fact, 

Myrf orthologues have been found in organisms lacking myelin (Russel et al., 2011; 

Senoo et al., 2012). For instance, it plays an essential role in larval development and 

promotes neuronal rewiring in the nematode C. elegans (Meng et al., 2017). Continuing 

with myelin-independent functions, recent studies in pancreatic cancer cells have 

suggested a role for MYRF in maintaining ER homeostasis (Milan et al., 2020). 

Indeed, it is worth mentioning that Myrf expression is not limited to the CNS: 

genomic-level RNA profiling studies indicated that it is also present in various tissues 

such as the stomach, lung, heart, eye, and developing gonads in both humans and mice 

(Hamanaka et al., 2019; Pinz et al., 2018). Notably, Myrf coding variants have been 

implicated in both myelin-related and non-myelin-related diseases (Rossetti et al., 2019).  

Pathogenic variants of human MYRF have been linked to nanophthalmos and high 

hyperopia, highlighting MYRF’s role in eye development (Garnai et al., 2019; Guo et al., 

2019; Siggs et al., 2019). Moreover, MYRF haploinsufficiency leads to human 

development disorders recently classified as MYRF-related Cardiac Urogenital 

Syndrome (MYRF-CUGS) (Kaplan et al., 1993). This rare syndrome primarily manifests 

anomalies in internal and external genitalia, congenital heart defects, and ocular 

conditions, along with a broad spectrum of developmental delay and intellectual disability 

(Garnai et al., 2019; Pinz et al., 2018; Qi et al., 2018; Qiao et al., 2020). These disorders 

encompassing deficiencies in the development of vital organs underscore the critical role 

of MYRF in regulating human development. In line with this, whole-body Myrf knockout 

resulted in embryonic lethality in mice, emphasizing its significance in murine embryonic 

development (Emery et al., 2009) 
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Despite the extensive pathological implications of MYRF and its crucial roles in both 

myelin and non-myelin related functions, its potential association with neurodegenerative 

disorders such as Alzheimer’s disease has not yet been investigated.  

 

3. ALZHEIMER’S DISEASE 

Alzheimer’s disease (AD) is the most common cause of dementia and a devastating 

chronic neurodegenerative disorder characterized by cognitive decline, memory 

impairment, and behavioral changes, consequence of a progressive and irreversible 

neuronal loss. The incidence rate of AD is continuously increasing, and effective 

therapeutic drugs or intervention strategies are still lacking due to the incomplete 

understanding of its pathogenesis. 

AD was first reported by the German psychiatrist Aloysius (Alois) Alzheimer, who 

described for the first time a peculiar symptomatology in a patient exhibiting 

hallucinations and the loss of several mental functions, such as memory and language. 

Post-mortem analyses of the patient’s brain revealed the presence of abnormal intra- and 

extracellular aggregates, which years later were identified as extracellular insoluble 

aggregates of amyloid β peptide (Aβ), called senile plaques (Figure 8A), and intracellular 

neurofibrillary tangles composed of hyperphosphorylated tau protein (Figure 8B). These 

two features are still considered the main histopathological hallmarks of the disease. 

 

 

Figure 8. Histopathological features of Alzheimer’s disease. Pictures of original drawings of Alois 

Alzheimer showing (A) senile plaques composed by amyloid β peptide aggregates and (B) neurons with 

intracellular tangles present in tissue samples from AD patients.  



21 

 

There are two types of AD: late-onset or sporadic AD, which constitutes the majority of 

cases (95%) and typically affects individuals over 65 years of age; and early-onset or 

familial AD, occurring before 65 years of age. Although it represents a smaller percentage 

of cases, familial AD is characterized by its more aggressive nature. The majority of 

familial AD cases are associated with genetic mutations in genes encoding amyloid 

precursor protein (APP), or γ-secretase complex proteins presenilin-1 (PSEN1) and -2 

(PSEN2). Furthermore, the apolipoprotein E (APOE) gene is a risk factor for developing 

the disease (J. Kim et al., 2009). However, both types of AD are multifactorial, and 

non-genetic environmental factors such as age (the major risk factor), sex, lifestyle, 

exposures to toxic substances, and cardiovascular- and cerebrovascular-diseases also 

contribute to the development and progression of the disease (George & Hemachandra 

Reddy, 2019). 

Anatomically, the development of the pathology follows a well‐established pattern, with 

the entorhinal cortex and the hippocampus being the first affected brain structures (Braak 

& Braak, 1995). Aβ deposits spread from the neocortex to allocortical regions and then 

to the brainstem, eventually reaching the cerebellum (Thal et al., 2002). Conversely, the 

spreading of neurofibrillary tangles begins in the transenthortinal region and progresses 

into the neocortex (Braak & Braak, 1995). The neuronal degeneration in these specific 

areas is associated with deficits in cognitive functions like learning and the formation of 

new memories. Notably, important biological changes such as neuroinflammation, 

oxidative stress, mitochondrial dysfunction and impaired proteostasis also contribute to 

neuronal death during the neurodegenerative process of AD (Jellinger, 2010).  

 

3.1. Amyloid beta hypothesis 

Although AD is a multifactorial disorder with a still unclear etiology, the identification 

of Aβ as the main constituent of the senile plaques and the discovery of gene mutations 

associated with Aβ formation in familial AD, led to formulate the amyloid beta cascade 

hypothesis. This theory postulates that the abnormal deposition of Aβ peptides in the 

brain, resulting from an imbalance between production and elimination, is the triggering 

event for the neurodegeneration and subsequent dementia (Hardy & Higgins, 1992; 

Selkoe, 1991). Consistent with this, several studies have shown that tau tangles fail to 

spread into the neocortex in the absence of Aβ, suggesting that Aβ may be a prerequisite 
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for tau pathology development (Long & Holtzman, 2019). However, despite the 

widespread acceptance of this hypothesis, the precise mechanisms underlying 

Aβ-induced neuro toxicity and its role in AD pathology remain subjects of ongoing 

research and debate. 

The Aβ peptide is a 4.5 kDa monomer originated from the proteolytic processing of the 

amyloid precursor protein (APP), a transmembrane glycoprotein with a large extracellular 

domain that performs various biological functions in the CNS (Zheng & Koo, 2011). 

These functions include regulating neurite growth during development (Herms et al., 

2004), as well as cell adhesion, synapse formation, and transcription modulation in the 

adult brain (Raychaudhuri & Mukhopadhyay, 2007). 

The proteolytic processing of APP can occur through two main pathways: the 

non-amyloidogenic and amyloidogenic cascades (Figure 9). The non-amyloidogenic 

pathway involves cleavage of APP by the α-secretase protease, generating the soluble 

fragment APPsα and CTFα, the latter staying anchored to the cell membrane. CTFα is 

subsequently cleaved by γ-secretase, producing two soluble peptides called p3 and APP 

intracytoplasmic domain (AICD). AICD can act as a transcriptional regulator of several 

genes such as GSK3β or p53 (Kimberly et al., 2001; von Rotz et al., 2004). In contrast, 

the amyloidogenic pathway involves initial cleavage of APP by the β-secretase protease, 

generating APPsβ and CTFβ fragments. Further processing of CTFβ by γ-secretase 

produces AICD and Aβ peptide, which is released into the extracellular medium. 

Remarkably, while the non-amyloidogenic pathway predominates in physiological 

conditions, the balance between the two pathways appears to be altered in AD patients. 

Additionally, there are several non-canonical pathways through which APP can be 

processed, some of which also contribute to Aβ peptide generation (Müller et al., 2017).  

Due to the lack of specificity of γ-secretases in the proteolytic cleavage of APP, the length 

of resulting Aβ peptides can vary (Weidemann et al., 2002). While most circulating Aβ 

peptides consist of 40-amino-acid-long peptides (Aβ1-40), species formed of 42 (Aβ1-42) 

or 43 (Aβ1-43) amino acids can also be found, although to a lesser extent (Takami et al., 

2009). Following APP processing, Aβ monomers, particularly Aβ1-42, tend to aggregate 

into various species, including dimers, trimers, high-n oligomers, protofibrils, or fibrils, 

which deposit in the brain and eventually form senile plaques (Recuero et al., 2004). Both 

in vitro and in vivo experiments have demonstrated that the aggregation of Aβ into high 
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molecular weight species makes them toxic (Pike et al., 1991; Walsh et al., 1997), with 

Aβ oligomers representing the most neurotoxic species (Glabe, 2005). Interestingly, the 

density of plaques is lower in clinically relevant regions of the brain such as the 

hippocampus (Braak & Braak, 1995), suggesting that oligomers, rather than plaques, are 

the most toxic species  

 

 

Figure 9. Schematic representation of canonical amyloid precursor protein (APP) processing. 

The non-amyloidogenic (blue) and amyloidogenic (red) pathways are depicted. The proteolytic cleavage of 

APP by α- or β-secretase, and subsequently by γ-secretase, generates AICD, and p3 or amyloid β (Aβ) 

peptides, respectively. Aβ tends to aggregate in the extracellular space, first forming oligomers and 

ultimately amyloid plaques. Mutations in the APP gene inhibit cleavage by α-secretase and consequently 

enable preferential cleavage by β-secretase. Mutations in the presenilin-1 (PSEN1) and presenilin-2 

(PSEN2) genes increase cleavage by γ-secretase at this site. Both mutations result in excessive Aβ peptide 

production. Adapted from Patterson et al., 2008 and Müller et al., 2017. Created in BioRender.com 

 

 

3.2. Animal models of Alzheimer’s disease 

Extensive research efforts are underway to gain a deeper understanding of the molecular 

and cellular mechanisms implicated in AD. In this line, the identification of mutations 

associated with AD onset and progression facilitated the generation of animal models that 

serve as indispensable tools for advancing our knowledge on the pathobiology of the 

disease. These models, designed to recapitulate key aspects of AD pathology, have 

enabled the independent investigations into each pathological event occurring in the 

disease. 
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On one hand, it was successfully generated an animal model exhibiting increased 

synthesis and/or deposition of Aβ peptide leading to senile plaque formation, through 

APP overexpression or mutations in PSN1 (Games et al., 1995). Besides, after the 

identification of mutations in the protein tau gene, transgenic mice developing tauopathies 

were also generated (Higuchi et al., 2002; Lewis et al., 2000). However, although most 

of the models develop either tangles or senile plaques, the emergence of one 

histopathology does not necessarily induce the other. Consequently, the triple transgenic 

mouse model (3xTg-AD) was created to address the need for more complex models to 

fully comprehend AD pathology (Oddo et al., 2003). 

The 3xTg-AD model represents one of the most complete mouse models of AD, carrying 

three transgenes associated with AD development: the Swedish mutation of APP 

(APPSwe; K670N/M671L), a mutation in PSEN1 (M146V), and a mutation in the protein 

tau gene (P301L). This model was a pioneer as it manifests both senile plaques and 

neurofibrillary tangles in AD-relevant brain regions, exhibiting age-related cognitive 

impairments that highly resemble those found in AD patients. The first histopathological 

feature observed in 3xTg-AD mice is intraneuronal Aβ peptide, detectable from 3-4 

months in the cortex and from 6 months in the hippocampus. From this point onward, 

extracellular Aβ peptide deposits start to appear mainly in the cortex at 6 months and in 

the hippocampus at 12 months. Soluble Aβ peptide oligomers are detectable 

intracellularly from the second month of life, with levels declining at 12 months likely 

due to increased fiber formation, and in 15- month-old mice these levels rise again. In 

contrast, neurofibrillary tangles begin to form at 12 months in the hippocampus before 

spreading to the cortex (Oddo et al., 2003). This observation further supports the Aβ 

cascade hypothesis, as the initial event in these mice is the accumulation of Aβ peptide. 

Indeed, both clinical and experimental evidence suggests that acute elevation of Aβ levels 

in the brain leads to the development of Alzheimer-like phenotypes (H. Y. Kim et al., 

2016). Hence, as an alternative to transgenic mice, intracerebral infusions of Aβ peptide 

have been extensively used in rodents, and more recently, in zebrafish (Nery et al., 

2014b), as a strategy to investigate the pathology. Zebrafish has emerged as a valuable 

complementary model organism for numerous molecular studies and high-throughput 

pharmacological screenings, in part due to its genetic similarity to humans, sharing 84% 

of genes associated with human diseases (Howe et al., 2013), including those linked to 

AD (Xia, 2010).  
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3.3. White matter and Alzheimer’s disease 

AD has traditionally been considered a grey matter (GM) disease, characterized by 

neuronal loss and synaptic dysfunctions (Deture & Dickson, 2019). However, emerging 

evidence suggests that white matter (WM) degeneration and demyelination are also key 

pathophysiological features in AD.  

More than half of the human brain volume is made up of WM, which consists of areas of 

the CNS primarily composed of myelinated axons. The integrity of the WM is essential 

for efficient nerve conduction, required for numerous high-order cognitive processes such 

as attention, memory, executive functioning, and processing speed, all of which are 

impaired in AD. Therefore, it is plausible to consider that myelin loss and the inability of 

OLs to repair myelin damage may be central features of AD. 

Actually, studies have observed WM atrophy occurring at early stages of AD, even before 

GM degeneration and plaque formation, indicating that myelin abnormalities may 

precede neuronal loss (Nasrabady et al., 2018; Sachdev et al., 2013). Moreover, an 

alternative hypothesis suggests that Aβ and tau pathologies are secondary (rather than 

primary) outcomes of the brain’s attempt to maintain myelin homeostasis through a cycle 

of damage, repair, and maintenance (Bartzokis, 2011). Recent research supports this idea, 

where they propose that structural defects in myelin promote Aβ deposition, thereby 

serving as an upstream risk factor for AD. Consequently, enhancing OL health and myelin 

integrity emerges as a promising therapeutic target to delay disease onset and slow its 

progression (Depp et al., 2023). In line with this, it was recently proposed that the efficacy 

of the only FDA-approved amyloid-targeting drug, Aducanumab, could be enhanced by 

combining it with drugs targeting OLs to promote remyelination (Fessel, 2022). 

 

3.3.1. WM pathologies in AD patients 

WM progressively deteriorates with normal aging (Damoiseaux et al., 2009; Inano et al., 

2011), and whole brain imaging studies suggest that this natural tendency is exacerbated 

and accelerated in AD (Bartzokis et al., 2003; de la Monte, 1989). Post-mortem and 

in vivo magnetic resonance imaging (MRI) studies have demonstrated significant WM 

impairment in AD, characterized by reduced WM volume, alterations in WM 

microstructure (Bartzokis, 2011), and differences in the physical organization of the 

myelin lipid bilayer (Chia et al., 1984). 

https://en.wikipedia.org/wiki/Myelin
https://en.wikipedia.org/wiki/Axon
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In a recent study combining various imaging measurements of myelin status and 

psychological tests, they demonstrated that age‐related demyelination is associated with 

memory impairment (Kavroulakis et al., 2018). Similarly, an MRI study comparing 

Aβ-positive AD patients to Aβ-negative controls revealed larger white matter 

hyperintensities (WMH) in the corpus callosum of Aβ-positive AD patients, which were 

associated with worse cognitive performance (Garnier-Crussard et al., 2022). 

Accordingly, AD patients exhibit myelin loss in specific brain regions, such as cortical 

GM and WM (Roher et al., 2002), along with a significant decrease in the number of 

Olig2+ cells in the WM and GM of the superior temporal gyrus and the sensory motor 

cortex (Behrendt et al., 2013). 

Notably, several studies have reported WM disruption in asymptomatic individuals with 

genetic risk factors for AD and in patients with mild cognitive impairment (MCI) 

(Bartzokis et al., 2006; Parente et al., 2008). Interestingly, asymptomatic individuals 

presented reduced myelin content, which correlated with soluble Aβ concentration in the 

cerebrospinal fluid (CSF). These results suggest that myelin alterations may precede 

cognitive decline in AD. 

The underlying mechanisms of OL and myelin dysfunctions in AD have not been fully 

elucidated. However, accumulating evidence propose Aβ as the main candidate in 

promoting WM dysfunction. In fact, the complexity of Aβ biochemistry makes it a 

promiscuous molecule able to signal through a repertoire of receptors, promoting a wide 

range of effects in neurons, but also in OLs (Viola & Klein, 2015). 

In AD patients, increased levels of Aβ peptide correlate with brain regions exhibiting 

myelin abnormalities (Roher et al., 2002). Moreover, focal demyelination is observed in 

plaque‐associated myelinated axons from AD temporal cortex, whereas plaque‐free 

cortical GM of AD patients have no significant loss of myelin or OL density (S. Mitew 

et al., 2014). Consistent with those findings, biochemical analysis of myelin in AD 

patients has revealed increased Aβ1‐42 levels, accompanied by a significant decrease in 

the levels of MBP, PLP and CNPase (Roher et al., 2002). While MBP levels are 

significantly lower in the frontal WM of AD brains compared to those with MCI, 

increased levels of MBP are observed in cortical GM of AD patients (Selkoe et al., 1981; 

Zhan et al., 2015). However, the mechanisms by which MBP levels are higher in AD 

patients and mouse models compared to healthy individuals remain unclear.  
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3.3.2. WM impairments in AD mouse models 

The generation of animal models of AD has facilitated the detailed study of the 

progression of WM pathologies in the disease. In this sense, Aβ has been implicated in 

WM abnormalities in mouse models such as Tg2576, 3xTg-AD, APP/PS1 and 5XFAD, 

which overproduce Aβ peptide. In these models, focal demyelination areas associated 

with Aβ plaques have been observed, resembling those found in human patient samples 

(Behrendt et al., 2013; Mitew et al., 2010). Interestingly, plaque‐free tissues of transgenic 

mice show no significant loss of myelin or Olig2+ cell numbers (Mitew et al., 2010).  

Regarding APP/PS1 transgenic mice, it exhibits an increased density of proliferating 

OPCs and newly generated mature OLs at 6 and 11 months compared to wild‐type (WT) 

mice (Behrendt et al., 2013). Interestingly, these mice also show alterations in myelin 

integrity in the hippocampus at early stages of the disease: they present increased MBP 

expression, thicker myelin sheaths, and shorter internodal distance (Y. Wu et al., 2017a). 

However, in another study decreased OPC density was noted in the hippocampus of 

9-month-old APP/PS1 mice, but not at 14 months (Chacon-De-La-Rocha et al., 2020). 

Curiously, OPCs exhibit a senescent phenotype in the Aβ plaque environment, suggesting 

a role for cell senescence in the cascade of events by which Aβ causes cognitive 

impairment in AD (P. Zhang et al., 2019). Another study showed that APP/PS1 mice have 

increased rates of new myelin formation (J. F. Chen et al., 2021). 

Furthermore, 3xTg‐AD mice also display myelin impairments in hippocampal CA1 and 

the entorhinal cortex (Desai et al., 2009), as well as in the fimbria (Nie et al., 2019). 

Conversely, recent studies suggest that Aβ oligomers correlate with higher MBP levels 

in the hippocampus of 3xTg-AD mice (Quintela-López et al., 2019), in addition to thicker 

myelin and increased oligodendrogenesis (Ferreira et al., 2020). Altered OPC densities, 

replication ratios, and morphology have been also reported in the hippocampus of 

3xTg-AD mice, with more hypertrophic progenitor cells (Vanzulli et al., 2020).  

The numerous discrepancies in OL responses to pathology in AD models remain 

unexplained, but they may be associated with the timing and progression of the pathology 

in each animal model. These highlights the need for a more extensive study of the role of 

OLs in the pathogenesis of AD. 
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3.3.3. Amyloid β-induced oligodendrocyte impairments  

Despite the relevance that WM and myelin seem to have in AD pathology, little is known 

about the direct effect of Aβ peptide in OLs. In fact, OLs show high expression levels of 

APP as well as β-secretase 1 (BACE1), the secretase involved in the amyloidogenic 

pathway. BACE1 and APP play important and distinct roles in CNS myelination, 

demyelination, and remyelination processes. While BACE1 regulates myelin sheath 

thickness (Hu et al., 2006), APP ensures normal myelination and remyelination in adult 

nerves (Truong et al., 2019). Interestingly, OLs themselves can produce Aβ, that may 

potentially exacerbate AD progression (Skaper et al., 2009).  

According to in vitro studies, Aβ becomes toxic upon oligomerization (L. N. Zhao et al., 

2012) and can directly damage OLs. In fact, both Aβ1-40 and Aβ25-35 have been shown to 

induce dose-dependent OL death, characterized by nuclear and cytoskeletal 

disintegration, DNA fragmentation, and mitochondrial dysfunction (Xu et al., 2001). In 

addition, injection of high concentrations of Aβ1-42 into the rat corpus callosum results in 

considerable axonal damage and OL loss (Jantaratnotai et al., 2003).  

On the other hand, conflicting results have been reported regarding the susceptibility of 

OLs at different differentiation stages to Aβ toxicity. It has been observed that after Aβ1-42 

treatment (0.5, 1, 2, 4 µM for 4 h) both immature and mature OLs present an increased 

abundance of cells with pyknotic nuclei (Desai et al., 2010). In contrast, others describe 

that soluble Aβ1-42 (10 µM for 48 h) inhibits the survival of mature OLs but not of OPCs 

(Horiuchi et al., 2012). In the same line, another study has shown decreased numbers of 

MBP+ cells upon Aβ1-42-treatement (10 µM for 96 h) (M. Zhang et al., 2018). Conversely, 

low doses of Aβ1-42 (200 nM for 24 h) have been found to increase OL viability, promote 

OL differentiation, and induce MBP expression via integrin β1 and Fyn kinase signalling 

(Quintela-López et al., 2019).  

 

Overall, OLs and myelin, away from being secondary characters in AD pathology, they 

actively respond to injury and play critical roles in disease onset and progression. Thus, 

understanding the mechanisms underlying OL failure and myelin impairments may offer 

valuable insight for the development of innovative therapeutic strategies to prevent or 

treat AD.  



29 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Hypothesis & 

Objectives 



30 

 

HYPOTHESIS AND OBJECTIVES 

Alzheimer’s disease is characterized by the accumulation of extracellular aggregates of 

amyloid β peptide, and its oligomeric forms have been proposed to trigger early events in 

AD pathogenesis, including dysfunctions in oligodendrocytes and myelin. While 

amyloidosis has been associated with increased oligodendrogenesis, elevated MBP 

levels, and altered myelin structure, the precise underlying molecular mechanisms remain 

unclear. The transcription factor MYRF is essential for OL differentiation and CNS 

myelination processes; however, its connection with Aβo and the specific molecular 

mechanism through which MYRF operates in the context of AD have not been elucidated.  

We hypothesize that Aβo induce OLs disruptions by dysregulating MYRF. These 

alterations may impair myelin formation and function, ultimately contributing to 

cognitive decline in AD. Thus, our main objective is to investigate the potential role of 

MYRF as a key molecular mechanism governing OL pathology in AD.  

 

 

To test our hypothesis, the following specific objectives were set: 

 

Aim 1. To characterize alterations in oligodendroglial lineage cells in Alzheimer’s 

disease mouse models, both at the population and gene expression levels. 

Aim 2. To investigate the impact of Aβ oligomers on myelin regulatory factor, and its 

underlying molecular mechanisms, in vitro.  

Aim 3. To evaluate the therapeutic potential of pharmacological PKC inhibition as a 

strategy to mitigate Aβo-induced disruptions in MYRF, oligodendrocytes, and myelin, 

using both in vitro and in vivo AD models. 
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1. Animals 

All experimental procedures with mice and rats were approved by the Animal Ethic 

Committees of the University of the Basque Country (UPV/EHU) and followed the 

European Communities Council Directive 2010/63/EU. Specifically, all protocols were 

approved by the Ethics Committee on Animal Experimentation (CEEA), which is a 

collegiate authority within the operational structure of the Ethics Commission for 

Research and Teaching (CEID) of the UPV/EHU. 

For procedures involving zebrafish, the Institutional Animal Care and Use Committee 

(IACUC) at the University of Colorado Anschutz Medical Campus approved all 

protocols, which were in compliance with the US National Research Council's Guide for 

the Care and Use of Laboratory Animals and the US Public Health Service's Policy on 

Humane Care and Use of Laboratory Animals. 

 

1.1. Mice  

Animals were housed in standard conditions, with a 12-hour light cycle and ad libitum 

access to food and water. Rigorous efforts were undertaken to minimize animal suffering 

and to reduce the number of animals used in the study. Experiments were performed in 

Sprague Dawley rat pups, C57BL6/J strain mice, and the triple transgenic mouse model 

of Alzheimer´s disease (3xTg-AD), which harbors the Swedish mutation in the human 

amyloid precursor protein (APPSwe), the presenilin 1 knock‐in mutation (PSEN1M146V), 

and the tau P301L mutant transgene (MAPTP301L) (Oddo et al., 2003).  

 

1.2. Zebrafish  

Nontransgenic embryos were obtained through crosses of male and female zebrafish from 

the AB strain. Embryos were raised at 28.5°C in E3 media (5 mM NaCl, 0.17 mM KCl, 

0.33 mM CaCl, 0.33 mM MgSO4 (pH 7.4), supplemented with sodium bicarbonate). 

Larvae were staged according to hours or days post-fertilization (hpf/dpf), and selected 

based on criteria ensuring good health and normal developmental patterns. We used the 

previously established zebrafish lines Tg(olig2:EGFP)vu12, Tg(myrf:mScarlet)co66, and 

Tg(mbpa:tagRFPT)co25. 
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2. Cell cultures  

2.1. Primary cortical oligodendrocyte culture  

Highly enriched OPCs were derived from mixed glial cultures obtained from the forebrain 

cortices of newborn (P0-P2) Sprague-Dawley rats, following previously described 

protocol (McCarthy & De Vellis, 1980) with modifications (Sánchez-Gómez et al., 2018). 

Briefly, forebrains were dissected from the skulls, meninges were removed, and cortices 

were isolated and enzymatically digested by incubation in Hank’s balanced salt solution 

(without Ca2+ and Mg2+; HBSS-/-) containing 0.25% trypsin and 0.004% 

deoxyribonuclease (DNAse) (both from Sigma-Aldrich) at 37 °C for 15 minutes. Then, 

the enzymatic reaction was stopped by adding Iscove’s modified Dulbecco’s medium 

(IMDM; Gibco) supplemented with 10% fetal bovine serum (FBS, Hyclone; Gibco). The 

resulting cell suspension was centrifuged (1,000 x g, 5 min) and resuspended in 1 ml of 

the same solution, and, subsequently, cells were mechanically dissociated using needles 

(21G and 23G). After centrifugation (1,000 x g, 5 min), cells were resuspended again in 

IMDM supplemented with 10% FBS Hyclone. 

Mixed glial cells were cultured in 75 cm2 (T75) flasks coated with poly-D-lysine (PDL; 

1 μg/ml; Sigma-Aldrich) and maintained at 37 °C with 5% CO2 until they were confluent 

(8-10 days). Flasks with confluent mixed glia were shaken (400 rpm, 1 h, 37 ºC, 5% CO2) 

on a rotary shaker to remove adherent microglia. Further shaking for 18 h at 200 rpm 

isolated the OPCs, which were filtered through a 10 μm pore size nylon mesh and 

pre-plated in 100 mm coated Petri dishes (ThermoFisher Scientific) for 45 min (37 °C, 

5% CO2) to remove remaining microglia (microglia firmly attaches to the Petri dish, while 

OPCs are loosely attached). The collected OPCs were filtered again, and cell number was 

determined using trypan blue staining (Sigma-Aldrich). The resulting cell suspension was 

centrifuged (1,000 x g, 10 min), and the pellet was resuspended to a final concentration 

of 1,000 cell/μl in chemically defined SATO medium consisting of a supplemented 

(4.5 g/l glucose and 0.11 g/l sodium piruvate) DMEM base with several factors that favor 

oligodendrocyte (OL) proliferation (SATO-) or differentiation (SATO+) (Table 1). Cells 

were seeded onto PDL-coated plates, with or without coverslips depending on 

experimental requirements, at densities ranging from 1x104 to 1x106 cells per well. 

