The Glial Network in Proteostatic Crisis:
Oligodendroglial Autophagy Failure and
the Cascading Vulnerabilities of the
Central Nervous System

Abstract

The traditional neuron-centric paradigm of neurodegenerative disease has undergone a
profound historiographical and theoretical paradigm shift, yielding to a more nuanced,
glia-inclusive framework. Within this evolving landscape, macroautophagy—the
lysosome-dependent cellular degradation system—has emerged as a paramount mechanism
for maintaining metabolic and structural homeostasis in the central nervous system (CNS). This
research thesis exhaustively investigates the role of oligodendrocytes in autophagy failure and
explores the systemic vulnerabilities of interconnected brain cells and subcellular structures.
Through a rigorous synthesis of current molecular, transcriptomic, and transgenic in vivo
models, the analysis demonstrates that autophagy in myelinating glia is not merely a localized
waste-clearance mechanism, but an essential driver of oligodendrocyte maturation, myelin
turnover, and axon-glial metabolic coupling. The ablation of core autophagic genes, such as
Atg5, specifically in oligodendrocytes precipitates the toxic accumulation of proteolipid protein
(PLP), profound myelin decompaction, and progressive axonal degeneration that manifests
behaviorally as motor learning deficits.

Furthermore, this thesis elucidates how oligodendroglial autophagy failure acts as a catalyst for
a broader network collapse. It examines the disruption of the monocarboxylate transporter 1
(MCT1)-mediated lactate shuttle, which starves axons of metabolic substrates and provides a
mechanistic basis for the "dying-back" hypothesis of neurodegeneration. Beyond the
oligodendrocyte-axon unit, the investigation extends to the collateral vulnerabilities of other
neuroglial and vascular populations. Astrocytes and microglia, when subjected to autophagic
dysregulation, shift toward reactive, neurotoxic phenotypes characterized by impaired
glymphatic clearance and hyperactive secretory autophagy—a non-lytic pathway driving the
unconventional secretion of proinflammatory cytokines such as interleukin-1$\beta$
(IL-1$\beta$). Concurrently, subcellular structures like synapses suffer from local mitophagy
failure and retrograde transport blockade, while the neurovascular unit experiences pericyte
senescence and tight junction redistribution, compromising the blood-brain barrier (BBB).
Ultimately, this thesis argues that neurodegeneration is fundamentally a network-level
proteostatic crisis, driven by glial autophagy failure, necessitating a shift toward glia-targeted
autophagic modulation as a premier therapeutic strategy.
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Introduction

Aging represents the primary risk factor for the vast majority of neurodegenerative diseases,
profoundly reshaping the cellular and molecular landscape of the central nervous system (CNS)
long before overt neuronal loss or clinical symptomatology becomes apparent.’ For decades,
the dominant theoretical models of neuropathology were strictly neuron-centric, attributing
diseases such as Alzheimer's disease (AD), Parkinson's disease (PD), Huntington's disease (HD),
and amyotrophic lateral sclerosis (ALS) almost exclusively to intrinsic neuronal vulnerabilities.®
These vulnerabilities were historically defined by synaptic failure and the intracellular

accumulation of misfolded proteins, including amyloid- g (A$\beta$), Q -synuclein, and
hyperphosphorylated tau.® Glial cells—astrocytes, microglia, and oligodendrocytes—were
historically relegated to the periphery of neurobiology, viewed merely as passive structural and
trophic support systems for the neuronal parenchyma, or simply as secondary responders to
primary neuronal injury.’

However, advancing transcriptomic, proteomic, and in vivo imaging technologies have
catalyzed a theoretical repositioning within the field. The traditional neuron-centric view is
rapidly being replaced by a glial network-based framework, which recognizes that age-related
dysfunctions in non-neuronal cells critically shape neuronal vulnerability, excitatory/inhibitory
transmission imbalance, and overall circuit resilience.’ Within this glial-centric paradigm, cellular
proteostasis has been identified as a critical vulnerability. The central nervous system,
characterized by extremely long-lived post-mitotic cells and immense metabolic demands, is
highly susceptible to the accumulation of abnormal protein aggregates and damaged
organelles, necessitating robust intracellular degradation mechanisms.®

Autophagy—derived from the Greek words phagos (eat) and auto (self)—is a highly conserved,
lysosome-dependent catabolic mechanism responsible for the sequestration, degradation,
and recycling of bulk cytoplasm, long-lived proteins, and dysfunctional organelles.? While three
primary modalities of autophagy exist in mammalian systems—macroautophagy,
microautophagy, and chaperone-mediated autophagy (CMA)—macroautophagy is the most
extensively studied in the context of global neurodegeneration.” The process involves the
formation of a double-membrane structure called the phagophore, which engulfs cytoplasmic
cargo to form an autophagosome, eventually fusing with a lysosome to degrade its contents
via acidic hydrolases, thereby recycling macromolecular constituents back into the cytosol for
bioenergetic and biosynthetic reuse.®

The central research problem addressed in this thesis centers on the critically understudied
role of macroautophagy in oligodendrocytes (OLs) and the subsequent ripple effects of its
failure across the brain's integrated networks. Oligodendrocytes are the exclusive myelinating
cells of the CNS, responsible for generating and maintaining the multilamellar, lipid-rich myelin
sheaths that insulate axons and facilitate the rapid, energy-efficient saltatory conduction of
action potentials." The metabolic demand placed on these cells is extraordinary; a single
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mature oligodendrocyte must synthesize massive quantities of lipids and structural proteins to
enwrap up to fifty distinct axonal internodes, placing immense strain on their endoplasmic
reticulum (ER) and baseline proteostatic machinery.” Consequently, oligodendrocytes are
profoundly vulnerable to protein misfolding, lipid peroxidation, and autophagic failure.™

