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Preface

Glia Cells and Their Role in Maintenance, Protection, and Development of the Central
Nervous System is a specialized work that invites the readers to reexamine the role of
glial cells through a contemporary lens. For decades, neuroscience focused predo-
minantly on neurons and neural stem cells as the primary drivers of neurogenesis.
However, growing evidence indicates that glial cells not only accompany these
processes but also actively shape the generation, maturation, and functionality of
new neurons in both the developing and the adult brain.

This book arises from the need to integrate the dispersed, often underestimated
knowledge of the dynamic interplay between glial cells and neurogenic processes.
Throughout its chapters, the reader will find an updated and comprehensive view of
how astrocytes, microglia, radial glia, and oligodendrocytes contribute to neuronal
proliferation, differentiation, and integration. The volume also explores the
mechanisms by which glial cells influence brain plasticity, tissue repair, and the
progression of neurological diseases.

Its structure combines insights from molecular biology, physiology, developmental
neurobiology, and clinical neuroscience, offering a multidisciplinary and accessible
panorama for both specialists and advanced students. Each chapter provides con-
ceptual and experimental elements that help elucidate how glia create, modulate, and
safeguard the neural environment, and why their study is essential for the design of
regenerative therapies and clinical interventions.

We hope this book will serve as a valuable reference for the biomedical community
interested in the cellular foundations of neurogenesis and its implications for brain
health. We trust that readers will find here a solid starting point for delving deeper
into a rapidly evolving field, where glial cells—at last—take their rightful place at the
center of nervous system biology.

Finally, we extend our sincere appreciation to all the contributors whose work made
this volume possible, and to the IntechOpen team for their kind invitation and
support throughout the development of this project.

Maria Elena Herndndez-Aguilar,

Jorge Manzo-Denes and Hugo Manuel Libreros-Jimenez
Brain Research Institute,

Universidad Veracruzana,

Xalapa, Veracruz, México
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Chapter 1

Introductory Chapter: Glial Cells
and Their Role in the Maintenance,
Protection, and Development of
the Central Nervous System

Maria Elena Herndndez-Aguilar, Jorge Manzo-Denes and

Hugo Manuel Libreros-Jimenez

1. Overview of glial cells

The term glia derives from the Greek y\Aio, meaning glue, bond, or adhesive, and
refers to a heterogeneous group of cells with specialized functions. Glial cells are
a fundamental component of the central nervous system (CNS) and exist in
proportions comparable to neurons. Although it was long believed that glia
outnumber neurons by a ratio of 10 to 1, current evidence indicates that both
populations are present in approximately equal numbers [1].

For decades, glial cells were viewed primarily as structural and metabolic support
for neurons. However, advances in microscopy, molecular biology, and
transcriptomics have revealed that glia actively contribute to homeostasis, neural
plasticity, and the defense of nervous tissue.

Glia include astrocytes, oligodendrocytes, microglia, and ependymal cells. Each
population possesses distinct morphological and functional characteristics that
collectively sustain the physiological integrity of the neural microenvironment.
Understanding their structure and function in physiological contexts is essential for
elucidating mechanisms underlying neurodegenerative diseases [1].

2. Maintenance of neural homeostasis
2.1 Astrocytes

Astrocytes are characterized by their numerous processes, which give them a star-
like appearance and inspire their name. They are the most abundant and versatile
glial cell type in the CNS. Astrocytes regulate cerebral blood flow, recycle
neurotransmitters, supply glucose to neurons, and support synaptic plasticity.

They also maintain extracellular ion and neurotransmitter balance, preventing
excitotoxicity, and modulate synaptic communication. Additionally, they are
integral components of the blood-brain barrier. Through extensive processes,
astrocytes form close contacts with blood vessels and can increase blood flow to
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regions of elevated neuronal activity. Their simultaneous interactions with neurons
enable the integration of metabolic and electrical signals. Consequently, astrocytes
influence not only synaptic plasticity but also learning and memory processes [1].

2.2 Oligodendrocytes

The term oligodendrocyte derives from the Greek words oligo (small), dendro
(tree), and cyto (cell), collectively meaning “small tree-like cell.” These cells
produce the myelin sheath that insulates axons and are essential for maintaining CNS
homeostasis. This multilaminar sheath permits the electrical isolation of axons and
supports saltatory conduction, increasing conduction velocity and energy efficiency.

Oligodendrocytes are distributed throughout the CNS, with a higher density in
white matter. Although their principal role is myelination, they also contribute to
microenvironmental stability and tissue repair. Recent studies reveal that
oligodendrocytes maintain dynamic interactions with the axons they ensheath,
respond to changes in neuronal activity, and possess limited regenerative capacity.
Consequently, myelin deterioration or oligodendrocyte loss is associated with
disorders such as multiple sclerosis, metabolic diseases, and genetically mediated
demyelinating conditions [2-4].

3. Protection and immune response in the CNS
3.1 Microglia

Microglia are the resident immune cells of the CNS and share structural and
functional similarities with tissue macrophages. They are the least abundant CNS cell
population. Derived from the myeloid lineage during embryonic development,
microglia continually survey neural tissue for signs of damage, pathogens, or disruptions
in homeostasis. When exposed to harmful stimuli, they adopt a reactive phenotype,
altering their morphology and releasing pro- and anti-inflammatory interleukins.

Beyond their defensive functions, microglia participate in synaptic pruning,

a critical process for establishing functional neuronal circuits. They also phagocytose
apoptotic cells, cellular debris, and aberrant proteins. These activities persist
throughout life, facilitating the refinement of synaptic networks and the
maintenance of normal CNS function. Furthermore, microglia contribute to
angiogenesis and express both the common leukocyte antigen and class II major
histocompatibility complex molecules, which are typical of antigen-presenting cells.
They also possess receptors for glutamate and GABA [5-7].

3.2 Ependymal cells

Ependymal cells line the brain ventricles and the ependymal canal and include
several morphologically distinct subtypes. Ciliated ependymal cells are typically
cuboidal, whereas tanycytes exhibit elongated cell bodies and specialized contact
with neural tissue. A third, less abundant subtype — radial ependymal cells — shares
morphological traits with other ependymal cells but possesses a long basal process.
These radial cells are found at the dorsal or ventral poles of the ependymal layer, with
basal processes oriented along the dorsoventral axis.
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Their functions include regulating cerebrospinal fluid (CSF) flow, transporting
molecules, and contributing to neurogenic niches. Their strategic anatomical
position facilitates communication between the CSF and brain parenchyma,
influencing waste clearance, inflammatory responses, and homeostasis of the
internal environment [8-10].

4. The silent revolution of glial cells

Over the past decade, the study of glia has transformed from a peripheral area of
interest into a central pillar of contemporary neuroscience. This volume invites
readers to reconsider long-standing assumptions about the brain. Rather than being
a simple collection of chapters, it offers an entry point into the intersection of
neuroscience, immunology, developmental biology, molecular biology, physiology,
and medicine.

It is designed for students, academics, clinicians, and researchers seeking to
understand not only what glial cells are, but what they do — and why their study is
essential for understanding the principles underlying neuroglia and anticipating the
advances that will shape the future of the field.

A comprehensive understanding of glia-neuron dynamics is fundamental not
only for deciphering nervous system physiology but also for developing novel
therapeutic strategies for disorders such as Alzheimer’s disease, amyotrophic lateral
sclerosis, epilepsy, autism, and others.
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Chapter 2
Microglia: Key Players in
Perineuronal Net Dynamics

Maider Garmendia-Berges and Elena Puerta

Abstract

Perineuronal nets (PNNs) are specialized extracellular matrix structures in the
central nervous system that selectively enwrap certain neuronal populations. They
have a highly organized structure that progressively forms during neurodevelop-
ment, coinciding in time with the closure of critical periods of heightened plasticity.
In fact, PNNs are involved in the regulation of neuronal plasticity and, therefore,
regulate higher processes such as memory. They also have a protective role on the
neurons they surround, further underscoring their importance. Notably, PNN
disruptions have been observed in several pathological conditions, rendering their
regulation potentially valuable. Among the factors that modulate PNNs, microglia
stand out for their relevance. These cells alter PNNs through phagocytosis of their
components and the release of proteolytic enzymes, which seems to gain significance
during neurodevelopment and pathological conditions. This chapter focuses on
PNNs, their structure, function, and role under physiological and pathological
conditions, emphasizing the relevance of microglia in regulating their dynamics.

Keywords: extracellular matrix,microglia,neurological disorders,
neurodevelopment,neuronal activity,perineuronal nets

1. Introduction

All structures in the Central Nervous System (CNS) are embedded in the
extracellular matrix (ECM), which constitutes approximately 20% of the brain
volume [1]. Besides providing structural support, the ECM is essential for
maintaining brain homeostasis, as it interacts directly or through ligands to regulate
higher functions such as cell proliferation, migration, neuronal activity, and
synaptic plasticity. In fact, in the tetrapartite synapse model proposed by Dityatev
and Rusakov [2], the ECM represents one of the four elements that interact to
enable synaptic plasticity, along with pre- and post-synaptic terminals and glial
cells.

Most of the ECM in the brain forms a diffuse and homogeneous network known as
the interstitial matrix. However, it also gives rise to structurally and functionally
diverse compartments, such as basement membranes, perinodal matrix, and
perineuronal nets (PNNs) [3].
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PNNs are compact and specialized ECM structures that enwrap certain neuronal
subsets, surrounding their soma, axonal initial segment, and proximal dendrites.
First described by Camillo Golgi in 1893, PNNs remain a topic of scientific interest,
as abnormalities in these structures are closely linked to aging and a range of
neurological disorders, including Alzheimer’s disease (AD) [4, 5], Parkinson’s
disease (PD) [6], schizophrenia [7], autism spectrum disorder (ASD) [8, 9] and
epilepsy [10]. These pathological alterations include changes in PNN number and
density, preferential accumulation around certain populations, and delays in their
appearance (for a review, see [11]). Over the last decades, significant progress has
been made in characterizing and understanding their structure, functions, and
dynamics; however, the key factors regulating their formation and degradation, as
well as the different cell types involved in these processes, are still under active
investigation. In this regard, the present chapter will particularly compile and
analyze the current evidence supporting the role of microglia, the innate immune
cells of the CNS, in the regulation of PNNs.

2. Perineuronal nets
2.1. Structure and distribution

PNNs have a highly organized honeycomb-like structure with four primary
components: (1) hyaluronan and its synthesizing enzymes, hyaluronan synthases
(HAS); (2) members of the Chondroitin Sulfate Proteoglycans (CSPGs) family; (3)
hyaluronan- and proteoglycan-binding link proteins, such as Haplnl and Hapln4;
and (4) tenascins (Tn-C and Tn-R). Hyaluronan, the most abundant and essential
component of PNNs, is attached to the neuronal surface and forms the backbone of
the net, to which CSPGs attach via Hapln1 and Hapln4. Tenascins, in turn, interact
with CSPGs and create cross-links, being essential for PNN assembly [12]. Among
the main structural features that distinguish PNNs from the diffuse ECM is the
greater presence of CSPGs. These proteoglycans vary in their core protein and the
amount, length, and type of covalently linked glycosaminoglycan (GAG) side chains,
resulting in five CSPG family members: aggrecan, brevican, neurocan, versican, and
phosphacan [12] (Figure1).

PNNs undergo continuous turnover and remodeling, a dynamic process tightly
regulated by a variety of enzymes released by both neurons and glial cells. Among
the molecular regulators of PNN formation, the homeoprotein Otx2 stands out as a
transcription factor that promotes PNN accumulation by binding to GAG chains in
parvalbumin-expressing GABAergic interneurons (PV neurons) [13]. Other
molecules, such as semaphorin 3A and neuronal pentraxin 2, have also been
implicated in promoting PNN assembly [14-16]. In contrast, PNN degradation is
primarily mediated by extracellular proteases, including MMPs, plasmin, and
members of the ADAMTS family (a disintegrin and metalloproteinase with
thrombospondin motifs) [12]. The activity of these enzymes is further modulated by
regulatory proteins such as TIMPs, tissue-type plasminogen activator (tPA), and
plasminogen activator inhibitor [17], ensuring a balanced remodeling of the ECM
surrounding neurons.

PNNs present a heterogeneous distribution and abundance throughout the CNS.
They mostly enwrap fast-spiking PV neurons [18-20], but not exclusively. PNNs
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Figure 1.

Strgucture of a perineuronal net (PNN). (A) Inmunohistochemistry image of a parvalbumin positive
interneuron (ovange) surrounded by a PNN (green) in mouse cortex. PNN staining was performed using wisteria
floribunda agglutinin, which specifically binds to N-acetylgalactosamine residues of chondroitin sulfate
proteoglycans (CSPG). (B) PNNs have a hyaluronan backbone that is tied to the neuronal surface through the
hyaluronan synthase. Link proteins (Haplnl and Hapln4) create bonds between hyaluronan and five members
of the CSPG family: aggrecan, versican, neurocan, brevican, and phosphacan. The CSPGs form cross-links
through tenascins. The degradation of the PNN is mostly carried out by matrix metalloproteinases (MMPs) while
tissue inhibitors of metalloproteinases (TIMPs) limit their activity. In turn, Otx2 binds to CSPGs to promote
PNN accumulation.

also sparsely form around other inhibitory and excitatory cells in the brain and spinal
cord [21-24] and pyramidal CA2 neurons [25]. In the cerebellar cortex, PNNs can be
found around Lugaro cells [26] and Golgi GABAergic interneurons [27], and in the
deep cerebellar nuclei around excitatory and inhibitory neurons [28].

2.2. Functions
2.2.1. Regulation of neuronal plasticity and memory

PNNs progressively aggregate during postnatal development, and their
appearance around some PV neurons aligns in time with the closure of the critical
periods (CPs) of heightened plasticity. CPs are windows of maximal cortical
plasticity during the early development of the brain that open at different times
depending on the region. These windows begin when local inhibitory circuits
start to mature, and PV neurons gradually become enwrapped by PNNs. CPs are
experience-dependent; sensory inputs are necessary to refine neural circuits in
response to environmental stimuli and to promote PNN formation [29-31]. Once
PV neurons are fully mature and completely surrounded by PNNs, the CP closes,
and plasticity remains thereafter restricted, limiting cognitive flexibility and
consolidating the retention of learning experiences and long-term memory [32].
Studies show that juvenile plasticity is recovered in adult rats when PNNs are
degraded either by Haplnl knockout [33] or by treatment with chondroitinase
ABC (ch-ABC), which degrades PNNs by cleaving GAG side chains of CSPGs
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[34-36]. The presence of PNNs in the hippocampal CA2 region further
illustrates their role in limiting synaptic plasticity. This area is molecularly
distinct from other hippocampal subfields and is characterized by its lack of
plasticity. PNNs surrounding CA2 pyramidal neurons and their excitatory
synapses restrict their plasticity. Consistent with this, enzymatic disruption of
PNNs by ch-ABC enables long-term potentiation in CA2, which is typically absent
in this region [25].

One of the most compelling pieces of evidence supporting the key role of PNNs in
the opening and closure of CPs of synaptic plasticity is the function of the
homeoprotein Otx2, which, as mentioned above, promotes PNN formation around
PV interneurons. In fact, the experience-dependent import of Otx2 into PV cells sets
the onset of a CP [37, 38]. As Otx2 progressively accumulates in PV neurons, it
promotes their maturation and the concomitant accumulation of PNNs around them.
A positive feedback loop takes place between PNN condensation and Otx2 retention,
such that, once PNNs are completely formed, Otx2 transfer remains constant to
maintain the closure of the CP [39]. Remarkably, the loss of Otx2 in adulthood is
sufficient to disrupt PNNs and reactivate juvenile-like plasticity [13], further
supporting its pivotal role in the regulation of PNNs and cortical plasticity.

Another factor that influences PNN function and its implication on neuronal
activity is the sulfation pattern of the CSPGs that compose it, which differs across life
stages [32]. They can be sulfated in the 4 (4S) or 6 (6S) carbon position, or disulfated
in the 2,6 and 4,6 positions, which define their charge distribution and binding
properties. The 4S form is more restrictive to synaptic plasticity, while the 6S form is
more permissive. In fact, an increase in the 4S/6S ratio is necessary for Otx2
accumulation during development and leads to the termination of plasticity during
development, while 6S makes it persist [40]. In addition, the 6S form is more
permissive for axonal regeneration [41], while the 4S restricts axonal guidance and
growth [42].

Collectively, these observations support the view that PNNs regulate neural
plasticity through several complementary mechanisms that operate both structurally
and biochemically. Specifically, it has been hypothesized that PNNs limit plasticity
via three main processes [43, 44]: (1) limiting the formation of new neuronal
contacts [27, 45, 46], (2) acting as a scaffold where molecules that affect synaptic
activity bind [14, 47], and (3) restricting receptor mobility at synapses [48].

Since memory relies on activity-dependent synaptic plasticity, researchers have
also investigated whether changes in PNNs can affect the formation and persistence
of different types of memory. Indeed, PNNs play an important role in learning and
memory processes throughout life, although their effects are highly cell- and region-
specific. For example, the formation and storage of fear memories are impaired when
PNNs are removed from brain areas such as the hippocampus, medial prefrontal
cortex (PFC), or basolateral amygdala [49, 50], as well as in animals lacking aggrecan
in PV neurons across the brain [51]. Disruption of PNNs has also been shown to
compromise social memory, as evidenced in mice lacking aggrecan selectively in CA2
pyramidal neurons [51] or following ablation of 4S sulfation, deficits that can be
reversed when PNNs or 4S sulfation are restored [52].

In contrast, in other contexts, PNN ablation can facilitate memory performance.
For instance, the loss of aggrecan restores PV neuron plasticity in the visual cortex
and enhances object recognition memory [53]. Similarly, both Haplnl knockout
and ch-ABC treatment improve long-term object recognition memory and
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facilitate long-term depression in the perirhinal cortex [54]. Notably, the
enhancement in memory observed after ch-ABC treatment diminishes over time,
suggesting that as PNNs regenerate, they gradually re-establish their control over
plasticity levels.

2.2.2. Buffering function and protection against oxidative stress

PNNs have negative charges that form a polyanionic environment around the
neurons they enwrap [55]. The anionic charge density reversibly accumulates
cationic molecules, which could act as an immobilized ion exchanger, inducing local
molecular gradients of cations such as Ca**, K*, or Na* [56-58]. This buffering
property might enhance the excitability and synchrony of fast-spiking neurons
[36, 59].

This ion-trapping property might also be responsible for the neuroprotective
effect of PNNs against external stressors. Morawski and colleagues [60] proposed
that PNNs play a protective role against oxidative stress after observing that neurons
surrounded by PNNs in the human cortex exhibited lipofuscin accumulation less
frequently compared to those lacking a net. This neuroprotective function was
further supported by findings showing that PNN-enwrapped neurons exhibit lower
degeneration in response to iron-induced oxidative stress than non-ensheathed
neurons [61], meaning that PNNs confer protection against iron-mediated cell death.
This protective effect is highly dependent on key structural components of the net,
such as aggrecan, link protein, and Tn-R, highlighting the importance of the intact
PNN architecture [62]. In addition, a higher density of PNNs around PV neurons
correlates with reduced intracellular oxidative stress, as evidenced by lower levels of
DNA oxidation products. Conversely, enzymatic degradation of PNNs increases
neuronal susceptibility to oxidative damage [63].

3. PNNs in pathological conditions

In recent years, PNN disturbances have been associated with several neurological
diseases and may be of physiological relevance to their etiology and symptoms,
therefore representing a potential therapeutic target.