Cultures were maintained at 37 °C with 5% CO2. 
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Table 1. SATO medium components. Both SATO– (proliferation media) and SATO+ (differentiation 

media) contain several shared reagents (black), but T3 and T4 are only present in SATO+ (orange). 

Moreover, SATO+ (orange) contains CNTF and NT-3 neurotrophic factors that promote OL differentiation, 

while SATO– (blue) contains PDGF-AA and FGFb growth factors. 

Reagent Concentration Company 

Dulbecco’s Modified Eagle Medium (DMEM) Base medium Gibco 

Insulin 5 μg/ml Sigma-Aldrich 

Penicillin/Streptomycin (P/S) 100 U/ml Gibco 

Bovine serum albumin (BSA) 1 mg/ml Sigma-Aldrich 

L-Glutamine 2 mM Sigma-Aldrich 

N-Acetyl L-Cystein 63 μg/ml Sigma-Aldrich 

Transferrin 1 μg/ml Sigma-Aldrich 

Putrescin 160 ng/ml Sigma-Aldrich 

Progesterone 0.6 ng/ml Sigma-Aldrich 

Sodium selenite 0.4 ng/ml Sigma-Aldrich 

Triiodothyronine (T3) 30 ng/ml Sigma-Aldrich 

L-Thyroxine (T4) 40 g/ml Sigma-Aldrich 

Cilliary neurotrophic factor (CNTF) 10 ng/ml PrepoTech 

Neurotrophin 3 (NT-3) 1 ng/ml PrepoTech 

Platelet-derived growth factor-AA (PDGF-AA) 5 ng/ml PrepoTech 

Fibroblast growth factor basic (FGF-b) 5 ng/ml PrepoTech 

 

The purity of oligodendroglial cultures was confirmed through immunostaining with cell 

type-specific antibodies. After 1 day in vitro (DIV), PDGFR-α+ OPCs constituted 

97 ± 5% of the total cell population, and by 3 DIV in SATO+ differentiation medium, at 

least 98% of cells were MBP+ (Sánchez-Gómez et al., 2018). 

All experiments were conducted under SATO+ conditions, except for those in which OLs 

were transfected with MYRF expression plasmids. In these cases, SATO- was used in 

order to ensure that the only factor inducing OL differentiation was MYRF itself, rather 

than the differentiating factors present in SATO+ medium. Hence, this approach allowed 

us to assess MYRF’s impact on OL differentiation in vitro. 
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2.2. HEK293T cells 

Human embryonic kidney 293T cells (HEK293T) were thawed in pre-warmed (37 ºC) 

cell medium composed of DMEM supplemented with 10% FBS and 1% P/S (all from 

Gibco). Then, cells were centrifuged (1,000 x g, 5 min), and the resulting cell pellet was 

resuspended in fresh cell medium for seeding in T75 flasks. The cells were cultured in 

the incubator at 37 °C and 5% CO2, with cell passaging occurring every 3-4 days to 

maintain appropriate cell confluence (80-90%).  

For seeding, HEK293T cells were rinsed with HBSS-/- and detached from de flask by 

incubation with 0.25% Trypsin-EDTA (Sigma-Aldrich) at 37 ºC for 2 min. Trypsinization 

was stopped by adding fresh medium. The resulting cell suspension was centrifuged 

(1,000 x g, 5 min), the pellet was resuspended in fresh medium, and cell number was 

determined by trypan blue staining (Sigma-Aldrich). Then, cells were seeded onto 

appropriate plates at densities ranging from 1x104 to 1x106 cells per well, depending on 

experimental requirements. Cultures were maintained at 37 °C with 5% CO2. 

 

3. DNA plasmids and siRNAs 

3.1. Gene expression via DNA plasmids 

The following plasmids were used for exogenous MYRF expression: double-tagged 

MYRF (pcDNA3-Myc-Myrf-Flag) (kindly provided by Dr. B. Emery from Jungers 

Center for Neurosciences Research, OHSU, Portland, Oregon, USA) (Bujalka et al., 

2013), and MYRF with GFP attached to the N-terminus (GFP-C11orf9; C11orf9 is the 

old name for MYRF) (provided by Dr. Y. Park from Jacobs School of Medicine 

& Biomedical Sciences, UB, Buffalo, New York, USA) (Li et al., 2013). 

Luciferase assays were conducted using plasmids containing luciferase reporters under 

control of Mbp (pGL3-MBP), Mag (pGL3-MAG), Rffl (pGL3-Rffl) (provided by Dr.B. 

Emery) (Bujalka et al., 2013), and Myrf (pGL4.10_myrfprom_ECR9) (provided by Dr. 

M. Wegner from Institut für Biochemie, FAU, Erlangen, Germany) (Hornig et al., 2013).  

Plasmids employed for ubiquitin studies included FLAG-tagged ubiquitin 

(pCDNA3.1-FLAG-Ub) (Ramirez et al., 2018), HA-tagged ubiquitin plasmids (WT, 

pRK5-HA-Ubiquitin-K48 (#17605, Addgene), and pRK5-HA-Ubiquitin-K48 (#17606, 



36 

 

Addgene)), and untagged human Parkin (Martinez et al., 2017) (all provided by 

Dr. J. M. Ramirez and Dr. U. Mayor from the Department of Biochemistry and Molecular 

Biology, Faculty of Science and Technology, UPV/EHU, Leioa, Spain). Additionally, 

Myc-tagged human Fbxw7 plasmid (pCMV3-Myc-FBXW7-t2) (#HG29625-NM, 

Sino Biological) was also used.  

All constructs were purified following either the QIAGEN Plasmid Maxi Kit (Qiagen) or 

NZYMaxiprep (NZYtech) protocols, and the DNA concentration was measured using the 

spectrophotometer Nanodrop 2000 (ThermoFisher Scientific). Primary OLs were 

transfected by electroporation using the AmaxaTM Basic NucleofectorTM Kit (Lonza) for 

Primary Mammalian Glial cells, while HEK293T cells were transfected by lipofection 

using the Lipofectamine 3000TM reagent (Invitrogen), following manufacturers’ 

instructions. A GFP expression construct was often co-transfected into cells as a positive 

control for transfection efficiency. GFP expression was monitored using an InvitrogenTM 

EVOSTM FL Digital Inverted Fluorescence Microscope (EVOS; Invitrogen). 

 

3.2. Gene silencing via siRNAs 

For Myrf gene silencing, primary OLs were transfected with 100 pmol of either scrambled 

control siRNA (ON-TARGETplus Non-targeting Pool, #D-001810-10-05) or Myrf 

targeted siRNA (ON-TARGETplus Rat Myrf siRNA, #L-085053-02-05) (Dharmacon, 

HorizonDiscovery) using electroporation. Transfected OLs were seeded onto PDL-coated 

24-well plates with coverslips, at densities of 1x105 cells per well for western blot 

experiments and 2x104 cells per well for immunofluorescence. Cells were cultured in 

differentiation SATO+ medium for 3 DIV, during which transfection efficacy and cell 

morphology were monitored by the expression of co-transfected GFP and a EVOS 

Fluorescent Microscope (Invitrogen).  

 

4. Preparation of amyloid β oligomers (Aβo) 

Oligomeric amyloid-β (Aβ1‐42) was prepared as previously described (Dahlgren et al., 

2002). Briefly, Aβ1‐42 (Bachem, Germany) was initially dissolved to a concentration of 

1 mM in hexafluoroisopropanol (Sigma), which was next totally removed under vacuum 

using a speed vac system. The resulting peptide film was stored desiccated at ‐80°C. 
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For the aggregation protocol, the peptide was resuspended in dry dimethylsulfoxide 

(DMSO; Sigma) to achieve a concentration of 5 mM, and Hams F‐12 (PromoCell) was 

then added to adjust the peptide to a final concentration of 100 μM. Control cells were 

treated with the vehicle consisting of DMSO + Hams F-12. 

Oligomer formation was induced by incubating the peptide solution for 24 h at 4 °C, and 

confirmed by polyacrylamide gel electrophoresis (SDS-PAGE) followed by Coomassie 

Brilliant Blue R-250 (Bio-Rad) staining. 

 

5. Drugs and inhibitors 

The following drugs and inhibitors were used: AR-A014418 (1 µM; Sigma-Aldrich), 

Gö6983 (100 nM for in vitro and osmotic pump experiments, and 500 nM for zebrafish 

treatments through bath immersion; Tocris), MG132 (1 µM; Sigma-Aldrich), 

Anisomycin (40 µM; Sigma Aldrich), Puromycin dyhidrocloride (2 µM; Santa Cruz 

Biotechnology), and Cycloheximide (CHX; 100 µg/ml; Sigma-Aldrich). 

 

5.1. Cycloheximide chase assay 

To assess the degradation kinetics and half-life of N-terminal of MYRF following Aβo 

treatments, cycloheximide (CHX) chase assays were conducted in primary cultured OLs. 

For this purpose, 1x105 cells per well were seeded onto PDL-coated 24-well plates, in 

duplicates, and maintained in SATO+ medium for 3 DIV. Cells were then treated with 

cycloheximide (100 µg/ml), a ribosome inhibitor that restricts the translation elongation 

of eukaryotic protein synthesis (Miao et al., 2023), by direct addition to the cell medium. 

Cells were harvested at indicated times thereafter: 0 (without CHX), 30 min (0.5 h), 1 h, 

2 h and 3 h post-CHX treatment. Aβo (1 µM) was added 1 h prior to CHX treatments. As 

a positive control for MYRF degradation inhibition, cells were cultured in the presence 

of AR-A014418 (1 µM, 24 h), a pharmacological GSK-3 inhibitor. Cells were lysed for 

subsequent detection by western blot. 

For data analysis, the degradation kinetics of MYRF were expressed as the percentage of 

N-MYRF remaining after the various CHX chase times, with 100% representing the 

initial expression level for each condition. Additionally, the half-life of N-MYRF was 

calculated using GraphPad Prism 8.2.1 software. 
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6. Protein extract preparation and detection by western blot  

6.1. Oligodendrocyte protein preparation  

After treatments, cultured cortical OLs were washed twice in cold phosphate-buffered 

saline (PBS; 142 mM NaCl, 2.5 mM NaH2PO4, 75 mM Na2HPO4), and cells were scraped 

in sample buffer (62.5 mM Tris pH 6.8, 10% glycerol, 2% SDS, 0.002% bromophenol 

blue, and 5.7% β‐mercaptoethanol in dH2O). At least 2 wells per treatment and 

8x104 - 1x105 cells per well were used. The protein extraction was performed on ice to 

enhance cell lysis process and avoid protein degradation. Subsequently, the samples were 

boiled at 95 ºC for 5 min.. 

 

6.2. HEK293T protein preparation 

48 hours post-transfection, and after treatments, HEK293T cells (initially seeded at 

densities between 5x104 and 1x105 cells per well) were gently scraped in their culture 

medium and transferred into clean tubes. The samples were then centrifuged (500 x g, 

6 min, at 4 °C), pellets were rinsed with PBS, and centrifuged again under the same 

conditions, to remove any residual serum from the medium. The resulting pellets were 

resuspended in commercial RIPA lysis buffer (ThermoFisher) supplemented with 

protease and phosphatase inhibitor cocktails (ThermoFisher), and incubated on ice for 30 

min. Next, cell lysates were centrifuged (12,000 x g, 10 min, at 4°C), pellets discarded, 

and the supernatants were carefully transferred to new tubes to which 4x sample buffer 

was added. Finally, samples were boiled at 95 °C for 5 min. 

 

6.3. Protein preparation from mice hippocampi 

Mice were anesthetized by an intraperitoneal injection of pentobarbital and perfused with 

saline solution (0.9% NaCl in H2O). The hippocampi were dissected, placed on dry ice, 

and stored at -80 °C until further processing. 

Mice tissue samples were resuspended in 50 μl of commercial RIPA lysis buffer 

supplemented with protease and phosphatase inhibitor cocktails (ThermoFisher), and 

homogenized using a douncer. Afterwards, an additional 150 μl of supplemented RIPA 

lysis buffer was added to reach a final volume of 200 μl, and the tissue homogenate was 

sonicated (25 pulses, 80% amplitude, 0.6 cycle) (Labsonic M, Sartorius). The 
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homogenate was then centrifuged (2,000 x g, 10 min at 4°C), and the supernatants were 

collected. The total protein content was quantified using the Bradford method (Bio‐Rad).  

 

6.4. Western Blot  

Protein samples were size-separated by electrophoresis using 4‐20% (Any KD) 

polyacrylamide-SDS Criterion TGX Precast gels (Bio‐Rad) in a Tris‐Glycine buffer 

(25 mM Tris, 192 mM glycine, 0.1% SDS in dH2O, pH 8.3), and transferred using 

Trans-Blot® Turbo™ Midi Nitrocellulose Transfer Packs (Bio‐Rad). Following transfer, 

membranes were blocked in a solution containing 5% BSA in Tris-buffered saline/0.1% 

Tween‐20 (TBST; 20 mM Tris, 137 mM NaCl, 0.1% Tween-20 in dH2O, pH 7.4) for 1 h 

at room temperature (RT). Proteins were detected by specific primary antibodies 

(Table 2), incubated in the same blocking solution overnight (O/N) at 4°C with gentle 

shaking. Subsequently, membranes were washed three times with TBST, and incubated 

with either horseradish peroxidase-conjugated (HRP) or fluorescence-labeled secondary 

antibodies (1:5,000), in blocking solution for 1 h at RT. Then, membranes were again 

washed twice with TBST and once with TBS. 

Immunoreactive protein bands were visualized using enhanced electrochemical 

luminescence (NZY standard ECL or NZY advanced ECL; NZYtech) and images were 

obtained using a ChemiDoc XRS Imaging System (Bio-Rad). Signal intensities were 

quantified using Image Lab® 6.0.1 (Bio-Rad) software, and values were normalized to 

GAPDH, α-Tubulin or Ponceau S signals, depending on the experiment. 

When needed, membranes were stripped of antibodies using Restore Western Blot 

Stripping Buffer (ThermoFisher Scientific) following the manufacturer’s instructions. 

Next, membranes were washed in TBST three times, blocked in 5% BSA in TBST, and 

incubated with other primary antibodies of interest. 
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Table 2. Antibodies used for western blot analysis. MW = Molecular weight 

Antibody Host MW (kDa) Dilution Reference 

Anti-MYRF  Rabbit 160 – 75 1:1,000 #ABN45, Millipore 

Anti-MAG  Mouse 100 1:500 #sc-166849, Santa Cruz  

Anti-MOG  Mouse 28 1:1,000 #MAB5680, Millipore  

Anti-MBP  Mouse 21.5 - 14 1:1,000 #SMI-99, BioLegend  

Anti-p-GSK3α/β (Ser21/9) Rabbit 51 (α) – 46 (β) 1:1,000 #9331, Cell Signaling 

Anti-GSK3α/β Mouse 51 (α) – 47 (β) 1:500 #sc-7291, Santa Cruz 

Anti-β-catenin Rabbit 90 1:1,000 #9562, Cell Signaling 

Anti-p-PKC Rabbit  85 - 78 1:1,000 #9371, Cell Signaling 

Anti-PKC Rabbit 80 1:1,000 #ab179521, abcam 

Anti-Fbxw7 Mouse 75 1:2,000 #TA802869S, OriGene 

Anti-Parkin Mouse 58 - 50 1:1,000 #sc-32282, Santa Cruz 

Anti-Myc tag Mouse - 1:2,000 #05-724-25UG, Millipore 

Anti-FLAG tag Rabbit - 1:1,000 #2368, Cell Signaling 

Anti-HA Mouse - 1:1,000 #3663, Sigma 

Anti-GFP Mouse - 1:1,000 #11814460001, Millipore 

Anti-α-Tubulin Mouse 50 1:5,000 #ab7291, abcam 

Anti-GAPDH  Mouse 36 1:5,000 #MAB374, Millipore  

 

7. Immunoprecipitation assays in HEK293T cells 

7.1 Phosphoserine immunoprecipitation 

To assess changes in MYRF phosphorylation levels following Aβo treatments, 

immunoprecipitation (IP) assays were conducted for phosphoserine (pSer) in HEK293T 

cells. Cells were seeded into 6-well plates at a density of 7.5x105 cells per well for each 

condition. The following day, after confirming adequate cell confluence (70-90%), cells 

were transfected with 2.5 µg of GFP-MYRF plasmid per well using Lipofectamine 

3000TM reagent (Invitrogen). Cells were incubated for 48 h at 37 ºC with 5% CO2, and 

transfection efficiency was verified through GFP visualization using an EVOS 

Fluorescence Microscope (Invitrogen). Cells were then subjected to treatments with 

either vehicle, Aβo (1 µM; 15 min, 30 min, or 1 h), or the GSK3 inhibitor AR-A014418 

(1 µM) as a positive control for GSK3-mediated phosphorylation inhibition. 
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For the IP assay, 1 μg of agarose-conjugated mouse anti-pSer antibody (#A8076, 

Sigma-Aldrich) and mouse anti-IgG (#sc-2342 AC, Santa Cruz Biotechnology) were 

used. Cells were washed twice with cold PBS, scraped with 100 μl of supplemented RIPA 

lysis buffer (ThermoFisher Scientific), incubated on ice for 10 min, and centrifuged for 

5 min at 12,000 x g and 4 ºC. A 1/10 fraction of the supernatant was saved for input 

samples, and the remaining supernatant was added to 50 μl of the agarose-conjugated 

anti-pSer or anti-IgG beads, which had been previously washed twice with RIPA. After 

a 2 h incubation at 4°C (to prevent nonspecific interactions), the lysate-antibody-beads 

complex was centrifuged at 2,000 x g for 2 min to separate beads from the unbound 

material. Then, beads were subjected to three washing steps in rotation: they were washed 

twice with RIPA lysis buffer and once with PBS, followed by centrifugation (2,000 x g, 

2 min) to obtain the immunocomplex. Finally, protein elution was carried out in 

50 μl/sample of 2x sample buffer by boiling the samples at 95°C for 5 min, followed by 

centrifugation at 14,000 x g for 1 min. Proteins were analyzed by western blot using an 

anti-MYRF antibody. 

 

7.2 GFP pull-down 

To investigate MYRF ubiquitination in the presence of Aβo, we employed the GFP 

pull-down method. For that, HEK293T cells were seeded in 6-well plates at a density of 

1x106 cells per well. For MYRF ubiquitination levels experiment, each well was 

co-transfected with 1 µg of GFP-MYRF, 1 µg of FLAG-Ub, and 1 µg of either an empty 

plasmid (ø), Myc-Fbxw7, or untagged Parkin. For the experiment aimed to assess the type 

of ubiquitination used, HEK293T cells were co-transfected with 1 µg of GFP-MYRF and 

1 µg of Myc-Fbxw7 plasmids, along with 1 µg of WT, K48, or K63 HA-tagged ubiquitin 

plasmids. 48 h post-transfection, cells were treated with Aβo (1 µM) or its vehicle for 3 h, 

followed by a GFP pull-down to isolate GFP-tagged MYRF. 

The GFP pull-down was performed as previously described (Elu et al., 2019). Briefly, 

transfected HEK293T cells were washed twice with PBS and lysed with 300 µl of lysis 

buffer (50 mM Tris–HCl pH 7.5, 150 mM NaCl, 1 mM EDTA, 0.5% Triton, 1× protease 

inhibitor cocktail (Roche Applied Science), and 50 mM N-ethylmaleimide (NEM; 

Sigma)), followed by centrifugation (16,000 x g, 10 min, 4 ºC). A 1/10 fraction of each 

supernatant was saved for input samples, and the remaining supernatants were mixed with 
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20 µl/condition of GFPTrap-A agarose beads suspension (GFP-beads; Chromotek 

GmbH), which had been previously washed twice with a dilution buffer (10 mM Tris-HCl 

pH 7.5, 150 mM NaCl, 0.5 mM EDTA, 1× protease inhibitor cocktail, 50 mM NEM). 

After incubation for 2.5 h at room temperature with gentle rolling, samples were 

centrifuged at 2,700 x g for 2 min to separate the beads from the unbound material. GFP 

beads were then subjected to several washing steps: once with the dilution buffer, thrice 

with washing buffer (8 M urea, 1% SDS in PBS), and once with 1% SDS in PBS. 

GFP-tagged proteins bound to the beads were eluted by incubating at 95◦C for 10 min 

with 25 µl elution buffer (250 mM Tris–HCl pH 7.5, 40% glycerol, 4% SDS, 

0.2% bromophenol blue, 100 mM DTT), followed by a final centrifugation step 

(16,000 x g, 2 min). MYRF-linked ubiquitin was then detected and analyzed via western 

blotting, using anti-FLAG or anti-HA antibodies, depending on the experiment. 

 

8. Immunofluorescence  

8.1. Immunocytochemistry of primary oligodendrocytes and HEK293T cells 

Primary cultured OLs and HEK293T cells were seeded onto PDL-coated 24‐well plates 

containing 12- or 14-mm-diameter coverslips, respectively. OLs were seeded in densities 

of 1x104 - 2x104 cells per well, and HEK23T cells at 5x104 cells per well. After the 

corresponding treatments, OLs were fixed in 4% paraformaldehyde (PFA) with 

4% sucrose for 15 min and HEK293T cells in 4% PFA for 10 min, followed by 3 washes 

with PBS. Cells were stored at 4 ºC or processed immediately. 

Fixed cells were permeabilized and blocked for 1 h in a blocking solution consisting of 

4% normal goat serum (NGS; Palex) and 0.1% Triton X‐100 (Sigma‐Aldrich) in PBS. 

Afterward, cells were incubated with specific primary antibodies (Table 3) in the 

blocking solution O/N at 4 °C. Samples were washed thrice in PBS and incubated with 

fluorochrome-conjugated secondary antibodies (1:500) in the blocking solution for 1 h at 

RT. Subsequently, cells were washed twice and incubated with DAPI (4 μg/ml; 

Sigma-Aldrich) for 10 min for nuclei detection. Cells were again washed with PBS, and 

coverslips were mounted on glass slides using Fluoromount‐G® mounting medium 

(SouthernBiotech). Prepations were stored at 4 °C until examination. 
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Table 3. Antibodies used in immunocytochemistry (ICC) and immunohistochemistry (IHC). 

Antibody Host Dilution Reference 

Anti-MYRF  Rabbit ICC 1:100  #ABN45, Millipore 

Anti-MYRF  Rabbit IHC 1:500 #A16355, ABclonal 

Anti-MBP Chicken ICC 1:200 #AB9348, Millipore 

Anti-Olig2  Mouse (IgG2A) ICC 1:1,000 / IHC 1:500 #MABN50, Millipore  

Anti-GSK3α/β Mouse (IgG2A) ICC 1:500 #sc-7291, Santa Cruz 

Anti-Fbxw7 Mouse (IgG2A) ICC 1:300 #TA802869S, OriGene 

Anti-Myc tag Mouse (IgG1) ICC 1:500 #05-724-25UG, Millipore 

Anti-FLAG tag Rabbit ICC 1:1,000 #2368, Cell Signaling 

Anti- PDGFR-α Goat IHC 1:500 #AF1062, Biotechne 

Anti-NG2 Rabbit IHC 1:200 #AB5320, Millipore 

Anti-Nkx2.2 Mouse (IgG2B) IHC 1:20 #74.5A5, DSHB 

Anti-APC (CC1) Mouse (IgG2B) IHC 1:200 #OP80, Millipore  

Anti-Iba1 Guinea pig IHC 1:500 #234308, Synaptic Systems  

 

8.2. Floating mouse tissue immunohistochemistry 

For oligodendroglial population studies in AD mouse models, immunohistochemical 

analysis of specific OL lineage markers was performed. For that, mice were anesthetized 

by an intraperitoneal injection of pentobarbital and perfused with 4% paraformaldehyde 

(PFA; Electron Microscopy Sciences) in PBS. Subsequently, brains were carefully 

extracted and post-fixed with the same solution for 4 h at RT. Brains were then washed 

with PBS and sectioned using a Leica VT 1200S vibratome (Leica microsystems) to 

obtain 40 μm‐thick coronal sections. 

Free-floating slices were washed in 0.1 M PB, and incubated in R-Universal Epitope 

Recovery Buffer (Aptum) for heat-induced antigen unmasking for 5 min at 95 ºC, 

followed by 5 min at RT. The sections were then washed 3 times in PBS (pH 7.4), and 

permeabilized in ice-cold 100% ethanol (EtOH) for 10 min at -20 ºC. Afterwards, brain 

slices were washed three times with PBS, and permeabilized and blocked with 10% NGS, 

0.1% Triton X-100 in PBS for 30 min at RT. Slices were washed three times, and 

incubated with the blocking solution containing specific primary antibodies (Table 3) 

O/N at 4 ºC. After incubation, slices were washed thrice and incubated with 
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fluorochrome-conjugated secondary antibodies (1:500) in the blocking solution for 1 h at 

RT. Then, slices were washed twice, incubated with DAPI for 10 min, and washed again 

twice in PBS. Finally, slices were mounted on glass slides with Fluoromount-G® 

mounting medium (Southern Biotech). 

For PDGFR-α labeling antigen retrieval protocol was not utilized, and Triton X-100 was 

only used during permeabilization. On the other hand, EtOH permeabilization step was 

not followed for MYRF labeling. 

 

8.2.1. EdU labeling and detection by immunohistochemistry  

For oligodendroglial population dynamics analysis in 3xTg-AD mice, cumulative EdU 

labeling was performed. For that, 11 month-old WT and 3xTg-AD mice (n = 4 for each 

group) were exposed to 5’-ethynyl-2’-deoxyuridine (EdU; Invitrogen) during 30 days. 

EdU was dissolved in the drinking water at 0.2 mg/ml, which has previously been 

determined to be nontoxic (Young et al., 2013). The water was exchanged every 48 h, 

and adequate drinking was monitored. After the treatment, mice were perfused and brains 

sectioned as previously described. 

For EdU visualization, the Click-iTTM EdU Alexa Fluor 647 Imaging Kit (Invitrogen) 

was used according to the manufacturer’s instructions. Briefly, before starting with the 

immunohistochemistry protocol, brain slices were incubated in 0.5% Triton X-100 in 

PBS for 20 min at RT, washed twice in 3% BSA in PBS, and incubated in the dark with 

Click-iTTM EdU reaction cocktail (Invitrogen) for 40 min. Afterwards, slices were washed 

once in 3% BSA in PBS, and 3 times in PBS. Then, previously described 

immunohistochemistry protocol was followed. 

 

8.3. Acquisition and analysis of immunofluorescence images 

Images were acquired using a Leica TCS STED CW SP8X confocal microscope (Leica), 

with a 63X oil-immersion objective for cultured cells and a 40X oil-immersion objective 

(with a zoom factor of 0.75) for mouse tissue imaging. In immunostainings with multiple 

fluorophores, channels were scanned sequentially to minimize crosstalk. The same 

settings were applied to all the images within the same experiment. Image analysis was 

performed using ImageJ/Fiji software (NIH). 