This thesis hypothesizes that the failure of macroautophagy in oligodendrocytes operates as a
primary pathogenic event that not only compromises myelin integrity and induces autonomous
glial apoptosis but also directly triggers distal axonal degeneration through the severing of
critical metabolic coupling mechanisms. Furthermore, it is argued that the resulting
accumulation of myelin debris and metabolic dysregulation precipitates secondary autophagic
failures in surrounding microglia, astrocytes, and the neurovascular unit, culminating in chronic
neuroinflammation and profound structural brain damage. By systematically analyzing the
specific vulnerabilities of these interconnected cell types and subcellular compartments, this
research seeks to establish a comprehensive, integrated model of glia-driven
neurodegeneration, moving beyond the isolated neuron to understand the brain as a mutually
dependent proteostatic ecosystem.

Literature Review: Historiographical and Theoretical
Positioning
The Evolution of the Glial-Network Paradigm

The historiography of neurodegeneration research reveals a distinct and measurable trajectory
from the foundational, neuron-centric postulates of the 20th century to the highly integrated,
neuroglial network models that dominate contemporary neuroscience. Early
conceptualizations of diseases like Alzheimer's and Parkinson's isolated the neuron as the sole
locus of disease initiation.? Histopathological diagnoses relied almost exclusively on identifying
intraneuronal Lewy bodies, neurofibrillary tangles, and extracellular amyloid plaques, leading to
the formulation of the amyloid cascade hypothesis and similar neuron-centric models.® Within
this historical framework, glia were largely excluded from mechanistic models of disease
progression. They were perceived as ancillary entities that merely reacted to, rather than
initiated, neural injury, functioning essentially as the brain's connective tissue and rudimentary
immune responders.’

This theoretical positioning began to shift drastically with the identification of
"inflammaging"—a state of chronic, low-grade, sterile inflammation that accompanies
physiological aging and serves as a fundamental driver of neurodegenerative pathology."
Accumulating evidence over the past two decades has highlighted microglia, astrocytes, and
oligodendrocytes as central drivers of neuroinflammation, actively participating in synapse
elimination, metabolic regulation, and the propagation of disease states.® For instance, it is now
understood that activated microglia rapidly sense pathological signals through
pattern-recognition receptors (e.g., TLR4) and shift from a homeostatic surveillance state to a
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disease-associated pro-inflammatory state.® This shift is marked by the increased release of

cytokines such as tumor necrosis factor-alpha (TNF- @), interleukin-1$\beta$ (IL-1$\beta$), and
interleukin-6 (IL-6), which subsequently drive reactive astrocytosis and further neuronal
toxicity.? This paradigm shift has necessitated a fundamental reevaluation of core cellular
processes, such as autophagy, requiring researchers to analyze these mechanisms through a
comprehensive glia-inclusive lens.’

Historiographical Shift in Neurodegeneration Models

Historical Neuron-Centric Model Contemporary Glia-Centric Model

Microglia Microglia

v A (

Astrocyte Oligodendrocyte Astrocyte Oligodendrocyte

The evolution of theoretical models in neurodegeneration. The historical neuron-centric model (left) positioned intrinsic
neuronal failure as the primary disease driver. The contemporary glia-inclusive model (right) highlights the active,
interconnected role of the glial network, where autophagic failure in oligodendrocytes, astrocytes, or microglia
precipitates neuroinflammation and metabolic starvation across the central nervous system.

The Expanding Taxonomy of Autophagic Modalities

Theoretical frameworks regarding autophagy itself have also undergone significant revision
and expansion. Originally conceptualized in the mid-20th century merely as a bulk,
non-selective degradation pathway activated under conditions of severe nutrient starvation,
autophagy is now understood to encompass highly selective organellophagy, which is
absolutely crucial for baseline cellular quality control even in nutrient-rich environments.® The
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contemporary literature identifies three distinct autophagic subtypes:

1. Macroautophagy: The canonical pathway involving the de novo formation of
double-membrane autophagosomes that sequester cytosolic materials and deliver them
to lysosomes.’

2. Microautophagy: The direct invagination of the lysosomal membrane to engulf small
portions of the cytosol or specific organelles without the intermediate formation of an
autophagosome.’®

3. Chaperone-Mediated Autophagy (CMA): A highly selective, non-vesicular process
wherein specific substrate proteins containing a biochemically distinct KFERQ-like
pentapeptide motif are directly recognized by the heat-shock cognate protein 70 (Hsc70)
chaperone complex.' These substrates are then unfolded and directly translocated
across the lysosomal membrane via the lysosome-associated membrane protein type 2A
(LAMP-2A) receptor.'

Additionally, macroautophagy is increasingly categorized by its highly selective cargo
recognition mechanisms, mediated by specific adaptor proteins (such as p62/SQSTM1). This
selective taxonomy includes mitophagy (targeting damaged mitochondria), pexophagy
(targeting peroxisomes), reticulophagy or ER-phagy (targeting portions of the endoplasmic
reticulum), and aggrephagy (targeting ubiquitinated protein aggregates)."” In the context of the
CNS, the dynamic crosstalk between CMA and macroautophagy is of particular
historiographical and theoretical interest. The literature posits that they act as interconnected,
compensatory systems; the blockage of CMA can induce the compensatory upregulation of
macroautophagy to maintain neuronal homeostasis.'® However, the reverse is functionally
limited: while macroautophagy can degrade bulk CMA substrates when CMA fails, it cannot
completely compensate for the highly selective, finely tuned degradation of particular signaling
molecules normally managed by CMA, leading to specific cellular vulnerabilities."