Some alterations in PNN number and intensity have been reported in human
postmortem brains of schizophrenic patients. Studies have revealed reduced PNN
density in the PFC [64], amygdala, and entorhinal cortex [65], and decreased PV
and PNN intensity in the dorsolateral PFC, suggesting lower levels of PV protein
and PNN components [66]. Studies carried out in a ketamine-induced
schizophrenia mouse model and a double-hit mouse model reproduced these
findings, revealing a reduction in the number of PNNs and PV neurons surrounded
by PNNs in the medial PFC [7, 67]. In a different schizophrenia mouse model that
lacks Gclm (a glutamate-cysteine ligase modifier subunit) and therefore has
compromised glutathione synthesis and increased susceptibility to oxidative stress,
the authors described a decrease in PNN and PV cells across the brain during
development [68]. These anomalies could be functionally relevant in the
pathophysiology of schizophrenia, since, among other alterations, studies have
described deficits in cortical PV interneurons, GABAergic dysfunction, and
excitatory-inhibitory imbalance [69, 70].
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PNNs have also been implicated in the pathophysiology of AD. In postmortem
human brains, a significant loss of N-acetylgalactosamine residues, a key component
of CSPGs in PNNs, has been observed in the frontal cortex of AD patients, suggesting
PNN degradation [71]. Notably, this loss appears to be associated with fragmentation
and disruption of the PNN structure without direct degeneration of the enwrapped
PV interneurons [71]. In animal models, further evidence supports a detrimental
impact of AD pathology on PNN integrity. In the 5xFAD mouse model of AD, a
robust and age-dependent reduction in PNN number was detected, especially in
brain regions with high amyloid-beta (A B ) plaque burden, one of the key
pathological hallmarks of the disease [4]. This observation suggests an inverse
correlation between A B deposition and PNN expression. Moreover, supporting a
possible neuroprotective role of PNNs, studies in human AD brains have shown that
neurofibrillary tangles, another major hallmark of AD, are rarely found in regions
rich in PNNs and neuropil-associated CSPGs. This observation points to a protective
effect of CSPG-rich ECM structures against tau pathology [72, 73]. However, given
that PNNs also restrict synaptic plasticity, their degradation may, paradoxically,
offer transient functional and memory benefits. In mouse models of tauopathy,
enzymatic digestion of PNNs in the perirhinal cortex using ch-ABC or masking
specific sulfation patterns with antibodies against 4-sulfated chondroitin sulfate
chains temporarily restored object recognition memory without affecting disease
progression [74, 75]. These findings highlight the dualistic nature of PNN alterations
in AD, where both their loss and persistence may influence disease outcomes in
apparently opposing ways. This complex relationship between PNN integrity and
AD pathogenesis underscores the importance of continued investigation into ECM
dynamics as both a contributor to disease progression and a potential target for novel
therapeutic strategies.

In the context of PD, PNNs have also emerged as critical regulators of cortical
plasticity related to motor function. A recent study [6] revealed that transient
degradation of PNNs in the primary motor cortex using ch-ABC in otherwise healthy
adult mice leads to temporary motor deficits, indicating that PNNs contribute to the
maintenance of normal motor function. In a unilateral 6-hydroxydopamine mouse
model of PD, PNN levels were transiently reduced bilaterally in the primary motor
cortex two weeks after the lesion but returned to baseline within five weeks [6].
Interestingly, a second transient PNN degradation in the motor cortex, when
combined with motor training, was able to promote motor recovery. This functional
improvement was accompanied by a bilateral increase in PNN-enwrapped PV
interneurons and a rebalancing of excitatory synaptic markers on their somata [6].
These findings suggest a dual role for PNN plasticity: first, as a response to
dopaminergic injury, and later, as a facilitator of functional recovery when paired
with rehabilitation. Thus, PNNs in the motor cortex may represent promising
therapeutic targets for enhancing motor rehabilitation in PD.

Growing evidence also links PNN abnormalities to ASD. A significant reduction
in the number of PV interneurons enwrapped by PNNs has been detected in the
globus pallidus of human postmortem brains from individuals with ASD [8]. In
contrast, increased PNN density has been reported in brain regions involved in social
behavior and somatosensory processing in Engrailed2 knock-out mice, a murine
model of ASD [76]. Similarly, in a double-hit mouse model that combines maternal
immune activation and hypoxia-ischemia, which induces ASD-like behaviors,
researchers observed an enhanced infiltration of Otx2-expressing monocytes and an
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increase in PNN-surrounded PV neurons [77]. Interestingly, blocking monocyte
infiltration led to a reduction in both autistic-like behaviors and the number of PNN-
enwrapped PV cells [77]. In another study using the valproic acid mouse model of
ASD, alterations in the PV-PNN relationship were detected in the prelimbic PFC [9].
Specifically, a decrease in PV expression alongside an increase in PNN intensity was
reported. Remarkably, these abnormalities were normalized following ch-ABC
treatment, suggesting the presence of a subpopulation of neurons with an altered
PV/PNN ratio that may contribute to ASD-related pathology [9].

Alterations in PNN integrity have also been reported in models of epilepsy. In
transgenic mouse models of the disease, PNN degradation by proteolytic enzymes
has been described long before the onset of seizures and has been associated with the
loss of PV interneurons and impaired presynaptic inhibition, both of which
contribute to network hyperexcitability [10]. A decrease in PNN-enwrapped PV
neurons has also been reported after the induction of experimental epilepsy.
Notably, treatment with doxycycline, an inhibitor of MMPs, prevents PNN
breakdown and the onset of seizures, suggesting that PNN degradation may be
necessary for seizure development [78]. Supporting this view, enzymatic disruption
of PNNs has been shown to exacerbate seizure susceptibility in response to
pentylenetetrazole, leading to an increased number of myoclonic seizures [79].

Thus, studies conducted in both human brains and animal models highlight how
alterations in PNN dynamics underscore their critical role in maintaining brain
homeostasis and contribute to the development of neurological disorders.
Understanding which cell types are capable of modulating the structure and function
of PNNs is, therefore, essential, as these cells may represent promising targets for
novel pharmacological interventions aimed at restoring neural plasticity or halting
disease progression.

4. Microglia

Microglial cells were initially identified in 1919 by Pio del Rio-Hortega, who
named them and also described their distribution, morphological phenotype, and
phagocytic capacity [80]. It was later discovered that these cells are part of the innate
immune system and respond to pathogens and neuronal degeneration to protect and
repair the brain, thereby maintaining its homeostasis. In recent decades, research on
microglia has grown significantly and is currently a major focus within the
neuroscience field.

As the resident macrophages of the CNS, microglia have highly motile processes
that allow them to move through the brain parenchyma and continuously survey
their environment, detecting changes and responding to them [81], which confers on
them a vital role in brain physiology and disease as the housekeepers of the brain.

Microglia are the only brain-resident cells with a myeloid origin. They
predominantly originate from yolk sac-derived macrophages during early
embryogenesis and colonize the brain before neurons, other glial cells, and
established vasculature, first appearing in the mouse brain around E9.5 [82, 83].
They then proliferate to eventually represent around 7% of non-neuronal brain cells
[84], although their abundance depends on the brain region. Once the blood-brain
barrier is formed, microglia are maintained by self-renewal, in a balance between
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proliferation and apoptosis [85]. To this end, microglial viability and proliferation
are highly dependent on the colony-stimulating factor 1 receptor (CSF1R) signaling,
and CSF1R inhibitors result in microglial depletion in the mouse brain [86].

Microglial homeostatic signature is characterized by the expression of certain
genes, including P2RY12, Cx3crl, and Tmem119 [87]. Nevertheless, heterogeneity is
one of the characteristics of microglial cells, as even in homeostatic conditions, they
can display diverse morphology, gene expression profiles, and functionality,
depending not only on factors like age, sex, and other contextual cues but also in
response to their microenvironment [88].

Microglia play a pivotal role in the immune response of the brain. They have toll-
like receptors that recognize damage- and pathogen-associated molecular patterns.
Upon activation of these receptors, microglia release cytokines (e.g., IL-18 , TNF- a,
IL-6, IL-10, and TGF- B ), and chemokines, transitioning to a reactive state
characterized by ameboid morphology and increased phagocytic activity. They are
able to engulf and digest pathogens, apoptotic cells, and cellular debris. This
“reactive” state of microglia is common in many diseases and alterations and is
referred to as damage-associated microglia (DAM) [88]. Although DAM microglia
have been proposed to exert an initially protective role in response to harmful stimuli
or adverse conditions, excessive or sustained microglial activation or microgliosis
becomes detrimental. Microglia are not merely passive observers or secondary
responders during disease but rather active players and modulators of the
progression of brain pathology [89]. Indeed, such dysregulated microglial activity
has been implicated in the pathogenesis of neurodegenerative and CNS diseases,
including AD, multiple sclerosis, brain tumors, traumatic injury, and infection
[90-95].

Microglia are also crucial to ensure the proper development of the CNS. They
eliminate excess synaptic connections that form during the developmental period in
a process known as synaptic pruning [96-98]. This is necessary for circuit
refinement and the establishment of relevant neuronal connections.

Importantly, microglial function is essential for correct neuronal function. In
fact, these cells can sense neuronal activity and respond to it. They are involved in
circuit remodeling since they modulate synapses and dendritic spines and impact
neuronal plasticity [99-101]. Beyond engulfing synaptic components, Eyo and
Molofsky [102] propose additional mechanisms for microglia-synapse interactions.
These include the engulfment of dying neurons and cell fragments for debris
clearance, partial phagocytosis, or trogocytosis modifying the synapse without
completely eliminating it, and physical interposition between pre- and post-synaptic
elements, potentially limiting synaptic transmission. They also propose that
microglia may remove ECM, thereby destabilizing synapses and contributing to
synapse elimination [102]. Collectively, these mechanisms broaden the possibilities
of microglia remodeling synapses beyond the traditional vision centered on
engulfment and phagocytosis.

5. Microglia regulate perineuronal nets

In addition to their well-established roles in maintaining brain homeostasis in
both health and disease, microglia also contribute to the regulation of PNN dynamics
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through multiple mechanisms (Figure 2A). Microglia act as key modulators of PNNs,
in part by phagocytosing these ECM structures. This function is supported by studies
demonstrating the presence of PNN components within microglia and their
lysosomes in both human and mouse brains [4, 103]. Further evidence comes from
experiments in animals where microglia are depleted using a CSF1R inhibitor. This
treatment robustly decreases microglial cell numbers and results in a substantial
increase in PNN density throughout the brain [104-106] (Figure 2B).
Complementing these findings, other studies have shown that microglial modulation
also affects the fine architecture of the ECM, even when overall PNN number or
intensity remains unchanged. For instance, in the CA1 region of the hippocampus,
microglial depletion leads to a reduction in PNN hole size and an increase in
surrounding ECM components and perisynaptic brevican levels [107, 108]. These
structural changes are accompanied by an increased number of Vglutl-positive
presynaptic puncta, enhanced long-term potentiation, and improved performance in
the hippocampus-dependent novel object location recognition task, suggesting that
microglial regulation of PNNs has functional consequences on synaptic plasticity and
cognition [107, 108].

Beyond phagocytosis, microglia also regulate PNNs through enzymatic
degradation (Figure 2A). They express various proteolytic enzymes capable of
breaking down PNN components, including MMP-2, MMP-9, ADAMTS-4, and
cathepsins [109-111]. In a mouse model of amyotrophic lateral sclerosis, an increase
in MMP-9 expressing microglia was observed, along with degradation of PNNs
around a -motor neurons [112].

The mechanisms by which microglia interact with PNNs and modulate their
structure and function remain largely unclear. However, several signaling molecules,
such as interleukin-33 (IL-33), fractalkine (CX3CL1), and the purinergic receptor
P2Y12, have emerged as potential mediators of this process (Figure 2A). IL-33 may
promote microglial degradation of PNNs, since activation of its receptor on microglia
induces the engulfment of the ECM by these cells [113]. This modification of the
ECM promotes experience-dependent synaptic remodeling in the hippocampus,
whereas IL-33 deficiency leads to ECM accumulation at synapses, decreased spine
plasticity, and impaired memory consolidation [113].

Fractalkine signaling through its receptor CX3CR1 also seems to be critical for
microglial modulation of PNNs. In the dorsal horn of the spinal cord, PNNs enwrap
spinoparabrachial projection neurons involved in transmitting nociceptive signals to
the brain. Tansley et al. [103] showed that microglial activation leads to PNN
degradation around these neurons, increasing their excitability and resulting in pain
hypersensitivity, findings consistent with previous reports by [114]. Notably, both
microglial depletion and CX3CR1 knockout prevented PNN degradation and the
associated pain response, suggesting that CX3CR1 signaling is required for microglia-
mediated PNN remodeling in this context [103].

Similarly, Venturino et al. [115] found that microglial depletion prevented PNN
loss induced by ketamine or 60-Hz light entrainment. Disruption of P2Y12
signaling, a key pathway through which microglia detect neuronal activity,
produced the same protective effect against PNN loss [115]. These findings support
the idea that microglial removal of PNNs is an activity-dependent process, with
P2Y12 signaling playing a necessary role in mediating the microglial response to
neuronal cues.
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Microglia regulate perineuronal nets (PNNs). (A) In physiological conditions, microglia phagocytose PNN
components and release proteinases that digest PNNs. Some of the mechanisms triggering the degradation of PNNs
by microglia might be the activation of veceptors IL-33R, CX3CR1, and P2Y12. (B) Microglial depletion results in
an increased density of PNNs. (C) Dyshomeostatic microglia are associated with an increase in the velease of
proteinases and phagocytic activity, resulting in dysfunctional PNN.

5.1. Microglia regulate PNNs during development
Microglia play a pivotal role in shaping the structure and function of neural

circuits during postnatal development, and emerging evidence indicates that their
interactions with PNNs are central to this process. As mentioned above, PNNs
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emerge around the time that experience-dependent CPs end, suggesting a tight
relationship between PNN formation and the timing of developmental plasticity.
Microglia proliferate rapidly during the early postnatal period, with their numbers
peaking around the third postnatal week and declining by 50% by the sixth week,
aligning temporally with the progression of CP in regions such as the visual cortex
[106]. Indeed, several studies have demonstrated that microglia are essential for
visual cortex plasticity during the CP [106, 116]. In this scenario, a recent study has
demonstrated that microglial elimination during this window increased PV
expression and PNN density, while microglial repopulation reduced the number of
PV interneurons and associated PNNs [106]. This dynamic regulation was shown to
be functionally relevant: microglial depletion impaired ocular dominance plasticity,
an effect that could be reversed upon treatment withdrawal. Additionally, alterations
in miniature excitatory and inhibitory postsynaptic currents (mEPSCs and mIPSCs)
in the primary visual cortex (V1) were observed, reflecting disrupted synaptic
function and experience-dependent plasticity. Notably, the effects of microglial
depletion were more pronounced on inhibitory neurons than on glutamatergic
excitatory neurons [106]. These findings highlight a critical role for microglia in
regulating the maturation of PV interneurons and the timing of CP closure via
modulation of PNN deposition.

The importance of microglial regulation of PNNs during development extends
beyond the visual cortex. A recent study by Sun et al. [117] explored this
phenomenon in the hypothalamic arcuate nucleus (ARC), a region essential for
metabolic regulation. The authors showed that microglial depletion during a
postnatal critical window led to an increased number of Agouti-related peptide
(AgRP) neurons and enhanced axonal fiber density, with comparatively minor
effects on proopiomelanocortin (POMC) neurons. This was accompanied by
increased neonatal feeding behavior, indicating a functional impact on metabolic
circuits. Mechanistically, microglia was shown to engulf PNN components
surrounding AgRP neurons both in vivo and ex vivo. Microglial depletion resulted in
excessive PNN formation and heightened leptin sensitivity in the ARC, suggesting
that microglia actively regulate PNN remodeling to shape hypothalamic neuron
maturation and energy balance [117].

Together, these findings underscore the essential contribution of microglia to the
regulation of PNNs across different brain regions during development. By
controlling the timing and extent of PNN deposition, microglia influence neuronal
maturation, circuit connectivity, and the closure of CPs of plasticity. These insights
not only reveal a previously underappreciated aspect of microglial function but also
open new avenues for understanding how disruptions in microglia-PNN interactions
during development may contribute to neurodevelopmental and metabolic
disorders.

5.2. Dyshomeostatic microglia disrupt PNN in pathological conditions

Since correct microglial function is essential for maintaining the structural and
functional integrity of PNNs, it is not surprising that microglial activation under
pathological conditions can disrupt PNN structure (Figure 2C), with significant
consequences for neuronal function. In vitro studies have shown that microglial
activation with Poly I:C increases the release of proinflammatory cytokines and
MMPs. Conditioned media from these activated microglia was able to disrupt PNNs

19



Glia Cells and Their Role in Maintenance, Protection, and Development of the Central Nervous
System

of cultured hippocampal neurons, resulting in altered synaptic plasticity and
electrophysiological properties [118]. Similarly, in ME7 murine model of prion
disease, characterized by early microglial activation, PNN degradation has been
attributed to reactive microglia. This degradation is accompanied by synaptic
dysfunction and behavioral deficits, suggesting that microglial-mediated PNN
disruption contributes to the early pathological changes observed in this model [119].
Further supporting this concept, microglial depletion in both AD and Huntington’s
disease mouse models prevents PNN loss, suggesting that activated microglia are
responsible for the PNN disruption in neurodegenerative contexts [4, 105]. In line
with these findings, microglial dyshomeostasis caused by the specific reduction of
CSF1R in adult microglia was sufficient to induce PNN degradation and loss of
presynaptic markers [120]. Beyond animal models, recent evidence supports a role
for microglia in modulating PNNs in the human brain as well. A recent study by
Belliveau et al. [121] analyzed postmortem samples from individuals with a history of
childhood abuse and reported increased PNN density in the ventromedial prefrontal
cortex (vinPFC), consistent with earlier findings [122]. This increase was
accompanied by reduced expression of microglial receptors IL-33 R and CX3CR1 as
well as lower levels of MMP-9 and its regulator TIMP-2, both in the whole gray
matter of the vimPFC and isolated microglia [121]. These results suggest that
microglial dysfunction may contribute to PNN alterations in humans, potentially
linking early-life adversity to long-term changes in ECM and neuronal plasticity.

Taken together, these findings highlight microglia as central regulators of PNN
homeostasis throughout life, including both developmental and pathological
contexts. Their dysregulation contributes to PNN disruption and associated neuronal
dysfunction across a wide range of brain disorders. Therefore, continued
investigation into microglia-PNN interactions in a context- and disease-specific
manner holds great promise for the identification of novel therapeutic strategies.
Modulating microglial activity to restore ECM balance and PNN integrity may
represent a promising approach to preserving or recovering neuronal function in
both neurological and psychiatric conditions.

