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Preface

This Special Issue reprint, curated under the theme “Myelin Dynamics and Demyelinating

Disorders”, brings together recent advances exploring the molecular, cellular, and developmental

underpinnings of myelin biology within the central nervous system. The aim of this collection is to

deepen our understanding of how oligodendrocyte lineage cells contribute to both healthy myelination

and disease-associated demyelination, particularly in disorders such as multiple sclerosis. As a

Guest Editor, I was motivated to compile this focused issue in light of emerging technologies and

model systems that can now allow us to dissect myelin-associated mechanisms with unprecedented

resolution. The contributions herein—from basic research to translational applications—are intended

to support both early-career and established researchers, clinicians, and neurobiologists working

in the intersecting fields of glial biology, neuroinflammation, and CNS repair. I extend my sincere

appreciation to the contributing authors for their high-quality submissions, to the peer reviewers for

their valuable input, and to the editorial staff at Current Issues in Molecular Biology for their professional

support throughout the process.

Paschalis Theotokis

Guest Editor
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Editorial

Exploring Myelin Dynamics in Demyelinating Disorders at the
Molecular Level

Paschalis Theotokis 1,2

1 Laboratory of Experimental Neurology and Neuroimmunology, 2nd Department of Neurology,
AHEPA University Hospital, 54636 Thessaloniki, Greece; ptheotokis@auth.gr

2 Laboratory of Histology and Embryology, Medical School, Aristotle University of Thessaloniki,
54124 Thessaloniki, Greece

Investigating the subtle molecular mechanisms underlying demyelinating disorders
of the central nervous system (CNS) is pivotal in advancing therapeutic strategies and
improving patient outcomes. This Editorial summarizes the dynamic landscape of myelin
biology and demyelination, around three key themes extracted from a selection of ten semi-
nal papers. Beginning with myelin origin and oligodendrocyte dynamics, the discussion
progresses to inflammation, encompassing multiple sclerosis (MS) and the paramount role
of microglia, before exploring systemic–therapeutic approaches. Through this structured
approach, the aim is to unravel the molecular nuances of demyelinating disorders, offering
insights for novel therapeutic interventions.

Primordial components of the myelin sheath at the embryological level are funda-
mental for illuminating the mechanisms driving myelinogenesis in adult life, particularly
under both normal conditions and scenarios requiring repair [1]. Dermitzakis et al. explore
the role of early life developmental cues and molecular drivers in myelinogenesis. The
key contributors to this process include oligodendrocyte lineage cells, extensively inves-
tigated in animal models such as zebrafish [2] and mammalian CNS [3,4]. Whilst there
is a myriad of molecular cues involved, Fahim et al. have identified OLIG2 and MYT1L
transcription factors as essential catalysts for enhancing the differentiation potential of
human mesenchymal stem cells into oligodendrocytes, thus offering promising avenues in
advancing therapeutic strategies for demyelinating disorders.

Among the demyelinating disorders, the most prevalent one is MS, affecting 2.8 million
people worldwide [5]. Experimental autoimmune encephalomyelitis (EAE), an animal
model of MS, recapitulates the immunological aspects of the disease [6], serving as a
substrate for cell therapy [7] and drug testing. With regards to the latter, Haghmorad
et al. investigate the oral administration of myelin oligodendrocyte glycoprotein as an
immunomodulatory agent, revealing its ability to induce Th2/Treg cells while suppress-
ing Th1/Th17 immune responses, thereby offering an elegant strategy to attenuate EAE.
Building upon this, Papiri et al. comprehensively explore the inflammatory and neuroglial
aspects of MS, shedding light on the complex molecular interactions driving disease pro-
gression. Further delving into the specific manifestations of MS, Ciapă et al. meticulously
examine the molecular mechanisms underlying optic neuritis, enhancing our understand-
ing of the challenges posed by optic nerve involvement in MS.

Transitioning to the role of glial cells in inflammatory-based CNS demyelination,
Dermitzakis et al. present a historical account of microglia origins, unraveling its eccentric
journey within the CNS and contributing to a holistic perspective on neuroinflammation.
Microglial fluctuations are intricately linked to key neurodevelopmental hallmarks and
play a crucial role in regulating CNS myelin growth and integrity [8–10]. Microglia play a
tremendous role in the healthy brain [11,12], MS-related diseased conditions [13,14] and
aged CNS [15]. Notably, Piper et al. investigates the pro-inflammatory and pro-apoptotic
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effects of l-azetidine-2-carboxylic acid in BV2 microglial cells, offering valuable insights
into potential neuroprotective strategies amidst microglial responses.

The focus shifts to diagnostic markers and therapeutic approaches addressing immune-
mediated demyelinating disorders. Tonev et al. underscore the impact of plasma exchange
in MS on circulatory factors, nerve growth factor and sphingosine-1-phosphate plasma
levels, shedding light on the delicate balance between pathogenic factors and therapeu-
tic interventions. Transitioning to foundational diagnostics, Kelbich et al.’s analysis of
cerebrospinal fluid serves as a framework for understanding CNS impairment, laying the
groundwork for unveiling molecular markers in demyelinating disorders. Lastly, Kaffe et al.
scrutinize the roles of caloric restriction mimetics in central nervous system demyelination
and myelin regeneration, uncovering novel therapeutic avenues to induce remyelination, a
topic that has garnered significant attention in the research field [16].

In conclusion, this Editorial navigates through the complex landscape of molecular
mechanisms which underlie demyelinating disorders, delineating key findings from multi-
ple research teams. These studies offer foundational insights into oligodendrocyte dynamics
and myelin origin to the elucidation of inflammation’s role in MS and the contribution
of glial cells, particularly microglia. The corpus of presented papers sheds light on the
multifaceted nature of demyelination. Collectively, these studies advance current knowl-
edge, provide directions for systemic and therapeutic interventions, thus, paving the way
for enhanced diagnosis, management and potential treatment options for demyelinating
disorders of the CNS.

Conflicts of Interest: The author declares no conflict of interest.
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Review

Developmental Cues and Molecular Drivers in
Myelinogenesis: Revisiting Early Life to Re-Evaluate the
Integrity of CNS Myelin

Iasonas Dermitzakis 1, Maria Eleni Manthou 1, Soultana Meditskou 1, Dimosthenis Miliaras 1, Evangelia Kesidou 2,

Marina Boziki 2, Steven Petratos 3, Nikolaos Grigoriadis 2 and Paschalis Theotokis 1,2,*

1 Department of Histology-Embryology, School of Medicine, Aristotle University of Thessaloniki,
54124 Thessaloniki, Greece; iasonasd@auth.gr (I.D.); mmanthou@auth.gr (M.E.M.); sefthym@auth.gr (S.M.);
miliaras@auth.gr (D.M.)

2 Laboratory of Experimental Neurology and Neuroimmunology, Second Department of Neurology, AHEPA
University Hospital, 54621 Thessaloniki, Greece; bioevangelia@yahoo.gr (E.K.); bozikim@auth.gr (M.B.);
ngrigoriadis@auth.gr (N.G.)

3 Department of Neuroscience, Central Clinical School, Monash University, Prahran, VIC 3004, Australia;
steven.petratos@monash.edu

* Correspondence: ptheotokis@auth.gr

Abstract: The mammalian central nervous system (CNS) coordinates its communication through
saltatory conduction, facilitated by myelin-forming oligodendrocytes (OLs). Despite the fact that
neurogenesis from stem cell niches has caught the majority of attention in recent years, oligodendro-
genesis and, more specifically, the molecular underpinnings behind OL-dependent myelinogenesis,
remain largely unknown. In this comprehensive review, we determine the developmental cues and
molecular drivers which regulate normal myelination both at the prenatal and postnatal periods.
We have indexed the individual stages of myelinogenesis sequentially; from the initiation of oligo-
dendrocyte precursor cells, including migration and proliferation, to first contact with the axon that
enlists positive and negative regulators for myelination, until the ultimate maintenance of the axon
ensheathment and myelin growth. Here, we highlight multiple developmental pathways that are key
to successful myelin formation and define the molecular pathways that can potentially be targets for
pharmacological interventions in a variety of neurological disorders that exhibit demyelination.

Keywords: oligodendrogenesis; myelinogenesis; myelin formation; embryology; CNS development;
neural tube development; morphogen signaling

1. Introduction

As the regulator of all cognitive, sensory, and motor activity, the nervous system is the
most complex biological system in humans; the complexities of integrated neural networks
are a hot area of intensive research that will require multidisciplinary investigations to
address a variable array of neurological disorders that remain an unmet medical need.
The main types of cells in the nervous system are neurons and glial cells with the latter
performing vital supporting roles [1,2]. The glial/neuronal ratio differs uniformly across
brain regions of mammalian species, underlining the pivotal role of interaction between
glial cells and neurons for appropriate integration of the central nervous system (CNS)
to coordinate neurophysiological and cognitive functions [3]. For propagation of action
potentials to ensue in neurons, axonal myelination is crucial [4,5]. The cells responsible for
myelination are the oligodendrocytes (OLs) in the CNS and Schwann cells in the peripheral
nervous system (PNS). Rudolf Virchow initially designated the term “myelin” in 1854,
named after the Greek word “marrow” (myelos), since it is especially plentiful in the brain’s
center, or marrow [6]. He posited that neurons produced myelin, but Pío del Río Hortega’s
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better histological staining processes almost a century ago revealed that myelin is created
by specific glial cells, which are OLs [7,8].

The CNS macroglia and neurons have a common embryonic origin from the neu-
roectoderm, most prominently from neuroepithelial cells of the telencephalic ventricular
and subventricular zone (VZ and SVZ), while the spinal cord is supplied with cell deriva-
tives exclusively from the central canal [9,10]. Newborn CNS is radically unmyelinated
with a sparse developing pool of unipotent cells, namely oligodendrocyte precursor cells
(OPCs), following their birth with gradual widespread functionality in the first few years
of childhood [11]. Myelination persists in an asynchronous spatiotemporal pattern through
adolescence towards adulthood, coinciding with the establishment and maintenance of
correct circuit function and cognitive development [12,13]. Mature myelin sheaths remain
stable by and large; however, they maintain the capacity to remodel and reorganize if
need be [14]. As expected, aging promulgates limit resources and energy deficiency to
sustain such developmental processes, thus cellular senescence is a common event [15].
Consequently, there is a variety in the patterns of myelination, with qualitative- and
quantitative-ontogenic checkpoints, throughout human life.

In this review, we focus on the de novo synthesis of myelin referred to herein as
myelinogenesis. This is the primordial pattern of myelination, which starts prenatally and
predominates during the first two years of human life [16]. In order for myelinogenesis
to happen, neural stem cells (NSCs) need to undergo specific developmental stages, with
the process of oligodendrogenesis, as well as additional steps for the maintenance of
these primary myelin sheaths. Interestingly, it is possible that lifelong myelinogenesis
may still occur in specific CNS regions through quiescent, adult OPCs (aOPCs), based on
miscellaneous factors, such as unmyelinated space, new OLs turnover, energy balance, and
neural circuit activity [17]. Such processes are broadly defined as adaptive myelination or
myelin remodelling/plasticity which is under fine regulation and is generally restricted.
Lastly, another crucial factor that may trigger myelinogenesis is injury and disease, such
as demyelination, and is discussed briefly towards the end, with a process known as
remyelination.

2. Myelinogenesis and Myelin Development: A Spatiotemporal Coordination

2.1. Primordium Regions of OPCs

The mammalian CNS emerges from an ectodermal, neuroepithelial lining of the neural
tube in the developing embryo [9,18]. Multiple divisions give rise to radial glia (RG), a
multipotent neural stem population that colonizes the newly-formed ventricular walls
(Figure 1) [18,19]. The VZ is the primary embryonic site for OPCs production through
asymmetrical division of the RG cells. In mice, OPCs are firstly detected in the ventral
VZ closer to the floor plate on embryonic day 12.5 (E12.5), and in humans at gestational
week (GW) 6.5 (~E45) [20]. More specifically, the outer SVZ (oSVZ) is an enlarged cortical
germinal zone only generated in humans [21]. In oSVZ, a distinct RG cell population
termed as outer RG (oRG) is located peripherally and gives rise to a transit-amplifying
population, which is an additional source of OPCs supplying the human cortex [19,21].

In the human forebrain, the first wave of OPCs originates from the medial ganglionic
eminence (MGE) and the anterior entopeduncular area (AEP), while a second batch emerges
postnatally from the lateral or caudal ganglionic eminences, establishing a sufficient amount
of OPCs in the cerebral cortex [22]. OPCs of the human forebrain appear in the SVZ of
the MGE at GW7.5, whilst at E12 in mice [19]. In the spinal cord, the majority of the
nascent OPCs (about 80% of the total number) complete their formation at the motor
neuron progenitor (pMN) domain of the ventral spinal cord, while the pool is enriched
later at E15.5 by additional OPCs migrating from dorsal regions [23]. Lastly, the cerebellar
OPCs are derived from the metencephalic ventral rhombomere 1 region, manifesting their
presence at E16.5 and are reinforced additionally with a secondary population originating
from the cerebellar VZ [10].
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Figure 1. Major cues of OPCs generation and differentiation during myelinogenesis in the prenatal
period. In the neuroepithelium lining the neural tube, NSCs are under the influence of notochord-
derived SHH, which drives the cells to become OPCs through OLIG2, SOX8/9/10 or follow neuronal
fate (neuroblasts) via NGN1/2 and SOX1/2/3. BMP originated from the neural crest instructing
NSCs to become astrocytes, controlled by HES1 as well. FOXJ1 is a crucial transcription factor
for the ependymal trajectory. The positive and negative cues controlling OPCs differentiation are
displayed in the upper right boxes. The hatched box depicts a representative area around sulcus
limitans (between alar and basal plates). Dashed lines showcase naturally occurring processes, albeit
not addressed in detail in the current review. ASCL1: Achaete-scute family bHLH transcription
factor 1, BDNF: Brain-derived neurotrophic factor, BMP: Bone morphogenetic protein, CNTF: Ciliary
neurotrophic factor, EGR1: Early growth response 1, EP: Ependymal cells, FOXJ1: Transcription
factor forkhead box J1, GALC: Galactosylceramidase, GLI2: Glioma-associated oncogene family
zinc finger 2, GPR17: G protein-coupled receptor 17, HES1: Hes family bHLH transcription factor 1,
ID2: Inhibitor of DNA binding 2, ID4: Inhibitor of DNA binding 2, IGF-1: Insulin-like growth factor 1,
JAG1: Jagged canonical Notch ligand 1, KLF6: Kruppel-like factor 6, MYRF: Myelin regulatory
factor, NGN1: Neurogenin-1, NGN2: Neurogenin-2, NSC: Neural stem cells, NT-3: Neurotrophin
3, OL: Oligodendrocytes, OLIG1: Oligodendrocyte transcription factor 1, OLIG2: Oligodendrocyte
transcription factor 2, OPC: Oligodendrocyte precursor cell, QKI: Quaking homolog, KH domain
RNA binding, RG: Radial glia, SET domain bifurcated histone lysine methyltransferase 1, SETDB1:
SHH: Sonic hedgehog signaling molecule, SIRT1: Sirtuin 1, SIRT2: Sirtuin 2, SOX: Sex-determining
region Y-box transcription factor, SREBF2: Sterol regulatory element-binding transcription factor 2,
T3: Triiodothyronine, TCF4: Transcription factor 4, ZFP191: Zinc finger protein 191.
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2.2. Molecular Signals Driving Myelinogenesis

As has been articulated from the experimental evidence, the inauguration of myelino-
genesis necessitates the formation of OPCs from multipotent NSCs, which ultimately give
rise to mature myelinating OLs through a multistep process (Figure 1) [18,24]. A vital step
herein lies in OPCs’ ability to migrate toward miscellaneous sites and proliferate, based
predominately on environmental stimuli. These cells become post-mitotic, exiting the
cell cycle to express a substantial amount of myelin-associated proteins and differentiate
into mature pre-myelinating OLs [23]. Following the proper recognition, targeting and
ensheathing specific nerve fibers is the subsequent critical milestone where each pioneer
process creates lamellar extensions that stretch and elaborate circumferentially around
the target axon [24]. As a new membrane is generated at the leading edge of the forming
myelin sheath’s inner tongue, which starts to resemble a spiral cross-sectional shape, the
sheath continues to spread along the axonal length. The secured stability and maintenance
of a newly-formed myelin sheath is the concluding event. Specific developmental cues and
molecular drivers regulate all the aforementioned cellular activities and are enlisted in full
capacity in Tables A1–A3.

2.2.1. Formation of OPCs

OPCs being generated from the ventral VZ are under the influence of the morphogen
molecule Sonic hedgehog (SHH) secreted from the notochord, while the dorsal counter-
parts are SHH-independent [25,26]. SHH signalling drives NSCs into a neuronal or OLs
lineage fate superseding the effect of bone morphogenetic proteins (BMPs) which favour
astroglial generation (Figure 1) [27,28]. Early secretion of SHH promotes motor neuron
lineage formation, while interaction in later time periods promotes OLs differentiation [29].
Interestingly, the concentration of SHH can be controlled by sulfatase 1 expression in the
ventral neuroepithelium prior to OPCs specification [30], whereas fibroblast growth factor
(FGF) signalling is of paramount importance for further OLs differentiation, especially in
the spinal cord [31,32].

Oligodendrocyte transcription factor 2 (OLIG2) is the primary regulator of OPCs
generation [33,34], and its gene expression can be potentially repressed throughout the
pre to postnatal period by paired box 6 (PAX6), Brahma-related gene-1 (BRG1), Iroquois
homeobox 3 (IRX3), histone deacetylase (HDAC) 1, HDAC2, Distal-less homeobox (DLX) 1
and DLX 2 [35–41]. On the other hand, oligodendrocyte transcription factor 1 (OLIG1) is
activated in later stages of OLs development [42]. Interestingly, the Hes family bHLH tran-
scription factor (HES1) can drive RG to an astrocytic phenotype [43], while co-occurrence
of OLIG2 with neurogenin-1 or neurogenin-2 supports motor neuron production [38,44,45].

Members of the sex-determining region Y-box transcription factor (SOX) family, such
as SOX1, SOX2, and SOX3, can also direct OPCs towards a neuronal fate [33], in contrast to
SOX8, SOX9, and SOX10, which favour the turnover of NSCs to OPCs in an autonomous
manner [34–36]. Additionally, transcription factor forkhead box J1 (FOXJ1) supports the
retention of RGs as ependymal cells throughout ventricles. Lastly, glioma-associated
oncogene family zinc finger 2 (GLI2), myelin transcription factor 1 (MYT1), NK2 home-
obox 6 (NKX2-6), and chromodomain-helicase-DNA-binding protein 8 (CHD8), among
others (Table A1), are embryonic cues for OLs specification that vary within CNS regions
indicating brain region specificity [37–40].

2.2.2. Migration

SHH presence is equally catalytic to OPCs migration [41]. Platelet-derived growth
factor subunit A (PDGFA) and its cognate receptor, PDGF receptor alpha (PDGFRα), are
essential positive drivers for OPCs migration [42]. In line with this, SOX5, SOX6, SOX9, and
SOX10 stimulate the migration, ensuring PDGF responsiveness [43,44]. Chondroitin sul-
fate proteoglycan neuron-glia antigen 2 (NG2) and ephrin-B2/B3 molecules control OPCs
polarity and contact abilities, promoting or intercepting migration, respectively [45,46].
Nestin, neural cell adhesion molecule (NCAM), and OLIG1 can also act as chemoattrac-
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tants, determining cytoskeletal plasticity as well as OPCs motility [47–51]. Other migration
chemoattractants are 2′,3′-cyclic nucleotide 3′ phosphodiesterase (CNPase), OLIG2, hepato-
cyte growth factor (HGF), thrombospondin 1, endothelin 1 (ET-1), oligodendrocyte specific
protein (OSP), OSP–associated protein (OAP-1), N-cadherin (NCAD), merosin, fibronectin,
and integrin subunit beta 1 (αvβ1 integrin) [52–60]. Spassky et al. suggested that netrin-1
is a candidate mediator for chemoattraction during migration [61]. However, other studies
considered this molecule as a chemorepellent, antagonizing PDGF [62,63].

More growth factors and associated molecules, such as vascular endothelial growth
factor A (VEGF-A) combined with VEFG receptor 2 (VEGFR2), can act as chemoattractant
molecules for OPCs migration along with miscellaneous members of the transforming
growth factor beta (TGF-β) family (e.g., BMP7 and BMP4), and Gαi-linked sphingosine-1-
phosphate receptor (S1PR) 1 and S1PR3 [64–66]. In contrast to these specific sphingosine
molecules, S1PR2 and S1PR5 negatively regulated migration [66]. Moreover, although
C-X-C motif chemokine receptor (CXCR) 4, C-X-C motif chemokine ligand (CXCL) 12
and semaphorin 3F have chemoattractive effects on the OPCs migration, semaphorin 3A,
CXCL1, and CXCR2 inhibit migration [61,67,68]. In addition, tenascin-c inhibited OPCs
migration, whilst both claudin (CLDN) 1 and CLDN3 supported OPCs relocation, validated
also in human specimens [59,69,70].

2.2.3. Proliferation

Specific driver molecules that participate in migration, such as PDGFA and PDGFRα,
contribute additionally to the OPC proliferation [47,71]. Interestingly, in the spinal cord, the
mitogenic effect of PDGF was enhanced by chemokine CXCL1 and CXCR2 [44,72], while
CXCL12 had a proliferative effect on OPCs, mediated by its receptor CXCR4 [73]. More
growth factors, such as FGF2, brain-derived neurotrophic factor (BDNF), and epidermal
growth factor (EGF) are shown to play a vital role in OPCs proliferation [74–76].

Associate developmental pathways are also implicated in this step; PDGF-mediated
proliferation depends largely on Wnt/β-catenin and PI3K/AKT/mTOR pathways [77,78].
Furthermore, jagged canonical Notch ligand 1 (JAG1) promotes OPCs proliferation and
critically blocks the subsequent differentiation step [79]. Carrying on subcellular, CHD7
and CHD8 regulate gene expression in specific brain regions [80,81]. Another member of
the SOX family, SOX9, supports the development of OLs in the cerebellum, regulating the
timing of proliferation [82]. MYT1, NCAM, cyclin-dependent kinase inhibitor 1B (p27KIP1),
oligodendrocyte myelin glycoprotein (OMgp), and tubulin polymerization promoting
protein (TPPP) are negative regulator cues for OPCs proliferation [83–87]. Interestingly,
overexpression of inhibitor of DNA binding (ID) 2 and ID4 enhances proliferation [88,89].
Similarly, expression of SHH, HGF, neurotrophin-4 (NT-4), noggin, superoxide dismutase 1
(SOD1), neurotrophin-3 (NT-3), achaete-scute family bHLH transcription factor 1 (ASCL1),
PAX6, CLDN1, and CLDN3 promotes the proliferation process [41,54,70,90–95].

Integrin-mediated signalling and, more specifically, OSP, OAP-1, αvβ1 integrin, αvβ3
integrin, fibronectin and laminin are pivotal mediators in cytoskeletal remodelling of
proliferating OPCs [56,96,97]. Gadea et al. revealed that ET-1 is a candidate molecule
for enhancing cell migration without influencing proliferation [60]. Later, Adams and
colleagues underscored that loss of ET-1 reduces OPCs proliferation in the developing
SVZ via directly binding to endothelin type B receptor (ETBR) [98]. A reduced OPCs
proliferation is observed in GS homeobox 1/2 (Gsx1/2) mutant embryos, whereas galectin-4
(GAL-4) treatment increased the proliferation [99,100]. At last, NRG1 and SOX2 induce cell
division [101,102]; however, the latest data demonstrate that NRG1 acting via ErbB did not
alter the proliferation state of OPCs [103].

2.2.4. Differentiation

OLIG1 and OLIG2 are heavily involved in the post-proliferating step of myelinogene-
sis, defining the initiation of OPCs differentiation (Figure 1) [51,53,104], while BMPs seem
to inhibit this process by downregulating myelin protein expression [105]. The effect can be

8



Curr. Issues Mol. Biol. 2022, 44

reversed by using a physiological antagonist of BMP4, such as noggin, which may restore
differentiation [91,106,107]. OLIG2 appears to interact with a variety of factors, such as
ASCL1, BRG1, transcription factor 4 (TCF4), and SET domain bifurcated histone lysine
methyltransferase 1 (SETDB1) to ensure proper OPCs differentiation [108–112]. G protein-
coupled receptor 17 (GPR17) can act as a downregulator of OLIG1 that negatively controls
the maturation and coordinates the generation of myelinating OLs from pre-myelinating
OLs through ID proteins [113]. Although overexpression of ID2 and ID4 both regulate
myelin gene expression by inhibiting OLs differentiation [89,114], they are not the ma-
jor in vivo repressors of differentiation [115]. Moreover, decreased levels of OLIG1 and
myelin regulatory factor (MYRF) were observed under early growth response 1 (EGR1)
and SOX11 overexpression, delineating the inhibitory action of the latest in OPCs differen-
tiation [116,117]. Intriguingly, MYRF is a unique regulator participating in the late stages of
OLs maturation and myelination, while the action of the other OLs’ lineage transcription
factors is restricted on OPCs specification or initial differentiation of OLs [118].

SOX family proteins are also participating in the OLs differentiation. In particular,
SOX2 and SOX3, through negative regulation of miR145, promote OLs maturation [119],
while SOX5 and SOX6 increase PDGFRα expression, maintaining OLs in their imma-
ture state [44]. For the terminal differentiation of OLs, SOX8, SOX9, and SOX10 are
required [82,120–122]. The state of myelinogenesis-associated gene expression is uniformly
affected by NKX2-2 and NKX2-6 [40,123,124]. Ji et al. suggested a mechanism regarding
NKX2-2-mediated inhibition of OLs differentiation via regulation of sirtuin 2 (SIRT2), which
generally is a positive cue for OLs maturation [125]. Similarly, sirtuin 1 (SIRT1) participates
in the differentiation of OPCs during development [126] through cytoskeleton-related
OLs proteins. The Kruppel-like factor 6 (KLF6) is another transcription factor promoting
OPCs differentiation through glycoprotein 130 (GP130)-signal transducer and transcrip-
tion activator 3 (STAT3) signalling [127]. Growth factor-wise, BDNF is a regulator of OLs
differentiation operating via binding to tyrosine receptor kinase B (TrkB) and enhancing
the MAPK pathway to upregulate gene expression during OLs maturation [75,77,128].
Evidently, NT-3 is important for the transition of immature OLs to myelin-forming cells
by recruiting c-Fos protein-activating protein kinase C (PKC) and tyrosine kinase activi-
ties [129,130]. Insulin-like growth factor 1 (IGF-1) is another main factor in assisting the
development of OPCs to mature OLs [131]. In accordance with that, GRB2 associated
binding protein 1 (GAB1) absence decreased OLs differentiation, acting as a novel target of
PDGF [132]. Incidentally, Canoll et al. suggested that NRG1 is a negative regulator of OPCs
differentiation [101], while Brinkmann et al. later demonstrated that NRG1 is required for
OPCs differentiation [103].

As far as metabolism is concerned, quaking homolog, KH domain RNA binding
(QKI)-5 forms a complex with sterol regulatory element-binding transcription factor 2
(SREBF2) that regulates the transcription of genes responsible for cholesterol biosynthesis
in OLs during differentiation [133]. Lack of transactive response DNA-binding protein
43 (TDP-43) results in lower SREBF2 and low-density lipoprotein receptor (LDLR) expres-
sion and cholesterol levels in vitro and in vivo, indicating the potential role of TDP-43 in
cholesterol homeostasis in OLs, which is linked with the proper completion of OLs devel-
opment [134]. In the same manner, ectonucleotide pyrophosphatase/phosphodiesterase
6 (ENPP6) participates in OLs maturation via a supplement of OLs with choline [135].
Most importantly, triiodothyronine (T3) is a key molecule for blocking OPCs proliferation
and promoting their differentiation into mature OLs [136,137]. Thyroid hormone receptor
alpha (TRα) is found both in OPCs and mature OLs, whilst thyroid hormone receptor
isoform beta 1 (TRβ1) is located only in mature OLs [138]. The OPCs differentiation is
mediated by the TRα, while TRβ1 is responsible for promoting myelinogenesis in later
stages [77]. Overexpression of HES5 decreases the levels of TRβ1 receptors, while ASCL1
increases them, demonstrating their role in regulating OLs differentiation timing [139]. The
neurogenic locus notch homolog protein 1 (NOTCH1) is another receptor that also regu-
lates the differentiation timing [140]. Interestingly, JAG1 is a receptor’s ligand responsible
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for inhibiting OLs differentiation, while contactin 1 (CNTN1) is another ligand with the
opposite function [79,141].

Other membrane molecules which repress OPCs differentiation are NCAM and
leucine-rich repeat, and Ig-like domain-containing Nogo receptor interacting protein 1
(LINGO-1) [142,143]. OLs maturation is negatively affected by GAL-4 and galactosylcerami-
dase (GALC), while prominin-1, GLI2, p21-activated kinase 1 (PAK1), myelin-associated
glycoprotein (MAG), SOD1, ciliary neurotrophic factor (CNTF), and inward rectifying
potassium channel 4.1 (Kir4.1) are crucial for proper differentiation [38,95,100,144–149]. On
the other hand, proper completion of OLs differentiation requires zinc finger protein 191
(ZFP191) [150]. Microtubule-associated protein 2 (MAP2), microtubule-associated protein
tau (MAPT), CNPase, and TPPP may be involved in OLs differentiation by organising the
microtubule system, similar to fasciculation and elongation protein zeta 1 (FEZ1), which is
responsible for developing OLs processes’ arbour [87,151–153]. Additionally, important
molecules being involved in the completion of OLs development are OMgp, brain enriched
myelin-associated protein 1 (BCAS1) and glutathione (GSH) [154–157]. Myelin proteolipid
protein (PLP) and myelin basic protein (MBP) are the main myelin structural proteins, but
it is suggested that they play an additional role in OLs differentiation [158,159]. CLDN1
and CLDN3 control MBP, OLIG2, PLP, and SOX10 expression: these molecules are essential
for OLs differentiation, indicating that claudins are needed [70]. Finally, connexin 47 (CX47)
and adenosine triphosphate binding cassette subfamily D member 1 (ABCD1) may support
OLs during their differentiation, aiding in gap junction coupling and reducing oxidative
stress, respectively [160–164].

2.2.5. Ensheathment

Multiple positive cues are important for the inauguration of ensheathment (Figure 2).
Amongst the prime ones with a positive effect on axon-glial junction maintenance is
NCAD, which regulates the interaction between OLs processes and axons [165]. The L1 cell
adhesion molecule (L1-CAM) and laminin expressed in axons bind to contactin and integrin
located in OLs [166]. Upon the formation of the first loops/wraps, neurofascin 155 (NF155),
located in paranodal loops, forms a well-defined complex with contactin-associated protein
(CASPR) and CNTN1, transmembrane proteins which are expressed in axons [167–169].
The activation of this complex has a pivotal role in myelin targeting, sheath growth,
organisation of paranodal loops and, therefore, supporting the axoglial junction [170,
171]. However, CASPR does not participate in myelin targeting [170]. In juxtaparanodes,
the axoglial junction is strengthened when transient axonal glycoprotein-1 (TAG-1), a
crucial molecule for maintaining enrichment of Kv1.1/Kv1.2 channels [172], interacts with
CASPR2. Regarding internodal axoglial adhesion, glial cell adhesion molecule (CADM)
4 binds to axonal CADM2 and CADM3, facilitating myelin targeting, axon wrapping,
and myelin sheath growth [173]. Similarly, CADM1b strongly binds to axonal CADM2,
positively regulating ensheathment and strengthening the junction [174]. In the same
region of the myelin sheath, MAG binds to ganglioside in axons, especially ganglioside
GD1a and GT1b, and enforces the junction’s stability [175,176].

Based on several studies, ephrins (A, B) and cognate receptors (A, B) have dual roles
that rely on location and expression. While ephrin receptor (Eph) A4 in OLs is activated
by axonal ephrin-A1 ligand, which inhibits the stability of axoglial junctions needed for
ensheathment, EphA4, expressed in the axon surface, interacts with ephrin-B, promot-
ing myelin sheet formation [177,178]. In addition, EphB1 of axons is activated through
ephrin-B in OLs, which in turn stimulates myelinogenesis [178]. The axonal ephrinB2
via binding with EphB OLs receptor influences integrin activation, reducing myelin sheet
formation [178]. The list of negative cues includes LINGO-1, which is located in both axons
and OLs, and self-interacts in trans to control the number of targeted axons inhibiting
myelinogenesis [143,179]. The NCAM is a cell adhesion molecule negatively regulating
myelinogenesis. The downregulation of this protein is essential for promoting myelin for-
mation during development, as myelinogenesis occurs only on NCAM negative axons [180].
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A somatodendritic protein, junctional adhesion molecule 2 (JAM2) inhibits oligodendroglial
interaction, suppressing myelinogenesis [181]. Apart from the somatodendritic molecules,
GAL-4 is expressed only to unmyelinated segments of neurons in hippocampal and cortical
regions; this protein is demonstrated as the first identified inhibitor of myelinogenesis in
axons [182]. Of particular interest is the possible role of OLIG1 in axonal recognition during
myelinogenesis (Table A2) [183].

 

Figure 2. Axoglial driving cues for the initiation of ensheathment during myelinogenesis. A pro-
cess of oligodendrocyte (blue) approaches the axon (brown) based on their surfaces’ attractive and
repulsive signals. The red-colored shapes represent negative surface molecules; the green ones
stand for positive and the yellow for bidirectional signals. For illustrational purposes, the paranode,
juxtaparanode, and internode regions are simplified. CADM1b: Cell adhesion molecule 1b, CADM2:
Cell adhesion molecule 2, CADM3: Cell adhesion molecule 3, CADM4: Cell adhesion molecule 4,
CASPR: Contactin-associated protein, CASPR2: Contactin-associated protein-like 2, CNTN1: Con-
tactin 1, EphA4: Ephrin receptor A4, EphB: Ephrin receptor B, EphB1: Ephrin receptor B1, GAL-4:
Galectin-4, GD1a: Ganglioside GD1a, GT1b: Ganglioside GT1b, L1-CAM: L1 cell adhesion molecule,
LINGO-1: Leucine-rich repeat and Ig-like domain-containing Nogo receptor interacting protein 1,
MAG: Myelin-associated glycoprotein, NCAD: N-cadherin, NCAM: Neural cell adhesion molecule,
NF155: Neurofascin 155, TAG-1: Transient axonal glycoprotein-1.

2.2.6. Myelin Sheath Growth and Preservation

The long-term membrane expansion and maintenance of the newly-formed myelin
sheath is the final step in completing myelinogenesis and is utterly controlled by the major
myelin proteins (Table A3). The most abundant myelin proteins are PLP (>50%) and MBP
(~15%), having a significant role in the stabilization of the myelin structure [24,52,184].
The disruption of PLP gene expression presents impaired membrane compaction [185].
MAG, on the other side, is the third most abundant protein in CNS myelin (~5%), and
does not seem to contribute to maintenance as much as it does to the previously described
initial interaction between OLs and axons [147,186]. Interestingly, myelin oligodendrocyte
glycoprotein (MOG) [187,188], CNPase [52,189], myelin-associated oligodendrocyte basic
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protein (MOBP) [190], and OMgp [86,191,192], all minor CNS myelin proteins (<1%), need
more investigation on how they influence the formation and maintenance of myelin sheaths
in compact myelin.

OLs microtubule stability is mediated by MAP2 and MAPT [151], while CX32 and
CX47 participate in maintenance [161]. Claudins, such as OSP, CLDN1, and CLDN3, play a
pivotal role as well [70,185]. Transcription factors that participate in the lamellar extension
process are SOX8, SOX10, NKX2-2, NKX6-2, and MYRF [35,122,193,194]. Transmembrane
protein (TMEM) 98, which inhibits the self-cleavage of MYRF, ID4, and OLIG1, could
also be involved in the process [114,195], whereas OLIG2 is expressed only until myelin
membranes’ production is completed [183,196]. In addition, the ERK1/2 MAP kinase
pathway is indispensable in maintaining myelinated axons via FGF–FGF receptor 1 and 2
(FGFR1 and FGFR2) [197,198]. Experiments in Hdac3-mutant optic nerves raised the
possibility that HDAC3 is also necessary for myelin integrity [199].

Proper cholesterol biosynthesis is prioritized in myelinogenesis, with QKI regulating
this cholesterol production via SREBF2. Specifically, QKI-5 acts synergistically with per-
oxisome proliferator-activated receptor beta (PPARβ)-retinoid X receptor alpha (RXRα)
activating transcription of the response in fatty acid metabolism genes. This operation
of QKI-5 is significant for maintaining myelin homeostasis [133]. The ceramide galacto-
syl transferase (CGT) is a key enzyme for catalyzing GALC synthesis, while ceramide
sulfotransferase (CST) is responsible for converting GALC to sulfatide [200,201]. Both
CST and CGT mutant animals showed a regionally specific loss of myelin stability [200].
Thus, GALC and sulfatide have a pivotal role in the long-term maintenance of myelin,
with the GALC being more crucial for myelin development than its assembly [200,201].
Additionally, peroxisomal metabolism also influences myelin survival [202]. For example,
a peroxisomal transmembrane protein responsible for very long-chain fatty metabolism is
encoded by the ABCD1 gene and is key in maintaining myelin stability [164,203]. Lastly,
the age-dependent changes of TMEM10 might be linked with its action in maintaining CNS
myelin [204].

2.3. Myelin Formation after Infancy

Although myelinogenesis has been described in the nascent developmental years,
myelination does naturally occur for the duration of a person’s life to promote learning and
memory through brain circuit plasticity [205], or as remyelination after an injury [206]. The
synaptic plasticity has been studied in depth; however, a newly discovered form of brain
plasticity, namely myelin plasticity or myelin remodelling, is under intensive investiga-
tion [205]. Extrinsic factors can influence, either positively or negatively, this remodelling
in the toddler, adolescent, and adult brain. For example, since myelin formation is sensitive
to experience, sensory stimulation may upregulate myelination, while sensory or social de-
privation can potentially downregulate axon ensheathment [205,207]. Myelin remodelling
initiates when pre-existing OPCs recruit or directly differentiate into newly-formed mature
OLs, whereas existing OLs have the ability to engage in plasticity [205]. The principal cues
for this “adaptive” myelination should not be different from the ones we scrutinize in this
review.

The regenerative process following injury also presents many similarities with specific
steps of myelinogenesis [208]. The neonatal OPCs are maintained in a resting, quiescent
state through adulthood, and they are referred to as adult aOPCs, constituting ~6% of
all cells in the CNS [206]. Interestingly, aOPCs have a transcriptome similar to mature
OLs. After injury, the innate immune response activates aOPCs, transforming them into a
neonatal-like transcriptome [209]. The activation of aOPCs is followed by their proliferation,
migration, and final differentiation into mature OLs. Older literature describes these aOPCs
as the primary remyelinating cells [210]. Nevertheless, newer research has suggested that
neural progenitors in SVZ, Schwann cells, and surviving mature OLs are also implicated in
the remyelinating process [211–213].
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The myelination efficiency is age-dependent, as the impairment of aged OPCs to
recruit and differentiate into mature OLs leads to decreased remodelling and remyelina-
tion [214]. The nutrient support of OLs is highly compromised in aging due to the presence
of senescent astrocytes, leading to decreased cholesterol biosynthesis which in turn weighs
in the impaired OLs membrane development [15,215,216]. This age-related energy de-
pletion that decreases the myelination efficiency is further fed from the accumulation of
DNA damage while rendering the neurons vulnerable to oxidative stress through free
radicals [15,217]. Additionally, the ineffectiveness of microglia, which translates to aged
phagocytes to clear out impaired myelin, is a potential aetiology for the downregulation
of remyelination [218]. Taken all together, the detailed investigation of cues that drives
de novo myelination could be a crucial point for revisiting them in demyelination and
remyelination of the adult CNS, a concept that is discussed briefly in the following section.

3. Myelinogenesis in Disease and Beyond

Although aging is a natural process that leads to a decreased turnover of functional
OLs and diminished myelin formation, the integrity of myelinogenesis can be highly com-
promised in pathological situations such as demyelination, characterized by extensive
myelin loss [219]. This condition has to be distinguished from dysmyelination, which is a
genetic-based anomaly affecting basic myelin proteins and leads to uneven/not properly
compacted myelin sheaths [219]. Demyelinating diseases could be divided into many
categories; according to their pathogenesis mechanism, which mostly implicate environ-
mental factors, nutritional deficits, presence of myelinotoxic agents, or virus-mediated
impairments. In quite frequent cases, immune system mediators are deregulated, leading
to autoimmune inflammatory demyelination [219,220]. Among the three most prevalent
inflammatory demyelinating diseases are multiple sclerosis (MS), neuromyelitis optica
spectrum disorder (NMOSD), and acute disseminated encephalomyelitis (ADEM).

In this review, we summarized all the potential molecules responsible for the long-term
maintenance of myelin along the axoglial junction (see Sections 2.2.5 and 2.2.6), serving
simultaneously as key factors in demyelinating disease sequelae. Recent data revealed that
impaired mitochondrial function and oxidative stress are also candidate pathophysiology
mechanisms for demyelinating diseases [221]. Berghoff et al. demonstrated that disruption
of cholesterol metabolism alters brain lipid metabolism in CNS and is associated with
neurological diseases such as autoimmune inflammatory conditions, including MS [222].
Nonetheless, under such circumstances, an autoimmune attack generates myelin debris
from damaged myelin [223]. These components impair the CNS remyelination by obstruct-
ing OPCs and OLs functionality while triggering additional deleterious immune responses,
also known as epitope spreading [213,223,224]. The clearance of myelin debris is crucial
for rearrangement since recent studies suggest that the failure of myelin clearance leads to
inefficient remyelination [225,226].

Remyelination can be spontaneous or in an experimental setup, achieved by the
providence of an exogenous source of neural precursor cells (NPCs) with myelinating
potential [227,228]. In various transplantation paradigms, it is shown that these cells
can either exert an in situ myelinating effect, as seen and applied successfully in spinal
cord injury (SCI) cases [229,230], or by instructing and enhancing the capacity of endoge-
nous cells to remyelinate, documented in experimental autoimmune encephalomyelitis
(EAE) [208,231,232] (324). Proposed mechanisms of action also underline immunomodula-
tory effects rather than direct cell replacement [233,234]. Nevertheless, the scarce population
of surviving mature OLs after demyelination is shown to be less effective in comparison
to newly created ones [213,235–237]. Towards this trajectory, which is a fully functional
recruitment of aOPCs to form myelinating OLs [208,238] (324, 325), it is extremely impor-
tant to comprehend the developmental molecular cues and factors governing the process
of myelinogenesis (see Section 2.2.1, Section 2.2.2, Section 2.2.3, Section 2.2.4), since these
same molecules can be candidate targets for therapeutic intervention in demyelinating
diseases.
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4. Conclusions

Through this comprehensive review, we attempt to list and categorize the genes and
proteins that act as developmental morphogens to the CNS development and, more specifi-
cally, those that are activated in the process of oligodendrogenesis. The fully functional OLs,
originating from unspecialized stem cells, are able to identify newly-formed axons which
emanate and branch in regions that need fast conduction early in life, completing their task
of myelinogenesis. Some of these cells persist in adult life in an intermediate, dormant
phenotype scattered or organized around the primordial niches. An argument that was
intended to bring into attention is how the powerful dynamics that shape myelination,
which is naturally declining as we age, can be sustained, or even re-engaged after an injury
or demyelinating disease. In the current era, transcriptomic profiling or metabolomic data
can potentially give an answer as to which of the enlisted molecules, drivers, and regulators
should be prioritized.
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Abbreviations

OPCs Oligodendrocyte precursor cells
OLs Oligodendrocytes
CNS Central nervous system
NSCs Neural stem cells
aOPCs Adult oligodendrocyte precursor cells
E Embryonic day
GW Gestational week
VZ Ventricular zone
SVZ Subventricular zone
RG Radial glia
oSVZ Outer subventricular zone
MGE Medial ganglionic eminence
MS Multiple sclerosis
ABCD1 Adenosine triphosphate binding cassette subfamily D member 1
ASCL1 Achaete-scute family basic helix-loop-helix transcription factor 1
BDNF Brain-derived neurotrophic factor
BMP4 Bone morphogenetic protein 4
BMP7 Bone morphogenetic protein 7
CADM1b Cell adhesion molecule 1b
CADM2 Cell adhesion molecule 2
CADM3 Cell adhesion molecule 3
CADM4 Cell adhesion molecule 4
CASPR Contactin-associated protein
CASPR2 Contactin-associated protein-like 2
CGT Ceramide galactosyl transferase
CHD7 Chromodomain-helicase-DNA-binding protein 7
CHD8 Chromodomain-helicase-DNA-binding protein 8
CLDN1 Claudin 1
OSP Oligodendrocyte specific protein
CLDN3 Claudin 3
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CNPase 2′,3′-cyclic nucleotide 3′ phosphodiesterase
CNTN1 Contactin 1
CST Ceramide sulfotransferase
CX32 Connexin 32
CX47 Connexin 47
CXCL1 C-X-C motif chemokine ligand 1
CXCL12 C-X-C motif chemokine ligand 12
CXCR2 C-X-C motif chemokine receptor 2
CXCR4 C-X-C motif chemokine receptor 4
DLX1 Distal-less homeobox 1
DLX2 Distal-less homeobox 2
EphA4 Ephrin receptor A4
EphB1 Ephrin receptor B1
EphB2 Ephrin receptor B2
ET-1 Endothelin 1
FGF2 Fibroblast growth factor 2
FGFR1 Fibroblast growth factor receptor 1
FGFR2 Fibroblast growth factor receptor 2
GAL-4 Galectin-4
GALC Galactosylceramidase
GLI2 Glioma-associated oncogene family zinc finger 2
HDAC1 Histone deacetylase 1
HDAC2 Histone deacetylase 2
HDAC3 Histone deacetylase 3
HES5 Hairy and enhancer of split family basic helix-loop-helix transcription factor 5
HGF Hepatocyte growth factor
ID2 Inhibitor of DNA binding 2
ID4 Inhibitor of DNA binding 4
JAG1 Jagged canonical Notch ligand 1
LINGO-1 Leucine-rich repeat and Ig-like domain-containing Nogo receptor interacting protein 1
MAG Myelin-associated glycoprotein
MAP2 Microtubule-associated protein 2
MAPT Microtubule-associated protein tau
MBP Myelin basic protein
MYRF Myelin regulatory factor
MYT1 Myelin transcription factor 1
NCAD N-cadherin
NCAM Neural cell adhesion molecule
NKX2-2 NK2 homeobox 2
NKX2-6 NK2 homeobox 6
NKX6-2 NK6 homeobox 2
NRG1 Neuregulin 1
NT-3 Neurotrophin 3
OAP-1 Oligodendrocyte specific protein–associated protein
OLIG1 Oligodendrocyte transcription factor 1
OLIG2 Oligodendrocyte transcription factor 2
OMgp Oligodendrocyte myelin glycoprotein
PAX6 Paired box 6
PDGFA Platelet-derived growth factor subunit A
PDGFRα Platelet-derived growth factor receptor alpha
PLP Myelin proteolipid protein
QKI Quaking homolog, KH domain RNA binding
S1PR1 Sphingosine-1-phosphate receptor 1
S1PR2 Sphingosine-1-phosphate receptor 2
S1PR3 Sphingosine-1-phosphate receptor 3
S1PR5 Sphingosine-1-phosphate receptor 5
SHH Sonic hedgehog signaling molecule
BRG1 Brahma-Related Gene-1
SOD1 Superoxide dismutase 1
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SOX1 Sex-determining region Y-box transcription factor 1
SOX10 Sex-determining region Y-box transcription factor 10
SOX11 Sex-determining region Y-box transcription factor 11
SOX2 Sex-determining region Y-box transcription factor 2
SOX3 Sex-determining region Y-box transcription factor 3
SOX5 Sex-determining region Y-box transcription factor 5
SOX6 Sex-determining region Y-box transcription factor 6
SOX8 Sex-determining region Y-box transcription factor 8
SOX9 Sex-determining region Y-box transcription factor 9
SREBF2 Sterol regulatory element-binding transcription factor 2
TRα Thyroid hormone receptor alpha
TRβ1 Thyroid hormone receptor isoform beta 1
TDP-43 Transactive response DNA-binding protein 43
TMEM10 Transmembrane Protein 10
TMEM98 Transmembrane protein 98
TPPP Tubulin polymerization promoting protein
VEGF-A Vascular endothelial growth factor A
VEGFR2 Vascular endothelial growth factor receptor 2
αvβ1 integrin Integrin subunit beta 1
αvβ3 integrin Integrin subunit beta 3

Appendix A

The following appendix contains all the genes and relevant chromosomal loci from
proteins involved in myelinogenesis in relation to their biological role. This data is sup-
plemental to the main text based on the current knowledge and literature on cues driving
oligodendrocyte development, ensheathment and myelin maintenance.

Table A1. Molecular drivers and morphogens in specification, migration, proliferation, and differen-
tiation of OPCs.