Theoretical Reframing of White Matter Disease

Historically, demyelinating diseases such as multiple sclerosis (MS) and rare genetic
leukodystrophies like Pelizaeus-Merzbacher disease (PMD) and Alexander disease (AxD) were
viewed through highly restricted pathological lenses. MS was viewed primarily as an exogenous
disorder of autoimmune infiltration, while leukodystrophies were seen as simple genetic
synthesis errors resulting in the catastrophic failure of myelin formation.'” Recent literature,
however, reframes these white matter disorders as fundamental, intrinsic failures of glial
proteostasis and autophagic flux.?

For example, mutations in the PLPT gene in PMD lead to the massive accumulation of misfolded
proteins in oligodendrocytes. This accumulation triggers the Unfolded Protein Response
(UPR)-induced apoptotic pathway, leading to the structural splitting and decompaction of
myelin sheaths and the formation of axonal spheroids.?' Similarly, mutations in the GFAP gene in
AxD cause toxic accumulations of intermediate filaments known as Rosenthal fibers in
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astrocytes, overpowering their autophagic capacity.”? This thesis intervenes directly in current
academic debates by synthesizing these distinct pathologies into a unified, coherent model of
glial autophagy failure, arguing that the inability of glia to process their own metabolic and
structural waste acts as the primary, cell-autonomous catalyst for subsequent immune
activation and non-autonomous neuronal loss.?

Methodology: Explicit Methods, Sources, and
Disciplinary Approach

Investigating the cell-type-specific role of autophagy within the intact, living brain poses
significant methodological and analytical challenges. Autophagy is a highly dynamic, multi-step
process characterized not by static levels of pathway proteins, but by the continuous rate of
degradation, formally termed "autophagic flux".?* Simply measuring the steady-state
abundance of autophagosomes via Transmission Electron Microscopy (TEM) cannot distinguish
between a robustly active autophagic pathway producing many vesicles and a pathologically
blocked pathway where vesicles are accumulating due to fusion failure.” To definitively answer
how oligodendroglial autophagy failure impacts the broader CNS, contemporary cognitive
neuroscience and molecular biology rely on a rigorous combination of advanced transgenic
models, targeted pharmacological flux measurements, and multi-omics profiling.

Methodological Approach

Primary Application in
Autophagy Research

Inherent Limitations &
Caveats

Genetic Ablation
(Crel/LoxP)

Conditional knockout of
Atg5 or Atg/ to isolate
cell-autonomous effects in
glia without inducing
systemic embryonic
lethality.?®

Recombination efficiency
varies; compensatory
upregulation of alternative
degradation pathways (e.g.,
CMA) may mask early
phenotypes.’®

Pharmacological
Blockade

Use of Chloroquine (CQ) or
Bafilomycin A1 (BafA1) to
inhibit lysosomal
fusion/acidification,
allowing measurement of
true autophagic fluxin
vivo.?

Potential off-target cellular
toxicity; difficulty achieving
uniform delivery across the
blood-brain barrier in living
animals.?*

Tandem Fluorescent
Reporters

Expression of
mCherry-GFP-LC3

High cytosolic background
from unconjugated
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constructs to dynamically fluorophores;

differentiate between overexpression artifacts
neutral autophagosomes may not reflect
(yellow) and acidic physiological endogenous
autolysosomes (red).?® promoter activity.*
Multi-Omics Profiling LC-MS-MS and RNA-seq to Provides correlative rather
quantify downstream than direct causal evidence;
transcriptomic and temporal delays between
proteomic alterations MRNA transcription and
following autophagic protein execution.*
blockade.*®

Genetic Ablation Models in the CNS

To circumvent the rapid embryonic or early postnatal lethality associated with global knockouts
of core autophagy genes like Atg5 and Atg/, researchers utilize the site-specific Cre/loxP
recombination system to generate conditional knockouts (cKOs) restricted to varied neural
lineages.? In the specific context of analyzing myelinating glia, the plo-CreERT2; atg5f/f mouse
model represents the methodological gold standard. By crossbreeding mice carrying floxed
Atgb5 alleles with tamoxifen-inducible plp-CreERTZ transgenic mice, researchers can selectively
ablate the Atg5 gene exclusively in mature, proteolipid protein (PLP)-expressing
oligodendrocytes at specific adult time points (e.g., initiating tamoxifen injections at 2.5 months
of age and analyzing the pathology at 6 months)."