6. Conclusions

PNNs are dynamic structures that extensively influence neuronal function and
synaptic plasticity. They play a crucial role in ensuring the proper closure of CPs
during neurodevelopment and limiting plasticity thereafter, while also having a
neuroprotective effect. Their relevance goes beyond a physiological role, as
alterations in their structure and functionality are present in major neurological
diseases and disorders such as schizophrenia, AD, and ASD. The need for new
therapeutic approaches to target these conditions positions the modulation of PNNs
as a potential objective and topic of study. In this context, regulation of microglial
function could be a prospective candidate, given that these cells highly influence the
densities and integrity of PNNs in both physiological and pathological conditions.
Nevertheless, in order to put forward any approach that includes PNN modulation
via microglial manipulation, extensive research is required in the field of microglial
interactions with PNNs and the mechanisms involved.
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Abstract

During development, oligodendrocytes generate myelin sheaths that insulate
axons, thereby enabling rapid signal conduction and providing essential metabolic
support to neurons in the central nervous system (CNS). Subsequent to its initial
formation, myelin undergoes adaptive remodeling in response to neuronal activity
and environmental stimuli, thereby enabling dynamic regulation of neuronal circuits
throughout life. Myelin formation and plasticity are critical for efficient neuronal
communication, and disruptions in these processes have been implicated in
neurodegenerative diseases and psychiatric disorders such as multiple sclerosis,
leukodystrophies, and autism spectrum disorders. Therefore, elucidating the
molecular mechanisms that govern myelin dynamics is essential for the development
of strategies to preserve or restore CNS function. This chapter provides
a comprehensive overview of the structural complexity of myelin, elucidates some of
the molecular mechanisms that underpin its formation, and underscores its adaptive
characteristics, particularly myelin plasticity in behavior.

Keywords: myelin, oligodendrocytes, OPCs, development, plasticity, behavior

1. Introduction

Myelin is a multilamellar stack of membranes that envelops specific segments of
neuronal axons within the nervous system [1]. Myelin in the central nervous system
(CNS) is produced by oligodendrocytes (OLs). In contrast, the peripheral nervous
system (PNS) relies on Schwann cells for this function [1, 2]. This membrane structure
is among the most remarkable in the bodys; it is distinguished by a unique composition
of lipids and proteins, setting it apart from typical cellular membranes [2-4]. In
contrast to conventional cell membranes, it comprises of a higher proportion of lipids
(=75%) and a lower proportion of proteins (25%) [1-3]. Galactosylceramides and
sulfatides, comprising of long-chain fatty acid groups, are the most typical myelin
lipids. The high proportion of saturated, long-chain fatty acids exerts a significant
impact on membrane structure, thereby influencing parameters such as myelin
thickness and the packing density of lipids within myelin [2].

The discovery and understanding of myelin evolved over several centuries [5]. The
first documented instance of the term “white matter” is attributed to Vesalius in the
sixteenth century, while the observation of myelinated fibers is believed to have been
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made by van Leeuwenhoek in 1717. Notable contributions to this field include Remak’s
axon theory (1836), Schwann’s description of nuclei (1839), and Virchow’s coinage of
the term “myelin” in 1854. In 1872, Ranvier proposed the hypothesis that myelin
originated from fatty cells, which would subsequently be recognized as Schwann cells
[5]. The term “oligodendrocytes” was coined by del Rio-Hortega in 1919 and formally
defined in 1921 [5]. Subsequent research, notably that of Penfield in 1924, established
these cells as equivalent to Schwann cells within the CNS. The twentieth century saw
significant progress in the understanding of myelin, with its fatty composition,
crystal-like structure, and functional role in saltatory conduction being clarified in
1954 [5]. Subsequent electron microscopic analysis provided the initial evidence
supporting the hypothesis that Schwann cells envelop axons, thereby forming
compact myelin spirals. The central origin of myelin was subsequently elucidated, as
OLs are distinctly located away from axons; in 1962, Bunge provided definitive
evidence that OLs are responsible for myelin production [5].

In view of the advances made in the field of cellular and molecular biology,
subsequent research has focused on the molecular mechanisms of OL development
and myelination, which have consequently become central topics in glial research
[2]. A wide range of models, including human, rodent, zebrafish, Xenopus, and non-
human primates, has been employed to study myelination. For a considerable period,
OLs and other glial cells were regarded as a basic “support system.” However, recent
advancements have prompted a reevaluation of these cells, leading to their
recognition as active and essential participants within the CNS. The complex
interactions among OLs, other glial cells, and neurons are now recognized as being
critical for optimal brain function [2, 4, 6].

In the CNS, myelin and OLs are affected in several conditions (Figure 1) [7]. Myelin is
a particularly susceptible target of CNS injuries, including hypoxia and ischemic stroke
[2, 7]. However, the most prevalent pathology associated with OLs and myelin is MS, an
inflammatory disease that predominantly affects young individuals worldwide [2]. It
manifests with a higher frequency in women than in men, and the etiology of the disease
is only partially understood. The current hypothesis is that genetic and environmental
factors contribute to the development of MS [1, 2]. The immune system attacks OLs and
myelin, and the CNS often fails to repair this damage, ultimately resulting in neuronal
degeneration and severe disabilities [2]. Another group of disorders associated with
myelin is referred to as leukodystrophies. While they have generally been regarded as
genetic anomalies resulting in hypomyelination or demyelination, only a limited number
of the implicated genes are exclusively expressed in OLs [1, 2].

Recent evidence highlights the active involvement of OLs and myelin
in Alzheimer’s disease (AD). Despite the established knowledge that myelin is
subject to alterations during the process of aging, the prevailing paradigm regarding
OLs has historically portrayed them as passive entities within the context of AD
pathogenesis [8]. However, new findings indicate that there is a functional shift in
the orientation of OLs towards a disease-associated state in response to amyloid and
tau lesions [8]. Rather than being inert, they play a dual role in AD pathogenesis, on
the one hand providing potential protective responses against pathology, while on
the other hand contributing to disease progression [8].

Myelin has also been implicated in neurodevelopmental and psychiatric disorders,
including autism spectrum disorder (ASD) and schizophrenia [9]. It is noteworthy that
rodent models displaying ASD mutations exclusively in oligodendroglia exhibit certain
phenotypes that mirror those observed in individuals with ASD [10].
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A

Myelin Alteration

Figure 1.

Circular schematic illustrating that myelin alteration is a shaved process across multiple CNS disorders. At the center is
a drawing of a myelinated axon. Surrounding it is a ving divided into four segments representing: neurodegenerative
diseases (e.g., multiple sclerosis (MS), Alzheimer’s disease (AD), brain injuries (e.g., ischemic stroke, hypoxia), aging,
and neurodevelopmental and psychiatric disorders (e.g., ASD, schizophrenia). Small icons around the circle sym-
bolize the clinical or biological features associated with each category (adapted from [7]).

Here, we present a comprehensive overview of the mechanisms underlying
myelination in the CNS and the key roles played by oligodendroglial cells across
different contexts. While the primary focus of this review is on the CNS, occasional
references to the PNS are included when structural or functional aspects of myelin
are considered. Additionally, the emerging concept of myelin plasticity in the CNS is
discussed, as it has become a major focus of research in the field [4, 6].

2. The journey from OPCs to myelin

OLs are derived from oligodendrocyte precursor cells (OPCs), which themselves
originate from neural stem cells (NSCs) [1]. During the developmental process,
OPCs undergo a series of changes that result in their differentiation into pre-
myelinating OLs (Figure 2). These cells subsequently reach full maturity and
functionality as fully mature OLs [1, 2], which extend processes that contact axons
and generate the myelin sheath (Figure 2).

In the rodent cortex, OPCs emerge from the neuroepithelial regions
surrounding the ventricles and are generated in three distinct developmental waves
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Diagram illustrating oligodendroglia lineage and myelin structure. The top panel shows the steps of myelin formation,
beginning with an oligodendrocyte extending its membrane around an axon, followed by progressive wrapping driven
by the inner tongue to form a multilamellar myelin sheath. The middle panel depicts the differentiation of
oligodendrocyte progenitor cells (OPCs) into pre-oligodendrocytes and then mature oligodendrocytes, which extend
multiple processes to form internodes along several axons. The bottom panel shows a magnified view of compact myelin
layers and their molecular components, including lipids and key proteins: MBP (magenta) promoting compaction,
PLP (orange) and MOG (cyan) contributing to structural stability, MAG (gray) mediating axon—glia signaling, and
CNP (red) maintaining cytoplasmic channels(adapted from [2]).

4

(E12.5, E15.5, and PO). It has been observed that these waves originate in the
ventral region and progressively shift toward the dorsal regions [11, 12]. The OPCs
from the first wave are predominantly replaced by medial and dorsal OPCs by
postnatal day 10 (P10) [11]. In the spinal cord, two waves are identified: a ventral
wave commencing at E12.5, which generates 80-90% of the total OPC population,
and a dorsal wave that contributes the remaining 10-20% [13].

Once generated, OPCs migrate toward their target regions, guided by gradients of
signaling molecules, extracellular matrix proteins (e.g., laminin, fibronectin), axon
guidance cues (e.g., netrin-1, CXCL1), and growth factors such as vascular
endothelial growth factor (VEGF) and platelet-derived growth factor (PDGF) [13].
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Moreover, it has been shown that neuronal activity can promote OPC migration [14].
OPCs have been shown to express AMPA and NMDA receptors and to receive direct
synaptic input from neurons [14, 15]. This finding lends support to the hypothesis
that neurotransmitter release may function as a positional cue during migration.
Furthermore, OPCs frequently migrate along blood vessels, using these vessels as
structural “tracks” that facilitate the migration of OPCs between regions [16].
Upon reaching their destination, OPCs proliferate and differentiate [13]. The
progression of these cells into pre-myelinating OLs and then into mature OLs is
influenced by the activity of differentiation-promoting transcription factors, including
myelin regulatory factor (Myrf). Mature OLs have been shown to initiate myelin
production by expressing key myelin proteins, including MOG, MBP, and PLP.
Together, these proteins facilitate the assembly of myelin sheaths, forming a compact
bilayer lipid membrane that insulates and protects axons [13]. Myelin compaction is
primarily mediated by MBP, which acts as a “zippering” protein between adjacent
bilayer membranes [2, 17]. The process of MBP mRNA transport along microtubules
from the OL soma to its processes, followed by on-site protein synthesis, is referred to as
local translation [18]. It has been demonstrated that MBP exhibits a high degree of
affinity for phosphatidylinositol-4,5-bisphosphate (PIPz), a lipid constituent of the
membrane [19]. The binding and neutralization of two PIP2 molecules by MBP result in
the convergence of opposing bilayers, thereby forming the major dense line (Figure 2)
and extruding cytoplasm from the space between them [20, 21]. PLP, a transmembrane
protein, contributes to the adhesion of the extracellular leaflets of the myelin membrane
(double intraperiod line, Figure 2), thereby further stabilizing the compact structure
[21]. Mice deficient in PLP can still form compact myelin; however, the sheaths are
physically unstable [22]. Despite its compaction, myelin facilitates the exchange of
metabolites through cytoplasmic channels that are maintained by 2',3'-cyclic nucleotide
3'-phosphodiesterase (CNP). CNP counteracts MBP-mediated compaction by binding
actin and creating intracellular “pillars” that maintain open, narrow cytoplasmic spaces
[23]. These channels are more abundant in young animals than in adults [24] and enable
the transport of metabolites, vesicles, and trophic molecules to the periaxonal space,
supporting axo-glial unit maintenance [2]. Other myelin proteins, such as myelin
oligodendrocyte glycoprotein (MOG) and myelin-associated glycoprotein (MAG), have
also been shown to contribute to the stability and integrity of the sheath [25, 26].
Myelin formation exemplifies a particularly dramatic instance of morphological
change in a living cell [27, 28]. OLs are subject to a process of extensive cytoskeletal
remodeling, which is necessary for the extension of their processes, the wrapping of
their axons, and the production of myelin. During OL development, the process of actin
polymerization has been shown to drive outgrowth, branching, and ensheathment
[27, 28]. Conversely, the process of wrapping during myelination requires the
disassembly of actin. Despite the broad consensus on the necessity of actin
depolymerization, the precise dynamics of this process remain a subject of debate.
A body of research posits a continuous cycle of turnover of polymerization and
depolymerization as the underlying mechanism that generates the forces necessary for
the process of wrapping [27]. In contrast, other studies propose that depolymerization
occurs only once at the onset of wrapping [28]. A recent study found that the transition
from actin polymerization to depolymerization requires inhibition of the P21-Activated
Kinase 1 (PAK1), mediated by the binding of the NF2/Merlin protein [29]. These
findings reveal the fascinating antagonistic interplay between the pro-oncogenic kinase
PAK1 and the tumor suppressor NF2/Merlin in myelin membrane expansion.
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Microtubules (MTs), the other major component of the cytoskeleton in OLs, also
play critical roles in myelination. These structures can be categorized into two
distinct types: radial MTs, which extend toward processes, and lamellar MTs, which
spiral longitudinally around the myelin sheath and traverse cytoplasmic channels
[24]. The function of MTs is critical for the transport of mRNA and vesicles from the
soma to the processes and within the myelin sheath (as noted above). Additionally,
MTs are involved in process extension via polymerization and depolymerization
dynamics [30]. Recent research has demonstrated that the nucleation of MTs outside
the cell body is essential for the process of myelination. In particular, tubulin
polymerization-promoting protein (TPPP) has been shown to mediate MT
nucleation at Golgi outposts within OL processes [31]. The in vivo studies on TPPP
depletion havent revealed that TPPP-deficient mice exhibit shorter and thinner
myelin sheaths, along with motor coordination deficits on the rotarod test [31].

The CNS is a highly complex network comprising a diverse array of neuronal types
with varying morphologies and sizes across different brain regions. Even within a single
region, an OL may encounter multiple neuron types that vary in axonal diameter and
function. Yet, the OL exhibits the capacity to selectively myelinate certain axons while
leaving others unmyelinated [3]. OLs possess an intrinsic capacity to form myelin, with
the ability to generate up to 80 sheaths on different axons [2]. In the PNS, axons with
diameters greater than 1 pm are typically myelinated [32]. In contrast, the process of CNS
myelination does not appear to adhere to such a rigid size criterion. For instance, in
specific brain regions, axons measuring as small as 200-300 nm in diameter are
myelinated, while in other regions, these axons remain unmyelinated [3]. Specific
biophysical cues have been shown to influence the permissiveness of axons to
myelination. In zebrafish, the first axon to be myelinated is the large-caliber Mauthner
axon, and the generation of additional Mauthner axons alters how individual OLs allocate
their myelinating capacity [33]. Iz vitro, axonal geometry has been demonstrated to
influence OL behavior. Specifically, high-curvature surfaces have been demonstrated to
be non-permissive, while large-diameter, low-curvature axons have been observed to
promote myelination [34]. Increasing the diameter of normally unmyelinated cerebellar
granule cell axons i% vitro has been demonstrated to be sufficient to trigger myelination
[35]. These findings suggest that, as in the PNS, large axons in the CNS may present cues
that attract OLs. However, it is important to emphasize that axonal size, in isolation, does
not serve as a definitive indicator of a specific condition. Molecular cues have been
demonstrated to play a role in this process. In the PNS, neuregulin 1 (Nrgl) has been
demonstrated to be sufficient to attract Schwann cells and initiate myelination; however,
in the CNS, Nrgl disruption does not block myelination, suggesting that multiple cues are
involved [13, 34].

Furthermore, emerging evidence has demonstrated the critical function of
neuronal activity in directing OL targeting. Indeed, studies of the zebrafish spinal cord
have revealed that the inhibition of action potentials (AP) or activity-dependent
vesicle release results in a reduction of myelination in specific axons [36, 37]. The
release of glutamate has been identified as a mediator of this effect in vitro [38],
although the precise receptor subtypes involved remain to be elucidated. The
occurrence of activity-dependent regulation is not uniform; some neurons control
myelin targeting in one brain region but not in another [39]. It is noteworthy that
neurons are not completely myelinated, as OLs generally avoid myelinating dendrites
and the soma [40]. Furthermore, in the adult CNS, a significant number of axons
persist in an unmyelinated state or exhibit discontinuous or incomplete myelination,
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even in the presence of OLs [41]. These observations suggest the potential
involvement of repulsive signals. Eph—ephrin interactions have been demonstrated to
induce OL process retraction and reduce myelination [42, 43]. Polysialylated neural
cell adhesion molecule (PSA-NCAM) has also been demonstrated to exert repulsive
effects, with increased myelination resulting from its blocking and decreased
myelination resulting from its overexpression [44, 45]. Recent findings indicate that
junctional adhesion molecule 2 (Jam2) functions as an inhibitory cue, restricting
myelination of the somatodendritic compartment [46]. In summary, OL axonal
selection is likely governed by an integrated code of biophysical properties, attractive
molecular signals, repulsive cues, and both activity-dependent and activity-
independent mechanisms. The relative contribution of each factor is likely to vary
according to brain region, neuron type, and even local microenvironment, and the
same cue may exert different effects in different contexts [13].

3. Functions of oligodendroglial cells and myelin

The primary function of myelin is to increase the speed of AP propagation along
axons. Myelinated segments (internodes, Figure 2) are interrupted by short
unmyelinated regions known as the nodes of Ranvier, which are flanked by paranodes
and juxtaparanodes [2] (Figure 3). The nodes, defined as the gaps between two
internodes, have been observed to contain a high density of voltage-gated sodium
channels, predominantly the Nav1.6 isoform, within the adult mammalian nervous
system [47]. Furthermore, they have been found to harbor other ion channels, including
Kv7.2/Kv7.3 voltage-gated potassium channels, which have been demonstrated to
contribute to the stabilization of the resting membrane potential, as well as Kv3.1b
channels, which have been shown to facilitate high-frequency firing [47]. In
juxtaparanodes, there is a high density of delayed rectifier voltage-gated potassium
channels (Kv1.1, Kv1.2) along with their auxiliary subunit Kvf2. It is hypothesized that
these channels and subunits contribute to maintaining the internodal resting potential
[47]. The paranodes, which are devoid of ion channel clusters, are nevertheless essential
for axon-glia junctions. At this site, a tight adhesion is formed between the myelin sheath
and the axolemma. Neurofascin-155 (Nfasc155) on the myelin membrane interacts with
Caspr 1 and contactin on the axolemma [48]. Consequently, nodes of Ranvier have been
shown to facilitate rapid propagation of APs and stabilize axon-glia units by segregating
ion channels into non-myelinated spots and establishing thight interaction with
axolemma. In saltatory conduction, the AP effectively "jumps" from one node of Ranvier
to the next, while the high compaction of the myelin sheath prevents ionic leak that could
disrupt signal propagation, thereby optimizing CNS conductivity (Figure 3).

The other essential function of OLs and myelin is their role in providing metabolic
support to neurons (Figure 3). Experimental studies have identified a lactate transporter
in the innermost layer of myelin, positioned in close proximity to the axon [2, 49, 50].
Blocking this pathway leads to hypomyelination and axonal degeneration, underscoring
the essential role of lactate transfer from OLs in sustaining myelinated neurons. This
metabolic coupling necessitates the sensing of axonal activity by OLs [49]. Accordingly,
glutamate receptors have been identified in the innermost layer of brain myelin [49].
Activation of these receptors has been shown to promote GLUT1 trafficking to the outer
myelin and paranodal regions, thereby increasing glucose uptake and enhancing lactate
delivery to active axons [49].
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While oligodendroglial cells (OPCs and OLs) are predominantly recognized for
their role in myelination, numerous studies over the past years have highlighted their
involvement in immune functions [51] (Figure 3). Within the CNS, the immune
response is primarily orchestrated by microglia, the resident immune cells of the
brain [2]. These cells perpetually survey their environment, poised to respond to
injury or the intrusion of foreign substances.