 



45 

 

8.3.1. Primary oligodendrocyte and HEK293T cell cultures  

For cultured cells, a minimum of 10 cells per condition were captured in each experiment. 

In nuclear expression experiments (Myc-tag and Fbxw7), nuclei were determined using 

Olig2 or DAPI staining, and the integrated density of the protein of interest was quantified 

within the nuclear region of interest (ROI). For analysis of GSK3 localization, the cytosol 

was manually delineated based on GSK3 labeling, while the nucleus was outlined using 

DAPI staining. Subsequently, the mean intensity of GSK3 within each cellular 

compartment was measured, and the ratio between nuclear and cytosolic mean intensities 

was calculated. 

 

8.3.2. Mouse tissue  

For tissue imaging, z-stacks were captured, from 1-3 sections per animal. When assessing 

densities of oligodendroglial lineage cells, the entire image was analyzed for the corpus 

callosum, while in the dentate gyrus only the hilus was quantified. For morphological 

analysis of NG2+ OLs, the area occupied by each OL was measured as an indicator of cell 

size and hypertrophy. This involved manually defining the area occupied by the cell body 

and the main cellular processes of each OL. 14 OLs were analyzed per animal, 7 per 

hemisphere. Finally, for the analysis of nuclear MYRF fluorescence intensity, cell nuclei 

were determined by Olig2 labeling, and the mean intensity within the nucleus of the OLs 

was quantified. 

 

9. Cell viability assays 

To assess the potential toxic effect of prolonged MYRF overexpression in OLs, cell 

viability assays were conducted. For that, primary OLs were transfected via 

electroporation with either an empty plasmid or the double-tagged MYRF expression 

construct, and then were seeded onto 48-well plates at a density of 2x104 cells per well, 

in triplicates. Cells were cultured in proliferation SATO- medium, and at 3, 6, and 10 DIV 

they were loaded with Calcein-AM (1 μM; Invitrogen) and NucBlueTM Live 

ReadyProbesTM Reagent (2 drops/ml; Invitrogen) for 30 min at 37°C. Afterward, cells 

were washed twice with sterile PBS, images were captured using EVOS fluorescent 

microscope (Invitrogen), and fluorescence was measured using a CLARIOstar® Plus 

microplate reader (BMG Labtech) with excitation at 485 nm and emission at 528 nm for 
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Calcein-AM and excitation at 360 nm and emission at 460 nm for NucBlue. The results 

were expressed as the ratio of Calcein-AM (indicative of living cells) to NucBlue (total 

cells), and represented as percentages relative to OLs transfected with an empty control 

plasmid at each time point. 

 

10. Dual-luciferase assays 

To assess the transcriptional activity of MYRF following Aβo-treatments, luciferase 

assays were conducted in primary cultured OLs. In brief, OLs were co-transfected with 

the respective test luciferase construct (pGL3-Basic, pGL3-Control, pGL3-MBP, 

pGL3-MAG, pGL3-Rffl, or pGL4.10_myrfprom_ECR9) and a constitutive Renilla 

construct (1:10), as an internal experimental luminescence control. In experiments aimed 

at evaluating the role of MYRF in Aβo-induced alterations in myelin-related genes, cells 

were also co-transfected with control or Myrf siRNAs, as previously described. 

Transfected cells were seeded into PDL-treated 24-wells plates, in triplicates, at a density 

of 7.5x104 cells per well. 

At 72 h post-transfection (3 DIV), cells were harvested in Passive Lysis Buffer (1X PLB; 

Promega), and luciferase assays were performed using the Dual-Luciferase® Reporter 

Assay System (Promega), according to the manufacturer’s instructions. For each triplicate 

of each condition, 10 μl of cell lysate was transferred into a white opaque-bottomed 

96-well plate, and after the addition of 50 μl per well of Luciferase Assay Reagent II 

(LAR II; Promega), luciferase activity was measured by luminescence in a Synergy H4 

Hybrid Reader (BioTek Instruments). Upon completion of the luciferase measurement, 

50 μl of Stop&Glo Reagent (Promega) was added per well, and luminescence readings 

were repeated, this time for Renilla activity. 

All data were normalized to the luminescence control established by Renilla activity, as 

well as to the protein concentration measured using a Lowry assay (Bio-Rad). 
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11. Chymotrypsin-like proteasome activity assay 

In order to investigate the impact of Aβo treatments on proteasomal activity, we measured 

the chymotrypsin-like activity of the proteasome in both HEK293T cells and 3 DIV 

primary cultured OLs. With this aim, cells were seeded in 96-well plates at a density of 

1x104 cells per well and treated with either vehicle or Aβo (1 µM) for 3 or 24 h, with or 

without MG132 (1 µM, 1 h), a well-established proteasome inhibitor used as a control. 

Following treatments, we conducted Proteasome-GloTM Cell-Based Assay (Promega) 

following the manufacturer’s instructions. This assay employs a specific proteasome 

substrate, SucLLVY-aminoluciferin, which is cleaved by the proteasome, resulting in the 

release of aminoluciferin. Aminoluciferin is then used by luciferase to produce 

luminescence, with luminescent signal intensity being directly proportional to 

intracellular proteasome activity. In brief, Proteasome-GloTM Cell-Based Reagent 

(Promega), previously equilibrated to RT, was added to each well at a 1:1 ratio (100 µl 

of reagent to each 100 µl of sample). The plate was then incubated at RT on a plate shaker 

at 700 rpm for 2 min, followed by an additional 10-min incubation at RT. Subsequently, 

luminescence was measured using the CLARIOstar® Plus microplate reader (BMG 

Labtech). Results are expressed as percentages relative to vehicle-treated cells (100%). 

 

12. Puromycin-proximity ligation assay (Puro-PLA)  

To quantify the levels of actively synthesizing MYRF protein, control and Aβo-treated 

3 DIV OLs (2x104 cells/well) were exposed to puromycin (2 μM; Sigma-Aldrich) for 

10 min in the absence or presence of the protein synthesis inhibitor anisomycin (40 μM) 

for 25 min. After incubations, cells were washed with ice-cold PBS containing digitonin, 

and fixed in 4% PFA + 4% sucrose in PBS for 15 min. 

Proximity Ligation Assay (PLA) was conducted following the Duolink® PLA Protocol 

(Sigma-Aldrich), and according to the manufacturer’s recommendations. Briefly, 

permeabilized and blocked cells were incubated O/N at 4 ºC with rabbit anti-MYRF 

(1:100; #ABN45, Millipore) and mouse anti-puromycin (1:500; #MABE343, Millipore) 

primary antibodies. Coverslips containing cells were washed with an appropriate wash 

buffer and then incubated with rabbit PLA plus and mouse PLA minus probes 

(Sigma-Aldrich) for 1 h. The ligation solution from the kit was applied and cells were 
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incubated for 30 min. Subsequently, signal amplification was achieved by incubating 

cells with a polymerase for 100 min, protected from light. All incubation steps were 

conducted in a humidity chamber at 37 ºC and alternated with subsequent washing steps. 

Finally, cells were washed and treated with Alexa FluorTM 488-conjugated phalloidin 

(#A12379, ThermoFisher) in 1% BSA for 20 min, in order to make the cytoskeleton 

visible. Coverslips were mounted on glass slides with Duolink® In situ Mounting Media 

with DAPI. 

Images were captured with a Zeiss Apoteome 2 (Carl Zeiss Microscopy) epifluorescence 

microscope, using the 63X oil‐immersion objective. Image analysis was performed using 

ImageJ/Fiji software. The phalloidin signal was processed with a Gaussian Blur plugin to 

create a mask, and mean values of fluorescence intensity of the PLA signal were obtained. 

 

13. Magnetic activated cell sorting (MACS)  

With the objective of conducting a transcriptomic analysis of OLs in early stages of 

Alzheimer’s disease, O4+ OLs were isolated from 6-month-old WT and 3xTg-AD mice. 

To ensure an adequate yield of OLs, two animals were used per sample (nWT = 4 

(8 animals) and n3xTg-AD = 3 (6 animals)). Mice were anesthetized with isoflurane and 

euthanized by decapitation. Then, OL isolation was carried out following previously 

established protocols (de la Fuente et al., 2020). 

Briefly, the brains were extracted from the skull, placed in Hibernate A medium (Gibco), 

and sectioned into small pieces (approximately 1 mm3). The brain tissue was then 

enzymatically digested using a papain solution containing papain (33 U/ml) and 

DNase (0.04 mg/ml) in Hibernate A for 30 min at 37 °C. After tissue digestion, the papain 

solution was washed out with HBSS-/- (Gibco) via centrifugation, and the tissue was 

mechanically dissociated in Hibernate A supplemented with B27 (Gibco) and 

2 mM sodium pyruvate (Gibco), using a polished glass Pasteur pipette. The resulting 

single-cell suspension was passed through a 70 μm strainer (VWR) and centrifuged at 

800 × g for 20 min in a 22.5% Percoll (GE Healthcare) solution with DMEM 

Glutamax (Gibco). Following centrifugation, the Percoll solution was aspirated, and the 

cells were washed with HBSS-/- (Gibco). Subsequently, cells were incubated with an 

anti-O4 antibody (Milteny Biotech) for 15 min on ice, followed by a washing step with 
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HBSS-/- to remove excess antibody. Finally, cells were magnetically sorted using a 

column, according to the manufacturer's instructions (Milteny Biotech). The sorted O4+ 

cells were eluted in SATO+ medium for subsequent RNA extraction and RNA 

sequencing analysis. 

 

14. Quantitative Real time-Polymerase Chain Reaction 

(RT-qPCR)  

For cultured primary OLs and OLs isolated via MACS, total RNA extraction was 

performed using the RNA Mini Kit (Quiagen) and RNA Micro Kit (Quiagen), 

respectively, following the manufacturer’s instructions. RNA concentration and integrity 

were assessed using the NanoDrop™ 2000 spectrophotometer (ThermoFisher Scientific). 

Complementary DNA (cDNA) synthesis was conducted using the SuperscriptTM III 

reverse transcriptase (Invitrogen) with random primers in a Verity Thermal Cycler 

(Applied Biosystems), according to the manufacturer’s protocol. The resulting cDNA 

samples were diluted in sterile Mili‐Q H2O. Subsequently, RT-qPCR was carried out in 

triplicate reactions containing 3.5 μl RNAse‐free water, 5 μl Sybr Green Master Mix, 1 μl 

properly diluted primers, and 0.5 μl cDNA sample. Specific primers for Myrf, Sox10, and 

Fbxw7 (Table 4) were newly designed using Primer3 software and synthesized by 

Integrated DNA Technologies (IDT). The reactions were performed using the CFX96 

Touch Real-Time PCR Detection System (Bio‐Rad), and the following protocol was 

applied: 3 min at 95 °C, 40 cycles of 10 s at 95 °C, and 30 s at 60 °C. PCR product 

specificity was confirmed by melting curves. 

Data was normalized to a normalization factor obtained using geNorm Software through 

the analysis of the expression of three different housekeeping genes: Gapdh, Bm2 and 

Pgk1 (Table 4). 
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Table 4. Sequences of primers used in the transcriptional analysis. Both genes of interest and the 

housekeeping genes (grey) used for normalization are displayed. 

Gene Sequence Company 

Myrf 
Fwd GTGGGCGACCCTATATGATG 

Rev TCCACACGATAGGTGAGCAT 
IDT 

Sox10 
Fwd ATGTCAGATGGGAACCCAGA 

Rev GTCTTTGGGGTGGTTGGAG 
IDT 

Fbxw7 
Fwd AAAGAGTTGTTAGCGGTTCTCG 

Rev CCACATGGATACCATCAAACTG 
IDT 

Gapdh 
Fwd GAAGGTCGGTGTCAACGGATTT 

Rev CAATGTCCACTTTGTTCACAAGAGAA 
Eurofins 

Bm2 
Fwd CACCGAGACCGATGTATATGCTT 

Rev TTACATGTTCTCGGTCCCAGG 
Eurofins 

Pgk1 
Fwd ATGCAAAGACTGGCCAAGCTAC 

Rev AGCCACAGCCTCAGCATATTTC 
IDT 

 

 

15. Bulk RNA sequencing  

With the aim of elucidating gene expression alterations in OLs from an early AD model, 

bulk RNA sequencing (RNA-seq) was conducted on the O4+ OLs isolated via MACS. 

Therefore, the MACS-isolated samples were sent to the Genomic Platform at 

CICbioGUNE (Derio, Spain). RNA quantity and quality was assessed using the Qubit 

RNA assay Kit (Invitrogen) and Agilent 2100 Bioanalyzer (Agilent RNA 6000 Pico 

Chips); all samples exhibited sufficient concentration and integrity to perform the 

experiments. 

Sequencing libraries were prepared using the “NEB Next® Single Cell/Low Input RNA 

Library Prep Kit for Illumina®” (#E6420S, New England Biolabs) and “NEB Next 

Multiplex Oligos for Illumina (Index Primers 1-12)” (#E7335S, New England Biolabs), 

following the corresponding instruction manual (Version5.0_5/20). The protocol started 

with 10 ng of total RNA when possible; otherwise, the entire sample was utilized. Briefly, 

full-length cDNA was generated using a template-switching method. Subsequently, 

cDNA amplification (number of amplification cycles depending on input RNA amount) 

and cleanup were performed, and 1 μl of amplified cDNA was run on a DNA High 
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Sensitivity Chip (#5067-4626, Agilent Technologies) to assess cDNA quantity and 

quality. In the next step, fragmentation, end repair, and tailing were conducted, and 

adapters for Illumina were ligated to the amplified cDNA. Finally, library barcoding and 

amplification (number of amplification cycles depending on cDNA amount) were 

achieved by PCR. 

Libraries were visualized on an Agilent 2100 Bioanalyzer using Agilent High Sensitivity 

DNA Kit (#5067-4626, Agilent Technologies) and quantified using the Qubit dsDNA HS 

DNA Kit (#Q32854, Thermo Fisher Scientific). The Illumina sequencer generates raw 

images utilizing sequencing control software for system control and base calling through 

an integrated primary analysis software called Real Time Analysis (RTA). The base calls 

(BCL) were converted into FASTQ files utilizing Illumina Inc.’s package bcl2fastq, and 

quality control analysis was performed (FastQC) (Andrews, 2020).  

The subsequent bioinformatics analysis was conducted in collaboration with 

R. Senovilla-Ganzo (predoctoral researcher at Dr. F. García-Moreno’s lab, Achucarro 

Basque Center for Neuroscience, Leioa, Spain). Alignment was performed with STAR 

v2.7.1 (Dobin et al., 2013) against the Ensembl genome of Mus musculus 

(GRCm39.dna.primary_assembly.fa and GRCm39.104.gtf), and expression counts were 

obtained using htseq-count (-s no) (Anders et al., 2015). The count matrix was imported 

to R v4.2.2, where expression levels were normalized and further analyzed with DESeq2 

(Love et al., 2014). 

DESeq2 provides methods for differential expression tests based on negative binomial 

generalized linear models. Therefore, factors involved in the analysis must be modeled 

beforehand in a sample table entry (Table 5). This metadata allows DESeq2 to group 

samples by factors of interest (e.g., Genotype) to detect differentially expressed genes 

based on the biological question (contrast selection), but also to correct batch effect 

(e.g., Day). 
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Table 5. Sample table. Each sample (row name) is assigned a level of a factor (column names).  

Sample name Genotype Day 

S_08 AD D3 

S_09 AD D4 

S_10 AD D5 

S_01 WT D1 

S_02 WT D2 

S_03 WT D3 

S_04 WT D4 

 

The initial step of the DESeq2 pipeline involves filtering low-expressed genes: genes with 

&lt; 2 (fewer than 2) counts in more than one sample per group were discarded. These 

differences in the threshold for each analysis were attributed to variations in the amount 

of RNA obtained in each sample. For the different analyses, the linear model design 

utilized was: ~ Day + Genotype and contrast: list (“Genotype_AD_vs_WT”). Those 

genes with a p-adjusted value < 0.05 were identified as significantly deregulated. For data 

visualization and functional enrichment, ggplot2 (Wickham, 2016), clusterProfiler (Wu 

et al., 2021; Yu et al., 2012), and ggVennDiagram (Gao et al., 2021) were employed. 

The code used can be found at https://github.com/rodrisenovilla/AlberdiLab. Analyzed 

data will be uploaded to the GEO repository (https://www.ncbi.nlm.nih.gov/geo/) once 

they are published. 

 

16. Continuous intracerebroventricular (ICV) Gö6983 infusion 

For experiments aimed at investigating the pharmacological inhibition of PKC in 

3xTg-AD mice, 12-14-month-old animals were utilized (n = 5 animals per treatment 

group). Osmotic minipumps (Model 1004, Alzet) were subcutaneously implanted into the 

mice, connected to an infusion headstage attached to their skulls (Brain infusion kit II, 

Alzet), and continuously delivering either vehicle (0.01% DMSO in saline solution) or 

Gö6983 (100 nM) at a rate of 0.11 µl/h for a period of 28 days. Initially, the minipumps 

were filled with the respective solutions, and the surgical procedure was performed the 

following day, adhered to the manufacturer’s recommendations. 

https://github.com/rodrisenovilla/AlberdiLab
https://www.ncbi.nlm.nih.gov/geo/
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On the day of surgery, mice were anesthetized with isoflurane administered via a 

precision vaporizer, and the scalp and the minipump implantation site were shaved and 

washed. Subsequently, the mice were secured in a stereotaxic apparatus. A midline 

sagittal incision was made to expose the skull, and a subcutaneous pocket was prepared 

for the minipumps in the midscapular area of the animal’s backs. Using stereotaxic 

coordinates (AP: -0.5 mm; ML: 1 mm, DV: 2 mm), a hole was drilled in the skull to place 

the cannula connected to the osmotic pump, allowing continuous drug infusion into the 

right brain ventricle. A filled pump was inserted into the pocked, with the delivery portal 

positioned first, while the infusion headstage was secured in the skull hole. Dental cement 

was applied to cover the area, and the scalp wound was closed with sutures. 

Following surgery, all animals received a subcutaneous injection of buprenorphine 

(3 µl/g of animal) for pain management. The overall well-being of the mice was 

monitored throughout the experiment, and body weight was measured before, during, and 

after treatment. 

After 28 days, mice were anesthetized by intraperitoneal injection of pentobarbital and 

perfused with saline solution. The brains were dissected, with the right hemispheres 

(ipsilateral) post-fixed in 4% PFA in PBS O/N at 4 ºC for subsequent IHC analysis, and 

the left hippocampi (contralateral) were frozen for protein preparation for western blot 

analysis. 

 

17. Intracerebral amyloid β injections 

17.1. Intrahippocampal amyloid β injection in adult mice 

Adult male mice (C57BL6/J), aged 3-4 months, were randomly assigned to treatment 

groups (n = 5 animals per group) and anesthetized with ketamine hydrochloride 

(80 mg/kg) and xylazine (10 mg/kg). Next, they were secured in a stereotaxic apparatus 

for intrahippocampal injections into the right dentate gyrus (coordinates AP: -2.2 mm, 

ML: 1.5 mm, DV: 2 mm). A total volume of 3 µL containing either vehicle (17% DMSO 

+ 83% Ham’s F12) or Aβo (10 µM) was injected. Following injection, the needle was 

kept in place for 5 min to prevent reflux.  
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After 7 days, mice were anesthetized using ketamine/xylacine and perfused with 30 mL 

of phosphate buffer followed by 30 mL of 4% PFA in 0.4 M PB (pH 7.5). The brains 

were then extracted and post-fixed in the same fixative solution for 4 h at RT. 

Subsequently, the brains were transferred to 30% sucrose in 0.1 M PBS (pH 7.5) at 4 ºC 

and kept in cryoprotectant solution (30% ethylene glycol, 30% glycerol, and 0.1 M PBS 

in dH2O) at -20 ºC for subsequent sectioning using a vibratome and analysis via IHC. 

 

17.2. Intracerebroventricular amyloid β injection in zebrafish larvae 

At 24 hpf, all zebrafish embryos had their chorions removed for the brain ventricle 

injection procedure, following previously established protocols (Gutzman & Sive, 2009; 

Nery et al., 2014). Embryos were anesthetized with Tricaine (Sigma-Aldrich) and 

immobilized in wells on 2%-agar coated dishes under the stereomicroscope so that the 

brain ventricle was exposed. An injection needle was carefully positioned on the roof 

plate of the hindbrain, and 5–10 nl of a fresh injection buffer containing 10% either 

Aβo (10 µM) or vehicle, and 10% Phenol Red in 0.4 M KCl in nuclease-free water was 

microinjected. Subsequently, each treatment group was separated into clean plates, and 

the zebrafish were returned to the incubator and allowed to grow until the days of the 

experiments. 

 

18. RNA in situ hybridization  

To identify potential Aβo-induced alterations in OL differentiation- and 

myelination-related gene expression in vivo, we conducted fluorescent RNA in situ 

hybridization assays (FISH) in the spinal cord of zebrafish larvae injected with either 

vehicle or Aβo (10 µM). FISH was performed using the RNAScope Multiplex 

Fluorescent V2 Assay Kit (Advanced Cell Diagnostics; ACD). 

Zebrafish larvae at 48 hpf, 72 hpf, and 5 dpf were fixed in 4% PFA in PBS, gently rocking 

O/N at 4 ºC. Subsequently, samples were embedded in 1.5% agar with 30% sucrose, 

followed by immersion in 30% sucrose O/N. The blocks were frozen on dry ice, and 

15 μm-thick transverse sections were obtained using a cryostat microtome and collected 

on polarized slides.  
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FISH was performed according to the manufacturer's instructions, with the following 

modification: slides were covered with Parafilm for all 40°C incubations to maintain 

moisture and disperse reagents across the sections. The zebrafish mbpa, myrf, and sox10 

transcript probes were designed and synthesized by the manufacturer, and used at 1:50 

dilutions, except for mbpa, which was used undiluted. The transcripts were fluorescently 

labelled by TSA-based Opal fluorophores Opal520 (1:1500), Opal570 (1:500) and 

Opal650 (1:1500) using the Opal 7 Kit (PerkinElmer). 

Images were acquired on a Zeiss Cell Observer 2D 25 Spinning Disk confocal system 

(Carl Zeiss Microscopy) with a 40X oil-immersion objective. 15 z-stack tiles 

(z-step = 0.5 µm) of 5 sections of the spinal cord were acquired from each animal. The 

total area occupied by each probe was determined using ImageJ/Fiji. 

 

19. In vivo myelin sheath visualization in zebrafish larvae 

To visualize myelin sheaths in vivo, the mbpa:EGFP-CAAX construct was transiently 

expressed by microinjection into 1-cell stage WT zebrafish embryos. Next, zebrafish 

larvae were ICV injected with either vehicle or Aβo (10 µM) at 24 hpf, and treated by 

bath immersion with or without Gö6983 (500 nM) at 72 hpf. At 5 dpf, zebrafish larvae 

were anesthetized with Tricaine (Sigma-Aldrich) and embedded laterally in 1% low-melt 

agarose containing 0.4% Tricaine for immobilization on a glass bottom dish. 

Images were acquired using a Zeiss Cell Observer 2D 25 Spinning Disk confocal system 

(Carl Zeiss Microscopy) with a 40X water-immersion objective. Images were collected 

from 1-3 field of view from each animal in 40 z-stack tiles (z-step = 0.28 μm). Subsequent 

analysis of sheath length and total number of sheaths per OLs was performed using Imaris 

software v9.9.1 (Oxford Instruments), in a blind mode. 

 

20. Electron microscopy (EM)  

At 8 dpf, vehicle- or Aβo-injected zebrafish larvae were anesthesized with Tricaine and 

fixed in a solution consisting of 2% glutaraldehyde and 4% PFA in 0.1 M sodium 

cacodylate (pH 7.4), for at least 5 days at 4°C. The tissue was then sagittally sectioned 

using a Leica VT 1200S vibrating blade microtome (Leica) to obtain 200 μm-thick 
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sections. These tissue sections were post-fixed in 2% OsO4, dehydrated in ethanol and 

propylene oxide, and embedded in EPON (Serva) for 24 h at 60 °C. Ultrathin sections 

(50 nm thickness) were obtained using a Leica Ultracut S ultramicrotome (Leica) and 

contrasted for 30 min with 4% uranyl acetate and 6 min with lead citrate. Electron 

micrographs were captured using a Zeiss EM900 electron microscope (Carl Zeiss 

Microscopy), and the number of dorsal myelinated axons were quantified. 

 

21. Statistical analysis  

All data are presented as mean ± S.E.M (standard error of the mean), with sample size 

indicated in the figures by dots. Statistical analyses were performed using absolute values. 

GraphPad Prism 8.2.1 software was utilized, applying unpaired or paired two-tailed 

Student’s t-test for comparing two experimental groups, and one-way or two-way analysis 

of variance (ANOVA) followed by Dunnett’s, Tukey’s, and Sidak’s post-hoc tests for 

multiple comparisons. Results from independent animals or separate experiments were 

considered as biological replicates (n ≥ 3). Statistical significance was represented as 

p<0.05 (* or #), p<0.01 (** or # #), p<0.001 (*** or # # #), and p<0.0001 (****or # # # #). 
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PART I. Characterization of oligodendroglial lineage cells in 

Alzheimer’s disease models 3xTg-AD and Aβo-injected mice 

The correct structure of the WM and the functional efficiency of oligodendrocytes are 

indispensable factors for preserving the integrity of the CNS. In AD, although it has 

traditionally been considered a GM disease, accumulating evidence from both human 

post-mortem brain samples and AD mouse models indicates alterations in WM 

microstructure (Bartzokis et al., 2003; Han et al., 2002; Wu et al., 2017). Given that 

myelin in the CNS is derived from and maintained by OLs, it is reasonable to infer that 

OL changes may underlie, at least in part, the WM damage observed in AD.  

In this line, previous studies have identified OL abnormalities that substantially contribute 

to the pathophysiology of AD, including disrupted oligodendrogenesis (Behrendt et al., 

2013; Dong et al., 2018) and OL maturation (Desai et al., 2010), as well as impaired 

density and morphology of OPCs (Chacon-De-La-Rocha et al., 2020; Vanzulli et al., 

2020). However, these alterations appear to be dependent on factors such as the animal 

model, age, analyzed brain region, and even the methodological approach used, leading 

to discrepancies in the literature. Thus, further investigations are needed to elucidate the 

pathological events involving OLs in AD. 

 

1.1. Oligodendrocyte lineage cells are altered in 3xTg-AD mice 

During development, OPCs undergo a tightly regulated complex differentiation program, 

transitioning through an immature premyelinating state and ultimately becoming mature 

myelinating OLs. Each phenotypic stages is characterized by the sequential expression of 

specific molecular markers and morphological changes (Baumann & Pham-Dinh, 2001), 

facilitating the analysis of distinct OL subpopulations by immunohistochemistry (IHC).  

To investigate the oligodendroglial population and its dynamics in AD, we performed an 

IHC analysis of the oligodendrocytic cells in the 3xTg-AD mouse model. This model, 

carrying three human transgenes associated with AD development –APPSwe, MAPTP301L, 

and PSEN1M146V-, is considered one of the most complete animal models of the disease, 

as it exhibits both senile plaques and neurofibrillary tangles, along with cognitive 

impairments resembling those observed in AD patients. Therefore, 12-month-old WT and 

3xTg-AD mice were administered 5-ethynyl-20-deoxyuridine (EdU) via their drinking 
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water for 30 days (Figure 10A, 11A). EdU is a thymidine analog that incorporates into 

the chromatin of dividing cells, allowing the detection of actively proliferating and newly 

generated cells during the treatment period. Following the treatment, IHC analysis of 

oligodendroglial linage cells was conducted in the corpus callosum (CC), the brain’s 

major white matter tract, and the dentate gyrus (DG) of the hippocampus, a key grey 

matter region responsible for the formation of episodic memories. These brain regions 

are relevant to AD pathology, as indicated by previous studies.  