Gene * Chromosomal Locus * Protein * Biological Role Reference

ABCD1 Xq28 ATP binding cassette subfamily D
member 1 Differentiation [163,164]

ADGRG1 16q21 Adhesion G protein-coupled receptor
G1 Proliferation [239]

ANOS1 Xp22.31 Anosmin 1 Migration [240]

ASCL1 12q23.2 Achaete-scute family bHLH
transcription factor 1

Specification;
Proliferation;

Differentiation
[93,108,139,241]

BCAS1 20q13.2 Brain enriched myelin-associated
protein 1 Differentiation [156,157,242]

BDNF 11p14.1 Brain-derived neurotrophic factor Proliferation;
Differentiation [75,128]

BMP2 20p12.3 Bone morphogenetic protein 2 Specification;
Differentiation [27,105]

BMP4 14q22.2 Bone morphogenetic protein 4
Specification;

Migration;
Differentiation

[28,65,105]

BMP7 20q13.31 Bone morphogenetic protein 7 Migration [65]
CDH2 18q12.1 Cadherin 2 Migration [57]

CDKN1B 12p13.1 Cyclin-dependent kinase inhibitor 1B Proliferation [85]

CHD7 8q12.2 Chromodomain-helicase-DNA-binding
protein 7

Proliferation;
Differentiation [80,243]

CHD8 14q11.2 Chromodomain-helicase-DNA-binding
protein 8

Specification;
Proliferation;

Differentiation
[80,81]
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Gene * Chromosomal Locus * Protein * Biological Role Reference

CLDN1 3q28 Claudin 1
Migration;

Proliferation;
Differentiation

[70]

CLDN3 7q11.23 Claudin 3
Migration;

Proliferation;
Differentiation

[70]

CLDN11 3q26.2 Claudin 11 Migration; Proliferation [56]

CNP 17q21.2 2′,3′-cyclic nucleotide 3′
phosphodiesterase

Migration;
Differentiation [52,153]

CNTF 11q12.1 Ciliary neurotrophic factor Proliferation;
Differentiation [148,244]

CNTFR 9p13.3 Ciliary neurotrophic factor receptor Proliferation [244]
CNTN1 12q12 Contactin 1 Differentiation [141]

CREB3L2 7q33 CAMP responsive element binding
protein 3 like 2 Differentiation [243]

CSPG4 15q24.2 Chondroitin sulfate proteoglycan 4 Proliferation [245]
CXCL1 4q13.3 C-X-C motif chemokine ligand 1 Migration; Proliferation [67,72]

CXCL12 10q11.21 C-X-C motif chemokine ligand 12 Migration; Proliferation [68,73]
CXCR2 2q35 C-X-C motif chemokine receptor 2 Migration; Proliferation [67,72]
CXCR4 2q22.1 C-X-C motif chemokine receptor 4 Migration; Proliferation [68,73]
DLX1 2q31.1 Distal-less homeobox 1 Specification [246]
DLX2 2q31.1 Distal-less homeobox 2 Specification [246]

DUSP15 20q11.21 Dual specificity phosphatase 15 Differentiation [247]
EDN1 6p24.1 Endothelin 1 Migration; Proliferation [60,98]

EDNRB 13q22.3 Endothelin receptor type B Proliferation [98]
EFNB2 13q33.3 Ephrin B2 Migration; Proliferation [46,248]
EFNB3 17p13.1 Ephrin B3 Migration [46]

EGF 4q25 Epidermal growth factor Proliferation [76]
EGR1 5q31.2 Early growth response 1 Differentiation [116]

ENPP6 4q35.1 Ectonucleotide
pyrophosphatase/phosphodiesterase 6 Differentiation [135]

EPHB2 1p36.12 Ephrin receptor B2 Migration; Proliferation [46,248]

FEZ1 11q24.2 Fasciculation and elongation protein
zeta 1 Differentiation [152]

FGF2 4q28.1 Fibroblast growth factor 2 Specification;
Migration; Proliferation [240,249]

FGFR1 8p11.23 Fibroblast growth factor receptor 1 Migration; Proliferation [240,249]
FGFR2 10q26.13 Fibroblast growth factor receptor 2 Specification [31,249]
FGFR3 4p16.3 Fibroblast growth factor receptor 3 Proliferation [249]
FLT1 13q12.3 Fms related receptor tyrosine kinase 1 Proliferation [250]
FN1 2q35 Fibronectin 1 Migration; Proliferation [59,96]

GAB1 4q31.21 GRB2-associated binding protein 1 Differentiation [132]
GALC 14q31.3 Galactosylceramidase Differentiation [144]

GDPD2 Xq13.1 Glycerophosphodiester
phosphodiesterase domain containing 2 Proliferation [244]

GJC2 1q42.13 Gap junction protein gamma 2 Differentiation [160–162,251]

GLI2 2q14.2 GLI family zinc finger 2 Specification;
Differentiation [38]

GPR17 2q14.3 G protein-coupled receptor 17 Differentiation [113]
GPR37 7q31.33 G protein-coupled receptor 37 Differentiation [252]
GSX1 13q12.2 GS homeobox 1 Proliferation [99]

GSX2 4q12 GS homeobox 2 Specification;
Proliferation [99,253]

HDAC1 1p35.2-p35.1 Histone deacetylase 1 Specification [254,255]
HDAC2 6q21 Histone deacetylase 2 Specification [254]

HES1 3q29 Hes family bHLH transcription factor 1 Specification [256]
HES5 1p36.32 Hes family bHLH transcription factor 5 Differentiation [139]
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HEY1 8q21.13 Hes related family bHLH transcription
factor with YRPW motif 1 Differentiation [257]

HGF 7q21.11 Hepatocyte growth factor Migration; Proliferation [54]

ID2 2p25.1 Inhibitor of DNA binding 2 Proliferation;
Differentiation [89,113,115]

ID4 6p22.3 Inhibitor of DNA binding 4, HLH
protein

Proliferation;
Differentiation [88,113–115]

IGF1 12q23.2 Insulin-like growth factor 1 Proliferation;
Differentiation [74,131]

IRX3 16q12.2 Iroquois homeobox 3 Specification [37]

ITGB1 10p11.22 Integrin subunit beta 1
Migration;

Proliferation;
Differentiation

[56,58,258]

ITGB3 17q21.32 Integrin subunit beta 3 Proliferation [69,97]

JAG1 20p12.2 Jagged canonical Notch ligand 1 Proliferation;
Differentiation [79]

JUN 1p32.1 Jun proto-oncogene, AP-1 transcription
factor subunit Proliferation [259,260]

KCNJ10 1q23.2 Potassium inwardly rectifying channel
subfamily J member 10 Differentiation [149]

KDR 4q12 Kinase insert domain receptor Migration; Proliferation [64,250]
KLF6 10p15.2 Kruppel-like factor 6 Differentiation [127]

LAMA2 6q22.33 Laminin subunit alpha 2 Migration; Proliferation [96,261]
LAMA4 6q21 Laminin subunit alpha 4 Migration; Proliferation [96,261]
LAMA5 20q13.33 Laminin subunit alpha 5 Migration; Proliferation [96,261]

LGALS4 19q13.2 Galectin-4 Proliferation;
Differentiation [100]

LINGO1 15q24.3 Leucine rich repeat and Ig domain
containing 1 Differentiation [143]

MAG 19q13.12 Myelin-associated glycoprotein Differentiation [147]
MAP2 2q34 Microtubule-associated protein 2 Differentiation [151]
MAPT 17q21.31 Microtubule-associated protein tau Differentiation [151]
MBP 18q23 Myelin basic protein Differentiation [159]

MOBP 3p22.1 Myelin associated oligodendrocyte basic
protein Differentiation [190]

MYOC 1q24.3 Myocilin Differentiation [262]
MYRF 11q12.2 Myelin regulatory factor Differentiation [117]

MYT1 20q13.33 Myelin transcription factor 1 Specification;
Proliferation [39,83]

NCAM1 11q23.2 Neural cell adhesion molecule 1 Migration; Proliferation [47,48,84,142]
NES 1q23.1 Nestin Migration; Proliferation [49,263]

NEUROG1 5q31.1 Neurogenin 1 Specification [37,264,265]
NEUROG2 4q25 Neurogenin 2 Specification [37,264,265]

NFIA 1p31.3 Nuclear factor I A Specification [37,266]
NGF 1p13.2 Nerve growth factor Proliferation [92,267]

NKX2-2 20p11.22 NK2 homeobox 2
Specification;
Proliferation;

Differentiation

[37,108,123,124,
268]

NKX2-6 8p21.2 NK2 homeobox 6 Specification;
Differentiation [40]

NKX6-1 4q21.23 NK6 homeobox 1 Specification [26]
NKX6-2 10q26.3 NK6 homeobox 2 Specification [26]

NOG 17q22 Noggin Proliferation;
Differentiation [91,106,107]

NOTCH1 9q34.3 Notch receptor 1 Proliferation;
Differentiation [79,140]
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NRG1 8p12 Neuregulin 1
Migration;

Proliferation;
Differentiation

[101,103,269]

NTF3 12p13.31 Neurotrophin 3 Proliferation;
Differentiation [92,129,130]

NTF4 19q13.33 Neurotrophin 4 Proliferation [90]
NTN1 17p13.1 Netrin 1 Migration [61–63]

NTRK2 9q21.33 Neurotrophic receptor tyrosine kinase 2 Proliferation;
Differentiation [75,270]

OLIG1 21q22.11 Oligodendrocyte transcription factor 1 Migration;
Differentiation [50,51,104,271]

OLIG2 21q22.11 Oligodendrocyte transcription factor 2
Specification;

Migration;
Differentiation

[51,53,271]

OMG 17q11.2 Oligodendrocyte myelin glycoprotein Proliferation;
Differentiation [155]

OPALIN 10q24.1 Oligodendrocytic myelin paranodal and
inner loop protein Differentiation [272,273]

PAK1 11q13.5-q14.1 P21 (RAC1) activated kinase 1 Differentiation [146]

PAX6 11p13 Paired box 6 Specification;
Proliferation [94,274,275]

PDE5 4q26 Phosphodiesterase 5A Differentiation [276]

PDGFA 7p22.3 Platelet-derived growth factor subunit A
Migration;

Proliferation;
Differentiation

[42,277]

PDGFRA 4q12 Platelet-derived growth factor receptor
alpha

Migration;
Proliferation;

Differentiation
[42,47,71,277]

PLP1 Xq22.2 Proteolipid protein 1 Differentiation [158]
PRMT5 14q11.2 Protein arginine methyltransferase 5 Differentiation [278]
PROM1 4p15.32 Prominin 1 Differentiation [145]

QKI 6q26 QKI, KH domain containing RNA
binding Differentiation [133,279]

RTN4 2p16.1 Reticulon 4 Migration [280]
S1PR1 1p21.2 Sphingosine-1-phosphate receptor 1 Migration [66]
S1PR2 19p13.2 Sphingosine-1-phosphate receptor 2 Migration [66]
S1PR3 9q22.1 Sphingosine-1-phosphate receptor 3 Migration [66]
S1PR5 19p13.2 Sphingosine-1-phosphate receptor 5 Migration [66]

SEMA3A 7q21.11 Semaphorin 3A Migration [61]
SEMA3F 3p21.31 Semaphorin 3F Migration; Proliferation [61]

SETDB1 1q21.3 SET domain bifurcated histone lysine
methyltransferase 1 Differentiation [112]

SHH 7q36.3 Sonic hedgehog signaling molecule Specification;
Migration; Proliferation [27–30,32,41]

SIRT1 10q21.3 Sirtuin 1 Differentiation [126]
SIRT2 19q13.2 Sirtuin 2 Differentiation [125]

SMARCA4 19p13.2
SWI/SNF related, matrix associated,

actin-dependent regulator of chromatin,
subfamily a, member 4

Specification;
Differentiation [109,243]

SOD1 21q22.11 Superoxide dismutase 1 Proliferation;
Differentiation [95]

SOX1 13q34 SRY-box transcription factor 1 Specification [33]

SOX2 3q26.33 SRY-box transcription factor 2
Specification;
Proliferation;

Differentiation
[33,102,119]

SOX3 Xq27.1 SRY-box transcription factor 3 Specification;
Differentiation [33,119]
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SOX5 12p12.1 SRY-box transcription factor 5
Migration;

Proliferation;
Differentiation

[44]

SOX6 11p15.2 SRY-box transcription factor 6
Migration;

Proliferation;
Differentiation

[44]

SOX8 16p13.3 SRY-box transcription factor 8 Specification;
Differentiation [34–36,120]

SOX9 17q24.3 SRY-box transcription factor 9

Specification;
Migration;

Proliferation;
Differentiation

[36,44,82]

SOX10 22q13.1 SRY-box transcription factor 10
Specification;

Migration;
Differentiation

[43,44,122,281]

SOX11 2p25.2 SRY-box transcription factor 11 Differentiation [116]
SP7 12q13.13 Sp7 transcription factor Differentiation [243]

SREBF2 22q13.2 Sterol regulatory element-binding
transcription factor 2 Differentiation [133]

STAT3 17q21.2 Signal transducer and activator of
transcription 3 Differentiation [282]

SULF1 8q13.2-q13.3 Sulfatase 1 Specification [30]
TARDBP 1p36.22 TAR DNA binding protein Differentiation [134]

TCF4 18q21.2 Transcription factor 4 Differentiation [110]
TCF7L2 10q25.2-q25.3 Transcription factor 7 like 2 Differentiation [111]
THBS1 15q14 Thrombospondin 1 Migration [55]
THRA 17q21.1 Thyroid hormone receptor alpha Differentiation [136–138]

TMEM98 17q11.2 Transmembrane protein 98 Differentiation [195]
TNC 9q33.1 Tenascin C Migration; Proliferation [59,69]

TPPP 5p15.33 Tubulin polymerization promoting
protein

Proliferation;
Differentiation [87]

TSPAN3 15q24.3 Tetraspanin 3 Migration; Proliferation [56]
VEGFA 6p21.1 Vascular endothelial growth factor A Migration; Proliferation [64,250]
WDR1 4p16.1 WD repeat domain 1 Differentiation [279]

YY1 14q32.2 YY1 transcription factor Differentiation [283]

ZBTB33 Xq24 Zinc finger and BTB domain containing
33 Differentiation [111]

ZDHHC5 11q12.1 Zinc finger DHHC-type
palmitoyltransferase 5 Differentiation [282]

ZEB2 2q22.3 Zinc finger E-box binding homeobox 2 Differentiation [284]
ZNF24 18q12.2 Zinc finger protein 24 Differentiation [150]

* Data are retrieved from “The Human Protein Atlas” [285]. OPCs: Oligodendrocyte precursor cells.

Table A2. Regulators of axoglial interactions in myelin ensheathment.

Gene * Chromosomal Locus * Protein * Reference

CADM1 11q23.3 Cell adhesion molecule 1 [174]
CADM2 3p12.1 Cell adhesion molecule 2 [173,174]
CADM3 1q23.2 Cell adhesion molecule 3 [173]
CADM4 19q13.31 Cell adhesion molecule 4 [173]
CDH2 18q12.1 Cadherin 2 [165]

CNTN1 12q12 Contactin 1 [167–169,171]
CNTN2 1q32.1 Contactin 2 [172]

CNTNAP1 17q21.2 Contactin-associated protein 1 [167–170]
CNTNAP2 7q35–q36.1 Contactin-associated protein 2 [172]
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EFNA1 1q22 Ephrin A1 [177]
EFNB2 13q33.3 Ephrin B2 [178]
EPHA4 2q36.1 Ephrin receptor A4 [177,178]
EPHB1 3q22.2 Ephrin receptor B1 [178]
JAM2 21q21.3 Junctional adhesion molecule 2 [181]

L1CAM Xq28 L1 cell adhesion molecule [166]
LGALS4 19q13.2 Galectin-4 [182]
LINGO1 15q24.3 Leucine rich repeat and Ig domain containing 1 [143,179]

MAG 19q13.12 Myelin-associated glycoprotein [176]
NCAM1 11q23.2 Neural cell adhesion molecule 1 [180]
NFASC 1q32.1 Neurofascin [167–170]
NRG1 8p12 Neuregulin 1 [286,287]
OLIG1 21q22.11 Oligodendrocyte transcription factor 1 [183]

ST3GAL2 16q22.1 ST3 beta-galactoside alpha-2,3-sialyltransferase 2 [175,176]
ST3GAL3 1p34.1 ST3 beta-galactoside alpha-2,3-sialyltransferase 3 [175,176]

WASL 7q31.32 WASP-like actin nucleation promoting factor [288,289]

* Data are retrieved from “The Human Protein Atlas” [285].

Table A3. Molecules implicated in myelin growth and preservation.

Gene * Chromosomal Locus * Protein * Reference

ABCD1 Xq28 ATP binding cassette subfamily D member 1 [164,203]
AGPS 2q31.2 Alkylglycerone phosphate synthase [24,290]
CA2 8q21.2 Carbonic anhydrase 2 [291]

CLDN1 3q28 Claudin 1 [70]
CLDN3 7q11.23 Claudin 3 [70]

CLDN11 3q26.2 Claudin 11 [185]
CNP 17q21.2 2′,3′-cyclic nucleotide 3′ phosphodiesterase [52,189]

DUSP15 20q11.21 Dual specificity phosphatase 15 [247]
FGF1 5q31.3 Fibroblast growth factor 1 [198]
FGF2 4q28.1 Fibroblast growth factor 2 [198]

FGFR1 8p11.23 Fibroblast growth factor receptor 1 [197,198]
FGFR2 10q26.13 Fibroblast growth factor receptor 2 [197,198]

GAL3ST1 22q12.2 Galactose-3-O-sulfotransferase 1 [200]
GALC 14q31.3 Galactosylceramidase [200,201]
GFAP 17q21.31 Glial fibrillary acidic protein [292]
GJB1 Xq13.1 Gap junction protein beta 1 [161]
GJC2 1q42.13 Gap junction protein gamma 2 [161]

GNPAT 1q42.2 Glyceronephosphate O-acyltransferase [290]
HDAC3 5q31.3 Histone deacetylase 3 [199]

ID4 6p22.3 Inhibitor of DNA binding 4, HLH protein [114]
MAG 19q13.12 Myelin-associated glycoprotein [147,186]
MAL 2q11.1 Mal, T cell differentiation protein [293]
MAP2 2q34 Microtubule-associated protein 2 [151]
MAPT 17q21.31 Microtubule-associated protein tau [151]
MBP 18q23 Myelin basic protein [52]

MOBP 3p22.1 Myelin-associated oligodendrocyte basic
protein [190]

MOG 6p22.1 Myelin oligodendrocyte glycoprotein [187,188]
MYRF 11q12.2 Myelin regulatory factor [193]

NCAM1 11q23.2 Neural cell adhesion molecule 1 [294]
NKX2-2 20p11.22 NK2 homeobox 2 [194]
NKX2-6 8p21.2 NK2 homeobox 6 [194]
NPC1 18q11.2 NPC intracellular cholesterol transporter 1 [295]
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OLIG1 21q22.11 Oligodendrocyte transcription factor 1 [183,196]
OLIG2 21q22.11 Oligodendrocyte transcription factor 2 [112,196]
OMG 17q11.2 Oligodendrocyte myelin glycoprotein [86,191,192]

OPALIN 10q24.1 Oligodendrocytic myelin paranodal and
inner loop protein [204]

PEX5 12p13.31 Peroxisomal biogenesis factor 5 [202]
PLP1 Xq22.2 Proteolipid protein 1 [184,185]

PROM1 4p15.32 Prominin 1 [296]
QKI 6q26 QKI, KH domain containing RNA binding [133]

SETDB1 1q21.3 SET domain bifurcated histone lysine
methyltransferase 1 [112]

SOX8 16p13.3 SRY-box transcription factor 8 [35]
SOX10 22q13.1 SRY-box transcription factor 10 [35,122]

SREBF2 22q13.2 Sterol regulatory element-binding
transcription factor 2 [133]

TMEM98 17q11.2 Transmembrane protein 98 [195]
TPPP 5p15.33 Tubulin polymerization promoting protein [297]
UGT8 4q26 UDP glycosyltransferase 8 [200,201]

* Data are retrieved from “The Human Protein Atlas” [285].

References

1. Allen, N.J.; Barres, B.A. Glia—More than Just Brain Glue. Nature 2009, 457, 675–677. [CrossRef] [PubMed]
2. Simons, M.; Nave, K.-A. Oligodendrocytes: Myelination and Axonal Support. Cold Spring Harb. Perspect. Biol. 2016, 8, a020479.

[CrossRef]
3. Herculano-Houzel, S. The Glia/Neuron Ratio: How It Varies Uniformly across Brain Structures and Species and What That

Means for Brain Physiology and Evolution: The Glia/Neuron Ratio. Glia 2014, 62, 1377–1391. [CrossRef] [PubMed]
4. Bercury, K.K.; Macklin, W.B. Dynamics and Mechanisms of CNS Myelination. Dev. Cell 2015, 32, 447–458. [CrossRef]
5. Nave, K.-A.; Werner, H.B. Myelination of the Nervous System: Mechanisms and Functions. Annu. Rev. Cell Dev. Biol. 2014, 30,

503–533. [CrossRef] [PubMed]
6. Boullerne, A.I. The History of Myelin. Exp. Neurol. 2016, 283, 431–445. [CrossRef]
7. Edgar, J.M.; McGowan, E.; Chapple, K.J.; Möbius, W.; Lemgruber, L.; Insall, R.H.; Nave, K.; Boullerne, A. Río-Hortega’s Drawings

Revisited with Fluorescent Protein Defines a Cytoplasm-filled Channel System of CNS Myelin. J. Anat. 2021, 239, 1241–1255.
[CrossRef]

8. Pérez-Cerdá, F.; Sánchez-Gómez, M.V.; Matute, C. Pío Del Río Hortega and the Discovery of the Oligodendrocytes. Front.
Neuroanat. 2015, 9, 92. [CrossRef]

9. Martínez-Cerdeño, V.; Noctor, S.C. Neural Progenitor Cell Terminology. Front. Neuroanat. 2018, 12, 104. [CrossRef]
10. Van Tilborg, E.; de Theije, C.G.M.; van Hal, M.; Wagenaar, N.; de Vries, L.S.; Benders, M.J.; Rowitch, D.H.; Nijboer, C.H. Origin

and Dynamics of Oligodendrocytes in the Developing Brain: Implications for Perinatal White Matter Injury. Glia 2018, 66, 221–238.
[CrossRef]

11. Nishiyama, A.; Shimizu, T.; Sherafat, A.; Richardson, W.D. Life-Long Oligodendrocyte Development and Plasticity. Semin. Cell
Dev. Biol. 2021, 116, 25–37. [CrossRef] [PubMed]

12. Scantlebury, N.; Cunningham, T.; Dockstader, C.; Laughlin, S.; Gaetz, W.; Rockel, C.; Dickson, J.; Mabbott, D. Relations between
White Matter Maturation and Reaction Time in Childhood. J. Int. Neuropsychol. Soc. 2014, 20, 99–112. [CrossRef]

13. Mabbott, D.J.; Noseworthy, M.; Bouffet, E.; Laughlin, S.; Rockel, C. White Matter Growth as a Mechanism of Cognitive
Development in Children. NeuroImage 2006, 33, 936–946. [CrossRef] [PubMed]

14. Young, K.M.; Psachoulia, K.; Tripathi, R.B.; Dunn, S.-J.; Cossell, L.; Attwell, D.; Tohyama, K.; Richardson, W.D. Oligodendrocyte
Dynamics in the Healthy Adult CNS: Evidence for Myelin Remodeling. Neuron 2013, 77, 873–885. [CrossRef] [PubMed]

15. Sams, E.C. Oligodendrocytes in the Aging Brain. Neuronal Signal. 2021, 5, NS20210008. [CrossRef] [PubMed]
16. Kinney, H.C.; Volpe, J.J. Chapter 8—Myelination Events. In Volpe’s Neurology of the Newborn, 6th ed.; Volpe, J.J., Inder, T.E., Darras,

B.T., de Vries, L.S., du Plessis, A.J., Neil, J.J., Perlman, J.M., Eds.; Elsevier: Amsterdam, The Netherlands, 2018; pp. 176–188,
ISBN 978-0-323-42876-7.

17. Hughes, E.G.; Orthmann-Murphy, J.L.; Langseth, A.J.; Bergles, D.E. Myelin Remodeling through Experience-Dependent Oligo-
dendrogenesis in the Adult Somatosensory Cortex. Nat. Neurosci. 2018, 21, 696–706. [CrossRef]

18. Grabel, L. Developmental Origin of Neural Stem Cells: The Glial Cell That Could. Stem Cell Rev. Rep. 2012, 8, 577–585. [CrossRef]
19. Fletcher, J.L.; Makowiecki, K.; Cullen, C.L.; Young, K.M. Oligodendrogenesis and Myelination Regulate Cortical Development,

Plasticity and Circuit Function. Semin. Cell Dev. Biol. 2021, 118, 14–23. [CrossRef]

22



Curr. Issues Mol. Biol. 2022, 44

20. Bergles, D.E.; Richardson, W.D. Oligodendrocyte Development and Plasticity. Cold Spring Harb. Perspect. Biol. 2015, 8, a020453.
[CrossRef]

21. Huang, W.; Bhaduri, A.; Velmeshev, D.; Wang, S.; Wang, L.; Rottkamp, C.A.; Alvarez-Buylla, A.; Rowitch, D.H.; Kriegstein, A.R.
Origins and Proliferative States of Human Oligodendrocyte Precursor Cells. Cell 2020, 182, 594–608.e11. [CrossRef]

22. Kessaris, N.; Fogarty, M.; Iannarelli, P.; Grist, M.; Wegner, M.; Richardson, W.D. Competing Waves of Oligodendrocytes in the
Forebrain and Postnatal Elimination of an Embryonic Lineage. Nat. Neurosci. 2006, 9, 173–179. [CrossRef] [PubMed]

23. Bradl, M.; Lassmann, H. Oligodendrocytes: Biology and Pathology. Acta Neuropathol. 2010, 119, 37–53. [CrossRef] [PubMed]
24. Baumann, N.; Pham-Dinh, D. Biology of Oligodendrocyte and Myelin in the Mammalian Central Nervous System. Physiol. Rev.

2001, 81, 871–927. [CrossRef] [PubMed]
25. Tripathi, R.B.; Clarke, L.E.; Burzomato, V.; Kessaris, N.; Anderson, P.N.; Attwell, D.; Richardson, W.D. Dorsally and Ventrally

Derived Oligodendrocytes Have Similar Electrical Properties but Myelinate Preferred Tracts. J. Neurosci. 2011, 31, 6809–6819.
[CrossRef]

26. Cai, J.; Qi, Y.; Hu, X.; Tan, M.; Liu, Z.; Zhang, J.; Li, Q.; Sander, M.; Qiu, M. Generation of Oligodendrocyte Precursor Cells from
Mouse Dorsal Spinal Cord Independent of Nkx6 Regulation and Shh Signaling. Neuron 2005, 45, 41–53. [CrossRef] [PubMed]

27. Zhu, G.; Mehler, M.F.; Zhao, J.; Yu Yung, S.; Kessler, J.A. Sonic Hedgehog and BMP2 Exert Opposing Actions on Proliferation and
Differentiation of Embryonic Neural Progenitor Cells. Dev. Biol. 1999, 215, 118–129. [CrossRef] [PubMed]

28. Gomes, W.A.; Mehler, M.F.; Kessler, J.A. Transgenic Overexpression of BMP4 Increases Astroglial and Decreases Oligodendroglial
Lineage Commitment. Dev. Biol. 2003, 255, 164–177. [CrossRef]

29. Orentas, D.M.; Hayes, J.E.; Dyer, K.L.; Miller, R.H. Sonic Hedgehog Signaling Is Required during the Appearance of Spinal Cord
Oligodendrocyte Precursors. Dev. Camb. Engl. 1999, 126, 2419–2429. [CrossRef]

30. Danesin, C.; Agius, E.; Escalas, N.; Ai, X.; Emerson, C.; Cochard, P.; Soula, C. Ventral Neural Progenitors Switch toward an
Oligodendroglial Fate in Response to Increased Sonic Hedgehog (Shh) Activity: Involvement of Sulfatase 1 in Modulating Shh
Signaling in the Ventral Spinal Cord. J. Neurosci. Off. J. Soc. Neurosci. 2006, 26, 5037–5048. [CrossRef]

31. Farreny, M.-A.; Agius, E.; Bel-Vialar, S.; Escalas, N.; Khouri-Farah, N.; Soukkarieh, C.; Danesin, C.; Pituello, F.; Cochard, P.; Soula,
C. FGF Signaling Controls Shh-Dependent Oligodendroglial Fate Specification in the Ventral Spinal Cord. Neural Develop. 2018,
13, 3. [CrossRef]

32. Kearns, C.A.; Walker, M.; Ravanelli, A.M.; Scott, K.; Arzbecker, M.R.; Appel, B. Zebrafish Spinal Cord Oligodendrocyte Formation
Requires Boc Function. Genetics 2021, 218, iyab082. [CrossRef] [PubMed]

33. Bylund, M.; Andersson, E.; Novitch, B.G.; Muhr, J. Vertebrate Neurogenesis Is Counteracted by Sox1–3 Activity. Nat. Neurosci.
2003, 6, 1162–1168. [CrossRef] [PubMed]

34. Stolt, C.C.; Schmitt, S.; Lommes, P.; Sock, E.; Wegner, M. Impact of Transcription Factor Sox8 on Oligodendrocyte Specification in
the Mouse Embryonic Spinal Cord. Dev. Biol. 2005, 281, 309–317. [CrossRef] [PubMed]

35. Turnescu, T.; Arter, J.; Reiprich, S.; Tamm, E.R.; Waisman, A.; Wegner, M. Sox8 and Sox10 Jointly Maintain Myelin Gene Expression
in Oligodendrocytes. Glia 2018, 66, 279–294. [CrossRef]

36. Pozniak, C.D.; Langseth, A.J.; Dijkgraaf, G.J.P.; Choe, Y.; Werb, Z.; Pleasure, S.J. Sox10 Directs Neural Stem Cells toward the
Oligodendrocyte Lineage by Decreasing Suppressor of Fused Expression. Proc. Natl. Acad. Sci. USA 2010, 107, 21795–21800.
[CrossRef]

37. Wegner, M. Specification of Oligodendrocytes. In Patterning and Cell Type Specification in the Developing CNS and PNS; Elsevier:
Amsterdam, The Netherlands, 2020; pp. 847–866, ISBN 978-0-12-814405-3.

38. Qi, Y.; Tan, M.; Hui, C.-C.; Qiu, M. Gli2 Is Required for Normal Shh Signaling and Oligodendrocyte Development in the Spinal
Cord. Mol. Cell. Neurosci. 2003, 23, 440–450. [CrossRef]

39. Hudson, L.D.; Romm, E.; Berndt, J.A.; Nielsen, J.A. A Tool for Examining the Role of the Zinc Finger Myelin Transcription Factor
1 (Myt1) in Neural Development: Myt1 Knock-in Mice. Transgenic Res. 2011, 20, 951–961. [CrossRef]

40. Miron, V.E.; Kuhlmann, T.; Antel, J.P. Cells of the Oligodendroglial Lineage, Myelination, and Remyelination. Biochim. Biophys.
Acta BBA—Mol. Basis Dis. 2011, 1812, 184–193. [CrossRef]

41. Merchán, P.; Bribián, A.; Sánchez-Camacho, C.; Lezameta, M.; Bovolenta, P.; de Castro, F. Sonic Hedgehog Promotes the Migration
and Proliferation of Optic Nerve Oligodendrocyte Precursors. Mol. Cell. Neurosci. 2007, 36, 355–368. [CrossRef] [PubMed]

42. Frost, E.E.; Zhou, Z.; Krasnesky, K.; Armstrong, R.C. Initiation of Oligodendrocyte Progenitor Cell Migration by a PDGF-A
Activated Extracellular Regulated Kinase (ERK) Signaling Pathway. Neurochem. Res. 2009, 34, 169–181. [CrossRef]

43. Finzsch, M.; Stolt, C.C.; Lommes, P.; Wegner, M. Sox9 and Sox10 Influence Survival and Migration of Oligodendrocyte Precursors
in the Spinal Cord by Regulating PDGF Receptor Aexpression. Development 2008, 135, 637–646. [CrossRef] [PubMed]

44. Baroti, T.; Zimmermann, Y.; Schillinger, A.; Liu, L.; Lommes, P.; Wegner, M.; Stolt, C.C. Transcription Factors Sox5 and Sox6 Exert
Direct and Indirect Influences on Oligodendroglial Migration in Spinal Cord and Forebrain: SoxD Proteins in Oligodendrocyte
Progenitors. Glia 2016, 64, 122–138. [CrossRef] [PubMed]

45. Biname, F.; Sakry, D.; Dimou, L.; Jolivel, V.; Trotter, J. NG2 Regulates Directional Migration of Oligodendrocyte Precursor Cells
via Rho GTPases and Polarity Complex Proteins. J. Neurosci. 2013, 33, 10858–10874. [CrossRef] [PubMed]

46. Prestoz, L.; Chatzopoulou, E.; Lemkine, G.; Spassky, N.; Lebras, B.; Kagawa, T.; Ikenaka, K.; Zalc, B.; Thomas, J.-L. Control of
Axonophilic Migration of Oligodendrocyte Precursor Cells by Eph–Ephrin Interaction. Neuron Glia Biol. 2004, 1, 73–83. [CrossRef]

23



Curr. Issues Mol. Biol. 2022, 44

47. Grinspan, J.B.; Franceschini, B. Platelet-Derived Growth Factor Is a Survival Factor for PSA-NCAM+ Oligodendrocyte Pre-
Progenitor Cells. J. Neurosci. Res. 1995, 41, 540–551. [CrossRef]

48. Decker, L.; Avellana-Adalid, V.; Nait-Oumesmar, B.; Durbec, P.; Baron-Van Evercooren, A. Oligodendrocyte Precursor Migration
and Differentiation: Combined Effects of PSA Residues, Growth Factors, and Substrates. Mol. Cell. Neurosci. 2000, 16, 422–439.
[CrossRef]

49. Gallo, V.; Armstrong, R. Developmental and Growth Factor-Induced Regulation of Nestin in Oligodendrocyte Lineage Cells. J.
Neurosci. 1995, 15, 394–406. [CrossRef]

50. Motizuki, M.; Isogaya, K.; Miyake, K.; Ikushima, H.; Kubota, T.; Miyazono, K.; Saitoh, M.; Miyazawa, K. Oligodendrocyte
Transcription Factor 1 (Olig1) Is a Smad Cofactor Involved in Cell Motility Induced by Transforming Growth Factor-β. J. Biol.
Chem. 2013, 288, 18911–18922. [CrossRef]

51. Zhou, Q.; Anderson, D.J. The BHLH Transcription Factors OLIG2 and OLIG1 Couple Neuronal and Glial Subtype Specification.
Cell 2002, 109, 61–73. [CrossRef]

52. Yin, X.; Peterson, J.; Gravel, M.; Braun, P.E.; Trapp, B.D. CNP Overexpression Induces Aberrant Oligodendrocyte Membranes and
Inhibits MBP Accumulation and Myelin Compaction. J. Neurosci. Res. 1997, 50, 238–247. [CrossRef]

53. Wegener, A.; Deboux, C.; Bachelin, C.; Frah, M.; Kerninon, C.; Seilhean, D.; Weider, M.; Wegner, M.; Nait-Oumesmar, B. Gain of
Olig2 Function in Oligodendrocyte Progenitors Promotes Remyelination. Brain 2015, 138, 120–135. [CrossRef] [PubMed]

54. Yan, H.; Rivkees, S.A. Hepatocyte Growth Factor Stimulates the Proliferation and Migration of Oligodendrocyte Precursor Cells.
J. Neurosci. Res. 2002, 69, 597–606. [CrossRef] [PubMed]

55. Scott-Drew, S.; ffrench-Constant, C. Expression and Function of Thrombospondin-1 in Myelinating Glial Cells of the Central
Nervous System. J. Neurosci. Res. 1997, 50, 202–214. [CrossRef]

56. Tiwari-Woodruff, S.K.; Buznikov, A.G.; Vu, T.Q.; Micevych, P.E.; Chen, K.; Kornblum, H.I.; Bronstein, J.M. OSP/Claudin-11 Forms
a Complex with a Novel Member of the Tetraspanin Super Family and Beta1 Integrin and Regulates Proliferation and Migration
of Oligodendrocytes. J. Cell Biol. 2001, 153, 295–305. [CrossRef]

57. Payne, H.R.; Hemperly, J.J.; Lemmon, V. N-Cadherin Expression and Function in Cultured Oligodendrocytes. Dev. Brain Res.
1996, 97, 9–15. [CrossRef]

58. Milner, R.; Edwards, G.; Streuli, C.; Ffrench-Constant, C. A Role in Migration for the Alpha V Beta 1 Integrin Expressed on
Oligodendrocyte Precursors. J. Neurosci. Off. J. Soc. Neurosci. 1996, 16, 7240–7252. [CrossRef]

59. Frost, E.; Kiernan, B.W.; Faissner, A.; ffrench-Constant, C. Regulation of Oligodendrocyte Precursor Migration by Extracellular
Matrix: Evidence for Substrate-Specific Inhibition of Migration by Tenascin-C. Dev. Neurosci. 1996, 18, 266–273. [CrossRef]

60. Gadea, A.; Aguirre, A.; Haydar, T.F.; Gallo, V. Endothelin-1 Regulates Oligodendrocyte Development. J. Neurosci. 2009, 29,
10047–10062. [CrossRef]

61. Spassky, N.; de Castro, F.; Le Bras, B.; Heydon, K.; Quéraud-LeSaux, F.; Bloch-Gallego, E.; Chédotal, A.; Zalc, B.; Thomas, J.-L.
Directional Guidance of Oligodendroglial Migration by Class 3 Semaphorins and Netrin-1. J. Neurosci. 2002, 22, 5992–6004.
[CrossRef]

62. Jarjour, A.A.; Manitt, C.; Moore, S.W.; Thompson, K.M.; Yuh, S.-J.; Kennedy, T.E. Netrin-1 Is a Chemorepellent for Oligodendrocyte
Precursor Cells in the Embryonic Spinal Cord. J. Neurosci. 2003, 23, 3735–3744. [CrossRef]

63. Tsai, H.-H.; Tessier-Lavigne, M.; Miller, R.H. Netrin 1 Mediates Spinal Cord Oligodendrocyte Precursor Dispersal. Development
2003, 130, 2095–2105. [CrossRef] [PubMed]

64. Zhang, H.; Vutskits, L.; Pepper, M.S.; Kiss, J.Z. VEGF Is a Chemoattractant for FGF-2–Stimulated Neural Progenitors. J. Cell Biol.
2003, 163, 1375–1384. [CrossRef] [PubMed]

65. Choe, Y.; Huynh, T.; Pleasure, S.J. Migration of Oligodendrocyte Progenitor Cells Is Controlled by Transforming Growth Factor
Family Proteins during Corticogenesis. J. Neurosci. 2014, 34, 14973–14983. [CrossRef] [PubMed]

66. Novgorodov, A.S.; El-Awani, M.; Bielawski, J.; Obeid, L.M.; Gudz, T.I. Activation of Sphingosine-1-phosphate Receptor S1P5
Inhibits Oligodendrocyte Progenitor Migration. FASEB J. 2007, 21, 1503–1514. [CrossRef]

67. Tsai, H.-H.; Frost, E.; To, V.; Robinson, S.; Ffrench-Constant, C.; Geertman, R.; Ransohoff, R.M.; Miller, R.H. The Chemokine
Receptor CXCR2 Controls Positioning of Oligodendrocyte Precursors in Developing Spinal Cord by Arresting Their Migration.
Cell 2002, 110, 373–383. [CrossRef]

68. Dziembowska, M.; Tham, T.N.; Lau, P.; Vitry, S.; Lazarini, F.; Dubois-Dalcq, M. A Role for CXCR4 Signaling in Survival and
Migration of Neural and Oligodendrocyte Precursors. Glia 2005, 50, 258–269. [CrossRef] [PubMed]

69. Garcion, E.; Faissner, A.; ffrench-Constant, C. Knockout Mice Reveal a Contribution of the Extracellular Matrix Molecule
Tenascin-C to Neural Precursor Proliferation and Migration. Dev. Camb. Engl. 2001, 128, 2485–2496. [CrossRef]

70. Chen, Y.; Zheng, Z.; Mei, A.; Huang, H.; Lin, F. Claudin-1 and Claudin-3 as Molecular Regulators of Myelination in Leukoaraiosis
Patients. Clinics 2021, 76, e2167. [CrossRef]

71. Calver, A.R.; Hall, A.C.; Yu, W.-P.; Walsh, F.S.; Heath, J.K.; Betsholtz, C.; Richardson, W.D. Oligodendrocyte Population Dynamics
and the Role of PDGF In Vivo. Neuron 1998, 20, 869–882. [CrossRef]

72. Robinson, S.; Tani, M.; Strieter, R.M.; Ransohoff, R.M.; Miller, R.H. The Chemokine Growth-Regulated Oncogene-Alpha Promotes
Spinal Cord Oligodendrocyte Precursor Proliferation. J. Neurosci. Off. J. Soc. Neurosci. 1998, 18, 10457–10463. [CrossRef]

73. Kadi, L.; Selvaraju, R.; de Lys, P.; Proudfoot, A.E.I.; Wells, T.N.C.; Boschert, U. Differential Effects of Chemokines on Oligodendro-
cyte Precursor Proliferation and Myelin Formation in Vitro. J. Neuroimmunol. 2006, 174, 133–146. [CrossRef] [PubMed]

24



Curr. Issues Mol. Biol. 2022, 44

74. Frederick, T.J.; Min, J.; Altieri, S.C.; Mitchell, N.E.; Wood, T.L. Synergistic Induction of Cyclin D1 in Oligodendrocyte Progenitor
Cells by IGF-I and FGF-2 Requires Differential Stimulation of Multiple Signaling Pathways. Glia 2007, 55, 1011–1022. [CrossRef]
[PubMed]

75. Van’t Veer, A.; Du, Y.; Fischer, T.Z.; Boetig, D.R.; Wood, M.R.; Dreyfus, C.F. Brain-Derived Neurotrophic Factor Effects on
Oligodendrocyte Progenitors of the Basal Forebrain Are Mediated through TrkB and the MAP Kinase Pathway. J. Neurosci. Res.
2009, 87, 69–78. [CrossRef]

76. Yang, J.; Cheng, X.; Qi, J.; Xie, B.; Zhao, X.; Zheng, K.; Zhang, Z.; Qiu, M. EGF Enhances Oligodendrogenesis from Glial Progenitor
Cells. Front. Mol. Neurosci. 2017, 10, 106. [CrossRef] [PubMed]

77. Pukos, N.; Yoseph, R.; McTigue, D.M. To Be or Not to Be: Environmental Factors That Drive Myelin Formation during
Development and after CNS Trauma. Neuroglia 2018, 1, 63–90. [CrossRef]

78. Hill, R.A.; Patel, K.D.; Medved, J.; Reiss, A.M.; Nishiyama, A. NG2 Cells in White Matter but Not Gray Matter Proliferate in
Response to PDGF. J. Neurosci. 2013, 33, 14558–14566. [CrossRef]

79. Wang, S.; Sdrulla, A.D.; diSibio, G.; Bush, G.; Nofziger, D.; Hicks, C.; Weinmaster, G.; Barres, B.A. Notch Receptor Activation
Inhibits Oligodendrocyte Differentiation. Neuron 1998, 21, 63–75. [CrossRef]

80. Marie, C.; Clavairoly, A.; Frah, M.; Hmidan, H.; Yan, J.; Zhao, C.; Van Steenwinckel, J.; Daveau, R.; Zalc, B.; Hassan, B.; et al.
Oligodendrocyte Precursor Survival and Differentiation Requires Chromatin Remodeling by Chd7 and Chd8. Proc. Natl. Acad.
Sci. USA 2018, 115, E8246–E8255. [CrossRef]

81. Zhao, C.; Dong, C.; Frah, M.; Deng, Y.; Marie, C.; Zhang, F.; Xu, L.; Ma, Z.; Dong, X.; Lin, Y.; et al. Dual Requirement of CHD8 for
Chromatin Landscape Establishment and Histone Methyltransferase Recruitment to Promote CNS Myelination and Repair. Dev.
Cell 2018, 45, 753–768.e8. [CrossRef]

82. Hashimoto, R.; Hori, K.; Owa, T.; Miyashita, S.; Dewa, K.; Masuyama, N.; Sakai, K.; Hayase, Y.; Seto, Y.; Inoue, Y.U.; et al. Origins
of Oligodendrocytes in the Cerebellum, Whose Development Is Controlled by the Transcription Factor, Sox9. Mech. Dev. 2016,
140, 25–40. [CrossRef]

83. Nielsen, J.A.; Berndt, J.A.; Hudson, L.D.; Armstrong, R.C. Myelin Transcription Factor 1 (Myt1) Modulates the Proliferation and
Differentiation of Oligodendrocyte Lineage Cells. Mol. Cell. Neurosci. 2004, 25, 111–123. [CrossRef] [PubMed]

84. Amoureux, M.-C.; Cunningham, B.A.; Edelman, G.M.; Crossin, K.L. N-CAM Binding Inhibits the Proliferation of Hippocampal
Progenitor Cells and Promotes Their Differentiation to a Neuronal Phenotype. J. Neurosci. 2000, 20, 3631–3640. [CrossRef]
[PubMed]

85. Casaccia-Bonnefil, P.; Hardy, R.J.; Teng, K.K.; Levine, J.M.; Koff, A.; Chao, M.V. Loss of P27Kip1 Function Results in Increased
Proliferative Capacity of Oligodendrocyte Progenitors but Unaltered Timing of Differentiation. Development 1999, 126, 4027–4037.
[CrossRef] [PubMed]

86. Vourc’h, P.; Dessay, S.; Mbarek, O.; Marouillat Védrine, S.; Müh, J.-P.; Andres, C. The Oligodendrocyte-Myelin Glycoprotein Gene
Is Highly Expressed during the Late Stages of Myelination in the Rat Central Nervous System. Brain Res. Dev. Brain Res. 2003,
144, 159–168. [CrossRef]

87. Lehotzky, A.; Lau, P.; Tokési, N.; Muja, N.; Hudson, L.D.; Ovádi, J. Tubulin Polymerization-Promoting Protein (TPPP/P25) Is
Critical for Oligodendrocyte Differentiation. Glia 2010, 58, 157–168. [CrossRef]

88. Kondo, T. The Id4 HLH Protein and the Timing of Oligodendrocyte Differentiation. EMBO J. 2000, 19, 1998–2007. [CrossRef]
89. Wang, S.; Sdrulla, A.; Johnson, J.E.; Yokota, Y.; Barres, B.A. A Role for the Helix-Loop-Helix Protein Id2 in the Control of

Oligodendrocyte Development. Neuron 2001, 29, 603–614. [CrossRef]
90. Scarisbrick, I.A.; Asakura, K.; Rodriguez, M. Neurotrophin-4/5 Promotes Proliferation of Oligodendrocyte-Type-2 Astrocytes

(O-2A). Dev. Brain Res. 2000, 123, 87–90. [CrossRef]
91. Kondo, T.; Raff, M.C. A Role for Noggin in the Development of Oligodendrocyte Precursor Cells. Dev. Biol. 2004, 267, 242–251.