The efficiency and spatial restriction of this recombination are rigorously verified using a
dual-fluorescent mT/mG reporter line. In this system, tamoxifen administration causes a
genetic shift where red fluorescence (tdTomato) is permanently replaced by cell
membrane-localized enhanced green fluorescent protein (EGFP) strictly in the myelin tracts of
the optic nerve, corpus callosum, and sagittal brain sections, remaining notably absent in
control littermates.*® This precise spatial and temporal control is crucial for epistemological
validity, preventing the confounding, system-wide effects of autophagic inhibition in
astrocytes, microglia, or neurons, thereby allowing for a highly precise analysis of
cell-autonomous versus non-autonomous phenotypes.?®

Pharmacological Blockade and Flux Quantification

Measuring true autophagic flux in vivo requires observing the rate of accumulation of
autophagosomes strictly following the inhibition of lysosomal fusion or degradation.
Pharmacological agents such as Chloroquine (CQ) and Bafilomycin A1 (BafA1) are utilized to
block the autophagosome-lysosome fusion step or inhibit lysosome-mediated enzymatic
proteolysis via the neutralization of the highly acidic lysosomal pH.?* The rate of
autophagosome accumulation over time represents the true autophagic flux, fundamentally
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distinguishing functional degradation from pathological stalling.?®

Tandem Fluorescent Reporters

To visualize flux dynamically, researchers employ tandem fluorescent-tagged LC3 constructs,
such as the monomeric mCherry-GFP-LC3 or mTagRFP-mWasabi-LC3, typically delivered via
adeno-associated viruses (AAV) into the brain or expressed via transgenic mouse lines like the
CAG-RFP-EGFP-LC3 reporter.?’ This technique exploits the differential pH sensitivity of the two
linked fluorophores. When the LC3 protein is bound to the newly formed autophagosome
(which maintains a mildly acidic or neutral internal pH), both the GFP and mCherry proteins
fluoresce, yielding a combined yellow signal under microscopy.?® However, upon fusion with
the highly acidic lysosome to form an autolysosome, the pH-sensitive GFP signal is rapidly
quenched and destroyed, leaving only the stable, pH-resistant red mCherry signal visible.?®
Thus, a high yellow-to-red ratio indicates impaired flux (the pathological accumulation of
unfused autophagosomes), while a dominant red signal indicates healthy, ongoing
autolysosomal clearance.?®

While powerful, this methodology requires rigorous disciplinary scrutiny due to inherent
caveats. The unconjugated (unlipidated) LC3 fusion proteins can exist freely in the cytosol,
creating a high level of background fluorescence that is difficult to filter when baseline
autophagic flux is low.*' Furthermore, the overexpression of LC3 fusion proteins is often driven
by constitutive viral promoters rather than physiological endogenous promoters, meaning the
abundance of the reporter protein can change rapidly in response to post-translational
regulation, potentially skewing the interpretation of autophagic induction versus mere protein
accumulation.®

Multi-Omics and Mass Spectrometry

To elucidate the complex, downstream molecular consequences of disrupted autophagic flux
in oligodendrocytes, researchers employ high-throughput quantitative liquid chromatography
with tandem mass spectrometry (LC-MS-MS) and bulk RNA sequencing (RNA-seq).** These
systems-biology approaches allow for the broad, unbiased quantification of transcriptomic and
proteomic changes, revealing exactly how autophagy genetically interacts with cellular survival
pathways. For instance, transcriptomic analyses have successfully demonstrated that
disrupting autophagy flux in oligodendrocyte precursor cells significantly decreases the
expression of pro-apoptotic genes belonging to the Bcl-2 family, such as Pmaip1 (Noxa) and
PUMA (Bbc3), fundamentally altering pre-oligodendrocyte cell fate, maturation trajectories,
and survival probabilities.*®

Chapter 1: The Locus of Proteostatic Failure:
Oligodendrocytes and Myelin Maintenance

Oligodendrocytes serve as the premier architectural engineers of the CNS white matter. The
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generation, compaction, and lifelong maintenance of myelin requires an astonishingly high rate
of lipid and protein synthesis.!" Consequently, they are profoundly reliant on highly efficient,
high-capacity protein quality control mechanisms to prevent cellular toxicity.

Myelin Homeostasis and PLP Accumulation

Myelin is not a static, inert structure; rather, it undergoes constant, dynamic remodeling and
turnover—involving continuous replenishment and degradation—to maintain functional
plasticity, ensure efficient nerve conduction, and prevent age-related decline.** While
peripheral microglia and astrocytes participate heavily in clearing extracellular myelin debris via
phagocytosis following injury, autophagy serves as the indispensable, internal degradative
pathway within the oligodendrocytes themselves to process excess or senescent myelin
proteins under healthy, steady-state conditions.®

The two core structural proteins comprising the bulk of CNS myelin are proteolipid protein
(PLP), constituting approximately 50% of the total myelin protein mass, and myelin basic protein
(MBP)." In vitro tracking studies evaluating oligodendrocyte maturation delineate five distinct
morphological stages (Stages 0-4), where Stage 4 represents the final maturation phase
characterized by a fully developed myelin membrane sheet surrounding all cellular branches.*®
Experimental evidence dictates that autophagic inhibition fundamentally prevents
oligodendrocytes from reaching this terminal maturation stage.*

Crucially, research utilizing the plp-CreERT2; atg5f/f conditional knockout model has definitively
proven that both PLP and MBP are incorporated directly into autophagosomes for degradation
during normal turnover." When the core autophagic machinery is ablated in vivo,
oligodendrocytes suffer an immediate and severe homeostatic crisis. Because PLP is highly
abundant and heavily reliant on somatic autophagic clearance, its failure to be degraded results
in a massive intracellular accumulation.

Biomarker / Phenotype Wild-Type (Control) Atg5 cKO (plp-CreERT2;
Outcomes atg5f/f) Outcomes
Proteolipid Protein (PLP) Baseline expression >2.5-fold increase, with
(normalized to 1.0) accumulation of dimeric
forms.*®
Myelin Basic Protein Baseline expression Stable expression; no
(MBP) (normalized to 1.0) significant pathological
accumulation.®®
Myelin Structure (EM Compact, stable Severe decompaction,
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Analysis) multilamellar sheaths abnormally thick sheaths,
structural splitting.”