 

1.1.1. Oligodendrocyte maturation is promoted in the 3xTg-AD mice corpus 

callosum 

Analysis in the CC (Figure 10B, C) revealed no changes in the density of Olig2+ 

oligodendroglial lineage cells (Image 10D), nor in the total counts of PDGFR-α+ OPCs 

(Figure 10G) or CC1+Olig2+ mature OLs (Figure 10E). However, a significant reduction 

was found in the PDGFR-α-CC1-Olig2+ cells, considered immature OLs, in the 3xTg-AD 

mice compared to WT mice (2.39 ± 1.34x103 cells/mm3 vs 9.38 ± 2.15x103 cells/mm3, 

respectively) (Figure 10F). Next, we divided the whole Olig2+ population into the three 

previously mentioned subpopulations, OPCs (PDGFR-α+), immature OLs 

(PDGFR-α- CC1- Olig2+), and mature OLs (CC1+Olig2+), and we compared the 

percentage each subpopulation occupies within the total OLs between mice groups. We 

observed that although there were no significant changes in the percentage of OPCs 

(WT 9.54 ± 1.42% vs 3xTg-AD 8.55 ± 1.88%), a substantial portion of the immature OL 

subpopulation was lost in the 3xTg-AD mice (WT 7.96 ± 1.45% vs 3xTg-AD 

1.51 ± 0.91%), leading to an increased percentage of mature OLs (WT 82.5 ± 2.04% vs 

3xTg-AD 89.93 ± 1.55%) (Figure 10H). Further analysis according to sexes did not 

reveal any relevant sexual dimorphism. 

To gain deeper insight into the alterations in the dynamics of those oligodendroglial cells, 

we analyzed EdU incorporation. No changes were observed in dividing OL (Olig2+EdU+) 

(Figure 10I) or OPC (PDGFR-α+EdU+) numbers between the groups (Figure 10K); 

however, surprisingly, among the OLs generated de novo during the EdU treatment, there 

were more newly generated mature OLs (%CC1+Olig2+EdU+/Olig2+EdU+) in the 

3xTg-AD mice (WT 47.03 ± 2.16% vs 3xTg-AD 68.23 ± 3.65%) (Figure 10J).  
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These findings together suggested aberrant OL differentiation in the corpus callosum of 

3xTg-AD mice, which resulted in a near depletion of the immature OL population, as 

they mature. 
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Figure 10. Oligodendroglial lineage dynamics is altered in 3xTg-AD mice corpus callosum, with 

increased density of newly generated mature oligodendrocytes. (A) Schematic representation of the 

experimental timeline. 12-month-old WT and 3xTg-AD mice received 5-ethynyl-20-deoxyuridine (EdU; 

0.2 mg/ml) in their drinking water for up to 30 days, followed by brain dissection for IHC analysis of 

the CC. (B) Representative micrographs depicting triple-immunostaining for actively dividing cell marker 

EdU (magenta), the oligodendroglial lineage marker Olig2 (red), and the mature OL marker CC1 (cyan). 

Arrowheads indicate CC1+Olig2+EdU+ cells. Scale bars = 50 µm / 10 µm. (C) Representative fluorescence 

images showing double-immunostaining for EdU (magenta) and OPC marker PDGFR-α (green). Scale 

bar = 50 µm. Histograms showing the numbers of (D) Olig2+ (total OLs), (E) CC1+Olig2+ (mature OLs), 

(F) PDGFR-α-CC1-Olig2+ (immature OLs), and (G) PDGFR-α+ (OPCs) cells. (H) Graph showing the 

percentage corresponding to each oligodendrogial subpopulation among the entire OL lineage in each 

animal group. Quantification of (I) Olig2+EdU+ (dividing OLs), (J) %CC1+Olig2+EdU+/Olig2+EdU+ 

(newly generated mature OLs), and (K) PDGFR-α+EdU+ (dividing OPCs) cells. Data are presented as 

means ± S.E.M, with dots representing individual animals. *p<0.05, **p<0.01; Statistical significance was 

determined by two-tailed unpaired t-test and two-way ANOVA followed by Sidak’s post-hoc test. 

 

 

1.1.2. 3xTg-AD mice present mature and immature oligodendrocyte loss in the 

dentate gyrus 

When moving on into the oligodendroglial population analysis in the DG, changes were 

more notable (Figure 11B, C). First of all, the AD mouse model exhibited a significant 

loss of approximately 21% in the total density of Olig2+ cells (WT 74.92 ± 

4.25x103 cells/mm3 vs 3xTg-AD 59.23 ± 1.68x103 cells/mm3) (Figure 11D). More 

specifically, oligodendroglial loss was evident among both CC1+Olig2+ mature 

(WT 49.84 ± 3.02x103 cells/mm3 vs 3xTg-AD 41.38 ± 2.83x103 cells/mm3) (Figure 11E) 

and PDGFR-α-CC1-Olig2+ immature OLs (WT 9.51 ± 2.21x103 cells/mm3 vs 3xTg-AD 

2.80 ± 1.621x103 cells/mm3) (Figure 11F). Interestingly, the number of PDGFR-α+ OPCs 

remained stable across animal groups (Figure 11G). Regarding the proportions of each 

oligodendroglial subpopulation within the total Olig2+ population, both OPC and mature 

OL percentages remained relatively constant across mice groups, but, similar to the CC, 

a significant reduction in the percentage of immature OLs was observed in the DG of 

3xTg-AD mice compared to WT mice (12.46 ± 2.75% and 2.50 ± 4.31%, respectively) 

(Figure 11H). 
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Figure 11. 3xTg-AD mice dentate gyrus exhibit loss of both mature and immature 

oligodendrocytes, along with aberrant oligodendrocyte maturation. (A) Schematic representation 

of the experimental approach. (B) Representative images depicting triple-immunostaining for the 

proliferating cells marker EdU (magenta), the oligodendroglial lineage marker Olig2 (red), and the 
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mature OL marker CC1 (cyan) in the DG of WT and 3xTg-AD mice. The dotted white line delineates the 

analyzed area, and arrowheads indicate CC1+Olig2+EdU+ cells. Scale bar = 50 µm. (C) Representative 

micrographs of double-immunostaining for EdU (magenta) and OPC marker PDGFR-α (green). Scale 

bar = 50 µm. Histograms showing the numbers of (D) Olig2+ (total OLs), (E) CC1+Olig2+ (mature OLs), 

(F) PDGFR-α-CC1-Olig2+ (immature OLs), and (G) PDGFR-α+ (OPCs) cells. (H) Graph indicating the 

percentages of the oligodendrogial subpopulations in each animal group. Quantification of (I) Olig2+EdU+ 

(dividing OLs), (J) %CC1+Olig2+EdU+ / Olig2+EdU+ (newly generated mature OLs), and 

(K) PDGFR-α+EdU+ (dividing OPCs). (L) Representative confocal image showing microglia (Iba1; green) 

engulfing an OL (Olig2; red) with a pyknotic nucleus (DAPI; white) in the DG of 3xTg-AD. Scale 

bars = 25 µm / 10 µm. Data are presented as means ± S.E.M, with dots representing individual animals. 

*p<0.05; Statistical significance was determined by two-tailed unpaired t-test and two-way ANOVA 

followed by Sidak’s post-hoc test. 

 

 

Next, to further investigate the dynamics of the oligodendroglial population in the DG of 

3xTg-AD mice, EdU incorporation was assessed. The findings revealed that while OPC 

proliferation appeared unchanged across groups (Figure 11K), 3xTg-AD mice exhibited 

a decreased density of Olig2+EdU+ cells compared to WT counterparts (6.00 ± 

0.73x103 cells/mm3 and 11.43 ± 1.69x103 cells/mm3, respectively), suggesting either 

altered OL proliferation or, more likely, that those newly generated OLs that have 

incorporated EdU were undergoing cell death (Figure 11I). Interestingly, here again, 

there was a notable increase –more than double– in newly generated mature OLs in 

3xTg-AD mice relative to WT mice (42.79 ± 6.32% and 19.84 ± 3.07%, respectively) 

(Figure 11J). This finding suggested that, in line with the CC, OL differentiation is also 

enhanced in the DG. Nonetheless, our hypothesis is that these aberrantly differentiating 

mature OLs undergo cell death, as there is no discernable increase in the density or 

percentage of mature OLs; instead, a clear decline of this OL subpopulation was observed. 

Moreover, these effects, while exhibiting similar trends in both sexes, were more 

pronounced among males. 

Given the loss of mature OLs in the DG of this AD mouse model, we subsequently sought 

to determine the mechanism by which those OLs may be dying. No caspase-3 or 

senescence markers were detected in the DG of 3xTg-AD mice; however, we did observe 

some Olig2+ cells with pyknotic nuclei and, very occasionally, localized within 

phagocytic pouches while being engulfed by microglia (Figure 11L). Nevertheless, a 

more extensive and quantitative investigation of this phenomenon is required, as it is not 

technically easy to capture dying cells in real-time. 
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1.1.3. 3xTg-AD mice dentate gyrus show impaired NG2+ oligodendrocyte progenitor 

cell density and morphology 

So far, we have observed alterations in both immature and mature OLs in the DG of our 

AD model; however, intriguingly, no changes were noted in PDGFR-α+ OPCs. Thus, with 

the aim of conducting a more comprehensive investigation of the oligodendroglial 

population in AD, we next sought to study another subset of the oligodendroglial lineage: 

NG2+ OLs (Figure 12A). Often referred to as late OPCs, these cells represent a more 

mature subset of OPCs than early-stage PDGFR-α+ OPCs; and, apart from functioning as 

precursor cells, they also serve critical functions including communication with 

neighboring cells and modulation of neuronal networks (Butt et al., 2005; Nielsen et al., 

2013). Here, a significantly reduced density of NG2+ OPCs was observed in the DG of 

12-month-old 3xTg-AD mice compared to WT (17.01 ± 1.21x103 cells/mm3 and 

20.35 ± 0.78x103 cells/mm3, respectively) (Figure 12B), aligning with the previously 

identified OL loss in this brain region. 

 

 

Figure 12. NG2+ oligodendrocyte progenitor cells from 3xTg-AD mice dentate gyrus show 

reduced density and hypertrophy. (A) Representative micrographs of NG2+Olig2+ OPCs in the DG of 

WT and 3xTg-AD mice (NG2, green; Olig2, red). Yellow line represents the area occupied by each cell. 

Scale bar = 20 µm. (B) Histogram depicting the density of NG2+Olig2+ cells. (C) Average area 

quantification of NG2+Olig2+ cells measured in µm2. Data are presented as means ± S.E.M; dots represent 

individual animals and violin plot represents quantification of individual cells. *p<0.05; Statistical 

significance was determined by two-tailed unpaired t-test. 
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Moreover, several studies conducted in AD animal models and patient samples have 

suggested alterations not only in the density but also in the morphology of NG2+ OPCs 

in pathology (Rodríguez et al., 2016; Vanzulli et al., 2020). Therefore, we sought to 

determine if this phenomenon was also present in our 12-month-old 3xTg-AD mice. To 

assess a potential atrophic state of the cells, we measured the area occupied by NG2+ 

OPCs. Our results revealed that NG2+ late OPCs in the DG of 3xTg-AD mice are 

approximately 30% larger in size than those in WT mice (175.9 ± 11.68 µm2 and 

135.1 ± 7.95 µm2, respectively) (Figure 12A, C). This observed hypertrophic nature of 

the cells may be attributed to the need to cover a larger area to compensate for the NG2+ 

OPC loss in this brain region. Additionally, these findings also indicated that the 

NG2+Olig2+ subpopulation is susceptible to AD pathophysiology, unlike the early-stage 

PDGFR-α+ OPCs. 

 

1.1.4. MYRF expression is upregulated in 3xTg-AD mice dentate gyrus  

In light of the oligodendroglial-stage-specific alterations observed in the 3xTg-AD mice, 

and the aberrant promotion of OL maturation, our attention turned to MYRF. Initially 

identified as a transcriptional factor essential for myelin sheath formation and CNS 

myelination (Emery et al., 2009), MYRF has more recently emerged as a key regulator 

of OL differentiation and maturation, with its expression specifically upregulated during 

these processes (Aprato et al., 2020). Therefore, we next wandered what would happen 

with MYRF in this AD mouse model. 

To conclude the IHC analysis of OLs in the DG of 12-month-old 3xTg-AD mice, we 

found that the percentage of MYRF+ OLs was significantly increased compared to WT 

mice (83.6 ± 0.92% and 72.1 ± 4.1%, respectively) (Figure 13A, B). This finding aligns 

with the enhanced differentiation observed in 3xTg-AD OLs, and highlights MYRF as a 

promising molecular candidate underlying those alterations. 
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Figure 13. 3xTg-AD mice dentate gyrus show more MYRF+ oligodendrocytes. (A) Representative 

fluorescent micrographs depicting triple staining for DAPI (blue), Olig2 (red) and MYRF (green). Scale 

bar = 50 μm. (B) Quantification of the percentage of MYRF+ OLs within the total Olig2+ population in the 

DG of WT and 3xTg-AD mice. Data are presented as means ±S.E.M, with dots representing individual 

animals. *p<0.05; Statistical significance was determined by two-tailed unpaired t-test. 

 

 

1.2. Oligodendrocytes isolated from 3xTg-AD mice brains present altered 

transcriptome  

After identifying alterations in the oligodendroglial population of our 12-month-old AD 

mice, particularly the OL loss found in the DG, we aimed to uncover the underlying 

genetic disparities preceding these changes. To this end, with the focus on earlier stages 

of the disease, we selectively isolated O4+ immature and mature OLs from the brains of 

6-month-old WT and 3xTg-AD mice using magnetic-activated cell sorting (MACS). 

Subsequently, bulk RNA sequencing (RNA-seq) was carried out to elucidate gene 

expression alterations potentially contributing to the observed OL pathology in the 

3xTg-AD mice (Figure 14A). 
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A comprehensive analysis revealed 5537 differentially expressed genes (DEGs), 

comprising 2392 significantly upregulated and 3145 significantly downregulated genes 

in 3xTg-AD OLs (DeSeq2, adjusted P value<0.05) (Figure 14B). Interestingly, many of 

the highly expressed genes were directly linked to AD or were implicated in critical 

functions for OLs, such as those involved in iron homeostasis (Iscu), lipid metabolism or 

transport (Lypla2 and Apoe), ubiquitination (Ndfip1 and Otulin1), extracellular matrix 

remodeling (Adamts4), and APP processing (Apbb1), among others.  

To gain insight into gene expression differences, we performed Gene Ontology (GO) term 

enrichment analyses (Cluster profiler software), and we clustered all deregulated GO 

terms into biological processes (BP) (Figure 14C). This analysis revealed a group of 

strongly downregulated BPs essential for OL functional integrity and survival, with 

known implications in AD pathology. These included DEGs associated with autophagy 

(e.g., Atg4d, Atg7, Atg14, and Atg13), crucial for cellular homeostasis and protein 

aggregate clearance; actin cytoskeleton organization (e.g., Rac1, Cdc42 Arf1, Flna and 

Limk1), vital for OL morphology and process extension; and lipid metabolism (e.g., Apoe, 

Srebf1 and Srebf2, Gpd1, and Lpin1), particularly relevant for myelin synthesis and 

maintenance. Additionally, several genes associated with endocytosis, phagocytosis, and 

regulation of small GTPases were also significantly downregulated in 3xTg-AD OLs 

(Figure 14D). 

Conversely, top upregulated genes in AD OLs were primarily linked to mitochondrial 

function and ATP synthesis (multiple Ndufs, Uqcrq, Cox20, and Surf1), RNA metabolism 

and translation (Rsrp1, Hnrnpu, App, Eri1; and Eif4e), and the ubiquitin proteasome 

system (UPS) (Ubb, Ndfip1, Fbxw7, Peli1, Psma5 and Psmb3) (Figure 14E, F). The 

UPS, in particular, is highly relevant for maintaining cell homeostasis, as it governs 

protein quality control by targeting misfolded or damaged proteins for degradation, 

preventing their accumulation within the cell. Therefore, its dysregulation has extensively 

been studied and described in neurodegenerative diseases like AD (Gong et al., 2016; 

Oddo, 2008). Moreover, interestingly, substantial genes associated with apoptosis, 

endoplasmic reticulum (ER) stress, oxidative stress, and DNA damage response were also 

upregulated, indicating OL dysfunction, and potential cell death. 

All these findings shed light on the intricate transcriptional landscape underlying OL 

dysfunction in the context of early AD. 
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Figure 14. Transcriptomic analysis of MACS-isolated oligodendrocytes from 3xTg-AD mice. 

(A) Brains from 6-month-old WT and 3xTg-AD mice were dissected, and O4+ OLs were isolated using 

MACS for subsequent transcriptional analysis via bulk RNA-sequencing (RNA-seq). (B) Volcano plot of 

transcriptome profiles of WT (n = 4) and 3xTg-AD (n = 3) OLs. Dots represent distribution of significantly 

upregulated (red) and downregulated (blue) genes in 3xTg-AD OLs. (C) Gene Ontology (GO) analysis of 

the top 20 biological processes (BP) of differentially expressed genes (DEGs), along with the number of 

genes associated with each GO term. Graph depicting (D) downregulated and (E) upregulated BPs from 

the GO analysis. (F) Heat map displaying the relative expression levels (high, red; low, blue) of each DEG 

(column) in each sample (row) within the “Proteasome-mediated ubiquitin-dependent protein catabolic 

process” GO category. Red boxes highlight some relevant genes. 



69 

 

1.3. Intracerebral Aβo-injection promotes aberrant oligodendrocyte 

differentiation and maturation 

Amyloid β oligomers (Aβo) have been proposed to play a role in promoting OL and 

myelin dysfunctions in the early stages of neurodegeneration in AD. Indeed, previous 

studies from our lab and others have demonstrated that amyloidosis is associated with 

increased oligodendrogenesis, elevated levels of MBP, and thicker myelin in the adult 

mouse brain (Ferreira et al., 2020; Quintela-López et al., 2019). Motivated with these 

findings, and with the objective of further investigating the effect of Aβo in the 

oligodendroglial lineage, we moved on into our next AD mouse model. For that, 3- or 

4-months-old WT mice were intracerebrally injected with either Aβo or its vehicle, 

specifically targeting the DG. Subsequently, one week post-injection, we performed an 

IHC analysis of oligodendroglial lineage cells in both the CC and the DG of the injected 

mice (Figure 15A, B, C). 

Firstly, DAPI labeling confirmed the absence of alterations in the total cell count in both 

brain regions, thereby excluding potential injection-induced toxicity or damage 

(Figure 15D). Next, through the IHC analysis, no changes were evident in the density of 

Olig2+ oligodendroglial lineage cells (Image 15E), nor in the number of PDGFR-α+ 

OPCs (Figure 15F) or CC1+Olig2+ mature OLs (Figure 15G) between brains injected 

with or without Aβo. However, upon closer examination, considering the entire Olig2+ 

OL lineage and dividing it into the 3 subpopulations -OPCs (PDGFR-α+), immature OLs 

(PDGFR-α-CC1-Olig2+), and mature OLs (CC1+Olig2+)-, notable differences emerged. 

While the percentage of OPCs remained unchanged between groups (CC: mice injected 

with vehicle 21.85 ± 2.16% vs Aβo-injected mice 22.51 ± 1.31% / DG: vehicle 25.1 ± 

3.77% vs Aβo 22.08 ± 1.94%), a significant reduction in immature OLs was observed in 

Aβo-injected mice (CC: vehicle 34.34 ± 3.38% vs Aβo 16.62 ± 5.94% / DG: vehicle 30.4 

± 4.94% vs Aβo 16.73 ± 3.8%), accompanied by a significant increase in mature OLs 

(CC: vehicle 42.79 ± 2.79% vs Aβo 60.89 ± 5.58% / DG: vehicle 44.51 ± 3.64% vs 

Aβo 61.17 ± 2.01%) (Figure 15H). These trends were consistent across both brain 

regions, and the results mirrored those observed in the CC of 3xTg-AD mice. The 

observed data imply that Aβo promote the maturation of immature into mature OLs. 
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Figure 15. Intrahippocampal injection of Aβo promotes oligodendrocyte maturation, with no 

effect on total cell numbers. (A) Experimental approach scheme: 3- or 4-month-old WT mice received 

intrahippocampal injections of Aβo (10 µM) or its vehicle, and, one week later, brains were dissected for 

oligodendroglial linage cell analysis via IHC in the CC and the DG (injection site). Representative 

fluorescent micrographs depicting immunostainings for (B) CC1 (cyan) and Olig2 (red), and (C) PDGFR-α 
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(green). Nuclei were detected with DAPI (white). Scale bars = 50 µm. Histograms showing the numbers of 

(D) total cells (counted using DAPI), (E) total Olig2+ oligodendroglial cells, (F) PDGFR-α+ OPCs, and 

(G) CC1+Olig2+ mature OLs in vehicle- or Aβo-injected mice. (G) Proportions of each oligodendrogial 

subpopulation within the entire OL linage in each animal group. Data are presented as means ± S.E.M, with 

dots representing individual animals. *p<0.05; Statistical significance was determined by multiple t-test 

and two-way ANOVA followed by Sidak’s post-hoc test. 

 

 

To gain a broader understanding of the effect of Aβo on the oligodendroglial population, 

we examined the expression of Nkx2.2. This transcriptional factor is expressed by OPCs 

that are about to differentiate or committed OLs (Figure 16A). Remarkably, in presence 

of Aβo, the number of Nkx2.2+Olig2+ OLs significantly increased, both in the 

CC (vehicle 5.87 ± 1.61x103 cells/mm3 vs Aβo 16.28 ± 2.44x103 cells/mm3) and the 

DG (vehicle 3.6 ± 0.54x103 cells/mm3 vs Aβo 5.8 ± 0.54x103 cells/mm3) (Figure 16B), 

confirming that Aβo induce the differentiation of oligodendroglial cells. 

Furthermore, to conclude the investigation of mice with intracerebral injections of Aβo, 

and given its crucial role in OL differentiation, we also examined the expression of MYRF 

in the injected mouse brains. As anticipated, we observed that the MYRF+Olig2+/Olig2+ 

ratio was increased in the CC (vehicle 38.83 ± 2.24% vs Aβo 52.92 ± 1.68%) and DG 

(vehicle 40.31 ± 3.43% vs Aβo 54.07 ± 1.33%) of Aβo-injected mice compared to 

vehicle-injected mice (Figure 16C). Althoug MYRF is synthesized in the endoplasmic 

reticulum, it is translocated to the nucleus to perform its transcriptional function; so, here, 

we also measured the nuclear MYRF intensity (Figure 16E). Surprisingly, we found that 

those MYRF+ OLs exhibited a slight yet significant increase in the mean intensity of 

nuclear MYRF in the CC in the presence of Aβo (vehicle 63.9 ± 1.94 a.u. vs Aβo 75.8 

± 4.85 a.u.) (Figure 16D). These results suggest that MYRF could be a valid candidate 

to, at least partially, mediate some of the alterations observed in OL populations. 
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Figure 16. Oligodendrocyte differentiation and MYRF expression are increased in Aβo-injected 

mice. (A) Representative images and (B) quantification of the number of differentiating committed OLs 

(Nkx2.2, green; Olig2, red) in the CC and the DG of vehicle- or Aβo-injected mice. Scale bars = 50 µm. 

Histograms depicting (C) the MYRF+Olig2+/Olig2+ ratio (%) and (D) the quantification of the mean 

intensity of nuclear MYRF. (E) Representative cropped micrographs of OLs stained against MYRF (red). 

The nucleus is outlined by the dotted white line. ( - ): Nuclear-MYRF-negative OL. Scale bar = 5 µm. Data 

are presented as means ± S.E.M, with dots representing individual animals. *p<0.05, **p<0.01; Statistical 

significance was determined by multiple t-test. 

 

 

Therefore, these findings collectively suggest that Aβo induce alterations in the 

oligodendroglial population by promoting OL maturation and differentiation, resembling 

those observed in 3xTg-AD mice. Consequently, we propose that Aβo contribute, at least 

in part, to the observed OL alterations in AD mice. Furthermore, it is hypothesized that 

these changes may be mediated by the impact of Aβo on the transcripcional regulation of 

OLs, particularly targeting MYRF. 
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PART II. Study of the impact of Aβo on MYRF and its 

underlying molecular mechanisms  

MYRF is known for being a crucial transcriptional factor in regulating terminal OL 

differentiation and CNS myelination, processes that are disrupted in AD, but yet not fully 

understood. Previous findings from this study revealed enhanced OL maturation in both 

3xTg-AD and Aβo-injected mice, along with increased MYRF+ OLs or MYRF levels. 

These results highlighted the potential role MYRF may play in these AD models. 

Nevertheless, despite the relevance of MYRF in OLs and myelin, the impact of Aβ on 

this transcription factor and its implication in AD pathology remain largely unknown. 

Understanding MYRF's role in AD could provide valuable insight into OL dysfunction 

and myelin alterations observed in the disease, making it a promising avenue for further 

investigation. 

 

2.1. Functional characterization of MYRF in oligodendrocytes in vitro 

Prior to delving into investigating MYRF’s involvement in AD, our first objective was to 

thoroughly characterize and confirm its functions in OLs. Hence, we conducted 

functional studies using primary cultured cortical rat OLs to further understand MYRF’s 

role in OL differentiation and myelination processes. 

 

2.1.1 MYRF silencing prevents myelin gene expression and morphological 

maturation in oligodendrocytes 

Myrf gene expression knockdown was performed in primary OLs using small interfering 

RNA (siRNA), and cells were cultured for 3 days in differentiating media. Both western 

blot (Figure 17A, B) and IHC analysis (Figure 17C) confirmed that MYRF expression 

was significantly reduced in cells transfected with Myrf-targeted siRNA (Myrf siRNA) 

compared to control cells transfected with scrambled siRNA (control siRNA).  

MYRF is a transmembrane protein initially synthesized in the ER, where it undergoes a 

homo-trimerization process. This full-length MYRF (fl-MYRF) is then auto-processed 

and cleaved, and its N-terminal fragment (N-MYRF) is translocated into the nucleus to 

exert its function as a transcriptional factor. (Kim et al., 2017). Consequently, western 

blot analysis of OLs with reduced MYRF expression enabled the identification of distinct 
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specific MYRF bands: a smaller band corresponding to the cleaved N-MYRF (~75 kDa) 

and a larger band representing fl-MYRF (~160 kDa) (Figure 17A).  

Furthermore, in line with existing literature, RNA interference-mediated knockdown of 

MYRF resulted in a significant reduction in the expression levels of key CNS myelin 

proteins: MBP, MAG and MOG were downregulated by 75-80% compared to cells 

transfected with control siRNA (16.75 ± 6.63%, 26.01 ± 12.6%, and 27.41 ± 3.35%, 

respectively, relative to 100% in control siRNA-transfected cells) (Figure 17A, B). IHC 

also revealed minimal MBP levels in MYRF knockdown cells at 3 DIV (Figure 17C). 