[CrossRef]
92. Cohen, R.I.; Marmur, R.; Norton, W.T.; Mehler, M.F.; Kessler, J.A. Nerve Growth Factor and Neurotrophin-3 Differentially

Regulate the Proliferation and Survival of Developing Rat Brain Oligodendrocytes. J. Neurosci. 1996, 16, 6433–6442. [CrossRef]
93. Castro, D.S.; Martynoga, B.; Parras, C.; Ramesh, V.; Pacary, E.; Johnston, C.; Drechsel, D.; Lebel-Potter, M.; Garcia, L.G.; Hunt, C.;

et al. A Novel Function of the Proneural Factor Ascl1 in Progenitor Proliferation Identified by Genome-Wide Characterization of
Its Targets. Genes Dev. 2011, 25, 930–945. [CrossRef]

94. Warren, N.; Price, D.J. Roles of Pax-6 in Murine Diencephalic Development. Dev. Camb. Engl. 1997, 124, 1573–1582. [CrossRef]
[PubMed]

95. Veiga, S.; Ly, J.; Chan, P.H.; Bresnahan, J.C.; Beattie, M.S. SOD1 Overexpression Improves Features of the Oligodendrocyte
Precursor Response in Vitro. Neurosci. Lett. 2011, 503, 10–14. [CrossRef] [PubMed]

96. Hu, J.; Deng, L.; Wang, X.; Xu, X.-M. Effects of Extracellular Matrix Molecules on the Growth Properties of Oligodendrocyte
Progenitor Cells in Vitro. J. Neurosci. Res. 2009, 87, 2854–2862. [CrossRef] [PubMed]

97. Blaschuk, K.L.; Frost, E.E.; ffrench-Constant, C. The Regulation of Proliferation and Differentiation in Oligodendrocyte Progenitor
Cells by AlphaV Integrins. Dev. Camb. Engl. 2000, 127, 1961–1969. [CrossRef]

98. Adams, K.L.; Riparini, G.; Banerjee, P.; Breur, M.; Bugiani, M.; Gallo, V. Endothelin-1 Signaling Maintains Glial Progenitor
Proliferation in the Postnatal Subventricular Zone. Nat. Commun. 2020, 11, 2138. [CrossRef]

25



Curr. Issues Mol. Biol. 2022, 44

99. Chapman, H.; Riesenberg, A.; Ehrman, L.A.; Kohli, V.; Nardini, D.; Nakafuku, M.; Campbell, K.; Waclaw, R.R. Gsx Transcription
Factors Control Neuronal versus Glial Specification in Ventricular Zone Progenitors of the Mouse Lateral Ganglionic Eminence.
Dev. Biol. 2018, 442, 115–126. [CrossRef]

100. Stancic, M.; Slijepcevic, D.; Nomden, A.; Vos, M.J.; de Jonge, J.C.; Sikkema, A.H.; Gabius, H.-J.; Hoekstra, D.; Baron, W. Galectin-4,
a Novel Neuronal Regulator of Myelination. Glia 2012, 60, 919–935. [CrossRef]

101. Canoll, P.D.; Musacchio, J.M.; Hardy, R.; Reynolds, R.; Marchionni, M.A.; Salzer, J.L. GGF/Neuregulin Is a Neuronal Signal That
Promotes the Proliferation and Survival and Inhibits the Differentiation of Oligodendrocyte Progenitors. Neuron 1996, 17, 229–243.
[CrossRef]

102. Zhang, S.; Zhu, X.; Gui, X.; Croteau, C.; Song, L.; Xu, J.; Wang, A.; Bannerman, P.; Guo, F. Sox2 Is Essential for Oligodendroglial
Proliferation and Differentiation during Postnatal Brain Myelination and CNS Remyelination. J. Neurosci. 2018, 38, 1802–1820.
[CrossRef]

103. Brinkmann, B.G.; Agarwal, A.; Sereda, M.W.; Garratt, A.N.; Müller, T.; Wende, H.; Stassart, R.M.; Nawaz, S.; Humml, C.; Velanac,
V.; et al. Neuregulin-1/ErbB Signaling Serves Distinct Functions in Myelination of the Peripheral and Central Nervous System.
Neuron 2008, 59, 581–595. [CrossRef] [PubMed]

104. Dai, J.; Bercury, K.K.; Ahrendsen, J.T.; Macklin, W.B. Olig1 Function Is Required for Oligodendrocyte Differentiation in the Mouse
Brain. J. Neurosci. Off. J. Soc. Neurosci. 2015, 35, 4386–4402. [CrossRef] [PubMed]

105. See, J.; Zhang, X.; Eraydin, N.; Mun, S.-B.; Mamontov, P.; Golden, J.A.; Grinspan, J.B. Oligodendrocyte Maturation Is Inhibited by
Bone Morphogenetic Protein. Mol. Cell. Neurosci. 2004, 26, 481–492. [CrossRef] [PubMed]

106. Harnisch, K.; Teuber-Hanselmann, S.; Macha, N.; Mairinger, F.; Fritsche, L.; Soub, D.; Meinl, E.; Junker, A. Myelination in Multiple
Sclerosis Lesions Is Associated with Regulation of Bone Morphogenetic Protein 4 and Its Antagonist Noggin. Int. J. Mol. Sci. 2019,
20, 154. [CrossRef]

107. Izrael, M.; Zhang, P.; Kaufman, R.; Shinder, V.; Ella, R.; Amit, M.; Itskovitz-Eldor, J.; Chebath, J.; Revel, M. Human Oligodendro-
cytes Derived from Embryonic Stem Cells: Effect of Noggin on Phenotypic Differentiation in vitro and on Myelination in vivo.
Mol. Cell. Neurosci. 2007, 34, 310–323. [CrossRef]

108. Sugimori, M.; Nagao, M.; Parras, C.M.; Nakatani, H.; Lebel, M.; Guillemot, F.; Nakafuku, M. Ascl1 Is Required for Oligodendrocyte
Development in the Spinal Cord. Dev. Camb. Engl. 2008, 135, 1271–1281. [CrossRef]

109. Matsumoto, S.; Banine, F.; Feistel, K.; Foster, S.; Xing, R.; Struve, J.; Sherman, L.S. Brg1 Directly Regulates Olig2 Transcription and
Is Required for Oligodendrocyte Progenitor Cell Specification. Dev. Biol. 2016, 413, 173–187. [CrossRef] [PubMed]

110. Wedel, M.; Fröb, F.; Elsesser, O.; Wittmann, M.-T.; Lie, D.C.; Reis, A.; Wegner, M. Transcription Factor Tcf4 Is the Preferred
Heterodimerization Partner for Olig2 in Oligodendrocytes and Required for Differentiation. Nucleic Acids Res. 2020, 48, 4839–4857.
[CrossRef]

111. Zhao, C.; Deng, Y.; Liu, L.; Yu, K.; Zhang, L.; Wang, H.; He, X.; Wang, J.; Lu, C.; Wu, L.N.; et al. Dual Regulatory Switch through
Interactions of Tcf7l2/Tcf4 with Stage-Specific Partners Propels Oligodendroglial Maturation. Nat. Commun. 2016, 7, 10883.
[CrossRef]

112. Zhang, K.; Chen, S.; Yang, Q.; Guo, S.; Chen, Q.; Liu, Z.; Li, L.; Jiang, M.; Li, H.; Hu, J.; et al. The Oligodendrocyte Transcription
Factor 2 OLIG2 Regulates Transcriptional Repression during Myelinogenesis in Rodents. Nat. Commun. 2022, 13, 1423. [CrossRef]

113. Chen, Y.; Wu, H.; Wang, S.; Koito, H.; Li, J.; Ye, F.; Hoang, J.; Escobar, S.S.; Gow, A.; Arnett, H.A.; et al. The Oligodendrocyte-
Specific G Protein–Coupled Receptor GPR17 Is a Cell-Intrinsic Timer of Myelination. Nat. Neurosci. 2009, 12, 1398–1406.
[CrossRef] [PubMed]

114. Marin-Husstege, M.; He, Y.; Li, J.; Kondo, T.; Sablitzky, F.; Casaccia-Bonnefil, P. Multiple Roles of Id4 in Developmental
Myelination: Predicted Outcomes and Unexpected Findings. Glia 2006, 54, 285–296. [CrossRef] [PubMed]

115. Huang, H.; Wu, H.; He, W.; Zhou, F.; Yu, X.; Yi, M.; Du, J.; Xie, B.; Qiu, M. Id2 and Id4 Are Not the Major Negative Regulators
of Oligodendrocyte Differentiation during Early Central Nervous System Development. Glia 2022, 70, 590–601. [CrossRef]
[PubMed]

116. Swiss, V.A.; Nguyen, T.; Dugas, J.; Ibrahim, A.; Barres, B.; Androulakis, I.P.; Casaccia, P. Identification of a Gene Regulatory
Network Necessary for the Initiation of Oligodendrocyte Differentiation. PLoS ONE 2011, 6, e18088. [CrossRef] [PubMed]

117. Bujalka, H.; Koenning, M.; Jackson, S.; Perreau, V.M.; Pope, B.; Hay, C.M.; Mitew, S.; Hill, A.F.; Lu, Q.R.; Wegner, M.; et al. MYRF
Is a Membrane-Associated Transcription Factor That Autoproteolytically Cleaves to Directly Activate Myelin Genes. PLoS Biol.
2013, 11, e1001625. [CrossRef]

118. Emery, B.; Agalliu, D.; Cahoy, J.D.; Watkins, T.A.; Dugas, J.C.; Mulinyawe, S.B.; Ibrahim, A.; Ligon, K.L.; Rowitch, D.H.; Barres,
B.A. Myelin Gene Regulatory Factor Is a Critical Transcriptional Regulator Required for CNS Myelination. Cell 2009, 138, 172–185.
[CrossRef]

119. Hoffmann, S.A.; Hos, D.; Küspert, M.; Lang, R.A.; Lovell-Badge, R.; Wegner, M.; Reiprich, S. Stem Cell Factor Sox2 and Its Close
Relative Sox3 Have Differentiation Functions in Oligodendrocytes. Development 2014, 141, 39–50. [CrossRef]

120. Stolt, C.C.; Lommes, P.; Friedrich, R.P.; Wegner, M. Transcription Factors Sox8 and Sox10 Perform Non-Equivalent Roles during
Oligodendrocyte Development despite Functional Redundancy. Development 2004, 131, 2349–2358. [CrossRef]

121. Stolt, C.C.; Rehberg, S.; Ader, M.; Lommes, P.; Riethmacher, D.; Schachner, M.; Bartsch, U.; Wegner, M. Terminal Differentiation of
Myelin-Forming Oligodendrocytes Depends on the Transcription Factor Sox10. Genes Dev. 2002, 16, 165–170. [CrossRef]

26



Curr. Issues Mol. Biol. 2022, 44

122. Takada, N.; Kucenas, S.; Appel, B. Sox10 Is Necessary for Oligodendrocyte Survival Following Axon Wrapping. Glia 2010, 58,
996–1006. [CrossRef]

123. Zhang, C.; Huang, H.; Chen, Z.; Zhang, Z.; Lu, W.; Qiu, M. The Transcription Factor NKX2-2 Regulates Oligodendrocyte
Differentiation through Domain-Specific Interactions with Transcriptional Corepressors. J. Biol. Chem. 2020, 295, 1879–1888.
[CrossRef] [PubMed]

124. Qi, Y.; Cai, J.; Wu, Y.; Wu, R.; Lee, J.; Fu, H.; Rao, M.; Sussel, L.; Rubenstein, J.; Qiu, M. Control of Oligodendrocyte Differentiation
by the Nkx2.2 Homeodomain Transcription Factor. Dev. Camb. Engl. 2001, 128, 2723–2733. [CrossRef] [PubMed]

125. Ji, S.; Doucette, J.R.; Nazarali, A.J. Sirt2 Is a Novel in Vivo Downstream Target of Nkx2.2 and Enhances Oligodendroglial Cell
Differentiation. J. Mol. Cell Biol. 2011, 3, 351–359. [CrossRef] [PubMed]

126. Hisahara, S.; Iwahara, N.; Matsushita, T.; Suzuki, S.; Matsumura, A.; Fujikura, M.; Yokokawa, K.; Saito, T.; Manabe, T.; Kawamata,
J.; et al. SIRT1 Decelerates Morphological Processing of Oligodendrocyte Cell Lines and Regulates the Expression of Cytoskeleton-
Related Oligodendrocyte Proteins. Biochem. Biophys. Res. Commun. 2021, 546, 7–14. [CrossRef]

127. Laitman, B.M.; Asp, L.; Mariani, J.N.; Zhang, J.; Liu, J.; Sawai, S.; Chapouly, C.; Horng, S.; Kramer, E.G.; Mitiku, N.; et al. The
Transcriptional Activator Krüppel-like Factor-6 Is Required for CNS Myelination. PLOS Biol. 2016, 14, e1002467. [CrossRef]

128. Vondran, M.W.; Clinton-Luke, P.; Honeywell, J.Z.; Dreyfus, C.F. BDNF+/- Mice Exhibit Deficits in Oligodendrocyte Lineage Cells
of the Basal Forebrain. Glia 2010, 58, 848–856. [CrossRef] [PubMed]

129. Heinrich, M.; Gorath, M.; Richter-Landsberg, C. Neurotrophin-3 (NT-3) Modulates Early Differentiation of Oligodendrocytes in
Rat Brain Cortical Cultures. Glia 1999, 28, 244–255. [CrossRef]

130. Yan, H.; Wood, P.M. NT-3 Weakly Stimulates Proliferation of Adult Rat O1(−)O4(+) Oligodendrocyte-Lineage Cells and Increases
Oligodendrocyte Myelination in vitro. J. Neurosci. Res. 2000, 62, 329–335. [CrossRef]

131. McMorris, F.A.; Dubois-Dalcq, M. Insulin-like Growth Factor I Promotes Cell Proliferation and Oligodendroglial Commitment in
Rat Glial Progenitor Cells Developing in vitro. J. Neurosci. Res. 1988, 21, 199–209. [CrossRef]

132. Zhou, L.; Shao, C.-Y.; Xie, Y.-J.; Wang, N.; Xu, S.-M.; Luo, B.-Y.; Wu, Z.-Y.; Ke, Y.H.; Qiu, M.; Shen, Y. Gab1 Mediates PDGF
Signaling and Is Essential to Oligodendrocyte Differentiation and CNS Myelination. eLife 2020, 9, e52056. [CrossRef]

133. Zhou, X.; Shin, S.; He, C.; Zhang, Q.; Rasband, M.N.; Ren, J.; Dai, C.; Zorrilla-Veloz, R.I.; Shingu, T.; Yuan, L.; et al. Qki Regulates
Myelinogenesis through Srebp2-Dependent Cholesterol Biosynthesis. eLife 2021, 10, e60467. [CrossRef] [PubMed]

134. Ho, W.Y.; Chang, J.-C.; Lim, K.; Cazenave-Gassiot, A.; Nguyen, A.T.; Foo, J.C.; Muralidharan, S.; Viera-Ortiz, A.; Ong, S.J.M.; Hor,
J.H.; et al. TDP-43 Mediates SREBF2-Regulated Gene Expression Required for Oligodendrocyte Myelination. J. Cell Biol. 2021,
220, e201910213. [CrossRef] [PubMed]

135. Morita, J.; Kano, K.; Kato, K.; Takita, H.; Sakagami, H.; Yamamoto, Y.; Mihara, E.; Ueda, H.; Sato, T.; Tokuyama, H.; et al.
Structure and Biological Function of ENPP6, a Choline-Specific Glycerophosphodiester-Phosphodiesterase. Sci. Rep. 2016, 6,
20995. [CrossRef] [PubMed]

136. Baas, D.; Bourbeau, D.; Sarliève, L.L.; Ittel, M.E.; Dussault, J.H.; Puymirat, J. Oligodendrocyte Maturation and Progenitor Cell
Proliferation Are Independently Regulated by Thyroid Hormone. Glia 1997, 19, 324–332. [CrossRef]

137. Barres, B.A.; Lazar, M.A.; Raff, M.C. A Novel Role for Thyroid Hormone, Glucocorticoids and Retinoic Acid in Timing Oligoden-
drocyte Development. Dev. Camb. Engl. 1994, 120, 1097–1108. [CrossRef] [PubMed]

138. Baas, D.; Fressinaud, C.; Ittel, M.E.; Reeber, A.; Dalençon, D.; Puymirat, J.; Sarliève, L.L. Expression of Thyroid Hormone Receptor
Isoforms in Rat Oligodendrocyte Cultures. Effect of 3,5,3′-Triiodo-l-Thyronine. Neurosci. Lett. 1994, 176, 47–51. [CrossRef]

139. Kondo, T.; Raff, M. Basic Helix-Loop-Helix Proteins and the Timing of Oligodendrocyte Differentiation. Dev. Camb. Engl. 2000,
127, 2989–2998. [CrossRef]

140. Genoud, S.; Lappe-Siefke, C.; Goebbels, S.; Radtke, F.; Aguet, M.; Scherer, S.S.; Suter, U.; Nave, K.-A.; Mantei, N. Notch1 Control
of Oligodendrocyte Differentiation in the Spinal Cord. J. Cell Biol. 2002, 158, 709–718. [CrossRef]

141. Hu, Q.-D.; Ang, B.-T.; Karsak, M.; Hu, W.-P.; Cui, X.-Y.; Duka, T.; Takeda, Y.; Chia, W.; Sankar, N.; Ng, Y.-K.; et al. F3/Contactin
Acts as a Functional Ligand for Notch during Oligodendrocyte Maturation. Cell 2003, 115, 163–175. [CrossRef]

142. Emery, B. Regulation of Oligodendrocyte Differentiation and Myelination. Science 2010, 330, 779–782. [CrossRef]
143. Jepson, S.; Vought, B.; Gross, C.H.; Gan, L.; Austen, D.; Frantz, J.D.; Zwahlen, J.; Lowe, D.; Markland, W.; Krauss, R. LINGO-1,

a Transmembrane Signaling Protein, Inhibits Oligodendrocyte Differentiation and Myelination through Intercellular Self-
Interactions. J. Biol. Chem. 2012, 287, 22184–22195. [CrossRef] [PubMed]

144. Hirahara, Y.; Bansal, R.; Honke, K.; Ikenaka, K.; Wada, Y. Sulfatide Is a Negative Regulator of Oligodendrocyte Differentiation:
Development in Sulfatide-Null Mice. Glia 2004, 45, 269–277. [CrossRef] [PubMed]

145. Choi, M.-H.; Na, J.E.; Yoon, Y.R.; Rhyu, I.J.; Ko, Y.-G.; Baik, J.-H. Hypomyelination and Cognitive Impairment in Mice Lacking
CD133 (Prominin-1). Biochem. Biophys. Res. Commun. 2018, 502, 291–298. [CrossRef]

146. Brown, T.L.; Hashimoto, H.; Finseth, L.T.; Wood, T.L.; Macklin, W.B. PAK1 Positively Regulates Oligodendrocyte Morphology
and Myelination. J. Neurosci. 2021, 41, 1864–1877. [CrossRef] [PubMed]

147. Quarles, R.H. Myelin-Associated Glycoprotein (MAG): Past, Present and Beyond. J. Neurochem. 2007, 100, 1431–1448. [CrossRef]
[PubMed]

148. Stankoff, B.; Aigrot, M.-S.; Noël, F.; Wattilliaux, A.; Zalc, B.; Lubetzki, C. Ciliary Neurotrophic Factor (CNTF) Enhances Myelin
Formation: A Novel Role for CNTF and CNTF-Related Molecules. J. Neurosci. 2002, 22, 9221–9227. [CrossRef] [PubMed]

27



Curr. Issues Mol. Biol. 2022, 44

149. Kalsi, A.S.; Greenwood, K.; Wilkin, G.; Butt, A.M. Kir4.1 Expression by Astrocytes and Oligodendrocytes in CNS White Matter: A
Developmental Study in the Rat Optic Nerve. J. Anat. 2004, 204, 475–485. [CrossRef]

150. Howng, S.Y.B.; Avila, R.L.; Emery, B.; Traka, M.; Lin, W.; Watkins, T.; Cook, S.; Bronson, R.; Davisson, M.; Barres, B.A.; et al.
ZFP191 Is Required by Oligodendrocytes for CNS Myelination. Genes Dev. 2010, 24, 301–311. [CrossRef]

151. Müller, R.; Heinrich, M.; Heck, S.; Blohm, D.; Richter-Landsberg, C. Expression of Microtubule-Associated Proteins MAP2 and
Tau in Cultured Rat Brain Oligodendrocytes. Cell Tissue Res. 1997, 288, 239–249. [CrossRef]

152. Chen, X.; Ku, L.; Mei, R.; Liu, G.; Xu, C.; Wen, Z.; Zhao, X.; Wang, F.; Xiao, L.; Feng, Y. Novel Schizophrenia Risk Factor Pathways
Regulate FEZ1 to Advance Oligodendroglia Development. Transl. Psychiatry 2017, 7, 1293. [CrossRef]

153. Lee, J.; Gravel, M.; Zhang, R.; Thibault, P.; Braun, P.E. Process Outgrowth in Oligodendrocytes Is Mediated by CNP, a Novel
Microtubule Assembly Myelin Protein. J. Cell Biol. 2005, 170, 661–673. [CrossRef] [PubMed]

154. Monin, A.; Baumann, P.S.; Griffa, A.; Xin, L.; Mekle, R.; Fournier, M.; Butticaz, C.; Klaey, M.; Cabungcal, J.H.; Steullet, P.; et al.
Glutathione Deficit Impairs Myelin Maturation: Relevance for White Matter Integrity in Schizophrenia Patients. Mol. Psychiatry
2015, 20, 827–838. [CrossRef] [PubMed]

155. Lee, X.; Hu, Y.; Zhang, Y.; Yang, Z.; Shao, Z.; Qiu, M.; Pepinsky, B.; Miller, R.H.; Mi, S. Oligodendrocyte Differentiation and
Myelination Defects in OMgp Null Mice. Mol. Cell. Neurosci. 2011, 46, 752–761. [CrossRef] [PubMed]

156. Kaji, S.; Maki, T.; Ueda, J.; Ishimoto, T.; Inoue, Y.; Yasuda, K.; Sawamura, M.; Hikawa, R.; Ayaki, T.; Yamakado, H.; et al.
BCAS1-Positive Immature Oligodendrocytes Are Affected by the α-Synuclein-Induced Pathology of Multiple System Atrophy.
Acta Neuropathol. Commun. 2020, 8, 120. [CrossRef] [PubMed]

157. Fard, M.K.; van der Meer, F.; Sánchez, P.; Cantuti-Castelvetri, L.; Mandad, S.; Jäkel, S.; Fornasiero, E.F.; Schmitt, S.; Ehrlich, M.;
Starost, L.; et al. BCAS1 Expression Defines a Population of Early Myelinating Oligodendrocytes in Multiple Sclerosis Lesions.
Sci. Transl. Med. 2017, 9, eaam7816. [CrossRef] [PubMed]

158. Ikenaka, K.; Kagawa, T.; Mikoshiba, K. Selective Expression of DM-20, an Alternatively Spliced Myelin Proteolipid Protein Gene
Product, in Developing Nervous System and in Nonglial Cells. J. Neurochem. 1992, 58, 2248–2253. [CrossRef] [PubMed]

159. Galiano, M.R.; Andrieux, A.; Deloulme, J.C.; Bosc, C.; Schweitzer, A.; Job, D.; Hallak, M.E. Myelin Basic Protein Functions as a
Microtubule Stabilizing Protein in Differentiated Oligodendrocytes. J. Neurosci. Res. 2006, 84, 534–541. [CrossRef]

160. Uhlenberg, B.; Schuelke, M.; Rüschendorf, F.; Ruf, N.; Kaindl, A.M.; Henneke, M.; Thiele, H.; Stoltenburg-Didinger, G.; Aksu, F.;
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Abstract: Laboratory analysis of basic cerebrospinal fluid (CSF) parameters is considered as essential
for any CSF evaluation. It can provide rapidly very valuable information about the status of the
central nervous system (CNS). Our retrospective study evaluated parameters of basic CSF analysis in
cases of either infectious or non-infectious CNS involvement. Neutrophils are effector cells of innate
immunity. Predominance of neutrophils was found in 98.2% of patients with purulent inflammation
in CNS. Lymphocytes are cellular substrate of adaptive immunity. We found their predominance in
94.8% of patients with multiple sclerosis (MS), 66.7% of patients with tick-borne encephalitis (TBE),
92.2% of patients with neuroborreliosis, 83.3% of patients with inflammatory response with oxidative
burst of macrophages in CNS and 75.0% of patients with malignant infiltration of meninges (MIM).
The simultaneous assessment of aerobic and anaerobic metabolism in CSF using the coefficient of
energy balance (KEB) allows us to specify the type of inflammation in CNS. We found predominantly
aerobic metabolism (KEB > 28.0) in 100.0% CSF of patients with normal CSF findings and in 92.8%
CSF of patients with MS. Predominant faintly anaerobic metabolism (28.0 > KEB > 20.0) in CSF was
found in 71.8% patients with TBE and in 64.7% patients with neuroborreliosis. Strong anaerobic
metabolism (KEB < 10.0) was found in the CSF of 99.1% patients with purulent inflammation, 100.0%
patients with inflammatory response with oxidative burst of macrophages and in 80.6% patients with
MIM. Joint evaluation of basic CSF parameters provides sufficient information about the immune
response in the CSF compartment for rapid and reliable diagnosis of CNS involvement.

Keywords: cerebrospinal fluid; cytological-energy analysis; coefficient of energy balance;
blood-cerebrospinal fluid barrier; blood-brain barrier; aspartate aminotransferase

1. Introduction

Basic cerebrospinal fluid (CSF) analysis is a very important approach to quickly
assess the current state of the central nervous system (CNS). Despite this fact, basic CSF
examination is often underestimated. The aim of this study is to present our scheme of basic
CSF examination, to show the interpretation of results in several subgroups of patients with
different CNS involvement and to stimulate interest in this important part of CSF analysis.
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Our basic CSF examination consists of a simultaneous assessment of the blood-
cerebrospinal fluid barrier (BCB) permeability (see 1.1.), cytological composition (see 1.2.),
energy ratios (see 1.2.) and detection of CNS tissue damage (see 1.3.). Measurement of
total CSF protein concentration or albumin quotient is used to assess BCB permeability.
Cytological analysis provides the essential information, especially addressing the pres-
ence of immunocompetent cells in CSF, possibly also the presence of tumor cells, signs
of tissue damage, bleeding, presence of microbial pathogens, etc. Energy parameters, i.e.,
the simultaneous assessment of immunocompetent cells and KEB values in CSF is called
cytological-energy analysis and allows us to determine intensity and the type of local
inflammatory response in the CNS. CNS tissue damage at the level of baseline CSF exami-
nation is evidenced by aspartate aminotransferase (AST) catalytic activity determination.

1.1. Cerebrospinal Fluid Production and Blood-Cerebrospinal Fluid Barrier Permeability (Figure 1)

Approximately 80% of cerebrospinal fluid (CSF) is produced by ultrafiltration of blood
plasma through the endothelium of the choroid plexus vessels. This structure is called
the blood-cerebrospinal fluid barrier (BCB) and regulates the flow of immune system
components into the CSF. The absence of pathological processes in the CSF is accompanied
by the influx of a limited number of immunocompetent cells and a low concentration of
proteins. In contrast, pathological processes in the CSF are associated with an increased
number of cells and changes in the concentration of humoral components in the CSF. This
condition is usually referred to as “increased BCB permeability”. It is evidenced as elevated
concentration of total protein in CSF or albumin quotient (Qalb. = albumin in CSF/albumin
in blood) (Figure 1) [1–5].

The brain parenchyma is highly vascularized. The endothelial cells of the brain
capillaries are one from the key components of blood-brain barrier (BBB), which signifi-
cantly influences the composition of the extracellular fluid in the brain. After crossing the
ventricular wall, the fluid replenishes the remaining approximately 20% volume of the
CSF. Therefore, CSF is thus an important source of information about the physiology or
pathophysiology of the brain parenchyma (Figure 1) [2,5–7].

Figure 1. Schematic representation of CSF production. BCB: Blood-Cerebrospinal Fluid Barrier; BBB:
Blood-Brain Barrier.

1.2. Cytological-Energy Analysis of the CSF

The evaluation of cytological and energy parameters in the CSF compartment is
performed in two steps. The first is to determine the number and composition of im-
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munocompetent cells in the CSF. The second is to determine the level of their activation by
examining energy parameters in the CSF. To determine energy parameters, we have recently
proposed so-called coefficient of energy balance (KEB; in Czech “Koeficient energetické
bilance”). KEB is calculated using the molar concentrations of glucose and lactate in CSF
and calculate as followed:

KEB = 38 − 18
[lactate]
[glucose]

KEB is defined as the theoretical average number of adenosine triphosphate (ATP)
molecules that are produced from one glucose molecule under the appropriate energy
conditions in the CSF compartment. Activation of immunocompetent cells correlates
with an increase in glucose and oxygen consumption and the development of anaerobic
metabolism in CSF. The decrease in ATP production is reflected by a decrease in KEB
values [8–17].

Based on the KEB values, we stratified our cases as follows:

• 28.0 to 38.0: aerobic metabolism in the CSF.
• 20.0 to 28.0: slight anaerobic metabolism in the CSF.
• 10.0 to 20.0: moderate anaerobic metabolism in the CSF.
• <10.0: strong anaerobic metabolism in the CSF.

1.3. Detection of CNS Tissue Injury

We consider aspartate aminotransferase (AST) catalytic activity in the CSF to be a
readily available, easily measurable and inexpensive parameter for reliable assessment of
CNS injury. This enzyme is present in all nucleated cells. Cellular damage is characterized
by release of AST with subsequent elevation of AST activity in body fluids including
CSF [8,18].

1.4. Absence of Pathology in the CSF

The absence of a pathological process in the CNS is characterized by no significant
immune response in the CSF. There is the only basal immune surveillance there. The
cellular and humoral components of the immune system in the CSF are at a basic level. The
maximum leukocyte count in CSF is 4 cells/1 μL with predominance of resting lymphocytes
(about 70%) and a minority of resting monocytes (about 30%). The low concentration of total
protein in the CSF (<430.0 mg/L) indicates normal permeability of the BCB or the absence
of any disturbance in the CSF circulation. Energy metabolism in CSF is aerobic with KEB
values above 28.0. AST catalytic activity below 18.0 IU/L is not indicating tissue destruction
in the CNS. No signs of hemorrhage are detected by CSF cytology [8,10,12,14,18–20].

1.5. Inflammatory Response in the CSF Compartment

The inflammatory response in the CSF compartment is followed by mobilization
of cellular and humoral components into the CSF. The consequence of increased BCB
permeability is increase in total protein concentration in CSF. The number of cells in the
CSF is increased and their composition is reflecting the type of inflammatory response.
Immunocompetent cells are activated, and more energy is required. Glucose and oxygen
consumption is increased in this way. The concentration of glucose in the CSF is decreased.
There is the switch from aerobic glucose metabolism to anaerobic one. Energy production
in the form of adenosine triphosphate (ATP) molecules is decreased. This process is
revealed as decrease in KEB values. In addition, local inflammation in the CNS may
be associated with tissue destruction resulting in increased AST catalytic activity in the
CSF [8,10,12,14,15,18–20].

1.6. Infectious Impairment of the CNS

Precise determination of the nature of the inflammatory reaction in the CSF can define
the spectrum of causes of CNS pathologies.
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Neutrophils represent the major population of phagocytic cells and are the final effec-
tor cells of innate immunity, with a primary role to clear extracellular pathogens [16]. The
progression of purulent inflammation is based on the neutrophils oxidative burst with the
production of reactive oxygen species (ROS). This is responsible for enhanced oxygen con-
sumption. In sum, extensive accumulation of neutrophils and strong anaerobic metabolism
in the CSF (KEB < 10.0) together with increased BCB permeability reveal purulent inflamma-
tion induced by the presence of extracellular bacteria in the CNS [8–10,12,14,15,17,21–28].

Increased BCB permeability, pleiocytosis with lymphocytes predominance, and aerobic
or faintly anaerobic metabolism in the CSF compartment (28.0 > KEB > 20.0) usually
represent the presence of serous inflammatory response in the CSF induced by either virus
or spirochetes present in the CNS [10,12,14,19,29–41].

Very similar findings in CSF corresponding to mononuclear or lymphocytic pleio-
cytosis, hyperproteinorhachia, hypoglycorhachia and hyperlactatorhachia have been de-
scribed in patients with neurotuberculosis, neurolisteriosis and cryptococcal meningi-
tis [10,19,32,42–49]. In contrary, Bicanic and Harrison (2004) reported normal CSF white cell
counts in HIV-associated cryptococcal meningitis, probably reflecting inability to mount
protective immune response in these patients [49].

1.7. Inflammatory Response in the CNS to Non Infectious Stimuli

There are also numerous non-infectious causes of inflammatory response in CSF, such
as autoimmunity, injury, hemorrhage, ischemia, tumors and neurodegenerative disor-
ders [4,6,9,10,50–55].

1.8. Multiple Sclerosis

Multiple sclerosis (MS) is an autoimmune immunopathological disease affecting
primarily white matter of the brain and spinal cord. Immunopathological inflammation
targets myeline sheets of neurons thus impairing nerve signal transduction with ultimate
axonal loss. Other CNS structures, including oligodendrocytes, are also targeted. Blood-
brain barrier (BBB) contributes significantly to the pathogenesis of multiple sclerosis. It
is a gateway for autoreactive lymphocytes entry into brain parenchyma. Basic analysis
of CSF of patients with multiple sclerosis usually shows only subtle nonspecific changes.
Total protein concentrations are often within normal limits, leukocyte counts are low
or only slightly elevated, CSF energy ratios are usually insignificant, and CNS tissue
destruction is not apparent. Lymphocytic oligocytosis or slight lymphocytic pleiocytosis
with predominance of activated lymphocytes and the presence of plasmocytes in the CSF
are frequently found. The gold standard of laboratory analyses in multiple sclerosis is still
detection of intrathecal oligoclonal immunoglobulin synthesis by isoelectric focusing of
CSF and blood [4,10,11,54–58]. However, this approach is not used in our present study.

1.9. Malignant Infiltration of Meninges

Cytological analysis of CSF plays a key role in the detection of malignant infiltration
of the brain meninges (MIM). Deep analysis of inflammatory parameters can identify
the presence of malignancy in CNS even if tumor cells in the CSF cytology are absent.
Elevated proteins, pleiocytosis with predominance of lymphocytes and hypoglycorrhachia
are characteristic in CSF patients with malignant infiltration of meninges [51,53,59–61].

2. Material and Methods

This retrospective study was approved by the local Ethics Committee of the Masaryk
Hospital Usti nad Labem, Czech Republic (reference number: 305/19). No informed
consent was required for this study as this work did not involve any human experiment.
All patient records and information were anonymized and deidentified.

We performed a basic analysis of 524 cerebrospinal fluid samples evaluated as normal
serving as controls for this study (Normal). In total, 304 CSF samples from patients with
multiple sclerosis (MS), 39 CSF samples from patients with tick-borne encephalitis (TBE),

37



Curr. Issues Mol. Biol. 2022, 44

51 CSF samples from patients with central neuroborreliosis (NB), 113 CSF samples from
patients with purulent inflammation (P) in the CNS induced by extracellular bacteria, and
31 CSF samples from patients with malignant infiltration of meninges (MIM) were enrolled
to this study. We separately evaluated 6 CSF samples taken from 1 patient with cryptococcal
meningitis, 1 patient with neurotuberculosis, 1 patient with neurolisteriosis and 3 patients
with neuroborreliosis. These CSF samples were evaluated as “serous” inflammation in
terms of cytological analysis and “purulent” in terms of energy analysis (Table 1).

Table 1. A review of CSF analysis in several patients with neuroinfection caused by intracellular
bacteria and yeasts.

Patient 1
Cryptococcal
Meningitis

Patient 2
Neurotuberculosis

Patient 3
Neurolisteriosis

Patient 4
Neuroborreliosis

Patient 5
Neuroborreliosis

Patient 6
Neuroborreliosis

Total protein
[mg/L] 6926.0 3240.0 3925.0 3970.0 2060.0 3310.0

Leukocytes/1 μL 15.3 78.7 180.0 159.0 209.0 156.7

Lymphocytes [%] 15.0 94.5 95.8 89.0 90.0 92.0

Monocytes [%] 81.0 3.1 1.4 8.0 10.0 4.0

Neutrophils [%] 4.0 2.4 2.8 3.0 0.0 4.0

Glucose
[mmol/L] 1.51 3.20 2.93 1.46 1.36 2.53

Lactate [mmol/L] 10.85 8.42 6.37 3.86 3.60 4.12

KEB −91.34 −9.36 −1.13 −9.59 −9.65 8.69

AST [IU/L] 256.8 16.8 37.2 10.8 not tested 21.6

2.1. Determination of the Blood-Cerebrospinal Fluid Barrier Permeability

BCB permeability was assessed using only cerebrospinal fluid total protein concen-
trations. We did not evaluate the albumin quotient because in some emergency cases
cerebrospinal fluid samples only without blood samples were analyzed.

Cerebrospinal fluid samples were centrifuged, and the mass concentration of total
protein was determined by the turbidimetry method with bensetonium chloride on a Cobas
6000 analyzer (Roche Diagnostics, Basel, Switzerland).

2.2. Cytological-Energy Analysis of CSF

The samples of CSF were collected into tubes without anticoagulants and immediately
transported to our clinical laboratory. The total number of elements in these samples was
enumerated using a Fuchs-Rosenthal chamber under the optical microscope. Cytological
smear using cytocentrifuge method was prepared immediately after receiving the sample
in all cases. Permanent cytological smears were stained using Hemacolor (Merck Co.,
Gernsheim, Germany). Microscopic analyses to determine cellular composition of CSF
were performed by trained laboratory personal using Olympus BX40 microscope (Olympus,
Tokyo, Japan).

Another aliquot of the samples was centrifuged and the molar concentrations of
glucose using the hexokinase method and lactate using the lactate-oxidase and peroxidase
method on a Cobas 6000 analyzer (Roche Diagnostics, Basel, Switzerland) were determined.

KEB values were calculated for all samples, including rare cases with very low glucose
concentrations below the measurement limit (=0.11 mmol/L). Glucose concentration of
0.11 mmol/L was used to calculate KEB values in all these anaerobic cases.

2.3. Assessment of CNS Tissue Injury

The cerebrospinal fluid samples were centrifuged, and the catalytic activities of as-
partate aminotransferase (AST) were determined by the IFCC method on a Cobas 6000
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analyzer (Roche Diagnostics, Basel, Switzerland). Catalytic activities of AST in CSF exceed-
ing 18.0 IU/L were identified as evidence of CNS tissue damage [13].

2.4. Statistical Methods

Concentrations of total protein, numbers of leukocytes, the percentages of lympho-
cytes, neutrophils and monocytes and AST catalytic activities in the CSF are in box plots
expressed as a median, the 1st and 3rd interquartile range and non-outlier range of values.
KEB values are divided into subgroups with aerobic metabolism (>28.0), slight anaerobic
metabolism (20.0 to 28.0), moderate anaerobic metabolism (10.0 to 20.0), and strong anaero-
bic metabolism (<10.0) in CSF in the bar graph. The nonparametric Mann-Whitney two
sample tests were performed to compare each patients group with our control group. The
variables were age-adjusted before testing. The 5% level was the criterion of significance.

All statistical tests were carried out using Statistica 14.0 software (StatSoft Inc., Tulsa,
OK, USA).

3. Results

Using the Mann-Whitney two-sample test, we compared the CSF findings of our
patients with CNS involvement to normal CSF findings.

3.1. BCB Permeability

Compared to normal CSF findings (Normal), we found significantly higher total
protein concentrations and leukocyte counts in the CSF of patients with multiple sclerosis
(MS; p < 0.001), tick-borne encephalitis (TBE; p < 0.001), central neuroborreliosis (NB;
p < 0.001), purulent inflammation (P; p < 0.001), intensive inflammation with oxidative burst
of macrophages (MF; p < 0.001), and malignant infiltration of meninges (MIM; p < 0.001)
(Figures 2 and 3).

Figure 2. CSF total protein concentrations in our patient groups (*: statistically significant).
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Figure 3. CSF leukocyte counts in our patient groups (*: statistically significant).

3.2. Cytological Parameters

A significantly higher percentage of lymphocytes in CSF compared to normal CSF
findings was found in patients with MS (p < 0.001) and NB (p < 0.001), and a significantly
lower percentage of lymphocytes was found in patients with purulent inflammation (P) in
the CNS (p < 0.001 *) (Figure 4).

Figure 4. Percentage of lymphocytes in CSF in our patient groups (*: statistically significant).
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A significantly higher percentage of neutrophils in CSF compared to normal CSF
findings was found in patients with TBE (p < 0.001), NB (p = 0.003), P (p < 0.001) and MIM
(p > 0.001). The absolute highest neutrophil count is typical for patients with purulent
inflammation in the CNS (P) (Figure 5).

Figure 5. Percentage of neutrophils in CSF in our patient groups (*: statistically significant).

A significantly lower percentage of monocytes in CSF compared to normal CSF find-
ings was found in CSF of patients with MS (p < 0.001), TBE (p < 0.001), NB (p < 0.001) and P
(p < 0.001) (Figure 6).

Figure 6. Percentage of monocytes in CSF in our patient groups (*: statistically significant).
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3.3. Energy Parameters

Figure 7 shows the overwhelming preponderance of cases with strongly anaerobic
metabolism in the CSF (KEB < 10.0) in patients with purulent inflammation (P) and inten-
sive inflammation with oxidative burst of macrophages (MF), and its predominance in
patients with malignant infiltration of the meninges (MIM). Predominantly slight anaerobic
metabolism (28.0 > KEB > 20.0) was found in CSF of patients with tick-borne encephalitis
(TBE) and central neuroborreliosis (NB). We found only a few cases of mild anaerobic
metabolism in CSF in patients with multiple sclerosis (MS) and 100% of cases of aerobic
metabolism in CSF (KEB > 28.0) in patients with normal findings (Normal) (Figure 7).

Figure 7. Distribution of KEB values in subgroups of our patients (*: statistically significant).

3.4. Tissue Damage

We found significantly higher AST catalytic activities in the CSF of patients with NB
(p = 0.005), P (p < 0.001), MF (p = 0.012) and MIM (p < 0.001) compared to normal findings
(Normal) (Figure 8).

Figure 8. Catalytic activities of AST in CSF in our patient groups (*: statistically significant).
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4. Discussion

We consider basic CSF examination to be a very important part of complex CSF analy-
sis. Its results provide key information about the current status of the CSF compartment
and CNS. Many CNS impairments can be reliably detected by basic CSF analysis.

4.1. Inflammations in the CNS with Predominance of Lymphocytes in CSF

Lymphocytes are immunocompetent cells of adaptive immunity. Consistent with
observations of many authors, we found predominance of these cells in the CSF of patients
with multiple sclerosis, thick-borne encephalitis, central neuroborreliosis, malignant infil-
tration of meninges and a very small group of several patients with cytologically proven
“serous inflammation” and energy proven “purulent inflammation” in the CSF (Table 1,
Figure 4) [10,19,29–32,35,37,40,41].

4.2. CNS Inflammation in Multiple Sclerosis

Energy parameters, especially KEB values, allows us to distinguish multiple sclerosis
patients with predominantly aerobic metabolism in the CSF (KEB > 28.0) of patients
with tick-borne encephalitis and central neuroborreliosis with predominantly slightly
anaerobic metabolism in the CSF (28.0 > KEB > 20.0), and in patients with malignant
infiltration of meninges or in a very small group of several patients with cytologically
proven “serous inflammation” and energy proven “purulent inflammation” in the CSF with
strongly anaerobic metabolism in the CSF (KEB < 10.0) (Figure 7). The same delineation
can almost identically be observed when assessing BCB permeability by total protein
concentration in CSF and CNS tissue destruction by catalytic activities of AST in CSF
(Figures 2 and 8) [8,9,12,14]. Predominantly aerobic metabolism in the CSF (92.8%) of
patients with multiple sclerosis is associated with predominantly normal BCB permeability
(73.9%) and absence of tissue destruction in the CNS (93.0%).

We are convinced that important cause for moderate expression of inflammatory
response in the CSF of patients with multiple sclerosis is the lower contribution of BCB in
the pathogenesis of this disease. Autoreactive lymphocytes are migrating from the blood
into the brain parenchyma across the blood-brain barrier (BBB) (Figure 1). Autoimmune
immunopathological inflammation in patients with multiple sclerosis is targeting the white
matter of the brain, predominantly [4,54–58]. In contrast, the signs of inflammation in the
CSF are marginal, only.

4.3. Infectious Inflammations in the CNS with Predominance of Lymphocytes in CSF

On the other hand, inflammation induced by invasion of pathogens usually manifests
itself directly in the CSF. Therefore, we can observe increased BCB permeability with a
higher influx of immunocompetent cells and proteins into the CSF (Figures 2 and 3). There
is substantial demand for glucose and oxygen as immunocompetent cells are activated.
This finally leads to the development of anaerobic metabolism in the CSF [8–10,12,14].

Lymphocytic pleiocytosis and hyperproteinorhachia are typical in patients with thick-
borne encephalitis and central neuroborreliosis (Figures 2–4). We found in general higher
percentage of neutrophils in CSF in the early stages of tick-borne encephalitis in agreement
with many authors (Figure 5) [30,34,36,38,39]. Some authors reported that the predomi-
nance of neutrophils can be confused with CSF pattern found in bacterial meningitis [34,39].
To avoid this misconduct our suggestion is to assess the energy status of CSF using KEB
values. Whereas in patients with purulent inflammation induced by extracellular bacteria
we found 99.1% of cases of strongly anaerobic CSF (KEB < 10.0) and 0.9% of moderately
anaerobic CSF (20.0 > KEB > 10.0), in patients with tick-borne encephalitis we found
28.2% of aerobic CSF (KEB > 28.0) and 71.8% of slightly anaerobic CSF (28.0 > KEB > 20.0)
(Figure 7). This is fully consistent with our previous already published results [8,9,12,14,17].
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4.4. Purulent Inflammation in the CNS

Almost all samples of CSF of our patients with purulent inflammation in the CNS
were characterized with high BCB permeability, large number of neutrophils and strong
anaerobic metabolism in CSF (Figures 2, 3, 5 and 7). These findings are in accord with
the mechanism of this inflammation type. Purulent inflammation is the only inflam-
matory response, which cellular substrate are the cells of innate immunity, neutrophils.
This type of inflammation is characterized by an oxidative burst of these cells with in-
creased production of reactive oxygen species (ROS) [22–28]. The production of ROS
results in significant oxygen consumption and the intensive development of anaerobic
metabolism [8–10,12,14,15,17].

4.5. Infectious Inflammation with Cytologically Proven “Serous” Inflammation and Energy Proven
“Purulent Inflammation”

We separately evaluated a small group of cases with cytologically proven “serous”
inflammation and energy proven “purulent inflammation”. These included one patient
with cryptococcal meningitis, one patient with neurotuberculosis, one patient with neurolis-
teriosis, and three patients with neuroborreliosis with an atypical CSF laboratory picture.
These cases are very similar with regards to mononuclear pleiocytosis, strong anaero-
bic metabolism in the CSF compartment (KEB < 10.0) and very high BCB permeability
(Table 1 and Figures 2–4, 6 and 7). Bicanic and Harrison (2005) describe the stimulation of
the innate immune response through the interaction of cryptococcal mannoproteins with
Toll-like receptors expressed on innate immunity cells [49]. This is followed by the activa-
tion of macrophages and their oxidative burst, which is manifested by strong anaerobic
metabolism in the CSF. The similar mechanism is induced by intracellular bacteria, i.e.,
Mycobacterium tuberculosis and Listeria monocytogenes [62–64]. Our patient cohort comprised
54 confirmed cases of central neuroborreliosis. However, three of these cases showed a strik-
ingly different CSF pattern. The high BCB permeability and strong anaerobic metabolism
in the CSF compartment of these patients were more consistent with the results in patients
with neurotuberculosis, neurolisteriosis, and cryptococcal meningitis (Table 1). Thus, in
patients with central neuroborreliosis, a rare intensive inflammation with an oxidative
burst of macrophages might also be found.

For this reason, we excluded these three cases from our group of patients with
central neuroborreliosis.

4.6. Non-Infectious Inflammatory Response in the CSF of Patients with Malignant Infiltration
of Meninges

Some authors described hyperproteinorhachia, pleiocytosis with lymphocyte pre-
dominance, and hypoglycorrhachia in the CSF of patients with malignant infiltration of
meninges [51,53,59–61]. Our results are consistent with these findings. Marked similarity
of the CSF findings in patients with neuroinfection with intracellular bacteria and yeasts
allow us to speculate that an identical intensive inflammatory response with oxidative
burst of macrophages is induced by tumor proliferation, in this case (Figures 2, 4, 6 and 7).

4.7. AST Catalytic Activity in CSF for Assessment of CNS Parenchyma Damage

We evidenced the catalytic activity of AST in CSF as a reliable parameter to assess CNS
parenchyma damage in our recent studies [8,9,18]. In this study, we found that the level of
AST is correlating with the intensity of the inflammatory response expressed as anaerobic
metabolism in CSF. The normal level of catalytic activity of AST in CSF (<18.0 IU/L)
corresponds to samples with a predominance of aerobic, slightly anaerobic and moderately
anaerobic metabolism in patients with normal CSF results, patients with multiple sclerosis
or tick-borne encephalitis, respectively. Elevation of AST in CSF (>18.0 IU/L) correlated
with strongly anaerobic metabolism in CSF in patients with purulent inflammation induced
by extracellular bacteria and oxidative burst of macrophages induced by either intracellular
bacteria or yeasts or the presence of tumor (Table 1 and Figures 7 and 8).
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We have recently published the significance of AST catalytic activity evaluation in CSF
of patients after CNS hemorrhage [18]. Very promising results are also observed in patients
with neurodegenerative CNS involvement in the long term. This could be another useful
target for the measurement of this easily available and inexpensive parameter in CSF in
clinical practice.

5. Conclusions

We consider basic CSF analysis as a solid framework for both rapid differentiation of
the type of local inflammatory response in the CNS and for optimization of subsequent
CSF investigation.

Inflammatory reactions in the cerebrospinal fluid are classified according to the pre-
dominant involvement of components of innate or adaptive immunity. Innate immunity
activation is revealed by purulent inflammation usually induced by the presence extracel-
lular bacteria in CNS. Reliable signs of this inflammation are extremely high numbers of
neutrophils and strong anaerobic metabolism in CSF (KEB < 10.0).

Adaptive immunity activation is characterized by the presence of lymphocytes in
the CSF. The significant presence of these immunocompetent cells is evident in other sub-
groups of our patients. Whereas aerobic (KEB > 28.0) and slight anaerobic metabolism
(28.0 > KEB > 20.0) are significantly predominant in the CSF of patients with multiple sclero-
sis, tick-born encephalitis and central neuroborreliosis, CSF of patients with inflammation
with oxidative burst of macrophages in the CNS induced by intracellular bacteria, yeasts
and tumor is characterized by a predominantly strong anaerobic metabolism (KEB < 10.0).

Inflammatory response with a predominance of lymphocytes and a predominance of
aerobic (multiple sclerosis) or slightly anaerobic metabolism (tick-born encephalitis and
central neuroborreliosis) in the CSF is called serous inflammation. This type of inflammation
is usually associated with low or slightly increased BCB permeability and absence of CNS
tissue destruction. In contrast, intense inflammation with oxidative burst of neutrophils
(purulent inflammation) or macrophages is associated with increased BCB permeability
and destruction of CNS tissue is proven by increased catalytic activity of AST in the CSF
(>18.0 IU/L).
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Development of the Cerebrospinal Fluid in Early Stage after Hemorrhage in the Central Nervous System. Life 2021, 11, 300.
[CrossRef]
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36, 1–62.
21. Teng, T.-S.; Ji, A.-L.; Ji, X.-Y.; Li, Y.-Z. Neutrophils and Immunity: From Bactericidal Action to Being Conquered. J. Immunol. Res.

2017, 2017, 9671604. [CrossRef]
22. Klebanoff, S.J.; Kettle, A.J.; Rosen, H.; Winterbourn, C.C.; Nauseef, W.M. Myeloperoxidase: A front-line defender against

phagocyted microorganisms. J. Leukoc. Biol. 2013, 93, 185–198. [CrossRef]
23. Thomas, D.C. The phagocyte respiratory burst: Historical perspectives and recent advances. Immunol. Lett. 2017, 192, 88–96.

[CrossRef] [PubMed]
24. O’Neill, L.A.; Kishton, R.J.; Rathmell, J. A guide to immunometabolism for immunologists. Nat. Rev. Immunol. 2016, 16, 553–565.

[CrossRef]
25. Segal, A.W. How Neutrophils Kill Microbes. Annu. Rev. Immunol. 2005, 23, 197–223. [CrossRef] [PubMed]
26. Dahlgren, C.; Karlsson, A. Respiratory burst in human neutrophils. J. Immunol. Methods 1999, 232, 3–14. [CrossRef]
27. Wilson, E.; Olcott, M.C.; Bell, R.M.; Merrill, A.H., Jr.; Lambeth, J.D. Inhibition of the oxidative burst in human neutrophils by

sphingoid long-chain bases. J. Biol. Chem. 1986, 261, 12616–12623. [CrossRef]
28. Borregaard, N.; Herlin, T. Energy Metabolism of Human Neutrophils during Phagocytosis. J. Clin. Investig. 1982, 70, 550–557.

[CrossRef] [PubMed]

46



Curr. Issues Mol. Biol. 2022, 44

29. Pietikäinen, A.; Maksimow, M.; Kauko, T.; Hurme, S.; Salmi, M.; Hytönen, J. Cerebrospinal fluid cytokines in Lyme neuroborreliosis.
J. Neuroinflamm. 2016, 13, 273. [CrossRef]

30. Bogovic, P.; Strle, F. Tick-borne encephalitis: A review of epidemiology, clinical characteristics, and management. World J. Clin.
Cases 2015, 16, 430–441. [CrossRef]

31. Koedel, U.; Fingerle, V.; Pfister, H.-W. Lyme neuroborreliosis-epidemiology, diagnosis and management. Nat. Rev. Neurol. 2015,
11, 446–456. [CrossRef]

32. Djukic, M.; Schmidt-Samoa, C.; Lange, P.; Spreer, A.; Neubieser, K.; Eiffert, H.; Nau, R.; Schmidt, H. Cerebrospinal fluid findings
in adults with acute Lyme neuroborreliosis. J. Neurol. 2011, 259, 630–636. [CrossRef]

33. van Burgel, N.D.; Bakels, F.; Kroes, A.C.M.; van Dam, A.P. Discriminating Lyme Neuroborreliosis from other Neuroin-flammatory
Diseases by Levels of CXCL13 in Cerebrospinal Fluid. J. Clin. Microbiol. 2011, 49, 2027–2030. [CrossRef] [PubMed]

34. Kaiser, R. Tick-Borne Encephalitis. Infect. Dis. Clin. N. Am. 2008, 22, 561–575. [CrossRef] [PubMed]
35. Kaiser, R. Neuroborreliosis. J. Neurol. 1998, 245, 247–255. [CrossRef] [PubMed]
36. Lindquist, L.; Vapalahti, O. Tick-borne encephalitis. Lancet 2008, 371, 1861–1871. [CrossRef]
37. Oschmann, P.; Dorndorf, W.; Hornig, C.; Schäfer, C.; Wellensiek, H.J.; Pflughaupt, K.W. Stages and syndromes of neurobor-reliosis.

J. Neurol. 1998, 245, 262–272. [CrossRef]
38. Holzmann, H. Diagnosis of tick-borne encephalitis. Vaccine 2003, 21, S36–S40. [CrossRef]
39. Dumpis, U.; Crook, D.; Oksi, J. Tick-Borne Encephalitis. Clin. Infect. Dis. 1999, 28, 882–890. [CrossRef]
40. Garcia-Monco, J.C.; Benach, J.L. Lyme Neuroborreliosis. Ann. Neurol. 1995, 37, 691–702. [CrossRef]
41. Tumani, H.; Nolker, G.; Reiber, H. Relevance of cerebrospinal fluid variables for early diagnosis of neuroborreliosis. Neurology

1995, 45, 1663–1670. [CrossRef]
42. Fisher, K.M.; Montrief, T.; Ramzy, M.; Koyfman, A.; Long, B. Cryptococcal meningitis: A review for emergency clinicians. Intern.

Emerg. Med. 2021, 16, 1031–1042. [CrossRef]
43. Li, M.; Liu, J.; Deng, X.; Gan, Q.; Wang, Y.; Xu, X.; Jiang, Y.; Peng, F. Triple therapy combined with ventriculoperitoneal shunts can

improve neurological function and shorten hospitalization time in non-HIV cryptococcal meningitis patients with in-creased
intracranial pressure. BMC Infect Dis. 2020, 20, 844. [CrossRef] [PubMed]

44. Pereira, M.E.V.D.C.; Gonzalez, D.E.; Roberto, F.B.; Foresto, R.D.; Kirsztajn, G.M.; Júnior, M.D.S.D. Listeria monocytogenes
meningoencephalitis in a patient with Systemic Lupus Erythematosus. J. Bras. Nefrol. 2020, 42, 375–379. [CrossRef] [PubMed]

45. Natrajan, M.; Daniel, B.D.; Grace, G.A. Tuberculous meningitis in children: Clinical management & outcome. Indian J. Med. Res.
2019, 150, 117–130. [CrossRef]

46. Heemskerk, A.D.; Donovan, J.; Thu, D.D.A.; Marais, S.; Chaidir, L.; Dung, V.T.M.; Centner, C.M.; Ha, V.T.N.; Annisa, J.; Dian, S.;
et al. Improving the microbiological diagnosis of tuberculous meningitis: A prospective, international, multicentre comparison
of conventional and modified Ziehl–Neelsen stain, GeneXpert, and culture of cerebrospinal fluid. J. Infect. 2018, 77, 509–515.
[CrossRef]

47. Shi, T.Y.; Zhang, Y.F.; Shi, X.H.; Wen, X.H.; Dong, X.; Meng, J.; Li, H.Y.; Yuan, X.X.; Zheng, Y.; Lu, Y.W. A rare case of me-
ningoencephalitis by Listeria monocytogenes in systemic lupus erythematosus: Case report and review. Clin. Rheumatol. 2018,
37, 271–275. [CrossRef]

48. Philip, N.; William, T.; William, D.V. Diagnosis of tuberculous meningitis: Challenges and promises. Malays. J. Pathol. 2015,
37, 1–9.