Rotarod Motor Learning Significant latency Failure to improve latency;
(Day 1to 3) improvement (skill severe motor learning
acquisition) deficits.®

Notably, MBP does not accumulate to the same toxic extent in vivo following Atg5 ablation.*®
This divergence is biologically profound: it is highly likely that because MBP mRNA is
transported away from the soma and translated locally at the distal myelin membrane sheath, it
is subjected to different, localized regulatory degradation pathways less immediately
dependent on somatic macroautophagy.*

Morphological Defects and Behavioral Phenotypes

The accumulation of PLP due to autophagic depletion causes significant structural degradation
of the myelin sheath. Electron microscopy (EM) analysis of the optic nerve and corpus callosum
reveals severe morphological defects, primarily characterized by the widespread
decompaction of the myelin membrane and the formation of abnormally thick, functionally
unstable sheaths." Crucially, while the loss of autophagy does not immediately trigger
widespread oligodendrocyte cell death (as evidenced by the absence of cleaved caspase-3
activity for up to 3 months post-ablation), the compromised myelin integrity leads inevitably to
rapid secondary axonal degeneration.*®

Behaviorally, these molecular and structural defects manifest as pronounced motor learning
deficits. In accelerating rotarod tasks, aged mice with oligodendrocyte-specific autophagy
depletion fail to exhibit standard motor skill acquisition over consecutive training days,
alongside exhibiting mild dysfunction in basic motor coordination.?” This specific phenotype
bears striking molecular and behavioral resemblance to Pelizaeus-Merzbacher disease (PMD),
a severe, incurable leukodystrophy caused by PLP1 gene duplication or mutation, which results
in toxic PLP accumulation, segmental demyelination, secondary axonal degeneration, and
eventual mortality.”’

Selective ER-Phagy and Pexophagy in Oligodendrocytes

Beyond bulk macroautophagy, oligodendrocytes rely heavily on highly selective autophagic
pathways to survive their own metabolic output. To manage the massive influx of nascent
proteins during developmental myelination and adult myelin maintenance, cells utilize
specialized ER-protein quality control (ERQC) systems, including Endoplasmic
Reticulum-Associated Degradation (ERAD) via the proteasome.13 When unstructured or
misfolded glycoproteins overwhelm the folding capacity of the ER, an adaptive signal
transduction pathway known as the Unfolded Protein Response (UPR) is triggered via three
parallel branches: IRE1, PERK, and ATF6$\alpha$." Impaired UPR in mature oligodendrocytes
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directly causes intracellular PLP accumulation, catastrophic autophagic impairment, and
late-onset cell death, mimicking the exact pathology of core macroautophagy failure and
highlighting the absolute necessity of selective ER-phagy in mitigating dysmyelination and
proteotoxicity.**

Simultaneously, myelin sheaths are incredibly rich in specialized lipid species requiring extensive
peroxisomal metabolism.*> Pexophagy—the selective autophagic degradation of damaged or
excess peroxisomes—is therefore crucial for maintaining peroxisomal homeostasis in the white
matter.” In X-linked adrenoleukodystrophy (X-ALD), a devastating white matter disorder
caused by ABCD1 gene mutations, very long-chain fatty acids (VLCFAs) fail to be properly
metabolized and consequently accumulate in the CNS.?' This toxic VLCFA accumulation
induces severe oxidative stress and profoundly alters autophagic pathways.?’ Analyses of
human X-ALD brain samples and Abcd? knockout mouse models reveal significantly impaired
autophagic flux within the CNS, marked by decreased LC3-Il levels and pathologically
increased pé2 levels, which ultimately drives relentless axonal degeneration and neurological
decline.”!

Chapter 2: Severing the Lifeline: Autophagy and
Oligodendrocyte-Axon Metabolic Coupling

While the structural integrity of myelin is critical for the physical insulation and rapid
propagation of action potentials, oligodendrocytes perform an equally vital, yet historically
underappreciated, non-canonical function: providing relentless metabolic and trophic support
to the axons they enwrap.'? Axons, physically distanced by vast magnitudes from their own
neuronal soma, possess insufficient intrinsic capacity to maintain their own extremely high
energy demands.*® They are particularly vulnerable during rapid repetitive firing, which requires
massive ATP generation for ion pump operation and precise calcium buffering.*’

The MCT1-Mediated Lactate Shuttle

The prevailing, empirically supported mechanism of this continuous trophic support is the
oligodendrocyte-neuron lactate shuttle.”® Oligodendrocytes take up blood glucose via specific
transporters, undergo rapid glycolysis, and produce high volumes of metabolic substrates such
as lactate and pyruvate."” These vital energy substrates are exported out of the
oligodendrocyte myelin compartment directly into the periaxonal space via the
monocarboxylate transporter 1 (MCT1), and are subsequently imported into the axonal
compartment via the highly affine neuronal transporter, MCT2.%°

The expression, density, and stability of MCT1 at the plasma membrane are fundamentally
regulated by autophagic and endo-lysosomal pathways. Research indicates that the canonical

Wnt/ﬁ -catenin signaling pathway up-regulates MCT1 protein expression specifically by
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inhibiting its ubiquitination and preventing its subsequent degradation within the
endosomal/lysosomal system.** Consequently, generalized disruptions in oligodendroglial
autophagy can drastically alter the surface availability of MCT1, choking off the energy supply
to the axon.