OPCs have the capacity for phagocytosis, which serves to clear away debris, and
they can also release cytokines, orchestrating responses in other cells [52]. OPCs
exhibit several features that are analogous to those of microglia, including motility,
phagocytic activity, and the capacity to respond to and release cytokines [52]. In
vitro, primary rat OPCs have been demonstrated to phagocytose a variety of
cellular debris, including myelin fragments and even cell membranes derived from
astrocyte cultures [53]. In vivo evidence has emerged demonstrating the presence of
axonal fragments and phagosomes within OPCs. Single-nucleus RNA sequencing
data have revealed the expression of key phagocytic genes in OPCs, suggesting
a potential role in brain shaping during development [54]. Beyond the clearance of
debris, OPCs have also been demonstrated to contribute to the maintenance of CNS
homeostasis under physiological conditions [51]. This process is facilitated by the
release of TGF-f2, which has been shown to upregulate the microglial receptor
CX3CR1 and promote a neuroprotective phenotype in microglia [55]. It has been
demonstrated that depletion of NG2 glial cells consistently reduces the microglial
homeostatic signature, leading to heightened activation and increased production
of pro-inflammatory factors such as interleukin (IL)-1p, IL-6, and tumor necrosis
factor (TNF) [56].

While oligodendroglial cells have not heretofore been regarded as a component of
the immune system, OPCs have been demonstrated to exhibit a response to
inflammation. In both human MS tissue [57] and mouse models [58], OPCs have
been observed to express genes involved in antigen processing and presentation.
These cells have been shown to produce a variety of inflammatory molecules,
including cytokines and major histocompatibility complex (MHC) proteins. These
molecules have been found to be upregulated in inflammatory contexts such as MS or
experimental autoimmune encephalomyelitis (EAE) [59, 60]. In vivo,
oligodendroglia expressing MHC class I and class II molecules have been shown to
engage CD4 + and CD8 + T cells that have been previously activated [61]. In MS
lesions, OPC numbers are reduced, potentially due to these interactions, which may
enhance CD8 + T cell-mediated killing of OLs as well as CD4 + T cell-mediated
cytotoxicity [61].

Similarly, the ablation of the oligodendroglial TNF receptor 2 (TNFR2) in EAE
models exacerbates the immunomodulatory and inflammatory functions of OPCs
following stimulation [62]. Collectively, these findings emphasize the
multifaceted immunological functions of oligodendroglial cells and underscore
their importance in understanding inflammatory myelin-related diseases, such as
MS [51].

4. Myelin plasticity

Cerebral plasticity, also referred to as adaptive neural capacity, is defined as the
brain's ability to modify its functions in response to processes such as learning. This
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capacity enables the brain to stabilize these modifications through homeostatic
mechanisms and to restore functions following injury. While previous research
indicated that this adaptability was exclusively attributable to neurons, recent
studies have identified a growing body of evidence indicating the involvement of
glial cells, particularly OLs and the myelin they produce [4, 6, 63]. MRI studies in
humans have shown that learning can change the profile of white matter [64, 65].
Indeed, it has been demonstrated that the practice of piano, juggling, or the
acquisition of reading skills and new languages are all associated with an increase in
white matter volume (Figure 4). While this does not provide direct evidence of
myelin remodeling, it strongly suggests its involvement. Rodent models have played
a particularly instrumental role in elucidating the adaptive properties of myelin. The
findings that the adult CNS is not fully myelinated, that individual neurons can
display intermittent myelination with unmyelinated segments [41], and that OPCs
remain abundant in the adult brain [66], collectively suggest that new myelin can
still be generated. A concrete example that clearly suggests myelin could serve as

a means of circuit adaptation is the myelination of the neuronal circuit controlling
binaural hearing, which enables sound localization [67]. A differential pattern of
myelination has been observed between the ipsilateral and contralateral branches of
brainstem cochlear nucleus neurons. This differential profile ensures faster signal
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Figure 4.

Diagram illustrating activity-dependent white-matter and myelin plasticity in humans and rodents. The upper panel
shows that neuronal activity, driven by behaviors such as visuomotor learning, reading, and language acquisition in
humans, and by social interaction, motor learning, spatial memory, and sensory stimulation in rodents, induces
adaptive myelin remodeling. The central illustration depicts an active neuron. The bottom panel highlights structural
changes observed in myelinated axons, including modifications in internode length, node of Ranvier length, myelin
thickness, internode formation or removal, and periaxonal space width. (adapted from [4]).
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conduction along the more heavily myelinated contralateral branches, thereby
compensating for their longer conduction path. Conduction velocity is contingent
upon the degree of myelination, and adaptive myelination exerts a substantial
influence on synaptic responses. For instance, it can synchronize the arrival times of
electrical signals from different neurons onto a common postsynaptic target, thereby
maximizing temporal summation. Consequently, adaptive myelination also
addresses specific physiological requirements for the proper functioning of neuronal
circuits.

Recent studies using genetic fate mapping have demonstrated that new OLs are
indeed generated in the adult brain [66], and that their generation is activity-
dependent, much like during development [68, 69]. Remarkably, in vivo two-photon
imaging of the adult rodent cerebral cortex has demonstrated unequivocally that new
myelin segments are generated during adulthood and that existing segments can
both elongate and retract [4, 70, 71].

A seminal study revealed an increase in MBP density in the brain region
responsible for motor task learning in rodents [72]. This suggests a correlation
between MBP density and motor learning. Another team of researchers
demonstrated that the inhibition of new OL generation impairs motor learning [73].
Therefore, the generation of newly formed OLs is necessary for motor learning. It
has been shown that motor learning drives the early proliferation of OPCs in the
motor cortex and the underlying white matter, with a fraction of them
differentiating into myelinating OLs [74]. Recent investigations employing in vivo
two-photon imaging have posited that myelin sheaths surrounding learning-
activated axons initially retract during the learning process. This retraction leads to
the formation of elongated nodes of Ranvier and a new pattern of sparse myelination
on these axons [75]. This is believed to result in a transient reduction in
conduction velocity during learning tasks [75]. In a subsequent phase, newly
generated OLs form new myelin sheaths, preferentially positioned between the
retracted existing sheaths [75]. This sequential process establishes a modified pattern
of myelination along activated neurons, distinguished by addition of new myelin
sheaths [75]. This remodeling has the potential to enhance conduction velocity,
thereby facilitating the optimization of signal transmission along consolidated neural
circuits following learning.

Memory training in mice also depends on the generation of new OLs [6]. In the
water maze paradigm, spatial memory acquisition requires the production of new
OLs specifically in the regions activated during training and the subsequent post-
training period that supports consolidation [76]. Blocking OPC differentiation
during training or consolidation impairs learning and increases latencies in remote
recall tasks [76]. Similar results were obtained in contextual fear memory paradigms,
in which successful memory formation required OPC proliferation, differentiation
into OLs, and subsequent myelin generation [76, 77]. The temporal profile suggests
that OPC proliferation and differentiation are crucial during the learning phase,
while the formation of new myelin, which emerges weeks after training, plays
a more prominent role in memory consolidation than in acute learning [77]. A recent
in-depth analysis of oligodendroglial dynamics in spatial working memory tasks
confirmed these observations [78]. Memory efficiency was closely linked to both
early OPC proliferation and differentiation in stimulated regions and to the overall
extent of these processes [78]. Memory consolidation involves subsequent structural
remodeling, including the formation of shorter myelin internodes and the insertion
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of additional sheaths between existing ones [78]. These modifications are expected to
increase conduction velocity and mirror the adaptive changes observed in motor
learning [78].

Conversely, adverse environmental stimuli have been demonstrated to exert
detrimental effects on myelination. In adult mice, social isolation has been
demonstrated to induce impairments in social behavior and a reduction in social
interest toward conspecifics [79]. In the prefrontal cortex (PFC), it has been
reported that there is a global thinning of myelin sheaths, independent of axonal
diameter. Reintegration of mice with congeners was able to restore myelin defects as
well as social interactions [79]. Remarkably, pharmacological restoration of myelin
with clemastine, a muscarinic agonist, was sufficient to rescue social deficits in
isolated adult mice [80]. Importantly, social isolation of mice during the juvenile
phase also leads to defects similar to those observed following isolation in adulthood
[81]. Reintegration with other previously isolated mice does not rescue the defects
[81], whereas reintegration with socially housed (non-isolated) animals does [82].
These findings emphasize the remarkable plasticity of myelin and its capacity to
modulate cognitive behavior.

Strikingly, myelin plasticity manifests in various ways (Figure 4), including
changes in internode length, thickness, and spacing, as well as alterations in the
length of the nodes of Ranvier and the width of the periaxonal space, all of which
influence neuronal physiology [4, 83].

5. Conclusion

Myelin is no longer regarded as a static structure; rather, it is recognized as
a dynamic and adaptive structure capable of remodeling in response to electrical
activity and experience. These properties underscore the critical role of myelin in
both health and disease. Despite these advances, the molecular mechanisms
underlying myelin plasticity remain largely unexplored, opening broad avenues of
research that span molecular and cellular biology to membrane biophysics.
Advancements in this field are expected to significantly improve our understanding
of CNS function and the mechanisms that drive related disorders.

Acronyms and abbreviations

AMPA Alpha-amino-3-hydroxy-5-methyl-4-isooxazole-propionic
acid

AP Action potential

Caspr1 Contactin-associated protein 1

CNP 2',3'-Cyclic nucleotide 3'-phosphodiesterase

CNS Central nervous system

EAE Experimental autoimmune encephalomyelitis

GLUT1 Glucose transporter 1

IL Interleukin

Kv Voltage-gated potassium

MAG Myelin-associated glycoprotein

MBP Myelin basic protein
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MCT1 Monocarboxylate transporter 1
MCT2 Monocarboxylate transporter 2
MHC Major histocompatibility complex
MOG Myelin oligodendrocyte glycoprotein
MS Multiple sclerosis

MT Microtubule

MRI Magnetic resonance imaging

Myrf Myelin regulatory factor

Nav Voltage-gated sodium

NFasc155 Neurofascin 155

NF2 Neurofibromatosis type II

NMDA N-methyl-D-aspartate

Nrgl Neuregulin 1

NSC Neural stem cell

NT Neurotransmitter

OL Oligodendrocyte

OPC Oligodendrocyte precursor Cell
PAK1 P21 activated kinase 1

PDGF Platelet-derived growth factor

PFC Prefrontal cortex

PIP2 Phosphatidylinositol-4,5-bisphosphate
PLP Proteolipid protein

PNS Peripheral nervous system
PSA-NCAM Polysialylated neural cell adhesion molecule
RNA Ribonucleic acid

TGF Transforming growth factor

TNF Tumor necrosis factor

TNFR?2 Tumor necrosis factor receptor 2
TPPP Tubulin polymerization promoting protein
VEGF Vascular endothelial growth factor
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Proliferative Reactive Astrocytes:
Key Regulators of Repair and
Synaptic Remodeling in the
Injured CNS

Lilesh Kumar Pradhan and Xiang Gao

Abstract

Following injury to the central nervous system (CNS), astrocytes, normally suppor-
tive glial cells, undergo a transformation into a reactive state. Among these, a distinct
subset known as proliferative reactive astrocytes emerges and plays a critical role in both
injury response and tissue repair. This topic explores the complex functions of these
astrocytes beyond glial scar formation, highlighting their involvement in neuroprotec-
tion, synaptic remodeling, and the restoration of CNS homeostasis. Proliferative reactive
astrocytes are regulated by signaling pathways such as JAK/STAT3, Notch, and YAP/
TAZ, which control their activation, proliferation, and interaction with other cell types.
These astrocytes engage closely with neurons, microglia, and the extracellular matrix,
influencing inflammatory responses, axon regeneration, and synaptic plasticity. Their
behavior is not uniform; rather, it shows significant regional and temporal heterogeneity,
suggesting that their function is finely tuned to the injury context. Understanding the
roles of proliferative astrocytes is essential for developing targeted therapies for CNS
injuries and neurodegenerative diseases. Instead of being solely seen as barriers to
regeneration, these cells are now recognized as potential agents of repair. Emerging
strategies aim to modulate their behavior to enhance recovery while minimizing harmful
effects. This topic brings attention to the evolving view of astrocytes as dynamic and
influential players in CNS repair. By harnessing their regenerative potential, future
therapeutic interventions may better support functional recovery after trauma or disease.

Keywords: proliferative reactive astrocytes, CNS injury, glial scar, neuroprotection,
synaptic remodeling, astrogliosis

1. Introduction

Astrocytes, long overshadowed by neurons in the study of brain function, have
undergone a dramatic reevaluation in recent decades. Traditionally viewed as passive
scaffolding or homeostatic regulators within the central nervous system (CNS),
astrocytes are now recognized as essential and highly dynamic participants in both
health and disease [1]. This conceptual shift has brought attention to the diverse roles
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astrocytes play in synaptic transmission, metabolic support, blood-brain barrier
(BBB) maintenance, and immune responses. Among the most striking
demonstrations of their functional plasticity is the transformation of astrocytes into
reactive phenotypes following CNS injury or disease [2].

Reactive astrogliosis is a complex and graded process by which astrocytes respond to
various forms of CNS insult, ranging from trauma and ischemia to neurodegenerative
disease and infection [3]. One significant and particularly compelling subtype of
reactive astrocytes is the proliferative reactive astrocyte [4]. These cells emerge in
response to severe or chronic injury and are characterized by a marked increase in
mitotic activity, hypertrophy, and upregulation of glial fibrillary acidic protein (GFAP)
and other intermediate filaments. While this proliferative response was once viewed
predominantly as pathological, primarily for its role in glial scar formation and
inhibition of axonal regeneration, it is now understood to be far more nuanced [5].
Proliferative reactive astrocytes occupy a dual role within the injured CNS. On one
hand, they are involved in forming a dense glial barrier that contains inflammation and
isolates damaged tissue. On the other hand, they participate actively in tissue repair
processes, including restoration of the BBB, modulation of local inflammation, synaptic
remodeling, and even the support of endogenous neurogenesis [6]. These astrocytes
may therefore be seen not merely as scar-forming entities, but as context-sensitive
regulators of CNS healing, capable of both promoting and impeding recovery
depending on their activation state and the microenvironmental cues they receive [3, 7].
This duality has catalyzed a new wave of research focused on delineating the molecular
signatures and functional heterogeneity of proliferative reactive astrocytes. Advances in
single-cell RNA sequencing, lineage tracing, and in vivo imaging have begun to unravel
the transcriptional diversity of reactive astrocytes, revealing that proliferation is not a
uniform process but rather a specialized program orchestrated in a region- and time-
dependent manner [8]. Specific signaling pathways, such as those involving STAT3,
NF-xB, Notch, and Hippo-Yes-associated protein (YAP), have been implicated in
governing the switch from quiescent to proliferative states, influencing not only the
degree of astrogliosis but also its functional outcomes [9, 10].

A critical area of investigation concerns how these proliferative astrocytes
interact with other CNS cells, including microglia, neurons, oligodendrocyte
precursor cells (OPCs), and endothelial cells. The interplay between astrocytes and
microglia, for instance, is essential for coordinating inflammatory responses and
shaping the glial scar [11]. Proliferative astrocytes can secrete cytokines,
chemokines, and extracellular matrix (ECM) molecules that modulate microglial
activity and influence neuroimmune signaling [12, 13]. Their crosstalk with neurons
is equally vital; astrocytes can stabilize synaptic circuits or prune dysfunctional
synapses depending on the local injury context. Additionally, they provide metabolic
and trophic support to neural progenitors, suggesting a role in facilitating limited
neuroregeneration even in the adult CNS [14-16]. An emerging area of interest is the
regional and temporal heterogeneity of proliferative astrocytes. Not all brain regions
respond to injury with the same astrocytic profile. For example, cortical and
hippocampal astrocytes may adopt distinct reactive phenotypes compared to those in
the spinal cord or brainstem [17-19]. Moreover, the timing of proliferation, whether
it occurs during the acute, subacute, or chronic phase of injury, has significant
implications for therapeutic interventions [20-22]. Understanding how these
differences manifest at molecular and functional levels could lead to more targeted
and effective strategies for modulating astrocyte behavior in disease.
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While much attention has been given to the maladaptive consequences of
reactive astrogliosis, especially in the context of chronic inflammation and glial
scarring, the therapeutic potential of proliferative reactive astrocytes is
increasingly recognized. Efforts to manipulate astrocyte proliferation
pharmacologically or genetically, either to enhance their reparative functions or
mitigate their inhibitory effects, are gaining momentum. Some studies have
explored ways to reprogram reactive astrocytes into neuroblasts or support their
conversion into neurons in situ [23, 24]. Others focus on selectively inhibiting
astrocytic signals that impede axonal regeneration while preserving their
neuroprotective properties [25-27]. Despite these advances, several questions
remain unanswered: What intrinsic and extrinsic factors determine whether a
proliferative astrocyte will support regeneration or contribute to scar formation?
Can the proliferative state be harnessed therapeutically without triggering
tumorigenesis or other adverse effects? To what extent do age, sex, and genetic
background influence the proliferative response? Addressing these questions
requires a multidisciplinary approach that integrates molecular biology, systems
neuroscience, neuroimmunology, and clinical pathology.

In this chapter, we aim to provide a comprehensive overview of proliferative
reactive astrocytes in the CNS. The discussion is organized into several key thematic
sections. First, we explore the molecular signatures that define these astrocytes, with
an emphasis on transcriptional regulation, signaling pathways, and cell-cycle
dynamics. Next, we examine their roles in inflammation, scar formation, and tissue
repair, highlighting the balance between protective and detrimental outcomes. We
then turn to the interactions between proliferative astrocytes and other CNS cell
types, considering both direct cell-cell contact and paracrine signaling. The
subsequent sections address their involvement in synaptic remodeling and
neurogenesis, as well as the regional and temporal heterogeneity that shapes their
functional profiles. Finally, we consider the therapeutic implications of modulating
astrocyte proliferation and discuss future directions for research in this rapidly
evolving field. Understanding the full repertoire of astrocyte responses to injury,
particularly those involving proliferation, is crucial not only for basic neuroscience
but also for the development of therapies aimed at treating CNS injuries and
neurodegenerative diseases. Proliferative reactive astrocytes, once relegated to the
margins of neuropathology, now stand at the forefront of CNS repair mechanisms.
As our knowledge expands, the challenge will be to translate these insights into
interventions that enhance the CNS’s innate capacity for regeneration while
minimizing maladaptive scarring. Here, we aim to provide a foundational
understanding of the dynamic and multifaceted roles of proliferative reactive
astrocytes within the injured central nervous system.

2. Molecular signatures of proliferative reactive astrocytes

Proliferative reactive astrocytes represent a distinct and highly regulated subset
of astrocytes that emerge in response to CNS injury or disease. These cells are
characterized by reentry into the cell cycle, altered transcriptional landscapes, and
activation of signaling pathways that orchestrate both their proliferative and
functional profiles. This section explores the intricate molecular architecture of
proliferative reactive astrocytes, emphasizing transcriptional regulation, key
signaling pathways, and the dynamics of cell-cycle reactivation (Figure 1).
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Molecular signatures of proliferative reactive astrocytes. Proliferative reactive astrocytes emerge after CNS injury
through coordinated transcriptional veprogramming, activation of key signaling pathways, and cell-cycle re-
entry. Pathways including JAK/STAT, EGFR, Hippo-YAP, Notch, and BMP/TGF-p, regulate the transition
from quiescence to proliferation. Downstream activation of cyclins, CDKs, and E2F enables mitotic reactivation,
linking extracellular cues to functional outcomes in repair and scar formation.