49. Bicanic, T.; Harrison, T.S. Cryptococcal meningitis. Br. Med. Bull. 2005, 72, 99–118. [CrossRef]
50. Mink, S.; List, W.; Reimann, P.; Fraunberger, P. CSF-interleukin 6 for early diagnosis of ventriculitis in a broad intensive care

setting. Clin. Chem. Lab. Med. (CCLM) 2022, 60, e129–e131. [CrossRef]
51. Behari, S.; Kumar, A.; Sardhara, J.C.; Singh, G.; Kanjilal, S.; Maurya, V.P. Malignant Meningitis Associated with Hydrocephalus.

Neurol. India 2021, 69, 443. [CrossRef]
52. Wesenhagen, K.E.J.; Teunissen, C.E.; Visser, P.J.; Tijms, B.M. Cerebrospinal fluid proteomics and biological heterogeneity in

Alzheimer’s disease: A literature review. Crit. Rev. Clin. Lab. Sci. 2019, 57, 86–98. [CrossRef]
53. Chamberlain, M.C. Neoplastic meningitis. Oncologist 2008, 13, 967–977. [CrossRef] [PubMed]
54. O’Connor, K.C.; Bar-Or, A.; Hafler, D.A. The Neuroimmunology of Multiple Sclerosis: Possible Roles of T and B Lymphocytes in

Immunopathogenesis. J. Clin. Immunol. 2001, 21, 81–92. [CrossRef] [PubMed]
55. Noseworthy, J.H.; Lucchinetti, C.; Rodriguez, M.; Weinshenker, B.G. Multiple sclerosis. N. Engl. J. Med. 2000, 343, 938–952.

[CrossRef]
56. Magliozzi, R.; Cross, A.H. Can CSF biomarkers predict future MS disease activity and severity? Mult. Scler. 2020, 26, 582–590.

[CrossRef]
57. Gajofatto, A.; Calabrese, M.; Benedetti, M.D.; Monaco, S. Clinical, MRI, and CSF Markers of Disability Progression in Multiple

Sclerosis. Dis. Markers 2013, 35, 687–699. [CrossRef] [PubMed]
58. Chabas, D.; Ness, J.; Belman, A.; Yeh, E.A.; Kuntz, N.L.; Gorman, M.P.; Strober, J.B.; De Kouchkovsky, I.; McCulloch, C.;

Chitnis, T.; et al. Younger children with MS have a distinct CSF inflammatory profile at disease onset. Neurology 2010, 74, 399–405.
[CrossRef] [PubMed]

59. Wang, N.; Bertalan, M.S.; Brastianos, P.K. Leptomeningeal metastasis from systemic cancer: Review and update on management.
Cancer 2018, 124, 21–35. [CrossRef]

47



Curr. Issues Mol. Biol. 2022, 44

60. Adams, M.; Doherty, C.; O’Kane, A.; Hall, S.; Forbes, R.B.; Herron, B.; McNaboe, E.J. Malignant meningitis secondary to
oesophageal adenocarcinoma presenting with sensorineural hearing loss: A series of three cases and discussion of the literature.
Eur. Arch. Otorhinolaryngol. 2016, 273, 2481–2486. [CrossRef]

61. Roth, P.; Weller, M. Management of neoplastic meningitis. Chin. Clin. Oncol. 2015, 4, 26. [CrossRef]
62. Remer, K.A.; Reimer, T.; Brcic, M.; Jungi, T.W. Evidence for involvement of peptidoglycan in the triggering of an oxidative burst

by Listeria monocytogenes in phagocytes. Clin. Exp. Immunol. 2005, 140, 73–80. [CrossRef]
63. Piddington, D.L.; Fang, F.C.; Laessig, T.; Cooper, A.M.; Orme, I.M.; Buchmeier, N.A. Cu, Zn superoxide dismutase of Myco-

bacterium tuberculosis contributes to survival in activated macrophages that are generating an oxidative burst. Infect. Immun.
2001, 69, 4980–4987. [CrossRef] [PubMed]

64. Kuhn, M.; Goebel, W. Responses by murine macrophages infected with Listeria monocytogenes crucial for the development of
immunity to this pathogen. Immunol. Rev. 1997, 158, 57–93. [CrossRef] [PubMed]

48



Review

Optic Neuritis in Multiple Sclerosis—A Review of Molecular
Mechanisms Involved in the Degenerative Process

Manuela Andreea Ciapă 1, Delia Lidia S, alaru 2,3,*, Cristian Stătescu 2,3, Radu Andy Sascău 2,3

and Camelia Margareta Bogdănici 4,5

1 Emergency Hospital Dimitrie Castroian, 735100 Hus, i, Romania
2 Cardiology Clinic, Institute of Cardiovascular Diseases, 700503 Ias, i, Romania
3 Department of Internal Medicine, University of Medicine and Pharmacy “Grigore T. Popa”,

700115 Ias, i, Romania
4 Department of Surgical Specialties (II), University of Medicine and Pharmacy “Grigore T. Popa”,

700115 Ias, i, Romania
5 Ophthalmology Clinic, Saint Spiridon Hospital, Ias, i 700111, Romania
* Correspondence: deliasalaru@gmail.com

Abstract: Multiple sclerosis is a central nervous system inflammatory demyelinating disease with
a wide range of clinical symptoms, ocular involvement being frequently marked by the presence
of optic neuritis (ON). The emergence and progression of ON in multiple sclerosis is based on
various pathophysiological mechanisms, disease progression being secondary to inflammation,
demyelination, or axonal degeneration. Early identification of changes associated with axonal
degeneration or further investigation of the molecular processes underlying remyelination are current
concerns of researchers in the field in view of the associated therapeutic potential. This article aims to
review and summarize the scientific literature related to the main molecular mechanisms involved in
defining ON as well as to analyze existing data in the literature on remyelination strategies in ON
and their impact on long-term prognosis.

Keywords: inflammation; demyelination; remyelination; axonal degeneration; molecular mechanisms

1. Background

Multiple sclerosis (MS) is a demyelinating and neurodegenerative disease of the central
nervous system (CNS), influenced by both genetic, (auto)immune, and environmental
factors [1,2]. Paresthesia, motor deficit, autonomic spinal cord symptoms, visual symptoms,
ataxia, exhaustion, disorientation, lack of sleep, discomfort, and depression are among the
most prevalent symptoms. Structural and functional abnormalities in the visual system are
targeted in most patients with MS, typically at the earliest stages of the disease, defining a
hallmark feature of MS, namely optic neuritis (ON). The evolution of the clinical picture
of patients with MS is extremely variable and heterogeneous in terms of locations and
extensions of brain and spinal cord lesions [3]. ON is an inflammatory injury of the optic
nerve that leads to visual disability. Unilateral visual acuity diminution, visual field loss,
color vision deficiencies, diminished contrast, and brightness perception are frequent
clinical manifestations of ON [4]. Recurrence of acute episodes of ON as well as chronic
axonal injury causing structural changes over time are responsible for optic pathway
damage [5].

ON is ubiquitous in the evolution of MS, up to 70% of patients with MS having an
acute episode of ON during their course [6]. For 15–20% of patients with MS, the diagnosis
of an acute episode of ON requires additional investigations that subsequently identify the
underlying pathology [7]. In the first 6 months after diagnosis of MS, targeting an episode
of ON induces a significant change in measurement of retinal nerve fiber layer (RNFL)
thickness (a drop down to 20 μm) [8,9]. More and more studies in the field are addressed to
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retinal measurements, identified in multiple researches as markers of neurodegeneration,
with retinal damage already demonstrated 6 months after ON [10]. Calabia et al. [11]
concluded on a similar clinical study that ON should not be regarded as a potential factor
of clinical impairment in patients with MS.

Clinical studies have demonstrated that ON and MS associate the same characteristics
of inflammatory demyelination, the substrate being perivascular infiltrates that induce a sig-
nificant cellular response that secondarily causes myelin damage in the nerve parenchyma.
On the other hand, ON and MS associate distinct pathophysiological mechanisms that
support CNS immune involvement [3].

There is a growing interest in depicting intimate mechanisms of MS, starting with
inflammation, demyelination, axonal degeneration and the possibility of remyelination,
and the study of optic nerve pathology offers a promising perspective of understanding
and, further on, extrapolating the physiopathological mechanisms in MS. Several clinical
studies in the field give a leading role to inflammation and neurodegeneration in the
development of central nervous system damage [12,13]. Injury to the optic nerve also causes
optic neuropathy, an entity with neurodegenerative substrate that causes visual acuity
impairment over time [14]. Several studies in the field have shown that neurodegeneration
occurs early in patients with ON [15].

We conducted a search using PubMed and SCIENCE DIRECT in July 2022, using
the terms and phrases, “optic neuritis”, “multiple sclerosis”, “inflammation”, “molecular
mechanisms”, “axonal degeneration”, “biomarkers” and “therapeutic targets” under dif-
ferent word associations. We focused on studies related to ON in MS (published between
1970 and July 2022), with an emphasis on future directions in research and treatment, and
we explore the potential implications for improved management of disease progression.

2. Pathophysiology of Optic Neuritis, a Projection of MS Pathomechanism

In terms of MS pathophysiology, it is recognized that oligodendrocytes are responsi-
ble for myelination as well as for maintaining saltatory conduction to facilitate effective
transmission of a nerve impulse down the axon in the CNS [5]. Damage to myelin (de-
myelination) and nerve fibers (axonal degeneration) in the CNS is the ultimate cause of
MS. Immune cells are largely believed to assault myelinated axons in the CNS, resulting in
demyelination and axonal degeneration [7]. Activated autoreactive T cells, myelin-specific
T cells, B cells, plasma cells, dendritic cells, and macrophages, for example, can enhance
macrophage recruitment by releasing different cytokines and chemokines [16]. Within the
CNS, infiltrating inflammatory cells activate and interact with other immune cells and
neuronal cells, resulting in oligodendroglial cell death-mediated demyelination, glial cell
activation (including microglia and astrocytes), and axonal degeneration [17,18].

The structure of the anterior visual pathway is complex in which the retinal ganglion
cells play a central role by positioning the nuclei at the level of the ganglion cell layer.
Axons of the RNFL that are unmyelinated enter the optic nerve. Its path is through the
optic canal to the level of the optic chiasm where the separation of the nasal fibers takes
place. The synapse of most of the fibers takes place at the level of the lateral geniculate
nucleus [19]. The role of immune mechanisms in the development and progression of in-
flammatory lesions of the optic nerve resides in understanding the anatomy and associated
physiological mechanisms. The lamina cribosa separates the retina from the scleral wall of
the eye socket, and is defined as a fibrous plaque composed of a dense network of collagen
fibers. The nerve fibers within the lamina cribrosa are non-myelinated. The location of
oligodendrocytes in the posterior compartment explains the inflammatory status of the
optic nerve during ON, as retinal inflammation is not typical of this ocular disorder [20].

2.1. Inflammatory Phase

The main inflammatory cells that are activated in an early stage of the inflammatory
process in the brain are microglia, macrophages, and peripheral T lymphocytes. Activated
T cells mature and expand clonally before dividing into effector cells and migrating through
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the bloodstream to breach the blood–brain barrier (BBB). Endothelial cells in the CNS
microvasculature contain adhesion molecules, which activated T cells can attach to and
penetrate [3,18]. The release of cytokines and other proinflammatory mediators aggravates
the inflammatory environment, attracting more immune cells to the CNS and eventually
leading to demyelination [3,21,22]. Using a range of experimental animal models, the
immunological processes underlying demyelination of the optic nerve secondary to the
inflammatory process may be easily investigated [4]. The pathophysiological processes
mentioned above are mediated by a variety of molecules with intrinsic action that potentiate
the associated pro-inflammatory status [23].

The pathophysiological mechanisms involved in MS are based on the “inside-out”
and “outside-in” theories, which have been intensively studied in the literature [24]. The
first entity is based on the existence of a subsidiary primary degenerative process that deter-
mines in a secondary plan the activation of autoimmune mechanisms [25]. The “outside-in
theory” of MS has been proposed, as opposed to the “inside-out hypothesis”, accord-
ing to which there is an autoimmune substrate that allows CD4+ T lymphocytes attack
against myelin [25]. Antigen-presenting cells (APCs) reawaken autoreactive effector CD4 T
cells in the CNS and attract more T cells and macrophages to develop the inflammatory
lesion [26,27] (Figure 1).

Figure 1. “Outside-in” theory (details in the text)-cells and processes involved.

CD4 T cells are identified in the cerebrospinal fluid (CSF) of MS patients and deep
inside CNS lesions [26,28]. The activation of CD4 T lymphocytes is controlled by DR2 (DRB-
1501/DQ6) is a major histocompatibility complex (MHC) class II locus [28]. Recent clinical
studies in the field certified that Tr1 CD4+ regulatory populations are now recognized
to control autoimmune T cell activity. Furthermore, reducing CD4 T cells would have
little effect on CD8 T cells, which make up the bulk of CNS-resident T cells in patients
and may play a critical role in the illness once CD4 T cells have started it [26]. CD4 T
cells that secrete interferon gamma (IFNg) and interleukin-17 (IL-17) are thought to be the
pathogenic initiators of MS.

CD4 T cells were originally divided into two functionally different types in the late
1980s: IFNg-producing Th1 cells that remove external infections and IL-4-producing Th2
cells that trigger allergic reactions [29,30]. Following that, researchers discovered CD4+
Th17 cells, which play a key role in autoimmunity. Tumor necrotic factor alpha (TNFα)
promotes inflammation by activating STAT3 and IL-22 promotes inflammation by activating
STAT3. They also have lower levels of IL-10, an anti-inflammatory cytokine [31].
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CD8 T lymphocytes have an important role in MS in humans. CD8 T cells make up
the bulk of T cells in the CNS perivascular infiltrate and at the periphery of CNS lesions
in MS, unlike experimental autoimmune encephalomyelitis (EAE) [32]. The density of
CD8+ T cells is 50 times higher than CD4+ T cells due to perivascular cells located at the
periphery of active demyelinating plaques in patients with progressive MS. However, this
ratio is not supported by CSF analysis where the ratio is at most 6:1 or by peripheral blood
analysis where the ratio is much lower at only 2:1 [22]. CD8 T cells are also often seen in
disease-related cortical plaques [33,34]. Some CD8+ T cell subtypes associate oligoclonal
growth, thus being an indirect response of oligoclonal cell amplification to specific antigen
responses [35].

CD8 T lymphocytes detect peptides of endogenous intracellular proteins given in
the context of MHC class I molecules and destroy cells through a cell-contact-mediated
mechanism involving granzyme A (GzmA) and granzyme B (GzmB) activities. While
MHC class I is expressed ubiquitously and constitutively on all cells, MHC class I and class
II expression is increased in oligodendrocytes, astrocytes, and neurons in patients with
disease activity [36]. Antigen-presenting microglial cells have the ability to cross present
foreign antigens on their MHC class I molecules, presumably resulting in the increased
frequency of myelin-reactive CD8 T cells seen in MS patients [37].

IFNg is secreted by these myelin-reactive CD8 T cells, which destroy cells that express
endogenously generated myelin. Because effector CD8 T cells’ intracellular lytic granules
are oriented toward adjacent axons in immunohistochemical investigation of postmortem
CNS tissue slices, their cytotoxic action may play a key role in axonal injury. The presence
of lesional CD8 T lymphocytes in close proximity to neurons has been linked to axonal
damage [38]. In the setting of MS, at least two subgroups of CD4+ regulatory T (T-regs) cells
have been discovered and examined. T-regs are a subset of regulatory T cells that express
the transcription factor Forkhead box protein 3 (FoxP3) as well as a slew of inhibitory
immune checkpoint surface molecules that help them suppress in vitro T cell proliferation
via a cell-contact-mediated mechanism [39]. The Tr1 regulatory CD4+ T cell is a second
kind of CD4+ regulatory T cell that controls cell proliferation predominantly through the
release of IL-10 [40].

FoxP3+ Tregs, which account for fewer than 4% of circulating CD4 T cells, are known
as “professional” suppressor cells because they prevent the activation of other cell types via
a cell-to-cell contact mechanism [26]. Teff cells produced from patients is, in fact, immune
to Treg-mediated repression [41]. According to published research, MS patients have both
a deficiency in Tregs and a resistance to Treg suppression by Teff cells [26].

CD46, which substantially promotes IL-10, was used to stimulate CD4 T cells, and it
was shown that MS CD4 T cells express less IL-10 than healthy CD4 T cells [26]. Because
the expression of IL-10 and CD46 is increased in patients who react to IFNb treatment
compared to cells from patients who do not respond, the ability of CD4 T cells to release
IL-10 is related with lower disease activity in MS [42]. Il-10 secretion by non-pathogenic
Th17 cells has also been observed to increase [43].

Natural killer (NK) cells release both pro-inflammatory (IFNg, TNFa) and anti-
inflammatory (IL-4, IL-10) cytokines, and they’ ve been linked to illness [26]. Although
CD56 and CD16 cells, which account for 90% of NK cells in peripheral circulation, are
cytotoxic right away, they are found in considerably lower numbers in tissue. CD56 bright
cells, on the other hand, predominate in tissues, where they largely release cytokines and
develop cytotoxic activity with time. Despite the fact that NK cells have been discovered
in MS patients’ demyelinating lesions, the majority of data suggests that NK cells play an
immunoregulatory role in MS [32]. Immunomodulatory and immunosuppressive thera-
pies increase CD56-bright NK cells, increases in NK frequency correlate with treatment
response [44], decreased NK frequency has been linked to relapse [45], and in vitro NK
functional activity increases during remission [26]. Untreated MS patients’ CD56-bright NK
cells show a lower capacity to limit the proliferation of autologous activated T cells, which
might be related to CD56 bright NK cell malfunction as well as the discovery that MS CD4 T
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cells are less susceptible to NK cell regulation [46]. This “NK resistance” by patient-derived
T cells has been attributed to increased T cell production of the NK-inhibitory ligand HLA-E
or lower CD155 expression on patient-derived T cells [47].

The presence of oligoclonal bands (OCBs) in the CSF, which are found in 95% of MS
patients and are caused by clonally enlarged Ig-secreting cells, is a hallmark observation
in the disease [48]. It was found that CSF OCB antibodies from four MS patients have
specificity for a variety of ubiquitous intracellular proteins that are produced as debris
during tissue breakdown. Although antibodies to myelin lipids in the CSF have been
linked to severe MS, anti-lipid antibodies are also seen in systemic lupus erythematosus
and Grave’ s illnesses [26].

MS patients’ brain parenchyma, meninges, and CSF contain clonally enlarged B
lymphocytes, which are more common in the CNS early in the illness [49,50]. Increased
B cell frequency in the CSF is linked to a faster course of the illness [51]. B cells in the
CNS might have a role in MS by secreting chemokines/cytokines and presenting antigen
to T cells, in addition to their possible capacity to make autoantibodies [26]. In lymph-
node-like follicles located in the meninges, which are typically close to cortical lesions, B
lymphocytes can cross the blood-brain barrier and become long-term CNS residents [52].
The presence of these follicle-like structures shows that B cells expand and differentiate
into plasmablasts and plasma cells within the CNS itself [53].

Anti-CD20 also lowers the number of T cells in the blood and CSF by 20% and 50%,
respectively [45], and the remaining T cells’ ability to release IL-17 and IFNg [26]. Anti
CD20 has a quick start of benefit because it eliminates a pro-inflammatory B cell fraction
that induces T cell activation through antigen presentation or cytokine release [26].

2.2. MS Triad: Demyelination, Axonal Degeneration, and Remyelination

MS is defined by a progressive inflammatory status associated with demyelination and
autoimmune neurodegeneration in the CNS. Numerous studies published in the literature
demonstrate the concern of researchers in the field in understanding the pathophysiological
mechanisms underlying the chronic evolution and irreversible disability [26]. Clinical
studies published to date attribute the disabling outcome to persistent chronic inflammation,
ongoing demyelination and failure to remyelinate, the latter two being major factors
associated with a poor neurological prognosis. These 3 main pathophysiological pillars
have been recognized as the building blocks of this pathophysiological triad in MS [54].

2.2.1. Demyelination and Axonal Loss

The persistence of a pro-inflammatory status causes axon loss over time secondary to
demyelination. Axonal function is directly affected by the direct action of inflammatory
cytokines, enzymes and nitric oxide, which are produced by activated immune cells.
Remission of inflammatory processes may result in remyelination of surviving axons,
although most EAE phenotypes are characterized by neuronal cell death due to associated
inflammatory stress. Paraclinical targeting of the RNFL is a marker of irreversible axonal
injury [3]. T-cells interfere with the action of antibodies in the CNS contributing to the
supplementation of demyelination secondary to inflammatory processes in EAE. The same
effect is obtained by injecting the antibody into the brain with human complement. [3].

2.2.2. Animal Models Used to Study Remyelination

Endogenous remyelination ensures nerve conduction and prevents neurodegeneration,
being a complex process involving various pathophysiological processes and representing
a promising therapeutic strategy for the future [55]. The central role has been assigned
to oligodendrocyte progenitor cells (aOPCs), which thus acquires potential therapeutic
value. These cells mediate a variety of pathophysiological processes, including activation,
migration, proliferation, or differentiation [56]. It has been shown that only mature aOPCs-
derived from neonatal OPCs contributes to the remyelination process. These cells have the
ability to reconstitute themselves and not to be replaced by neural stem cells [57,58].
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The literature includes several clinical studies on animal models based on which
remyelination has been studied. These animal models allow histopathological identification
of the presence of remyelination processes, as the myelin state formed is thinner and shorter
compared to that at the time of myelination [59,60]. Franklin et al. [61] highlights a number
of factors that prevent remyelination in MS patients, such as altered aOPCs, a lack of
pro-regenerative factors, or an excess of inhibitory factors or errors in aOPCs-mediated
pathophysiological processes.

Experimental Autoimmune Encephalomyelitis

Experimental autoimmune encephalomyelitis is known as the animal model of MS
and is frequently used for research purposes to further investigate pathophysiological
mechanisms [16]. It is a CNS autoimmune illness that is deliberately generated in suscepti-
ble species such as rats and primates by vaccination with CNS-specific antigens, peptides
derived from these antigens, or CNS tissue homogenates. Transfer of encephalitogenic
CD4+ T cells from draining lymph nodes of animals vaccinated for active EAE induction
into syngeneic animals can also cause the illness. However, the validity of EAE as an MS
model has been called into question [62]. Several molecular and cellular processes of MS
pathogenesis have been revealed in EAE research [63–65].

Demyelinating Illness Caused by the Virus Theiler’ s Murine Encephalitis

Theiler’ s murine encephalitis virus-induced demyelinating disease (TMEV-IDD) is a
model frequently used in clinical trials in patients with various demyelinating diseases,
including MS [66–68]. TMEV is a positive-stranded RNA virus from the Picornaviridae
family (genus Cardiovirus). Between days 5 and 10 after injection, the TO subgroup of
TMEV causes acute encephalitis. TMEV-IDD is of special relevance because it represents
a hypothetical situation in people in which a virus is the primary contributor for CNS
inflammation and demyelination.

Importantly, the clinical manifestations of TMEV-IDD are comparable to those seen in
individuals with progressive MS, including stiffness, incontinence, extremity weakness,
and, finally, paralysis [68]. Intrathecal antibody production has been seen in this model,
which is similar to the oligoclonal bands detected in the CSF of MS patients [69]. The general
objection against this model is that a non-human virus was utilized to simulate a human
disease. Surprisingly, it was recently found that a human-TMEV recombinant virus might
produce Vilyuisk encephalitis, a kind of encephalomyelitis [68]. Additional viruses, such as
murine hepatitis virus, canine distemper virus, coronaviruses, and several retroviruses, are
also being utilized in experimental animals to induce MS-like demyelinating illness [69–72].

The Role of Cuprizone or Other Toxins

Demyelination in mice caused by the copper chelator cuprizone is a useful tool for MS
research [63–65]. Cuprizone consumption by mice results in early oligodendrocytes (ODC)
mortality, activation of microglia/macrophages, and subsequent reversible demyelina-
tion [73]. This model is beneficial for researching demyelination and remyelination, as well
as their relationship to axonal loss [74]. It is extremely important for the progression of type
III and type IV MS lesions, where alterations in ODC appear to represent the key events
in disease pathogenesis. In addition to cuprizone, additional toxins, such as ethidium
bromide and lysolecithin, are employed to induce demyelination in experimental mice [74].

The Role of Lysophospholipid Lysophosphatidylcholine (LPC, Lysolecithin)

It has been used for decades to produce demyelination in animal models of multiple
sclerosis. A recent investigation of LPC damage and homeostasis processes discovered that
LPC nonspecifically altered myelin lipids and swiftly caused cell membrane permeability;
LPC injury in mice was phenocopied by other lipid disrupting agents. A subsequent
increase in LPC five days following the injection into white matter implies that the brain
possesses mechanisms to buffer LPC, and albumin buffering greatly reduced LPC damage
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in culture [75]. LPC application was compared to agarose-gel loaded LPC (AL-LPC) in
mouse optic nerve behind the globe via a small surgery in an attempt to research new
processes of demyelination and to assess new medicines. Agarose loading was employed
to extend the length of LPC exposure and thereby accomplish long-term demyelination.

Visual evoked potentials (VEPs) recordings revealed a large increase in the latency
of the P1 wave and a decrease in the amplitude of the P1N1 wave at the lesion locations,
as well as severe demyelination and axonal damage. The optimized model demonstrated
that both AL-LPC and LPC groups had extended demyelination, axonal degeneration, and
retinal ganglion cell (RGC) loss; however, these diseases were more widespread in the
AL-LPC group [76]. Furthermore, the therapeutic potential of many medicines has piqued
the interest of researchers, beginning with animal models of generated demyelinating
diseases. Among the key factors known to limit CNS regeneration are myelin associated
inhibitory factors such as NogoA [77], myelin associated glycoprotein (MAG) [78], and
oligodendrocyte myelin glycoprotein (OMgp) [79]. These elements connect to a common
receptor known as Nogo receptor 1 (NgR1) [80]. A wide range of cells express this receptor,
including neurons, OPCs, astrocytes, microglia, macrophages, dendritic cells, and neural
precursor cells. Although the physiological implications of Nogo-A/NgR interaction
among glial cells are unclear, Nogo-A expressed on oligodendrocytes may interact with
NgR produced by reactive astrocytes and microglia/macrophages in active demyelinating
lesions of MS [81].

2.2.3. Axonal and Neuronal Degeneration

By secreting IFNg and IL-17, pathogenic CD8 T cells may also contribute to the
disease [82]. In a BBB model using human cells and in mice models, these IFNg-, IL-
17, and GzmB-producing effector CD8 T cells may also experience increased endothelial
transmigration [83]. As a result, CD8 T cells may not only induce oligodendrocyte mortality
and neuronal injury once within the CNS, but they may also amplify IFNg- and IL-17-
mediated disease [26].

After demyelination, what happens to the axon? Axonal degeneration and morpho-
logical alterations of axonal organelles, such as axoplasmic reticulum (AR)-like structures,
were observed to precede morphological abnormalities of myelin in EAE animals. It was
discovered that morphological alterations in myelin, as well as morphological changes
in axonal organelles, cause axonal degeneration. Although further research is needed, it
appears to be a strong link between twisted axons and axonal degeneration [16].

In EAE and acute human MS lesions, axonal degeneration with localized axonal
swellings and mitochondrial abnormalities are prominent. It has been suggested that
intra-axonal mitochondrial disease in localized axonal degeneration might be the first
ultrastructural indicator of damage, occurring before axon shape changes. Axonal de-
generation has been linked to mitochondrial failure in several investigations of autopsied
human MS brains and in vitro models. Axonal diseases were also seen in myelin-associated
glycoprotein-2,3-cyclic nucleotide 3-phosphodiesterase-null animals, demonstrating that
oligodendrocyte–axon interactions are necessary for structural and functional modulation
between myelin and axons.

A growing body of data implies that axonal degeneration in MS and EAE is triggered
by axonal AR and mitochondrial dysfunction, which is followed by an increase in axonal
Ca2+ levels produced by AR and mitochondria. Axoplasmic reticulum Ca2+ release pro-
duced subsequent degeneration of spinal neurons [84]. Furthermore, it was discovered that
in EAE spinal cords, the intensity of a mitochondrial fission-related protein, Drp1/Dlp1,
rose, whereas the intensity of a mitochondrial fusion-related protein (MFN) dropped [16].

Reduced adenosine triphosphate synthesis in demyelinated upper motor neuron axon
segments disrupts ion homeostasis, causes Ca2+ mediated axonal degeneration, and con-
tributes to MS patients’ increasing neurological impairment [16]. Glutamate excitotoxicity is
one neurodegenerative process thought to be implicated in MS pathogenesis [85]. Because
RGCs have a high density of dendritic glutamate receptors, they are especially sensitive to
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elevated glutamate levels in the retina [86]. Over-stimulation of ionotropic glutamate re-
ceptors is thought to lead to prolonged intracellular calcium increases capable of activating
downstream pathways leading to cell death, and their over-stimulation is thought to lead
to prolonged intracellular calcium increases capable of activating downstream pathways
leading to cell death [87]. It was found that ultrastructural alterations in RGC axons of
the optic nerve, as well as elongation of nodes of Ranvier, were observed at the outset of
illness [85].

A loss in visual acuity and changes in the optic nerve cytoskeleton (as evidenced by
modifications in actin treadmilling and expression of its regulatory proteins) occur during
the induction phase of autoimmune optic neuritis (AON), as well as RGC degeneration,
which may be replicated by intravitreal glutamate injection. Sühs et al. [88] demonstrated
that intravenous administration of the NMDA receptor blocker MK-801 during the induc-
tion phase of AON causes activation of NMDA receptors before the onset of demyelinating
optic nerve lesions associated with the inflammatory status associated. Another group
of investigators emphasizes the beneficial role of the retinal calcium increase during the
induction phase, which potentiates the aforementioned effect, contributing to the restora-
tion of visual integrity, the resumption of optic nerve actin dynamics as well as RGCs
neuroprotection [89]. This is backed up by the fact that the retinal calcium level rises during
AON at the same time. This points to the NMDA receptor as the most likely possibility,
which leads us back to the “inside-out” theory [85] (Figure 2).

Figure 2. “Inside-out” theory (details in the text)–the green dotted arrow represents a possible
temporal, but non-causal relationship.

Disturbances in the actin cytoskeletal dynamics of the optic nerve seen throughout the
course of AON may have consequences for RGC degeneration since growing data indicates
that actin is both a sensor and a mediator of apoptosis. F-actin disintegration is caused by
both NMDA receptor activation [90] and increased intracellular calcium, resulting in actin
network instability.

Calcium-dependent proteases, such as calpains and caspases, are activated by signif-
icant increases in intracellular calcium, further destabilizing the actin cytoskeleton. The
actin-severing protein gelsolin is one such calcium-activated protease [91]. At the same
time, calpain/caspase cleaves gelsolin [92], making the cell more sensitive to NMDA recep-
tor activation as an anti-apoptotic agent [93]. A functional role in apoptotic signaling is also
played by fractin, a calpain/caspase-cleaved actin monomer product that accumulates after
activation of apoptosis [94]. Furthermore, the reorganization of nodes of Ranvier might be
influenced by changes in actin network dynamics [85].

56



Curr. Issues Mol. Biol. 2022, 44

Gelsolin levels may be affected by NMDA receptor activation as well as other disease-
related variables that are currently unknown. In contrast, while gelsolin protects cells
against apoptosis [93] its expression might be up-regulated in response to glutamate-
mediated stress, although for unknown reasons [85]. The early degeneration shown in this
model, which occurs before the demyelination and inflammatory infiltration that define
optic neuritis, contradicts the traditional belief that secondary RGC degeneration results
from axonal injury in the demyelinated optic nerve [85].

Early AON retinal events might cause anterograde alterations in actin cytoskeletal
dynamics in the optic nerve, which are most likely mediated by calcium build-up and activa-
tion of actin-regulatory proteases. NMDA receptor manipulation might be a therapeutically
viable method for retinal neuroprotection in autoimmune neuro-inflammatory diseases.

2.2.4. Remyelination in Optic Neuritis

Immune-modulatory networks are activated, limiting inflammation, and initiating
repair, resulting in at least partial remyelination and clinical remission [26]. S100B, a protein
generated predominantly by astrocytes, has been shown to help with relapsing–remitting
EAE. Administration of pentamidine isothionate (PTM) to EAE-induced mice abolishes
S100B activity causing in a secondary plan improvement of preclinical scores, increase of
remission rate and decrease of activity of some molecules present in the brain, such as
IFNg, TNFa, or NOS activity. When comparing EAE animals treated with PTM to EAE
mice not treated with medication, the number of CD68+ cells and demyelinating lesions
were lower in PTM-treated EAE mice. Overall, this research implies that the severity of
EAE is reduced by targeting neurotoxic mediators released by astrocytes [95].

MS pathophysiology is characterized by demyelination. NG2-glia are oligodendrocyte
progenitors that can develop into adult oligodendrocytes and hence may help individuals
with MS remyelinate [95]. The phenotypic heterogeneity of NG2-glia in relation to their
ontogenic origin was investigated, as well as whether EAE causes a clonal NG2-glial
response. They discovered that NG2-glia from single progenitors are distributed clonally
across the grey and white matter [95].

The proliferative oligodendrocyte progenitor cell has been reported as the most ef-
fective remyelinating cell in animal experiments for successfully repairing demyelinating
lesions, particularly those of the optic nerve [96]. The existence of a comparable population
of oligodendrocyte progenitor cells in normal adult human white matter, as well as in
acute and chronic MS lesions, may be the source of oligodendrocyte proliferation after
demyelinating lesions in humans [97]. Although the presence of oligodendrocyte pro-
genitor cells impacts the eventual number of oligodendrocytes in a demyelinating lesion,
it does not appear that the quantity of oligodendrocytes is the sole component required
for effective remyelination [98]. Some oligodendrocytes in acute MS lesions may reveal
mild, early pathologic abnormalities, indicating that their myelinating capacity has been
reduced without overt cell death [99]. Endogenous remyelination after ON appears to be
most prominent in optic nerve lesions that develop early in the course of MS, and when
significant remyelination occurs, it usually becomes morphologically apparent at least
1 month after the initial insult, a time interval that corresponds to clinical recovery after
isolated typical ON [100]. Shadow plaques, which are made up of sparsely myelinated
axons, are hypothesized to be the result of remyelination following a single bout of acute
demyelination [98].

Recurrent demyelinating optic nerve damage in the same region of white matter, on the
other hand, may impair those reparative processes, resulting in permanently demyelinated
axons and failure of remyelination [100]. This discovery explains why remyelination is
seen early in the course of MS but not in typical chronic MS lesions, which are more likely
to have had several, temporally different bouts of demyelination [101]. While beneficial,
endogenous remyelination in ON and MS in general has limits [98]. When compared to
normal axons, remyelinated axons have thinner myelin sheaths and shorter internodal
lengths [102]. Remyelinated axons, on the other hand, have poor axonal conduction
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velocities [103]. Finally, lack of full remyelination is a major reason in the persistence of
visual impairment after ON [98].

Jäkle et al. [104] performed an autopsy study on human brains from patients with MS
and from unaffected controls, demonstrating both a reduced presence of ODC in shadowing
lesions as well as changes in gene expression between areas of normal-appearing white
matter of MS patients compared to a group of healthy subjects, raising the need for further
clinical studies to understand the global cellular changes targeted in this category of
patients. These results raise the observation that there are discrepancies between studies
on animal models and those on humans, and that a comprehensive, potentially therapeutic
approach is needed that addresses not only differentiation process [55,105,106].

The possibility of identifying therapeutic agents that offer neuroprotection to MS pa-
tients by potentiating remyelination has led to the emergence of various clinical trials—some
ongoing, others completed—predominantly involving three types of agents: small molecules,
hormones, and antibodies [107,108]. The most advanced clinical trials are hormone-based
trials, most of which are Phase III clinical trials. Of all the incriminating agents, special
attention is needed in the case of rHIgM22 (a remyelinating antibody) [109], which is
currently the only agent acting on both OPCs and oligodendrocytes, leading to stimulation
of acute and chronic myelination in preclinical models of demyelination [107,110].

The constant concern of researchers in the field to develop new molecules with remyeli-
nating action has led to the emergence and conduct of multiple clinical trials whose interim
results have already been presented in the literature. Thus, clemastine is an antihistamic
agent acting on antimuscarinic receptors, with proven effects both in vitro and in vivo to
date. It was tested in a Phase II randomized double-blind crossover placebo-controlled
clinical trial (ReBUILD study), with the mechanism of action being the potentiation of
OPC differentiation and proliferation. Preliminary results reported a shortening of P100
VEP latency by 1.7 ms/eye, indicating slightly faster neural transduction within the optic
pathway but at the cost of fatigue as an adverse effect [111].

Olesosime is a cholesterol-like agent whose neuroprotective effect is exerted via mito-
chondrial metabolism. In vitro it induced maturation of OPCs and stimulation of myelin
production. In the literature, there is a phase IB multicenter randomized double-blind
placebo controlled clinical trial conducted to test the efficacy of this agent, but no superior
results were observed compared to placebo [112–114]. In recent years, several phase II
clinical trials have been conducted in which various therapeutic agents have been tested,
such as bexarotene a retinoid x receptor γ (clinical trial in UK - EudraCT 2014–003145-
99) [115,116], gold nanocrystals (stimulates ATP production by oxidizing nicotinamide
adenine dinucleotide NADH to NAD+) [117,118], or domperidone (peripheral dopamine
D2 receptor antagonist that stimulates prolactin secretion from the pituitary gland) [119,120]
that stimulated remyelination by potentiating proliferation, differentiation, or maturation
of OPCs, but they did not prove effective.

Opininumab is an anti-LINGO1 monoclonal antibody, which functions as a transmem-
brane protein at the OPCs and neuronal cell surface. Although the monoclonal antibody
against LINGO1 has been shown to be effective in a phase I clinical trial, clinically signif-
icant results regarding visual acuity, VEP latency, or MRI measurements have not been
demonstrated in several phase II clinical trials [121–124].

3. The “Big” Picture behind the MS Triad

Neuroimaging, CSF examination and VEP analysis are the main methods to establish
the diagnosis of ON and assess the associated risk of developing MS.

3.1. MRI

ON is frequently the initial presentation of MS patients with no neurological history,
especially demyelinating pathologies [125]. Neuroimaging is a central piece in the diag-
nostic and therapeutic puzzle. To date, clinical research in the field has not revealed the
presence of molecules with a prognostic role for these patients, which has led to a shift
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of attention toward imaging explorations, especially MRI [126]. Structural imaging pa-
rameters quantified by MRI cannot distinguish between demyelination and axonal lesions
produced within the central nervous system [127]. MRI targeting T2-hyperintense and
gadolinium-enhancing of multiple lesions of the brain or spinal cord are arguments in
favor of the present MS [128,129]. Within the first 20 days of visual acuity decline, 95% of
patients with MS-associated ON show T1 gadolinium enhancement [130]. Existing clinical
studies in the literature refute the existence of a correlation between the extent and severity
of lesions identified on MRI and the rate of vision recovery [131].

Swanton et al. [132] demonstrated that the presence of spinal lesions has a disabling
predictive value for patients who develop MS over time (72% risk) compared to those
without identified lesions, where the risk of progression was estimated at 25% [125,133,134].
In addition to absence of lesions on MRI assessment, male sex, lack of typical symptoms
and optic swelling are factors associated with a low risk of ON progression to MS [134].

Over time, patients with ON may associate subclinical demyelinating lesions in which
the usual paraclinical evaluation (CSF and VEP analysis) does not reveal pathological
changes, the definitive being the MRI imaging exploration. Lebrun et al. [135] demonstrated
that patients without MRI lesions have a clinical conversion rate of 33% to clinically
isolated syndrome in 5 years. The investigators have highlighted as associated risk factors
VEPs abnormalities, youth, and gadolinium enhancement on follow-up MRI. McDonald
criteria are widely used in patients at risk of progression to MS, the main radiological
changes quantified being dissemination in space or time [125,136]. In a similar clinical
study, Tintore et al. [137] confirms the prognostic role of MRI scanning in assessing the
occurrence of MS, compared to the Poser criteria, with the new standards associating
superior sensitivity and specificity.

Frohman et al. [8] investigated the role of MRI versus optical coherence tomography
(OCT) and laser polarimetry methods in the assessment of RNFL thickness vs. brain
measures and concluded that measurement of RNFL thickness and radius of the optic
nerve are preferred in clinical studies due to identification of more pronounced differences
between patients with MS and controls.

3.2. Visual Evoked Potentials Analysis

VEPs is part of the diagnostic work-up of patients with ON, including asymptomatic
forms, being an alternative to MRI imaging exploration [138]. Clinical studies show that
65% of patients show changes in VEPs, which are a clinical reflection of demyelination in
the afferent visual pathways [139]. The most common findings are increased latencies and
reduced amplitudes and abnormal waveforms [140].

Prolonged latency measurements suggest subclinical demyelinating damage, while
reduced wave amplitudes are the paraclinical expression of axonal degeneration and loss
in MS patients [141]. The parameters obtained by measuring VEPs have predictive value
as well, being indirect markers, directly proportional to the severity of MS [142,143].

Recent clinical studies in the field focused on the multifocal visual evoked potentials
and its role in ON and MS [144]. The evaluation of these potentials allows obtaining
anatomical data on the localization of particular lesions, thus facilitating the deciphering
of pathophysiological mechanisms focused on the triad demyelination, atrophy and re-
myelination [145]. De Santiago et al. [146] evaluated multifocal VEPs from 15 patients
with radiologically isolated syndrome and concluded that measuring signal-to-noise ratio
increases the risk of identifying patients with a high risk of developing MS over time.

Multifocal VEP have therapeutic value, their evaluation being used in various clinical
trials with remyelination therapies as end-points. Klistorner et al. [145] demonstrated that
Opicinumab (a human monoclonal antibody) vs. placebo in patients with ON decreases the
risk of long-term visual impairment after remission of the acute episode, having a satisfying
safety and tolerability profile [123,124,147]. Both VEPs and multifocal VEP have proven
diagnostic value in the clinical studies presented above, with the latter having superior
sensitivity (95%) and specificity (90%) [148].
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Klistorner et al. [149] also demonstrated that amplitude of waves measured by VEP
correlates positively with RFNL thickness after an acute episode of ON, with the most
significant structural changes in RFNL being at the temporal level. Laron et al. [150] demon-
strated that multifocal potentials analysis provides superior prognostic data compared to
Humphrey visual field and OCT in MS patients.

3.3. Cerebrospinal Fluid Examination

Cerebrospinal fluid (CSF) analysis has both diagnostic and therapeutic value, due
to biomarkers with predictive value for the development of MS in patients with acute
ON [151–154]. Research presented in the literature in recent years attests to the concern
of researchers in identifying molecules with both a diagnostic and prognostic role, on the
basis of which the disease activity or therapeutic response in patients with MS can be
assessed [155].

Olesen et al. conducted a prospective study on 40 patients with ON of which 16 were
diagnosed with MS during the 2.5-year follow-up period. The CSF analysis demonstrated
that TNF-α, IL-10, CXCL13, and NF-L correlates positively with the diagnosis of MS, thus
raising the hypothesis of the existence of inflammatory and neurodegenerative processes
that started earlier [139]. Based on the potential biomarkers identified, the same inves-
tigators proposed two models to predict ON patients’ risk of developing MS. Statistical
analysis of the proposed models revealed an associated risk of up to 10% of developing MS
after an ON episode and up to 15% for potential biomarkers.

IL-10 is a cytokine with an anti-inflammatory and immunosuppressive role that
mediates a variety of pathophysiological processes in various inflammatory pathologies,
not only MS [156]. Previous studies concluded that IL-10 correlates with higher IgG
levels in patients with positive oligoclonal IgG bands [157]. IL-10 also interferes with
pathophysiological mechanisms involved in MS, mediated by B cells [158]. The presence of
a pleocytosis below 50 cells/mm3 in the CSF is highly suggestive of an acute episode of
ON in the context of MS [159,160].

The role of metabolomics in the onset and progression of MS has also been studied
in recent years [161]. Thus, based on the hypothesis that metabolomics highlights a series
of metabolic alterations encountered in patients with severe forms of MS, it’ s role in the
establishment of therapeutic profiles has been studied in order to assess the degree of
response to the therapy administered [162,163]. This technique allows for the analysis of
a variety of small molecules below 1500 Da found in various bodily fluids, such as CSF,
serum, plasma, or urine [164].

Reinke et al. [165] analyzed the CSF from 15 patients with MS and 17 from a control
group and concluded that patients from the first group had energy and phospholipid
metabolism alterations, which led to increased levels of choline, myoinositol, and thre-
onate on one hand and on the other hand decreased levels of 3-hydroxybutyrate, citrate,
phenylalanine, 2-hydroxyisovalerate, and mannose. In a similar study, Lutz et al. [166]
demonstrated that elevated lactate and reduced phenylalanine in CSF levels contribute to
the maintenance of pro-inflammatory status in MS.

3.4. Optical Coherence Tomography

The optic nerve is the most “visible” part for investigation in the CNS, and the fact that
visual function can be measured objectively makes ON an important model for research
into CNS inflammatory disease. The comparison “the eye as a window to the brain”
became accurate when, for example, ON was diagnosed by optical coherence tomography
(OCT) [167].

OCT is a marker of CNS axonal loss. OCT highlights a series of imaging parameters
based on which correlations are made between neuronal loss and the degree of associated
visual dysfunction. Several prognostic markers have been proposed, one of the most
widely used being a thinning of the RNFL and the GCL ganglion cell layer that assesses the
dynamic evolution of MS patients [168]. Trip et al. reported a 33% reduction in peripapillary
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RNFL thickness in eyes with a history of ON and incomplete recovery. There was a 27%
reduction in the affected eyes compared to the unaffected fellow eyes [169].

Similar clinical results have been reported by Frohman et al. [127] who demonstrated
reduction of RNFL in patients with recurrent ON as well as in those previously diagnosed
with MS. The OCT measurements showed both axonal loss and retinal ganglion cell loss
and are able to predict both visual recovery or impaired visual function [132,170].

Saidha et al. [171] demonstrated that OCT facilitates the identification of pathologi-
cal changes at the retinal level, the objectification of some inner and outer nuclear layer
pathology associated with an advanced degree of disability and therefore with an increased
severity of MS. The role of OCT in assessing axonal integrity has previously been demon-
strated by Burkholder et al. [172]. Based on the pathophysiological concept that the macula
contains an increased density of neuronal structures, measurement of macular thickness
and volume allows indirect assessment of its properties. The same group of investigators
demonstrated that pre-papillary thinning of the RNFL and inner macular volume loss are
common imaging findings in MS patients with no history of ON [172]. Scanning laser
polarimetry can be used as an alternative to the imaging methods presented above, with
reported results showing detection sensitivity lower than OCT of lesions at 1 month (65%
vs. 54%) and similar at 3 months (58% vs. 60%) [173].

OCT also facilitates the differential diagnosis between ON and myelin oligodendrocyte
glycoprotein antibody associated disorder (MOGAD). Thus, while pRFNL thickening is
above 5 μm in all patients with MOGAD, in MS, only 54% of cases have this associated
change [174].

3.5. Transorbital B-Mode Ultrasonography

Transorbital B-mode ultrasonography indirectly assesses the associated inflammatory
status of patients with ON, associating a narrowing of the retrobulbar portion of the optic
nerve in patients with recurrent ON [175]. Despite increased sensitivity and easy accessi-
bility, further clinical studies are needed to identify imaging parameters with prognostic
value for progression to MS [175].

4. New Therapeutic Targets

Over the past decades, researchers in the field have been constantly concerned with
identifying new molecules to explain the pathophysiological mechanisms underlying the
connection between ON and MS [176]. In the era of polymedicine, the identification of
effective therapeutic molecules with a reduced degree of interaction with the medication
of other pathologies (especially those with cardiological target) [177–179]. CSF analysis
revealed the presence of central nervous system autoimmune markers such as glial fib-
rillary acidic protein-IgG, with diagnostic, therapeutic, and prognostic roles alike [180].
The identification of this biomarker in the CSF suggests the presence of an autoimmune
pathology, often paraneoplastic, with a high chance of a favorable therapeutic response to
immunotherapy [181].

New pathological antibodies, notably against aquaporin-4 and, more recently, myelin
oligodendrocyte protein, represent topics of interest to researchers in the field. Discovery
of IgG1 antibodies directed against astrocyte water channel protein aquaporin 4 (AQP4)
are involved in the pathophysiological mechanisms of ON in MS [182]. Identification of
these autoantibodies has been more frequently associated with disease recurrence or the
presence of ON [183,184].

The discovery of these molecules has had associated therapeutic value, with a number
of potential new drugs being developed, such as aquaporumab (non-pathogenic antibody
blocker of AQP4-IgG binding) [185,186]. Sivelestat (neutrophil elastase inhibitor) [187–189]
and eculizumab (complement inhibitor) complete the list of molecules under investigation
in various clinical trials at the moment [185].

Sodium channel blockade have also been proposed as potential therapeutic targets
due to their role in energy metabolism in neuroinflammatory diseases [190].
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Digitalization and technological advances over the last decade have enabled the dis-
covery of new immunosuppressive agents and the development of monoclonal antibodies
which, when administered, induce a superior therapeutic response and thus improve
patient prognosis [176]. Mesenchymal stem cell therapy is a promising research direction,
with promising clinical results in small group clinical trials [191–193]. This therapy has an
anti-inflammatory effect and potentiates remyelination, but it is limited in its use in terms
of identifying the anatomical site of the lesion in the optic nerve or retina [194].

5. Conclusions

The molecular mechanisms underlying the onset and progression of ON in patients
with MS are extremely varied, incompletely elucidated to date, and continue to represent
research challenges. Further clinical studies are needed to establish whether axonal de-
generation is a consequence of demyelination or an independent process. Advances in
technology have led to the refinement of diagnostic methods in ON and thus to increased
diagnostic accuracy. Detecting the onset of axonal degeneration would be essential in
establishing therapeutic behavior. Additionally, the identification of molecular mechanisms
that favor remyelination would be a second direction for the therapeutic approach.
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Abstract: L-Azetidine-2-carboxylic acid (AZE) is a toxic non-protein coding amino acid (npAA)
that is highly abundant in sugar and table beets. Due to its structural similarity with the amino
acid L-proline, AZE can evade the editing process during protein assembly in eukaryotic cells and
be misincorporated into L-proline-rich proteins, potentially causing protein misfolding and other
detrimental effects to cells. In this study, we sought to determine if AZE treatment triggered pro-
inflammatory and pro-apoptotic responses in BV2 microglial cells. BV2 microglial cells exposed to
AZE at increasing concentrations (0–2000 μM) at 0, 3, 6, 12 and 24 h were assayed for cell viability
(MTT) and nitric oxide release (Griess assay). Annexin V-FITC/propidium iodide (PI) staining was
used to assess apoptosis. Real-time qPCR, Western blot and immunocytochemistry were used to
interrogate relevant pro- and anti-inflammatory and other molecular targets of cell survival response.
AZE (at concentrations > 1000 μM) significantly reduced cell viability, increased BAX/Bcl2 ratio
and caused cell death. Results were mirrored by a robust increase in nitric oxide release, percentage
of activated/polarised cells and expression of pro-inflammatory markers (IL-1β, IL-6, NOS2, CD68
and MHC-2a). Additionally, we found that AZE induced the expression of the extracellular matrix
degrading enzyme matrix metalloproteinase 9 (MMP-9) and brain derived neurotrophic factor
(BDNF), two critical regulators of microglial motility and structural plasticity. Collectively, these
data indicate that AZE-induced toxicity is associated with increased pro-inflammatory activity and
reduced survival in BV2 microglia. This evidence may prompt for an increased monitoring of AZE
consumption by humans.