 

 

Figure 17. Knockdown of MYRF prevents myelin-related gene expression and morphological 

maturation in oligodendrocytes in vitro. Primary OL cultures were co-transfected with EGFP and either 

scramble siRNA (control siRNA) or Myrf-targeted siRNA, and differentiated for 3 days. (A) Western blot 

analysis of MYRF, MAG, MOG and MBP protein expression in 3 DIV OLs. Full-length MYRF (fl-MYRF) 

and cleaved N-terminal fragment of MYRF (N-MYRF) were identified. (B) Quantification of protein levels 

in OLs transfected with Myrf siRNA, normalized to GAPDH, and presented as a percentage relative to 

control siRNA levels. (C) Representative images of 3 DIV OLs immunostained with GFP (green), MYRF 

(red) and MBP (cyan). Scale bar = 20 µm (D) Representative fluorescent micrographs of GFP+ cells at 

1 and 3 DIV. Scale bars = 200 µm / 10 µm. Data are presented as means ± S.E.M, with dots representing 

individual experiments. *p<0.05, ****p<0.0001; Statistical significance was determined by two-tailed 

paired t-test. 
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During OL lineage progression, OPCs differentiate into premyelinating OLs, which 

develop a highly branched morphology to, effectively reach and myelinate multiple 

axons. Therefore, increased arborization is typically associated with the maturation and 

functional competence of OLs in myelination. Compared to control cells, MYRF 

knockdown cells displayed less mature morphology with reduced process complexity. 

Although morphology was similar between cultures at 1 DIV, controls exhibited more 

extensive and complex arborization than MYRF-silenced OLs by 3 DIV (Figure 17D).  

These findings conclusively demonstrated that MYRF is not only important but also 

essential for proper OL maturation and myelin gene induction, corroborating previous 

literature. 

 

2.1.2. Forced MYRF expression promotes OL morphological maturation and MBP 

expression in oligodendrocytes 

To further characterize this transcription factor, we performed gain-of-function studies 

using a double-tagged MYRF expression construct, Myc-MYRF-FLAG (Figure 18A). 

Initially, the plasmid was transfected into HEK293T cells and characterized using IHC 

and western blot. Given that this MYRF expression construct features distinct tags at each 

terminal of the protein, it enabled the visualization of specific terminals: N-MYRF was 

detected in the nucleus using an anti-Myc tag antibody, while C-MYRF was identified in 

the ER employing an anti-FLAG tag antibody (Figure 18B). 

Consistent with previous findings, western blot analysis revealed distinct fragments of 

MYRF: a cleaved N-terminal fragment (bound to the Myc tag) of approximately 90 kDa 

in size, a cleaved C-terminal fragment (FLAG tag) of around 75 kDa, and a notably fainter 

band representing the full-length protein at approximately 160 kDa (Figure 18C). The 

faintness of the fl-MYRF band suggests its high instability when MYRF is overexpressed 

in HEK293T cells, undergoing immediate auto-processing and cleavage. 
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Figure 18. Overexpression of MYRF induces morphological maturation and MBP expression 

in oligodendrocytes in vitro. (A) Ilustration depicting the double-tagged MYRF expression vector 

pcDNA3 Myc-MYRF-FLAG. (B) Characterization of MYRF expression vector in HEK293T cells by IHC. 

N-MYRF was detected using an anti-Myc tag antibody (blue) and C-MYRF by anti-FLAG tag (green). 

Scale bar = 5 µm (C) Representative fluorescent western blot bands for fl-MYRF and its cleavage products 

N-MYRF (Myc tag, blue) and C-MYRF (FLAG tag, green), in HEK293T cells overexpressing MYRF. 

(D) Immunofluorescent images showing primary OLs cotransfected with EGFP and either a control empty 

vector or the double-tagged MYRF expression vector at 2 DIV. MYRF (red), GFP (green) and MBP (cyan). 

A dotted white line outlines the nucleus. Scale bars = 5 µm / 20 µm (E) Western blot analysis and 

(F) quantification of MBP protein expression in 2 DIV OLs transfected with control plasmid or the plasmid 

encoding for MYRF, normalized to GAPDH and presented as a percentage relative to control. Data are 

presented as means ± S.E.M, with dots representing individual experiments. *p<0.05; Statistical 

significance was determined by two-tailed paired t-test. 

 

 

Next, primary OLs were transfected with either the MYRF expression construct or an 

empty control vector, alongside an EGFP expression plasmid, and were cultured in 

proliferative SATO- media for 2 DIV. We used SATO- medium to exclude differentiation 

factors found in SATO+, allowing for a more accurate assessment of MYRF’s impact on 

OL differentiation and the expression of myelin-related genes. IHC analysis confirmed 

MYRF overexpression, particularly within the nucleus (Figure 18D), while western blot 

validated the presence of the Myc and FLAG tags (Figure 18E). 
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Moreover, as anticipated, both IHC (Figure 18D) and western blot analysis 

(Figure 18E, F) demonstrated that MYRF overexpression in cultured OLs led to 

increased MBP expression levels (165.8 ± 20.79%, relative to 100% in control cells). 

Furthermore, OLs overexpressing MYRF exhibited a more mature morphology, 

characterized by more complex arborizations compared to control cells (Figure XD). 

 

2.1.3. Prolonged MYRF overexpression reduces cell viability in oligodendrocytes 

MYRF is selectively upregulated in differentiating OLs, and its forced expression is 

known to induce myelin gene expression both in vitro (Figure 18) and in vivo (Emery et 

al., 2009). However, little is known about the potential consequences of prolonged MYRF 

overexpression on OLs viability.  

To address this question, we conducted cell viability studies using Calcein-AM in primary 

OLs cultured for 3, 6, and 10 DIV, with and without MYRF overexpression. Intriguingly, 

our findings suggested that while initial MYRF overexpression appears benign and may 

even exhibit a tendency to enhance cell viability (121.91 ± 16.73% vs 100% of control at 

3 DIV), prolonged overexpression leads to a gradual decline in viability compared to OLs 

transfected with a control plasmid (84.99 ± 4.29% at 6 DIV and 71.9 ± 7.05% at 10 DIV) 

(Figure 19A). Corresponding fluorescent images of OLs with forced MYRF expression 

that were subjected to viability assays clearly demonstrate the decrease in Calcein+ cells 

over time (Figure 19B). 

These results imply a potentially detrimental or toxic effect of sustained aberrant MYRF 

expression on OLs viability, highlighting the importance of tightly regulating MYRF 

levels to ensure proper OL function and survival. 
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Figure 19. Prolonged MYRF overexpression reduces cell viability in oligodendrocytes in vitro. 

(A) Cell viability quantification in OLs overexpressing MYRF for 3, 6 or 10 DIV by Calcein-AM assay. 

Viability was calculated as the ratio of Calcein (living cells) to NucBlue (total cells), and it is presented as 

percentages relative to OLs transfected with an empty control plasmid. (B) Representative fluorescent 

images of OLs expressing Myc-MYRF-FLAG at 3, 6 and 10 DIV, showing Calcein (green) and NucBlue 

(blue) staining. Scale bar = 200 µm. Data indicate means ± S.E.M over time. *p<0.05 between plasmids; 

# #p<0.01, # # # #p<0.0001 over time. Statistical significance was determined by two-way ANOVA 

followed by Sidak’s post-hoc test. n3 DIV = 9 independent experiments; n6 DIV and n10 DIV = 6 independent 

experiments. 

 

 

2.2. Study of Aβ-induced effects on MYRF 

Next, to investigate the role of MYRF in Alzheimer’s disease, we sought to explore the 

impact of Aβo on this transcriptional factor. Particularly, considering that intracerebral 

injections of Aβo elevated MYRF levels in vivo (Figure 16C, D, E), our objective was 

to determine whether Aβo exerts a similar effect on primary rat OLs in vitro. 
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2.2.1. Aβo increase MYRF and MBP protein levels in oligodendrocytes in vitro 

With that aim in mind, we again transfected primary cultured OLs with the double-tagged 

MYRF expression vector Myc-MYRF-FLAG, followed by a 3 h treatment with either 

Aβo or its vehicle at 3 DIV. On one hand, a double-immunostaining was conducted for 

Olig2 and Myc tag, and both nuclear and total MYRF levels were quantified 

(Figure 20A). We observed a significant increase not only in the nuclear MYRF 

expression (54.53 ± 2.72 a.u. vehicle-treated vs 76.18 ± 6.77 a.u. Aβo-treated OLs) 

(Figure 20B), but also in total MYRF protein levels (249.1 ± 25.15 a.u. vehicle vs 403.7 

± 35.29 a.u. Aβo) (Figure 20C). Furthermore, western blot analysis revealed that a 3 h 

treatment with Aβo significantly increased the expression levels of both cleaved N- and 

C-terminal fragments of MYRF, detected using Myc and FLAG tags, respectively 

(N-MYRF 174.6 ± 31.87% and C-MYRF 153.6 ± 18.16%, relative to 100% of control) 

(Figure 20D, E). Collectively, these results suggested that Aβo do not selectively target 

a specific MYRF fragment, but rather increase overall MYRF protein levels. 

The subsequent step was to analyze whether the effect of Aβo persisted on endogenous 

MYRF. To accomplish this, OPCs isolated from mixed glial cultures were differentiated 

for 3 DIV and treated with vehicle or 1 µM Aβo for 3 or 24 h. Next, MYRF and MBP 

levels were measured through western blot (Figure 20F). The results were consistent with 

previous findings: Aβo treatment significantly elevated both cleaved N-MYRF 

(165.4 ± 15.69% at 3 h and 155.8 ± 15.89% at 24 h of Aβo treatment, compared to 100% 

of control cells) and fl-MYRF protein levels (164 ± 16.48% at 3 h and 158.1 ± 23.5% at 

24 h of Aβo vs 100% of control) (Figure 20G, H). Moreover, the proportion of cleaved 

N-MYRF to total MYRF levels was calculated as an indicator of MYRF cleavage ratio, 

and no differences were observed between conditions (Figure 20I). This suggested that 

Aβo may not modulate the processing of this transcription factor but rather its expression 

levels. 

Interestingly, MBP protein levels were also significantly increased at 24 h of Aβo 

treatment (123.5 ± 7.42% Aβo vs 100% of control), indicating that Aβo do not only 

impact MYRF levels but also affect myelin protein expression (Figure 20J). 
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Figure 20. MYRF and MBP protein levels are upregulated by Aβo in oligodendrocytes in vitro. 

(A) Primary culture OLs were transfected with Myc-MYRF-Flag and treated with vehicle or Aβo (1 µM) 

for 3 h at 2 DIV. Representative images of double-immunostaining for the nuclear OL marker Olig2 (green) 

and the N-terminal MYRF marker MYC tag (red). A white dotted line outlines the nucleus (N). Scale 

bar = 10 µm. Graphs depicting (B) nuclear and (C) total MYRF integrated densities detected using the 

MYC tag antibody. (D) Western blot of 2 DIV rat OLs overexpressing MYRF and treated with or without 

Aβo. (E) Histogram presenting cleaved N- and C-MYRF levels detected by MYC and FLAG tag antibodies, 

respectively. (F) Western blot of primary OPCs cultured in differentiating media for 3 DIV, and treated 

with vehicle or 1 µM Aβo during 3 or 24 h. Quantification of endogenous (G) cleaved N-MYRF and 

(H) fl-MYRF levels. (I) Graph showing MYRF cleavage ratio, measured as cleaved N-MYRF/total MYRF. 

(J) Quantification of MBP levels. GAPDH was used to normalize protein expressions, and data are shown 

as percentages relative to vehicle-treated cells. Data are presented as means ± S.E.M, and dots represent 

independent experiments. *p<0.05, **p<0.01, ***p<0.001; Statistical significance was determined by 

two-tailed paired t-test and repeated measures one-way ANOVA followed by Dunnett’s post-hoc test. 

 



81 

 

2.2.2. Aβo enhance MYRF’s transcriptional activity in oligodendrocytes in vitro 

Since Aβo treatments led to increased levels of MYRF and MBP proteins, we 

hypothesized that Aβo may induce an overactivation of MYRF’s transcriptional activity, 

which could in turn promote myelin gene expression, and, ultimately, OL maturation. 

To investigate this hypothesis, we conducted dual-luciferase reporter assays using 

primary cultured OLs. Specifically, we used three highly specific and sensitive Myrf 

luciferase reporters, generated by cloning Myrf ChIP-seq peaks for Mbp, Mag or Rffl into 

pGL3-Promoter, a luciferase reporter containing a SV40 promoter (Bujalka et al., 2013) 

(Figure 21A). These luciferase constructs were co-transfected into primary OLs along 

with either scrambled or Myrf-targeting siRNAs, followed by treatments with vehicle or 

3 or 24 h of Aβo. As control reporters, we used pGL3 (a luciferase reporter construct 

without any promoter) as a negative control, and pGL3-Control (luciferase reporter 

construct containing the SV40 promoter, but lacking Myrf-regulated enhancers) as a 

reference reporter, with its activity arbitrarily set to 1. 

The results revealed that de Mbp, Mag and Rffl enhancers induced luciferase activity 

approximately 18-, 3- and 21-fold, respectively, compared to pGL3-Control. These 

fold-inductions were significantly reduced to approximately 6-, 1.6- and 4-fold, 

respectively, upon Myrf silencing, confirming that the enhancers really were 

Myrf-dependent. Interestingly, while Aβo had no significant effect on luciferase 

expression from the pGL3-Control reporter, the luciferase activity of Mbp (17.74 ± 5.07 

fold-induction in vehicle-treated cells, 24.12 ± 6.03 fold-induction at 3 h of Aβo 

treatment, and 22.58 ± 4.49 fold-induction at 24 h of Aβo), Mag (vehicle 3.2 ± 0.49 

fold-induction vs 3 h Aβo 4.79 ± 0.78 fold-induction), and Rffl (vehicle 20.85 ± 0.71 

fold-induction vs 3 h Aβo 26.08 ± 1.48 fold-induction) luciferase reporters was 

significantly enhanced in the presence of Aβo. This Aβo-induced increase in luciferase 

activity was prevented when cells were co-transfected with Myrf-targeting siRNA 

(Figure 21B). 

With all these results together, we concluded that MYRF’s transcriptional activity is 

overactivated in presence of Aβo, and that the Aβo-induced alterations in myelin gene 

expression are MYRF-dependent. 
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Figure 21. Transcriptional activity of MYRF is upregulated in Aβo-treated oligodendrocytes. 

(A) Schematic representation of dual-luciferase reporter assays using luciferase constructs with regulatory 

regions from Mbp, Mag or Rffl. Renilla luciferase was used as an internal control. (B) Luciferase assays 

performed in 3 DIV primary cultured OLs co-transfected with luciferase constructs and either scrambled 

or Myrf-targeted siRNAs, and treated with Aβo (1 µM) for 3 or 24 h. Luciferase activity for each condition 

is presented as fold induction relative to the pGL3-Control plasmid (reporter under the SV40 promoter, 

lacking a Myrf-regulated enhancer). Data indicate means ± S.E.M. *p<0.05; **p<0.01 between treatments; 

# #p<0.01 between siRNAs. Statistical significance was determined by two-way ANOVA followed by 

Sidak’s and Dunnett’s post-hoc tests. n = 3 - 6 individual experiments. 

 

 

 

2.3. Molecular mechanisms underlying Aβo-induced MYRF upregulation 

For the first time, we established that Aβo aberrantly increase MYRF levels both in vitro 

and in vivo, potentially disrupting the canonical differentiation and maturation of OLs. 

Therefore, our next objective was to unravel the molecular mechanisms responsible for 

these Aβo-induced effects. By doing so, we aimed to gain a deeper insight and ultimately 

identify potential molecular targets involved in the dysregulation of OL function and 

maturation in AD. 
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2.3.1. Aβo do not increase the transcriptional or translational levels of MYRF 

To explore the impact of Aβo on MYRF expression at the transcriptional level, we 

initially conducted RT-qPCR analysis in OLs exposed to various Aβo treatments. Given 

that MYRF is genetically downstream of SOX10 (Hornig et al., 2013), we analyzed the 

mRNA expression of both Myrf and its inducer Sox10. Interestingly, we found no 

significant changes in Myrf or Sox10 mRNA levels following Aβo treatments 

(Figure 22A), indicating that Aβo do not modify MYRF expression transcriptionally nor 

by influencing its inducer’s transcription. 

As an additional approach to assess MYRF at transcriptional levels, we next conducted a 

luciferase assay using the pGL4-myrfluc_ECR9 construct. This construct integrates 

ECR9 (a Myrf gene enhancer regulated by SOX10) along with the minimal promoter of 

the Myrf gene, both cloned upstream of the luciferase reporter gene within the pGL4 

vector (Hornig et al., 2013). Hence, it enables the evaluation of the transcriptional activity 

of the Myrf promoter. Primary OLs were transfected with the luciferase construct, and 

were treated with or without Aβo at 3 DIV, before the luciferase assay. The results 

revealed that a 3 h exposure to Aβo do not alter the activity of the Myrf promoter, as 

demonstrated by the absence of significant changes in luciferase activity across 

treatments (Figure 22B). This further suggests that there is no alteration in the 

SOX10-mediated transcriptional regulation of Myrf in the presence of Aβo.  

Next, in order to determine whether Aβo alter MYRF at translational levels, we 

performed a proximity ligation assay (PLA) using puromycin and MYRF antibodies 

(puro-PLA MYRF). This molecular method is based on the ability of the antibiotic 

puromycin to incorporate into nascent polypeptide chains, causing premature termination 

of protein synthesis, and thereby allowing the labeling of actively synthesizing proteins 

(tom Dieck et al., 2015); in this case MYRF. Thus, this approach also enables the in situ 

visualization of protein synthesis within the cell, with puromycin-labeled peptides serving 

as markers for translation rate.  

To perform this experiment, primary OLs were differentiated for 3 DIV and treated with 

vehicle or Aβo for 1, 3 or 24 h. Puromycin was added during the last 10 minutes of the 

assay. Moreover, anisomycin, a translation initiation inhibitor, served as a technical 

negative control and was added to the cells 15 minutes before puromycin.  
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Analysis of puro-PLA images revealed minimal PLA+ puncta in cells preincubated with 

anisomycin (Figure 22C, D), confirming that the puncta observed in the absence of this 

inhibitor were reliable and translation-dependent. Using nuclear DAPI and the 

cytoskeleton marker phalloidin, which binds to F-actin, we observed that the PLA signal 

primarily localized to the soma (Figure 22D), indicating that MYRF synthesis 

predominantly occurs in this cellular compartment, consistent with its ER location. 

 

 

Figure 22. Aβo do not increase MYRF at transcriptional or translational levels. (A) RT-qPCR 

analysis of Myrf and Sox10 mRNA levels in primary cultured OLs at 3 DIV treated with either vehicle or 

1, 3, 6, and 24 h of Aβo (1 µM). (B) Luciferase assay using myrfluc_ECR9, a luciferase reporter under the 

control of a minimal promoter for Myrf, in 3 DIV OLs treated with or without Aβo. The luciferase activity 

is presented as fold induction relative to an empty vector. (C) Proximity ligation assay for puromycin and 

MYRF (puro-PLA MYRF) conducted in 3 DIV OLs treated with vehicle or Aβo. (D) Representative 

fluorescent images showing immunostaining for F-actin (green) and the MYRF puro-PLA signal (red). The 

translation inhibitor anisomycin (40 µM) served as a technical negative control. At least 10 cells were 

analyzed per condition per experiment. Scale bar = 20 µm. Data indicate means ± S.E.M, and dots represent 

independent experiments. *p<0.05, **p<0.01. Statistical significance was determined by two-tailed paired 

t-test and one-way ANOVA followed by Dunnett’s post-hoc test. 
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Surprisingly, while no statistically significant changes were observed after 1 h of Aβo 

treatment (2.21 ± 0.36x103 a.u. in control cells vs 1.87 ± 0.63x103 a.u. after 1 h of Aβo), 

the mean intensity of MYRF puro-PLA signal was significantly decreased after 3 h 

(1.4 ± 0.24x103 a.u.) and 24 h of Aβo exposure (1.08 ± 0.43x103 a.u.), suggesting 

decreased newly synthesizing MYRF levels (Figure 22C, D). In fact, the longer the Aβo 

treatment, the lower the MYRF protein synthesis was. This initially unexpected finding 

led to the hypothesis of a negative feedback loop suppressing MYRF synthesis in 

response to Aβo-induced aberrantly increased protein levels, consistent with the necessity 

of tightly regulating MYRF levels. 

All these results together suggested that Aβo-triggered MYRF increase likely involve 

posttranslational mechanisms rather than transcriptional and translational regulation. 

 

2.3.2. Aβo increase N-MYRF stability by interfering with its degradation pathway 

The increased protein levels of MYRF with no changes in RNA levels suggested that Aβo 

may be affecting its degradation process. Notably, dysregulation of proteostasis and 

protein degradation pathways, has been described in AD. Several studies have reported 

decreased proteasomal activity in the hippocampus of AD patients, along with altered 

expression and activity of enzymes involved in ubiquitination and deubiquitination 

processes (Hegde et al., 2019; Morawe et al., 2012). Consistently, our RNA-seq analysis 

also identified altered pathways related to protein degradation in OLs from 3xTg-AD 

mice (Figure 14F), suggesting that Aβo could be altering MYRF degradation. 

In order to explore this possibility, we performed a cyclohexamide (CHX) chase assay in 

primary cultured rat OLs (Figure 23A). This assay consists on treating cells with various 

durations of CHX, an antibiotic that inhibits protein synthesis, and observing the stability 

of the protein of interest during time via western blot. Here, we assessed three different 

conditions: cells treated with vehicle, Aβo or AR-A014419 (1 µM). GSK3 is described 

to phosphorylate N-MYRF for initiating its degradation (Nakayama et al., 2018); 

therefore, AR-A014418, a GSK3 inhibitor, was used as a control to inhibit N-MYRF 

degradation. 

Western blot analysis of MYRF levels revealed that AR-A014418 effectively prolonged 

the half-life of N-MYRF from 44.12 ± 10.55 minutes to 110.1 ± 13.08 minutes, 

confirming that GSK3 is a key player in N-MYRF degradation process in OLs. 
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Remarkably, treatment with Aβo also increased the stability of N-MYRF, as evidenced 

by a significant prolongation of its half-life to 71 ± 9.8 minutes (Figure 23B, C). 

These findings revealed that Aβo interfere with N-MYRF protein degradation, potentially 

resulting in prolonged nuclear retention and enhanced transcriptional activity. 

 

 

Figures 23. Aβo slow down N-MYRF degradation. Cycloheximide chase analysis of N-MYRF in 

primary cultured OLs treated with vehicle, Aβo (1 µM) or AR-A014418 (1 µM), a GSK3 inhibitor used as 

a positive control. (A) Cells incubated with cyclohexamide (CHX) (100 µg / ml) for the indicated times 

were subjected to immunoblot analysis with antibodies against MYRF and GAPDH (to normalize protein 

levels). Graphs showing (B) the percentage of N-MYRF remaining after the various CHX chase times and 

(C) the half-life of N-MYRF in each condition. Data are represented as means ± S.E.M, and dots represent 

independent experiments. *p<0.05, ***p<0.001. Statistical significance was determined by one-way 

ANOVA followed by Tukey’s post-hoc test. 

 

 

However, the knowledge on MYRF degradation pathways remains limited. Existing 

studies conducted in mHepa mouse hepatocellular carcinoma cells, suggest a process 

wherein GSK3 phosphorylates N-MYRF at serine residues, facilitating its recognition by 

the E3 ligase Fbxw7 for ubiquitination and subsequent degradation via the proteasome 

(Nakayama et al., 2018). Nevertheless, no studies have explored this process in OLs or 

within the context of neurodegenerative disorders. Thus, our next aim was to thoroughly 

investigate this degradation mechanism to determine the specific stage at which Aβo may 

exert its influence. 
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2.3.2.1. Aβo reduce GSK3-mediated phosphorylation of N-MYRF by activating its 

upstream inhibitor PKC 

The first step described in the MYRF degradation pathway involves a GSK3-mediated 

phosphorylation. Therefore, we conducted a phosphoserine (pSer) immunoprecipitation 

(IP) assay in HEK293T cells overexpressing MYRF and treated with Aβo at different 

times. All proteins phosphorylated at serine were immunoprecipitated, followed by the 

detection of phosphorylated MYRF (p-MYRF) via western blot using an anti-MYRF 

antibody. Once again, AR-A014418 was used as a positive control for GSK3 inhibition 

(Figure 24A). 

As expected, pharmacological inhibition of GSK3 resulted in a significant decrease in 

p-MYRF levels (47.51 ± 7.09% in AR-A014418-treated cell, in contrast to 100% of 

control cells). Moreover, results indicated that the longer the Aβo treatment time, the 

lower the phosphorylation levels of N-MYRF were (15 min of Aβo 85.46 ± 24.79%, 

30 min 60.13 ± 16% and 1 h 26.3 ± 8.67%, in contrast to 100% in control cells) 

(Figure 24A, B), which suggests a potential reduction in GSK3 activity induced by Aβo. 

 

 

Figures 24. Reduction of N-MYRF phosphorylation levels in response to Aβo treatment. 

A phosphoserine (pSer) immunoprecipitation (IP) assay was conducted in MYRF-overexpressing 

HEK293T cells subjected to treatments with either vehicle or 15 minutes, 30 minutes or 1 h of Aβo (1 µM). 

The GSK3 inhibitor AR-A014418 (1 µM) was used as a positive control. (A) Corresponding western blot 

analysis for MYRF and GAPDH (technical control for the IP). (B) Quantification of p-MYRF levels, 

expressed as a percentage relative to control cells. Data are presented as means ± S.E.M, and dots represent 

independent experiments. *p<0.05; Statistical significance was determined by one-way ANOVA followed 

by Dunnett’s post-hoc test. 
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The activity of GSK3 has been extensively investigated in vitro (Doble & Woodgett, 

2003; Jope & Johnson, 2004). Although it is regulated by various mechanisms, GSK3 

activity is primarily controlled by its phosphorylation state: activation requires 

phosphorylation at tyrosine residue in the activation loop (Hughes et al., 1993; Lochhead 

et al., 2006), while inactivation occurs through phosphorylation at the N-terminal serine 

residues Ser21/9 (Beurel et al., 2015). Therefore, to confirm whether GSK3 was indeed 

more inhibited in OLs in the presence of Aβo, we analyzed its phosphorylation state via 

western blotting (Figure 25A). While no significant changes were observed at the 

activating tyrosine residue (data not shown), results revealed increased phosphorylation 

levels of the inhibitory Ser21/9 residues of GSK3 in Aβo-treated OLs (after 3 h of Aβo 

treatment 113.6 ± 3.34% and after 24 h 110.9 ± 2.43%, compared to 100% in control 

cells) (Figure 25C). Moreover, particularly the phosphorylation of the residue Ser9, 

corresponding to the GSK3β isoform, was increased following 3 h of Aβo treatment 

(120.4 ± 3.58%, compared to 100% in control cells) (Figure 25D). These results 

suggested that Aβo inhibit GSK3 activity in OLs, mainly affecting GSK3β. 

Another method of indirectly assessing GSK3 activity is to examine the expression levels 

of its substrates, such as β-catenin. Similar to MYRF, GSK3 phosphorylates β-catenin 

targeting it for proteasome degradation. Consequently, increased GSK3 activity results in 

diminished β-catenin levels, while low GSK3 activity leads to reduced β-catenin 

phosphorylation, facilitating its accumulation (Huang et al., 2017; McCubrey et al., 

2014). Western blot analysis of β-catenin levels was performed in 3 DIV primary OLs 

treated with or without Aβo (Figure 25B). Interestingly, treatment with Aβo for 3 h 

significantly increased β-catenin levels (130.1 ± 8.77% compared to 100% in control) 

(Figure 25E), consistent with prior findings indicating GSK3β inhibition. 