2.1 Transcriptional reprogramming in reactive proliferation

One of the most defining features of proliferative reactive astrocytes is their
robust transcriptional reprogramming in response to CNS injury. Upon activation,
astrocytes shift from a quiescent, homeostatic state to a reactive phenotype, marked
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by the upregulation of cytoskeletal proteins such as GFAP, vimentin, and nestin
[28-30]. However, proliferation involves an additional layer of transcriptional
complexity. Key transcription factors orchestrate the gene expression programs that
allow astrocytes to overcome mitotic quiescence and engage in cell division. Among
the most well-characterized regulators is signal transducer and activator of
transcription 3 (STAT3). STATS3 is rapidly activated following injury and drives the
expression of genes involved in cytoskeletal remodeling, proliferation, and survival.
Conditional deletion of STAT3 in astrocytes impairs their proliferation and alters the
formation of the glial scar, demonstrating its essential role in reactive astrogliosis
[31]. Another important transcription factor is nuclear factor kappa B (NF-«B),
which mediates inflammatory signaling and cell survival. Activation of NF-«B in
reactive astrocytes leads to the production of cytokines such as interleukin-1f (IL-
1B) and tumor necrosis factor-alpha (TNF-a), which in turn can create a feedback
loop promoting further astrocyte proliferation and glial scarring. Additional
transcriptional regulators, such as Sox9, Olig2, and c-Myrc, also contribute to the
proliferative phenotype. Sox9, for instance, is required for maintaining astrocyte
identity and promoting proliferation during injury response [31-34]. c-Myc, a well-
known proto-oncogene, is transiently upregulated and contributes to cell-cycle
entry, although its overexpression must be tightly controlled to prevent oncogenic
transformation [34].

2.2 Key signaling pathways driving astrocyte proliferation

Astrocyte proliferation is not solely governed by intrinsic transcription factors; it
is also shaped by the extracellular environment via several conserved signaling
pathways. Among these, the JAK/STAT, EGFR, Hippo-YAP, Notch, and BMP/TGF-§
pathways are of central importance. The JAK/STAT pathway, particularly involving
STAT3 as discussed, is activated by cytokines such as IL-6 and leukemia inhibitory
factor (LIF), both of which are upregulated in the injured CNS. This pathway not
only supports proliferation but also contributes to the protective and reparative
aspects of reactive astrocytes [35]. Epidermal growth factor receptor (EGFR)
signaling is another driver of astrocyte proliferation. EGFR ligands such as EGF and
TGF-a are upregulated in response to injury and promote mitogenic activity through
downstream effectors like ERK and PI3K/AKT. EGFR activation can also synergize
with STAT3 signaling, enhancing astrocyte expansion and contributing to the spatial
organization of the glial scar [36, 37]. The Hippo-YAP signaling pathway is emerging
as a key regulator of astrocyte proliferation and reactivity. Under normal conditions,
Hippo signaling restrains YAP activity, keeping astrocytes in a nonproliferative state
[38]. Following injury, inhibition of Hippo kinases allows YAP to translocate into the
nucleus, where it partners with TEAD transcription factors to drive genes involved
in proliferation and tissue remodeling [39]. Notch signaling plays a dual role in
astrocyte biology: it maintains astrocyte identity during development and, in the
adult CNS, contributes to injury-induced proliferation. Notch receptor activation by
ligands such as Jagged1 triggers the release of the Notch intracellular domain
(NICD), which enters the nucleus and alters gene expression, often in concert with
STAT3 and NF-«xB [40-42]. Finally, the BMP/TGF-3 pathway regulates the balance
between astrocyte proliferation and differentiation. While TGF-p can promote scar
formation and astrocyte reactivity, it often acts in a context-dependent manner,
sometimes limiting proliferation while promoting ECM deposition [43].

61



Glia Cells and Their Role in Maintenance, Protection, and Development of the Central Nervous
System

2.3 Cell-cycle dynamics and mitotic reactivation

The reactivation of the cell cycle in postmitotic astrocytes is a tightly regulated
process. In their resting state, astrocytes are generally maintained in the GO phase
[44]. Injury-associated cues initiate reentry into the cell cycle, typically involving
progression through G1/S and G2/M checkpoints. This process is mediated by a surge
in cyclin expression, especially cyclin D1 and cyclin A2, and activation of cyclin-
dependent kinases (CDKs), such as CDK4/6 and CDK2. These kinases phosphorylate
retinoblastoma protein (Rb), releasing E2F transcription factors that drive the
expression of S-phase genes [45]. Simultaneously, inhibitory molecules, such as
p275"P! are downregulated, removing brakes on cell-cycle progression [46].
Interestingly, not all reactive astrocytes enter mitosis; many may undergo
endoreplication or partial cell-cycle activation without completing division,
suggesting heterogeneity in proliferative potential even within the reactive
population [47]. Astrocyte proliferation is typically transient and localized, with
peak mitotic activity occurring within the first several days postinjury. However,
chronic injury or degenerative diseases can maintain or reinitiate proliferation, often
in maladaptive ways that promote scar maturation or ongoing inflammation [48].

3. Roles of proliferative reactive astrocytes in inflammation, scar
formation, and tissue repair

Astrocytes are central players in the brain’s response to injury, and their shift into
a reactive state is a hallmark of CNS pathology. Among the various reactive states,
proliferative reactive astrocytes form a particularly important subset due to their
active roles in inflammation, glial scar formation, and the orchestration of tissue
repair [49]. Their functions, however, are not strictly beneficial or harmful. Instead,
they operate within a delicate balance, wherein their actions can either promote
recovery or exacerbate damage, depending on the timing, severity, and nature of the
insult. This section examines how proliferative astrocytes contribute to
neuroinflammation, structural containment through scarring, and reparative
processes, with special focus on how these outcomes are influenced by the cellular
and molecular context (Figure 2).

3.1 Proliferative astrocytes in neuroinflammation

In response to CNS injury, whether due to trauma, ischemia, infection, or
neurodegenerative disease, astrocytes become one of the first responders. This
response includes morphological changes, upregulation of intermediate filaments
like GFAP and vimentin, and, in more severe cases, entry into the cell cycle and
proliferation.

Proliferative reactive astrocytes are actively involved in shaping the
inflammatory environment. They release a range of cytokines and chemokines,
including interleukin-6 (IL-6), TNF-a, IL-1p, CXCL10, and CCL2, which recruit and
modulate the activity of immune cells such as microglia, monocytes, and T cells
[50-54]. They also express major histocompatibility complex (MHC) molecules
under certain conditions, enabling them to participate in antigen presentation and
immune regulation [55]. This inflammatory role is context-dependent. In the early
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phases of injury, astrocyte-derived cytokines help orchestrate innate and adaptive
immune responses that are necessary for debris clearance, antimicrobial defense, and
containment of damage. However, prolonged or excessive activation of astrocytes
can perpetuate chronic inflammation, creating a hostile microenvironment that
impedes regeneration, alters synaptic function, and contributes to secondary
neuronal loss [56]. Additionally, proliferative astrocytes are involved in crosstalk
with microglia, the brain’s resident immune cells. This interaction is bidirectional:
microglia-derived signals such as IL-1a, TNF-a, and Clq can induce astrocytes into a
neurotoxic Al phenotype, while astrocytes, in turn, influence microglial activation
states [56]. The balance between pro-inflammatory and antiinflammatory signaling
in this astrocyte-microglia dialogue is crucial for determining the overall outcome of
the inflammatory response.

3.2 Glial scar formation: A double-edged sword

One of the most recognizable outcomes of astrocyte proliferation is the formation
of the glial scar, a dense, multilayered structure composed primarily of astrocytes,
along with ECM molecules like chondroitin sulfate proteoglycans (CSPGs),
fibronectin, and laminin [26, 57-60]. The glial scar has long been viewed as a barrier
to axonal regeneration, and historically, its formation was associated with poor
functional recovery. However, more recent research has revealed that scar formation
is not inherently detrimental. In the acute phase of CNS injury, the glial scar plays
essential protective roles [61]. It contains the spread of inflammation and cytotoxic
molecules, seals off necrotic tissue to prevent further tissue degradation,
reestablishes the BBB in damaged areas, provides a scaffold for revascularization,
and limits infiltration of peripheral immune cells [62, 63].

The proliferative aspect of astrocytes is critical in this process. Cell division allows
astrocytes to populate the lesion site, replace lost astroglial support, and organize
into a structurally coherent barrier. These functions are crucial in minimizing
secondary injury [15, 64]. Nevertheless, in the chronic phase, the glial scar can
become maladaptive. Astrocytes within the mature scar express high levels of
inhibitory ECM molecules, particularly CSPGs, which actively repel axonal growth
and hinder synaptic reconnection [61, 65]. Additionally, persistent scar formation
can contribute to the isolation of neural circuits, leading to functional deficits,
particularly in spinal cord injury and demyelinating diseases like multiple sclerosis.
The degree and timing of astrocyte proliferation influence the nature of the scar
[20-22]. Overactive proliferation can lead to excessive scarring and ECM deposition,
while insufficient proliferation may fail to contain inflammation, resulting in tissue
degradation [66-68]. Thus, fine-tuned regulation of astrocyte proliferation is
essential to achieve a beneficial balance.

3.3 Contributions to tissue repair and remodeling

Beyond their role in containment and scar formation, proliferative reactive
astrocytes contribute in profound ways to tissue repair and regenerative support. A
major aspect of this contribution lies in their ability to secrete a wide array of
neurotrophic factors, including brain-derived neurotrophic factor (BDNF), glial
cell-derived neurotrophic factor (GDNF), and fibroblast growth factor 2 (FGF2).
These molecules support neuronal survival, stimulate axonal sprouting, and promote
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synaptic plasticity, thereby establishing a permissive environment for functional
recovery [69-71]. At the same time, astrocytes actively restore neurochemical and
ionic homeostasis. By upregulating glutamate transporters such as GLT-1 and
potassium channels like Kir4.1, they regulate excitatory neurotransmission and
prevent excitotoxicity, which is particularly damaging in the aftermath of CNS
injury [72-75]. Parallel to these functions, astrocytes also play an essential role in
vascular remodeling. Through the release of pro-angiogenic molecules, including
vascular endothelial growth factor (VEGF) and angiopoietins, they stimulate
angiogenesis, thereby ensuring an adequate delivery of oxygen and nutrients to
regenerating tissue [76-79]. At the synaptic level, reactive astrocytes take on a
remodeling function, pruning damaged or dysfunctional synapses while
reestablishing astrocytic endfeet at synaptic terminals, a process that helps to
stabilize communication between neurons and restore local circuit integrity [14, 80].

Emerging evidence further suggests that proliferative astrocytes possess a degree
of cellular plasticity that extends beyond supportive roles. In certain experimental
models of injury, subpopulations of reactive astrocytes have demonstrated the ability
to de-differentiate into progenitor-like states, adopting phenotypes reminiscent of
neural stem or progenitor cells [81]. These cells exhibit the potential to generate new
neurons or glial cells, highlighting a latent regenerative capacity within the astrocyte
population. Although this phenomenon remains limited in mammals compared to
highly regenerative species such as zebrafish, it underscores the versatility of
astrocytes in orchestrating tissue repair [82, 83]. This capacity for cellular
reprogramming has fueled growing interest in therapeutic strategies aimed at
harnessing astrocytic plasticity, either through genetic reprogramming or
pharmacological modulation, to promote neurogenesis and structural repair in the
injured brain. Taken together, these observations reveal that reactive astrocytes are
not simply barriers to regeneration; rather, they function as active, multifaceted
participants in tissue remodeling, circuit stabilization, and regenerative support,
making them central players in the complex choreography of recovery following
CNS damage.

3.4 Striking the right balance

The dichotomous roles of proliferative reactive astrocytes, acting as both
protectors and potential impediments, highlight the importance of context when
evaluating their contributions to CNS pathology and repair. In the acute phases of
injury, astrocytic proliferation and the upregulation of reactive signaling pathways
are often protective, containing tissue damage, stabilizing the BBB, and limiting the
spread of inflammation. Their ability to secrete neurotrophic and angiogenic factors
at this stage helps sustain neuronal survival and initiate vascular and synaptic
remodeling [6, 84]. However, if proliferation becomes excessive or persists into
chronic stages, the same astrocytic responses can become maladaptive. Dense glial
scar formation, deposition of axon-repelling ECM components, and the release of
pro-inflammatory mediators can all interfere with long-term recovery by inhibiting
axonal regrowth and prolonging neuroinflammation [29, 84]. Thus, the astrocytic
response must be understood as temporally dynamic, with outcomes that are
beneficial in the early stages of injury but potentially detrimental if left unchecked
during chronic disease or the later phases of tissue remodeling [85].
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Recognizing this duality, therapeutic approaches are increasingly aimed at
recalibrating astrocytic behavior rather than suppressing their reactivity outright.
Strategies under investigation include reprogramming reactive astrocytes into
phenotypes that favor neuroprotection and regeneration [86-89], inhibiting the
synthesis of inhibitory ECM molecules such as CSPGs, and even directing astrocytes
toward neurogenic fates through transcriptional or pharmacological interventions
[90, 91]. The challenge lies in identifying and manipulating the molecular switches,
such as STAT3, NF«B, and Notch signaling pathways, that dictate whether reactive
astrocytes adopt beneficial or inhibitory roles [33, 35, 86, 92-94]. As our
understanding of these mechanisms deepens, the possibility of reshaping astrocytic
plasticity for therapeutic gain becomes increasingly tangible. Proliferative reactive
astrocytes should therefore not be viewed as passive responders but as active
orchestrators of CNS repair, whose functions in inflammation, scar formation, and
tissue remodeling are intricately regulated by timing and context [95]. The future of
astrocyte-targeted therapies will depend on striking the right balance: amplifying
their protective functions in the acute setting while curbing their inhibitory features
during chronic disease progression.

4. Interactions between proliferative astrocytes and other CNS cell types

The CNS is a highly interconnected environment, where cellular communication
is essential for homeostasis, defense, and repair. Within this framework,
proliferative reactive astrocytes emerge as crucial players following injury or disease.
Their interactions with neighboring CNS cells, such as neurons, microglia,
oligodendrocyte lineage cells, endothelial cells, and neural stem or progenitor cells,
are governed by a combination of direct physical contact and paracrine signaling,
both of which modulate injury responses and shape long-term recovery outcomes
(Figure 3).

4.1 Astrocyte-microglia interactions

Among the most extensively studied interactions are those between reactive
astrocytes and microglia, the resident immune cells of the central nervous system.
Microglia and astrocytes engage in a bidirectional communication loop, particularly
during the acute and subacute phases of injury. Following CNS damage, activated
microglia release a broad spectrum of cytokines, such as interleukin-1 beta, tumor
necrosis factor-alpha, and interleukin-6 [96, 97]. These cytokines activate
intracellular cascades in astrocytes, notably the STAT3 and NF-kappa B pathways,
which amplify astrocyte reactivity, drive proliferation, and induce the expression of
GFAP and ECM molecules, including CSPGs [9, 35, 41, 98].

Proliferative astrocytes, in turn, release mediators such as transforming growth
factor beta, interleukin-10, and lipocalin-2 [99-101]. These molecules modulate the
microglial phenotype by promoting a transition from pro-inflammatory to
reparative states, characterized by enhanced phagocytic activity and the production
of neurotrophic factors. Astrocytes also exert control through direct contact,
utilizing cell surface ligands such as CD200 and CX3CL1, which engage microglial
receptors CD200R and CX3CR1 and restrict excessive microglial activation
[102-105]. Furthermore, astrocyte-derived ATP and glutamate further influence
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Figure 3.

Proliferative reactive astrocytes activated after CNS injury coordinate bidirectional interactions with sur-
rounding cells. They modulate microglia via cytokines and anti-inflammatory signals, support neurons through
trophic factors, neurotransmitter homeostasis, and metabolic coupling, influence oligodendrocytes/OPCs via
growth factors, gap junctions, and ECM cues, regulate endothelial cells to promote angiogenesis and BBB repair,
and control NSPCs through Shh, Wnt, Notch, and niche remodeling.

microglial calcium signaling and chemotactic behavior, adding additional layers of
regulation [106, 107].

Persistent stimulation of these pathways can alter their functional outcomes. For
example, sustained STAT3 signaling in astrocytes promotes prolonged proliferation and
glial scar stabilization, while chronic microglial exposure to astrocyte-derived lipocalin-2
can reinforce pro-inflammatory signaling. These context-dependent dynamics highlight
the complexity of astrocyte-microglia interactions during CNS injury, where the same
molecular mediators may contribute to neuroprotection, repair, or pathological
remodeling depending on timing, intensity, and cellular state [98, 100, 101].

4.2 Astrocyte-neuron crosstalk

Proliferative astrocytes maintain dynamic interactions with neurons that regulate
both survival and functional recovery after injury. Reactive astrocytes secrete
neurotrophic factors such as brain-derived neurotrophic factor, glial cell line-derived
neurotrophic factor, and nerve growth factor, which enhance neuronal survival,
support axonal sprouting, and facilitate synaptic remodeling [70, 108, 109]. In
parallel, they control extracellular excitatory signaling by upregulating glutamate
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transporters GLT-1 and GLAST, thereby maintaining glutamate homeostasis and
limiting excitotoxicity, a major contributor to delayed neuronal death in injured
tissue [110-112].

Structural communication occurs through the tripartite synapse, in which
astrocytic processes surround neuronal synaptic terminals. Even when reactive
astrocytes undergo morphological changes during proliferation, they often preserve
their capacity to modulate synaptic function [113, 114]. This regulation is achieved
not only by buffering ions and neurotransmitters but also by releasing
gliotransmitters such as ATP, D-serine, and glutamate, which act on pre and
postsynaptic receptors to influence excitability and plasticity [115]. Calcium-
dependent signaling within astrocytic endfeet is particularly important for
coordinating this release and synchronizing neuronal network activity [116, 117].
Astrocytes additionally contribute to neuronal metabolic support by supplying
lactate through the astrocyte-neuron lactate shuttle, which fuels axonal activity
during periods of high energy demand [118-120]. They also regulate extracellular
potassium concentrations via inward-rectifying potassium channels, helping
stabilize neuronal firing patterns in the perilesional environment [121, 122]. These
multilevel interactions integrate trophic support, metabolic coupling, and synaptic
modulation, positioning proliferative astrocytes as active participants in the
regulation of neuronal viability and circuit reorganization following CNS injury.

4.3 Astrocyte-oligodendrocyte lineage interactions

The relationship between reactive astrocytes and oligodendrocyte progenitor
cells is a central determinant of remyelination after CNS injury. Astrocytes
secrete a range of trophic and regulatory factors that influence OPC behavior.
FGF 2 and platelet-derived growth factor act as potent mitogens that stimulate
OPC proliferation and recruitment to demyelinated regions [123]. LIF promotes
differentiation of OPCs into mature oligodendrocytes and enhances the
expression of myelin basic protein and proteolipid protein, which are essential for
myelin sheath formation [124]. In contrast, reactive astrocytes also produce ECM
molecules such as CSPGs, which interact with OPC receptors, including protein
tyrosine phosphatase sigma and leukocyte common antigen-related phosphatase,
leading to cytoskeletal rearrangements that restrict migration and delay
differentiation [125-127].