Keywords: L-azetidine-2-carboxylic acid; microglia; beets; multiple sclerosis; non-protein amino acid;
neuroinflammation; environmental toxin

1. Introduction

In nature, in addition to the 20 canonical amino acids involved in protein assembly
in eukaryotic cells, there are hundreds of plant-derived amino acids, namely non-protein
amino acids (npAAs) [1]. In some cases a npAA can mimic a protein amino acid and replace
it in a physiological process; including as a substrate in protein synthesis [1]. Some of these
‘proteinogenic’ npAAs are secreted by plants as deterrents against predation, as well as
growth inhibitors for competing plants in a phenomenon known as allelopathy [2]. In part
owing to their relatively low concentrations and their negligible nutritional value, npAAs
have been often overlooked, although there is growing evidence suggesting that prolonged
exposure or their undetected entry in the food chain may cause significant biochemical
changes and pose a risk to human health [3,4].
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L-Azetidine-2-carboxylic acid (AZE), firstly identified by Dr Rubenstein in table beets
and sugar beets in 2006 [5], is a proteinogenic npAA potentially implicated in multiple
sclerosis (MS) pathogenesis [6]. AZE shares high structural similarity with L-proline, a
protein-coding amino acid that is abundant in collagen, keratin, hemoglobin and core
myelin proteins [5]. Due to its ability to evade recognition by transfer RNAs, the impostor
AZE evades the editing process and is erroneously misplaced in lieu of the authentic
L-proline, causing structural changes to L-proline-containing proteins [6]. According
to Rubenstein’s initial theory [6], more recently supported by an interesting work from
his colleagues [7], AZE misplacement increases the immunogenicity of certain myelin
proteins, to likely initiate the autoimmune events leading to oligodendrogliopathy [8] and
microgliosis [9], two known pathogenic features of MS.

In humans, myelination of the central nervous system (CNS) occurs during late
gestational age and perinatal period, to then progressively reduce during early childhood
development [10]. It is during this developmental stage that myelin, myelin-producing
cells and other CNS cell types are more plastic, but also more susceptible to pathological
changes [11]. In view of AZE ability to misincorporate into proteins and cause structural
alterations, it is reasonable to hypothesise that the detrimental effects of AZE can extend
beyond myelin or oligodendrocytes, and perhaps affect more broadly other cell populations
within the CNS, including microglia.

Perturbations in protein assembly can lead to protein misfolding [12], and the accu-
mulation of misfolded proteins triggers endoplasmic reticulum (ER)-stress [13]. However,
the ER is equipped with highly specific signalling pathways called the unfolded protein
response (UPR) to cope with the accumulation of unfolded or misfolded proteins [12].

Recently, UPR has been studied in myeloid cells, where it was demonstrated to act as
a fundamental proteostatic pathway to coordinate inflammatory responses [14]. Microglia,
the resident innate immune cell of the CNS, are responsible for the ongoing CNS surveil-
lance, the release of pro-inflammatory factors and act as scavengers to clear cellular and
toxic debris [15]. Depending on the nature of the insult/stimulus, microglial cells undergo
dynamic morphological and functional changes ranging from quiescent/resting state to
either polarised/activated pro-inflammatory or anti-inflammatory states [16]. Current
evidence suggests that prolonged microglial polarisation may promote neuronal damage
and aggravate oligodendroglial pathology, similar to what we see in neuroinflammatory
diseases such as MS [17,18]. For such reasons, aberrantly activated microglia have also
been implicated in the pathogenic cascade of a diverse range of neurodegenerative diseases,
including demyelinating ones [18].

In the recent work by Sobel et al., [7], the authors provide evidence that AZE supple-
mentation in rodents triggers the UPR in the CNS white matter, which is associated with
the appearance of microglial nodules and the activation of pro-inflammatory signalling.
However, whether this is due to a direct effect on microglia or it is secondary to oligoden-
drocyte or myelin damage remains to be established. To address this issue, using an in vitro
model of AZE toxicity, we aimed at investigating the biological effects of AZE exposure in
murine BV2 microglial cells.

2. Materials and Methods

2.1. Cell Culture and Treatments

The study was carried out using the murine microglial BV2 cell line. Cells were grown
in Dulbecco’s modified Eagle’s medium (DMEM)/F12 and were supplemented with 10%
heat-inactivated fetal bovine serum (FBS), 2 mM L-glutamine, 100 U/mL penicillin and
200 μg/mL streptomycin (Sigma–Aldrich, Castle Hill, NSW, Australia). Cells were seeded
in T25 flasks at a density of 1 × 105 cells. Cells were maintained at 37 ◦C in a humidified
atmosphere with 5% CO2 in air. Cells were incubated until they reached 75–80% confluence
before being used for experimental testing. Upon treatment, cell media was replaced with
either fresh DMEM (for untreated controls), or media containing increasing concentrations
of AZE (0–2000 μM; A0760, Sigma-Aldrich, Castle Hill, NSW, Australia). For this purpose,
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a 100 mM AZE stock solution was freshly prepared and diluted as required. Cells exposed
or not to AZE were then placed in a CO2 incubator for different time points, depending on
the assay.

2.2. MTT Assay

To assess cell viability, we used the Cell Proliferation Kit I (MTT) following manufac-
turer’s instructions (Cat #11465007001, Sigma-Aldrich, Castle Hill, NSW, Australia). Cells
were seeded into 96-well plates at a concentration of 1 × 104 cells/well. DMEM containing
0.5 mg/mL 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT) (Sigma–
Aldrich) was added in each well. Following incubation for 4 h at 37 ◦C, medium was
removed, and 100 μL of DMSO was added. Formazan formed by the cleavage of the yellow
tetrazolium salt MTT was analysed using a spectrophotometer by measuring absorbance
change at 550–600 nm using a microplate reader.

2.3. Griess Assay

Griess assay was performed as indicated in previous work [19]. The assay was
specifically used to measure the relative abundance of nitric oxide (NO) released by BV2
microglia upon stimulation with AZE. Cells were seeded at 2 × 104 cells per well in a
96-well plate and incubated at 37 ◦C with 5% CO2 until cells reached 80% confluence. Cells
were treated with either control media or increasing concentrations of AZE (0, 125, 250, 500,
1000 and 2000 μM) for 0, 3, 6, 12 and 24 h. The supernatant was collected and placed into a
new 96-well plate. A total of 100 μL of freshly prepared Griess reagent was then added to
each well and incubated at room temperature for 15 min on a slow oscillation protected
from light. Absorbance was measured at 540 nm using the TECAN infinite M1000-PRO
ELISA reader. Optical density values from each group were recorded and reported as a
percentage of control.

2.4. RNA Extraction and cDNA Synthesis

Total RNA was extracted from untreated BV2 cells (Ctrl) or cells exposed to 1000 μM
AZE for 6 and 24 h, respectively. Briefly, cells were lysed using 1 mL TRI reagent (Sigma-
Aldrich, Castle Hill, NSW, Australia) and 0.2 mL chloroform and precipitated with 0.5 mL
2-propanol (Sigma-Aldrich) [20]. Pellets were washed twice with 75% ethanol and air-dried.
RNA concentrations were calculated using NanoDrop™ 2000 (ThermoFisher Scientific,
Waltham, MA, USA). A total of 1 μg of total RNA were loaded in each cDNA synthe-
sis reaction. cDNA synthesis was conducted using the T1000 thermal cycler (Bio-Rad,
Gladesville, NSW, Australia) in a final volume of 20 μL. Each reaction contained 1 μg of
RNA diluted in a volume of 11 μL, to which we added 9 μL of cDNA synthesis mix (Tetro
cDNA synthesis kit; Bioline, Redfern, NSW, Australia). Samples were incubated at 45 ◦C
for 40 min followed by 85 ◦C for 5 min. Finally, cDNA samples were diluted at a final
concentration of 10 ng/mL in milliQ H2O and stored at −20 ◦C until use.

2.5. Real Time Quantitative PCR Analysis

Real-time qPCR analyses were carried out as previously reported [20,21], with minor
modifications. For each gene of interest, qPCRs were performed in a final volume of 10 μL,
which comprised 3 μL cDNA, 0.4 μL milliQ H2O, 5 μL of iTaq Universal SYBR green master
mix (BioRad, Gladesville, NSW, Australia) and 0.8 μL of the corresponding forward and
reverse primers (5 μM, Sigma-Aldrich, Castle Hill, NSW, Australia) to obtain a final primer
concentration of 400 nM. The primers are described in Table 1. Reaction mixtures were
loaded in Hard-Shell® 96-Well PCR Plates, and four genes of interest were tested in each
run using the CFX96 Touch™ Real-Time PCR Detection System (Bio-Rad, Gladesville, NSW,
Australia). Instrument settings were as follows: (1) 95 ◦C for 2 min, (2) 60 ◦C for 10 s,
(3) 72 ◦C for 10 s, (4) plate read, (5) repeat step 2 to 4, for 45 cycles. For the melting curve
analyses, settings were (1) 65 ◦C for 35 s, (2) plate read, (3) repeat step 1–2 for 60 times). To
examine changes in expression, we analysed the mean fold change values of each sample,
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calculated using the ΔΔCt method, as previously described by Schmittgen and Livak [22].
PCR product specificity was evaluated by melting curve analysis, with each gene showing
a single peak (data not shown).

Table 1. Oligonucleotide primers sequences used to amplify the genes of interest. Sequences
were optimised for use in real-time qPCR studies and SYBR green technology, with predicted
amplicons < 165 bp.

Gene
Forward Sequence 5′–3′
Reverse Sequence 3′–5′ Tm (◦C) Product Size Accession No.

IL-1β
GCTACCTGTGTCTTTCCCGT
CATCTCGGAGCCTGTAGTGC

59.68
60.25 164 NM_008361.4

Itgam GAGCAGGGGTCATTCGCTAC
GCTGGCTTAGATGCGATGGT

60.53
60.53 94 NM_001082960.1

Il-6 CCCCAATTTCCAATGCTCTCC
CGCACTAGGTTTGCCGAGTA

59.24
60.11 141 NM_031168.2

Cd68 CTCCCACCACAAATGGCACT
CTTGGACCTTGGACTAGGCG

60.54
60.11 95 NM_001291058.1

Mhc-2a CAAGCTGTCTTATCTCACCTTCA
ATCTCAGGTTCCCAGTGTTTCA

60.34
61.81 108 NM_010378.3

Mmp-9 ATCATAGAGGAAGCCCATTACAG
TTTGACGTCCAGAGAAGAAGAAA

59.86
59.96 129 NM_013599.4

Nos2 TACCAAAGTGACCTGAAAGAGG
TCATCTTGTATTGTTGGGCTGA

60.06
59.96 89 NM_010927.4

Il-10 GCATGGCCCAGAAATCAAGG
GAGAAATCGATGACAGCGCC

59.54
59.42 91 NM_010548.2

Arg-1 ACAAGACAGGGCTCCTTTCAG
TTAAAGCCACTGCCGTGTTC

59.93
59.05 105 NM_007482.3

Aif1 ACGTTCAGCTACTCTGACTTTC
GTTGGCCTCTTGTGTTCTTTG

60.23
60.18 107 NM_001361501.1

Bdnf CGAGTGGGTCACAGCGGCAG
GCCCCTGCAGCCTTCCTTGG

60.04
59.97 160 NM_007540.4

S18 CCCTGAGAAGTTCCAGCACA
GGTGAGGTCGATGTCTGCTT

59.60
59.75 145 NM_011296.2

2.6. Protein Extraction and Western Blot Analyses

Proteins from either untreated (Ctrl) or 1000 μM AZE-treated BV2 microglial cells at
6 and 24 h were extracted using radioimmunoprecipitation assay (RIPA) buffer (Sigma-
Aldrich, Castle Hill, NSW, Australia) containing 1× Protease Inhibitor cocktail (cOmplete™,
Mini, EDTA-free Protease Inhibitor Cocktail, Sigma-Aldrich, Castle Hill, NSW, Australia).
Protein was quantified using the Bicinchoninic-Acid (BCA) Assay Protein Assay Kit (Ther-
moFisher Scientific, North Ryde, NSW, Australia) according to manufacturer’s protocol and
measured using the TECAN infinite M1000-PRO ELISA plate reader at 562 nm adsorbance.

Sample lysates were prepared by adding 3.75 μL of Laemmli Buffer (Bio-Rad,
Gladesville, NSW, Australia) containing β-mercaptoethanol (Sigma-Aldrich, Castle Hill,
NSW, Australia) mixture, (ratio 1:9 v/v) to 30 μg protein in a final volume of 15 μL.
Samples were then heated for 10 min at 70 ◦C to denature proteins [23]. Proteins were
then separated by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) using 4–20% mini
gels (Bio-Rad, Criterion 15-well Mini-Protean SFX), alongside with 5 μL of the molecular
weight ladder/marker (BioRad Pre-stained HyperLadder Precision Plus Protein™; BioRad,
Gladesville, NSW, Australia). Gels were transferred to a polyvinylidene fluoride (PVDF)
membrane using the Trans-Blot Turbo instrument (BioRad). Once terminated, membranes
were immediately placed in a container filled with TBS/0.1% Tween-20 (Sigma-Aldrich,
Castle Hill, NSW, Australia) (TBST 1×) to wash out any residues during transfer. To block
non-specific binding sites, membranes were blocked for 1 h in 5% dry non-fat skim milk in
TBST with slow agitation (50–60 rpm).
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Membranes were incubated with appropriately diluted primary antibodies in blocking
buffer overnight at 4 ◦C with slow agitation. Primary antibodies used in this study and
related dilutions are shown in Table 2. This was followed by incubation with host-specific
secondary antibodies. Membranes were then placed in a container with 1 × TBST and
washed rapidly three times, followed by three further 5 min washes. Finally, membranes
were incubated in secondary antibody (HRP-conjugated goat anti-rabbit IgG; BioRad) for
1 h at room temperature, diluted in blocking buffer. The membranes were then washed
once again as previously described to remove excess secondary antibody. Imaging was then
performed on the Bio-Rad ChemiDoc MP Imaging System (BioRad). To detect bands, we
utilized Clarity Western ECL Blotting Substrate (BioRad). Densitometric analyses of bands
were computed using NIH ImageJ (https://imagej.nih.gov/ij/download/ (accessed on
14 October 2021)). Optical densities of target proteins were normalised to those of loading
controls (GAPDH).

Table 2. Antibodies used in Western Blots.

Antibody Source Predicted Band Size Dilution

Bcl2 ab182858, Abcam 26 kDa 1:2000
BAX ab32503, Abcam 21 kDa 1:1000
Arg1 GTX109242, GeneTex 35 kDa 1:1000

BDNF GTX132621, GeneTex 28 kDa 1:1000 (WB)
1:500 (IHC)

Iba1 GTX100042, GeneTex 17 kDa 1:500 (WB)
1:250 (IHC)

iNOS GTX60599, GeneTex 32 kDa 1:1000
IL-6 GTX110527, GeneTex 24 kDa 1:1000 (WB)

GAPDH VPA00187, Bio-Rad 37 kDa 1:2000
Goat anti Rabbit IgG

HRP (Secondary) STAR208P, Bio-Rad 1:10,000

WB = Western blot. IHC = Immunohistochemistry.

2.7. Flow Cytometry

Apoptosis and necrosis were detected by differential staining with annexin V (early
and late apoptotic cells) and propidium iodide (PI) (necrotic cells only) using the Dead Cell
Apoptosis Kit with Annexin V Alexa Fluor 488 and PI (#V13241; ThermoFisher Scientific),
according to manufacturer’s instructions. Briefly, BV2 cells were treated with 1000 μM of
AZE for 24 h. Cells were washed in cold PBS, re-centrifuged and 1 × 106 cells were sus-
pended in 1 × annexin-binding buffer. Cells were stained with Alexa Fluor 488 Annexin-V
and propidium iodide (PI) for 15 min then analysed by flow cytometry. Unstained and sin-
gle stained controls were used for compensation to correct for fluorescence photobleaching
and gating (Supplementary Figure S1). FloJo software was used to analyse and curate flow
cytometry data.

2.8. Immunocytochemistry

Sterile tissue culture coverslips (22 mm Ø, Sarstedt, SA, Australia) were coated with poly-
L-lysine (100 μg/mL in sterile milliQ H2O) (Sigma-Aldrich, Castle Hill, NSW, Australia) prior
to cell culturing. Cells were cultured on coverslips at 1 × 104 cells in normal growth media
or supplemented with AZE (1000 μM) for 6 or 24 h. Cells were then fixed with 4% filtered
paraformaldehyde (PFA: 4% in PBS pH 7.4) (Sigma-Aldrich, Castle Hill, NSW, Australia) for
15 min at room temperature. Coverslips were then washed three times and permeabilised in
PBS containing 0.25% Triton X-100 (Sigma-Aldrich, Castle Hill, NSW, Australia), followed
3× washes in PBS for 5 min [24]. Non-specific binding of antibodies was prevented by
incubating coverslips with 1% BSA in PBST for 30 min. Once completed, the cells were
incubated in diluted primary antibody (using 1% BSA in PBST) in a humidified chamber
overnight at 4 ◦C (please see Table 2 for dilutions). The next day, the primary antibody was
removed with 3× washes in PBS for 5 min. Cells were then incubated in the dark, with
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fluorophore-conjugated secondary antibodies (Alexa Fluor-488 or -594 anti-rabbit IgG) in
1% BSA in PBST overnight at 4 ◦C with gentle oscillation. Secondary antibody solution was
then removed, and cells were washed again three times with PBS for 5 min in the dark. Cell
nuclei were counterstained with 0.3 μg/mL DAPI for 1 min (DNA stain) (Cell Signalling
Biotechnologies, Danvers, MA, USA) followed by a quick (1 min) rinsed with PBS. Finally,
coverslips were mounted using a drop of mounting medium (Prolong Antifade Gold, Cell
Signalling Biotechnologies) and sealed using nail polish to be stored in the dark at −20 ◦C
before imaging.

2.9. Statistical Analysis

Statistical analyses were performed using GraphPad Prism software v9.3 (GraphPad
Software, La Jolla, CA, USA). Pairwise comparisons were analysed by Student t-test.
Comparisons between three or more groups were analysed by One-Way ANOVA followed
by Sidak or Dunnett’s post hoc test, as appropriate. p-values less than 0.05 were considered
statistically significant.

3. Results

3.1. Dose–Response and Time Course Study of the Effects of AZE on Cell Morphology, Viability
and Nitric Oxide (NO) Release

To determine if AZE exposure triggered gross phenotypic changes to BV2 microglia,
we exposed cells to increasing concentrations of AZE (0, 500, 1000 and 2000 μM) at two
different time intervals (12 and 24 h, respectively) and assessed cell morphology on a bright
field microscope, using the embossing filter setting. The latter setting allows to discriminate
microglial cells that acquire a flattened morphology (typical of activated / polarised BV2
cells). As shown in Figure 1A, BV2 cells exposed to increasing AZE concentration undergo
considerable morphological changes in both, size, shape and overall appearance of cell
somata and processes. Gross stereological assessment of cells displaying features of resting
(small/raised somata) or polarised state (swollen/enlarged flat somata with rectracted
processes) was performed in cells that were exposed to 1000 μM AZE for 12 and 24 h
(Figure 1B). At time 0, only a small percentage of cells showed activated-like morphology
(4.2% activated vs. 95.8% resting). After 12 h, there was already a remarkable increase in
the percentage of activated microglia (33% activated vs. 67% resting), which was further
increased after 24 h (54.2% activated vs. 45.8%).

Cell viability assessment using the MTT assay revealed a higher than expected reduc-
tion in nicotinamide adenine dinucleotide phosphate (NADPH)-dependent conversion of
the yellow tetrazolium salt (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
or MTT) to purple formazan crystals (Figure 1C), suggesting robust detrimental effects of
AZE on BV2 cell metabolism. Time-course assessments demonstrated significant reduc-
tion in viability only at 2000 μM AZE (* p < 0.05 vs. Ctrl) after 6 h, whereas both 1000
and 2000 μM AZE significantly reduced viability at 12 h (*** p < 0.001 vs. Ctrl). Lastly,
AZE concentrations from 125–2000 μM reduced viability after 24 h exposure to the npAA
(*** p < 0.001 vs. Ctrl).

To examine if AZE treatment also influenced the release of nitric oxide (NO) in the
supernatant (indicative of pro-inflammatory activity) we used the Griess reagent assay.
Analyses of relative NO levels (shown as % of Ctrl) indicated that AZE, at the highest
concentrations tested, significantly increased NO levels both at 6, 12 and 24 h (Figure 1D).
Specifically, at 6 h, both 1000 and 2000 μM AZE reliably increase NO production (* p < 0.05
vs. Ctrl), whereas after 12 h, both 500, 1000 and 2000 μM AZE produced similar effects
(** p < 0.01 vs. Ctrl at 500 and 1000 μM and * p < 0.05 vs. Ctrl at 2000 μM, respectively). A
more robust increase in NO levels was seen after 24 h, with AZE significantly increasing
NO at 500 and 1000 μM (* p < 0.05 vs. Ctrl) and 2000 μM (** p < 0.01 vs. Ctrl).
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Figure 1. Dose–response effects of AZE exposure on BV2 microglial cell viability and inflammatory
response. (A) Morphological changes seen in microglial BV2 cells following various AZE concentra-
tions (0, 500, 1000, 2000 μM) after 12 and 24 h. Representative photomicrographs were taken using a
bright field microscope with the embossing filter settings. Magnification = 10×, scale bar = 200 μm.
Black squares indicate the ROI shown at higher magnification in insets. Insets below each photomi-
crograph show high magnification details of cellular morphology. Magnification = 40×, scale bar =
50 μm. (B) Phenotypic presentation of BV2 cells (Activated vs. Resting). % of cells of each phenotype
was determined by counting the # of cells that showed signs of activation (flat and swollen) vs. the
total number of cells per region of interest (ROI) and expressed as a percentage (n = 5 ROI × 3
batches of cells). (C) Cell viability, measured by MTT assay. Cells were treated with varying AZE
concentrations (0, 125, 250, 500, 1000, 2000 μM) for 3, 6, 12 or 24 h. * p < 0.05 or *** p < 0.001, as
determined by ANOVA followed by Dunnett’s post hoc test. (D) Nitric oxide release, assessed using
the Griess assay. Cells were treated as in C and NO levels were measured in culture media. Values
are reported as the percentage NO release of untreated controls. Data reported as mean ± SEM. * p <
0.05, ** p < 0.01, as determined by ANOVA followed by Dunnett’s post hoc test.

3.2. Effects of AZE Exposure on Bcl2 and BAX Protein Expression in Murine BV2 Microglial Cells

To investigate if AZE-driven reduction in cell viability was, at least in part, due to
apoptosis, we determined the expression levels of the anti-apoptotic Bcl2 and pro-apoptotic
BAX proteins by Western blot analyses. As indicated in Figure 2A, cells were either left
untreated or exposed to 1000 μM AZE for 6 or 24 h.
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Figure 2. (A) Representative Western blots showing Bcl2 and BAX protein expression in BV2 cells
cultured in the presence or not of AZE (1000 μM) for 6 or 24 h. GAPDH was used as loading control.
(B–D) Violin plots depicting results from densitometric analyses of Bcl2 and BAX blots as well as
BAX/Bcl2 ratios. Results shown are the mean ± SEM of two independent determinations, each run
in triplicate. Ns = not significant. * p < 0.05, ** p < 0.01 or *** p < 0.001 vs. Ctrl at the corresponding
time point, as determined by ANOVA and Sidak’s post hoc test. (E) The incidence of apoptotic cells
was examined by flow cytometry using Annexin V-FITC/PI staining. The experiment was repeated
twice with overlapping results.

Bcl2 protein expression was not significantly affected by AZE treatment at any of
time points tested (p > 0.05 vs. Ctrl; Figure 2B). In contrast, levels of the pro-apoptotic
BAX protein were significantly increased both at 6 and 24 h (* p < 0.05 vs. Ctrl at the
corresponding times; Figure 2C). We further analysed BAX/Bcl2 ratio, an indicator of
apoptosis susceptibility in BV2 cells exposed to the same experimental conditions. We

77



Curr. Issues Mol. Biol. 2022, 44

found that, already after 6 h after AZE exposure, the ratio was significantly increased
(*** p < 0.001 vs. Ctrl (6 h)) and was still augmented at 24 h (** p < 0.01 vs. Ctrl (24 h);
Figure 2D).

Finally, we conducted Annexin V-FITC/PI staining on BV2 cells exposed or not
to 1000 μM AZE for 24 h. The experiment demonstrated a remarkable increase in the
percentage of early apoptotic and necrotic or late apoptotic cells (about 5.8%) compared to
the control group (2.3%) (Figure 2E).

3.3. Effects of AZE Exposure on the mRNA Expression of Pro- and Anti-Inflammatory Markers in
Murine BV2 Microglial Cells

To explore whether AZE treatment alters the inflammatory profile of BV2 cells, we
analysed the expression of a panel of pro- and anti-inflammatory markers by real-time
quantitative polymerase chain reaction (qPCR).

As depicted in Figure 3A, AZE triggered a significant increase in interleukin-1β (IL-1β)
gene expression both after 6 and 24 h (* p < 0.05 vs. Ctrl). In contrast, interleukin-6 (IL-6)
gene induction was more prominent at 6 h (>15-fold of Ctrl, **** p < 0.0001 vs. Ctrl) vs.
24 h treatment (** p < 0.01 vs. Ctrl) (Figure 3B). NOS2, the gene encoding for inducible
nitric oxide synthase (iNOS)—the enzyme that catalyses the production of NO—was only
marginally increased after 6 h (p > 0.05) but was significant at 24 h (* p < 0.05; Figure 3C).
The expression level of Itgam, the gene encoding for the macrophage marker CD11b, was
not elevated in response to AZE (p > 0.05; Figure 3D). However, CD68 (aka microsialin)—
another myeloid cell marker, was robustly induced after 6 h AZE exposure (>12-fold of
Ctrl, **** p < 0.0001) and remained elevated at 24 h (** p < 0.01) (Figure 3E). Analyses of the
expression of the major histocompatibility complex IIa (MHC-2a), which serves a critical
role in the induction of immune responses through presentation of antigenic peptides to
lymphocytes, was not induced at 6 h post-AZE treatment, but significantly up-regulated at
24 h (**** p < 0.0001; Figure 3F).

Expression of metalloproteinase-9 (MMP-9), an extracellular matrix degrading en-
zyme [25], was also robustly up-regulated by AZE treatment, but only at 24 h (* p < 0.05;
Figure 3G).

Finally, we also interrogated two anti-inflammatory genes: interleukin-10 (IL-10) and
arginase 1 (Arg1) [26]. Real-time qPCR revealed a significant up-regulation of the former at
6 h (* p < 0.05) but not at 24 h (p > 0.05) (Figure 3H), whereas the latter was significantly
up-regulated only after 24 h (* p < 0.05).

3.4. Effects of AZE Exposure on IL-6 and Arg1 Protein Expression in Murine BV2 Microglial Cells

To confirm if the effects of AZE treatment on pro- and anti-inflammatory genes could
also be appreciated at the protein level, we measured the protein expression of both IL-6
(pro-inflammatory) [27] and Arg1 (anti-inflammatory) [27] by Western blot.

In BV2 cells treated with AZE, IL-6 protein expression was heavily induced at 6 h
(**** p < 0.0001 vs. Ctrl (6 h)); however, expression returned to baseline after 24 h (p > 0.05)
(Figure 4A,B). In contrast, Arg1 expression was not affected after 6 h AZE (p > 0.05) but
was remarkably increased at the 24 h time point (*** p < 0.001 vs. Ctrl) (Figure 4A,C).

3.5. Effects of AZE Treatment on the Gene and Protein Expression of the Pro-Inflammatory Marker
Allograft Inflammatory Factor 1 (AIF1)/Ionized Calcium-Binding Adapter Molecule 1 (Iba1)

To better characterise AZE pro-inflammatory activities in BV2 microglia, cells were exposed
to the same concentration of the npAA (1000 μM) for 6 or 24 h and the expression of AIF1 (gene)
and its protein product (Iba1) were interrogated using different experimental means.

Immunofluorescence revealed a remarkable enhancement in Iba1+ signal in BV2
cells exposed to AZE for 6 h; however, signal intensity returned to normal level by 24 h
(Figure 5A). Similarly, AIF1 transcripts were up-regulated after 6 h AZE (**** p < 0.0001 vs.
Ctrl (6 h)), but almost returned to untreated levels within 24 h (Figure 5B). These results
were corroborated by Western blots, showing significantly increased Iba1 protein levels at
6 h (*** p < 0.001), but not at 24 h (p > 0.05) (Figure 5C,D).
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Figure 3. Gene expression of a panel of pro- and anti-inflammatory genes in BV2 microglial cells after
1000 μM AZE treatment for 6 and 24 h. Relative fold-changes were calculated using the ΔCt method
after normalization to the S18 housekeeping gene. Box-and-whisker plots depict the differential
expression of pro-inflammatory (A–F) IL-1β, IL-6, NOS2, Itgam, CD68 and MHC-2a, (G) extracellular
matrix (ECM) degradation (MMP-9) and (H–I) anti-inflammatory IL-10 and Arg1 transcripts. Results
are presented as mean fold changes with respect to no treatment (Ctrl) ± SEM. Data represents n = 6
samples per group. * p < 0.05, ** p < 0.01 or **** p < 0.0001; as determined by ANOVA followed by
Sidak’s post hoc test. Ns = not significant.
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Figure 4. (A) Representative Western blots showing the protein expression of IL-6 and Arg1 in BV2
cells cultured or not in the presence of AZE (1000 μM) for 6 or 24 h. (B,C) Violin plots of bands
densities demonstrating the effects of AZE on the expression of IL-6 and Arg1 at the indicated times.
Data reported is the mean ± SEM, from two independent experiments using separate batches of cells
(n = 6). GAPDH was used as loading control. Ns = not significant. *** p < 0.001 or **** p < 0.0001 vs.
Ctrl at the indicated time, as determined by ANOVA followed by Sidak’s post hoc test.
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Figure 5. AZE treatment induces AIF1/Iba1 expression in BV2 cells. (A) Representative photomicro-
graphs of Iba1+ staining in the BV2 microglial cell line. Cells were either left untreated or treated
with AZE as indicated and then processed for immunocytochemistry (ICC) as detailed in Section 2.
Red = Iba1+ cells (Alexa Fluor 594). DAPI = nuclei. Scale bar = 50 μm. (B) AIF1 gene expression, as
determined by real-time qPCR. Fold changes were calculated using the ΔCt method, with baseline
expression set to 1. Data is the mean ± SEM (n = 6). **** p < 0.0001 vs. Ctrl at the indicated time
points. (C,D) Western blot analyses of Iba protein expression and densitometric analyses of blots.
Data reported is the mean ± SEM, from two independent experiments using separate batches of cells
(n = 6). GAPDH was used as loading control. Ns = not significant. *** p < 0.001 or **** p < 0.0001 vs.
Ctrl at the indicated time, as determined by ANOVA followed by Sidak’s post hoc test.

3.6. Effects of AZE Treatment on the Gene and Protein Expression of Brain-Derived Neurotrophic
Factor (BDNF)

BDNF is a neurotrophic factor known to play an important role in microglia inflam-
matory responses [28]. Here, we assessed BDNF mRNA and protein expression in cells
exposed to 1000 μM AZE for 6 and 24 h.

ICC demonstrated a rapid increase in BDNF+ staining in cells after 6 h AZE (Figure 6A),
which was attenuated at 24 h. Interestingly, BDNF mRNA expression was slightly (but not
significantly) increased at 6 h post-AZE treatment (p > 0.05 vs. Ctrl (6 h)); however, the
increase was significant at 24 h (* p < 0.05 vs. Ctrl (24 h)) (Figure 6B). At the protein level,
BDNF expression was significantly increased at 6 h AZE (* p < 0.05), whereas the increased
was no longer significant at 24 h (Figure 6C,D).
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Figure 6. AZE treatment induces BDNF expression in BV2 cells. (A). Representative photomicro-
graphs of BDNF+ staining in the BV2 microglial cell line. Cells were either left untreated or treated
with AZE as indicated and then processed for immunocytochemistry (ICC) as detailed in Section 2.
Red = BDNF+ cells (Alexa Fluor 488). DAPI = nuclei. Scale bar = 50 μm. (B). BDNF transcript levels,
as determined by real-time qPCR. Fold changes were calculated using the ΔCt method. Data is the
mean ± SEM (n = 6). * p < 0.05 vs. Ctrl at the indicated time points. (C,D) Western blot analyses of
Iba protein expression and densitometric analyses of blots. Data reported is the mean ± SEM, from
two independent experiments using separate batches of cells (n = 6). GAPDH was used as loading
control. Ns = not significant. * p < 0.05 vs. Ctrl at the indicated time, as determined by ANOVA
followed by Sidak’s post hoc test.

4. Discussion

To the best of our knowledge, this is the first study portraying the pro-inflammatory
and pro-apoptotic effects of acute AZE exposure in a microglial cell line.

Microglial cells are involved in several brain functions, and are recognised as “agents
of the CNS” [29]. Their activities span from the clearing of cell debris after injury or
pathogen attack (the well-known cell scavenging function) [30], going through the control
of inflammatory responses [31], to latest reports highlighting microglial role in myelina-
tion [32]. Environmental factors able to disrupt the functionality of these cells may have a
strong negative impact on CNS homeostasis, contributing to the onset of neurodegenerative
diseases, including MS [33].

There is a growing body of work suggesting that certain npAAs produced by plants
have the clear potential to adversely affect human health [1,34]. The exact pathogenic
mechanisms are yet to be revealed; however, several theories have pinpointed the existence
of geographical and historical links with the increased prevalence of CNS disorders among
the population exposed to these toxins over a prolonged period of time [6,35,36], instigating
researchers to conduct further investigations on this class of environmental risk factors.

Due to its similarity to L-proline, AZE is capable of entering cells, being charged onto
the tRNAPro, where it can evade editing by aminoacyl-tRNA synthetase and be misincor-
porated into proline-containing proteins during protein assembly [37]. Since this mistaken
incorporation is thought to be a random process dependent on the relative concentrations
of AZE and proline, proline-rich proteins are more likely to contain AZE. Misincorpora-
tion of AZE is thought to alter the structural conformation of newly assembled proteins,
resulting in protein misfolding and, consequently, ER-stress [38]. Sobel and collaborators
have recently shown that administration of AZE to laboratory animals (especially young

82



Curr. Issues Mol. Biol. 2022, 44

mice) triggers oligodendrocytes swelling, formation of microglial nodules and cell polariza-
tion [7], and providing essential proof-of-concept data to indicate that AZE consumption is
associated with some degree of CNS pathogenicity. It is unclear though if AZE-induced
protein misfolding is restricted to oligodendrocytes or it extends more globally to different
CNS cell types, including microglia. In fact, whereas protein misfolding in oligodendro-
cytes could potentially activate neighbouring microglia—causing cell activation—it cannot
be excluded that AZE may directly trigger an inflammatory response after it enters the cell.
This idea is supported by emerging evidence providing a link between ER stress-mediated
activation of the UPR in microglia and cell polarization [14] and previous evidence of cell
death and mitochondrial dysfunction in SH-SY5Y neuronal-like cells [39].

In this study, using the BV2 microglial cell line, which shares several biochemical and
transcriptional features with primary microglia [40,41], we aimed at determining if AZE in
the culture media would trigger cell polarization and other detrimental effects. Our findings
revealed that a relatively brief exposure to supraphysiological concentrations of AZE was
capable of triggering a barrage of pro-inflammatory signals consistent with overt M1-like
polarization. Cells acquired the typical morphology of activated microglia, with flattened
and swollen somata and expressed high levels of pro-inflammatory mediators (IL-1β, IL-6,
NOS2), the neurotrophic factor BDNF and other myeloid cell activation markers (CD68,
MHC-2a, MMP-9 and AIF1). In parallel, expression of the anti-inflammatory markers IL-10
and Arg1 were also increased. This an expected occurrence, likely due to the physiological
attempt to regain homeostatic control over the inflammatory response by a subset of cells.

Unexpectedly, expression of Itgam—the gene encoding for the myeloid marker CD11b—
was not affected by AZE. This is particularly interesting as CD11b induction occurs via a NO-
dependent mechanism [42], and AZE reliably increased NO release as well as the expression
of the NOS2 gene. However, it should be noted that gene expression data returned largely
variable results for this gene, likely due to individual batch effects. Alternatively, we cannot
rule out that BV2 cells might require prolonged exposure to NO (>24 h) to effectively
up-regulate Itgam gene expression, and such delayed response was not captured in our
experimental setting.

In parallel with these studies, our investigations demonstrated that AZE treatment also
triggered apoptotic cell death. Cell viability assays, flow cytometry and Western blotting all
confirmed moderate cell loss at the highest concentrations of AZE. Annexin V/PI staining
suggested mixed necrotic/apoptotic cell death; however, the increased expression of BAX
protein levels and the gross microscopic observations of sparse cells with pyknotic nuclei
points more towards apoptotic-like cell death. Additional observations to confirm whether
AZE activates UPR-initiated cell death in BV2 microglia are warranted. Furthermore, if UPR
is identified as the cause of AZE-mediated apoptosis, it would be interesting to determine
whether this pathway leads the activation of the intrinsic or extrinsic apoptotic pathways,
or both. In fact, there is evidence that ER-stress/UPR can also activate the extrinsic pathway
via TRAIL receptor signalling [43] in addition to the intrinsic one [14].

AZE neurotoxicity, as well as its possible link with MS pathogenesis was initially
hypothesized in 2008 by Rubenstein and coworkers in 2008 [6]. However, no direct links
with other neurodegenerative conditions have been reported so far. Our findings showing
that AZE triggers both apoptosis and inflammation support and extend the idea of a
broader neuropathological mechanism underlying the toxic effects of this npAA. However,
more mechanistic studies are warranted to ascertain how these pathogenic pathways are
regulated and perhaps, can be reversed.

In conclusion, the present work provides novel evidence to indicate that AZE is both
toxic and pro-inflammatory in BV2 microglia. The underlying mechanism still needs
to be elucidated; however, published data supports a role for ER-stress and perhaps
mitochondrial dysfunction as the two main pathogenic mechanisms. Understanding the
detrimental activity of AZE and other npAAs is of great importance, as it may serve to raise
awareness on the importance of monitoring consumption (or other means of exposure) to
these potentially neurotoxic molecules.
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Abstract: Multiple sclerosis (MS) represents the most common acquired demyelinating disorder
of the central nervous system (CNS). Its pathogenesis, in parallel with the well-established role of
mechanisms pertaining to autoimmunity, involves several key functions of immune, glial and nerve
cells. The disease’s natural history is complex, heterogeneous and may evolve over a relapsing-
remitting (RRMS) or progressive (PPMS/SPMS) course. Acute inflammation, driven by infiltration of
peripheral cells in the CNS, is thought to be the most relevant process during the earliest phases and
in RRMS, while disruption in glial and neural cells of pathways pertaining to energy metabolism,
survival cascades, synaptic and ionic homeostasis are thought to be mostly relevant in long-standing
disease, such as in progressive forms. In this complex scenario, many mechanisms originally thought
to be distinctive of neurodegenerative disorders are being increasingly recognized as crucial from the
beginning of the disease. The present review aims at highlighting mechanisms in common between
MS, autoimmune diseases and biology of neurodegenerative disorders. In fact, there is an unmet need
to explore new targets that might be involved as master regulators of autoimmunity, inflammation
and survival of nerve cells.

Keywords: multiple sclerosis; mitochondrial dysfunction; neurodegeneration; autoimmunity

1. Epidemiology, Etiology, Onset, Disease Course

Multiple sclerosis (MS) is a chronic demyelinating disorder of the central nervous
system (CNS) characterized at its core by inflammation involving the gray and white
matter of the CNS in a multifocal pattern. It results in demyelinating lesions, focal areas of
inflammation characterized by myelin sheath damage surrounded by leukocyte infiltration
(macrophages, mast cells, lymphocytes), blood–brain barrier (BBB) breakdown, but also
complement and immunoglobulin deposition [1]. Within these areas, inflammation sus-
tained by entry of peripheral cells coexists with damage to neural and synaptic elements
while reactive glial elements are engaged in variable terms in cell debris clearance, myelin
sheath repair and restoration of neuroaxonal functions [2]. MS is the most common among
acquired demyelinating disorders and therefore is considered the most characteristic and
prototypical. Symptomatic onset mostly occurs in the age range 20–40, although onset at
younger or older ages is not infrequent [3]. The disease is most common in Caucasian pop-
ulations dwelling in northern latitudes, while exhibiting a lower prevalence in populations
dwelling in Africa and in Eastern Asia [4]. It has been observed that people migrating to
countries with a lower prevalence appear to have some reduction in the risk of developing
the disease [5].

Due to age distribution and prevalence, which is estimated to be as high as 100/100,000
in Western countries, it is regarded as the most frequent cause of non-traumatic disability
among young people, affecting women more frequently than men [4].
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Etiology of the disease is unknown and highly debated. Currently, the disease’s
mechanisms express themselves via a complex interaction between genetic susceptibility,
hormonal factors, environmental stimuli and the neuroimmune axis, resulting in CNS
directed autoimmunity.

As for environmental factors contributing to disease pathogenesis, a risk coming
from low ultraviolet light exposure and low blood vitamin D has been suggested by the
association with a higher prevalence in northern countries and reduced incidence in people
migrating during adolescence from northern latitudes to warmer climate areas [6–8]. Other
environmental factors thought to confer a greater susceptibility to develop the disease are
smoking and obesity, hypothetically through their influence on inflammation and immune
functions [9,10]. Among other lifestyle factors, it has been recently proposed that sleep
deprivation at younger ages might increase the risk of developing MS later in life [11].

It is not yet clear whether sleep disorders might precede the disease; nonetheless,
prolonged sleep deprivation has been found in experimental models to be mechanistically
related to proinflammatory signaling axes within the CNS, such as microglial phagocytic
activation, and to impact synaptic maintenance and myelination [12,13].

At variance from other autoimmune diseases, a single antigen either able to kickstart
the disease process in humans or to transfer it to a recipient organism has not been defined,
although the presence of a sustained antibody response against intracellular antigens is
well established. In this regard oligoclonal bands, which are a cornerstone of MS diagnosis,
despite being detectable in other diseases, are thought to derive mainly from production of
autoantibodies against ubiquitous intracellular components [14].

Several pathogens have been proposed as triggers for disease onset, especially viruses
from the Herpesviridae family, such as Epstein–Barr virus and human herpes virus 6 [15–18].
In addition, viral DNA as well as antibodies, directed against viral antigens, have been
isolated more frequently in plasma and cerebrospinal fluid (CSF) of subjects with the
disease with respect to controls. However, evidence of causal association so far has been
inconclusive [17,19]. Other viruses considered to have a relationship with the disease onset
are human endogenous retroviruses (HERV), whose activation as transposable elements of the
human genome might influence disease progression [20,21].

Several antigens might contemporarily contribute to disease onset or exacerbation.
In this regard, infection from intracellular bacteria such as Chlamydia pneumoniae has been
associated with MS onset [22], while contact with bacterial superantigens, such as toxins
from Staphylococcus aureus, has been associated with disease onset and/or exacerbation [23].

Infections from other bacteria, such as Spirochetes, Campylobacter, Mycoplasma, Chlamy-
dia, Bartonella, Mycobacteria and Streptococcus, have been linked to MS development, al-
though to date these pathogens have not been directly isolated from CSF of patients [24].
Helminthic infections, on the other hand, have been reported as potentially protective
against MS development [23]. Inflammation, once triggered, might progress through an
asymptomatic phase where demyelinating lesions appear in a multiphasic, asynchronous
pattern in non-contiguous sites, sometimes asymptomatically, thus configuring the phe-
nomena of dissemination in time and space [25].

The prototypical clinical onset is constituted by acute neurological dysfunction, devel-
oping over hours or days, sustained by inflammation of discrete areas of the CNS, such as
optic nerves as well as cerebral, brainstem or spinal sensorimotor pathways. Dysfunction
coming from disease attacks usually resolves in a partial or complete manner. According
to the current consensus definition, a single disease episode suggestive of MS, but not
sufficient to fulfill criteria for dissemination in time and space, is termed clinically isolated
syndrome (CIS) [26]. On the other hand, a condition where lesions suggestive of a demyeli-
nating disease are present in the absence of clinical manifestations is termed radiological
isolated syndrome (RIS) [27]. Over time, according to differences in lesion appearance, clin-
ical manifestations and disability build-up, the disease might assume a relapsing-remitting
(RRMS) or progressive course, which could be further distinguished between primarily
(PPMS) or secondarily progressive (SPMS). While the former is characterized by repetition

88



Curr. Issues Mol. Biol. 2023, 45

of brief episodes of neurologic dysfunction sustained by acute CNS inflammation and
synchronous appearance of demyelinating lesions, in the latter, neurologic functioning,
especially in motor systems, slowly decays over time regardless of the appearance of new
demyelinating plaques. Progressive courses can be further distinguished into secondary
or primary according to whether they have been preceded by a longstanding RRMS or
not [28,29]. The occurrence of relapses and sustained progression of the disease are not
mutually exclusive. Less frequently, a benign disease course, characterized by absence
of relapses with conservation of neurologic functioning over decades, even without im-
munomodulatory therapy, has been described [30]. On the other hand, very aggressive
courses, with high lesional loads, such as tumefactive MS [31] or a monophasic fulminant
onset ab initio, have also been described [32].

2. Pathology: Demyelination

On a histologic basis, typical MS lesions consist of confluent foci of inflammatory
myelin breakdown, centered on perivascular spaces close to cerebral venules and sur-
rounded by reactive gliosis, which affect both white and gray matter of the brain and
spinal cord. Aspects of parenchymal damage are combined with a varying degree of
infiltration of blood-borne cells, such as CD4+, CD8+ lymphocytes and monocytes, entering
through focal areas of BBB disruption. In addition, surrounding astroglial, microglial and
oligodendroglial cells display a reactive phenotype [33,34].

Lesion types have been further subdivided into different patterns according to the
major constituents of inflammatory infiltrates and CSF characteristics, potentially under-
lying nuances in their pathophysiology. Pattern I lesions display T cell and macrophage
infiltration, while pattern II lesions show in addition antibody and complement deposition,
suggesting a contribution of humoral mechanisms to disease pathology. Pattern III is
characterized by distal oligodendrogliopathy with dysregulated myelin protein expression
and oligodendrocyte apoptosis, which still occurs on an inflammatory background. A
fourth pattern, which has been described in rarer cases, is characterized by oligodendrocyte
degeneration occurring in the white matter surrounding plaques [35,36].

Lesions in the gray matter show more pronounced alterations in structure and numbers
of synapses than their white matter counterparts [37]. Perivenular spaces, i.e., perivascular
spaces surrounding venules, are thought to be a critical area of immune cell trafficking from
peripheral organs, and demyelinating lesions are thought to originate from confluence of
foci of inflammation surrounding these spaces [38].

Lesional activity has been characterized according to the relative preponderance of
inflammation, tissue destruction and gliosis/repair processes. Active lesions are distin-
guished by increased permeability of the BBB and a significant infiltration of dendritic
cells, B, CD4+, CD8+ T lymphocytes, mast cells, monocytes from the periphery, cytokine
and adhesion molecule expression, coexisting with activated microglia. On the other hand,
inactive lesions are characterized by a minor inflammatory component at their core, rel-
atively preserved integrity of the BBB and presence of sparse phagocytes and microglia
at the lesion border. Both active and inactive lesions exhibit neuroaxonal loss, whereas
inactive ones might expand slowly over time [38]. Despite greater BBB integrity in chronic
lesions, magnetic resonance imaging (MRI) studies in MS patients have detected impaired
glymphatic flow, which appears to be more prominent in advanced disease [39].

In RRMS and PP/SPMS, both types of lesions coexist, albeit in different proportions.
In fact, inactive lesions are thought to be the most common type of lesion in both forms,
although active ones are more common in RRMS, underlying a direct pathophysiologic
impact of acute inflammation. Progressive forms of the disease, on the other hand, show
inactive slowly expanding lesions, while displaying aggregates of inflammatory cells
resembling tertiary lymphoid follicles in leptomeningeal compartments combined with
global CNS atrophy. Relative proportions of B, plasma cells and T cells also vary [33,40].

Both active and inactive lesions show histologic signs of impaired axonal transport,
such as anterograde and retrograde axonal degeneration. These changes, albeit to a lesser
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degree, also occur in apparently normal gray and white matter in parallel with meningeal
inflammation, microglial activation, gliosis and synaptic loss [41].

In addition to inflammation and axonal degeneration, other important features of MS
pathology on a cellular level are alterations in synaptic morphology and numbers, iron
deposition and mitochondrial changes. Iron deposition might take place in apparently
normal white matter, in lesions, but also in basal nuclei [42].

Iron deposition begins in the earliest phases of the disease, increasing with age and is
thought to contribute to oxidative stress and disability progression [43,44]. Mitochondria in
MS are altered in numbers and distribution, displaying a reduced expression of components
of the oxidative phosphorylation chain [45–47].

Functional aspects of mitochondrial impairment will be further discussed in the fol-
lowing sections given their critical relationship with neuroaxonal loss. Another important
histologic feature of MS is the loss of glial cells and neurons, which might be operated
by heterogeneous pathways [48]. Observations from autoptic studies and animal models
suggest that mechanisms of cell death might express themselves through a continuous
spectrum encompassing apoptosis, ferroptosis and also necroptosis [48–50].

Further enquiry is needed to elucidate details about the relevance of distinct mecha-
nisms of cell death in MS over its natural history. The histopathological picture of MS also
comprises remyelination, characterized by the formation of thin myelin sheaths around
damaged axons, either sustained by activation of oligodendrocyte progenitor cells or by
terminally differentiated oligodendrocytes [51,52]. These processes will be briefly described
in the following sections.

3. Remyelination

Remyelination is a process which may be distinguished into repair of damaged myelin
or de novo synthesis. It is thought to be operated in the CNS either by activation of
terminally differentiated oligodendrocytes or by recruitment and migration of staminal pre-
cursors known as oligodendrocyte progenitor cells (OPCs) [53,54]. OPCs are also thought
to be critical for tuning inflammation and angiogenesis; furthermore, they possess complex
electrophysiological properties and are thought to form synapses with neurons [55,56].

It is well accepted that remyelination constitutes a continuous and ubiquitous process
occurring within the CNS, although it is unclear whether it might be sufficient in restoring
myelin function in lesioned areas. Some lesions, in fact, undergo an incomplete repair,
characterized by formation of thin sheaths surrounding axons, especially at the lesion
border [57]. These areas are defined as “shadow plaques” and are thought to be areas
where the remyelination process has come to a halt [58]. It is not well known whether they
are the result of single or repeated demyelinating processes, whether they are more prone
to subsequent remyelination or whether they might harbor a quiescent recovery potential,
but intriguingly, these areas are devoid of OPC elements and, therefore, myelin restoration
is thought to be operated only by mature oligodendrocytes [59].