Furthermore, we also explored the subcellular localization of GSK3. Although 

traditionally has been considered primarily a cytosolic protein, GSK3 is also found within 

the mitochondria, nucleus, and other subcellular compartments. Thus, its activity is 

influenced not only by its phosphorylation state but also by the physical proximity or 

availability of its substrates (Beurel et al., 2015). Given that GSK3 is implicated in 

phosphorylating N-MYRF for its degradation, its translocation into the nucleus is 

necessary for interaction with MYRF. Consequently, we quantified the localization of 

GSK3 in presence of Aβo using IHC (Figure 25F). Results indicated a predominance of 

GSK3 in the nucleus under control conditions, whereas a notable shift toward cytosolic 
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localization was observed in Aβo-treated OLs (1.07 ± 0.04 a.u. in vehicle-treated cells 

compared to 0.81 ± 0.02 a.u. in Aβo-treated) (Figure 25G). This suggested a reduced 

availability of GSK3 for phosphorylating nuclear N-MYRF. 

 

 

Figure 25. Aβo inhibit GSK3 by activating its upstream inhibitor PKC. Primary cultured OLs were 

differentiated for 3 DIV and subjected to treatments with vehicle or 3 or 24 h of Aβo. (A) Western blot 

analysis and (C) quantification of the phosphorylation state of inhibitory serine residues of GSK3 
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(Ser21-GSK3α and (D) Ser9-GSK3β). (B, E) Measurements of β-catenin protein levels via western blot. 

(F) Representative fluorescent micrographs of OLs immunostained against GSK3 (green and fire). A white 

dotted line outlines the nucleus (N), and C represents the cytosol. The color scale bar represents expression 

intensities for the fire LUT of GSK3. Scale bar = 10 µm. (G) Graph illustrating the ratio between nuclear 

and cytosolic GSK3 levels in control or Aβo-treated cells. (H) Western blot analysis and (I) quantification 

of GSK3 activity in OLs treated with the PKC pan-inhibitor Gö6983 (100 nM), measured by inhibitory 

serine phosphorylation levels of GSK3. (J, K) Western blot analysis of PKC phosphorylation levels in 

control and Aβo-treated OLs. All histograms represent protein expression levels as percentages relative to 

control cells. Data are presented as means ± S.E.M; dots represent individual experiments and violin plot 

represents quantification of individual cells. *p<0.05, **p<0.01; Statistical significance was determined by 

one-way ANOVA followed by Dunnett’s post-hoc test and two-tailed nested or paired t-test. 

 

 

To conclude with the study about the effect of Aβo on GSK3, we aimed to investigate 

upstream regulatory factors. The aforementioned inhibitory phosphorylation of GSK3 at 

Ser21/9 is mediated by a complex interplay of various kinases and phosphatases, 

including the kinase PKC (Figure 25H, I) (Beurel et al., 2015). Considering previous 

studies indicating increased PKC activity in response to Aβ in both astrocytes (Abramov 

& Duchen, 2005; Wyssenbach et al., 2016) and neurons (Manterola et al., 2013; Ortiz-

Sanz et al., 2022), we next sought to determine if a similar phenomenon occurs in OLs. 

Thus, the phosphorylation status of PKC in primary OLs treated with Aβo for 3 or 24 h 

was assessed via western blot analysis (Figure 25J). The results revealed significantly 

higher phosphorylation levels following Aβo treatments (141.3 ± 10.09% after 3 h of Aβo 

treatment and 144.5 ± 12.38% after 24 h of Aβo treatment compared to 100% in control 

cells), indicative of increased PKC activation in the presence of Aβo (Figure 25K). 

All these consistent findings suggest that the hyperactive state of PKC induced by Aβo 

may lead to GSK3 inhibition, thereby reducing MYRF phosphorylation and promoting 

its stability in the nucleus. 

 

2.3.2.2. Aβo promote Fbxw7-dependent non-proteolytic ubiquitination of N-MYRF  

Following with the investigation about the effects of Aβo on MYRF degradation 

mechanisms, our next objective was to check the ubiquitination status of MYRF in the 

presence of Aβo. Notably, ubiquitination emerged as one of the most dysregulated 

pathways, particularly upregulated, in the RNA-seq study conducted in OLs from 

6-month-old 3xTg-AD mice (Figure 14F). 
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To study the role of Aβo in MYRF ubiquitination, HEK293T cells were transfected with 

GFP-tagged MYRF, FLAG-tagged ubiquitin (Ub), and various E3 ligases, including 

Fbxw7 –known to detect the phosphorylation state of MYRF for subsequent degradation 

(Nakayama et al., 2018)–, and Parkin as a negative control. Subsequently, cells were 

treated with or without Aβo for 3 h, followed by a GFP-pulldown assay to isolate MYRF. 

Myrf-linked Ub levels were then detected via western blot using an anti-FLAG antibody 

(Figure 26A).  

First of all, the results confirmed the essential role of Fbxw7 in MYRF ubiquitination and 

degradation: the ubiquitination levels in elution samples were significantly lower or 

almost undetectable when Fbxw7 was absent (mock 0.27 ± 0.12 a.u.; Fbxw7 1.42 ± 

0.09 a.u.; Parkin 0.48 ± 0.23 a.u.), and total lysate samples (input) demonstrated clear 

MYRF (GFP) degradation in Fbxw7-expressing cells (Figure 26B, C). Surprisingly, cells 

transfected with Fbxw7 also exhibited a significant increase of approximately 54% in 

MYRF ubiquitination levels in the presence of Aβo compared to vehicle-treated cells 

(1.42 ± 0.09 a.u. vs 2.19 ± 0.15 a.u., respectively) (Figure 26B, C). Nevertheless, this 

heightened ubiquitination appeared to be non-proteolytic or ineffective, as MYRF levels 

detected in the Fbxw7-transfected cells elution samples showed no reduction in the 

presence of Aβo; on the contrary, MYRF levels were slightly yet significantly increased 

(116 ± 4.32% compared to 100% of control) (Figure 2D). Importantly, this Aβo-induced 

ubiquitination increase was not observed in input samples, suggesting a MYRF-specific 

phenomenon. 

The elongation of Ub chains can occur at any of its seven lysines, which results in 

different polyubiquitin chains in length, composition and cellular function. According to 

the literature, chains formed exclusively through the addition of Ub at lysine 48 (K48) 

serve as signals for the well-established proteasome protein degradation (Glickman & 

Ciechanover, 2002; Ihara et al., 2012). In contrast, K63-linked Ub chains are implicated 

in diverse regulatory functions beyond protein degradation, which may vary depending 

on the cellular context and specific proteins involved (Tramutola et al., 2018). In light of 

this, our next aim was to investigate whether the presence of Aβo alters the type of 

ubiquitination utilized to label MYRF. 
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Figures 26. Aβo increase non-proteolytic ubiquitin levels of MYRF in an Fbxw7-dependent 

manner in HEK293T cells. (A) Schematic representation of the experimental procedure for the 

GFP-pulldown in HEK293T cells. (B) GFP-tagged MYRF isolation via GFP-pulldown and subsequent 

detection of MYRF-linked ubiquitin (FLAG) levels through western blot analysis. Cells were transfected 

with no E3 ligase (ø), Fbxw7, or Parkin, and treated with or without Aβo for 3 h. MYRF-ubiquitin is 

depicted in red and the unmodified GFP-MYRF in green. Total cell lysates (input) samples showing 



93 

 

ubiquitin (FLAG), MYRF (GFP), Fbxw7, Parkin, and Tubulin expression by western blotting. 

(C) Quantification of MYRF ubiquitination by normalizing FLAG intensities to GFP levels. (D) MYRF 

protein levels in the elution fraction of Fbxw7-expressing cells treated with or without Aβo, detected by 

GFP intensities. Protein expression levels are presented as percentages relative to control cells. 

(E, F) Analysis of Fbxw7-dependent ubiquitination in the presence or absence of Aβo, using three distinct 

ubiquitin-HA species (WT, K48 and K63), conducted by western blotting after GFP-pulldown isolation 

(preliminary data; n = 1). Data are presented as means ± S.E.M, and dots represent independent 

experiments. *p<0.05 between treatments; # # #p<0.001 between E3 ligases. Statistical significance was 

determined by two-way ANOVA followed by Sidak’s post-hoc test and two-tailed paired t-test. 

 

 

To address this question, we employed the same GFP-pulldown method described earlier; 

however, in this instance, HEK293T cells were transfected with GFP-MYRF and 

Fbxw7-myc plasmids, along with three different exogenous HA-tagged ubiquitins: WT 

Ub, a mutant Ub allowing ubiquitination only at lysine 48 (K48; degradative), and a 

mutant Ub allowing ubiquitination only at lysine 63 (K63; non-degradative). 

Subsequently, cells were treated with Aβo or vehicle, and ubiquitination levels were 

detected by western blot using an anti-HA antibody (Figure 26E, F). 

The results obtained from the GFP-pulldown assay, although preliminary, again 

corroborated that Aβo promote aberrant MYRF ubiquitination, as evidenced by increased 

levels of MYRF-linked Ub in the case of WT Ub. On the other hand, regarding mutant 

Ub species, while the contribution of K48 to MYRF ubiquitination remained consistent 

across treatments, a higher level of MYRF ubiquitination was observed with K63 in the 

presence of Aβo compared to vehicle-treated cells (Figure 26E, F). This finding suggests 

that Aβo alter the type of ubiquitination used to label MYRF, leading to non-conventional 

ubiquitination that stabilizes MYRF rather than promoting its degradation.  

Having verified that MYRF ubiquitination is Fbxw7-dependent, we next aimed to 

examine the expression of Fbxw7 in primary cultured OLs treated with or without Aβo. 

No significant changes were observed in either the nuclear expression of Fbxw7 protein, 

as measured by immunofluorescence (Figure 27A, B), or in the mRNA levels determined 

via RT-qPCR (Figure 27C), following treatments of 3 or 24 h with Aβo. Conversely, a 

longer Aβo exposure time of 72 h induced a significant increase in Fbxw7 mRNA 

expression levels compared to vehicle-treated cells (3.34 ± 1.06 fold change relative to 

control cells) (Figure 27C). This result aligned with the upregulated Fbxw7 levels found 

in the RNA-seq analysis of OLs isolated from 3xTg-AD mice (Figure14F). 
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Figures 27. Long exposure times of Aβo increase Fbxw7 mRNA levels in OLs in vitro. 

(A) Representative fluorescent micrographs of 3 DIV primary cultured OLs immunostained against MBP 

(cyan) and Fbxw7 (green and fire). The white dotted line outlines the nucleus, and the color scale bar 

represents expression intensities for the fire LUT of Fbxw7. Scale bar = 10 µm. (B) Graph illustrating the 

integrated density of nuclear Fbxw7 levels in control or 3 h Aβo-treated cells. (C) RT-qPCR analysis of 

Fbxw7 mRNA expression in OLs treated with Aβo for 3, 24, and 72 h, presented as fold change compared 

to vehicle-treated cells. Data are presented as means ± S.E.M; dots represent individual experiments, and 

violin plot represents quantification of individual cells. *p<0.05; Statistical significance was determined by 

two-tailed paired t-test and one-way ANOVA followed by Dunnett’s post-hoc test. 

 

 

2.3.2.3. Aβo do not impact proteasome activity 

Lastly, to conclude the study of the effect of Aβo on MYRF degradation, we assessed the 

final step in the degradation pathway: proteasome activity. While Aβo have been reported 

to induce proteasome dysfunction in various cell types, including neurons and astrocytes 

(Lopez Salon et al., 2003; Oh et al., 2005), research specifically investigating proteasome 

activity in OLs with Aβo treatment is limited. Here, we measured the chymotrypsin-like 

activity of the proteasome using luminescent Proteasome-Glo cell-based assays in both 

our in vitro models, the HEK293T cell line and 3 DIV primary cultured OLs. The 

well-established proteasome inhibitor MG132 was used as a control, and it effectively 

reduced the chymotrypsin-like activity in both cell types. Surprisingly, results 

conclusively demonstrated that, at least under these experimental conditions, Aβo 

treatments did not induce alterations in proteasome activity in either cell model 

(Figure 28A, B).  
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In summary, we described that the mechanisms governing MYRF degradation are 

dysregulated in the presence of Aβo. Particularly, this dysregulation appears to primarily 

occur in the initial steps of the MYRF degradation pathway, including the PKC/GSK3β 

signaling pathway or the Fbxw7-mediated ubiquitination, while proteasome activity does 

not seem to be affected by Aβo treatment. 

 

 

Figures 28. Aβo do not alter proteasome activity. Luminescent Proteasome-Glo cell-based assays 

conducted in (A) HEK293T cells and (B) primary cultured OLs treated with vehicle or 3 or 24 h of Aβo to 

assess chymotrypsin-like proteasome activity. The proteasome inhibitor MG132 (1 µM; 1 h) was used as a 

control. Data are presented as means ± S.E.M, and dots represent individual experiments. #p<0.05; 

Statistical significance was determined using two-way ANOVA followed by Sidak’s post-hoc test. 

 

 

 
 

PART III. Pharmacological modulation of Aβ-mediated effects 

through PKC inhibition 

We have described that Aβo modulate the PKC/GSK3β signaling pathway, leading to a 

decrease in N-MYRF phosphorylation and consequent inhibition of its degradation. We 

propose that this process promotes abnormal OL maturation and myelination, and can 

result in brain-region specific OL death. Subsequently, our next aim was to explore the 

potential effectiveness of pharmacological modulation of PKC/GSK3β signaling pathway 

as a strategy to mitigate the effects induced by Aβo on MYRF, OLs and myelin in 

Alzheimer’s disease models. 
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3.1. In vitro pharmacological study of GSK3 and PKC inhibitions for 

modulating N-MYRF levels in oligodendrocytes 

Prior to moving on to in vivo studies, we examined GSK3 and PKC inhibitions in vitro. 

Specifically, we sought to elucidate whether the already mentioned GSK3 inhibitor 

AR-A014418 and the pan-PKC inhibitor Gö6983 could modulate the Aβo-induced 

aberrant N-MYRF increase in OLs.  

With that aim, we treated primary OLs with or without Aβo, 30 min after the treatments 

with AR-A014418 and/or Gö6983. Cells were incubated with the respective drugs and 

Aβo for 24 h, and N-MYRF levels were analyzed by western blot. The results 

demonstrated that GSK3 inhibition did not have any significant effect over Aβo-induced 

alterations in N-MYRF levels. Conversely, PKC inhibition alone by the pan-PKC 

inhibitor Gö6983 significantly and fully prevented the Aβo-induced N-MYRF increase, 

as it was able to maintain control N-MYRF levels (100% of control vs Aβo 17 ± 12.58% 

vs Aβo + Gö6983 99.4 ± 14.73%). Surprisingly, the combination of both GSK3 and PKC 

inhibitors significantly reduced N-MYRF expression, albeit resulting N-MYRF levels 

were considerably lower compared to control levels (21.95 ± 9.83% vs 100% of control) 

(Figure 29A, B). 

A Calcein-AM-based viability assay was conducted to confirm that the reductions in 

N-MYRF levels observed after treatments were not attributable to drug-induced cellular 

toxicity, and results showed no evidence of cell death (Figure 29C). 

 

Figure 29. PKC inhibition prevents Aβo-induced aberrant MYRF levels in oligodendrocytes. 

Cells were treated with AR-A014418 (1 µM), Gö6983 (100 nM) or the combination of both, 30 min prior 

to Aβo (1 µM) exposure. Treatments were sustained for 24 h, and cells were analyzed at 3 DIV. (A) Western 

blot of N-MYRF expression and (B) its quantification, normalized to GAPDH. (C) Quantification of cell 

viability assessed using a Calcein-AM assay. Results are presented as the percentage of 

Calcein-AM / NucBlue intensities relative to control vehicle-treated cells. Data are represented as 

means ± S.E.M, and dots represent independent experiments. *p<0.05; Statistical significance was 

determined by one-way ANOVA followed by Dunnett’s post-hoc test.  
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Altogether, we concluded that the use of the pan-PKC inhibitor Gö6983 could be a 

promising pharmacological strategy to modulate the effects of Aβo. We propose that 

inhibiting PKC, which is activated in presence of Aβo, we would re-establish MYRF 

degradation homeostasis, leading to the restoration of physiological OL populations and 

myelination. (Figure 30). 

 

 

Figure 30. PKC inhibition as a novel pharmacological strategy to revert Aβo-induced 

alterations in MYRF, oligodendrocytes and myelin. 

 

 

3.2. Study of Aβo-triggered effects and their pharmacological modulation by 

PKC inhibition, in zebrafish model 

Emerging evidence suggests that alterations in oligodendrogenesis and disruptions in 

myelin integrity are key early events in AD pathology (Ferreira et al., 2020; Y. Wu et al., 

2017). Given our identification of a pathway linking Aβo and MYRF, crucial 

transcriptional factor for promoting OL differentiation and myelin gene expression 

(Emery et al., 2009), we hypothesized that Aβo may significantly impact on these 

processes. Consequently, our next aim was to investigate the potential effects of Aβo on 

OL differentiation and myelination in vivo, and to assess the feasibility of PKC inhibition 

as a strategy for modulating those effects. 
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A simple yet ideal in vivo model for addressing these inquiries is the zebrafish model: 

with its rapid postnatal development and transparent larvae, it is an optimal platform to 

track OLs and myelination in vivo upon Aβ exposure. Furthermore, it has increasingly 

become a valuable tool for conducting pharmacological studies (Cassar et al., 2020). With 

this is mind, the following experimental approach was devised: to inject 10 µM Aβo or 

its vehicle into the brain ventricle of wild-type zebrafish larvae at 24 hours 

post-fertilization (hpf) (Figure 31A), and to explore the impact of Aβo on OLs and myelin 

in the developing spinal cord. 

Initially, the efficiency of the intracerebroventricular (ICV) injections was tested by 

injecting fluorescein-labelled dextran into 24 hpf zebrafish larvae. We could clearly see 

a widespread distribution of the injection mixture throughout the brain and spinal cord of 

the larvae (Figure 31B). Next, proper Aβ oligomerization was confirmed using in-gel 

Coomassie blue staining (Figure 31C). Both ICV injection and the injection mixtures of 

Aβo or its vehicle were considered adequate to proceed with the proposed experimental 

procedures. 

 

 

Figure 31. Aβo injection into the hindbrain ventricles of 24 hpf zebrafish larvae. (A) Schematic 

representation of the experimental approach. (B) Representative images of fluorescein-labelled dextran 

diffusion into the brain and spinal cord of 24 hpf zebrafish larvae following ICV injection. Scale 

bar = 50 µm (C) Detection of Aβ species (monomers and oligomers) in the injection mixtures of Aβ and 

its vehicle using Coomassie blue staining.  

 

 

3.2.1. Aβo induce early oligodendrocyte differentiation and myelination in zebrafish 

Next, to identify potential Aβ-induced alterations in OL differentiation and myelination, 

we conducted fluorescent RNA in situ hybridization assays (RNAscope FISH) following 

Aβo or vehicle ICV injections. The expression of three key genes associated with 
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different developmental stages of the OL lineage was assessed: sox10, a canonical marker 

of OL lineage; myrf, expressed in differentiating OLs (Hornig et al., 2013); and mbpa 

(mbp), a zebrafish orthologue of murine and human MBP, expressed in myelinating OLs 

(Figure 32A). 

The expression of sox10 decreased during the initial days of larvae development, 

particularly in Aβo-treated zebrafish (1.18 ± 0.1x105 a.u. in vehicle-treated larvae at 5 dpf 

vs 0.9 ± 0.07x105 a.u. in Aβo-treated larvae) (Figure 32B). On the other hand, 

interestingly, myrf expression was significantly increased by ~25% at 48 hpf in the 

presence of Aβo (1.54 ± 0.19x105 a.u. vehicle-treated vs 1.92 ± 0.16x105 a.u. Aβo-treated 

larvae). However, while myrf mRNA showed an expected increasing expression 

throughout development in control larvae, myrf expression levels were maintained quite 

constant during time in the Aβo-injected larvale, which by 5 dpf resulted in a ~21% 

reduced expression when compared to vehicle-injected larvae (2.33 ± 0.27x105 a.u. 

vehicle vs 1.84 ± 0.15x105 a.u. Aβo) (Figure 32C). Regarding mbp, consistent with 

increased myrf levels at 48 hpf, there was a notable increase of ~147% in mbp expression 

at that same time-point in presence of Aβo (2.33 ± 0.33x104 a.u. vehicle vs 5.77 ± 

1.08x104 a.u. Aβo). However, this early boost of the myelin-related mRNA was 

normalized by 72 hpf, and remained at control levels throughout development (Figure 

32D). 

In zebrafish spinal cord development, not only mRNA levels but also spatial distribution 

is important for OL differentiation. The majority of OPCs originate from progenitor cells 

in the pMN domain located in the ventral spinal cord. Subsequently, they migrate towards 

the dorsal zone, where they undergo proliferation and differentiation into OLs (Lee et al., 

2010). Therefore, we quantified where the mRNA was located, and we observed a 

significant shift towards the dorsal area in mbp in Aβo-injected larvae both at 72 hpf (only 

7.2 ± 1.82% of the total area occupied by mbp was dorsal in vehicle-injected larvae, 

compared to 15.9 ± 2.45% in Aβo-injected larvae) and 5 dpf (vehicle 9.95 ± 1.68% vs 

Aβo 15.77 ± 1.56%) (Figure 32E).  

Overall, these results suggested that Aβo might induce a precocious OL differentiation 

and myelination, by altering differentiation- and myelination-related mRNA expression 

and regional distribution during larval development. 
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Figure 32. Aβo-injected zebrafish larvae exhibit alterations in oligodendroglial lineage mRNA 

levels and regional distribution in the developing spinal cord. Zebrafish larvae were injected with 

Aβo or its vehicle at 24 hpf, and RNAscope FISH assays were performed for sox10, myrf and mbp at 48 hpf, 

72 hpf and 5 dpf. (A) Representative confocal images of spinal cord cross-sections depicting mRNA 

expression fluorescence. Scale bar = 20 µm (B, C, D) RNAscope analysis representing the area occupied 

by each mRNA in the developing spinal cord. (E) Quantification of mbp mRNA distribution in ventral and 

dorsal regions. Data are represented as means ± S.E.M, *p<0.05, **p<0.01, ***p<0.001 compared to 

vehicle-injected zebrafish larvae. Statistical significance was determined by two-tailed nested t-test and 

two-way ANOVA followed by Sidak’s post-hoc test. n = 9 - 11 larvae per condition and time-point. 
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3.2.2. PKC inhibition rescues the Aβo-induced deregulation of timing of 

oligodendrocyte differentiation and maturation 

After confirming that Aβo induce intriguing alterations in OLs in our zebrafish model, 

we proceeded to our next objective: to investigate the potential of PKC inhibition as a 

pharmacological modulation of Aβo-induced effects in vivo. To this end, and to explore 

Aβo-triggered alterations in OL differentiation more in depth, we conducted in vivo 

studies using stable transgenic zebrafish lines. Specifically, we crossed 

Tg(olig2:EGFP)vu12, a reporter of pMN lineage cells, with Tg(myrf:mScarlet)co66, a 

reporter of differentiating OLs. In addition to administering Aβo or vehicle into the brain 

ventricles of these larvae at 24 hpf, some were also treated with the pan-PKC inhibitor 

Gö6983 at 48 hpf (Figure 33A). As the combination of Aβo and the drug did not show 

any significant toxicity for the larvae (Figure 33B), we proceeded with the analysis of 

differentiating OLs (Figure 33C).  

At 72 hpf, no significant differences were observed in the total number of olig2+ 

(Figure 33D) or myrf+ cells (Figure 33E) across treatments. Nevertheless, when focusing 

on the dorsal spinal cord, while olig2+ cell counts remained consistent across all treatment 

groups (Figure 33F), we detected a notable increase in dorsal myrf+ cells in larvae 

injected with Aβo compared to those receiving vehicle injections. Interestingly, treatment 

with Gö6983 effectively attenuated Aβo-induced excess of myrf+ cell numbers to control 

values (vehicle 2.05 ± 0.44 cells vs Aβo 3.2 ± 0.39 cells vs Aβo + Gö6983 2.05 ± 0.49 

cells) (Figure 33G). Indeed, Aβo-injected larvae exhibited an augmented proportion of 

differentiating OLs in the dorsal spinal cord at this larval stage: while only 14% of dorsal 

OLs were myrf+ in vehicle-treated larvae, this ratio increased to 24% following Aβo 

treatment and was maintained at 15% when Aβo-injected larvae were treated with 

Gö6983 (Figure 33H).  

No significant changes were observed in differentiating OL numbers at 5 dpf. Therefore, 

the sequential study of OL differentiation in this transgenic line suggested that Aβo 

induce an initial increased premature dorsal OL differentiation around 72 hpf that returns 

to normal levels by 5 dpf (Figure 33I). 
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Figure 33. Aβo induce early oligodendrocyte differentiation through PKC, without affecting 

total cell numbers. (A) Transgenic zebrafish stably expressing olig2:EGFP and myrf:mScarlet were 

injected with Aβo or its vehicle at 24 hpf, and treated with Gö6983 (500 nM) at 48 hpf by bath immersion. 

Live imaging was performed at 72 hpf and 5 dpf. (B) Survival rate was measured at 5 dpf. (C) 

Representative lateral fluorescence images of the spinal cord in live transgenic larvae at 72 hpf. Yellow 
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arrowheads indicate olig2+myrf+ cells. Scale bar = 20 μm (D) Graphs comparing the number of total olig2+ 

cells, (E) total myrf+ cells, (F) dorsal olig2+ cells, and (G) dorsal myrf+ cells. (H) Pie charts showing the 

ratio of differentiating dorsal OLs (percentage of dorsal myrf+ cells among dorsal olig2+ cells) at 72 hpf for 

each condition. (I) Graph showing the progression of differentiating dorsal OLs during development. Data 

indicate means ± S.E.M, and dots represent individual larvae. *p<0.05; Statistical significance was 

determined by ordinary one-way ANOVA followed by Sidak’s post-hoc and two-way ANOVA followed 

by Tukey’s post-hoc test. n72 hpf = 10 larvae per condition; n5 dpf = 7 - 9 larvae per condition. 

 

 

The above data suggest that a higher proportion of OPCs undergo differentiation into 

mature myelinating OLs in Aβo-injected larvae. To directly test this possibility, we 

employed a similar approach as previously described, now crossing Tg(olig2:EGFP)vu12 

with Tg(mbpa:tagRFPT)co25, a reporter line for myelinating OLs (Figure 34A). Since 

changes in myrf were observed at 72 hpf and OL maturation occurs later in time, we 

focused our analysis on 5 dpf to examine mature myelinating OLs. 

At this developmental stage, Aβo-injected larvae exhibited an excess of mbp+ cells in the 

dorsal spinal cord compared to vehicle-injected larvae (Figure 34E), with no changes in 

olig2+ (Figure 34B, D) or total mbp+ cells (Figure 34C). Once again, Gö6983 treatment 

effectively inhibited the effect triggered by Aβo (vehicle 9.58 ± 1.13 cells vs 

Aβo 14.25 ± 1.5 cells vs Aβo + Gö6983 7.4 ± 1.4 cells) (Figure 34E). 