In addition to paracrine signaling, astrocytes engage in direct communication
with OPCs. Gap junctions containing connexin 43 and connexin 30 establish
intercellular coupling that enables the transfer of ions, metabolites, and small
signaling molecules, thereby supporting metabolic homeostasis during periods of
repair [128-131]. Astrocytes can also release extracellular vesicles enriched in
lipids and microRNAs that modulate OPC lineage progression, adding another
layer of regulation to this crosstalk. Moreover, astrocytic regulation of
extracellular potassium and glutamate concentrations indirectly influences OPC
physiology, as these progenitors are highly sensitive to ionic and
neurotransmitter fluctuations in the lesion microenvironment [132-134]. These
diverse signaling modalities highlight the capacity of proliferative reactive
astrocytes to either facilitate or impede the progression of OPCs toward
myelinating oligodendrocytes, depending on the balance of supportive versus
inhibitory cues present in the injured CNS [135].
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4.4 Astrocyte-endothelial interactions and the neurovascular unit

Proliferative reactive astrocytes play a crucial role in modulating cerebral
vasculature through close interactions with endothelial cells, especially within the
highly specialized neurovascular unit (NVU), which integrates neurons, astrocytes,
endothelial cells, pericytes, and ECM components. The NVU ensures tight coupling
between neuronal activity and vascular responses, and astrocytes are critical
mediators of this cross-talk [136-138]. Astrocytic endfeet, which ensheath more than
90% of cerebral capillaries, form a dynamic interface between the brain parenchyma
and blood vessels [139, 140]. Through this anatomical positioning, astrocytes
contribute to both the maintenance and restoration of the BBB [141]. Following
injury, reactive astrocytes undergo hypertrophy and upregulate the expression of
several signaling molecules that influence endothelial physiology. For instance, they
secrete angiogenic factors such as VEGF, angiopoietin-1, FGF2, and transforming
growth factor-p (TGF-B), which promote endothelial cell survival, proliferation, and
neovascularization. While moderate VEGF release is beneficial in restoring vascular
supply, uncontrolled or excessive VEGF can compromise BBB integrity, leading to
increased vascular permeability, leakage, and cerebral edema [142-145].

Astrocytes also maintain direct physical interactions with endothelial cells via
adhesion molecules. Integrins facilitate structural anchoring of astrocytic endfeet to
the vascular basement membrane, while aquaporin-4 (AQP4) channels regulate
bidirectional water fluxes essential for edema clearance and homeostatic balance.
Alterations in AQP4 localization or function are frequently observed in traumatic
brain injury, stroke, and neurodegenerative disorders, highlighting its importance in
BBB stability [139-141, 146, 147].

Another layer of regulation is mediated by astrocyte-derived matrix
metalloproteinases (MMPs), particularly MMP-2 and MMP-9. These proteolytic
enzymes remodel the ECM surrounding cerebral vessels, thereby facilitating
angiogenesis and vascular repair. However, excessive or unregulated MMP activity
may exacerbate BBB breakdown and inflammation by degrading tight junction
proteins such as claudin-5, occludin, and ZO-1 [148]. Thus, the balance between
constructive ECM remodeling and destructive barrier disruption is tightly governed
by astrocyte—endothelial interactions. Collectively, these processes underscore the
dual role of astrocytes in vascular pathology and repair. On one hand, they support
angiogenesis, nutrient delivery, and BBB restoration; on the other, dysregulated
astrocytic signaling may worsen vascular leakage and neuroinflammation.
Understanding the fine balance of astrocyte-endothelial communication within the
NVU is therefore essential for developing therapeutic strategies aimed at preserving
BBB integrity and optimizing vascular recovery after CNS injury.

4.5 Astrocyte-neural stem/progenitor cell communication

In neurogenic regions such as the subventricular zone (SVZ) and the
hippocampal dentate gyrus, reactive astrocytes play a central role in shaping the
activity of neural stem and progenitor cells (NSPCs). They secrete a diverse
repertoire of signaling molecules, including Sonic hedgehog (Shh), Wnt proteins,
and Notch ligands, each of which exerts distinct effects on NSPC regulation. Shh
signaling is closely associated with the maintenance of NSPC proliferation and the
expansion of the progenitor pool following injury. Wnt ligands generally act to
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promote neuronal differentiation and synaptic integration, although their effects can
vary with developmental stage and cellular context. Notch signaling, in contrast,
tends to preserve stemness by inhibiting premature differentiation, thereby ensuring
a balance between self-renewal and lineage commitment [149-153]. In this way,
astrocytes act as dynamic modulators of NSPC behavior, fine-tuning proliferation
and differentiation in response to local conditions.

Beyond soluble signaling, astrocytes influence NSPCs through structural and
metabolic support. Their endfeet form intimate contacts with the vasculature,
allowing astrocytes to regulate local blood flow, nutrient exchange, and metabolic
coupling between the niche and neural progenitors. Reactive astrocytes also remodel
the ECM, depositing or degrading molecules such as laminins and CSPGs, which can
either create permissive substrates for neurogenesis or establish inhibitory barriers
that restrict progenitor migration and differentiation. These bidirectional
interactions with the ECM further diversify the ways in which astrocytes control the
neurogenic microenvironment [154-157]. A particularly interesting line of study
suggests that astrocytes themselves may adopt progenitor-like features under certain
pathological or experimentally manipulated conditions [81, 158, 159]. In some injury
models, subsets of astrocytes begin to express neural stem cell markers, proliferate,
and even generate neurons or oligodendrocytes. This phenomenon of
transdifferentiation remains controversial, as lineage-tracing studies have yielded
variable results, but it highlights the potential latent plasticity within mature
astrocytes. Even if true transdifferentiation is rare, the capacity of astrocytes to
revert to a progenitor-like state suggests that they may serve as a cellular reservoir
for repair, complementing their role as niche regulators [158, 159]. Through this
combination of soluble signaling, ECM remodeling, metabolic support, and potential
lineage plasticity, reactive astrocytes exert multifaceted control over NSPC dynamics
in neurogenic regions. Their influence is not uniform but varies with injury severity,
timing, and molecular cues in the surrounding microenvironment, giving rise to
outcomes that can either favor regeneration or limit repair.

5. Roles in synaptic remodeling, neurogenesis, and functional
heterogeneity

5.1 The involvement of proliferative reactive astrocytes in synaptic remodeling

One of the most significant contributions of proliferative reactive astrocytes is
their role in synaptic remodeling, which includes the modulation of synaptic
structure, function, and connectivity. These functions are essential during CNS
recovery, as they influence both the elimination of damaged synapses and the
stabilization or formation of new connections. Even under homeostatic conditions,
astrocytes are essential regulators of synaptic activity. They form tripartite synapses
by extending their fine perisynaptic processes around synaptic junctions, enabling
them to modulate neurotransmission, neurotransmitter uptake, and ionic balance
[113, 114, 136, 160]. When these astrocytes adopt a reactive and proliferative
phenotype following CNS injury, they undergo morphological transformations that
allow them to dynamically interact with affected synapses. This remodeling is
mediated through the reorganization of their cytoskeleton, involving the
upregulation of proteins like GFAP, vimentin, and nestin, which support
hypertrophy and process extension or retraction (Figure 4) [34, 97].
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Beyond structural remodeling, proliferative reactive astrocytes exert regulatory
control over synaptic transmission. One of their critical roles postinjury is glutamate
clearance, achieved through the upregulation of transporters such as GLT-1
(EAAT2) and GLAST (EAAT1), which prevent excitotoxic damage caused by
excessive glutamate accumulation. They also help maintain extracellular potassium
balance by buffering ion concentrations during heightened neuronal activity [161].
Additionally, reactive astrocytes engage in gliotransmission, releasing signaling
molecules like ATP, D-serine, and glutamate, which influence synaptic efficacy and
can alter plasticity mechanisms such as long-term potentiation (LTP) [162]. A less
obvious but critical contribution of proliferative astrocytes to synaptic remodeling is
their involvement in synaptic pruning. Through the expression of phagocytic
receptors such as MEGF10 and MERTK, as well as the engagement of complement
cascade proteins like Clq and C3, astrocytes participate in tagging and eliminating
dysfunctional or unnecessary synapses [163, 164]. This role is especially important
during the subacute phase of injury, when neuronal circuits undergo active
reorganization. While this pruning is often beneficial for recovery, aberrant or
excessive astrocytic pruning has been linked to cognitive decline and synaptic loss in
conditions like Alzheimer’s disease [165-167]. Altogether, the contributions of
proliferative reactive astrocytes to synaptic remodeling are multitiered,
encompassing structural support, modulation of neurotransmission, synaptic
pruning, and signaling cross-talk with neurons. These roles are essential for both
immediate neuroprotection and long-term reorganization of neural networks
following CNS injury.

5.2 Their roles in neurogenesis

Beyond their role at synapses, proliferative reactive astrocytes play a crucial part
in modulating adult neurogenesis, especially in the two primary neurogenic niches of
the adult brain: the SVZ and the hippocampal dentate gyrus [15, 168]. In these
regions, astrocytes are integral to the regulation of NSPCs, influencing their
proliferation, differentiation, and integration into existing neural circuits. After CNS
injury, reactive astrocytes release a host of signaling molecules that shape the local
neurogenic environment [169]. These include Shh, Wnt proteins, bone
morphogenetic proteins (BMPs), Notch ligands, and a range of cytokines and growth
factors [170]. Depending on the phase of injury and the surrounding milieu, these
factors may either suppress or enhance neurogenesis. For example, during the acute
phase of injury, astrocytes may secrete signals that inhibit progenitor proliferation,
likely as a protective mechanism to prevent disorganized growth in a hostile,
inflamed environment [48, 171]. However, during the recovery phase, they may
switch to releasing neurotrophic factors like BDNF and GDNF, which promote the
survival, maturation, and integration of newborn neurons. In experimental models,
forced expression of transcription factors such as NeuroD1, Ascll, or Sox2 can
induce the conversion of reactive astrocytes into functional neurons, both in vitro
and in vivo [108, 172, 173]. While the natural occurrence of such transdifferentiation
in unmanipulated settings is still under debate, the concept suggests that
proliferative astrocytes retain a degree of latent plasticity that could be
therapeutically harnessed [158]. However, it is important to recognize that outside
the SVZ and hippocampus, the role of reactive astrocytes in neurogenesis becomes
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more complex and often more inhibitory. In nonneurogenic regions such as the
cortex or spinal cord, proliferative astrocytes tend to produce ECM components, like
CSPGs and tenascin-C, which form part of the glial scar and actively inhibit axonal
growth and progenitor cell migration [174, 175]. These molecules create a
nonpermissive environment for neurogenesis. Yet, studies using enzymes like
chondroitinase ABC have demonstrated that degrading these ECM components can
enhance neurogenic potential and promote neural repair, indicating that astrocyte-
mediated inhibition is not irreversible [176]. In sum, the influence of proliferative
reactive astrocytes on neurogenesis is multifactorial and context-dependent. In
neurogenic zones, they can provide trophic support and signaling cues that enable
regeneration. In nonneurogenic regions, they often construct inhibitory
environments, though even these effects can be modulated with therapeutic
intervention.

5.3 Regional and temporal heterogeneity that shape their functional profiles

One of the most critical aspects of proliferative reactive astrocyte biology is their
heterogeneity, both regional and temporal, which profoundly influences their roles
in synaptic remodeling, neurogenesis, and overall CNS recovery. Astrocytes are not a
monolithic population; their functions are determined by developmental lineage,
anatomical location, and external stimuli. Regionally, astrocytes display distinct
molecular signatures and activation patterns [177, 178]. For instance, cortical
astrocytes following ischemic stroke tend to exhibit strong STAT3 activation, leading
to pronounced proliferation and scar formation. These cells typically express high
levels of GFAP and ECM molecules that support glial barrier functions [35, 179].
Conversely, hippocampal astrocytes, especially those in the dentate gyrus, are more
involved in modulating the neurogenic niche and secrete a broader array of
neurotrophic factors. In the spinal cord, astrocytes are often more fibrotic and
inhibitory, upregulating genes associated with inflammation and ECM remodeling.
These regional distinctions are not merely academic; they have real functional
implications for how the CNS heals or degenerates following insult [168, 180, 181].
Equally important is the temporal progression of astrocyte responses. The
transformation of astrocytes into a reactive, proliferative state occurs in phases, each
with distinct functional attributes. During the acute phase (hours to days
postinjury), astrocytes become hypertrophic and begin expressing immediate early
genes like c-Fos and Egrl. Some begin to proliferate in response to mitogenic cues
such as EGF and FGF2, initiating the early stages of tissue stabilization and immune
modulation [177, 182]. In the subacute phase (days to weeks), proliferative
astrocytes actively contribute to glial scar formation, help restore BBB integrity, and
shape the immune microenvironment. This period represents a therapeutic window
where interventions might shift astrocyte behavior toward neuroprotection and
plasticity rather than chronic inhibition [183]. Finally, during the chronic phase
(weeks to months), astrocytes often adopt a more stabilized phenotype, although
some may persist in a “primed” or partially reactive state. These astrocytes continue
to influence CNS architecture through long-term secretion of inflammatory
mediators, ECM components, or trophic factors [184]. Adding further complexity,
there is growing evidence that reactive astrocytes can retain memory of prior insults.
Epigenetic reprogramming and altered chromatin states can lead to a “trained” or
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“primed” astrocyte phenotype, particularly in the context of chronic
neuroinflammation or repeated injuries [185]. These cells may respond more
robustly or maladaptively to subsequent insults, contributing to disease progression
or impaired recovery in conditions such as multiple sclerosis or traumatic brain
injury [186]. Together, the regional and temporal heterogeneity of proliferative
astrocytes reflects a highly adaptable system that responds to both the nature and
timing of injury. These variations are crucial for determining whether astrocytes
function primarily as protective, regenerative agents, or as obstacles to recovery.

6. Therapeutic implications of modulating astrocyte proliferation and
future research directions

Astrocyte proliferation is a double-edged sword. On one hand, astrocytes that
divide after injury contribute to glial scar formation, which acts as a barrier to
further tissue damage, limits the spread of inflammation, and restores the BBB.
These proliferating cells also help contain cytotoxic debris and promote local
homeostasis. On the other hand, the dense scar matrix they contribute to, rich in
ECM proteins like CSPGs, can inhibit axonal regeneration, cell migration, and
synaptic reorganization, creating a nonpermissive environment for neuronal repair
[6, 61, 65, 183, 187]. As such, the therapeutic potential of targeting proliferative
astrocytes lies in achieving a delicate balance: restraining their inhibitory actions
while enhancing their neuroprotective and regenerative capacities. One potential
approach involves timing the modulation of astrocyte proliferation. Experimental
models have shown that conditional ablation of proliferative astrocytes early after
injury can worsen outcomes by exacerbating inflammation and neuronal loss [188].
Conversely, delaying inhibition of their proliferation until after the acute protective
phase may reduce glial scarring and enhance axonal regrowth [189]. Such temporal
selectivity could be achieved through small molecules or gene therapies that target
key signaling pathways governing astrocyte proliferation, including JAK/STATS3,
EGFR, Notch, and mTOR signaling. Modulating these pathways has already shown
promise in preclinical studies, with some interventions leading to reduced gliosis,
improved synaptic integration, and partial restoration of motor or cognitive function
[190-193].

In parallel, the idea of reprogramming reactive astrocytes into neurons or
oligodendrocyte progenitor-like cells has gained momentum. Several studies have
demonstrated that, under certain conditions, astrocytes can be converted in situ into
functional neurons [194-196]. This strategy holds promise for neurodegenerative
diseases or injuries in nonneurogenic brain regions, where endogenous repair is
limited. Importantly, since proliferative astrocytes are more plastic and
transcriptionally active, they may represent an ideal starting population for such
reprogramming efforts. However, challenges remain in controlling the efficiency,
specificity, and safety of such conversions in vivo. Another therapeutic opportunity
lies in fine-tuning the secretory profile of reactive astrocytes, many of which are
influenced by their proliferative state. Proliferative astrocytes secrete a mix of pro-
and antiinflammatory cytokines, trophic factors, and extracellular vesicles that
influence the behavior of neurons, microglia, and oligodendrocyte lineage cells
[197-199]. Interventions that bias this secretome toward a neuroprotective or
regenerative phenotype could amplify the positive effects of astrocyte proliferation
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while minimizing harmful consequences. For instance, modulating astrocytic NF-xB
or Nrf2 pathways has been shown to shift cytokine output and enhance neuronal
survival in models of stroke and traumatic brain injury [200]. A growing interest has
also emerged in the field of biomaterials and tissue engineering, where astrocyte
biology is being integrated into the design of therapeutic scaffolds. Engineered
hydrogels or injectable materials that interact with endogenous astrocytes, or even
deliver proliferative astrocyte populations with tailored phenotypes, are being
explored as means to support CNS regeneration. Such materials can be embedded
with bioactive cues that influence astrocyte proliferation, differentiation, and scar
formation [201, 202]. These strategies offer a platform to manipulate the injury
environment locally, reducing the need for systemic drugs that carry broader side
effects.

Despite these advances, several challenges continue to limit the clinical
translation of astrocyte-targeted therapies. A major hurdle is the heterogeneity of
reactive astrocytes, both across CNS regions and within a single injury context [3,
203]. Not all proliferative astrocytes are functionally equivalent, and broad
manipulation risks unintended effects. For example, inhibiting proliferation in
astrocytes that serve protective or neurogenic functions may impair recovery, while
promoting proliferation in already fibrotic regions may worsen scarring. As such,
future therapies must be highly specific, targeting particular subtypes, temporal
windows, and anatomical sites [95]. Advances in single-cell RNA sequencing, spatial
transcriptomics, and in vivo lineage tracing are beginning to reveal the diversity of
astrocyte responses and could soon enable precision interventions [204].

Looking forward, several future research directions stand out as critical. First,
there is a need to map the molecular identities of proliferative astrocyte subtypes
across injury models and disease states. This could enable the development of
markers for therapeutic targeting or cell sorting. Second, researchers must develop
better tools for in vivo manipulation of astrocyte proliferation, ideally ones that
allow reversible or graded control rather than binary on-and-off approaches. Third,
it is essential to conduct more studies in large animal models or systems that more
accurately reflect human CNS pathology, as most current insights derive from
rodent models with limited translational potential. Another promising area lies in
combination therapies, where modulation of astrocyte proliferation is paired with
neurotrophic support, antiinflammatory treatment, or rehabilitation training to
enhance recovery. The interplay between astrocytes and other glial cells, especially
microglia and oligodendrocytes, is also ripe for investigation, as targeting astrocytes
alone may be insufficient for full functional restoration. Finally, as personalized
medicine continues to evolve, tailoring astrocyte-targeted therapies to individual
injury profiles, genetic backgrounds, and disease progression stages will likely be
necessary for optimal efficacy.