Furthermore, the transcription factor EB (TFEB) and the mechanistic target of rapamycin
complex 1 (mTORC1) play complex, antagonistic roles in this metabolic coupling. While mTORC1
activation is required to regulate oligodendrocyte myelination and stimulate the massive lipid
synthesis required for myelin assembly, prolonged or unregulated activation of mTORC1 at the
lysosomal surface acts as an absolute brake on autophagy.®®> mTORC1 actively inhibits the
initiation complex (ULK1/ATG13/FIP200) and directly phosphorylates TFEB, trapping this master
autophagic transcription factor in the cytoplasm and preventing the transcription of vital
pro-autophagic and lysosomal biogenesis genes.>® Therefore, a highly calibrated balance of
autophagic flux is required to maintain MCT1 availability without degrading it prematurely.

Autophagy Failure and the "Dying-Back" Hypothesis

When the lactate shuttle fails—whether through targeted conditional ablation of MCT1
specifically in the oligodendrocyte lineage or secondary to generalized oligodendroglial
autophagy failure—the consequences for the dependent neuron are universally catastrophic.*°
Longitudinal in vivo studies demonstrate that MCT1 ablation causes progressive,
age-dependent hypomyelination and significant axonal degeneration.*®

Crucially, this metabolic disruption provides a highly compelling mechanistic and theoretical
explanation for the "dying-back" hypothesis of neurodegeneration. In many severe
neurodegenerative conditions, including ALS and multiple system atrophy (MSA), the neuronal
pathology does not initiate at the soma; rather, the axon progressively degenerates from its
most distal terminal, dying backward toward the cell body.*° Distal neurites and synaptic
terminals are highly fragile due to their extreme physical distance from the somatic protective
machinery and their profound reliance on the local metabolic support provided by adjoining
glial cells.®?

When oligodendrocyte autophagy fails, the subsequent accumulation of toxic myelin debris
(such as PLP aggregates) and the failure of vesicular trafficking impair the ability of the
oligodendrocyte to maintain MCT1 surface expression, effectively stopping the supply of
lactate.* Starved of these critical energetic substrates, the distal axon is unable to maintain
membrane polarization or axonal transport. It undergoes rapid, granular disintegration of its
cytoskeleton, followed by the appearance of myelin ovoids and eventual necroptosis,
progressing retrogradely.*® Thus, the classical neurodegenerative phenotype—widely
attributed for decades to intrinsic, cell-autonomous neuronal failure—may, in fact, be the
terminal result of localized glial starvation driven by autophagic collapse.
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Chapter 3: The Contagion of Failure: Astrocytes and
Microglial Secretory Autophagy

The failure of proteostasis in oligodendrocytes and the resulting release of myelin debris and
metabolic stress signals do not occur in an isolated vacuum. Because the brain operates as a
highly integrated syncytium, these local failures trigger profound, often maladaptive shifts in
the broader neuroglial network. Astrocytes and microglia, representing the innate immune and
primary homeostatic regulators of the CNS, are highly sensitive to these perturbations, and
their own autophagic pathways are deeply implicated in the progression and exacerbation of
neurodegenerative disease.’

Astrocyte Autophagy and the Neurovascular Interface

Astrocytes are the most abundant glial cells in the mammalian brain, featuring incredibly
complex, highly arborized morphologies that extend specialized endfeet to enwrap
approximately 99% of the cerebral microvasculature, forming a critical, physical component of
the blood-brain barrier (BBB).®® Astrocytic autophagy is vital for regulating the expression and
recycling of crucial plasma membrane transporters—such as the glucose transporter (GLUT1)
and excitatory amino acid transporters (EAATs)—that manage nutrient uptake and prevent
glutamate excitotoxicity at the synapse.®®

In neurodegenerative states like AD and PD, the mTOR signaling pathway in astrocytes
becomes pathologically upregulated, acting as a master suppressor of autophagy initiation.®°
Concurrently, the accumulation of pathogenic proteins (like misfolded tau) causes the
degradation of the astrocytic microtubule network and the depolymerization of vimentin
intermediate filaments.®® Because the transport of autophagosomes and their subsequent
fusion with lysosomes are strictly dependent on an intact, functioning cytoskeleton, this
disruption leads to a massive accumulation of immature, non-functional autophagic vacuoles
juxtaposed abnormally near the nucleus.®®

This autophagic arrest triggers a severe phenotypic shift known as reactive astrogliosis.®®
Without functional autophagy to clear intracellular waste, astrocytes default to an inflammatory
state, activating the NLRP3 inflammasome.®® The inflammasome utilizes caspase-1 to cleave
pro-IL-18 and pro-IL-1$\beta$ into their active, highly inflammatory forms.®® The release of
these potent cytokines directly into the perivascular space degrades the neurovascular
interface, contributing heavily to chronic neuroinflammation.® Furthermore, the loss of
cytoskeletal integrity compromises the precise polarization and localization of the aquaporin-4
(AQP4) water channels at the astrocyte endfeet, severely impairing the brain's glymphatic
clearance system and trapping toxic metabolic waste within the deep parenchyma.®®