Regarding the proportion of myelinating OLs, consistent with our hypothesis, only 36% 

of dorsal OLs were mbp+ in the control larvae, compared to 53% in Aβo-treated larvae 

and 33% when PKC was inhibited (Figure 34F). Although no remarkable changes were 

observed in the number of mbp+ myelinating OLs at 72 hpf, this transgenic line enabled 

us to conclude that OL maturation is significantly promoted by Aβo at 5 dpf 

(Figure 34G). 

Taken together, these results suggest that Aβo induce precocious differentiation, resulting 

in altered OL maturation. Furthermore, Gö698 effectively inhibits these effects, 

confirming the involvement of the PKC signaling pathway in the Aβo-induced 

misregulation of OL differentiation and maturation. 
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Figure 34. Aβo promote oligodendrocyte maturation via PKC, without changing total cell 

numbers. (A) Representative lateral images of the spinal cord of live transgenic larvae stably expressing 

olig2:EGFP and mbpa:tagRFPT, at 5 dpf. Yellow arrowheads indicate mbp+myrf+ cells. Scale bar = 20 μm 

(B) Graphs comparing the quantity of total olig2+ cells, (C) total mbp+ cells, (D) dorsal olig2+ cells, and 

(E) dorsal mbp+ cells. (F) Pie charts showing the ratio of mature myelinating dorsal OLs (percentage of 

dorsal mbp+ cells among dorsal olig2+ cells) at 5 dpf. (G) Graphical representation of the progression of 

maturing dorsal mbp+ OLs thoughout development. Data indicate means ± S.E.M, and dots represent 

individual larvae. *p<0.05; Statistical significance was determined by ordinary one-way ANOVA followed 

by Sidak’s post-hoc and two-way ANOVA followed by Tukey’s post-hoc test. n72 hpf = 6-10 larvae per 

condition; n5 dpf = 5-12 larvae per condition. 
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3.2.3. Aβo-induced myelin excess in the dorsal spinal cord is reversed by PKC 

inhibition 

Next, we sought to investigate whether the potential effects of Aβo on OL differentiation 

and maturation could affect myelination in vivo. To assess myelin sheaths in individual 

OLs, we transiently expressed mbpa:EGFP-CAAX by microinjection into 1-cell stage 

zebrafish embryos. This genetic construct leads to the expression of membrane-tethered 

EGFP in the myelin tracts of the larvae. Aβo or vehicle injections were administered 

followed by Gö6983 treatments, and myelin sheath number per cell and sheath length 

were measured in the dorsal spinal cord at 5 dpf. 

Aβo significantly increased the number of myelin sheaths per cell by around 40% in the 

dorsal spinal cord compared to vehicle-injected animals. Interestingly, while PKC 

inhibition alone did not significantly alter sheath numbers, treatment of Aβ-injected 

zebrafish larvae with Gö6983 restored the aforementioned Aβo-induced increase to 

control levels (vehicle: 9.08 ± 0.9 sheaths per cell; Gö6987: 11.1 ± 0.73; Aβo: 12.7 ± 0.9; 

Aβo + Gö6983: 9.38 ± 0.79) (Figure 35A, B). This change in sheath number per cell 

occurred without any alteration in myelin sheath length (Figure 35C).  

 

Figure 35. Aβo dysregulate dorsal myelin sheath number per oligodendrocyte via PKC. 

The mbpa:EGFP-CAAX plasmid was injected into zebrafish embryos at the 1-cell stage, followed by the 

administration of Aβo (10 µM) or its vehicle into the hindbrain ventricle of zebrafish larvae at 24 hpf. 

Gö6983 (500 nM) treatments were performed at 48 hpf, and live imaging of myelin sheaths was performed 
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at 5 dpf. (A) Representative fluorescent images of OLs in the spinal cord of live zebrafish larvae. Scale 

bar = 20 μm (B) Histograms illustrating the sheath number per cell and (C) the average individual sheath 

length. Data are presented as means ± S.E.M; dots represent individual larvae and violin plot represents 

quantification of individual cells. *p<0.05, **p<0.01; Statistical significance was determined by two-way 

ANOVA followed by Sidak’s post-hoc test. 

 

 

Next, we wandered whether the reported increase in the numbers of dorsal myelin sheaths 

per cell could result in notable changes in myelination. To address this question, electron 

microscopy was conducted on 8 dpf larvae, and the myelinated axons within the dorsal 

region of the spinal cord were analyzed (Figure 36A, B).  

In line with our previous findings, a significant increase of around 66% in the number of 

dorsal myelinated axons was observed in Aβo-injected zebrafish larvae compared to 

vehicle-injected larvae (108.9 ± 2.64 and 65.65 ± 8.24 myelinated axons, respectively). 

Moreover, while Gö6983 alone had minimal non-significant impact on dorsal 

myelination (81.98 ± 12.96 myelinated axons), PKC inhibition in Aβ-injected larvae 

nearly completely reversed the myelin excess induced by Aβo (74.07 ± 6.44 myelinated 

axons) (Figure 36C). 

 

 

Figure 36. Aβo increase the number of dorsal myelinated axons through PKC. Zebrafish larvae 

were administered with Aβo (10 µM) or its vehicle by ICV injection at 24 hpf, and some were exposed to 
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Gö6983 (500 nM) at 48 hpf. Larvae were fixed for electron microscopy analysis at 8 dpf. (A) Representative 

electron micrographs of the dorsal spinal cord, with myelinated axons shaded in purple. (B) Schematic 

illustration of a cross-section of the spinal cord. The square represents the analysed area. (C) Histogram 

showing the number of myelinated axons in the dorsal area for each condition. Scale bar = 2 µm. Data 

indicate means ± S.E.M, with dots representing individual larvae. *p<0.05, **p<0.01; Statistical 

significance was determined by two-way ANOVA followed by Sidak’s post-hoc test. 

 

 

Overall, we not only demonstrated that Aβo induce precocious OL differentiation leading 

to dysregulated myelination, but we also confirmed PKC inhibition as an effective 

pharmacological strategy to rescue Aβo-induced dysregulation in vivo. 

 

 

3.3. PKC inhibition as a pharmacological tool to modulate oligodendroglia 

alterations in 3xTg-AD mice 

Once having tested the effectiveness of Gö6983 in reversing Aβo effects in OLs and 

myelin in zebrafish, we aimed to extend our in vivo investigation to a more biologically 

complex and clinically relevant model. The 3xTg-AD mouse model presents changes in 

OL population and MYRF levels, as indicated by our previous results together with 

others’ works. Therefore, our next objective was to determine whether PKC inhibition 

could reverse at least some of these alterations present in 3xTg-AD mice.  

To address this, 12-14 month-old 3xTg-AD mice were surgically implanted with osmotic 

minipumps delivering either vehicle or Gö6983 continuously for 28 days (Figure 37A). 

Throughout the experiment, we monitored the mice’s overall well-being by measuring 

body weight before, during, and after treatment. The absence of significant changes in 

body weight across time and experimental groups allowed us to rule out any potential 

adverse effects of the surgery or drug administration (Figure 37B). 

Additionally, we evaluated the efficacy of continuous Gö6983 ICV infusion in inhibiting 

PKC activity within the hippocampus of treated mice. We specifically focused in the 

hippocampus as it is well described as one of the most affected brain regions both in 

Alzheimer’s disease and in this particular animal model. Western blot analysis of protein 

extracts from the contralateral hippocampus revealed a substantial 41% decrease in PKC 
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activity following Gö6983 treatment (5.38 ± 0.72 a.u. vehicle vs 3.19  0.4 a.u. Gö6983) 

(Figure 37C, D). This result not only affirmed adequate PKC inhibition by Gö6983 

treatment but also indicated successful drug diffusion from the ventricle to both brain 

hemispheres.  

 

 

Figure 37. Pharmacological inhibition of PKC in 3xTg-AD mice hippocampus by 

intracerebroventricular infusion of Gö6983. (A) Depiction of the experimental procedure: 3xTg-AD 

mice underwent implantation of osmotic minipumps to deliver Gö6983 (100 nM) or its vehicle ICV during 

28 days (flow rate = 0.11 μL / h). Mice were subsequently perfused, and brains were collected for western 

blot (WB) (contralateral) or immunohistochemistry (IHC) (ipsilateral) analysis. (B) Weight (g) 

measurements of mice throughout the experiment. (C) Western blot analysis of PKC expression levels in 

contralateral hippocampal protein extracts from 3xTg-AD mice treated with or without Gö6983. 

(D) Quantification of PKC activity state, assessed by expression levels of phosphorylated PKC (p-PKC) 

normalized to total PKC levels. Data are presented as means ± S.E.M, with dots representing individual 

animals. *p<0.05; Statistical significance was determined by two-tailed unpaired t-test. 
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3.3.1. PKC inhibition reduces MYRF in 3xTg-AD mice 

One of the alterations that we observed in 12-month-old 3xTg-AD mice hippocampus, 

particularly in the DG, was an excess in MYRF+ cells compared to WT animals 

(Figure 13). Moreover, we described a signaling pathway linking PKC and MYRF, 

which is altered in presence of Aβo in vitro (Figure 25, 29). Thus, we subsequently 

examined whether PKC inhibition could modulate MYRF levels in vivo in the 

hippocampus of ICV-treated 3xTg-AD mice. 

On the one hand, we conducted western blot analysis on protein extracts from the 

contralateral hippocampus of these animals. The results revealed a significant reduction 

in MYRF protein levels in mice treated with Gö6983 compared to the control group 

(0.85  0.04 a.u. and 1.1  0.16 a.u., respectively) (Figure 38A, B). On the other hand, 

the ipsilateral DG was analyzed using IHC to measure the proportion of MYRF+ cells 

among all OLs. Consistent with our hypothesis and western blot results, Gö6983 

treatment resulted in a significant reduction in MYRF+ cells compared to vehicle-treated 

mice (71.26  2.4% vehicle vs 62.47  2.56% Gö6983) (Figure 38C, D). 

These findings suggest that PKC inhibition via Gö6983 ICV infusion effectively 

mitigates the aberrant increased MYRF levels in the hippocampus of 3xTg-AD mice. 
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Figure 38. Gö6983 reduces MYRF protein levels in 3xTg-AD mice hippocampus. (A) Western 

blot analysis of MYRF in contralateral hippocampal protein extracts from 3xTg-AD mice ICV treated with 

Gö6983 (100 nM) or its vehicle. (B) Quantification of MYRF levels normalized to total protein levels 

assessed by Ponceau S staining. (C) Representative fluorescent images of Olig2+ (red) and MYRF+ (green) 

cells in the ipsilateral DG of 3xTg-AD mice treated with or without Gö6983. Arrowheads indicate cells 

positive for both Olig2 and MYRF. Scale bars = 50 µm / 10 µm (D) Histogram representing the percentage 

of MYRF+ OLs among the total OL population (MYRF+Olig2+ / Olig2+). Data are presented as 

means ± S.E.M, with dots representing individual animals. *p<0.05; Statistical significance was determined 

by two-tailed unpaired t-test. 

 

 

3.3.2. PKC inhibition rescues OL population in 3xTg-AD mice 

According to our previous results and other studies (Tse et al., 2018), 12-month-old 

3xTg-AD mice also demonstrate brain region-specific alterations in OL populations, 

including a loss of OLs within the DG (Figure 11D), among other changes. Notably, 

sustained overexpression of MYRF was found to be toxic for OLs in vitro (Figure 19). 

Therefore, our last objective was to investigate whether inhibition of PKC, along with the 
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normalization of MYRF levels induced by this treatment, could have a beneficial effect 

on OL populations in the DG of 3xTg-AD mice.  

To assess this question, we conducted an IHC study of OL populations in the ipsilateral 

DG of treated 3xTg-AD mice. The results showed a restoration in the number of OLs in 

mice treated with Gö6983 compared to control 3xTg-AD mice (58.19  

8.2x103 cells / mm3 vehicle vs 73.19  4.1x103 / mm3 Gö6983), suggesting that PKC 

inhibition mitigates OL cell death (Figure 39A, C). Additionally, a significant increase 

in both CC1+ mature (47.14  6.54x103 / mm3 vehicle vs 63.13  2.87x103 / mm3 Gö6983) 

(Figure 39D) and PDGFR-α-CC1- immature OLs (3.42  2.98x103 / mm3 vehicle vs 9.46 

 2.76x103 / mm3 Gö6983) (Figure 39E) was also observed in Gö6983-treated mice, OL 

subpopulations that were significantly reduced in 3xTg-AD mice compared to WT mice 

(Figure 11E, F). Conversely, PDGFR-α+ OPC numbers remained consistent across 

treatment groups (Figure 39B, F), aligning with the absence of alterations in PDGFR-α+ 

cells in our AD mouse model (Figure 11G). 

To further analyze the OL population following the ICV treatment, we calculated the 

percentage of each OL subpopulation (OPCs, immature or mature OLs) relative to the 

total Olig2+ cells for each experimental group. 12-months-old 3xTg-AD mice showed a 

reduced percentage of immature OLs, with no significant changes in OPCs or mature OLs 

compared to WT mice (Figure 11H). This finding highlighted the vulnerability of the 

immature OL subpopulation to AD-related alterations. Here again, consistent with those 

results, while no significant changes were observed in the percentages of OPCs or mature 

OLs, a notable recovery of the immature subpopulation was observed in 3xTg-AD mice 

treated with Gö6983 (Figure 39G). 

In summary, we concluded that the PKC inhibitor Gö6983 was able to revert at least part 

of the alterations observed in the 3xTg-AD mouse model: continuous treatment with this 

drug inhibited OL loss, restored the balance of OL subpopulations, and rescued excessive 

MYRF levels in the hippocampus of the animals. 
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Figure 39. Pharmacological inhibition of PKC restores oligodendroglial population in 3xTg-AD 

mice dentate gyrus. IHC analysis of the ipsilateral dentate gyrus of 12-14 months-old 3xTg-AD mice 

subject to ICV treatment with Gö6983 (100 nM) or its vehicle. Representative fluorescent micrographs of 

(A) Olig2 (red) and CC1 (cyan), and (B) PDGFR-α (green); DAPI staining is showed in white. Scale 

bars = 50 µm and 10 µm. Histograms showing numbers of (C) Olig2+ (total OLs), (D) CC1+Olig2+ (mature 

OLs), (E) PDGFR-α-CC1-Olig2+ (immature OLs), and (F) PDGFR-α+ (OPC) cells. (G) Graph showing the 

percentages of oligodendroglial subpopulations (OPCs, immature OLs and mature OLs) in each 

experimental group. Data are presented as means ± S.E.M, with dots representing individual animals. 

*p<0.05; Statistical significance was determined by two-tailed unpaired t-test and two-way ANOVA 

followed by Sidak’s post-hoc test.  
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DISCUSSION 

Given the indispensable role of OLs in supporting neuronal function and cognitive 

processes, it is reasonable to speculate that alterations in oligodendroglial cells may 

contribute to various age-related neurodegenerative diseases. While Alzheimer’s disease 

has traditionally been perceived primarily as a disorder associated with neuronal damage, 

evidence of diverse structural, histopathological, and biochemical abnormalities in the 

WM preceding neuronal damage has been documented in the disease. Consequently, 

investigating changes in oligodendroglial lineage cells is of paramount importance, not 

only for shedding light on AD pathogenesis but also for identifying potential therapeutic 

targets aimed at preserving WM integrity and OL function. 

In this context, two central questions have emerged: 1) what happens to OLs in AD? and 

2) what mechanisms underlie these alterations? Throughout this thesis, we have revealed 

altered dynamics of oligodendroglial populations in AD mouse models, characterized by 

enhanced maturation in both the corpus callosum and the dentate gyrus, accompanied by 

a loss of Olig2+ cells in the dentate gyrus. Additionally, we observed that these effects 

were at least partially induced by the presence of Aβo, as similar pathology was evident 

in WT mice injected with Aβo. Furthermore, we propose that Aβo-induced dysregulation 

of MYRF may underlie these OL alterations. Our findings indicate that Aβo disturb the 

signaling pathway responsible for MYRF degradation, specifically by interfering with the 

PKC/GSK3 pathway and Fbxw7-mediated ubiquitination, resulting in increased MYRF 

protein levels and likely a prolonged transcriptional activity. This dysregulation could 

potentially contribute to the aberrant upregulation of OL differentiation and myelination 

programs within the context of AD. Finally, we validated the inhibition of PKC as a 

promising strategy to reverse these alterations in vivo. 

 

1. Oligodendrocyte differentiation and maturation are promoted in the corpus 

callosum and the dentate gyrus of AD mouse models  

Changes in OPCs or OLs can profoundly affect myelin integrity, which potentially 

implicates them in AD pathogenesis. Thus, numerous human and animal studies have 

investigated WM and OL changes in AD, revealing abnormal alterations in OL-lineage 

cells and myelin damage in post-mortem AD brain tissues (Behrendt et al., 2013; Mitew 

et al., 2010; Tse et al., 2018) and AD mouse models (Chacon-De-La-Rocha et al., 2020; 
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Desai et al., 2009; Tse et al., 2018; Vanzulli et al., 2020). However, there are many 

discrepancies in the literature, as results reveal differences depending on factor such as 

the animal model, age, sex, and brain region studied. 

To further investigate alterations in oligodendroglial population and dynamics, we 

focused our IHC analysis on two distinct AD mouse models: 3xTg-AD, considered one 

of the most complex animal models of the disease exhibiting both senile plaques and 

neurofibrillary tangles, and Aβo-injected WT mice. Specifically, we analyzed the corpus 

callosum and the dentate gyrus, which are WM and GM regions affected in AD, 

respectively, with their impairment correlating with the progression and severity of the 

disease (Teipel et al., 2002). Using an EdU incorporation assay, we demonstrated 

significant changes in oligodendroglial population dynamics in both the CC and the DG 

of 12-month-old 3xTg-AD mice. These alterations were characterized by a decreased 

density of immature OLs (PDGFR-α-CC1-Olig2+) and an increased proportion of newly 

generated mature OLs, with no changes in PDGFR-α+ OPCs. These findings suggest that 

OL differentiation is promoted in this AD model, with a heightened propensity for 

immature OLs to transition into mature ones. Nevertheless, although the differentiation 

from OPCs to immature OLs may be unaffected, it seems decompensated or not effective 

enough to counteract the increased OL maturation ratio, with potential further 

implications in more advanced stages of the disease.  

In contrast, numerous previous studies have described that the differentiation of OPCs is 

susceptible to the deterioration of the microenvironment in AD pathology, resulting in a 

reduction of OPC differentiation capability or oligodendrogenesis (Vanzulli et al., 2020;  

Zhang et al., 2019; Zou et al., 2023). Nevertheless, our findings suggest that the focus 

should be switched to studying alterations in differentiating and/or mature OLs, rather 

than OPCs, as the most substantial changes were observed in OL differentiation and 

maturation dynamics. Interestingly, another previous work reported increased expression 

of CC1+ mature OLs in the hippocampal CA1 region of 6-month-old 3xTg-AD mice 

(Desai et al., 2010). Although authors also described unchanged immature OL numbers, 

this finding could indicate that between 6 and 12 months, OL differentiation has already 

been promoted, and by 12 month, almost a complete depletion of the immature 

subpopulation has occurred. Therefore, it would be plausible to hypothesize that in more 

advanced ages, the pathology could completely disturb the oligodendroglial population, 
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with potential implications in the maintenance of the OL lineage homeostasis, and 

consequently, myelin. This could be a key event in the development of AD pathology. 

Another AD mouse model is the APP/PS1 mice. Previous studies have revealed enhanced 

OPC proliferation followed by differentiation into mature OLs in the corpus callosum of 

mice aged 6 and 11 months (Behrendt et al., 2013). Similarly, Ferreira and colleagues 

also found increased oligodendrogenesis with more newly generated OLs in the same 

mouse model (Ferreira et al., 2020). Collectively, these findings, along with ours, suggest 

that the generation of mature OLs is promoted in AD mouse models. Furthermore, 

increased rates of new myelin formation have also been observed in APP/PS1 mice (Chen 

et al., 2021), likely resulting from this promoted OL differentiation into mature 

myelinating cells. 

Conversely, numerous studies have reported demyelination in AD animal models 

(Behrendt et al., 2013; Desai et al., 2009; Mitew et al., 2010), and as occurs in other 

demyelinating lesions such as multiple sclerosis, adult OPCs are able to differentiate into 

mature OLs to remyelinate damaged axons (Zawadzka et al., 2010). Therefore, it is 

challenging to determine whether the alterations observed in oligodendroglial population 

dynamics are led directly by AD-related pathophysiological mechanisms or are a 

compensatory response to already occurring brain and myelin damage. Nevertheless, 

although we cannot completely rule out that possibility, strong evidence points toward 

Aβo as a candidate to directly mediate OL changes. In fact, our results from the IHC 

analysis of the oligodendroglial population in mice with intrahippocampal Aβo injections 

correlated with those observed in the 3xTg-AD mice: a reduced proportion of immature 

OLs, an increased proportion of mature OLs, and no changes in OPCs were found. 

Therefore, we concluded that the OL alterations in 3xTg-AD mice were at least partially 

triggered by the presence of Aβo. This idea is also supported by previous studies, where 

they demonstrated that Aβo increase morphological differentiation and maturation in 

cultured OLs and cerebellar slices (Quintela-López et al., 2019). More interestingly, 

Desai and coworkers demonstrated that the elevated density of mature OLs in 3xTg-AD 

mice was effectively reduced by the injection of an anti-Aβ1-42 engineered intrabody, 

further indicating a direct effect of Aβ on OL differentiation (Desai et al., 2010). 
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However, the underlying mechanisms remain elusive. An important event to consider is 

the increase in neuronal activity observed in AD. Clinical studies have consistently 

reported heightened cortical and hippocampal neuronal activity in patients during the 

early stages of the disease (Targa Dias Anastacio et al., 2022), and the administration of 

Aβ to neurons has been shown to increase action potential firing (Yamamoto et al., 2015). 

What is more, researchers have unveiled a bidirectional relationship between AD and 

neuronal hyperactivity, where Aβ induces neuronal activity, and, in turn, neuronal 

hyperactivity exacerbates Aβ deposition. Indeed, recent studies in mouse models have 

revealed that restoring abnormal neuronal excitability in brain regions affected early by 

Aβ not only reduces Aβ accumulation in those areas but also prevents its spread to other 

brain regions (Gail Canter et al., 2019). Intriguingly, increased neuronal activity has also 

been found to promote proliferation, differentiation, and myelination in oligodendroglial 

lineage cells, to support the formation and function of neural circuits (Gibson et al., 2014; 

Hines et al., 2015; Thornton & Hughes, 2020). Given the crucial role of the transcription 

factor MYRF in OL terminal differentiation and myelination processes (Koenning et al., 

2012), it is plausible to hypothesize its involved in Aβ-induced OL differentiation; 

however, whether neuronal signals can regulate MYRF activity remains to be studied. 

 

2. 3xTg-AD mouse model exhibit brain-region-specific oligodendrocyte loss in the 

dentate gyrus 

Changes in the number of oligodendrocytic lineage cells is a common feature observed 

in both physiological aging and neurodegenerative disorders such as AD. For instance, 

post-mortem analysis of AD patients’ tissues revealed a decrease in Olig2+ cells 

(Behrendt et al., 2013). However, our examination of the corpus callosum in 

12-month-old 3xTg-AD mice revealed that although there was an increased formation of 

mature OLs from immature OLs altering the proportions of these OL subpopulations, the 

total number of oligodendroglial cells remained unchanged. Similar findings were 

reported by Ferreira and colleagues, who described that despite the increased addition of 

new mature OLs in the brain of APP transgenic mice, total OL density was equivalent 

between APP transgenic mice and WT mice. With these results, they concluded that new 

OLs may be produced to replace lost mature OLs (Ferreira et al., 2020), indicating a 

promoted recycling of mature cells. Nevertheless, the significant reduction we observed 

in the proportion of the immature subpopulation suggests that the replacement of 
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immature cells from OPCs may not be effective enough. Consequently, while this 

phenomenon did not result in alterations in total OL numbers, it may be exacerbated in 

more advanced disease stages. 

Interestingly, the OL population disruption was more pronounced in the dentate gyrus of 

3xTg-AD mice. In this brain region, alongside increased newly generated mature OLs, 

we observed a marked loss of total Olig2+ cells of approximately 20% in contrast to WT 

mice. Specifically, significantly reduced densities of NG2+ late OPCs, immature OLs, 

and mature OLs were found, with unchanged PDGFR-α+ OPC numbers. This finding 

again suggested that the initial stage of the oligodendroglial lineage is not directly affected 

by the pathology. Instead, we hypothesize that mature OLs may be undergoing cell death, 

and the sustained effort of the oligodendroglial lineage to replace lost mature OLs through 

differentiation and maturation may induce exhaustion of other subpopulations. Thus, 

despite the apparently intact potential of OPCs to proliferate and differentiate into mature 

OLs, oligodendrogenesis may not be sufficient to restore normal OL density in the dentate 

gyrus of 3xTg-AD mice. 

In addition to reduced cell densities, morphology of NG2+ OPCs was also altered: cells 

in the dentate gyrus of the 3xTg-AD mice occupied a significantly larger area compared 

to WT mice cells, indicating hypertrophy. This could signify that cells were trying to 

compensate for cell loss by increasing their covered area. This finding is consistent with 

previous studies reporting subtle changes in density and morphology in both patients 

(Nielsen et al., 2013; Zhang et al., 2019) and mouse models of AD (Chacon-De-La-Rocha 

et al., 2020; Vanzulli et al., 2020). Interestingly, previous research has also described 

hypertrophic NG2+ OPCs in response to brain lesions, characterized by increased cell 

volume and surface area, with more complex processes and swollen cell bodies (Ong & 

Levine, 1999). This suggests that NG2+ cell morphology might serve as a marker for brain 

and OL damage. Nevertheless, while morphological changes and atrophy in OPCs may 

indicate altered or decreased physiological activity, further investigations are needed to 

understand their functional consequences for the cell, myelin, and ultimately, the brain. 

The observed OL loss in the dentate gyrus, but not in the corpus callosum, indicated a 

greater vulnerability of GM to AD pathology compared to WM, suggesting that 

alterations in the oligodendroglial population are region-specific, with variations across 

distinct brain areas. This aligns with previous studies that described a particular 
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susceptibility for OL and myelin damage in areas that are myelinated at older ages, such 

as the entorhinal cortex and the hippocampus (Desai et al., 2009) –a phenomenon known 

as “neuropathologic retrogenesis” (Bartzokis et al., 2004; Braak & Braak, 1996; 

Nasrabady et al., 2018). Importantly, this results in initial impairments affecting brain 

regions crucial for cognitive functions like memory. More interestingly, even within the 

hippocampus, OL changes exhibit subregion specificity. In our study, although alterations 

were evident in the dentate gyrus, no significant changes were observed in the 

oligodendroglial population in the CA1 and CA3 hippocampal subregions (data not 

shown). On the other hand, recent research has demonstrated that OL loss was most 

pronounced in the CA3 and CA4 regions of APP/PS1 mice compared to the CA1 

(DeFlitch et al., 2022). These results, combined with ours, highlight the diversity and 

region-specific nature of oligodendroglial alterations related to AD. 