7. Conclusion

In a nutshell, the modulation of astrocyte proliferation holds substantial
therapeutic promise for CNS injury and disease. These cells are not merely structural
fillers but active agents of repair, inflammation, and plasticity. By harnessing their
diverse capabilities, while mitigating their potential to impede regeneration, future
therapies may achieve more robust and lasting neurological recovery. Continued
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investment in understanding their biology, heterogeneity, and interactions will be
essential for turning this promise into clinical reality. Looking forward, the challenge
will lie in developing strategies that can fine-tune astrocytic responses in a context-
dependent manner, amplifying their protective and pro-regenerative functions
while suppressing maladaptive processes such as glial scarring or excessive
inflammation. Achieving this balance will likely require integrating molecular,
genetic, and biomaterial approaches with advanced imaging and single-cell profiling
techniques, enabling precise targeting of astrocyte subpopulations in both space and
time. If successful, such efforts will not only open new therapeutic avenues for
conditions ranging from traumatic brain and spinal cord injury to neurodegenerative
disease but also reshape our broader understanding of CNS repair and resilience.
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Chapter 5

How Glial Cell Dysfunction Fuels
Neurodegeneration in Alzheimer’s
and Prion Diseases? Emerging
Targets for Therapy
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Abstract

Neurodegenerative diseases, including Alzheimer’s disease (AD) and prion
disorders, have historically been studied from a neuron-centric perspective.
However, growing evidence highlights glial cells — particularly microglia and
astrocytes — as central mediators of disease initiation and progression. Glia maintain
central nervous system homeostasis through waste clearance, synaptic regulation,
metabolic support, and blood-brain barrier maintenance. In pathological contexts,
glial populations undergo morphological and functional changes, commonly
termed reactive gliosis, which can be either protective or detrimental depending on
the disease stage. In AD, microglial dysfunction impairs amyloid clearance,
promotes chronic cytokine release, and contributes to synaptic loss, while reactive
astrocytes exacerbate glutamate excitotoxicity and metabolic dysregulation.
Similarly, prion diseases demonstrate that glial cells mediate neurotoxicity and
pathogen propagation, with astrocytes showing transcriptomic alterations
preceding neuronal demise and microglial ablation paradoxically accelerating
disease. Shared pathomechanisms between AD and prion diseases include
mitochondrial dysfunction, inflammasome activation, cytokine network
dysregulation, and impaired phagocytosis, with the NLRP3 inflammasome
emerging as a key therapeutic target. Recent advances in single-cell transcriptomics
and spatial proteomics are elucidating the molecular heterogeneity of reactive glia,
paving the way for precision medicine approaches. Given the challenges of directly
targeting misfolded proteins, glia-focused therapies — ranging from anti-
inflammatory agents to gene therapy — represent a promising avenue. This chapter
reviews the multifaceted roles of glial cells in neurodegeneration, emphasizing how
chronic activation, impaired signaling, and genetic susceptibility convert
protective functions into drivers of neuronal dysfunction, and explores emerging
strategies for glia-targeted interventions in AD and prion diseases.

Keywords: glial cells, Alzheimer’s disease, prion diseases, neurodegeneration,

neuroinflammation, reactive gliosis, microglia, astrocytes, therapeutic targets,
protein misfolding
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1. Introduction

Neurodegenerative diseases, including Alzheimer’s disease (AD) and prion
diseases, are characterized by progressive neuronal loss, synaptic dysfunction, and
the accumulation of misfolded proteins [1]. Traditionally, these disorders have been
viewed through a neuron-centric lens. However, growing evidence has repositioned
glial cells, particularly astrocytes and microglia, as central players in the pathogenesis
and progression of neurodegeneration [2]. Far from being passive bystanders, glial
cells actively shape disease environments through inflammatory signaling, failed
clearance of pathological proteins, and dysfunctional metabolic support [3, 4].

Glial cells are required for the homeostatic maintenance of the central nervous
system (CNS) [5]. The resident immune cell in the brain, the microglia, actively
monitors the brain environment, clears waste, and regulates synaptic elimination
during development and disease [6]. The most common glial subpopulation,
astrocytes, mediate the presence of neurotransmitters, ion equilibrium, energy
production, and blood-brain barrier (BBB) health [7]. Oligodendrocytes offer
support factors and enable the swift transmission of signals through myelination. In
pathological situations, such glial populations experience morphological and
functional modifications, usually considered together as the process of gliosis or
reactive gliosis, which may be beneficial or harmful depending on the nature of
a disease and its temporal progression [8].

Neuroinflammation has been established as a central pathological determinant
in AD, and glial cells have found themselves in the limelight in terms of disease
progression. The presence of several AD risk genes that are mainly expressed in
microglia (TREM2, CD33, and CR1) supports the role of innate immune signaling in
susceptibility to the disease, as detected in genome-wide association studies
(GWAS:s) [9]. Dysfunction of microglia causes abnormal clearance of amyloid
plaques, over-secretion of cytokines, and loss of synapses. Similarly, astrocytes
become reactive and are no longer able to maintain homeostatic activity, a factor that
promotes glutamate excitotoxicity and dysregulation of metabolism [10]. The
current paradigm shift regarding AD research identifies that glial dysfunction is not
only a by-product of the disorder but could also be among the initial and driving
causes of neurodegeneration.

Protein misfolding and glial involvement can be better viewed through prion
diseases, albeit lesser frequency. Under such conditions, a template-like
conformational conversion facilitates the spread of misfolded prion protein (PrP 23),
causing massive neurotoxicity. It is remarkable that prion replication and
neurodegeneration may develop independently of a substantial adaptive immune
response, suggesting that both innate immune cells, in particular microglia and
astrocytes, are important mediators of the pathogenesis [11]. The ablation of
microglia in mouse models of prion disease has similarly been paradoxically shown to
accelerate progression, suggesting a dual role of microglia in neurotoxicity as well as
neuroprotection [12]. Astrocytes are another type of cell that contain PrPSc; they
also have transcriptomic alterations that precede neuronal demise, hinting at them
being the main agents of pathogen propagation and toxicity [13].

One commonality between AD and prion illnesses is the presence of glial
phenotypes associated with a patho-mechanistic framework, such as mitochondrial
dysfunction, cytokine network dysregulation, inflammasome activation, and impaired
phagocytosis. An example is provided by the NLRP3 inflammasome, which has proven
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that its stimulation in microglia provokes chronic inflammation as well as neuronal
damage. NLRP3 and its downstream effectors are therapeutically viable in preclinical
models of AD and prion disease [14]. Similarly, it has been demonstrated that
manipulating microglial receptors like TREM2 is sufficient to reshape glial reactions
and reduce the illness burden [15].

Given the difficulties in directly targeting misfolded proteins, therapeutic
approaches that target glial cells present a possible path for intervention. These
strategies include repurposing anti-inflammatory drugs, gene therapy, small
compounds, and monoclonal antibodies. A major obstacle, though, is the variation in
glial responses throughout illness stages and brain areas. The intricate molecular
markers of reactive glia are being deciphered through recent developments in single-
cell transcriptomics and spatial proteomics, opening the door for precision medicine
techniques [16].

This chapter focuses on the multifaceted roles of glial cells in AD and prion
diseases (Figure 1). It outlines how their protective functions are undermined by
chronic activation, impaired signaling, and genetic susceptibility. Furthermore, it
examines how glia contribute to both the propagation of neurotoxicity and the
modulation of synaptic integrity, and how this understanding may lead to novel glia-
targeted therapeutic strategies.

2. Astrocytes in Alzheimer’s disease

The most common glial cells in the CNS are astrocytes, which play a central role
in maintaining the CNS by regulating neurotransmitter clearance, ion buffering,
brain-blood flow, and metabolism [7]. The star-shaped cells are also crucial in
synapse development, elimination, and support [17]. Astrocytes in AD undergo
extensive functional and morphological modifications, known as reactive
astrocytosis, which is accompanied by an increase in glial fibrillary acidic protein
(GFAP) expression, cellular hypertrophy, proliferation, and the release of
inflammatory molecules [18].

Although the initial stimulation of astrocyte cells is defensive in nature
(intending to regain CNS balance), continuous stimulation causes the loss of
supportive roles and the escalation of inflammation, which promotes the
development of diseases [19]. Below, we explore the multifaceted role of astrocytes
in AD pathogenesis.

2.1 Interaction with amyloid-f

The key underlying pathology of AD is the production of plaques from amyloid-f
(AP) aggregation. Astrocytes play a dual and time-dependent role in Af metabolism,
as depicted in Figure 2. In the initial phases, the astrocytes engulf Ap via the low-
density lipoprotein receptor-related protein 1 (LRP1) receptor and degrade it
through the lysosomal mechanism, thus reducing the formation of plaques [20, 21].
However, as the disease progresses, the ability of astrocytes to clear Ap also
diminishes. Ap plaques are surrounded by reactive astrocytes that have taken on
a pro-inflammatory appearance and secrete cytokines such as IL-1p, TNF-a, and IL-6
[22]. This inflammatory environment in the nervous tissue increases synaptic
dysfunction as well as neuronal damage.
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Figure 2.
Astrocyte function in health and diseased brain. Healthy astrocytes clear Ap to maintain CNS balance, while
diseased astrocytes release inflammatory cytokines causing neuronal damage.

Furthermore, astrocytes themselves contain intracellular Ap, which disrupts
the lysosomal activity of the cell and hence worsens the oxidative stress condition
[23]. Recently, transcriptomic analyses have been used to describe Ap-induced
astrocytic subpopulations (e.g., disease-associated astrocytes, or DAA), which have
dysregulated expression of genes related to CNS inflammation, lipid metabolism,
and phagocytosis [24].

2.2 Glutamate dysregulation and excitotoxicity

Astrocytes also play a role in controlling synaptic glutamate homeostasis through
the expression of excitatory amino acid transporters, of which EAAT2 (GLT1 in
rodents) constitutes more than 90% of brain glutamate uptake [25]. In animal
models, impaired EAAT?2 clearance and low expression are shown in the brains of
humans and animals [26].

This excitotoxicity caused by glutamate leads to calcium overloading,
oxidative stress, and finally neuronal apoptosis. Additionally, Af oligomers have
been shown to impair EAAT?2 expression via epigenetic mechanisms and by
inducing oxidative modifications on transporter proteins [27]. Hence,
therapeutic approaches that may be used to increase the expression or activity of
EAAT?2 will provide a potential benefit in reducing excitotoxic injury in AD
models.
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2.3 Astrocytic metabolic failure

Astrocytes normally support neurons through lactate shuttle mechanisms and
glycogen metabolism [28]. In AD, astrocytic metabolic function declines,
contributing to energy deficits in neurons and reduced resilience to toxic stress [29].
The astrocyte-neuron lactate shuttle refers to a metabolic support provided by
astrocytes to neurons, whereby lactate is produced by astrocytes using glucose as
a precursor and provided to neurons to generate ATPs [30]. Astrocyte glucose
metabolism is impaired in AD, manifesting in the form of low key glycolytic enzyme
and glucose transporter (GLUT1 and GLUT3) expression [31].

The failure of this metabolism also contributes to neuronal energy loss, a decrease
in synaptic plasticity, and increased susceptibility to Af and tau toxicity [32]. The
toxic environment is further exacerbated by the impairment of mitochondrial
dynamics in astrocytes, characterized by decreased oxidative phosphorylation and
elevated production of ROS [33].

2.4 Astrocyte-tau interactions

A central feature of AD is tau pathology, and recent findings indicate an
involvement of astrocytes in tau-related neurotoxicity [34]. Despite the role of
neurons as the progenitors of pathological tau, astrocytes are capable of
incorporating extracellular tau (in particular, its phosphorylated variants) via
endocytosis [35]. Nonetheless, instead of completely eliminating it, the astrocytes
can also facilitate tau propagation through the secretion of tau-loaded exosomes or
even by transferring it to adjacent cells [36].

Besides, tau aggregation causes astrocytes to switch to a reactive phenotype
(excessive expression of GFAP and secretion of pro-inflammatory cytokines, e.g., IL-1p,
TNF-a), which, in turn, can also destroy neurons [37]. This reciprocal process facilitates
the damage of a neuroinflammatory—tau-transmission cycle, which worsens cognitive
decline in AD. Research also indicates that astrocytes could alter tau phosphorylation by
affecting kinase and phosphatase activity, thereby contributing to the progression of tau
pathology in AD [38, 39].

3. Microglia in Alzheimer’s disease

Microglia are the primary innate immune cells of the brain; their progenitors are
derived from the yolk sac, and they carry out crucial functions in immune
surveillance, clearance of debris, synaptic remodeling, and tissue repair [40]. As
illustrated in Figure 3, microglia have been shown to exhibit functional dichotomy
in AD: in the early stages, they shift from protective phenotypes to chronic,
detrimental activation as the disease progresses [41].

3.1 Protective roles in early disease
As shown in Figure 3, at the initial phases of AD, microglia are beneficial as
they have been observed to recognize AP agglomerates via pattern recognition

receptors, including Toll-like receptors, CD36, and scavenger receptors [42].
Such recognition induces a protective M2-like reaction, which entails the secretion of
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Figure 3.

Microglial dysfunction and neurodegeneration in AD.

chronic microglial activation and TREM?2 mutations (R47H) reduce Ap clearance and enhance inflammatory
and oxidative stvess responses, leading to Ap and tau accumulation and progressive neurodegeneration.

anti-inflammatory cytokines such as IL-10 and TGF-f and effective phagocytosis of
the AP [43]. Another neurotrophic factor released by microglia in this state is brain-
derived neurotrophic factor, which promotes neuronal survival and synaptic
activity. This period is important in inhibiting A plaque formation and in initiating
repair processes, yet it is normally short-lived [44].

3.2 Chronic activation and inflammation

With more severe AD pathology, continuing exposure to Ap, oxidative damage,
and damage-associated molecular patterns switches the microglial phenotype to
a pro-inflammatory (M1-like) state [45]. This phenomenon results in the release of
IL-1p, IL-6, TNF-a, the formation of reactive oxygen species (ROS) and nitric oxide
(NO) in a neurotoxic environment, which decreases the ability of the microglia to
phagocytize AP and degenerate cells, and increases the synaptic lesion and the death
of neurons [46]. Moreover, this inflammatory signaling could also lead to
hyperphosphorylation and spreading of tau, which further contributes to the
progression of cognitive decline [47].

3.3 TREM2 and genetic susceptibility

The microglial surface receptor known as TREM2 (Triggering Receptor
Expressed on Myeloid Cells 2) is essential for phagocytosis, Ap binding, lipid sensing,
and energy metabolism regulation [144]. TREM2 variations, especially the R47H
mutation, have been found to be important genetic risk factors for late-onset AD by
GWASs [48]. Signaling through TREM?2 is key to the activation of a microglial
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subtype referred to as disease-associated microglia (DAM), the activation of which is
marked by the up regulation of phagocytic and lipid metabolism genes [49]. In

the AD models, loss of TREM2 causes the microglia to fail in clustering around Af
deposition spots, phagocytosis, cholesterol homeostasis, as well as the inability to
mark the DAM phenotype [50]. Furthermore, TREM2 induces microglia metabolic
reprogramming, causing a shift toward glycolysis over oxidative phosphorylation,
needed to provide the energetic aspect of phagocytosis and inflammatory responses
[51]. The alteration of TREM2 signaling pathway consequently impairs the plasticity
of microglia in the AD brain and promotes unrestricted neurodegeneration [52].

3.4 Synaptic pruning deficits

During brain development, microglia are critical in the process of synaptic
pruning and in maintaining synaptic plasticity in adulthood. This is achieved
through the classical complement cascade, especially the proteins C1lq and C3, which
mark synapses to be removed [53]. The complement, consisting of the complement
receptor 3 (CR3), targets the C3-labeled synapses and causes their degradation
following engulfment by the microglial cells [54].

This process of pruning is deregulated in AD. In AD mouse models, it was found
that the new addition of complement oligomers enhances the expression of
complement proteins and synaptic tagging, causing excessive pruning of functional
synapses, specifically in the hippocampus and cortex — areas vital for memory and
cognition [55]. Activation of complement is highly correlated with the diminishing
of early synapses and cognition [56].

Notably, both genetic and pharmacological stimulation of complement activation
abrogation in preclinical models of AD has been demonstrated to limit the loss of
synapses and enhance behavior [55].

4. Oligodendrocytes and myelin dysfunction in Alzheimer’s disease

Myelin dysfunction and oligodendrocytes have been found to play a significant
and, in many cases, underestimated role in the pathogenesis of AD, as depicted in
Figure 4 [57]. The oligodendrocytes produce and preserve the myelin sheath,
which insulates axons and enables fast transmission of nerve impulses in the CNS
[58]. In AD, neuroimaging and postmortem data from multiple studies
demonstrated early white matter defects, such as demyelination, thinning of
myelin, and disconnection of axons, especially those related to cognitive
functioning [59].

These early morphological alterations often precede atrophy of gray matter and
clinical manifestations, pointing to the fact that oligodendrocyte dysfunction is
not a late sequel of neuronal loss but an early and proactive element of disease
pathophysiology [60]. In particular, oligodendrocytes are sensitive to oxidative
stress and AP toxicity, both of which are extensive in AD pathology [61].
Demolition of myelin worsens the action of the axons and the synchronization
among neurons, and that translates directly into cognitive deterioration [62]. The
results indicate the necessity to change the focus of therapy to the preservation
of the functions of, and implementation of, remyelination in order to slow or
prevent the development of the disease.
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Oligodendrocyte dysfunction. Normally, oligodendrocyte precursor cells (OPCs) turn into mature oligodendro-
cytes, which help keep myelination healthy. In some disorders, inflammation and microglial activation, which
are driven by CD8" T cells, interfere with OPC differentiation, vesulting in excessive proliferation of OPCs and
demyelination with worsening neuroinflammation.

4.1 Oxidative stress

It damages oligodendrocytes, making them vulnerable to Ap toxicity [63].
Oligodendrocytes survive well in mild oxidative stress, but in severe oxidative stress,
they exhibit high susceptibility because of high metabolic requirements and low
antioxidative defense compared to other glial cells [64]. Heightened oxidative stress
caused by mitochondrial dysfunction, neuroinflammation, and aggregation of Ap
in AD may lead to oligodendrocyte damage. ROS do not only harm oligodendrocyte
membranes and mitochondria but also affect their performance in preserving and
creating myelin sheaths [65].

In addition, oligodendrocytes are especially susceptible to amyloid-beta toxicity.
It has been reported that Ap peptides interfere with the calcium balance inside the
cells, stimulate the oxidation of lipids, and induce apoptotic mechanisms in
oligodendrocytes [65]. This impairs their capability to support axons, with
consequent impaired white matter integrity. According to postmortem
investigations, oligodendrocytes next to Af plaques exhibit DNA breakage and
oxidative changes, suggesting their susceptibility in the AD brain [66].

4.2 Myelin breakdown
It disrupts axonal conduction and neuronal communication. These myelin

sheaths play a major role in the conduction of electrical impulses along the axons.
Myelin degradation in AD causes decreased conduction velocity, signal dispersion,
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and an inability to achieve synchronization of neurons, which is essential in memory
and cognition [67]. Diffusion tensor imaging and magnetization transfer imaging
studies have indicated white matter degeneration in the early stages of the disease in
patients with mild cognitive impairment (MCI) and early AD, which, in some
patients, occurs even before hippocampal atrophy [59].

Bartzokis (2011) put forward the myelin model of AD, that is, that the known
age-dependent deterioration of myelin brings about a cascade of pathological events,
including Ap deposition and tau over-phosphorylation [66]. These regions that
experience the greatest susceptibility to myelin breakdown (e.g., frontal lobes,
corpus callosum) coincide with the first parts of the brain to experience cognitive
impairments in AD [68]. This helps to explain that the integrity of myelin is more
than a marker of the neurodegenerative changes in the disease, but also a driver.
Moreover, the disintegration of myelin can be followed by the release of iron and
other neurotoxins, contributing even further to the occurrence of oxidative stress
and inflammation in the brain [68]. It has also been found that the loss of trophic-
supporting oligodendrocytes increases the susceptibility of neurons toward
degeneration [69].

4.3 OPC differentiation

Failure limits repair, leading to progressive cognitive impairment. The adult
brain contains large numbers of OPCs that produce new oligodendrocytes
throughout life, particularly during or after injury or demyelination. However,
in AD, the differentiation of OPCs into mature myelinating oligodendrocytes is
substantially impaired [70]. It has been found that Ap oligomers and
inflammatory cytokines like TNF-a and IL-1f reduce OPC proliferation and
differentiation [71]. This causes impaired remyelination capacity, which
complements the progressive loss of white matter integrity. Moreover, Wnt/beta-
catenin and Notch signaling pathways, critical to OPC formation, have been
dysregulated in AD models due to internal molecular barriers to repair [72]. The
inability of OPCs to differentiate restricts endogenous repair and leads to chronic
myelin deficits. Such an absence of remyelination not only derails axonal
functioning but also negatively affects cognitive activities, including learning,
attention, and memory [73].