Microglial Autophagy and the Transition to Neurotoxicity
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Microglia are the resident macrophages of the CNS, constantly extending and retracting their
processes to survey the parenchyma for invading pathogens, misfolded proteins, and cellular
debris.” Under normal physiological conditions, microglial macroautophagy acts synergistically
with phagocytosis to facilitate the engulfment and lysosomal degradation of apoptotic cells,

amyloid- B plagues, and stripped synaptic material.” This degradative process negatively
regulates neuroinflammation, preserving a quiescent, homeostatic environment.®® The
induction of microglial autophagy is mediated by specific surface receptors, including Toll-like
receptor 4 (TLR4), TREM2, and P2X7R, which interface directly with internal autophagic
signaling cascades like the PI3K-Akt, FOXO3, and AMPK-mTOR pathways.*’

However, when overwhelmed by the immense burden of massive A$\beta$ accumulation,
p-Tau tangles, or the overwhelming volume of myelin debris resulting from primary
oligodendrocyte failure, microglial autophagy mechanisms become severely dysregulated.”’
Excessive, chronic activation of TLR4, for example, heavily inhibits the PI3K-Akt pathway,
reducing overall autophagic flux and suppressing the transcription of essential Atg genes.*’
This catastrophic failure of degradative macroautophagy forces microglia to abandon their
protective surveillance role.

The Paradox of Secretory Autophagy

Perhaps the most pernicious and destructive consequence of this network failure is the
hyperactivation of secretory autophagy (SA). Distinct from canonical degradative
macroautophagy—which safely fuses autophagosomes with highly acidic lysosomes to destroy
their contents—secretory autophagy is an unconventional, non-lytic pathway.”” When the
degradative pathway is blocked, the cell redirects the autophagosome to fuse directly with the
plasma membrane, expelling its undegraded, often toxic cargo outward into the extracellular

space.”
Autophagic Primary Function Molecular Drivers Pathological
Pathway in Glia & Scaffolding Outcome When
Proteins Dysregulated
Canonical Clearance of Atg5, ULK1, VPS34, Failure leads to
Degradative A$\beta$, myelin Lysosomal intracellular toxic
Macroautophagy debris, and Hydrolases. accumulation and
suppression of initiates the shift to
inflammation. secretory
pathways.
Unconventional Export of cellular SKA2, FKBP5, Hyperactivation
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contents to the
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Autophagy (SA) extracellular space (SNAP29, SEC22B). of IL-1$\beta$ and
(non-lytic). Cathepsin D, driving
severe
neurodegeneration.

This unconventional secretion pathway is highly regulated and driven by specialized scaffolding
proteins, notably FKBP5 (FK506-binding protein 51) and SKA2 (Spindle and
Kinetochore-associated complex subunit 2).”° These stress-inducible scaffolding proteins
interact specifically with the RQ-SNARE fusion complex, which includes SNAP29
(synaptosomal-associated protein 29) and SEC22B (vesicle-trafficking protein), to facilitate the
tethering and fusion of the secretory autophagosome with the plasma membrane.”®

When the normal degradative autophagic capacity of microglia is blocked by disease
pathology, SA becomes hyperactive.” This results in the massive, unconventional secretion of
pro-inflammatory cytokines such as IL-1$\beta$ and lysosomal enzymes like Cathepsin D
directly into the brain parenchyma.’® This continuous, unregulated secretion establishes a
devastating, self-reinforcing neuroinflammatory loop: failing oligodendrocytes trigger
microglial activation; failing to degrade the debris, microglia shift to secretory autophagy,
releasing toxic cytokine storms that induce further astrogliosis, BBB breakdown, and
widespread neuronal death.’

Chapter 4: Terminal Vulnerabilities: Subcellular
Structures and the Neurovascular Unit

As the proteostatic crisis cascades violently from the oligodendrocyte through the broader
glial network, specific subcellular structures and vital vascular components exhibit profound,
terminal vulnerabilities.

Synaptic Vulnerability and Retrograde Transport Failure

Synapses represent the primary site of early physiological dysfunction in multiple
neurodegenerative diseases, often correlating strongly with the onset of cognitive decline
before any gross neuronal death is observed.? Their unique physical architecture and
physiological demands render them exceptionally vulnerable to general autophagy failure.
Synapses must maintain an enormous density of localized proteins required for continuous
neurotransmitter release and receptor cycling, including presynaptic machinery like
synaptobrevin and synaptotagmin, as well as postsynaptic NMDA and AMPA receptor
subunits.*’

Because synapses are located at immense physical distances from the somatic cell body, local
housekeeping is absolutely essential to prevent protein aggregation and organelle failure.*’
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They rely heavily on highly localized mitophagy to manage immense energy (ATP) demands and
buffer the massive calcium transients required for synaptic transmission; the critical nature of
this local control is underscored by the fact that mRNA for Pink1, a key mitophagy adaptor
protein, is cotransported directly down the axon to the synapse for immediate local synthesis.*

Canonical neuronal macroautophagy initiates with the de novo formation of autophagosomes
at the extreme distal axon terminal, followed by necessary retrograde transport via dynein
motor proteins back up the axon to the soma, where lysosomes are concentrated for fusion
and degradation.” In disease states such as AD, pathogenic proteins like A$\beta$ oligomers
interact directly with the traveling autophagic vacuoles and the dynein machinery itself.” This
physical interference halts retrograde transport, leading to a massive, toxic buildup of
autophagic vacuoles within dystrophic neurites.*’ This transport arrest creates a catastrophic,
localized feedback loop: the accumulated vacuoles provide an optimal biochemical
environment that actually facilitates the increased cleavage of amyloid precursor protein (APP)
into toxic A$\beta$ right at the synapse, accelerating synaptic collapse.*’

Lysosomal Acidification Failure

Even if autophagosomes successfully navigate the long axonal tracts, they frequently
encounter terminal failure at the soma due to intrinsic lysosomal dysfunction. Efficient
proteolysis within the autolysosome requires an intensely acidic environment (typically a pH of
~4.5 10 5.0). In early-onset familial Alzheimer's disease (FAD), highly penetrant mutations in the

PSENT (Presenilin-1) gene, which encodes the primary catalytic subunit of the 7 -secretase
complex, have been shown to drastically disrupt this fundamental process.”