Remyelination declines with aging; it is regulated by synaptic activity but is also
highly influenced by the secretory and signaling activity of astroglial elements, as well
as by iron transport and phagocytic activity of macrophages and microglial cells [60,61].
Chronic inflammation might impair remyelination dynamics, yielding incomplete repair of
damaged sheaths. In accordance with this hypothesis, it has been reported that in addition
to shadow plaques, slowly expanding lesions, characteristic of progressive disease, possess
a lower remyelination potential [62].

It is currently under debate whether in humans de novo myelination might be more
effective in repairing injured structures in comparison to activation of differentiated oligo-
dendrocytes. It has, however, been esteemed that only 0.3% of oligodendroglial elements
are regenerated per year; therefore, activation of differentiated elements appears of crucial
importance, as well as the mechanisms that might render this process more efficient [59].
Remyelination has also been shown to reverse the alteration in mitochondrial numbers
observed in demyelinated axons, suggesting a potential in counteracting neuroaxonal
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loss [63]. On the whole, remyelination appears as a fundamental process in MS with the
potential to preserve functioning of sensory and motor systems and, therefore, delaying
and limiting disability.

Several biochemical cascades, involving lipid metabolism, cholesterol efflux, retinoid-
X-receptor α dependent pathways, phagocytosis, but also epigenetic regulation through
histone deacetylases, have been implied as potential mechanistic targets [64–67]. Among
these, leucine-rich repeat and Ig domain-containing 1 (LINGO-1), a glycoprotein expressed
by neurons, and OPCs, whose blockade has been shown to improve myelination in animal
models of the disease, has been proposed as a promising target for remyelination [68].
Opicinumab, a monoclonal antibody targeting LINGO-1, has failed in trials to reach its
efficacy endpoints, despite showing at the highest doses and in younger patients a small
improvement in disability worthy of further research [69].

4. Pathogenesis: Immunologic Perspectives

4.1. Mechanisms Pertaining to T and B Lymphocytes

Pathogenesis has been mostly studied through animal models either involving im-
munization against CNS antigens, infection with neurotropic viruses or administration of
neurotoxic/myelinotoxic compounds, such as lysolecithin or cuprizone [70].

The most commonly adopted models derive from parenteral administration of myelin-
derived peptides, such as myelin basic protein (MBP), myelin oligodendrocytic glycoprotein
(MOG) and proteolipid protein (PLP) complexed with adjuvants, which results in an inflam-
matory demyelinating disease of the CNS, termed experimental allergic encephalomyelitis
(EAE). These models have allowed researchers to characterize in detail some pathogenetic
aspects useful to extrapolate data for therapy development, although they do not allow
reproduction of every aspect of the human disease, especially concerning its multiphasic
clinical course [71]. Other animal models involve infection with neurotropic viruses, such
as Theiler’s encephalomyelitis virus (TMEV) [72].

Evidence from genomic studies suggests a critical role of loci involved in antigen
presentation, such as HLA DRB1*15:0, in conferring susceptibility to the disease, while
other HLA haplotypes, such as the A*02 and B*44, have been associated with a protective
effect [5].

HLA genes can be distinguished into three classes: class I and class II HLA encode
for major histocompatibility complex (MHC) proteins, which are crucial for antigen pre-
sentation, while class III HLA loci encode for molecules involved in the inflammatory
cascade, such as complement proteins, tumor necrosis factors (TNFs), 21-hydroxylase and
heat shock proteins [73,74].

MHC class I molecules (encoded by HLA-A, HLA-B and HLA-C loci), present in-
tracellular self- or non-self-antigens to CD8+ cytotoxic T cell receptors and killer cell
immunoglobulin-like receptors (KIR) [75]. On the other hand, class II molecules (encoded
by HLA-DP, HLA-DQ and HLA-DR) are expressed on the membrane of antigen-presenting
cells (such as macrophages, B cells and dendritic cells) and serve the function of displaying
short antigen peptides to CD4+ helper T cells [76].

In addition to HLA loci, more than 200 non-MHC-coding genomic variants have been
reported to confer susceptibility to MS, albeit with different effect sizes. In fact, many of
these variants affect genes involved in immune system pathways, such as interleukin 2
receptor subunit α (IL-2RA), but also intronic and intragenic sequences related to splicing
and quantitative gene expression [77]. Daclizumab, which inhibits IL2RA, has shown high
clinical efficacy in preventing MS relapses, although it has been withdrawn for hyperacute
hepatotoxicity [78].

As for effector mechanisms, in accordance with autoptic data, pathogenesis shows
great similarities to T-cell-mediated diseases; therefore, a central role has been theorized
for CD4+ and CD8+ lymphocytes [79,80]. The former, when primed towards their proin-
flammatory Th1 and Th17 phenotypes, are thought to be important directors of the immune
response towards the CNS [38], while the latter, primed to their cytotoxic phenotypes, are
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the predominant cell type, under a quantitative perspective, surrounding demyelinated
axons [33,81,82].

Many currently approved therapies for MS modulate various aspects of T cell function,
including response to activating stimuli, functional polarization, egress from lymph nodes,
migration and CNS entrance [83]. Glatiramer acetate is thought to modulate T helper cell
polarization toward a Th2 phenotype, dampening CNS-directed inflammation [84].

In addition, recent studies on distinct immune system cell subtypes in MS highlight
the role of several regulatory subpopulations of the innate and adaptive immune system
in balancing disease severity, such as forkhead box protein 3 (FOXP3) positive CD4+ cells,
Tr1-positive CD4 cells [5], CD56bright NK cells [85]. Subsets of anti-inflammatory CD8+

cells have been described, but to date a single surface antigen combination conferring this
functional phenotype has not been defined [85–87].

In recent decades, evidence from animal and clinical studies supported an important
role for B cells, given their role in tuning T cell function, antigen presentation, autoanti-
body production and also in leptomeningeal lymphoid follicle formation [40]. A similar
role is shared with dendritic cells, which orchestrate T cell activation through similar
processes [88]. B cells comprise a heterogeneous host of naïve, memory and effector sub-
populations also including tolerogenic and anti-inflammatory subsets, collectively termed
as Bregs, characterized by production of IL-10, IL-35 and TGF-β [89].

In clinical studies, B cell-directed anti-CD20 antibodies (especially ocrelizumab) have
shown significant benefits and have been approved in both RRMS and PPMS, where
they possess lesser efficacy [90]. Their long-lived therapeutic effects might derive from
their ability to blunt proliferation of proinflammatory clones such as mature naïve B cells
and memory B cells with a parallel stimulation of regulatory populations, such as IL-10-
producing B cells, including autoreactive regulatory clones [5,91]. Another very important
target for B cell physiology, closely related to MS, is constituted by Bruton tyrosine kinase
(BTK), a master regulator of B-cell activation, whose expression is not exclusive to B cells
since it has also been detected in myeloid T cells and osteoclasts. It is considered as a
“rheostat” of proinflammatory signaling and a regulator of autoreactive cells [92]. Besides
tuning B cell receptor (BCR) activation, BTK takes part in signaling of toll-like and Fc
receptors, modulating the inflammatory response; therefore, its excessive activity has
been related to autoimmunity [93,94]. In addition to its effects on immune activation and
inflammation cascades, a recent in vivo study on cultured cerebellar slices interestingly
shows that BTK activity is upregulated after lysophosphatidylcholine and metronidazole-
induced demyelination, while its inhibition might hasten myelin repair, suggesting complex
effects on the CNS [93].

The observed effectiveness, in both animal models and human subjects, of BTK in-
hibitors in several autoimmune diseases further strengthens the hypothesis that regulation
of this cascade might be of therapeutic value [95]. Currently, two brain-penetrant BTK
inhibitors, evobrutinib and tolebrutnib, are being assessed with regard to their effectiveness
in preventing MS relapses and in reducing disease activity [94].

Several studies have observed a shift in energy metabolism affecting lymphocytes,
macrophages and dendritic cells towards aerobic glycolysis (the so-called Warburg effect)
in association with dysfunctional oxidative phosphorylation in T lymphocytes [96,97]. It is
not known whether this process, termed “metabolic reprogramming”, might be the cause
or a consequence of aberrant immune activation.

4.2. Mechanisms Pertaining to Innate Immunity

Given the predominance of immune-mediated mechanisms in animal models and
the clinical responses associated with immune modulators, several efforts have been
made to elucidate the relationship between specific cytokines and disease phenotypes,
but also between effector mechanisms of the innate immune system, such as the kinin or
complement cascade, and MS pathogenesis. Among cytokines, Th1 and Th17 cytokines are
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considered pivotal proinflammatory signals, while IL-10, IL-27, IL-35 and especially type I
interferons have been associated with disease amelioration [5,98].

TNF-α blockade has been shown to trigger significant disease exacerbation [99,100],
while immunomodulation via interferon β (IFN-β) has shown significant clinical efficacy in
preventing disease relapses [101]. IFN-β is thought to target antigen presentation processes,
modulate cytokine secretion, T cell polarization and MHC molecule expression, although
recent studies have also suggested that the activity of the cGAS-STING pathway, a critical
regulator of endogenous type I IFN production, might constitute an important determinant
of the effectiveness of interferon therapy [98,102,103].

The cGAS-STING pathway, in brief, is considered an intracellular “damage-sensing”
cascade involved in innate immunity that is primarily activated by binding of cGAS (cyclic
GMP-AMP synthase) to exogenous/endogenous double-stranded DNA fragments outside
of the cell nucleus [104]. It has been suggested that its activity might be altered during
infections but also in several brain inflammatory disorders [98]. cGAS activation produces
2′5’-cyclic adenosine monophosphate guanosine monophosphate (2′5′-cGAMP), which
activates tank-binding kinase 1 (TBK1) and IκB kinase (IKK), inducing STING (stimulator
of interferon genes) oligomerization [105–107]. STING activation leads to phosphorylation
and activation of interferon regulatory factor 3 (IRF3) and nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-κB), which upregulate the type I interferon response,
upregulating expression of interferon regulated genes, in turn regulating the synthesis of
TNF-α, IL-1β and IL-6, but also of the STING protein [106]. It has been recently observed
that RRMS patients might exhibit in peripheral blood mononuclear cells a downregulated
activity of the cGAS-STING/IFN-β-axis, while also displaying a reduced expression of
interferon regulated genes [103]. It has been therefore suggested that interferon therapy
might be mostly effective in patients with a downregulated endogenous response, perhaps
in addition to pharmacological modulation of STING activity [105].

Among other soluble signals of innate immunity, studies in EAE models have high-
lighted a role for bradykinin (BK) in modulating cytokine secretion and CNS lesion devel-
opment [108]. BK type 1 receptor (B1) activation is thought to mediate BBB breakdown and
increased vascular permeability, favoring inflammation [109]. In EAE models, enalapril
administration has been shown to increase plasma BK concentration and reduce clinical
and pathological severity, while B1 receptor blockade counteracted the protective effects of
enalapril [110]. In human studies, increased B1 receptor expression has been detected in T
lymphocytes isolated from peripheral blood of MS patients with respect to control subjects,
suggesting a potential role in CNS inflammation [111]. As for the complement system,
autoptic studies have shown involvement in myelin phagocytosis within acute lesions, but
also persistent deposition in chronic lesions in PPMS as well as in gray matter lesions [112].
The complement system might play a complex role in disease pathogenesis since its ef-
fects are not limited to debris clearance, but also to processes related to survival cascades.
Evidence from cell models has shown that astrocytes secrete complement proteins when
stimulated by proinflammatory stimuli as TNF α, IL-1β and IL-8 [113], while sublytic levels
of C5b-C9 proteins might drive antiapoptotic responses in oligodendroglial elements [114].
The complement system is also thought to play an important role in removal and mainte-
nance of synaptic structures [115,116]. Evidence from plasma and CSF biomarker studies
shows a trend towards increased concentration of complement components, such as C1q,
C3 and C4 in RRMS, SPMS and PPMS, as well as an increase in endogenous inhibitors, such
as factor H, suggesting heightened complement activity in all forms of the disease [117,118].

These observations might therefore constitute a rationale for assessing complement
regulation as a therapeutic target; in a small series of patients, eculizumab, a C5 inhibitor,
has recently shown a discrete tolerability in a small series of MS patients, with no severe
adverse drug reactions nor disease relapses, supporting further clinical assessment [119].

Data from experimental models suggest that no single antigen or effector cell type
might be sufficient to summarize every pathogenetic aspect of MS, whose immunopatho-
genesis is multifactorial and underlies an interaction, in the periphery and in the CNS,
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between proinflammatory stimuli, specific subtypes of immune cells and host-specific
factors. Among host-specific factors, polygenic susceptibility, hormonal influences, epige-
nomic regulation, gut microbiome signals and environmental factors (including pollutants
and smoking) might shape disease activity [120].

It has been proposed that the gut microbiome may alter the MS immunopathological
framework at least by a dual mechanism. In fact, gut dysbiosis, i.e., imbalance between
tolerogenic and proinflammatory commensals, might promote inflammation in remote sites,
while molecular mimicry between gut antigens and CNS epitopes might select autoreactive
cell clones. Gut microbes produce metabolites that also directly target the CNS. It was
observed that dietary tryptophan may be metabolized through the serotonin, indole and
kynurenine pathways into components that act as aryl hydrocarbon receptor agonists [121]
and exert anti-inflammatory actions mediated by astrocytes [122]. The effectiveness, in
preclinical models, of the immunomodulatory drug laquinimod, which however failed
to reach significant clinical endpoints [123], is thought to derive from its effect on glial
aryl hydrocarbon receptors [124]. In addition, dimethylfumarate, a drug approved to treat
RRMS, has been found to reduce bacterial production of neurotoxic phenol and indole
catabolites of phenylalanine and tryptophan [125].

Under this perspective, the efficacy of the so-called “immune reconstituting” therapies,
such as cladribine, alemtuzumab and bone marrow transplantation, might depend not only
on quenching of acute inflammation, but also on reconfiguring the immune repertoire to a
point that allows previously suppressed cells to emerge and affect immunologic processing
in distant sites [126,127]. Ocrelizumab, despite requiring maintenance therapy, could be
considered, due to its long-lived effects, as a drug with a profile of action closely comparable
to immune reconstituting therapies [128].

On the whole, acute inflammation, which is preponderant in RRMS, is considered
highly dependent on the entrance in the CNS of pathogenic autoreactive cells from the
periphery and might lead over time to formation of persistent meningeal tertiary lymphoid
structures [129]. In accordance with this hypothesis, it has been observed that therapies
targeting infiltration of autoreactive cells in the CNS, such as natalizumab, an anti-very late
antigen 4 (VLA4) monoclonal antibody, are far more effective in RRMS [130,131], while
they might induce devastating disease rebounds after a prolonged discontinuation [132].

In addition, another recently discovered layer of regulation of inflammatory activity is
represented by endogenous transposable elements, such as human endogenous retroviruses,
whose activation has been linked to both disease relapses and progression [21,23]. Recently,
temelimab, a monoclonal antibody directed against the HERV-W envelope protein, has
shown discrete tolerability in small MS cohorts and promising effects on radiological
markers [133].

Despite the abundance of data highlighting the predominance of mechanisms pertain-
ing to the innate and adaptive immune system in sustaining acute attacks, several signaling
pathways pertaining to astrocytic, oligodendrocytic and microglial elements appear of
primary importance in poising disease activity and determining neuron survival from the
earliest phases [134].

5. Pathogenesis: A CNS-Centered Perspective

5.1. Role of Glial Cells

In MS, in analogy with other neurologic diseases, the degree of neurologic dysfunction
and disability relates to the extension of damage to several functionally distinct circuits,
which are composed of high-order networks of neuronal and glial cells. Glial cells are spe-
cialized elements that sustain neurons through several processes. For instance, astrocytes
tune the surrounding microenvironment including pH, water and ion content according
to neuronal metabolic demands, but also scavenge free radicals and participate directly
in synaptic transmission [135]. Microglia are mesenchymal-derived immunocompetent
cells whose principal functions are considered clearing cell debris through phagocytosis
and coordinating inflammatory responses within the CNS [136], whereas oligodendro-
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cytes, which reside exclusively in the CNS, are neuronal lineage cells specialized in myelin
synthesis, maintenance and repair [137].

On the whole, glial cells are highly plastic and specialized elements that might alter
their phenotype, integrating various electrical and molecular stimuli, including those pro-
duced by an inflammatory environment. Their signals directly tune the immune response
within the CNS and vascular/BBB permeability, but also functional properties of neural
cells. They secrete chemokines and cytokines, might change their morphology according
to the surrounding microenvironment and their signals pose a significant influence on
neuronal survival and functioning of the tripartite synapse [138]. Several efforts have
been made to define functionally distinct subsets of astrocytes or microglial cells with
either a neuroprotective or neurotoxic phenotype, although the heterogeneity of activa-
tion states and phenotypes of glial cells suggests the existence of a continuous spectrum,
rather than distinct subcategories [139]. Therefore, the interplay between the immune
system, glial cells and neurons might shape disease progression precociously, triggering
processes that might follow a divergent direction from acute inflammation [34]. Hence,
acute and chronic inflammation constitute stressors that might recruit, in the long run,
signaling pathways tied to responses to neurotoxic insults such as protein misfolding, loss
of membrane integrity and nucleic acid damage, yielding profound biochemical changes
on a cellular level that ultimately impact on ion homeostasis (especially calcium and iron),
growth-factor signaling, remyelination and cell survival cascades [140]. Such processes
are all mechanistically tied to mitochondrial oxidative phosphorylation, calcium buffering
and redox balance and, therefore, are considered common effectors of cell loss in MS and
neurodegenerative diseases (Figure 1). During MS’s earliest phases they are considered
to be mainly triggered by autoimmunity, but whether their activation might progress
independently from inflammation is currently under debate [46].

Figure 1. The positive feedback loop of hypoxia and inflammation. The low oxygen presence will lead
to the activation of NF-κB, m-TOR, HIF1, ATF4, CHOP signaling, all regulators of inflammation. In-
creased levels of autoreactive leukocytes and pro-inflammatory cytokines can decrease vasoreactivity,
and impair mitochondrial function, which could in turn exacerbate hypoxia.
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5.2. Role of Mitochondria

Considering the pathophysiological analogies found in different experimental models
of neurodegeneration, indicating a significant role of mitochondria in regulating cell fate,
several lines of research have converged on mitochondrial impairment and related mecha-
nisms in shaping MS pathology [45,48]. In fact, under a pathogenetic perspective, it has
been observed in several disease models that the high energy consumption of nerve cells
and their reliance on oxidative metabolism might render them particularly vulnerable to
degenerative changes in contexts of impaired mitochondrial ATP production, potentially
starting multiple interlinked deleterious processes.

It is well documented that mitochondria from MS patients are altered in morphology
and distribution, carrying mutations in mtDNA while also showing diminished expression
of elements of the respiratory chain and altered expression of heat shock proteins, resulting
in ATP production impairment. Such changes are thought to be more relevant in progressive
disease, albeit beginning from the earliest phases [46,47].

In accordance with the hypothesis of a pivotal role of mitochondria in MS, many
cytotoxic agents, used to induce demyelination in animal models, such as cuprizone,
lysolecithin or ethidium-bromide, may directly alter their number or disrupt respiratory
chain complex expression [70,141,142].

Decreased energy production might alter ionic transmembrane gradients, sustain-
ing calcium entry, heightening reactive oxygen species (ROS) generation, endoplasmic
reticulum stress and stimulation of intracellular transducers, such as activating transcrip-
tion factor 4 (ATF4), glucose regulated protein (GRP78) and C/EBP homologous protein
(CHOP), which are closely tied to apoptosis and inflammation [143–145]. These interlinked
processes might concur to decrease cell energy metabolism progressively, promoting a
self-sustaining cycle of damage, which might lead to cell death, with consequent debris
release and inflammation.

Such a sequence of events has been termed a “mitochondrial spiral” and is thought
to occur in Alzheimer’s dementia and stroke [146,147]. Despite striking differences in
clinical course between stroke, primarily neurodegenerative diseases and MS, dysfunctional
energetic homeostasis appears as a shared pathogenetic factor of critical importance [148].

5.3. Ion Homeostasis and Energy Metabolism Regulation

In MS, reduction in cerebral blood flow might impair ATP production, especially
within demyelinated areas, whereas altered numbers and morphology of mitochondria
might reflect a homeostatic response to increased metabolic demands or relative lack of
oxygen and nutrients. Under a pathophysiological perspective, oxygen–glucose depriva-
tion, leading to decreased ATP production, promotes sodium accumulation and calcium
entry from the extracellular space, operated by the sodium calcium exchanger (NCX)
reverse mode [149,150]. In an analogy to the biochemical changes triggered by hypera-
cute oxygen–glucose deprivation happening during ischemia, significant accumulation of
sodium ions within active and inactive demyelinated areas has been detected through MRI
in MS patients [151], supporting the hypothesis of lasting imbalances in calcium cycling.

Although NCX has been mostly perceived to promote excessive calcium influx after
hypoxia, its reverse mode transport (sodium-dependent calcium influx) might be essential
for the activation of ischemic conditioning [152] and might also play a pivotal role, due
its close physical and functional coupling with neuronal and glial sodium-dependent
glutamate transporters, in sustaining glutamate-induced ATP synthesis [152–154]. Further
enquiry about the functional properties of distinct isoforms that display heterogeneous
gating properties [155] and differential distribution within the CNS [156] is needed in order
to clarify their pathophysiological significance.

In an analogy with data from acute damage models, a potential role for NCX in
chronic neurodegenerative diseases, which is to be further characterized, has been sug-
gested [157]. In parallel, sodium accumulation within demyelinated axons might modify
the activity of other sodium-dependent transporters, including the sodium hydrogen ex-
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changer (NHE) and sodium potassium chloride cotransporter (NKCC). These transporters
have been implied in regulating cell death across several pathologic scenarios in the CNS,
although the precise functional interactions between sodium-dependent transporters, en-
ergy metabolism, substrate uptake, inflammation and calcium cycling in MS need to be
further elucidated.

Ultimately, deregulation of calcium homeostasis, among its widespread toxic effects,
contributes to oxidative phosphorylation and ATP synthesis impairment, affecting at first
detrimentally those functions mostly dependent on sustained energy synthesis, such as
synaptic transmission and plasticity [158]. In addition, prolonged calcium accumulation,
either by entrance through the plasma membrane or by excessive loading of internal
stores, triggers mitochondrial-dependent pathways, such as MPTP opening, resulting in
irreversible mitochondrial membrane depolarization and thus cell death [159].

In parallel to mechanisms inducing mitochondrial dysfunction during hypoxia, several
signaling pathways related to cellular resistance to such challenges have been explored
for a potential role in mitigating neuroaxonal loss in MS. In particular, signaling cascades
related to ischemic conditioning, autophagy and metabolic reprogramming have stood out
in preclinical models, also with potential implications for aberrant immunologic processing
(Figure 1) [160].

At present, experimental models have highlighted a significant integration between the
activation of cytoprotective pathways involved in preserving mitochondrial function during
hypoxia, which affect oxidative stress and calcium overload, and the master signaling
pathways modulating cell energy metabolism and inflammatory signaling [161].

The activity of potassium-dependent ATP channels, which are among the effectors of
ischemic conditioning, has been associated with amelioration of the disease in preclinical
models [162].

A common effector of cell responses to hypoxia and a key player in ischemic condi-
tioning is hypoxia-inducible factor 1α (HIF1) [163]. Reduced energy production in MS
might trigger HIF1 activation, adapting CNS cell energy metabolism, angiogenesis and
ROS production to context-dependent cues, but also influencing iron accumulation and
apoptosis [164]. On the other hand, sustained inflammation might heighten HIF1 activa-
tion and ROS production in continuously stimulated lymphocytes, leading to impaired
responsiveness and senescence [165]. HIF1 induces expression of several genes, including
vascular endothelial growth factor B (VEGF-B), whose levels have been found to be lower
in MS patients during stable disease with respect to control subjects, suggesting that disease
activity and metabolic stress might be associated [166].

A potential relationship between cascades involved in hypoxia and MS might be
supported not only by evidence from experimental models, but also by the observation that
remote ischemic preconditioning, a procedure thought to stimulate cell programs aimed
at preserving the integrity of mitochondrial functions, might improve gait dysfunction in
progressive MS patients [167–169].

Among regulators of metabolic programming, a critical cell pathway, implied in tuning
the shift of metabolic resources in accordance to nutrient availability, is represented by
mechanistic targeting of rapamycin (mTOR), a ubiquitous regulator of energy metabolism,
proliferation and inflammation [170,171].

In addition to its well-known effects on lymphocyte proliferation and suppression,
its role in diverting utilization of metabolic resources in glia and nerve cells by repurpos-
ing their phenotype towards anabolism or catabolism is being increasingly recognized,
especially for potential implications for autophagy and remyelination [172].

Indeed, it has been observed that mTOR plays an important role in shifting metabolism
towards aerobic glycolysis in activated microglia [96]. In addition, preliminary evidence
coming from human studies has also suggested a potential efficacy in MS of therapies acting
on the mTOR axis, either indirectly, such as metformin, or directly, such as rapamycin [173].
Among other cascades functionally related to the mTOR axis, recent studies have suggested
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involvement of DJ-1 and parkin, whose functional roles are tied to oxidative stress and
mitophagy, in driving inflammation as well as cell death in MS [174–176].

5.4. Oxidative and Cell Stress Signaling Pathways

From a wider perspective, among other regulators of cellular resistance to metabolic
stressors, klotho, an anti-aging protein involved in the FGF-23 signaling, oxidative stress
and mitochondrial damage [177] has been recently associated with remyelination in ex-
perimental models and has also been suggested as a potential player in MS pathogenesis.
In accordance with this hypothesis, it has been found in higher titers in serum from MS
patients with respect to controls [178–180].

The involvement of cellular pathways related to aging is also suggested by the obser-
vation that sirtuins (SIRT), ubiquitary NAD-dependent enzymes which are also critical for
lifespan regulation and epigenetic regulation, might influence disease phenotype in EAE.
More specifically, it has been suggested that SIRT might contribute to MS pathogenesis
by regulating oxidative stress, mitochondrial phosphorylative oxidation and autophagic
networks [181]. In addition, they might poise activation of master regulators of inflamma-
tion such as NfKB, modulate antigen presentation by dendritic cells and activate either
anti-inflammatory or pro-inflammatory responses. In particular, SIRT1 overexpression has
been found to ameliorate EAE phenotype [88]. SIRT might also act in conjunction with
nuclear erythroid factor 2 (Nrf2), a transcription factor involved in antioxidant production,
mitochondrial biogenesis and oxidative phosphorylation, which is thought to play a role in
neurodegeneration and MS pathogenesis [182].

Dimethylfumarate, a drug approved to treat RRMS, exerts a complex action on path-
ways regulating B and T cell survival, promoting emergence of regulatory cell subsets,
while in neurons its effects are tied to Nrf2 activation, with a potential cytoprotective
effect [183].

Another interesting area of research, which lies at the border between cell survival
cascades, metabolism and stress signaling, is constituted by signaling lipids, such as sphin-
gosine and ceramides. Ceramides in particular are considered a crucial switch for apoptosis
due to their regulation of mitochondrial outer membrane potential and permeability [184].
Fingolimod and siponimod, oral therapies acting on sphingosine-1-phosphate receptors
(S1PRs), have shown clinical efficacy by downregulating their expression on peripheral
lymphocytes and thus inhibiting lymphocyte homing towards the CNS [185].

Follow-up of patients treated with S1P analogues has highlighted a potential protective
effect on brain atrophy in addition to regulating immune cell trafficking [186], which
might be related to fine-tuning in both neurons and astrocytes of lipid signaling cascades
pertaining to endo/exocytotic vesicle cycling and neurotransmitter release. It has also been
observed that these drugs possess the ability to dampen glial inflammatory phenotype
changes induced by the disease [187–189].

5.5. Synaptic Aspects

In parallel with inflammation and the associated dysfunctional energy metabolism
in the CNS, synapses exhibit a precocious dysfunction, which over time might become
a bona fide “synaptopathy” [37]. Summarizing evidence from pathological studies, sig-
nificant alterations in synaptic numbers and morphology have been described in lesions
and within apparently normal gray and white matter underlying long-standing functional
alterations [33]. In preclinical models, perturbation in pre- and post-synaptic protein
expression, electrophysiology and synaptic demolition by the complement cascade, are
well-recognized elements [37,190,191]. The main players involved in these processes are
thought to be dysfunctional astrocytes and microglia primed by inflammatory changes,
which might retain long-lasting pathologic phenotypes that outlive resolution of acute
inflammation. Several efforts have been made to characterize, in more detail, these alter-
ations, leading to a theory of the establishment of a long-lived imbalance between excitatory
and inhibitory transmission, progressing to a complex dysfunction of synaptic potentiation
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and depression [192,193]. Despite morphological and functional abnormalities having been
most extensively studied with regard to glutamatergic and GABAergic systems, other neu-
rotransmitters such as neuropeptides and neurosteroids are being increasingly recognized
as involved in synaptic dysfunction in MS [190,194].

Other less studied mechanisms, although increasingly recognized in MS pathogen-
esis, are constituted by BBB permeabilization and vascular and endothelial regulation,
which are bidirectionally linked to synaptic activity, inflammation and non-physiological
neurovascular coupling.

5.6. Vascular Aspects

Several studies have observed in MS elements of endothelial dysfunction, such as
an increase in adhesion molecule (i.e., VCAM-1) expression, which might be related to
inflammation-driven permeabilization of the BBB [195]. In addition, an epidemiological
association between increased incidence of ischemic stroke and migraine, which are char-
acterized by endothelial dysfunction [196], has been reported in MS patients [197,198].
Furthermore, global brain perfusion in MS patients is frequently decreased, suggesting the
presence of a widespread disruption of autoregulation [199].

Cerebral vascular reactivity, measured as flow-mediated dilation (FMD) or response to
hypercapnia, evaluated with neurosonologic methods, was found to be impaired in patients
with SPMS or PPMS in comparison to RRMS [200,201]. Collaterally, a proinflammatory
phenotype of platelets, characterized by increased endothelial adhesion, chronic activation,
adhesion to astrocytes and neurons, has been described and is thought to promote lesion
activity [202].

On the whole, MS appears to embrace and connect various aspects of neuronal and
immune system physiology. Most pathogenetic mechanisms considered so far, either
involving acute inflammation or dysfunction of neuronal and glial homeostatic processes,
while mostly active within lesions, might affect apparently normal gray and white matter.

It is not well-known, however, which signals influence apparently normal areas at
the beginning of the disease. These observations have suggested a potential pathogenetic
role for mediators exerting their effects beyond the borders of the inflammatory milieu
within lesions. From this perspective, in addition to cytokines, vasoactive peptides do stand
out, given their role in the CNS as “volume transmitters”, i.e., neuropeptides released by
neurons from sites not restricted to synapses and therefore able to diffuse beyond synaptic
borders [203].

5.7. Role of Neuropeptides

Neuropeptides are ubiquitous signaling molecules that in the PNS and CNS might be
expressed by neurons and co-released with fast neurotransmitters, acting on local scales.
Neuropeptides might also travel for longer distances, engaging more distant targets, in
a manner akin to hormones [203]. Experimental models have shown that several neu-
ropeptides, including endothelin-1 (ET-1), calcitonin gene-related peptide (CGRP) and
vasoactive intestinal peptide (VIP) might be involved in regulation of synaptic potentia-
tion/depression [204–206]. Additionally, pleiotropic effects including growth factor-like
properties and potent regulatory effects on vascular tone, inflammation and immunity
have been described [207,208].

Vasoactive peptides have been mostly studied for their relationship with BBB perme-
abilization, vascular tone and neurogenic inflammation. Recent research has highlighted
in addition pleiotropic neuroprotective but also neurotoxic properties in cell and animal
models. On the whole, despite the existence of different isoforms and receptors, vasodila-
tory peptides have been associated with neuroprotective properties, while vasoconstrictive
peptides have been associated with a detrimental effect [209,210]; considering their action
on multiple targets, they might be implied in MS pathogenesis at several levels, including
innate and acquired immunity, vascular dysfunction but also neuron survival and glial
dysfunction (Figure 2).
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Figure 2. Overview of relevant pathways to MS pathology regulated by vasoactive peptides.

The vasoactive intestinal peptide (VIP) and pituitary adenylate cyclase-activating
peptide (PACAP) have been extensively studied in EAE models, suggesting a complex
bidirectional pathogenetic role in inflammation and demyelination. Activation of their
shared receptors (VPAC 1-2) has been reported to ameliorate EAE severity, while selective
VIP knockout or VPAC-1 receptor knockout or pharmacological blockade has been observed
to confer resistance to EAE development [211,212].

Other neuropeptides, such as substance P and neuropeptide Y (NPY), have also been
associated to a potential anti-inflammatory role in EAE models. Among vasoconstrictive
peptides, the endothelin family (ETs), represented by endothelin 1 (ET-1), endothelin
2 (ET-2) and endothelin 3 (ET-3), stands out for a potential pathogenetic role. ETs are
ubiquitous mediators considered potent vasoconstrictors that act on a local scale, with
prominent actions on vascular tone, remodeling and endothelial dysfunction [213]. All the
three peptides act in synergy on different receptor, resulting in highly regulated signals
on vascular tone [214]. Among the three peptides, ET-1, of endothelial origin, is the most
studied. On a cellular level ET-1, by activating endothelin A and endothelin B receptors,
might modulate neuronal cascades implied in cell survival, such as CHOP and Jun [215],
while it is produced by astrocytes following demyelination, with a consequent activation
of the notch pathway, which has been associated with defective myelin repair [216,217].
Other investigations have also suggested that ET-1 might exert a pleiotropic role during
acute neuronal injury. In fact, a recent study on a spinal cord hypoxia-reperfusion injury
model has shown that endothelin receptor blockade might ameliorate tissue damage [218],
while He and colleagues have observed that remote ischemic conditioning is abrogated by
preemptive ET receptor blockade, thus requiring an increase in ET-1 signaling to stimulate
neuroprotective cascades, such as Nrf2 [219]. In addition, ET-1 overexpression has been
found to increase disease severity in transgenic mice, while receptor blockade has been
associated with diminished EAE progression [220,221]. As for evidence coming from
human studies, plasma levels of ET-1 and ET-3 are increased in MS patients with respect to
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control subjects, and increased CSF ET-1 concentrations have been associated with a poorer
visual recovery in MS patients after an episode of optic neuritis [222,223].

VIP, PACAP and CGRP, which are vasodilatory, have been found to reduce the severity
of neurologic dysfunction in EAE, via a modulatory action on inflammation and immune
activation [224–226].

CGRP, as VIP and PACAP, possesses pleiotropic properties, with a contribution from
its effects on various cell targets, including vascular smooth muscle, neurons, glia and
immune cells [227]. In particular α-CGRP has been proposed as involved in the protective
effects of ischemic postconditioning [228]. In murine stroke models, CGRP administration
at reperfusion was found to reduce infarct size after middle cerebral artery occlusion [229],
while CGRP knockout in a bilateral carotid stenosis model was found to reduce angiogene-
sis and to increase oxidative damage and demyelination [230].

As for inflammation and immune activation, CGRP has been shown to exert a context-
dependent bidirectional effect. In particular, it has been found to dampen toll-like re-
ceptor (TLR) responses during lipopolysaccharide (LPS) stimulation, but also to poise
excessive inflammation during sepsis, hypothetically through cAMP-dependent signal-
ing; furthermore CGRP signaling might influence maturation of CD4+- Cd25+-FOXP3+

lymphocytes [231,232].
In the CNS it is considered a primary effector of neurogenic inflammation in mi-

graine [233], but has also been found to ameliorate EAE severity during disease induction
through a complex regulation, in microglial elements, of the expression of proinflammatory
immune activation markers, such as IL1-β and IL6, or anti-inflammatory markers, such as
Ym1 and CD163 [226].

Furthermore α-CGRP is produced in the CNS by spinal motor neurons, which up-
regulate its synthesis after mechanical injury, such as after axotomy [234], or during in-
flammation, such as in the acute phase of EAE [235]. CGRP, beyond its role in acute
inflammation and immunity, as a neurotransmitter, affects monoaminergic circuits and
might be involved in pathophysiology of depression and cognitive impairment, which
commonly occur during MS [236–238].

Due to its wealth of functions and the ubiquitous expression of CGRP receptors in the
CNS [239], it might influence in a pleiotropic manner MS pathogenesis, not only regulating
inflammatory cascades, but also through mechanisms involving regulation of growth
factor production, survival cascades and synaptic plasticity [227,233,240]. In addition, its
potent vasodilatory action might play a role in preserving the integrity of neurovascular
unit functioning. Considering data from experimental models of CNS demyelination and
the epidemiological association between migraine and MS, a pathogenetic relationship
between CGRP and MS pathogenesis appears worthy of further study.

CGRP belongs to the amylin (AMY) family of neuropeptides and is structurally related
to adrenomedullin (AM), which might act as a low-affinity agonist on CGRP receptors [241].
Similarly to CGRP, AM was found to reduce EAE severity in experimental models [242]
while expression of its mRNA in choroid plexuses was found to be higher in progressive
MS patients in comparison to controls in autoptic studies, paralleled by upregulation of
other genes involved in neuroprotective cascades, including the HIF axis [243].

CGRP also bears a higher structural homology to amylin in comparison to AM [244].
Amylin, closely related to amyloid β (Aβ) and a major constituent of amyloid plaques,
has been investigated in several preclinical models of neurodegeneration, which have
shown significant effects on neuronal survival and proinflammatory signaling [245,246].
Amylin might, in the first place, exert its effects through binding to AMY receptors, which
are involved in modulation cascades relevant to inflammation, energy metabolism and
synaptic plasticity. CGRP, on the other hand, due to its structural homology to amylin,
displays high affinity towards AMY1a receptors, potentially reinforcing amylin signaling
at physiologic levels [231,244,247]. In addition to the effects mediated by signaling through
their specific receptors, it has been observed that a hexameric peptide shared by amylin,
tau protein, serum amyloid P and Aβ A4 might bind proinflammatory mediators in plasma
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and reduce polymerization of amyloid fibrils, eliciting a therapeutic effect in EAE [248,249].
Under a speculative perspective, such molecular motifs might also affect neurodegener-
ative changes, since recent studies have suggested a complex relationship between Aβ

metabolism and remyelination [250]. Furthermore, in human biomarker studies, lower CSF
Aβ concentration has been associated with a worse prognosis in MS [251].

Another potential implication for the amylin family of neuropeptides in MS patho-
genesis is supported by the observation that AMY, AM, CGRP and Aβ share common
catabolic pathways, represented by endopeptidases such as neprilysin (NEP) [252–255],
endothelin converting enzyme [256] and insulin-degrading enzyme [257,258], which have
been described as key players in regulating inflammation and degenerative changes within
the CNS [259].

At present, NEP appears an interesting target in MS since data coming from experi-
mental studies support a role in ameliorating EAE severity through catabolism of several
vasoactive peptides, including those of the amylin family and endogenous opioids such as
met-enkephalin [260]. In contrast, data coming from genomic studies point to an epidemio-
logical association between a polymorphism in the MMEL1 gene, encoding NEP2 and MS
susceptibility [261], although further studies are needed on this subject. Another enzyme in-
volved in catabolism of vasoactive peptides, which could play a pathogenetic role in MS, is
represented by CD26/dipeptidyl peptidase IV (DPP4), which primarily regulates systemic
glucose metabolism by catabolizing glucagon-like peptide-1, glucagon inhibiting peptide
and glucagon influencing insulin sensitivity and type II diabetes mellitus pathogenesis.
More recently, it has also been implied in several brain disorders since its other substrates
include neuropeptide Y, secretin, substance PACAP and amyloid peptides [262]. At present,
lower soluble DPP4 expression in plasma samples from MS has been detected with respect
to controls, while surface expression by CD8+ circulating cells was increased [263]. Further
studies are needed on the relationship between MS pathogenesis and CD26.

6. Conclusive Remarks

In MS, a wealth of mechanisms contemporarily concurs to pathogenesis, crosslinking
innate and adaptive immunity, stress response and survival-related cascades in neural
and glial cells. Acute and chronic inflammation appear the primary drivers of damage,
although neurodegenerative changes, such as synaptic disruption and neuroaxonal loss,
display early appearance and might progress independently from the resolution of acute
inflammation. Significant clinical progress has been achieved through introduction of
highly effective immunomodulating drugs in delaying the onset of disability and clinical
conversion in RRMS. Unfortunately, therapeutic tools for progressive forms appear much
less effective to date. It is increasingly recognized that disability might progress indepen-
dently from inflammation, whereas irreversible decay of neurologic function might depend
on the exhaustion of neuronal functional plasticity, which compensates for neuroaxonal
loss through remyelination, synaptic remodeling and staminal precursor recruitment. In
order to extend time to irreversible disability, approaches involving intensive immuno-
suppression in the earliest clinical phases have been advocated, although it is yet to be
ascertained whether such therapies might influence in the long run degenerative processes
pertaining to glial and neuronal cells.

Despite the identification of several potential neuroprotective agents in neurodegener-
ation and EAE models, none have to date shown similar, long-lasting effects in humans.
Among current therapy regimens, only dimethylfumarate and S1P receptor agonists, in
addition to their immunomodulatory properties acting on high-order regulatory pathways
of inflammation, energy metabolism and cell survival, have shown a neuroprotective
potential and might therefore speculatively represent a proof-of-concept for further drug
development. A current etiology for the disease as well as its precise triggers are not known,
although research has shed light in recent years on the existence of several physiological
interlinked mechanisms, which might at the same time concur to aberrant immune activa-
tion but also to degenerative aspects and whose modulation could constitute an interesting
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therapeutic target. Among various putative targets, neuropeptides could speculatively play
an important role, which is partly sustained by experimental and biomarker studies, in
consideration of their ubiquitous distribution and their multifaceted actions on immunity
and neuronal processes.

Therefore, in MS, it would be advisable for future studies to identify essential shared
cell pathways underlying inflammation, cell proliferation and functional reprogramming
of the neuroimmune axis. Such elements could constitute interesting targets for drug
design, with potential implications towards other chronic neurologic diseases involving
degeneration of nerve cells. In addition, the development of related biomarkers could play
a significant role in focusing the field of study.
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Abstract: Microglia belong to tissue-resident macrophages of the central nervous system (CNS),
representing the primary innate immune cells. This cell type constitutes ~7% of non-neuronal
cells in the mammalian brain and has a variety of biological roles integral to homeostasis and
pathophysiology from the late embryonic to adult brain. Its unique identity that distinguishes its
“glial” features from tissue-resident macrophages resides in the fact that once entering the CNS, it
is perennially exposed to a unique environment following the formation of the blood–brain barrier.
Additionally, tissue-resident macrophage progenies derive from various peripheral sites that exhibit
hematopoietic potential, and this has resulted in interpretation issues surrounding their origin.
Intensive research endeavors have intended to track microglial progenitors during development
and disease. The current review provides a corpus of recent evidence in an attempt to disentangle
the birthplace of microglia from the progenitor state and underlies the molecular elements that
drive microgliogenesis. Furthermore, it caters towards tracking the lineage spatiotemporally during
embryonic development and outlining microglial repopulation in the mature CNS. This collection of
data can potentially shed light on the therapeutic potential of microglia for CNS perturbations across
various levels of severity.

Keywords: microglia; origin; yolk sac; progeny; molecular cues; development

1. Introduction

The central nervous system’s (CNS) principal innate immune cells are tissue-resident
macrophages, which include microglia [1,2]. While microglia are the parenchymal brain
macrophages, the perivascular, meningeal, and choroid plexus macrophages constitute
the non-parenchymal tissue-resident macrophages of the CNS [3]. Microglia have a range
of biological activities in both the developing and adult mammalian brain, although this
population of cells makes up the lowest percentage of non-neuronal cells in the mammalian
brain [4]. The release of mediators (e.g., trophic factors, cytokines) and phagocytosis are
the two main mechanisms by which microglia shape brain development and perform
key functions across life [5]. These microglial activities are implicated in developmental
processes such as synaptic patterning, myelinogenesis, axonal dynamics, cell positioning,
and survival [6]. In the adult brain, microglial activities are central to the regulation of acute
and chronic immune responses and maintenance of CNS homeostasis through the removal
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of viruses, bacteria, and other foreign particles, but also cellular debris and synapses, medi-
ation of neurogenesis following CNS injury, and protection of neural tissue [7–9]. However,
microglia as innate immune cells are sensitive to chronic inflammation, which can impair
their beneficial functions and participate in the etiology of protracted neurodegenerative
diseases such as Parkinson’s and Alzheimer’s diseases, multiple sclerosis, and amyotrophic
lateral sclerosis (ALS) [10–12].

The term microglia—micro (small) and glia (glue)—was first introduced in 1919 by Pío
del Río Hortega, who proposed that microglia adopt a malleable morphology, transforming
from a resting to an activated state during disease exhibiting phagocytic properties [13].
This view was recently considered too simplistic, as microglia can adopt a wide variety of
morphological and functional states [5]. Under normal physiological conditions, microglia
display a ramified morphology with multiple branches and processes constantly surveilling
the CNS parenchyma. Inflammatory stimuli can change microglial morphology, for instance
converting microglia from a ramified to an amoeboid form characterized by an enlarged
cell body and retracted processes. In contrast to the ramified state, amoeboid microglia
with an amoeboid morphology are generally considered to exhibit a high phagocytic and
proinflammatory phenotype. The activated microglial cells were previously categorized
as: classical (M1) or alternative (M2), corresponding to either a proinflammatory and
neurotoxic state or an anti-inflammatory state, respectively. However, it is now suggested
that the M1/M2 phenotypes are not representative of in vivo microglia states because
microglia rarely appear with a distinct M1 or M2 phenotype [5,14].

Tissue-resident macrophages are present in the CNS and across different organs, such
as osteoclasts in bone, intestinal macrophages in the gastrointestinal tract, Kupffer cells in
liver, alveolar macrophages in lungs, and Langerhans cells in skin [1]. Microglial cells are
unique tissue-resident macrophages that differ from their hematogenous origins due to
their surrounding environment, which is immune-privileged owing to the formation of the
blood–brain barrier (BBB). The timing of BBB formation is vital for the invasion of microglia
progenitors during embryonic development. Many studies have delineated that closure
is vitally important at specific embryonic days. The permeability of BBB was found to
decrease for large molecules from E12.5, and it became impermeable to small molecules as
early as E14.5 [15]. This tight regulation showcases the importance of CNS master regulator
elements to protect the central environment from pathogens and other harmful agents.

Each tissue-resident macrophage type has a distinct embryonic origin, as their pro-
genitors derive from different waves of hemopoiesis. Consequently, the understand-
ing of embryonic hematopoiesis is vital for delineating the microglial origin. Regarding
hematopoiesis in embryonic life, three waves have been described in mice. The primitive
hematopoiesis starts at E7.5 in the yolk sac (YS), generating primitive erythroid, megakary-
ocyte, and macrophage progenitors such as early c-MYB-independent erythro-myeloid pre-
cursors (EMPs). The second hematopoietic wave, called transient definitive hematopoiesis,
originates from YS hemogenic endothelium, giving rise to late c-MYB-dependent EMPs
at E8.25 and progenitors with lymphoid potentials at E9, which additionally emerge from
the developing aorta-gonad-mesonephros (AGM) region. The definitive hematopoiesis
occurs at E10.5 with the generation of hematopoietic stem cells (HSCs) that originate from
the embryonic AGM region, colonizing slightly later the fetal liver [16–19].

The present review aims to define existing data on the origin of microglia because
there has been controversy over their ontogeny. The developmental milestones that are
being covered herein are the primary cues that direct microgliogenesis. The ontogeny of
microglia is investigated thoroughly, as it is of prime importance considering that this
cell type is involved in the pathogenesis of many diseases and is presented as a target for
therapies that are being developed to control the associated phenotypes.

2. Discovery and Ontogeny of Microglia

The origin of microglia has been a debated topic for years. In the past, four main origin
concepts have been proposed as a source of microglia: (i) the mesodermal-associated
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mater elements, (ii) the neuroectodermal matrix cells, (iii) the pericytes, and (iv) the
invasion of monocytes especially during early development (Figure 1) [20]. Río Hortega
was hailed as the “Father of Microglia”, because their discovery supported the mesodermal
origin, after observing the invasion of the pial elements within the CNS parenchyma [13,
21]. Using comparable staining methods, John Kershman agreed on the mesenchymal
origin of microglia, which were found to be genetically related to histiocytes, a stationary
phagocytic cell present in connective tissue [22]. With reference to Boya et al., the meningeal
envelope was proposed to be the source of microglia, which sustains a mesodermal nature
in agreement with the classical experiments by Río Hortega [23,24]. Later, the theory
of multiple mesodermal sources of microglia depending on time and localization was
posited [25]. However, another study proposed vascular pericytes as the parent cells of
microglia [26,27]. The first reports on the monocytic origin of microglia came to the fore
in 1933 and 1934 from Santha and Juba, respectively, who hypothesized that ramified
microglia originated from circulating monocytes because the initial appearance of these
cells coincided with the vascularization of the brain [28,29].

Figure 1. Timeline view of microglial origin since their discovery by Río Hortega.

In the following decades, many researchers accepted this view, demonstrating mi-
croglial monocytic identity when investigating their origin [30–33], while others rejected
the possibility that microglia are derived from mononuclear blood cells [34]. In 1968, autora-
diography experiments performed with tritiated thymidine were conducted in adult rats,
showing that cells of the subependymal layer give rise to a number of glial cell types, such
as astrocytes and microglia, offering a different perspective regarding microglial origin [35].
The neuroectodermal origin was also supported by Kitamura et al., implying that glioblasts
are the source of both astrocytes and microglia in mice [36]. It was also proposed that
microglia and astroglia have a common progenitor cell developing from neuroepithelial
cells [37]. Performing non-radioactive in situ hybridization and immunoperoxidase tech-
niques, only a small population of microglia were found to be derived from bone marrow
progenitors, because most of the cells were shown to be generated from locally residing
precursors with a neuroectodermal ontogeny [38]. The non-monocytic origin of microglia
favored by Schelper and Adrian implicated that these cells are CNS intrinsic ones, enforcing
the above theory of a neuroectodermal origin [39]. This perception was also put forward
by other researchers, but began to lose ground from the 2000’s onwards. [40,41].
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The view of the origin of microglia from the YS was first introduced in 1989 [42]. A
nucleoside diphosphatase histochemical study was conducted to evaluate the distribu-
tion of microglia in the developing human CNS, implying that mesenchymal cells with
haemopoietic potential migrate into neural tissues and then give rise to cells resembling
microglia [43]. Likewise, primitive macrophages of YS were found to be derived from
fetal macrophages before the appearance of pro-monocytes/monocytes colonizing the
embryonic tissues in mice [42]. In an avian model, microglia precursors were demonstrated
to invade neural tissue from the pial surface and proliferated inside the CNS, indicating
that their penetration through the embryonic CNS vessels is not possible [44]. However, a
human embryogenesis study using lectin+ and CD68+ markers revealed two populations of
microglia, indicating two different potential origins, specifically from the YS and bone mar-
row. Different routes of entry were also proposed: one through the mesenchyme and the
other via the blood circulation [45]. Alliot et al., aiming to delineate the origin of microglia
in mice, detected these cells in the brain from E8 being derived from YS progenitors, which
proliferate in situ [46].