5. Glial cells in prion diseases

Prion diseases are a group of transmissible and fatal neurodegenerative diseases
marked by the misfolding of prion proteins (PrPSc) that spread by converting the
regular cellular prion protein (PrPSc) into their diseased form [74]. This distinct
self-perpetuating process causes the death of neurons, spongiform degeneration, as
well as a rapid loss of cognitive and motor capabilities [75]. Glial cells, especially
astrocytes, microglia, and oligodendrocytes, play a significant role in the
progression and neuropathology of prion diseases, including Creutzfeldt-Jakob
disease (CJD), Gerstmann-Straussler-Scheinker syndrome (GSS), and kuru [13].
These cells, traditionally thought of as secondary responders, are now known to
play an active role in prion replication, neuroinflammation, and
neurodegeneration.
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5.1 Astrocytes: Prion carriers and amplifiers

The most prevalent glial cells in the CNS, astrocytes, become highly reactive
during the course of prion disease [76]. This increased responsiveness is known as
astrogliosis and is accompanied by hypertrophy, elevated GFAP, and altered
expression patterns of genes [77]. Although originally considered to be
neuroprotective, reactive astrocytes may switch to a maladaptive phenotype that
promotes neuroinflammation and neuronal loss [78].

It is worth noting that astrocytes are not simply passive observers to the
progress of prion diseases; in fact, they are capable of intracellular replication of
prions. In vitro and in vivo experiments showed that even without the involvement
of cells of the nervous system, astrocytes can enhance the accumulation and spread
of PrPSc [79]. This shows that astrocytes might be prion reservoirs that mediate
local amplification as well as intercellular transmission of PrPSc. This activity of
the astrocytes infected with prions results in inflammatory cytokines (IL-1, TNF-
alpha, and IL-6), which may interfere with synaptic activity, leading to
neurotoxicity [80].

Alongside retaining PrPSc, reactive astrocytes secrete a variety of pro-
inflammatory cytokines, such as interleukin-1p (IL-1f), TNF-a, and IL-6, which may
contribute to neurodegeneration by increasing neuronal stress and disrupting
synaptic function [81]. Their protective functions, involving regulation of
extracellular ions, clearing neurotransmitters, and providing metabolic support, are
diminished too. This further leads to the continued degradation of the CNS
microenvironment [82].

5.2 Microglia: Hyperactivation and ineffective clearance

The most familiar CNS immune cells are the microglia, and they form the initial
line of defense after prion infection [83]. Activation of the microglia occurs when
they detect PrPSc deposition, elicited by morphological alterations, proliferation,
and immune activation through the upregulation of immune markers, that is, CD68,
MHC-II, and TREM2 [84].

5.2.1 Prolonged inflammation

Prolonged inflammation leads to a cytokine cascade that worsens neuronal
loss [85]. Microglial activation is protective at the early stage, as it attempts to
phagocytose prion-infected debris and ensure homeostasis; however, in chronic
prion disease, this becomes maladaptive [86]. Microglia release prolonged
expression of pro-inflammatory mediators, such as TNF-a, IL-1p, and
interferon-gamma (IFN-y), triggering a cytokine storm that disrupts neuron-
glia homeostasis and accelerates neurodegeneration [87].

5.2.2 Inefficient phagocytosis
Despite microglial activation, they exhibit limited capacity to clear PrPSc,
resisting lysosomal degradation, which results in the accumulation of this

misfolded prion protein within microglial cells, which, in turn, contributes to their
functional impairment [88]. Microglial activation in the presence of PrPSc leads to
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the release of ROS and nitric oxide (NO), which are ineffective against the
pathogenic protein but contribute to oxidative injury of surrounding neural cells,
thereby exacerbating the spongiform degeneration hallmarking prion
pathology [89].

This unproductive clearance and persistent oxidative stress generate a negative
feedback loop where microglial activation continues, increases neuron injury, and
leads to the driven spread of prion diseases [90].

5.2.3 ROS and NO release

Activated microglia secrete ROS and nitric oxide (NO), which are toxic
when excessive [91]. These produced molecules damage neuronal membranes,
interfere with the functioning of mitochondria, and also increase lipid
peroxidation, leading to the characteristic features of vacuolation and spongiform
alterations in prion-affected brains [92]. Preventing microglial activation or
minimizing the presence of oxidative stress has demonstrated a slowing of disease
progression in experimental models, where excessive microglial activation is
destructive [93].

5.3 Oligodendrocyte involvement

Oligodendrocytes, the myelinating glial cells of the CNS, play a vital role in axonal
integrity, signal conduction, and cellular metabolism [94]. Their contribution to
prion diseases is less well-defined than that of astrocytes and microglia, but indirect
evidence suggests they are markedly affected [95]. Although the outright direct
infection of oligodendrocytes by prions has not been clearly demonstrated, the
inflammatory and oxidative conditions of prion disorders are most likely affecting
the performance and survival of oligodendrocytes [96]. TNF-alpha and IFN-gamma
cytokines are cytotoxic to OPCs, impede their maturation, and restrict their ability to
engage in remyelination [97].

6. Therapeutic strategies targeting glial dysfunction

In recent years, it has become clear that glial dysfunction plays an important role
in the onset and development of neurodegenerative disorders such as AD and prion
disease [98]. There is a considerable shift toward focusing on glial activity
modulation in therapy, as an increasing amount of evidence has attributed the role of
glial cells, especially astrocytes and microglia, in driving the course of the disease.
Disruption of glial cells plays a major role in chronic neuroinflammation, oxidative
stress, and neuroglia injury. Therefore, targeting glial cells is a very attractive tactic
to stop or reverse neurodegeneration [99].

6.1 Anti-inflammatory agents
Neurodegenerative disorders are characterized by chronic neuroinflammation,
which is facilitated by activated glial cells. Regulation of such an inflammatory

response through the injection of pharmacological agents may provide a possible
avenue to reduce neuronal damage and enhance clinical outcomes [100].

106



How Glial Cell Dysfunction Fuels Neurodegeneration in Alzgheimer’s and Prion Diseases...
DOI: http://dx.doi.org/10.5772/intechopen.1013648

6.1.1 NSAIDs and IL-1f antagonists

The most studied compounds in modulating glial inflammation include non-
steroidal anti-inflammatory drugs (NSAIDs), such as ibuprofen, naproxen, and
indomethacin. These medicines mainly restrain cyclooxygenase (COX)-1 and
COX-2 enzymes, which synthesize prostaglandins — important agents of
inflammation. COX-2 in the CNS is upregulated in activated microglia and leads to
neurodegenerative cascades by increasing oxidative stress and
excitotoxicity [101].

Transgenic mouse models of AD have been used in preclinical trials, proving that
chronic treatment with NSAIDs inhibits microglial activation, plaque load, and
neuronal loss [102]. It was shown, in particular, that ibuprofen decreased the
expression of IL-1beta and TNF-alpha and enhanced cognitive performance in the
animal models of AD [55, 103]. The human experiments, however, are contradicted
in terms of the clinical trials conducted so far. The ADAPT trial (Alzheimer Disease
Anti-inflammatory Prevention Trial) has not demonstrated any protective role of
naproxen or celecoxib against dementia among patients with MClIs, and some
NSAIDs have been reported to have cardiovascular risks [104]. This has diverted the
focus to more specific cytokine inhibitory strategies, that is, IL-1 block antagonists.

Activated microglia produce an extremely strong pro-inflammatory cytokine,
IL-1p [105]. It enhances the activation of astrocytes, impairs synaptic plasticity,
and increases the neuroinflammatory loop. Clinical use of Anakinra, a recombinant
IL-1receptor antagonist (IL-1Ra), has been observed in autoimmune diseases such
as rheumatoid arthritis. In neurodegenerative models, the administration of IL-1Ra
suppressed the activation of glial cells, the accumulation of amyloid, and the
phosphorylation of tau [106].

Furthermore, higher concentrations of IL-1 in the cerebrospinal fluid (CSF) have
been linked to both the course of AD and the prion diseases, further demonstrating
its therapeutic potential as a target [107, 108].

6.2 Microglia-targeted therapies

Microglia are the innate immune units of the CNS, which have a dual role in
neurodegenerative diseases [109]. In homeostatic states, they mediate synaptic
pruning, clearance, and neurotrophic support. However, when chronic microglial
activation is present in pathologies such as AD and prion disorders,
neuroinflammation, synaptic dysfunction, and neuronal loss occur [110]. Microglia
have since then become a significant target in therapy. The two key pathways that
are being investigated are TREM2 signaling (as it promotes positive microglial
activities) and CSF1R (as it limits excessive or pathological proliferation of
microglia) [9].

6.2.1 TREM?2 agonists to enhance phagocytosis

Microglia have a particular receptor called triggering receptor expressed on
myeloid cells 2 (TREM2) that controls phagocytosis, lipid metabolism, and
inflammatory response. Mutations causing loss of function in the TREM2 gene show
the protective effect of this gene and predispose people to AD [111, 112]. TREM2
mediates the switch of microglia into a phenotype of their newly understood form,
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the so-called disease-associated-microglia (DAM), which intensively phagocytose
AP and apoptotic debris [113].

The treatment interventions (based on TREM2 agonist antibodies) are intended
to enhance the effectiveness of microglia. The most prominent example is
a monoclonal antibody, AL002 developed by Alector and licensed to AbbVie.
Preclinical research demonstrated that AL002 improved TREM?2 signaling, amplified
microglial aggregation at plaques, lowered amyloid pathology, and maintained
synaptic integrity [114].

6.2.2 CSFIR inhibitors to modulate microglial proliferation

Colony-stimulating factor 1 receptor (CSFIR) is a tyrosine kinase receptor
important for the survival, proliferation, and differentiation of microglia [115].
Persistent activation or overexpression of CSFIR is associated with neurotoxicity,
hyper-microgliosis, and transmission of neurodegeneration, which is linked to the
pathology [116, 117].

CSF1R inhibition causes depletion or proliferation arrest in microglia, resulting in
decreased neuroinflammation and secondary damage [118]. In mice carrying AD,
treatment with a CSF1R inhibitor leads to decreased microgliosis related to plaque
parenchyma, reduced cytokines of immune response, and neural protection and
functional neurorestoration [119].

While reduction at later stages produced less benefit and ran the risk of
compromising synaptic support, a study showed that early and persistent microglial
ablation with a CSF1R inhibitor in 5XFAD Alzheimer’s mice decreased amyloid
plaque growth, neuronal loss, and enhanced memory [120]. In this way, partial or
temporary inhibition is now considered a moderate therapy. The same effects have
been observed in prion diseases with inhibition of CSF1R, where elimination of
microglia slowed the progression of the disease, decreased levels of PrPSc, and reduced
neuronal vacuolation [121]. This supports the hypothesis that proliferative pathogenic
microglia contribute to neurodegeneration outside amyloid pathology-based diseases.

6.3 Astrocyte modulators

Astrocytes are key factors in preserving CNS homeostasis by regulating
neurotransmitter diffusion, providing support to the BBB, and adjusting synaptic
dynamics [89]. However, reactive astrogliosis of the astrocytes is a transformation
that occurs during neurodegeneration, characterized by morphological distortion,
expression of inflammatory genes, and the loss of homeostatic mechanisms [45].
Treatments that either rejuvenate astrocytes or inhibit pathological reactivity are
emerging as potential therapies for AD and prion diseases.

6.3.1 Compounds that upregulate EAAT2 expression

Excitatory amino acid transporter 2 (EAAT2), or more commonly GLT-1 in
rodents, removes more than 90% of extracellular glutamate in the CNS and thus
eliminates excitatory toxicity — a major causative component of neurodegeneration
in various conditions such as AD or amyotrophic lateral sclerosis (ALS). EAAT?2 is
mostly astroglial, and its reduction is usually reported in neurodegenerative
pathologies [122].
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The EAAT2-upregulating therapies can work in terms of affecting a restoration of
glutamate homeostasis and the prevention of cell death. Among its compounds is the
following notable compound:

6.3.1.1 Ceftriaxone

It is a f-lactam antibiotic with a high effect on EAAT?2 transcription. Ceftriaxone
also increased EAAT? in vivo and in vitro models, thereby enhancing motor
performance and survival in ALS mice. Ceftriaxone therapy in AD models attenuated
amyloid pathology and enhanced cognition [122, 123].

6.3.1.2 MS-153 and LDN/OSU-0212320

These are small molecules that are known to stimulate EAAT2 promoter,
resulting in either the upregulation of EAAT2 and the removal of neurodegenerative
glutamate toxicity in experimental models [124, 125].

In animal models, adeno-associated viral vectors-based gene therapy strategies to
express EAAT2 by overexpression appear promising and have been shown to
ameliorate neurodegeneration and inflammation [126].

6.3.2 Targeting JAK/STAT signaling in reactive astrogliosis

A significant pathway of the signaling cascade that is associated with reactive
astrogliosis is the Janus kinase/signal transducer and activator of transcription (JAK/
STAT) pathway [127]. Neurodegenerative diseases are accompanied by long-term
activation of the JAK/STAT3 signaling pathway in astrocytes, with a loss of favorable
neuroprotective properties and a shift to more neurotoxic behavior [128]. Therefore,
the inhibition of maladaptive astrogliosis through JAK/STAT signaling suppression
is under development.

6.3.2.1 STAT3 conditional knockout

Conditional knockout of STAT3 in AD mouse models with astrocyte-specific
deletion leads to a reduction in astrocyte reactivity and better survival of neurons,
along with a smaller number of plaques [129].

6.3.2.2 WP1066 and AG490

These are small molecular inhibitors of JAK2/STAT3 signaling, and with them,
astrogliosis and production of cytokines are decreased, resulting in neuroprotection
in models of prion disease and traumatic brain injury [130, 131].

Ciliary neurotrophic factor (CNTF): Although CNTF can stimulate the JAK/STAT
signaling pathway, low doses or transient activation could reprogram astrocytes toward
a pro-protective phenotype, and thus moderate, rather than complete, inhibition of this
pathway may be desirable at certain stages of disease progression [128].

6.4 Gene and cell-based therapies

The use of genes and cells is gaining traction in the management of
neurodegenerative diseases, particularly those that are glia-prominent, especially AD
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and prion diseases [132]. The strategies aim to reverse genetic risk factors or remove
dysfunctional glia by replacing them with new, healthy, functional cells, which may
ultimately stop or even roll back the disease process [133].

6.4.1 CRISPR-Cas9 correction of glial risk alleles (e.g., TREM2, APOE4)

Genetic variants in glia-expressed genes, that is, APOE and TREM2, are found to
be predominantly linked with increased chances of AD and neurodegenerative
disorders [134]. CRISPR-Cas9 genome editing has made it possible to target such risk
alleles at their source and accomplish this in a cell-type-specific fashion.

6.4.1.1 Correction of APOE4

The strongest risk factor in genetic terms for sporadic AD was found to be the
APOE+4 allele, which is expressed mainly in astrocytes and, more weakly, in
microglia. APOE4 promotes poor clearance of A, enhances inflammation, and
compounds damage to the BBB. Conversion of APOE4-associated AD patient iPSC-
derived astrocytes to an APOE3 isoform with a neutral phenotype using CRISPR-
Cas9 regulated cholesterol metabolism, decreased the secretion of Af, and enhanced
the supporting features of astrocytes [135]. Base editing technologies have
demonstrated the possibility of APOE4 to APOE3 in mouse brains both in vitro and
in vivo, which decreases neuroinflammation and Ap load [136].

6.4.1.2 The correction of TREM?2

TREM2 is a receptor expressed in microglial cells that mediates phagocytosis and
inflammatory responses, and pathogenic forms of TREM2 favor AD by dysregulating
microglial responses to AP. In a 2021 study, the R47H mutation in microglia
derived from induced pluripotent stem cells (iPSCs) was corrected with the help of
CRISPR-Cas9. In chimeric mouse models and in vitro, gene-corrected microglia
exhibited restored phagocytic ability, a correct metabolic profile, and a better
response to plaques [137, 138]

6.4.2 Transplantation of healthy glial progenitors or stem-cell-derived astrocytes

The next potentially promising direction in the transplantation of healthy glial
progenitors or astrocytes produced by pluripotent stem cells is glial-targeted therapy
[139]. This is aimed at replacing dysfunctional glia and re-establishing the
neuroprotective effects of the diseased CNS.

6.4.2.1 Astrocyte transplantation

Transplantation of human embryonic stem-cell-derived astrocytes (hESCs) or
induced pluripotent stem-cell-derived astrocytes (iPSCs) into AD and ALS mouse
models is possible. This population of astrocytes is characterized by infiltration into
the host tissue, stabilization of neurons, absorption of the extracellular form of
glutamate, as well as dampening of inflammation [140]. Transplantation of iPSC-
derived astrocytes decreased Af burden, ameliorated synaptic plasticity, and
corrected cognitive impairment in an AD model mouse [141].
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6.4.2.2 Transplantation of glial progenitor

Glial progenitor cells (GPCs), which have the potential to differentiate into both
astrocytes and oligodendrocytes, are another prospective cellular therapy. GPCs
remyelinate axons, enhance behavioral therapies, reduce neuroinflammation, and
improve outcomes in leukodystrophy and demyelination in mouse models [142,
143]. Although research on prion diseases is scarce, due to the dense astro-glial/oligo-
glial participation in the pathogenesis, the possibility of alleviating functional loss by
substituting these cells exists.

7. Conclusion

Alzheimer's disease has long been described primarily in terms of neuronal
dysfunction and the pathogenic accumulations of amyloid-beta and tau, but it is now
generally regarded as a disease involving the complex interplay among all
components of the cells in the CNS. These include the glial cells, which play an
instrumental role in the onset and progression of neurodegenerative processes, and
encompass astrocytes, microglia, and oligodendrocytes. Astrocytes, once thought to
be passive support cells, are now recognized as active modulators of
neuroinflammation and neurotransmission. Their reactive phenotype in AD not only
disrupts glutamate homeostasis and fuel supply but also contributes to amyloid and
tau pathology. Similarly, microglia exhibit highly variable functional roles, where
their initial protective response to amyloid-beta is overshadowed by long-term pro-
inflammatory activation, which causes neuronal damage, loss of synaptic sites due to
complement activity, and defective clearance processes, particularly in carriers of
hereditary mutations such as TREM2. Meanwhile, oligodendrocytes and their
precursors, which are often overlooked, are also significantly affected by AD
pathology. Abnormal neural communication arises from oxidative stress, defective
OPC differentiation, and the degeneration of myelin, which exacerbates cognitive
decline. These white matter changes are becoming increasingly apparent at early
stages in imaging tests and can be detected before the onset of classic AD symptoms.
In combination, the malfunction of glial cells can amplify the classical symptomatic
pathology of AD and, additionally, represents a therapeutically untapped area of
interest. Understanding and modulating glial-specific therapies (e.g., enhancing
astrocytic clearance, reprogramming or remodeling microglia, and repairing
oligodendrocytes) is another promising avenue for disease-modifying innovations.
A potential new perspective on the so-called gliocentric pathology in AD prompts
a redefinition of therapeutic approaches to account for the complex and essential
functions of glial cells in maintaining CNS homeostasis.
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