Loss of normal PS1 function impairs the vital glycosylation, maturation, and targeting of the
VOa1 subunit of the vacuolar (H+)-ATPase complex to the lysosomal membrane.”® This targeting
failure prevents proper lysosomal acidification (resulting in pathological alkalinization), which
effectively neutralizes the resident cathepsin proteases, rendering the entire autolysosomal
compartment incompetent.”* Consequently, partially digested, highly toxic products
accumulate endlessly, eventually leading to severe lysosomal membrane destabilization. The
subsequent leakage of the remaining, active proteases into the cellular cytosol serves as a
potent trigger for initiating necrotic or apoptotic cell death cascades.”

Collapse of the Neurovascular Unit

The ultimate, systemic victim of this widespread glial autophagy failure is the neurovascular unit
(NVU), the intricate functional complex composed of specialized endothelial cells, contractile
pericytes, and astrocytic endfeet that rigorously regulates cerebral blood flow and maintains
the selective permeability of the BBB.*°

Brain microvascular endothelial cells, which form the primary, restrictive tight junctions of the
BBB, are highly sensitive to the metabolic starvation and inflammatory cytokines resulting from
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glial failure. Studies rigorously indicate that under conditions of prolonged starvation or
oxygen-glucose deprivation (OGD)—replicating the severe ischemic conditions seen in stroke
or advanced neurovascular uncoupling—autophagy is aberrantly, pathologically activated via
the acute inhibition of the Akt-mTOR-p70S6K signaling pathway.”® This unconstrained,
stress-induced autophagy directly targets and degrades crucial tight junction proteins,
specifically occludin and Claudin-5 (Cldn5).”® The autophagic degradation causes the rapid
redistribution of Cldn5 from the functional endothelial cell membrane into the cytosol, leading
to the rapid physical breakdown of the barrier and allowing neurotoxic blood-derived proteins
to flood the brain parenchyma.”®

Simultaneously, brain pericytes, which wrap intimately around capillary walls to regulate
vasomotor function and neurovascular coupling, are highly vulnerable to autophagic
disruption.®® Defective autophagy in pericytes directly drives cellular senescence.®® The
degeneration, loss, and senescence of capillary pericytes completely decouple capillary blood
flow responses from local neuronal stimulus, leading to severe neurovascular uncoupling.®® This
uncoupling means the brain can no longer increase blood flow to areas of high neural activity.
This exacerbates the hypoxic and metabolic stress on the already starving neurons and failing
oligodendrocytes, cementing a vicious, inescapable, and terminal cycle of
neurodegeneration.®

Conclusion

The extensive findings synthesized within this thesis conclusively demonstrate that
neurodegenerative disease can no longer be accurately or effectively modeled as a strictly
neuron-autonomous process of isolated protein aggregation and localized synaptic failure.
Instead, it must be understood as a profound, systemic proteostatic crisis driven by cascading
autophagic failure across the entire, integrated neuroglial network. Oligodendrocytes,
burdened by the extraordinary metabolic and structural demands of myelin synthesis and
lifelong maintenance, represent a critical, highly vulnerable initial node in this network. The
specific failure of canonical macroautophagy and targeted ER-phagy within myelinating glia not
only causes the toxic, intracellular accumulation of structural proteins like PLP, but it also
physically and metabolically isolates the axon by dismantling the essential MCT1-mediated
lactate shuttle.

This localized oligodendrocyte starvation triggers the distal-to-proximal "dying-back" of
dependent neurons and releases damage-associated molecular patterns that plunge the
surrounding glial network into a state of severe, reactive toxicity. Astrocytes, plagued by
cytoskeletal degradation and pathological mTOR upregulation, fail to maintain the blood-brain
barrier and vital glymphatic clearance mechanisms. Simultaneously, microglia abandon their
protective degradative macroautophagy in favor of hyperactive secretory autophagy,
unleashing devastating storms of IL-1$\beta$ and Cathepsin D via the FKBP5/SKA2 scaffolding
complexes.
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The primary theoretical contribution of this thesis to the field lies in its comprehensive
integration of these disparate cellular failures into a unified, glia-centric model of
neurodegeneration. By mapping the exact molecular mechanisms—from the retrograde
transport blockades at the synapse, to the lysosomal acidification failures mediated by PS1, to
the ultimate uncoupling of the neurovascular unit via pericyte senescence—this research
provides a highly robust framework for future therapeutic intervention. Moving forward, the
targeted pharmacological modulation of autophagic flux represents the most promising
frontier for halting the progression of currently incurable neurodegenerative diseases.
Specifically, future research must prioritize the development of highly specific, glia-targeted
autophagic inducers capable of penetrating the blood-brain barrier. Interventions that can
precisely manipulate the mTORC1/TFEB axis to restart stalled flux, restore critical lysosomal pH,
and selectively inhibit pathological secretory autophagy pathways in microglia are absolutely
paramount to restoring network proteostasis before irreversible synaptic and axonal collapse
occurs.
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