The YS origin of microglia was confirmed by Ginhoux et al. by performing a fate
mapping analysis in mice and showing that YS primitive myeloid progenitors generated
before E7.5 can contribute to the CNS microglial population [47]. Moreover, in this study,
RUNX1+ YS progenitors were found to migrate into the brain through blood vessels
between E8.5 and E9.5 [47]. The YS origin was further supported by identifying the
transcription factor MYB, which is required for the development of HSCs as well as
CD11bhigh monocytes and macrophages [48], contrary to YS-derived macrophages, which
are the potential precursors of CNS microglia [49]. Specifically, primitive c-kit+ EMPs
detected from E8 in the YS were proposed to serve as the precursors of microglia in
mice [50]. As the progenitors of microglia were identified to be the EMPs of YS, the vast
majority of other tissue-resident macrophages arise from fetal monocytes that derive from
late c-MYB+ EMPs of the YS [51]. The HSC-derived hematopoiesis that takes place for
monocytes at E14.5 and granulocytes at E16.5 in mice advocates that these progenitors only
seldom replace parenchymal microglia, which mainly emanates from CSF-1R+ EMPs. [52].
This view was re-evaluated by Sheng et al., who developed the KitMercreMer fate mapping
mouse strain and suggested that all resident-tissue macrophages, except microglia and
Langerhans cells of the epidermis, are derived from HSCs [53].

In 2018, De et al. identified two distinct microglial cell populations, namely canonical
(non-HOXB8) and HOXB8 microglia using a transgenic strategy, fluorescence-activated
cell sorting technique in YS and qRT-PCR in HOXB8 cells in the different hematopoietic
tissues [54]. The HOXB8 population was suggested to be derived from the second wave of
YS hematopoiesis populating the AGM and fetal liver. Besides the YS, an additional source
of microglia was proposed by Fehrenbach et al., who considered the definitive hemopoiesis
as responsible for microglial development and recruitment to the mouse CNS, especially at
the post-YS phase [55]. Besides parenchymal microglia, a genetic distinct population of
macrophages was identified, namely the border-associated macrophages (BAMs) residing
among the meninges, choroid plexus, and perivascular spaces. Like microglia, these cells
are generated by early EMPs; however, microglia require TGF-β for their development,
whereas BAMs are TGF-β-independent. Additionally, in the mouse YS, two distinctive
primitive populations were observed: the CD206− and CD206+ macrophages. The differ-
entiation of these populations after their final colonization is mediated by environmental
drivers [56]. Interestingly, tamoxifen dosing in CCR2-CreER transgenic mice suggested
that not only YS EMPs, but also fetal HSC-derived monocytes participate in the generation
of IBA1+TMEM119+P2RY12+ parenchymal microglia, IBA1+, and isolectin+ BAMs in the
mouse brain [57]. Lastly, a recent study in eight aborted human embryos proposed that
tissue-resident macrophages development is very similar to other mammalian species,
highlighting the presence of two distinct waves of YS-derived macrophages. Specifically
for microglia, they were found to be derived from the early first wave along with a minor
contribution from the second one [58].
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To recapitulate, the YS is the main site of microglial origin. The suggested microglial
progenitors in mice are the early, c-MΥB-independent, CSF-1R+ EMPs of the YS. However,
the definite nomenclature of the progenitors and the confirmation in human models are still
under consideration.

3. Molecular Cues Orchestrating Microgliogenesis

Upon birth, the phenotype of microglia corresponds to an amoeboid shape, phago-
cytically and mitotically active, while in later developmental stages, microglia become
ramified. The RUNX1, a transcription factor expressed during the first two postnatal weeks
at the forebrain by amoeboid microglia, downregulates the proliferation of these cells and
assists in their transformation towards a ramified morphology [59]. During embryonic
development, RUNX1 controls the expression of the transcription factor PU.1 [60]. In
Irf8-deficient YS, the number of A1 cells (CD45+ c-kitlo CX3CR1− immature cells) remained
unchanged, while the A2 population (CD45+ c-kit− CX3CR1+ cells) decreased [50]. Ad-
ditionally, Pu.1 deficiency provoked an impairment of A1 and A2 progenitors. From A2
cells, microglia were generated and expanded in the developing brain under the influence
of specific matrix metalloproteinases, such as MMP-9 and MMP-8. Factors such as MYB,
BATF3, ID2, Klf4, and NR4A1 were not necessary for the development of microglia from
their progenitors [50,61]. While PU.1 was essential for terminal myeloid differentiation,
early myeloid genes such as Gm-csfr, G-csfr, and Mpo were maintained in Pu.1-/- embryos,
whereas myeloid genes associated with terminal differentiation (etc. Cd11b, Cd64, and
M-csfr) were found to be impaired [62].

The CSF-1R is a vital receptor for microglial cell development expressed on YS
macrophages and microglia at E9.5 and throughout brain development. In contrast to
many tissue macrophages, adult microglia can still be replenished, albeit at reduced levels
in Csf-1op/op mice. Although the microglia presented—even in small amounts—in a null
mutation model of the Csf-1 in Csf-1op/op mice, microglia were fully depleted in mice lacking
CSF-1R [47]. This was a strong clue that a second ligand of CSF-1R, namely the IL-34, was
implicated in microgliogenesis. As the microglial phenotype in Csf-1r-/- mice was more
severe than that observed in Csf-1op/op mice, it was evident that IL-34 plays a significant
role in the regulation of microglial homeostasis. Its mRNA expression in the brain is
also significantly higher than that of CSF-1 during early postnatal development [47]. In
addition, in il-34- and csf-1ra-deficient zebrafish larva, the migration and colonization of CNS
by embryonic macrophages was impaired, indicating a role for the Il34-Csf1ra pathway
during microglial cell expansion throughout the CNS [63].

Microglia require TGF-β signaling to be maintained in their surveillant state, but not
for their survival. The absence of TGF-β1 was found to have an impact on microglial
development from E14.5, but not on microglial progenitors at E10.5 [64,65]. Other tran-
scription factors that include SALL1, SALL3, and MEIS3 are involved in the specification
of tissue-resident macrophages during organogenesis and ensure microglial function [66].
In fact, when the SALL1 locus was inducibly inactivated, microglial cells transformed
from a ramified morphology to pro-inflammatory deregulating tissue homeostasis [64]. A
sharp decline in the number of microglial cells was observed in postnatal Dap12-deficient
mice that was comparable to the in vitro impairment of microglial cell differentiation [67].
This may be due to M-CSF’s role in inducing microglial proliferation and survival via a
pathway requiring DAP12 and β-catenin. However, another study showed that microglial
populations remained unaffected in Dap12-deficient mice similar to young (embryonic
and early postnatal) wild-type mice, while a reduction in their numbers was observed in
specific CNS regions of deficient adult mice [50,68]. In Nox2 gene deficiency, treatment
with apocynin, which is a NOX2 inhibitor, or impairment of the VEGFR1 kinase resulted
in microglia that could not migrate efficiently into the caudal subventricular zone (SVZ)
of the cerebral cortex, suggesting that chemotaxis of microglia was under the influence of
NOX2 and VEGFR1 activation (Figure 2) [69].
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Figure 2. Microgliogenesis at a glance. The primitive erythro-myeloid progenitors (EMPs; early,
c−MYB−independent, CSF−1R+ EMPs) arise from the yolk sac (YS) as early as embryonic day 7.5
(E7.5). These cells give rise to CD45+ c−kitlo CX3CR1− immature (A1) cells that develop into CD45+

c−kit− CX3CR1+ (A2) cells. The early differentiation of microglial progenitors is regulated by the
expression of RUNX1, PU.1, and IRF8. The invasion of progenitors into the neural tube begins at
E9.5 through blood circulation and is followed by proliferation and terminal differentiation. As the
blood–brain barrier becomes impermeable to small molecules at E14.5, the microglia invasion may be
prevented. The transformation of immature microglia into ramified (mature form) occurs between
the second and third postnatal weeks. The migration, proliferation, and terminal differentiation
of microglia are also orchestrated from the depicted molecular cues. Light blue arrow timeline
represents prenatal period, dark blue arrow timeline refers to postnatal days.

The depletion of Cxcl12 seems to block microglial cell invasion into the SVZ, whereas
the ectopic Cxcl12 expression or pharmacological impairment of CXCR4 demonstrated
that the CXCL12/CXCR4 signaling is involved in microglial cell recruitment assisting
cortical development. In the same context, cell death occurring in the developing forebrain
stimulates microglial cell proliferation mediated via MIF activation [70]. Treatment with
CXCL12 activates Erk1/2 and Akt signaling, which are necessary for microglial prolif-
eration mediated by CXCL12. Similarly, Erk1/2 signaling was found to be important
for CXCL12-depedent migration of microglial populations. Pharmacological blockade of
CXCR4 or CXCR7 induced a decline in CXCL12-mediated proliferation and migration of
microglial cells, suggesting that CXCR4 and CXCR7 form a receptor unit for CXCL12 in the
rodent microglia required for the aforementioned developmental processes, both in vitro
and in vivo [71]. Furthermore, CX3CL1/CX3CR1 signaling may regulate microglial inva-
sion within CNS parenchyma during postnatal life [72]. Interestingly, the transformation
of microglia from an amoeboid to a ramified morphology was proposed to be mediated
by cues released from astrocytes. Utilizing time-lapse video microscopy in co-cultures of
human fetal microglial cells and astrocytic cells, the chemokines MIP-1α and MCP-1 were
identified as regulators of microglial motility and differentiation [73].

The overexpression of miR-124 in microglia accelerated the transformation of these
cells to an inactivated state through inhibition of the C/EBP-α and PU.1, while the de-
pletion of miR-124 led to microglial activation both in vitro and in vivo. These findings
underscored the potential role of miR-124 as a regulator of microglial surveillance in the
CNS [74]. Microglial polarization is regulated by ARID1A, an epigenetic subunit of the
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SWI/SNF chromatin-remodeling complex, through alterations of the chromatin state in
microglia [75,76]. The migration of microglial cells also seemed to be affected by PGRN,
because its knockdown resulted in a failure of microglial precursors to colonize the embry-
onic retina [77]. The absence of integrin αVβ8 from the CNS prevents microglial transition
from immature precursors to a mature state. As αVβ8 controls TGFβ signaling to microglia,
these “dysmature” microglial populations are expanded as a consequence of impaired
TGFβ signaling during the perinatal period, leading to disrupted oligodendrocyte de-
velopment, interneuron loss, and neuromotor dysfunction [78]. Epigenetic factors may
also affect microglial development. Embryonic HDAC1 and HDAC2 absence disrupts mi-
crogliogenesis, altering the crucial acetylation marks implicated in morphology, reactivity,
cell cycle, and apoptosis. Specifically, reduced proliferation and induced apoptosis were
observed after ablation of the above epigenetic regulators, resulting in the hyperacetylation
of specific pro-apoptotic and cell cycle genes [79].

Fate-mapping strategies remain the best way to track cells from the embryonic YS
(microglia) versus bone-marrow (monocyte-derived macrophages). In terms of markers, the
exact distinction between microglia and periphery-originated macrophages is challenging
as they express common markers such as CD11b, CX3CR1, CD45, F4/80, and IBA-1 [80].
Nevertheless, TMEM119 has been recognized as a trans-membranous molecule that is
abundantly produced only by microglia, along with P2RY12, but both markers can be
downregulated in disease [5,81,82]. However, recently it was proposed that TMEM119 is
neither a specific nor a reliable marker for microglial cells [83]. Siglec-H was also found
to be a specific marker for microglia in rodents, as it was almost absent in CNS-infiltrating
monocytes and CNS-associated macrophages [84]. Recently, HexB has also emerged as
a promising marker, but the characterization is still largely lacking [85]. On the contrary,
CD44 and CD169 are markers expressed only in peripheral-divided cells and not on resident
microglia [86,87].

TREM2, as a protein involved in intracellular signals, interacts with transmembrane
protein DAP12, thus activating the Wnt/β-catenin pathway and stabilizing β-catenin via
blocking GSK3β activation. Thus, TREM2 promotes the survival and proliferation of pri-
mary microglial cells [88]. In addition, the transcription factor MAFB may be involved in
regulating microglial cell development and homeostasis [89]. The homeostasis is further
preserved by the epigenetic regulator MECP2, which controls microglial responsiveness to
external stimuli [90,91]. In the postnatal developing brain, the absence of microglial EED,
a Polycomb protein vital for synaptic pruning, led to the upregulation of phagocytosis-
related genes [92]. Contrariwise, the deletion of microglial Tgm2 in mice resulted in the
downregulation of microglial phagocytic-related genes accompanied by synaptic prun-
ing and cognitive impairment [93]. A P2RX7-induced proliferation of embryonic spinal
cord microglia was proposed after comparison of wild-type and P2rx7-/- embryos. The
ablation of P2rx7 also affected microglial density, while Pannexin-1-/- embryos showed
unaltered proliferation rates. Altogether, microglial proliferation may be regulated by
P2RX7 receptors in a Pannexin-1-independent way during early development [94].

Another in vitro study confirmed that IL-33, which is released by astrocytes and en-
dothelial cells, enhances the proliferation of microglial populations [95]. Similarly, in the
uninjured CNS, G-CSF increased microglial numbers [96]. However, the GM-CSF was a
stronger stimulus for microglial proliferation in human brain cultures [97]. The increasing
microglial populations were correlated with a direct effect of GM-CSF upon treatment
with IL-5, whereas IL-5 induced an intense cellular metabolism in contrast with GM-CSF
treatment in microglial cell cultures [98]. Moreover, 1 ng/mL of CCL-1 mediated chemo-
taxis, while 100 ng/mL increased motility, proliferation, and phagocytosis of microglial
cells in culture [99]. An induction of microglial cell proliferation was mediated in vitro
by CCL2 along with miR-10 [100]. Neurotrophins have a potential role in modulating
the proliferation and survival of microglial populations in vitro. Specifically, NGF and
BDNF increased microglial proliferation, contrary to NT-3 and NT-4 [101]. Lastly, SCF was
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identified as a promoter of microglial cell proliferation, migration, and phagocytosis in
culture (Table 1) [102].

Summarizing, microgliogenesis is a complex biological process strictly regulated by
multiple molecular drivers in a similar pattern to other CNS cells, such as oligodendro-
cytes [103].

Table 1. Molecular drivers of microglial early differentiation, migration, proliferation, and
terminal differentiation.

Gene Locus Protein Species Biological Role Ref.

BDNF 11p14.1 Brain derived neurotrophic factor Mice Proliferation [101]

CCL1 17q12 C-C motif chemokine ligand 1 Mice Migration; Proliferation [99]

CCL2 17q12 C-C motif chemokine ligand 2 Human; Mice Migration; Proliferation;
Terminal differentiation [73,100]

CCL3 17q12 C-C motif chemokine ligand 3 Human Migration;
Terminal differentiation [73]

CSF1 1p13.3 Colony stimulating factor 1 Mice Proliferation;
Terminal differentiation [47,68]

CSF1R 5q32 Colony stimulating factor 1 receptor Mice; Zebrafish Migration;
Terminal differentiation [47,63]

CX3CL1 16q21 C-X3-C motif chemokine ligand 1 Mice Migration [72]

CX3CR1 3p22.2 C-X3-C motif chemokine receptor 1 Mice Migration [72]

CXCL12 10q11.21 C-X-C motif chemokine ligand 12 Mice; Rat Migration; Proliferation [70,71]

CXCR4 2q22.1 C-X-C motif chemokine receptor 4 Mice; Rat Migration; Proliferation [70,71]

CXCR7 2q37.3 C-X-C chemokine receptor type 7 Rat Migration; Proliferation [71]

DAP12 19q13.12 DNAX-activating protein of 12 kDa Mice Proliferation;
Terminal differentiation [67,68]

G-CSF 17q21.1 Granulocyte colony-stimulating factor Mice Proliferation [96]

GM-CSF 5q31.1 Granulocyte-macrophage colony-stimulating factor Human Proliferation [97]

HDAC1 1p35.2–p35.1 Histone deacetylase 1 Mice Proliferation [79]

HDAC2 6q21 Histone deacetylase 2 Mice Proliferation [79]

IBA1 6p21.33 Ionized calcium binding adaptor molecule 1 Mice Terminal differentiation [104]

IL33 9p24.1 Interleukin 33 Mice Proliferation [95]

IL34 16q22.1 Interleukin 34 Mice; Zebrafish Migration;
Terminal differentiation [47,63]

IL5 5q31.1 Interleukin 5 Rat Proliferation [98]

INOS 19p13.11 Inducible nitric oxide synthase Mice Proliferation [105]

IRF8 16q24.1 Interferon regulatory factor 8 Mice Early differentiation [50]

ITGAV 2q32.1 Integrin subunit alpha V Mice Terminal differentiation [78]

ITGB8 7p21.1 Integrin subunit beta 8 Mice Terminal differentiation [78]

MAFB 20q12 MAF bZIP transcription factor B Mice Terminal differentiation [89]

MEIS3 19q13.32 Meis homeobox 3 Mice Terminal differentiation [66]

MIF 22q11.23 Macrophage migration inhibitory factor Mice Proliferation [70]

MMP8 11q22.2 Matrix metallopeptidase 8 Mice Migration [50]

MMP9 20q13.12 Matrix metallopeptidase 9 Mice Migration [50]

NGF 1p13.2 Nerve growth factor Mice Proliferation [101]

NOX2 Xp21.1-p11.4 NADPH oxidase 2 Mice Migration [69]

P2RX7 12q24.31 Purinergic receptor P2X 7 Mice Proliferation [94]

PGRN 17q21.31 Progranulin Zebrafish Migration [77]

RUNX1 21q22.12 RUNX family transcription factor 1 Mice Proliferation; Early and
terminal differentiation [59,60]
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Table 1. Cont.

Gene Locus Protein Species Biological Role Ref.

SALL1 16q12.1 Spalt like transcription factor 1 Mice Terminal differentiation [66]

SALL3 18q23 Spalt like transcription factor 3 Mice Terminal differentiation [66]

SCF 12q21.32 Stem cell factor Mice Migration; Proliferation [102]

SPI1 11p11.2 Transcription factor PU.1 Mice Early differentiation [50]

TGFB1 19q13.2 Transforming growth factor beta 1 Mice Terminal differentiation [65]

TREM2 6p21.1 Triggering receptor expressed on myeloid cells 2 Mice Proliferation [88]

VEGFR1 13q12.3 Vascular endothelial growth factor receptor 1 Mice Migration [69]

Data are retrieved from “The Human Protein Atlas” [106], and “Gene” database of the National Center for
Biotechnology Information [107]. Ref.: references.

4. Spatiotemporal Distribution in Various Species

In rodents, microglia were observed in the fetal forebrain at E11, when the telencephalic
vesicles form [108]. Other studies identified E12 as the initial point of brain coloniza-
tion [109,110]. Using in vivo immunohistochemistry and ex vivo time-lapse analysis of
microglia, E11.5 was identified as the first day of the microglial entrance in the cortex [111].
The route includes in turn the pial surface, lateral ventricle, and cortical wall, moving
over towards the cortical plate in the later embryonic phases. Three invasion phases in the
cortical parenchyma have been proposed: (a) between E10.5 and E14.5, a gradual increase in
the number of microglial cells takes place, succeeded by (b) a rapid phase with a significant
rise in microglia from E14.5 to E15.5, followed by (c) the last slow wave of entry from
E15.5 to E17.5. Before the invasion in the parenchyma, the peripheral microglia proliferates,
especially at early phases [111]. Stremmel et al. demonstrated that, from E8.5, the CX3CR1+

pre-macrophages were detectable in the YS proliferating and preparing to enter the blood
circulation for their migration to the brain parenchyma, while Kierdorf et al. suggested that
E9.5 is the starting point for the migration of microglial progenitors into the neural tube [50].
The invading wave of YS progenitors to the tissue peaks around E10.5, then excessively
decreases towards E12.5 and disappears at E14.5. Consequently, microglial progenitors are
dependent on the vascular system for their migration [112]. Finally, the transformation
of immature microglia into ramified, mature cells occurs between the second and third
postnatal week (Figure 2) [113,114].

In humans, well-differentiated microglia were observed after 35 weeks of gestation
(GW) [115]. However, Rezaie and Male suggested that colonization of the spinal cord
starts around 9 GW, with the major influx of microglial cell populations estimated around
16 GW. In the second trimester, the cerebrum is colonized by microglial populations
widely dispersed in the intermediate zone at 20–22 GW [116]. In the initial phase of
microglial colonization between 12 and 14 GW, two cell populations were identified by
Rezaie et al., namely CD68++ RCA-1+ MHC II- amoeboid cells located in the subplate
and RCA-1++ CD68- MHC II- progenitors first observed in the marginal layer and lower
cortical plate and which ramified within the subplate [117]. In 2006, the first intracerebral
microglial populations were described close to the meninges and choroid plexus, next
to the di-telencephalic fissure at 5.5 GW, whereas the cortical anlagen was populated
with cells starting at 10–12 GW [118]. Routes of entry were found to be different for the
cerebral cortex compared with the diencephalon. Microglial cells invaded the cerebrum
from the ventricular lumen and the leptomeninges, starting at 4.5 GW. From 12 GW, the
intraparenchymal vascular route of entry could be determined [119]. In 2010, Verney et al.
suggested that the invasion of amoeboid microglia occurred between 4.5 and 5.5 GW into
the human forebrain; this is in accordance with the data from other animal models such
as rodents, regarding the spatiotemporal patterns observed for microglial development.
Ultimately, the meninges, choroid plexus, and ventricles were identified as the three early
routes of microglial entry [120].
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In avians, the first microglial population was found to be located within the brain
independently of vascularization, reaching the nervous system parenchyma by passing
through the pial basal lamina [121]. More specifically, before E9, the cerebellar anlage
contained only a small number of microglial precursors. Microglial precursors cross the
pial surface at the basal region of the peduncles to enter the cerebellar anlage. Then,
microglia proceed radially to the various cortical layers by migrating via the white matter.
Following the ultimate settlement of microglial cells, differentiation then ensues [122].

5. Proliferation in the Adult Compromised CNS

As the BBB and microglial cell maturation are established, the question arises as to
how microglia are renewed in the adult brain. The participation of bone marrow-derived
cells in the repopulation of microglial cell niches was proposed in various conditions, es-
pecially after bone marrow transplantation [123–128], and in diseases such as stroke [129],
cerebral ischemia [130], bacterial meningitis [131], entorhinal cortex lesions [132], Parkin-
son’s disease [133], Alzheimer’s disease [134,135], multiple sclerosis [136], facial nerve
axotomy and autoimmune encephalitis [137], scrapie [138], and brain and peripheral nerve
injury [139–141]. During aging and the transition from plasticity to proinflammatory ac-
tivation in primary neurodegeneration, the latest data also suggest that many metabolic
byproducts and mitochondrial components can serve as damage-associated molecules,
creating an extracellular gradient and accumulation of reactive oxygen species, which in
turn propagate the inflammatory neurodegeneration [142,143]. Under acute situations such
as when a stab wound inflicts damage to a brain region, the resident microglia need the con-
tribution of circulating monocytes to efficiently respond to the extra load of detritus [144].
It has been suggested that even after recovering from severe brain inflammation, resident
microglia form a remarkably stable cell pool that is seldom replenished by hematogenous
cells in adult animals [145].

A physiological process that aids in the development of the adult microglial cell popu-
lation is the proliferation of microglial precursors in the developing brain [146]. Lawson
et al. suggested that resident microglia synthesize DNA and go on to divide in situ. Ad-
ditionally, cells were found to be recruited from the circulating monocyte pool through
an intact BBB and rapidly differentiated into resident microglia. These two processes con-
tributed almost equally to the steady-state turnover of resident microglia [147]. In a mouse
model of ALS, the local proliferation of resident microglia had the greatest contribution to
the observing microgliosis, while the effects of bone marrow-derived cells were limited
among the microglia populations [148]. Strong evidence for the local self-renewal of CNS
microglia as the main source of repopulation of adult microglia were obtained from a
model using chimeric animals obtained by parabiosis showing that these cells could be
maintained independently from bone marrow–derived cells during adulthood in ALS and
facial nerve axotomy [149]. However, Ly-6ChiCCR2+ monocytes were found to be recruited
to the lesioned brain differentiating into mature microglia. Remarkably, monocyte invasion
during CNS pathology with an intact BBB or in non-diseased adult CNS required previous
conditioning of brains, such as direct tissue irradiation [150]. Indeed, brain conditioning
with lethal irradiation and alkylating agents such as busulfan was found to be vital for an
efficient microglial cell repopulation after hematopoietic stem cell transplantation [151].

In 2013, Li et al. observed that after ischemic stroke, a small number of blood-derived
CX3CR1GFP/+ cells invaded the brain parenchyma; however, these cells were phenotyp-
ically different from resident microglia with distinct kinetics. This study delineated the
greatest impact of local resident microglia on the repopulation of parenchymal cells com-
pared to recruited blood-derived cells after ischemic stroke [152]. The efficiency of microglia
for self-renewal arising from a CNS-resident pool independently from peripheral myeloid
cells was also supported by another experimental study that investigated the repopula-
tion of brain parenchyma using a model of conditional depletion of microglial cells [153].
During the process of cellular restoration, the proliferation of local microglia was found
to be dependent on the IL-1 receptor, which was highly expressed by local cell pools.
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Bone-marrow-derived macrophages populated the brain only after irradiation and bone
marrow transplantation, and did not express the IL-1 receptor [153].

In zebrafish, using temporal-spatial resolution fate mapping analysis, embryonic
microglia emerged from the rostral blood island in a RUNX1-independent and PU.1-
dependent manner, while adult microglia originated from the ventral wall of the dorsal
aorta in a RUNX1-dependent, c-MYB- and PU.1-independent manner [154]. The mi-
croglial self-renewal was shown to resemble a stochastic process at steady state, whereas
clonal microglial expansion seems to predominate under unilateral facial nerve axo-
tomy [155]. In another study, the partial microglial depletion resulted in the engraftment of
peripherally derived macrophages independently of irradiation. These newly-engrafted
cell populations differ transcriptionally from microglia [156]. Similarly, another deple-
tion study showed that the microglial niche is filled with new cells via local prolifera-
tion of CX3CR1+F4/80lowClec12a– microglia and invasion of CX3CR1+F4/80hiClec12a+

macrophages derived from Ly6Chi monocytes. This engraftment was associated with
vascular activation and type I interferon, while it was shown to be independent of BBB
integrity [157]. These peripherally engrafted cells were transcriptionally distinct from mi-
croglia, showcasing different surface marker expression, phagocytic capacity, and cytokine
release [157,158].

Through additional studies, Huang et al. delineated that repopulated microglial cell
populations are entirely generated from residual microglial proliferation after acute deple-
tion [159], instead of nestin-expressing progenitors, as was argued in a CSF1R inhibitor-
mediated experiment [160]. In agreement with the previous statement, Zhan et al. demon-
strated that after acute ablation, the newborn adult microglia generated via self-renewal
from the local CX3CR1+ microglia without any contribution of nestin+ progenitors or pe-
ripheral myeloid cells. The repopulated microglia formed stable and distinct clusters with
minimum migration capacity via clonal expansion. Although these regenerated microglial
cells were presented in an immature state, microglial differentiation was mediated by
NF-κB and interferon pathways [161]. A fate mapping study from Chen et al. showed
that after neonatal stroke, a monocyte-to-microglia transition is possible [57]. In contrast, a
study conducted in 2021 showed that microglia are not replaced by bone-marrow-derived
cells in Alzheimer’s disease similar to the BAMs, which seldom replenished the microglial
cell pool [162]. Ultimately, microglial cell manipulation is being intensely investigated in
the context of immune-mediated diseases such as multiple sclerosis, where microglia are
heavily implicated as pathogenic mediators of progressive disease [163–165], and targeted
therapies are being developed [166,167].

Summarizing the results of the above studies, it is postulated that the greatest con-
tribution to microglial repopulation is based upon its local self-renewal, both in steady
state and disease. However, circulating monocytes may also contribute to a lesser extent,
especially in disease. The final confirmation of the exact repopulation pattern necessitates
further investigation.

6. Conclusions

The widely accepted, contemporary view of the origin of CNS-resident microglia is
the YS. However, this was hotly debated until the early 2010s. Although this may pass
unnoticed to the majority of the research community in the immune-related neuroscience
field, understanding the underlying molecular development they undergo during embryo-
genesis may aid towards developing novel therapies that ideally could decelerate, halt, or
reverse neurodegeneration by targeting the microglia-mediated repair process. A main
challenge now is to elucidate the precise biological identity of each different microglial
state as well as the variable microglial activity per CNS region, allowing us to perform se-
lective interventions. Another field of application that can potentially benefit from relevant
developmental research is aging, where mechanisms implicating microgliogenesis can be
exploited in favor of slowing the senescent progress by, e.g., combating oxidative stress.
Finally, the understanding of cellular ontogeny may enable successful lab-approached
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manipulations aimed at depletion of microglial cells and beneficial microglial renewal in
the CNS, in both homeostasis and disorders.

Author Contributions: I.D. and P.T., writing—original draft preparation and visualization; M.E.M.,
S.M., M.-È.T., S.P. and L.Z., conceptualization, review and editing; M.B., E.K. and C.S., review and
editing. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

AGM Aorta-gonad-mesonephros
Akt Protein kinase B
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ARID1A AT-rich interaction domain 1A
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BATF3 Basic leucine zipper transcriptional factor ATF-like 3
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CD64 Cluster of differentiation molecule 64
CD68 Cluster of differentiation molecule 68
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CSF-1 Colony stimulating factor-1
CSF1R Colony stimulating factor 1 receptor
CX3CL1 Chemokine (C-X3-C motif) ligand 1
CX3CR1 CX3C motif chemokine receptor 1
CXCL12 C-X-C motif chemokine ligand 12
CXCR4 C-X-C chemokine receptor type 4
CXCR7 C-X-C chemokine receptor type 7
DAP12 DNAX-activating protein of 12 kDa
E Embryonic day
EED Embryonic ectoderm development
EMPs Erythro-myeloid progenitors
Erk1/2 Extracellular signal-regulated kinase 1/2
G-CSF Granulocyte colony stimulating factor
G-CSFR Granulocyte colony stimulating factor receptor
GM-CSF Granulocyte-macrophage colony-stimulating factor
GM-CSFR Granulocyte-macrophage colony-stimulating factor receptor
GSK3β Glycogen synthase kinase-3 beta
GW Gestational week
HDAC1 Histone Deacetylase 1
HDAC2 Histone Deacetylase 2
HOXB8 Homeobox B8
HSC Hematopoietic stem cells
IBA1 Ionized calcium binding adaptor molecule 1
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ID2 Inhibitor of DNA binding 2
IL-33 Interleukin 33
IL-34 Interleukin 34
IL-5 Interleukin 5
iNOS Inducible nitric oxide synthase
IRF8 Interferon regulatory factor 8
KLF4 Krüppel-like factor 4
M-CSF Macrophage colony-stimulating factor
M-CSFR Macrophage colony-stimulating factor receptor
MAFB MAF bZIP transcription factor B
MCP-1 Monocyte chemoattractant protein-1
MECP2 Methyl-CpG binding protein 2
MEIS3 Meis homeobox 3
MHC II Major histocompatibility complex class II
MIF Macrophage migration inhibitory factor
MIP-1α Macrophage inflammatory protein-1 alpha
miR-124 microRNA 124
MMP8 Matrix Metallopeptidase 8
MMP9 Matrix Metallopeptidase 9
MPO Myeloperoxidase
MYB MYB proto-oncogene, transcription factor
NF-kB Nuclear factor kappa B
NGF Nerve growth factor
NOX2 NADPH oxidase 2
NR4A1 Nuclear receptor subfamily 4 group A member 1
NT-3 Neurotrophin-3
NT-4 Neurotrophin-4
P2RX7 P2X purinoceptor 7
P2RY12 Purinergic receptor P2Y12
PGRN Progranulin
qRT-PCR Quantitative reverse transcriptase polymerase chain reaction
RCA-1 Ricinus communis agglutinin-1
RUNX1 Runt-related transcription factor 1
SALL1 Spalt like transcription factor 1
SALL3 Spalt like transcription factor 3
SCF Stem cell factor
SVZ Subventricular zone
TGF-β1 Transforming growth factor beta 1
TGM2 Transglutaminase 2
TMEM119 Transmembrane Protein 119
TREM2 Triggering receptor expressed on myeloid cells 2
VEGFR1 Vascular endothelial growth factor receptor-1
YS Yolk sac
αVβ8 integrin Integrin subunit alpha V and beta 8
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Abstract: Background: Demyelinating diseases represent a broad spectrum of disorders and are char-
acterized by the loss of specialized glial cells (oligodendrocytes), which eventually leads to neuronal
degeneration. Stem cell-based regenerative approaches provide therapeutic options to regenerate
demyelination-induced neurodegeneration. Objectives: The current study aims to explore the role of
oligodendrocyte-specific transcription factors (OLIG2 and MYT1L) under suitable media composition
to facilitate human umbilical-cord-derived mesenchymal stem cells (hUC-MSCs) differentiation
toward oligodendrocyte for their potential use to treat demyelinating disorders. Methodology:
hUC-MSCs were isolated, cultured, and characterized based on their morphological and phenotypic
characteristics. hUC-MSCs were transfected with OLIG2 and MYT1L transcription factors individu-
ally and in synergistic (OLIG2 + MYT1L) groups using a lipofectamine-based transfection method and
incubated under two different media compositions (normal and oligo induction media). Transfected
hUC-MSCs were assessed for lineage specification and differentiation using qPCR. Differentiation
was also analyzed via immunocytochemistry by determining the expression of oligodendrocyte-
specific proteins. Results: All the transfected groups showed significant upregulation of GFAP and
OLIG2 with downregulation of NES, demonstrating the MSC commitment toward the glial lineage.
Transfected groups also presented significant overexpression of oligodendrocyte-specific markers
(SOX10, NKX2.2, GALC, CNP, CSPG4, MBP, and PLP1). Immunocytochemical analysis showed
intense expression of OLIG2, MYT1L, and NG2 proteins in both normal and oligo induction media
after 3 and 7 days. Conclusions: The study concludes that OLIG2 and MYT1L have the potential
to differentiate hUC-MSCs into oligodendrocyte-like cells, which is greatly facilitated by the oligo
induction medium. The study may serve as a promising cell-based therapeutic strategy against
demyelination-induced neuronal degeneration.

Keywords: mesenchymal stem cells; fate specification; oligodendrocytes; differentiation; gene expres-
sion

1. Introduction

Demyelinating diseases are associated with the gradual and progressive loss of myelin
which ultimately results in the impairment of axonal conduction velocity and gives rise
to various neurological complications [1]. Such disorders are further characterized by
neuronal degeneration [2]. The most representative primary demyelinating disease includes
multiple sclerosis (MS). It is a chronic autoimmune disorder of the CNS that is characterized
by the formation of demyelinating plaques within the white matter. It is strongly associated
with the initiation of inflammatory cascades, and the ultimate damage to the neuronal
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axons. Worldwide prevalence of MS is expected to be 2.8 million by the year 2020, affecting
1 out of every 2786 individuals and diagnosed at an average age of 32 years [3,4].

Although continuous advances have been made over time for pharmacological thera-
pies, these approaches provide transient treatment and only offer symptom management [5].
The majority of medications focus on one of the two strategies, i.e., minimizing disease
progression or treating a specific symptom. However, these medications are frequently
associated with undesirable side effects with a limited therapeutic window because of
the protective role of the blood–brain barrier [6]. Immunomodulatory therapies are most
successful in the early disease phase but are not effective for relapsing remitting MS [7].
Consequently, researchers have been working to develop more effective treatments by
introducing gene-therapy approaches by following three steps: (i) prevention of specific
symptoms, (ii) reversing disease progression, and (iii) healing CNS damage through fa-
cilitating remyelination and axonal repair [6]. Recently, clinically relevant biomarkers for
MS, such as miRNAs, have emerged and can be utilized to evaluate the efficacy of ongo-
ing treatment, detect pathophysiological processes, and develop personalized treatment
plans [8].

One of the emerging and effective approaches for the treatment of various degen-
erative anomalies is regenerative medicine. Cell-based therapy is an important aspect
of regenerative medicine and is the most applicable treatment modality [2,3,9,10]. Stem
cell-based treatment is a promising therapeutic strategy that effectively facilitates tissue
repair and performs cellular replacement of the damaged area. Mesenchymal stem cells
(MSCs) are adult, multipotent stem cells that have been reported to treat various degener-
ative pathologies, including neurodegenerative and demyelinating disorders [10–14]. A
study previously conducted by our group has shown the differentiation potential of MSCs
toward neuronal lineage [15]. MSCs have also been reported to induce oligodendrocyte
differentiation under the influence of various factors. A study conducted by Oppliger et al.
reported that Wharton’s jelly-derived MSCs secrete proangiogenic and neuroprotective
factors, which regulate oligodendrocyte differentiation [14]. MSCs have also been found
to be effective in reducing the myelin sheath damage caused by spinal cord injury when
co-transplanted with neural stem cells [16]. Zhang et al. demonstrated that hBM-MSCs
treatment in experimental autoimmune encephalomyelitis (EAE) mice greatly reduced the
area of demyelination and facilitated the increase in BDNF+ cells [17]. Phases 1 and 2 of
the clinical trials are also being conducted using MSCs to analyze their therapeutic effect in
MS patients. A study submitted to clinicaltrials.gov indicated the safety and feasibility of
MSCs injection (both intrathecally and intravenously) in patients with MS [18]. Genetic
manipulation of MSCs is a potential strategy for enhancing their therapeutic potential
and induction of fate specification by the overexpression of certain transcription factors or
genes [19–21]. OLIG2 belongs to the basic helix-loop-helix transcription factor family and is
a key regulatory gene for oligodendrocyte lineage specification and regulates crucial phases
of early oligodendrocyte development. It has also been documented as an upstream SOX10
regulator, which also plays a key role to regulate oligodendrocyte development [20,22].
MYT1L belongs to the family of myelin transcription factors and is involved in the prolifer-
ation and differentiation of oligodendrocyte precursor cells, which essentially performs
myelination and remyelination of the central nervous system. It has also been reported
to play an important role in neurogenesis and neural differentiation. MYT1L significantly
improves myelination [19], suggesting a possible therapeutic target for myelin repair.

Keeping in consideration the potential role of OLIG2 and MYT1L in oligodendrocyte
differentiation and myelination, respectively, this study was designed to induce hUC-MSC
differentiation toward oligodendrocyte by their genetic modification, both in normal and
oligo induction media. The study may provide a promising cell-based treatment option for
demyelination-induced neurodegenerative diseases.
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2. Materials and Methods

2.1. Ethical Consent and Umbilical Cord Sample Collection

Human umbilical cord samples (n = 10) were collected in a sterile glass bottle con-
taining PBS and 0.5% EDTA (Sigma-Aldrich Chemie, GmbH, Taufkirchen, Germany) from
Zainab Panjwani Memorial Hospital, following the cesarean section delivery of healthy
donors. Informed consent was taken from the donors’ parents. The study protocol regard-
ing the human participants was approved by the independent ethical committee (reference
no. IEC-009-UCB-2015) of the Dr. Panjwani Center for Molecular Medicine and Drug
Research, International Center for Chemical and Biological Sciences, University of Karachi.

2.2. Isolation and Propagation of hUC-MSCs

The cord tissue was washed thoroughly with PBS to remove blood clots and was cut
into small pieces of about 1–3 mm2. The cord explants were transferred into T-75 tissue
culture flasks (Cat. No. 708003, Nest, Wuxi, China) containing Dulbecco’s modified Eagle’s
medium (DMEM) (Cat. No. 11965-092, Gibco, Paisley, UK) supplemented with 10% fetal
bovine serum (FBS) (Cat. No. 10500-64, Gibco, Paisley, UK), 1 mM sodium pyruvate (Cat.
No. 11360-070, Gibco, UK), 1 mM L-glutamine (Cat. No. 25030681, Gibco, Paisley, UK), and
100 U antibiotic (penicillin–streptomycin) (Cat. No. 15070-063, Gibco, Paisley, UK). The
flasks were incubated at 37 ◦C in a 5% humidified CO2 incubator (ESCO, Singapore). The
non-adherent hematopoietic cells were removed from the flasks by replacing the media
with fresh DMEM after every 3 days. The cells migrated out from the explants, adhered to
the flask surface, and started to proliferate. At this stage, MSCs were termed as passage 0
(P0) cells. When the cells reached 80–90% confluence, they were subcultured to subsequent
passages using 0.25% trypsin–EDTA solution (Cat. No. 25200-056, Gibco, Paisley, UK).
Passages 2–4 hUC-MSCs were used for all the experimental work.

2.3. Characterization of hUC-MSCs

hUC-MSCs were characterized based on their morphological features, surface-specific
markers by immunocytochemistry and flow cytometry, and by assessing their multilineage
differentiation potential as described in our previous studies [23,24].

2.3.1. Morphological Features of hUC-MSCs

To assess morphological features, hUC-MSCs were maintained for 3–5 subsequent
passages and routinely examined under phase contrast microscope. Images were cap-
tured from each passage using a charge-coupled device (CCD) camera (Nikon Eclipse Ts2,
Tokyo, Japan).

2.3.2. Immunocytochemistry

Passage 2 hUC-MSCs were seeded on coverslips placed in a 24-well plate (CLS3526,
Corning, Corning, NY, USA) at a density of about 3000–5000 cells/well. Complete DMEM
was added in each well and the plate was incubated at 37 ◦C in a humidified CO2 incubator.
The next day, the media were removed and cells were washed twice with PBS. Cells were
fixed with 4% paraformaldehyde (PFA) (Cat. No. 30525894 Carl Roth, Karlsruhe, Germany)
and permeabilized with 0.1% Triton-X 100 (Cat. No. 9036195, Sigma-Aldrich, Taufkirchen,
Germany) for 10 min each at room temperature. Non-specific binding sites were blocked
using 2% blocking solution (2% BSA with 0.1% Tween 20 in PBS). Primary antibodies
against MSC positive markers (CD29, CD105, Vimentin, CD117, Lin28, and Stro1) and
negative markers (CD45 and HLA-DR) at a dilution of 1:200 were added in the designated
wells and incubated overnight at 4 ◦C. The next day, antibody solutions were removed
and cells were washed gently five times with PBS. Alexa fluor-546 conjugated secondary
antibody at a dilution of 1:200 and Alexa fluor-488 phalloidin was added in each well and
incubated for 1 h at 37 ◦C. Nuclei were stained with DAPI (0.5 μg/mL) for 15 min at room
temperature. Cells were washed five times with PBS and coverslips were mounted on
glass slides with Fluoromount aqueous mounting medium (F4680, Sigma, St. Louis, MI,
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USA). Images were captured under a fluorescence microscope (NiE, Nikon, Tokyo, Japan).
Antibody details are mentioned in Table 1.

Table 1. List of antibodies used for MSC characterization and oligodendrocyte differentiation.

S. No.
Primary

Antibody
Function/

Binding to
Working
Dilution

Catalog
Number

Manufacturer

MSC Characterization Markers

1. CD29 Membrane
glycoprotein 1:100 MAB-1981

Chemicon
International, Katy,

TX, USA

2. CD105 Endoglin 1:100 560839 BD Pharmingen, San
Diego, CA, USA

3. Vimentin
Epithelial–

mesenchymal
transition

1:100 V6389 Sigma-Aldrich, Inc.,
St. Louis, MI, USA

4. C-Kit
(CD117)

Stem cell factor
receptor 1:100 32–9000

Zymed Laboratories,
Inc., South San

Francisco, CA, USA

5. Lin28 Cell surface
MSC marker 1:100 PA1-096

Molecular Probes,
Invitrogen, Eugene,

OR, USA

6. Stro-1
Mesenchymal
precursor cell

marker
1:100 14-6688-82

Molecular Probes,
Invitrogen, Eugene,

OR, USA

7. HLA-DR
MHC class II
immunogenic

marker
1:100 14-9956-82

Molecular Probes,
Invitrogen, Eugene,

OR, USA

8. CD45 Lymphocyte
antigen 1:100 CBL415 BD Pharmingen,

Diego, CA, USA

Oligodendrocyte-specific Markers

9. OLIG2
Oligodendrocyte
lineage-specific

marker
1:100 PA5-85734

Molecular Probes,
Invitrogen, Eugene,

OR, USA

10. Myt1L
Myelin

transcription
factor 1-like

1:50 PA5-34468
Molecular Probes,

Invitrogen, Eugene,
OR, USA

11. NG2 Neural/Glial
antigen 2 1:100 PA5-100235

Molecular Probes,
Invitrogen, Eugene,

OR, USA

12. MBP Myelin basic
protein 1:100 MA1-24990

Molecular Probes,
Invitrogen, Eugene,

OR, USA

Secondary Antibodies

13. Goat
Anti-rabbit Alexa Fluor 546 1:200 A-11010

Molecular Probes,
Invitrogen, Eugene,

OR, USA

14. Anti-Rat IgG
Isotype Alexa Fluor 488 1:200 012-090-003

Jackson Immuno
Research, Inc., West

Grove, PA, USA
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2.3.3. Immunophenotyping

hUC-MSCs were cultured in T-75 flask and trypsinized when 80–90% confluence was
attained. Pellet was washed with PBS and incubated with blocking solution (1% BSA,
1 mM EDTA, and 0.1% sodium azide) for 30 min. The suspension was centrifuged at 400 g
for 5 min and primary antibodies for MSC-specific markers (anti CD90, CD105, CD44, and
CD73) were added for 2 h at 37 ◦C. The cell suspension was centrifuged at 400 g for 5 min,
washed 3 times with ice-cold FACS solution, and incubated with Alexa flour 546 conjugated
secondary antibody for an hour at 37 ◦C. Finally, the suspension was centrifuged again and
washed three times. The pellet was resuspended in ice-cold FACS solution and analyzed
by flow cytometer (BD FACS Calibur, Becton Dickinson, Franklin Lakes, NJ, USA).

2.3.4. Trilineage Differentiation

To assess trilineage differentiation potential, hUC-MSCs were seeded in a 6-well
plate and nourished with DMEM. Once the cells reached 70–80% confluence, DMEM was
replaced with lineage-specific induction media, i.e., osteogenic (0.1 μM dexamethasone
(Cat. No. D4902, Sigma-Aldrich, Taufkirchen, Germany), 10 μM β-glycerophosphate
(Sigma-Aldrich; Cat. No. G6376), and 50 μM L-ascorbate 2-phosphate (Cat. No. A8960,
Sigma-Aldrich, Taufkirchen, Germany), adipogenic (1 μM dexamethasone, 10 μM insulin
(Cat. No. 11070738, Sigma-Aldrich, Taufkirchen, Germany), 200 μM indomethacin (Cat. No.
190217, MP Biomedical, Burlingame, CA, USA), chondrogenic (100 nM dexamethasone,
20 ng TGFβ1 (Cat. No. RPA124Hu01, Claud Clone, Wuhan, China), 10 ng insulin, and
100 μM ascorbic acid (Sigma-Aldrich; Cat. No. 50817). The induction media were changed
after every 3 days. After 21 days of incubation, cells were washed with PBS and fixed with
4% PFA. MSC differentiation was analyzed by staining the cells with Alizarin red (Cat.
No. 155984, MP Biomedical, Burlingame, CA, USA), Oil red O (Cat. No. 130223, Sigma-
Aldrich, Taufkirchen, Germany) and Alcian blue (Cat. No. 74240, Carl Roth, Karlsruhe,
Germany) stains for the presence of calcium deposits, oil droplets, and proteoglycans,
respectively. Stained cells were observed under bright-field microscope (Eclipse TE 2000-S,
Nikon, Tokyo, Japan).

2.4. Isolation of Plasmid Vectors

E. coli stab cultures of OLIG2 and MYT1L plasmid constructs were obtained from
Addgene (www.addgene.org, accessed on 13 March 2023); OLIG2 plasmid ID # 32933
and Myt1L plasmid ID # 32926). E.coli were grown on Luria broth and plasmid DNA
was isolated by using GeneJET™ Plasmid Maxiprep Kit (Thermo Scientific, Waltham,
MA, USA) according to the instructions provided by the manufacturer. Isolated plasmids
were quantified via spectrophotometric analysis and electrophoresed on 1% agarose gel to
evaluate their purity.

2.5. Experimental Groups

The study comprised four experimental groups, i.e., control (non-transfected hUC-
MSCs), OLIG2-transfected, MYT1L-transfected, and synergistic (OLIG2 + MYT1L)-transfected
groups. All the groups were incubated under two different media compositions, i.e.,
normal DMEM and oligo induction medium (5% FBS supplemented OPTI-MEM, 0.1 mM β-
mercaptoethanol, and B-27 supplement-2x). The experimental details have been mentioned
in Table 2.
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Table 2. Experimental setup details of the hUC-MSC genetic modification.

Experimental Groups Transcription Factor(s) Inserted

Normal Medium

Control –

OLIG2-transfected OLIG2

MYT1L-transfected MYT1L

Synergistic OLIG2 + MYT1L

Oligo Induction Medium

Control –

OLIG2-transfected OLIG2

MYT1L-transfected MYT1L

Synergistic OLIG2 + MYT1L

2.6. Transfection of hUC-MSCs

Lipofectamine-based transfection technique was used to transfect hUC-MSCs with the
desired transcription factors (OLIG2 and MYT1L). Briefly, Lipofectamine® 3000 transfection
reagent (Cat. No. L3000-008, Thermo Fisher Scientific, Waltham, MA, USA) and master
mix of each plasmid DNA were diluted individually in OPTI-MEM. Diluted plasmids were
mixed with lipofectamine (1:1 ratio) and incubated for 15 min at room temperature. This
DNA/lipid mixture was added dropwise in 80–90% confluent T-75 flasks individually
and in combination. The control group was not transfected with any of the transcription
factors. Each transfected group was incubated under standard cell culture conditions for
3 and 7 days in two different media compositions, as mentioned in Table 2.

2.7. Morphological Examination of Transfected hUC-MSCs

Transfected hUC-MSCs were incubated in normal and oligo induction media for
3 and 7 days and monitored regularly for the induction of differentiation by observing their
morphological features under phase contrast microscope.

2.8. Gene Expression Analysis

RNA was extracted from control and transfected groups using Trizol reagent (15596026,
Invitrogen) reagent and quantified via spectrophotometer. RNA yield equivalent to 1 μg
was reverse-transcribed into cDNA using RevertAid First Strand cDNA Synthesis Kit
(K1622, Thermo Scientific, USA) according to the manufacturer’s instructions. Real-time
PCR was performed to analyze the expression of oligodendrocyte-specific genes in the
transfected groups. Each sample was run in triplicates and GAPDH was used as a standard
internal control. Primer sequences specific to each gene have been provided in Table 3.

140



Curr. Issues Mol. Biol. 2023, 45

Table 3. Primer sequences of the targeted genes used for qPCR analysis.