Notably, contradictory findings have emerged regarding whether the stage of OL 

differentiation influences cell susceptibility to AD damage or Aβ toxicity. Some studies 

suggested that Aβ1-42 treatments impact the viability of both immature and mature OLs, 

resulting in an increased abundance of cells with pyknotic nuclei (Desai et al., 2010), 

while others indicated that higher concentrations of soluble Aβ1-42 inhibit the survival of 

mature OLs but not OPCs (Horiuchi et al., 2012). Consistent with the latter study, we 

hypothesized that mature OLs are the primary targets of cell death in the dentate gyrus of 

3xTg-AD mice. Although the most prominent and consistent alteration we observed in 

3xTg-AD OLs was the loss of the immature subpopulation, we propose that immature 

OLs have undergone differentiation to compensate for the lost mature subpopulation. This 

idea is further supported by a recent study where authors describe distinct cell death 

mechanisms depending on the maturation stage of OLs. Specifically, they demonstrate 

that immature or differentiating OLs undergo caspase-3-dependent cell death, whereas 

mature OLs experience caspase-3-independent cell death characterized by DNA damage 

and disruption in poly-ADP-ribose subcellular localization (Chapman et al., 2024). In an 

attempt to elucidate the mechanism underlying OL death in 3xTg-AD mice, no evidence 

of caspase-3 activation was observed across the brains, ruling out immature OL death.  

In recent years, single-cell genomics has highlighted common signaling pathways 

perturbed across multiple cell types in AD, such as inflammation, metabolic stress, 

protein folding, lipid metabolism, DNA damage, and cellular senescence, among others 

(Murdock & Tsai, 2023). Similarly, we performed RNA-seq in OLs isolated from 
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6-month-old 3xTg-AD mice to uncover genetic disparities preceding the observed OL 

pathology in the animal. The overall altered genes suggested that OLs already show 

significant disruptions in early stages of the disease, underscoring the relevance of this 

glial cell in the disease. Intriguingly, in addition to alterations in genes involved in crucial 

biological processes for OL homeostasis, myelin formation, and AD development such 

as autophagy, lipid and iron metabolism, and APP processing, several genes related to 

pathways indicating OL dysfunction and cell death were found to be upregulated. Among 

them, we found DNA damage. Considering our transcriptomic analysis together with the 

findings of Chapman and colleagues, who described DNA damage-dependent cell death 

for mature OLs (Chapman et al., 2024), it is possible that mature OLs in 3xTg-AD mice 

are undergoing cell death due to DNA damage. Indeed, DNA damage has been widely 

linked to aging and degenerative illness such as multiple sclerosis or AD (Tse & Herrup, 

2017), where cumulative damage overwhelms the DNA repair mechanisms in OLs, 

ultimately leading to cell apoptosis.  

Another significant mechanism that could contribute to mature OL cell death is oxidative 

stress, which our RNA sequencing analysis also found to be upregulated and has been 

extensively studied in the context of AD. For example, studies in rat OLs revealed that 

Aβ-induced oxidative stress drives OL death and dysfunction (Xu et al., 2001). Notably, 

myelinating OLs are highly sensitive to oxidative stress due to their elevated metabolic 

demand, and high iron and lipid content. During myelination, OLs require 2–3 fold higher 

energy levels than other CNS cell types to produce such a vast amount of membrane, 

making them susceptible to excitotoxicity, heavy metals, and free radicals that induce 

oxidative stress. Additionally, OLs have the highest iron content of all cell types, which 

further increases with age and even more in AD (Bartzokis, 2011), and, compared with 

other glial cells, they contain smaller amounts of antioxidant agents (Juurlink et al., 1998). 

Together, these characteristics make OLs particularly vulnerable to oxidative stress 

(Nasrabady et al., 2018).  

Overall, the evidence suggests that mature myelinating OLs are undergoing cell death in 

the dentate gyrus of the 3xTg-AD mice. However, further studies are required to elucidate 

the precise mechanism underlying mature OLs’ cell death. 
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3. Amyloid β oligomers dysregulate oligodendrocyte differentiation and myelination 

in vivo in zebrafish larvae  

Growing evidence suggests that OL and myelin damage play significant roles in AD, with 

myelin impairment potentially leading to neuronal dysfunction and cognitive decline. 

However, the potential effects of Aβo on OL differentiation and myelination in vivo 

remain poorly understood. In recent years, zebrafish have emerged as a well-established 

model organism for studying OL and myelin biology in vivo, offering several advantages 

over traditional mammalian models. Notably, their optical transparency during 

embryonic and larval stages enables real-time observation of OL development, myelin 

formation, and myelin dynamics. Additionally, the rapid external development of 

zebrafish embryos and their genetic tractability facilitate genetic manipulation and 

screening approaches, which allows for the study of specific genes and signaling 

pathways involved in myelination. Importantly, many aspects of OL biology and myelin 

formation are highly conserved between zebrafish and mammals, which makes zebrafish 

an attractive model for investigating fundamental principles relevant to human health and 

disease (Choi et al., 2021; Preston & Macklin, 2015).  

In this study, we investigated the effects of intracerebroventricular injection of Aβo on 

OLs and myelin in the developing spinal cord of zebrafish larvae. For that, we focused 

on the expression of two well-established genes known to play pivotal roles in OL 

differentiation and myelination: myrf, primarily expressed in differentiating OLs, and 

mbp, expressed in mature myelinating OLs. Our analysis revealed that Aβo 

administration led to alterations in the expression levels of both myrf and mbp mRNAs 

during larval development. Initially, myrf expression was significantly elevated in 

Aβo-injected larvae but decreased by 5 dpf. Similarly, consistent with myrf, mbp 

expression showed a notable increase in the presence of Aβo at early developmental 

stages, which was then normalized to control levels as development progressed. This 

finding was surprising, considering that myelination typically commences around 72 hpf 

(Buckley et al., 2010) and mbp expression is usually barely detectable at 48 hpf, as 

confirmed by the vehicle-injected zebrafish. The early induction of mbp mRNA observed 

in Aβo-injected larvae at 48 hpf suggested an accelerated myelination process in presence 

of Aβo. Furthermore, we also identified mbp transcript to be accumulated in the dorsal 

region of the spinal cord, indicating enhanced OL differentiation and migration. 

Consistently, using live imaging of transgenic reporter lines for olig2, myrf, and mbp 



122 

 

transcripts, we found that Aβo exposure increased the number of myrf+ and mbp+ OLs in 

the dorsal spinal cord at 72 hpf and 5 dpf, respectively, without altering the total cell 

count. These results collectively suggest a precocious differentiation and maturation of 

OLs in the presence of Aβo, without affecting cell proliferation or viability. 

Accordingly, we also demonstrated that Aβo increase the number of myelin sheaths per 

OL in the dorsal spinal cord of zebrafish larvae, with no changes in sheath length. 

Interestingly, this observation is consistent with findings from a previous study where 

they used a transgenic zebrafish line with constitutively active Fyn kinase in all 

myelinating OLs. In this study, authors reported an increase in sheath number per cell, 

without alterations in OL number or myelin sheath length (Czopka et al., 2013), which is 

comparable to what we observed in Aβo-injected zebrafish larvae. This suggests a 

potential involvement of Fyn kinase in mediating the effects of Aβo on myelination in 

vivo. Interestingly, Fyn has previously been described to be a downstream target of Aβ 

both in vitro and in animal models (Boehm, 2013; Quintela-López et al., 2019). 

Furthermore, we observed elevated numbers of myelinated axons in the dorsal spinal cord 

of the zebrafish larvae exposed to Aβo. Previous zebrafish studies have shown that 

Aβo-injected zebrafish exhibit reduced avoidance of aversive stimuli compared to 

animals injected with vehicle alone (Nery et al., 2014). Consequently, we speculate that 

the hypermyelination resulting from precociously differentiated OLs in Aβo-injected 

zebrafish larvae may be aberrant or dysfunctional; however, further investigations are 

needed to confirm this hypothesis. 

In summary, our findings strongly indicate that Aβo disrupt OL differentiation and 

myelination processes in vivo. 

 

4. Amyloid β oligomers increase MYRF levels both in vitro and in vivo 

Once demonstrated significant alterations in OL differentiation, maturation, and 

myelination in both 3xTg-AD mice and Aβo-injected murine and zebrafish models, our 

attention turned to MYRF, a transcription factor essential for those biological processes 

(Emery et al., 2009; Koenning et al., 2012). We hypothesized, for the first time, that 

MYRF might be involved in all the previously mentioned alterations and, consequently, 

in AD pathology.  
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Through our investigation, we discovered that Aβo exposure led to an increase in MYRF 

protein levels, both in vitro in HEK293T cells expressing exogenous MYRF and in 

cultured primary OLs, as well as in vivo in the corpus callosum and dentate gyrus of 

Aβo-injected mice. Consistently, 12-months-old 3xTg-AD mice also exhibited a higher 

number of MYRF+ OLs compared to WT mice in the dentate gyrus. Maintaining proper 

levels of transcription factors is vital for precise control of gene expression and ensuring 

cellular function. Therefore, finding out that MYRF levels were dysregulated in the 

context of AD was intriguing, strongly suggesting a potential implication of MYRF in 

AD-related OL and myelin pathology. 

Interestingly, Aβo treatment increased levels of both full-length and nuclear N-terminal 

fragment of MYRF in vitro. Moreover, MBP protein levels were also augmented, 

suggesting that the Aβo-induced MYRF protein was transcriptionally active. This was 

further confirmed by luciferase assays. Specifically, the luciferase reporter activities of 

Mbp, Mag, and Rffl luciferase reporters (three target genes of MYRF), were significantly 

increased in the presence of Aβo. Furthermore, silencing Myrf expression through 

siRNAs prevented this Aβo-induced enhanced activity, underscoring that Aβo-mediated 

alterations in myelin-related gene expression are MYRF-dependent. 

During demyelinating lesions like those observed in multiple sclerosis, MYRF+ OLs are 

initially lost but then recuperated during the remyelination process (Duncan et al., 2017). 

Therefore, considering MYRF as a pro-myelinating factor, its upregulation could 

potentially serve as a strategy to combat demyelinating pathologies by promoting 

remyelination. However, while an upregulation in MYRF expression may initially seem 

advantageous for the cell, we propose that Aβo-mediated dysregulation of MYRF is 

implicated in early OL and myelin dysfunctions observed in the disease. Elevated levels 

of MYRF protein and transcriptional activity might lead to enhanced expression of 

myelin-related genes, inducing uncontrolled or aberrant OL differentiation and 

maturation. This, in turn, could result in significant consequences for CNS function, such 

as improper myelination patterns and exhaustion of OPCs, potentially leading to 

neurological deficits and impairments. Indeed, negative regulation of OL differentiation 

is crucial to ensure adequate homeostasis of oligodendroglial subpopulations. Thus, we 

propose that Aβo-mediated increased MYRF may be inducing the OL maturation that 

contributes to the depletion of immature OLs observed in AD mouse models, as well as 

promoting the precocious OL differentiation and maturation observed in zebrafish larvae. 
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Interestingly, our findings also revealed that although initially MYRF overexpression 

appears benign and may even exhibit a tendency to enhance cell viability, sustained 

overexpression of MYRF is cytotoxic to OLs in vitro. This intriguing observation 

suggests that the heightened levels of MYRF induced by Aβo, if prolonged, may 

contribute not only to the dysregulation of OL differentiation but also to the observed OL 

loss in the dentate gyrus of 3xTg-AD mice. This notion is further supported by the specific 

expression of MYRF during the differentiation and myelination stages of OLs, that is, in 

immature and mature subpopulations, which were found to be more vulnerable to 

AD-related disruptions compared to early OPCs that do not typically express MYRF. It 

is conceivable that this toxicity arises from a potential shift in MYRF’s transcriptional 

activity towards non-physiological or nonspecific target genes, possibly leading to the 

activation of signaling pathways that directly or indirectly culminate in cell death. 

Nevertheless, this hypothesis remains unexplored and needs further investigation. 

The precise and coordinated production of myelin is essential for the correct development 

and functioning of the CNS. Premature OL differentiation can disrupt this process, 

leading to improper myelin synthesis and potentially impaired neuronal function. 

Therefore, the induction of MYRF expression by Aβo may lead to hypermyelination, as 

observed in our zebrafish experiments, but this synthesized myelin may not be 

physiological or functionally normal. Multiple studies have reported myelin 

abnormalities in AD mouse models, including 3xTg-AD and APP/PS1 (Behrendt et al., 

2013; Desai et al., 2009, 2010). Moreover, slower axonal conduction velocity has been 

observed in 3xTg-AD mice. For instance, a significant reduction in conduction velocity 

was noted in myelinated axons of the corpus callosum in 3xTg-AD mice, whereas no 

differences were observed in unmyelinated axons. As exclusively myelinated axons 

displayed AD-related functional deficits, these findings suggested that 3xTg-AD mice 

develop axonal conduction defects due to myelin abnormalities (Quintela-López et al., in 

preparation). In this context, evidences from various myelin models suggests that the 

presence of defective myelin sheaths is more detrimental to proper axonal function than 

their absence, as aberrant myelin is associated with the uncoupling of OL support for 

axons (Schäffner et al., 2023; Simons & Nave, 2016). Indeed, myelin deficits have been 

proposed to promote Aβo deposition, exacerbating AD pathology. (Depp et al., 2023).  
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Altogether, we describe for the first time that Aβo aberrantly increase MYRF protein 

levels, potentially disrupting OLs and myelin in the context of AD. This underscores the 

involvement of MYRF in AD pathology. 

 

5. Amyloid β oligomers increase MYRF levels by disrupting its degradation pathway 

Our next objective was to elucidate the molecular mechanisms underlying the 

Aβo-induced upregulation of MYRF, aiming for the identification of potential molecular 

targets implicated in the dysregulation of OL function and maturation in AD. First, we 

observed that Aβo elevated MYRF protein levels without altering the mRNA levels of 

Myrf and its genetic inducer, Sox10. In addition, using Puro-PLA (tom Dieck et al., 2015) 

to directly visualize newly synthesized MYRF levels, we discovered that the longer the 

Aβo treatment, the lower MYRF protein synthesis was. This intriguing result suggested 

the presence of a negative feedback loop that inhibits MYRF synthesis in response to 

Aβo-induced aberrantly increased protein levels, consistent with the critical necessity for 

tightly regulating MYRF levels. However, prolonged exposure to Aβo may ultimately 

result in MYRF depletion, affecting OL population homeostasis and long-term myelin 

maintenance. This could correlate with advanced stages of AD. 

These results collectively indicate that the Aβo-triggered MYRF increase likely involves 

posttranslational mechanisms rather than regulation at the transcriptional and 

translational levels. Specifically, using a CHX chase assay we revealed that Aβo inhibits 

the degradation of nuclear MYRF fragment, thereby prolonging its half-life. The pathway 

responsible for MYRF degradation remains poorly understood. To date, the only 

investigation has been conducted in mHepa cells, where researchers propose that GSK3 

phosphorylates N-MYRF at serine residues, enabling its recognition by the E3 ligase 

Fbxw7 for ubiquitination and subsequent degradation via the proteasome (Nakayama et 

al., 2018). Nonetheless, this process has not been explored in OLs or in the context of 

neurodegenerative disorders like AD. Hence, our subsequent objective was to determine 

the specific stage at which Aβo exert its effect. 

First, we focused on investigating GSK3 and GSK3-induced phosphorylation of MYRF. 

Glycogen synthase 3β is recognized as a pivotal kinase involved in the aberrant 

phosphorylation of the microtubule-binding protein tau in the process thought to form 
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neurofibrillary tangles, characteristic of AD pathology (Hanger et al., 1992; Mandelkow 

et al., 1992). Additionally, GSK3 serves as a crucial mediator of various proliferation and 

differentiation signals governing cell fate. Its inhibition has been extensively explored in 

the past years as a potential therapeutic avenue for AD (Avila & Hernández, 2007), but 

the results are contradictory regarding whether GSK3 inhibition positively or negatively 

regulates OL differentiation (Azim & Butt, 2011; Zhou et al., 2014). Remarkably, our 

findings revealed a decrease in GSK3-mediated phosphoserine levels in MYRF, together 

with elevated levels of inhibitory Ser21/9 phosphorylation of the kinase following Aβo 

treatments. This suggested that under our experimental conditions (3 and 24 h of 

1 µM Aβo), Aβo inhibit GSK3-mediated phosphorylation of MYRF and its subsequent 

degradation, resulting in the nuclear accumulation of MYRF and a potential induction of 

OL differentiation. This finding goes against the majority of investigations claiming 

GSK3 activation, but aligns with a study reporting that GSK3β inhibition promotes OL 

differentiation via the canonical Wnt/β-catenin pathway (Azim & Butt, 2011). 

Accordingly, we also noted a modest increase in β-catenin levels in the presence of Aβo, 

which serves as an indirect indicator of GSK3 activity. β-catenin, another substrate of 

GSK3, functions as a transcriptional co-activator, modulating the expression of genes 

involved in various cellular processes including proliferation and differentiation. Its 

nuclear accumulation is controlled by GSK3-mediated phosphorylation, which targets it 

for degradation. Hence, elevated β-catenin levels correlate with diminished GSK3 

activity. Moreover, β-catenin may also be acting together with MYRF to induce OL 

differentiation in response to Aβo. 

Next, we aimed to explore upstream regulatory factors involved in the inhibition of 

GSK3. The inhibitory phosphorylation of GSK3 is mediated by a complex interplay of 

various kinases and phosphatases, including PKC. Previous investigations have reported 

increased PKC activity in response to Aβ both in astrocytes (Abramov & Duchen, 2005; 

Wyssenbach et al., 2016) and neurons (Manterola et al., 2013; Ortiz-Sanz et al., 2022). In 

our study, we found a similar increase in PKC activation in OLs upon exposure to Aβo. 

Interestingly, recent research conducted using the human oligodendrocytic cell line 

MO3.13 demonstrated that PKC activation promotes oligodendroglial maturation 

(Damato et al., 2021). This finding aligns with our proposed signaling pathway, wherein 

Aβo-induced PKC activation leads to the inhibition of GSK3, resulting in sustained 

nuclear MYRF stability and the subsequent induction of OL differentiation. 
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Following the degradation pathway, GSK3-mediated MYRF phosphorylation is 

subsequently recognized by Fbxw7, leading to MYRF ubiquitination (Nakayama et al., 

2018). While Nakayama and colleagues were the first researchers to identify MYRF as a 

target of Fbxw7, the involvement of this E3 ligase in OLs and myelin is not new. 

Mutations in Fbxw7 have been associated with the excessive formation of OL lineage 

cells (Snyder et al., 2012) and ectopic and excessive myelination in both OLs (Kearns et 

al., 2015) and Schwann cells (Harty et al., 2019). Authors proposed that Fbxw7 modulates 

myelination by negatively regulating mTOR; however, further investigation to explore 

the implication of MYRF in this context would be of interest, as would align with our 

proposed signaling pathway. 

When examining MYRF ubiquitination, we observed an intriguing significant increase in 

Fbxw7-dependent N-MYRF ubiquitin levels  in the presence of Aβo. Moreover, this 

ubiquitination was found to be non-proteolytic, as MYRF levels were slightly yet 

significantly increased. Although we did not detect changes in Fbxw7 expression levels 

in Aβo-treated primary cultured OLs, it is possible that Fbxw7 exhibits enhanced E3 

ligase activity or induces a non-physiological ubiquitination of MYRF due to its altered 

serine phosphorylation status. With seven internal lysine residues in the ubiquitin protein, 

different types of polyubiquitin chains can be formed, each with distinct functions 

(Glickman & Ciechanover, 2002; Kulathu & Komander, 2012; Tramutola et al., 2018). 

Our preliminary results suggest that Aβo alter the type of ubiquitination that Fbxw7 uses 

to label MYRF, showing a higher propensity for the non-proteolytic K63 ubiquitination 

compared to vehicle-treated cells. If confirmed, this result would indicate that in the 

presence of Aβo, Fbxw7-mediated ubiquitination of MYRF promotes its protein stability 

rather than degradation. Interestingly, a new research reported that the E3 ubiquitin ligase 

RNF220 targets Olig1 and Olig2 for K63 ubiquitination and stabilization during 

oligodendroglial development (Li et al., 2024). This finding underscores the importance 

of K63 ubiquitination in oligodendroglial biological processes, and emphasizes the 

necessity of precisely regulating the activity of E3 ubiquitin ligases to ensure proper 

functioning. 

This dysregulation of the ubiquitination process aligns with our RNA-seq analysis of OLs 

isolated from 3xTg-AD mice, wherein the Gene Ontology term “proteasome-mediated 

ubiquitin-dependent protein catabolic process” emerged as one of the most differentially 

expressed, predominantly upregulated in 3xTg-AD. In OLs, disruptions in the 
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ubiquitin-proteasome system can impair the clearance of misfolded proteins, culminating 

in their aggregation and accumulation within the brains of AD patients. This phenomenon 

compromises cellular function, leading to disrupted myelin integrity, synaptic loss and 

functional impairments, thereby exacerbating neurodegeneration (Tramutola et al., 2018). 

Notably, elevated levels of ubiquitin were detected in brain homogenates and CSF 

samples of AD patients (Kudo et al., 1994). While the upregulation of UPS-related genes 

may initially appear as an adaptive response to proteotoxic stress induced by 

AD-associated aggregation pathologies, excessive ubiquitination can overwhelm the UPS 

machinery, impeding proper protein degradation and subsequently disrupting essential 

cellular processes such as protein synthesis, signaling pathways, and energy metabolism. 

This could contribute to the progression of neurodegeneration and even prompt cell death. 

Furthermore, considering the diversity of E3 ligases and their specific targets, 

dysregulated ubiquitination may lead to multifaceted consequences for the cell.  

Overall, we describe that Aβo disrupt nuclear MYRF degradation by interfering with the 

PKC/GSK3 signaling pathway and Fbxw7-mediated ubiquitination. This disruption may 

lead to ineffective clearance of MYRF, resulting in aberrantly increased transcriptional 

activity that impacts OLs and myelin. 

 

6. PKC inhibition alleviates Amyloid β-induced oligodendrocyte and myelin 

alterations 

Our last objective was to pharmacologically modulate the effects of Aβo on MYRF, OLs, 

and myelin in AD models. We postulated that the dysregulation of MYRF is responsible 

for the observed disruptions in OLs and myelin, prompting us to intervene in the altered 

MYRF degradation pathway. We hypothesized that the Aβo-induced reduced MYRF 

phosphorylation might be the trigger to initiate subsequent events that disturb MYRF 

degradation in the presence of Aβo, including the non-physiological ubiquitination of 

MYRF mediated by Fbxw7. However, activating GSK3 would not be an appropriate 

strategy due to its implication in AD pathology. Therefore, we opted to inhibit PKC to 

counteract its hyperactivation driven by Aβo, aiming to restore GSK3 activity to 

physiological levels. 

The diversity of PKC isoforms and respective available inhibitors makes a complex field 

of study, leading to discrepancies in the literature. For instance, while some researchers 
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describe therapeutic effects of PKC activation in AD models (Etcheberrigaray et al., 

2004), others demonstrate that specific inhibition of PKCδ reverses AD phenotypes (Du 

et al., 2018). Although PKC modulation has been explored in numerous studies in the 

context of AD, they do not usually specifically address its effects on OL and myelin 

dysfunctions. Thus, before progressing to in vivo studies, we assessed the impact of the 

pan-PKC inhibitor Gö6983 on the Aβo-induced aberrant increase of N-MYRF levels in 

OLs in vitro. We observed that PKC inhibition significantly and completely prevented 

the Aβo-induced N-MYRF increase, maintaining control N-MYRF levels; so we moved 

on into our in vivo models. 

Starting with the biologically simpler model, Aβo-injected zebrafish larvae were treated 

with Gö6983 via bath immersion. To ensure adequate drug penetration, a higher 

concentration was utilized compared to in vitro studies, while still maintaining subtoxic 

levels, as evidenced by larval survival. PKC inhibition effectively reversed both 

Aβo-induced precocious OL differentiation and maturation, as well as the resulting 

hypermyelination. Interestingly, this outcome not only confirmed Gö6983’s efficacy in 

mitigating OL and myelin alterations induced by Aβo in the developing spinal cord of 

zebrafish larvae, but it also highlighted PKC’s involvement in these biological processes. 

Interestingly, regarding the previously mentioned role of Fyn kinase in myelin 

modulation (Czopka et al., 2013), our findings suggest that PKC inhibition counteracts 

the effects of Fyn on myelin, which indicates that both kinases potentially act through a 

common pathway. However, whether PKC acts upstream or downstream of Fyn is yet to 

be elucidated. 

While the zebrafish model is ideal to study both OLs and myelination in vivo, the 

3xTg-AD model represents a more clinically relevant and complex biological system. To 

assess whether PKC inhibition could reverse at least some of the observed alterations in 

3xTg-AD mice, animals were surgically implanted with osmotic minipumps for 

continuous ICV infusion of vehicle or Gö6983 for 28 days. PKC inhibition effectively 

reduced MYRF levels in the dentate gyrus and hippocampus, restored OL population 

homeostasis, and, more importantly, reverted at least part of the OL loss in the dentate 

gyrus of 3xTg-AD mice. Although Gö6983 is a pan-PKC inhibitor, it has a preference for 

classic PKCs. However, the next step would be to determine the specific isoform involved 

in this mechanism.  
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Altogether, our study validates PKC inhibition as a promising pharmacological strategy 

for ameliorating OL and myelin disruptions resulting from Aβo-induced MYRF 

dysregulation, both in zebrafish and 3xTg-AD mouse models in vivo. 
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CONCLUSIONS 

1. 3xTg-AD mice show changes in oligodendroglial population dynamics, 

characterized by promoted maturation and region-specific oligodendrocyte loss. 

Interestingly, these alterations were triggered, at least partially, by the presence of 

Aβo, as corroborated by intracerebral injection of Aβo in WT mice.  

2. The study of gene expression patterns in oligodendrocytes from 3xTg-AD mice 

unveiled disturbances in critical signaling pathways governing cell homeostasis and 

myelin formation. These alterations, particularly affecting pathways such as 

ubiquitination, autophagy and lipid metabolism, could serve as indicators of early 

oligodendroglial dysfunction in the context of Alzheimer’s disease. 

3. Aβo exposure leads to an increase in MYRF levels both in vitro and in vivo, with 

prolonged MYRF overexpression exhibiting toxicity to primary cultured 

oligodendrocytes. These intriguing findings suggest that Aβo-induced MYRF excess 

may contribute not only to the dysregulation of oligodendrocyte differentiation, but 

also to the oligodendrocyte loss observed in the dentate gyrus of 3xTg-AD mice. 

4. In vivo analysis of Aβo-injected zebrafish larvae revealed precocious differentiation 

and maturation of oligodendrocytes, resulting in excessive myelination in the dorsal 

spinal cord. This phenomenon was manifested by altered expressions of myrf and 

mbp mRNAs during the larval development, alongside an increase in myelin sheaths 

per oligodendrocyte and the number of myelinated axons. 

5. Aβo disrupt nuclear MYRF degradation by interfering with the PKC/GSK3 signaling 

pathway and Fbxw7-mediated ubiquitination.  

6.  We validate PKC inhibition as a promising pharmacological strategy to ameliorate 

oligodendrocyte and myelin disruptions derived from Aβo-induced MYRF 

dysregulation, both in zebrafish and 3xTg-AD mouse models. 

 

Altogether, the results included in this doctoral thesis unveil and describe an amyloid 

β-triggered aberrant signaling for MYRF degradation, with potential functional 

implications over oligodendrocytes and myelin. These multi effects can contribute to the 

disease onset and progression of Alzheimer’s disease pathology.  
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