Genes Primer Sequences (5′-3′) Annealing
Temperature

Lineage-specific Genes

NES (F)
NES (R)

TTCCAGACTCCACTCCCCTG
CTCAGTCCCCAGGTCCTCAA 55 ◦C

GFAP (F)
GFAP (R)

ATGCTGGCTTCAAGGAGACC
GGTGGCTTCATCTGCTTCCT 55 ◦C

OLIG2 (F)
OLIG2 (R)

TCAAGTCATCCTCGTCCAGC
TCACCAGTCGCTTCATCTCC 55 ◦C

Oligodendrocyte-specific
Gene

MYT1L (F)
MYT1L (R)

GACTGCGGAACAGGATTTGG
CGACCAGGGTTTGAAGATGC 55 ◦C

NKX2.2 (F)
NKX2.2 (R)

TTCCTCGCCACCAGCC
TTCGGCCACAGAGCCC 55 ◦C

SOX10 (F)
SOX10 (R)

ACGTCAAGCGGCCCAT
TCCCACCTTGCTCGGC 55 ◦C

GALC (F)
GALC (R)

GAATTTTCCAAAGAATGGCTGGG
CAGTGATGATCAAGTTACT-

GCCA
55 ◦C

CNP (F)
CNP (R)

CCTTCAAGAAGGAGCTGCGA
AGCTTGTCCACATCACTCGG 55 ◦C

CSPG4 (F)
CSPG4 (R)

GGATGCCACCCTACAAGTGA
TTTTGCGCCTCTAGTGGGAT 55 ◦C

PLP1 (F)
PLP1 (R)

ATTCTTTGGAGCGGGTGTGT
GAAGGTGAGCAGGGAAACCA 55 ◦C

MBP (F)
MBP (R)

GCGGCCCCTGTCTCC
GCGGCTCCCTGGGTC 55 ◦C

2.9. Protein Expression Analysis of Transfected MSCs

Normal and transfected MSCs incubated in both normal and oligo induction media
were analyzed for the expression of oligodendrocyte-specific proteins (OLIG2, MYT1L,
NG2, and MBP) by immunocytochemistry as mentioned above. Images were captured
under fluorescent microscope (Nikon, Tokyo, Japan). The fluorescent intensity of each
group was quantified via ImageJ software.

2.10. Statistical Analysis

Statistical analysis was performed using IBM SPSS Statistics software (version 21; SPSS
Inc, Armonk, NY, USA) to establish statistical significance at the accepted level; p ≤ 0.05
(p < 0.05 = *, p < 0.01 = **, and p < 0.001 = ***). Each experiment was run in triplicates and
acquired data were analyzed through an independent sample t-test. The results have been
presented as mean ± SEM.

3. Results

3.1. Umbilical Cord Processing; Isolation, Propagation, and Morphological Features of hUC-MSCs

Umbilical cord tissue was processed under the sterile environment of a biosafety
cabinet (Figure 1A). After about 2 weeks of explant culture, MSCs migrated out of the
tissues, adhered to the flask surface, and started to form colonies. The cells proliferated
further and adopted fibroblast like morphology, which is the typical characteristic of MSCs.
At this stage, hUC-MSC culture was termed P0. On reaching 80–90% confluence, they were
subcultured to subsequent passages (P1 and P2) for experimental work (Figure 1B–F).
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Figure 1. Umbilical cord processing; hUC-MSC isolation and propagation: hUC-MSCs were isolated
from human umbilical cord. (A) Cord tissue was washed thoroughly, minced into small pieces
(explant) and transferred to T-75 tissue culture flasks for incubation. (B) Cord tissue shows cell
outgrowth after about 2 weeks of explant culture and (C) proliferating colonies of hUC-MSCs. (D) P0
confluent hUC-MSCs presenting fibroblast like morphology, which were subcultured to (E,F) passage
1 and passage 2, respectively.

3.2. Characterization of hUC-MSCs

hUC-MSCs characterization was performed via immunocytochemistry, flow cytome-
try, and trilineage differentiation potential. Immunocytochemical analysis indicated the
positive expression of MSC-specific markers (CD29, CD105, Vimentin, CD117, Lin28, and
Stro1) and negative expression of hematopoietic markers (CD45 and HLA-DR) as shown
in Figure 2A. hUC-MSCs also showed prominent features of trilineage differentiation, i.e.,
mineral deposits in case of osteogenic differentiation, oil droplet formation, and proteo-
glycan content in case of adipogenic and chondrogenic differentiation after staining with
Alizarin red, Oil red O and Alcian blue stains, respectively (Figure 2B). Flow cytometry
also revealed the positive expression of MSC surface antigens (CD90, CD105, CD44, and
CD73) as shown in Figure 2C.
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Figure 2. Characterization of mesenchymal stem cells: (A) hUC-MSCs showing positive expression
of surface-specific markers, i.e., CD29, CD105, Vimentin, CD117, Lin28, and Stro1 and negative
expression of hematopoietic markers, i.e., CD45 and HLA-DR. (B) Bright field images showing hUC-MSC
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differentiation toward osteogenic, adipogenic, and chondrogenic lineages indicated by the presence
of mineral deposits, oil droplets, and proteoglycan content, stained with Alizarin red, Oil red O, and
Alcian blue stain, respectively. (C) Flow cytometry analysis presenting the positive expression of
MSC-specific markers, i.e., CD44, CD73, CD90, and CD105.

3.3. Transfection, Differentiation, and Morphological Assessment of hUC-MSCs

hUC-MSCs were transfected with OLIG2 and MYT1L transcription factors individually
and in synergistic (OLIG2 + MYT1L) groups. Transfected cells started to show slight
morphological features of oligodendrocyte-like cells after 3 days of incubation in the oligo
induction medium. On the seventh day of incubation, hUC-MSCs showed pronounced
differentiation toward oligodendrocyte-like cells, as indicated by their morphological
characteristics. Differentiation was more evident in transfected hUC-MSCs incubated in
the oligo induction medium compared to normal medium.

3.4. Gene Expression Analysis of Transfected hUC-MSCs Incubated in Normal Medium

Gene expression analysis of the OLIG2, MYT1L, and their synergistic (OLIG2 + MYT1L)
transfected groups showed significant transcriptional activation of OLIG2 and MYT1L genes
in their respective groups compared to non-transfected control after 3 days of incubation in
the normal medium. Lineage specification analysis indicated significant downregulation of
NES and upregulation of GFAP and OLIG2 genes, showing the commitment of transfected
hUC-MSCs toward glial lineage. Transcriptional analysis of oligodendrocyte-specific
genes revealed the substantial overexpression of SOX10, NKX2.2, GALC, CNP, CSPG4,
MBP, and PLP1, indicating the differentiation and fate specification of hUC-MSCs toward
oligodendrocyte-like cells. However, NKX2.2 was found to be downregulated in the
synergistic group (Figure 3).

3.5. Gene Expression Analysis of Transfected hUC-MSCs Incubated in Oligo Induction Medium

Gene expression analysis of the OLIG2, MYT1L, and their synergistic (OLIG2 + MYT1L)
transfected groups showed significant transcriptional activation of OLIG2 and MYT1L genes
in their respective groups compared to non-transfected control, after 3 days of incubation
in the oligo induction medium. Lineage specification analysis of all the transfected groups
indicated significant downregulation of NES; however, GFAP and OLIG2 genes were signif-
icantly overexpressed, showing the commitment of transfected hUC-MSCs toward glial
lineage. Transcriptional analysis of oligodendrocyte-specific genes revealed the upregu-
lation of SOX10, NKX2.2, GALC, CNP, CSPG4, MBP, and PLP1, demonstrating the fate
specification and differentiation of hUC-MSCs toward oligodendrocyte-like cells. How-
ever, CSPG4 exhibited reduced expression in the synergistic (OLIG2 + MYT1L) group as
compared to the control group (Figure 4).
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Figure 3. Cont.

145



Curr. Issues Mol. Biol. 2023, 45

Figure 3. Cont.
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Figure 3. Gene expression analysis of transfected hUC-MSCs incubated in normal medium: qPCR
analysis indicating the transcriptional activation of OLIG2 and MYT1L genes in (A) OLIG2, (B) MYT1L,
and (C) synergistic (OLIG2 + MYT1L) transfected groups. Lineage specification analysis presented
higher expression levels of GFAP and OLIG2 in comparison to NES, demonstrating the glial fate
specification. Transcriptional analysis of oligodendrocyte-specific genes, i.e., SOX10, NKX2.2, GALC,
CNP, CSPG4, MBP, and PLP1, presenting their significant overexpression compared to the non-
transfected control group after 3 days of incubation in normal medium. Each experiment was run
in triplicates and acquired data were analyzed through an independent sample t-test at statistical
significance level; p ≤ 0.05 (p < 0.05 = *, p < 0.01 = **, and p < 0.001 = ***). NS = not significant.
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Figure 4. Cont.
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Figure 4. Gene expression analysis of transfected hUC-MSCs incubated in oligo induction medium:
qPCR analysis showing the transcriptional activation of OLIG2 and MYT1L genes in (A) OLIG2,
(B) MYT1L, and (C) synergistic (OLIG2 + MYT1L) transfected groups. Lineage specification analysis
indicated higher expression level of GFAP and OLIG2 compared to NES, demonstrating the glial fate
specification. Transcriptional analysis of oligodendrocyte-specific genes, i.e., SOX10, NKX2.2, GALC,
CNP, CSPG4, MBP, and PLP1, presenting their significant overexpression compared to the control
group after 3 days of incubation in oligo induction medium. Each experiment was run in triplicates
and acquired data were analyzed through an independent sample t-test at statistical significance
level; p ≤ 0.05 (p < 0.05 = *, p < 0.01 = **, and p < 0.001 = ***). NS = not significant.

3.6. Protein Expression Analysis of Transfected hUC-MSCs in Normal and Oligo Induction Media
after 3 Days of Incubation

Immunocytochemical analysis indicated the positive expression of MYT1L, OLIG2,
and NG2 and negative expression of MBP proteins in OLIG2, MYT1L, and their synergistic
(OLIG2 + MYT1L) transfected groups after 3 days of incubation in both normal and oligo
induction media as shown in Figure 5A. Fluorescent signal exhibited by MYT1L, OLIG2,
and NG2 proteins also showed a significant increase in intensities in all the transfected
groups incubated in the normal medium after 3 days. However, MBP showed reduced
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intensity compared to the control group (Figure 5B). OLIG2, MYT1L, and their synergistic
(OLIG2 + MYT1L) transfected groups also showed intense fluorescent signal of MYT1L,
OLIG2, and NG2 and reduced signals for MBP proteins after 3 days of incubation in the
oligo induction medium compared to control group (Figure 5C).

Figure 5. Cont.
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Figure 5. Protein expression/immunocytochemical analysis of transfected hUC-MSCs in normal
and oligo induction media after 3 days: (A) Immunocytochemical analysis of OLIG2, MYT1L, and
synergistic (OLIG2 + MYT1L) transfected groups showing intense expression of MYT1L, OLIG2,
and NG2, and a reduced expression of MBP proteins, incubated in both normal and oligo induction
media. (B,C) Fluorescent intensities showing intense expression of MYT1L, OLIG2, and NG2 proteins,
whereas MBP was found to exhibit reduced intensity in all the transfected groups compared to the
non-transfected control group after 3 days of incubation in both normal and oligo induction media.
The fluorescent values (n = 30) were analyzed through an independent sample t-test at statistical
significance level; p ≤ 0.05 (p < 0.05 = *, p < 0.01 = **, and p < 0.001 = ***). NS = not significant.
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3.7. Protein Expression Analysis of Transfected hUC-MSCs in Normal and Oligo Induction Media
after 7 Days of Incubation

Immunocytochemical analysis indicated the positive expression of oligodendrocyte-
specific proteins, i.e., MYT1L, OLIG2, NG2, and MBP by differentiated hUC-MSCs in all
the transfected, i.e., OLIG2, MYT1L, and synergistic (OLIG2 + MYT1L) groups after 7 days
of incubation in normal and oligo induction media, as shown in Figure 6A. Fluorescent
signals of MYT1L, OLIG2, NG2, and MBP proteins also showed a significant increase in
intensities in all the transfected groups in the normal medium after 7 days of incubation,
except the OLIG2-transfected group, which showed a reduced MBP intensity (Figure 6B).
OLIG2, MYT1L, and their synergistic (OLIG2 + MYT1L) transfected groups showed an
intense expression of MYT1L, OLIG2, NG2, and MBP proteins after 7 days of incubation
compared to the control group in the oligo induction medium (Figure 6C).

Figure 6. Cont.
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Figure 6. Protein expression/immunocytochemical analysis of transfected hUC-MSCs in normal
and oligo induction media after 7 days: (A) Immunocytochemical analysis of OLIG2, MYT1L, and
synergistic (OLIG2 + MYT1L) transfected groups, indicating positive expression of MYT1L, OLIG2,
NG2, and MBP proteins. (B,C) Fluorescent intensities showing intense expression of oligodendrocyte-
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specific proteins, i.e., MYT1L, OLIG2, NG2, and MBP in all the transfected groups as compared to
the non-transfected control group after 7 days of incubation in both normal and oligo induction
media. However, the OLIG2-transfected group exhibited reduced fluorescence signals of MBP
in the normal medium. The fluorescent values (n = 30) were analyzed through an independent
sample t-test at statistical significance level; p ≤ 0.05 (p < 0.05 = *, p < 0.01 = **, and p < 0.001 = ***).
NS = not significant.

4. Discussion

The current study demonstrates the effective role of transcriptional regulators (OLIG2
and MYT1L) as a remarkable tool for stimulating myelin repair in lethal demyelinating
disorders using cell-based therapeutic approach. Such disorders are often characterized
by the loss of oligodendrocytes (OLs). These cells play a fundamental role to provide
metabolic support to axons and are responsible for the appropriate conduction of nerve
impulse; therefore, an injury or damage to OLs result in neurodegeneration [1]. OLs and
their progenitor cells (OPC) are the potential promising targets for cell-based regenerative
applications due to their less diversified functional features and greater region/subtype
specificity compared to neurons [3,25].

Presently, there is no effective treatment available for MS. Current pharmacological
therapies only offer symptom management and slow down the disease progression by
modulating the immune response or inflammatory cascades [26].

Therefore, there is a need to find treatment strategies that can facilitate endogenous
myelination, thus favoring neuroprotection. Recent studies have reported the effective
role of cell-based therapies for neurological and demyelinating disorders. In this context,
mesenchymal stem cells are the attractive candidate due to their multilineage differentiation
toward cells of all lineages, i.e., ectoderm, endoderm, and mesoderm. MSCs have also
been reported to exhibit remarkable regeneration potential, self-renewal capabilities, and
immunomodulatory features [2,12]. MSCs are also effective to treat neurological disorders
and exhibit neuroprotective features which make them an attractive candidate for cell-based
therapies [20,26].

A study conducted on BM-MSCs-derived oligodendrocyte precursor cells (OPCs)
was found to boost remyelination and reduce demyelination after their differentiation
into mature oligodendrocytes in animal models [27]. hUC-MSCs have also been shown
to improve behavioral functions and reduce the histopathological deficits in EAE mice
over a long term (i.e., 50 days) by inhibiting perivascular immune cell infiltrations and
reducing demyelination and axonal injury in the spinal cord [28]. A recently conducted
study on Wharton’s jelly-derived MSCs has shown their enhanced remyelination potential
and increased oligodendrocyte count in a cuprizone-induced MS model [29].

In the present study, hUC-MSCs were isolated from the human umbilical cord and
characterized based on their native features, i.e., presence of surface-specific markers
and trilineage differentiation potential. Our preliminary study was categorized into two
main parts to assess the effect of two different media compositions, i.e., normal and
oligo induction media (5% FBS-supplemented OPTI-MEM, 0.1 mM β- mercaptoethanol,
and B-27 supplement-2x) on MSC fate specification and differentiation via their genetic
modification by inserting oligodendrocyte-specific transcription factors, i.e., OLIG2 and
MYT1L. To achieve this ultimate objective, OLIG2 and MYT1L plasmids were used to
transfect hUC-MSCs individually and in synergistic (OLIG2 + MYT1L) groups, through
a non-viral gene transfer method, using Lipofectamine® 3000 transfection reagent. Non-
viral gene expression of the transcription factors has been reported to serve as a powerful
transfection strategy that facilitates the stable delivery of transcription factors and allows
their transcriptional activation [18].

Transfected cells were incubated in normal and oligo induction media and observed
for differentiation by examining their morphological features. We observed the induction of
differentiation on day 3 with no apparent change in morphology; however, hUC-MSCs after
7 days of incubation in the oligo induction medium indicated prominent cell differentiation
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with characteristic morphological features of oligodendrocyte-like cells. The differentiation
potential of MSCs toward oligodendrocytes has also been reported previously by other
studies [22].

Gene expression profile of transfected hUC-MSCs showed transcriptional activa-
tion of OLIG2 and MYT1L genes in their respective transfected groups, indicating the
induction of differentiation. To assess the fate specification of transfected hUC-MSCs,
lineage-specific markers were analyzed, which revealed the downregulation of neuronal
stem cell marker (NES) and upregulation of glial lineage markers, i.e., GFAP and OLIG2.
Higher expression of OLIG2 gene compared to GFAP demonstrates the fate specification of
MSCs toward oligodendrocytes.

MSC differentiation was further assessed by analyzing the expression of oligodendrocyte-
specific markers (SOX10, NKX2.2, GALC, CNP, CSPG4, MBP, and PLP1). Expression of
these genes was found to be significantly upregulated in all the transfected groups and it
was more pronounced in the oligo induction medium in comparison to the normal medium,
demonstrating the differentiation and fate specification of MSCs toward oligodendrocytes.
Expression of these OL markers demonstrates the differentiated state of transfected cells.
Overexpression of SOX10 and OLIG2 has also been reported previously to induce oligoden-
drocyte differentiation, thereby acting as the master regulatory genes. OLIG2 and NKX2.2
have also been shown to support the development of OPC lineage, and Myt1L expression
by mature oligodendrocytes is associated with myelination and remyelination [30,31].

We also determined the protein expression by immunocytochemistry. The differen-
tiated hUC-MSCs significantly expressed oligodendrocyte-specific proteins, i.e., OLIG2,
MYT1L, and NG2 after 3 and 7 days of incubation in normal and oligo induction me-
dia, as indicated by their fluorescent intensities. Fluorescent signals were found to be
significantly higher in the oligo induction medium as compared to the normal medium.
Taken together these findings, our study demonstrates the fundamental role of OLIG2 and
MYT1L transcription factors in hUC-MSCs differentiation toward oligodendrocyte-like
cells, which were greatly facilitated by the oligo induction medium, emphasizing the sig-
nificance of transcriptional regulators as a remarkable tool for stimulating myelin repair
in lethal demyelinating disorders. Further studies are required to explore the mechanism
behind oligodendrocyte differentiation and to analyze their myelination potential in animal
models of demyelinating disorder. The findings of the study may serve as a promising
cell-based therapeutic modality in treating demyelinating and neurodegenerative ailments.

5. Conclusions

The overall findings of our study conclude that OLIG2 and MYT1L play a crucial role to
induce hUC-MSC differentiation toward oligodendrocyte-like cells in both normal and oligo
induction media at gene and protein levels. However, hUC-MSC differentiation and fate
specification were greatly facilitated by the oligo induction medium. The study emphasizes
the role of the transcription regulator as a remarkable tool for stimulating myelin repair in
lethal demyelinating disorders. These findings may help to develop cell-based therapeutic
strategies for demyelinating diseases and their use in future clinical studies.
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Abstract: Multiple sclerosis (MS) is predominantly an immune-mediated disease of the central
nervous system (CNS) of unknown etiology with a possible genetic predisposition and effect of
certain environmental factors. It is generally accepted that the disease begins with an autoimmune
inflammatory reaction targeting oligodendrocytes followed by a rapid depletion of their regenerative
capacity with subsequent permanent neurodegenerative changes and disability. Recent research
highlights the central role of B lymphocytes and the corresponding IgG and IgM autoantibodies
in newly forming MS lesions. Thus, their removal along with the modulation of certain bioactive
molecules to improve neuroprotection using therapeutic plasma exchange (TPE) becomes of utmost
importance. Recently, it has been proposed to determine the levels and precise effects of both
beneficial and harmful components in the serum of MS patients undergoing TPE to serve as markers
for appropriate TPE protocols. In this review we discuss some relevant examples, focusing on the
removal of pathogenic circulating factors and altering the plasma levels of nerve growth factor and
sphingosine-1-phosphate by TPE. Altered plasma levels of the reviewed molecular compounds in
response to TPE reflect a successful reduction of the pro-inflammatory burden at the expense of an
increase in anti-inflammatory potential in the circulatory and CNS compartments.

Keywords: multiple sclerosis; immune pathophysiology; autoantibodies; nerve growth factor;
sphingosine-1-phosphate; therapeutic plasma exchange; neuroprotection

1. Introduction

Multiple sclerosis (MS) is an autoimmune multifocal central nervous system (CNS)
inflammatory disease, characterized by chronic inflammation, demyelination, axonal dam-
age, and subsequent gliosis. The disease is of unknown etiology with a possible genetic
predisposition and effect of certain environmental factors [1,2]. Although there is no com-
plete consensus regarding the pathological processes leading to MS, it is generally accepted
that the disease begins with an autoimmune inflammatory reaction targeting oligodendro-
cytes (OLs) followed by a rapid depletion of OLs regenerative capacity with subsequent
permanent neurodegenerative changes and disability [3]. Therefore, the therapeutic efforts
should be focused with priority on the first stage of demyelination, when the damage is
not yet irreversible. The most efficient treatment modality for neurodegeneration remains
an early and aggressive anti-inflammatory intervention, because the prevention of tissue
injury may best control the escalating T-cell-driven and bystander B-cell activation, ongo-
ing breakdown of blood–brain barrier (BBB) and epitope spreading, that may perpetuate
neuroaxonal damage [4]. After the impressive efficacy of anti-CD20 antibody therapy
for patients with a relapsing–remitting form of the disease, there is renewed attention
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to B cells in the pathogenesis of MS [5]. Recent research highlights the central role of B
lymphocytes in the development of MS lesions, in particular the main role of IgG and IgM
in newly forming lesions [6]. Thus, early and aggressive control of antibodies contributing
to oligodendrocyte and axonal damage in MS becomes of utmost importance. However, the
questionable efficacy of anti-CD20 therapy in reducing the antibody levels [7], along with its
delayed onset of action compared to the rapid action of therapeutic apheresis, raised issues
of combination therapies in general [8] and between apheresis and anti-CD20 antibody
therapy in particular [9]. On the other hand, although pathogenetically justified, the role
of apheresis (or therapeutic plasma exchange (TPE), a term used interchangeably) in MS
patients still has a limited and even questioned application [7,10]. As usually happens, the
latter critical review could pave the way for searching for new answers. It was suggested
that further studies should be undertaken to determine the levels and precise effects of both
beneficial and harmful components in sera of MS patients during different phases of the
disease in terms of their capability to serve as markers for appropriate TPE protocols [10].
The aim of our review is to discuss some relevant examples of the proposed field of new
research, focusing on the removal of pathogenic circulating factors and altering the plasma
levels of nerve growth factor (NGF) and sphingosine-1-phosphate (S1P) by TPE and their
impact on MS dysregulations.

In this focus review, after the short summary of the pathogenesis, we explore the
relevant data on autoantibodies, NGF, S1P, and TPE regarding MS, from both detrimental
and beneficial points of view.

2. Methodology

A literature search was conducted through June 2023 of MEDLINE, EMBASE, and
Cochrane Library, based on Medical Subject Heading (MeSH) of “therapeutic plasma ex-
change”, “nanomembrane-based”, “plasmapheresis”, “apheresis”, immuno-mediated”,
“autoimmune”, “neurological”, “disorders”, “diseases”, “Multiple Sclerosis”, “MS”, “acute”,
“chronic”, “relapsing remitting”, “secondary progressive”, “primary progressive”, “aggres-
sive”, “attacks”, “exacerbations”, “relapses”, “Central Nervous System”, “CNS”, “dysregu-
lations”, “inflammation”, “neuro-inflammation”, “degeneration”, “neuro-degeneration”,
“demyelination”, “myelination”, “remyelination”, “neuroprotection”, “immunomodula-
tion”, “oxidative stress”, “axons”, “neurons”, “conductivity”, “T cell”, “B cells”, “activa-
tion”, “glia”, “microglia”, “oligodendrocytes”, “OLs”, “oligodendrocyte progenitor cells”,
“OPCs”, “astrocytes”, “polarization”, “cytokines”, “chemokines”, “pro-inflammatory”,
“anti-inflammatory”, “autoantibodies”, “pathogenic”, “antigens”, “epitopes”, “comple-
ment”, “immune complexes”, “Nerve Growth Factor”, “NGF”, “neurotrophins”, “recep-
tors”, “tropomyosin receptor kinase A”, “TrkA”, “p75 neurotrophin receptor”, “p75NTR”,
“Sphingosine-1-Phosphate”, “S1P”, “S1P receptor”, “S1PR”, “S1PR1”, “S1PR2”, “S1PR3”,
“S1PR4”, “S1PR5”, “plasma levels”, as well as by manual search in the local database. The
search had no language restrictions.

3. Pathogenesis of MS

3.1. Between Space and Time Axes

MS is an autoimmune multifocal CNS inflammatory disease, characterized by chronic
inflammation, demyelination, axonal damage, and subsequent gliosis. The most affected
CNS regions by the disease are the periventricular area, subcortical area, optic nerve, spinal
cord, brainstem, and cerebellum. MS is categorized as relapsing–remitting (RR), secondary
progressive (SP), and primary progressive (PP) [11]. The pathogenesis of MS suggests
that in genetically susceptible subjects, independent populations of T lymphocytes are
activated in the immune system, migrate across the BBB, and trigger CNS tissue damage.
They release pro-inflammatory cytokines, initiate cytotoxic activities of microglia with the
release of nitrous oxide and other superoxide radicals, stimulate B cells and macrophages,
and activate the complement system [12]. Autoantibodies against myelin basic protein and
myelin OLs glycoprotein have been detected in MS patients. These antibodies may mediate
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injury by complement fixation or linking with innate effector cells such as CNS resident
macrophages [12]. Despite the specific clinical form, the initial stage of the disease is
characterized by an autoimmune inflammatory response mainly against the OLs in the CNS,
resulting in demyelination (inflammatory component). Soon after the regenerative capacity
of the OLs is exhausted, the inflammatory processes attack the neurons themselves, leading
to the permanent injury and dysfunction of the CNS (neurodegenerative component). Both
inflammatory and neurodegenerative components of MS pathogenesis are believed to be
involved from the very beginning of the disease, giving different clinical presentations in
the context of spatial and temporal pathological changes) (Figure 1) [13].

 

Figure 1. Pathogenesis of MS. Described processes 1 to 6 occur consecutively and in parallel in terms
of the spatial (peripheral vs. CNS inflammation) and temporal (acute vs. chronic inflammation) axes.
Adapted from [3] and modified.

3.2. Between Detrimental and Beneficial Neuro-Inflammatory Responses
3.2.1. The Role of Peripheral Immune Cells

MS neuro-inflammation is characterized by pathogenic immune responses involving
T cells (CD4+ and CD8+ T cells), B cells, and myeloid cells along with the reduced function
of regulatory T cells [14]. In the early inflammatory phase of MS, peripheral adaptive
immune cells infiltrate the CNS through a compromised BBB (Figure 2A). These activated
cells interact with each other and with CNS resident cells. They secrete cytokines such
as IFN-γ by Th1, IL-6, IL-17 by Th17, GM-CSF, IL-6, TNF-α by B cells, and cytotoxic
molecules such as granzyme B by CD8+ T cells. B cells can further evolve into pathogenic
autoantibody-producing plasma cells. As a result, T and B cells activate macrophages
and microglia that produce cytokines, nitric oxide, and reactive oxygen species (ROS).
This cytotoxic pro-inflammatory environment causes oligodendrocyte and axonal damage
through direct cell contact-dependent processes and the release of neurotoxic mediators [13].
It destroys the myelin sheaths around axons and causes energy failure in the axon. Yet,
macrophages and microglia can still clear the myelin debris, allowing for the recruitment of
oligodendrocyte progenitor cells (OPCs) that will partially remyelinate the lesion [13,15].

In the progressive phase of MS, the inflammation is restricted within the CNS due to
the persistence of activated immune cells in situ, despite the absence of infiltrating T and B
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lymphocytes from the periphery (Figure 2B). This chronic inflammatory process affects the
whole brain parenchyma, even at sites distant from the underlying focal demyelinating
lesions. Diffuse chronic CNS inflammation is thought to be more common in patients with
progressive forms of MS [16,17]. Notably, plasmablasts and plasma B cells form tertiary
follicle-like structures in the meninges. Their location in the leptomeninges contributes to
the demyelination of subpial gray matter and highlights the importance of B lymphocytes
in the pathogenesis of the progressive form of MS. The BBB is closed and the inflammation
is maintained by innate resident CNS cells, i.e., microglia and astrocytes. They produce
cytokines (TNF-α, IL-6) and release ROS, causing damage to myelin [18].

Recent data suggest that neuro-inflammation may be beneficial to some extent [19]. In
experimental autoimmune encephalomyelitis (EAE) models, the treatment of mice with
IFN-γ, classically considered a pro-inflammatory cytokine, leads to reduced morbidity
and mortality [20]. Evidence also supports the protective role of tumor necrosis factor
alpha (TNF-α) in EAE. Mice lacking TNF-α and its related receptors showed a signifi-
cant delay in remyelination [21]. This could be related to the missing TNF-α induction
of neurotrophins expression as well, such as NGF and brain-derived neurotrophic fac-
tor (BDNF) [22]. TNF-α treatment significantly reduced the severity of the disease in
immunized TNF-deficient mice [23]. The results suggest that some pro-inflammatory
cytokines may also play an indirect rather than direct role in disease control and remyeli-
nation [20,21,23]. Anti-inflammatory cytokines, such as IL-4 and IL-10, may have a direct
protective effect instead [24,25].

Immune cells also exert a neuroprotective effect in MS via the production and local
secretion of neurotrophins, such as NGF and BDNF [26]. In addition, after suppressing B
cell cytokines BAFF and APRIL with atacicept (cytokines important for B cell survival and
function), adversely increased clinical activity in MS was observed. The latter provides
indirect evidence for the anti-inflammatory functions of certain B cells [27].

 

Figure 2. Cont.
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Figure 2. (A) The role of peripheral immune cells in MS. Adapted from [18] and modified. (B) The
role of peripheral immune cells in MS. Adapted from [18] and modified. [dots: in blue and purple
(cytokines and cytotoxic products from adjacent cells); in brown (reactive oxygen species)].

3.2.2. The Role of the Innate Resident CNS Cells

The main innate resident CNS cells of relevance to the localized inflammatory response
are microglia and astrocytes. They produce cytokines (TNF-α, IL-6) and release ROS in situ,
causing myelin damage [28].

Microglia are activated by pathogen-associated molecular pattern molecules (PAMPs)
and/or damage-associated molecular pattern molecules (DAMPs) [29]. The classical (M1)
microglia activation produces pro-inflammatory cytokines and chemokines, such as tumor
necrosis factor-alpha (TNF-α), interleukin (IL)-6, IL-1β, IL-12, and CC chemokine ligand 2
(CCL2), and induce inflammation and neurotoxicity) [30]. The alternative (M2) microglia
activation secretes certain growth factors (GFs) and neurotrophic factors (NTFs) and pro-
motes the survival of neurons [31]. The switch from M1 to M2 phenotype may occur
via inhibition of nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB),
mitogen-activated protein kinase (MAPK), activator protein 1 (AP-1), and signal transducer
and activator of transcription (STAT) transcription factors, and activation of the peroxisome
proliferator–activated receptor gamma (PPARγ) pathway [31–36] (Figure 3).

Microglia activation contributes to MS disregulation through antigen presentation,
secretion of pro-inflammatory cytokines, and phagocytic processes [37,38]. Although
microglia are primed into a pro-inflammatory phenotype, their phagocytic capacities are
diminished. Myelin debris are not completely cleared, OPCs are insufficiently recruited
and fail to differentiate. Overall, microglial activation in the CNS is heterogeneous and
cannot be classified only into two different subtypes: classical (M1) or alternative (M2) [39].
Although M1 microglia promote inflammation and M2 microglia have an anti-inflammatory
phenotype, there appears to be a continuum of phenotypes between M1 and M2 that can
switch from one to another [40]. Modulation microglia M1/M2 polarization and shifting
from M1 to M2 phenotype have been proposed as promising therapeutic strategies in
neurodegenerative CNS disorders [41].
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Astrocytes may play a role in inhibiting remyelination and axonal regeneration
through reactive astrogliosis, glial scar formation, and the secretion of inhibitory molecules
which suppress axonal growth [42]. TNF-α-mediated glutamate release from astrocytes
leads to excitotoxicity, causing axonal damage. The ferrous iron (Fe2+) released from the
myelin is oxidized to produce ROS leading to a major oxidative burst, causing mitochon-
drial dysfunction, mitochondrial DNA damage, energy failure, and axonal loss [18].

Activated astrocytes show a Janus-faced nature. The A1 astrocytes secrete inter-
leukin (IL)-1β, TNF-α, and C3 components to propagate the neuroinflammatory response.
Additionally, they also secrete D-serine and nitric oxide (NO), which may contribute to
excitotoxicity with subsequent neuronal and oligodendrocyte death. The alternative A2
astrocytes, however, may secrete anti-inflammatory compounds, such as neurotrophic
factors (NTFs, including NGF), IL-10, IL-6, and TGF-β, and promote the neuroprotective
and neuroregenerative functions [41,43].

Astrocytes may stop the T-cell response by inducing apoptosis as well [44]. Until
recently, astrocytes’ formation of the glial scar was considered a harmful process that
impedes the regeneration and remyelination of axons. Seen from a different perspective,
however, depending on the severity of the injury, the scarring process may also serve to
isolate the inflamed area, provide structural support, and restrict damage [42]. Likewise,
activated microglia can also promote remyelination by clearing myelin debris from the
local environment and by secreting anti-inflammatory cytokines, such as transforming
growth factor-beta 1 (TGF-ß1) and certain neurotrophic factors, such as BDNF, that can
induce the proliferation of OLs (Figure 3) [45,46].

 
Figure 3. Microglia activation and resolution of inflammation. Adapted from [46] and modified.

4. The Role of Autoantibodies

B cells and their evolving plasma cells, along with the plasma cells producing autoan-
tibodies and complement, have been found in MS lesions [47], indicating their implication
in demyelination. Further evidence for antibody-mediated mechanisms in MS comes from
the presence of ectopic lymphoid follicles in the CNS of MS patients [48], particularly those
with progressive disease. The remarkable success of B-cells depleting therapies suggests
that plasmablasts and plasma cells-producing autoantibodies may promote deterioration
of the disease. However, the ability of plasma cells and their autoantibodies to significantly
affect the course of MS is still a matter of debate [49].
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Until recently, the available clinical and experimental evidence suggested that no
specific antibodies had been identified in MS [50]. Pathological studies have shown IgG
and complement deposition in brain lesions in some MS cases (defined as type II lesions),
suggesting the contribution of humoral immunity and autoantibodies to the pathogene-
sis [51]. In confirmation of these data, some authors reported a subset of patients with type
II MS lesions that had autoantibody-induced demyelinating responses [52,53]. Experimen-
tal research revealed that MS myelin-specific IgG1 monoclonal recombinant antibodies
initiate complement-dependent cytotoxicity to OLs (oligodendrocyte loss) and induce rapid
demyelination. The research gives compelling evidence of antibody/complement contri-
bution to the type II MS lesions given the deposition of IgG and activated complement in
EAE model. Importantly, antibody-induced demyelination was accompanied by significant
activation of microglia [54]. In a human study, serum antibodies against the cytoplasm
of OLs were detected in a relatively small proportion of MS patients with primary or
secondary progressive disease. Compared to anti-oligodendrocyte autoantibody-negative
MS patients, anti-oligodendrocyte antibody-positive MS patients were significantly older at
the time of serum sampling, showing significantly greater impairment (significantly higher
Kurtzke EDSS scores) and a higher frequency of mental disorders [55]. Another human
study demonstrates that myelin obtained post mortem from MS brain donors is bound
by IgG antibodies. In addition, IgG immune complexes strongly potentiate the activation
of primary human microglia, leading to increased production of key pro-inflammatory
cytokines, such as TNF and IL-1b. Thus, IgG immune complexes and activated human
microglia may play an increasing role in MS-related inflammation and demyelinating
lesion formation [56]. Most recent experimental research revealed that MS plasma IgG anti-
bodies form large aggregates (>100 nm) that generate complement-dependent apoptosis
in neurons and astrocytes. These findings provide a direct link between IgG antibodies
and neuron death [57]. In real-world clinical practice, with the development of a novel
nanomembrane-based TPE technology (with membrane pores 30–50 nm diameter [58]), by
removing these pathological antibodies and immune complexes, we could modulate not
only the demyelination (oligodendrocyte loss) and microglial activation but the neuronal
and astrocyte apoptosis as well [54–57]. This modulation could have a significant impact
on the levels of synthesized NGF by OLs, astrocytes, and neurons, which will be discussed.

In the early stage of MS of inflammatory demyelination, increased levels of monosialo-
ganglioside 1 (GM1), the main myelin ganglioside, were found [59]. In addition, anti-
ganglioside antibodies were observed that could either contribute to axonal degeneration
or appear as a consequence of axonal damage. Whatever is true does not change their
potential to cause BBB disruption [60] and inhibition of axonal regeneration [61]. Given
the fact that the deleterious effect of anti-ganglioside IgM antibodies on BBB leakage is
concentration-dependent but complement-independent [62], the plasma removal of these
primary or secondary autoantibodies would also be pathogenetically reasonable.

In general, we could outline the pathogenicity of circulating autoantibodies associated
with MS by several different possible mechanisms of actions and interactions (Figure 4).
For example, during the early inflammatory phase due to increased BBB permeability
induced by encephalitogenic T cells, circulating antibodies can reach the brain and become
pathogenic. In addition, these antibodies themselves could induce vascular damage and
inflammatory lesions of the CNS by complement-dependent or antibody-dependent cellu-
lar cytotoxicity mediated through Fc receptors on microglia and macrophages. Moreover,
autoreactive B cells could infiltrate the brain and induce high levels of pathogenic autoanti-
bodies in the cerebrospinal fluid (CSF). In the brain parenchyma, autoantibodies bound to
the surface of target cells could cause their direct damage or functional alteration, which
in turn leads to demyelination. Finally, autoantibodies may also promote demyelination
indirectly by activating autoreactive T cells or microglia and macrophages [7]. By removing
the pathogenic antibodies from the circulation and CNS when BBB permeability is available,
we can modulate all described mechanisms and pathological consequences of antibodies’
actions and interactions.
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Figure 4. Potential mechanisms of antibody pathogenicity in multiple sclerosis. Adapted from [7] and
modified. [activated T cells 1© and circulating antibodies 2© damage BBB and increase its permeability;
activated B cells 3© add to the antibodies production in brain parenchyma; antibodies induce direct
damage 4© or promote demyelination indirectly via activation of microglia and macrophages 5©].

5. The Role of NGF

NGF is the member of the neurotrophin family which has been described in 1952 by
Levi-Montalcini [63]. The neurotrophin family also includes neurotrophin-4 (NT4), BDNF,
and neurotrophin-3 (NT-3) [64]. NGF activates downstream signaling cascades by binding
to two types of membrane receptors, TrkA and p75NTR [65]. TrkA is considered a high-
affinity receptor that selectively binds the NGF, thus conveying pro-survival signals [66].
p75NTR belongs to the tumor necrosis factor receptor family (TNFR) binding to all mature
neurotrophins with the same affinity, while being considered a high-affinity receptor for the
immature isoforms of the neurotrophins, the so-called pro-neurotrophins [67]. Depending
on the NGF-specific receptors (high-affinity TrkA and low-affinity p75NTR), signaling
pathways for neuronal differentiation, maturation and survival, axonal and dendrite
development, or apoptosis can be triggered (Figure 5). The p75NTR forms complexes with
various receptors, thus mediating a great number of different and sometimes opposing
functions, the latter depending on the cellular and environmental context [68]. When TrkA
and p75NTR are co-expressed, they constitute a two-receptor heterotetrameric system that
binds to NGF and activates various signaling pathways [69,70].

In the context of demyelinating damage that accompanies MS development, it is essen-
tial to emphasize the role of neurotrophins (including NGF) in the activation of the principal
signaling pathways driving OLs differentiation, myelination, and corresponding remyeli-
nation after injury, namely, Erk1/2-MAPK (Figure 5) [71]. The mitogen-activated protein
kinase (MAPK) pathway by extracellular signal-related kinases 1 and 2 (Erk1 and Erk2) is
reported to regulate oligodendroglial development, proliferation, apoptosis, differentiation,
and myelination [72,73]. The Erk1/2-MAPK pathway is activated by platelet-derived
growth factor (PDGF) and neurotrophins (NGF, NT3, and BDNF). This triggers a cascade
of processes involving phosphorylation of MAP3K, MEK1, and MEK2, as well asErk1 and
Erk2, which are finally translocated to the cellular nucleus [74,75]. Once there, they can
regulate the expression of the OLs transcription factor myelin regulatory factor (MYRF),
which promotes remyelination in MS [76].
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Figure 5. Signaling pathways activated by NGF. Adapted from [41] and modified.

NGF is a neurotrophin that is largely expressed in the CNS in neurons, OLs, and
astrocytes as well as in the periphery [77,78]. NGF and its receptors are expressed by
almost all different cell types, including T cells, B cells, macrophages, neutrophilic and
basophilic granulocytes, mast cells, etc. (Table 1) [79,80]. NGF could affect B cells (prolifer-
ation, immunoglobulin production, and cell proliferation), T cells (survival and expression
of cytokine receptors) and plays a special role in macrophage antigen presentation and
migration into inflamed regions and lesions [81,82]. What is more, NGF activates chemo-
taxis [83–86], stimulates the phagocytosis of neutrophils [87] and macrophages [84,85],
increases the cytotoxic activity of eosinophils [88], and stimulates the degranulation of
mast cells [89,90].

Table 1. Expression of NGF and its receptors in the human immune system.

Cellular Source Target Receptor Target Cell

β-NGF
(mature)

mast cells, monocytes, macrophages,
eosinophils, granulocytes,

basophiles,
TrkA T cells, macrophages

T cells, B cells p75NTR and TrkA B cells, mast cells

In the CNS, NGF specifically provides trophic support to cholinergic neurons of the
basal forebrain that express TrkA, which makes it particularly interesting for Alzheimer’s
disease (AD) [91–95]. NGF and its receptors, TrkA and p75, are reported to play a bi-
directional role between the immune and nervous systems. NGF plays a dual role both in
anti- and pro-inflammatory responses [96]. At the site of inflammation, pro-inflammatory
cytokines (such as IL-1β and IL-6) induce overexpression of NGF [97]. p75NTR, in the
absence of the TrkA co-receptor, can affect the migration of B cells via BBB, where it has
been described to play a crucial role, as well as limit the production of autoantibodies from
B cells. By this mechanism, NGF performs neuroprotection in the context of protective au-
toimmunity, where the organism develops specific mechanisms to cope with CNS damage
by restricting and controlling degeneration and/or promoting regeneration [98,99]; and
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vice versa, NGF using TrkA could upregulate axonal expression of LINGO-1 (a membrane-
bound protein, part of the Nogo-A signaling pathway and a myelin-associated inhibitor)
and may also negatively affect the process of axonal myelination [100,101]. However, the
deletion of Nogo-A signaling (using Nogo-A knockouts animal model) fails to maintain
regeneration of axons after spinal cord injury. Hence, the Nogo-A/LINGO1 signaling
pathway may not play an important role in the failure of regeneration but instead could
participate in an accessory function [102]. The latest research corroborates the regenerative
ability of NGF using adipose mesenchymal stem-cell-derived NGF. After injecting into
the animals with EAE, the artificial NGF stimulates axon regeneration and also decreases
neurogliosis [103]. Moreover, another recent study using an in vitro model of mixed neural
stem-cell-derived OPCs revealed that in the mixed culture, astrocytes are the major pro-
ducer of NGF, and OPCs express both TrkA and p75NTR. NGF treatment increases the
percentage of mature OLs, whereas NGF blocking by neutralizing antibodies impairs OPC
differentiation. This report clearly demonstrates that NGF is involved in OPC differentia-
tion, maturation, and protection, which also suggests possible implications in the treatment
of demyelinating lesions and related diseases [104].

In the course of neuro-inflammation, almost all resident CNS cells overexpress NGF [105].
In addition, NGF in the blood could cross the BBB and reach glial cells, when BBB be-
comes permeable under pathological conditions, such as, for example, MS [106]. It should
be pointed out that NGF levels affect glial physiology. As reported in in vivo mouse
model [107], the reduction of NGF leads to A1 activation of astrocytes and neurotoxicity.
On the contrary, as previously reported [108], the elevation of NGF steers microglia toward
an anti-inflammatory phenotype, thus leading to neuroprotection. In addition, previous
research observed the significant effects of intracranial administration of NGF on cytokine
expression, which were specific for the CNS parenchyma and were not found in the periph-
ery [109]. As far as MS is concerned, during acute attacks, patients show elevated levels of
NGF in the CSF compared with healthy individuals, which can be regarded as an attempt to
protect the CNS tissue against inflammation [110]. All these findings suggest the relevance
of NGF-based therapeutic approaches in cases of inflammatory and neurodegenerative
disorders [107].

The role of NGF in modulating the activity of a number of cellular and tissue structures
during CNS inflammation and injury is presented in Table 2.

Table 2. NGF mechanisms of action during CNS inflammation and injury.

Target Effect

Immune system Modulation of immune system via enhanced sympathetic innervation of
lymph nodes with indirect effect decreasing CD4+ and CD8+ proliferation

BBB Maintenance of BBB integrity

Lymphocytes Switch to the anti-inflammatory phenotype by avoiding cytotoxicity and
inducing immunosuppressive cytokines (IL-10, TGF-β)

Macrophages/
microglia

Decrease in antigen presentation by macrophage/microglia by reducing
the expression of major histocompatibility complex (MHC) molecules;
Shift from pro-inflammatory M1 to anti-inflammatory M2 phenotype

Astrocytes Inactivation of toxic astrocytes mediators; Attenuation of astrogliosis,
shift from pro-inflammatory A1 to anti-inflammatory A2 phenotype

OLs Promotion of proliferation, migration, maturation, and survival of OPCs

Neurons
Promotion of axonal survival during inflammation; Upregulation of axonal

LINGO1 with inhibition of axonal receptivity to
oligodendrocyte myelination

Recently, it has been shown that TNF-α not only induces NGF over-expression but
modulates the NGF signaling pathways as well. The cross talk between these two is
possible due to the fact that p75NTR belongs to the tumor necrosis factor receptor family
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(TNFR). TNF-α downregulates the mRNA and protein levels of TrkA and also increases p75
mRNA expression [110]. This could shift the role of NGF signaling from neuroprotective to
neurotoxic, implying that a specific binding of a certain receptor is of significant importance,
especially during inflammation [110]. In turn, NGF can modulate the TNF-α signaling
pathways by downregulating TNFR1-mediated apoptosis and promoting preferential
signaling through TNFR2, which leads to protection and proliferation. What is more, NGF
also induces production of BDNF [22], another CNS neurotrophin and well-established
activator of re-myelination in MS [101].

Finally, NGF antibodies were observed to exacerbate neuropathological signs of
EAE [111]. This implies not only the significance of NGF in reducing the extent of
EAE lesions [112] but also opens up a new possibility to enhance the NGF beneficial
anti-inflammatory potential in MS patients by removing these antibodies by means of
TPE [113].

6. The Role of S1P

Sphingolipids are functionally active participants in a wide range of extracellular and
intracellular processes [114,115]. The balance between sphingosine and sphingosine-1-
phosphate (S1P), both being metabolites of the precursor ceramide, and their subsequent
phosphorylation by enzymes called kinases were shown to be important in the determina-
tion of whether a cell is destined for cell death/apoptosis or proliferation [116]. Although
S1P is essential for normal CNS development and maturation [117] and it also may regulate
synaptic function [118], it can also have cytotoxic effect at higher concentrations, such as
when there is a genetically determined deficiency in its degradative enzymes [119]. S1P
also regulates calcium metabolism [120] and may promote presynaptic calcium overload
and eventually cell death [121]. Of note, S1P is implicated in both upstream and down-
stream production of cytokines, and increased interstitial levels of S1P at the inflammatory
sites induce the expression of pro-inflammatory cytokines [122]. As described above, free
interstitial S1P increases at inflammation sites, where, unlike its plasma anti-inflammatory
effects, this sphingolipid is involved in the propagation of inflammation [122].

A distinguishing characteristic of the members of the sphingolipid family is their par-
ticipation in pro- or anti-proliferative pathways of cell regulation [114]. Especially, S1P is
well known for its wide functional activity, influencing processes such as cellular migration,
adhesion, differentiation, and survival, among others. It is also an active participant in
the genesis of various pathological processes and diseases, involving inflammation, oxida-
tive stress, neurodegenerative pathologies such as MS, etc. [123]. MS is an autoimmune
inflammatory neurodegenerative disease, which is characterized by disturbances in the
sphingolipid metabolism in the CNS [123]. The levels of S1P are reported to be elevated in
the cerebrospinal fluid of MS patients, and this elevation shows specific correlations with
the clinical severity of the disease (e.g., Kurtzke EDSS score) [124]. The high concentrations
of S1P occurring in cerebrospinal fluid [125] from MS patients support the presumption
that the bioactivity of S1P is pro-inflammatory rather than protective [123]. In addition,
S1P affects the integrity of the BBB, which is generally damaged in patients with MS [123].

The bioactive lipid, S1P, is generated by phosphorylation of sphingosine, catalyzed
by two isoforms of sphingosine kinase (SK1 and SK2). S1P can also be reversibly dephos-
phorylated by S1P phosphatase to produce sphingosine, the levels of which are generally
controlled by flux through de novo ceramide synthesis and sphingosine catabolic path-
ways [126]. There are numerous studies on the sphingomyelin (SM)–S1P pathway in order
to reveal whether SM serves as a major source of S1P through the activities of sphingolipid
metabolizing enzymes [127]. The obtained results showed upregulation of certain sphin-
golipid catabolizing enzymes, implying that SM could serve as a possible source of S1P
(Figure 6).

A vast number of the biological effects of S1P are mediated by a family of G-protein-
coupled S1P receptors S1P1–S1P5. The complex expression patterns and transmembrane
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and intracellular signaling pathways of each receptor form the molecular basis for the
diversity of S1P functions [122].

 
Figure 6. The SM–S1P pathway.

S1P receptors are widely expressed in cells of the CNS [128], including neurons,
astrocytes, microglia, and OLs, all of them having potential roles in the pathogenesis
of MS. S1P1 upregulates Th17 polarization and increasing neuro-inflammation, which
are key factors in MS pathogenesis [129]. During inflammation, an S1PR-1-dependent
upregulation of microglia is observed which additionally increases the inflammatory
process [130]. The blocking of S1P1 decreases activated microglial production of pro-
inflammatory cytokines (TNF-α, IL-1β, and IL-6) and increases production of BDNF and
glial-cell-derived neurotrophic factor, the latter being neuroprotective [131]. In addition,
S1PR-1 blockade is a potentially important pharmacological target to reduce astrogliosis
and promote re-myelination in MS patients [132]. A role of S1P1 in astrocytes has been
shown in the disease progression [133]. Both S1PR-1 and S1PR-3 are upregulated by pro-
inflammatory astrocytes and are associated with higher production of glial acidic fibrillary
protein [134]. The potential of S1P2 to destabilize adherent junctions, promote inflammation,
and modulate the infiltration of leukocytes may increase the disease severity [133]. As
far as S1P3 signaling in MS is concerned, its actual sequelae regarding detrimental effects
(e.g., astrogliosis) and beneficial effects (e.g., remyelination) could not be determined [135].
Clearer evidence for the pro-inflammatory contribution of S1P3 was reported later [136].

Red blood cells (RBCs) and endothelial cells (ECs) are major sources for the produc-
tion of plasma S1P. About 50–60% of the circulating S1P is bound to apolipoprotein M
(ApoM)/high-density lipoprotein (HDL), and 30–40% is bound to albumin. Platelets may
also participate in the production of plasma S1P, especially upon platelet activation, which
significantly enhances S1P release [137]. Experience from the COVID-19 pandemic implies
that during severe inflammation the decrease in S1P is closely connected to the number
of RBCs, the major source of plasma S1P, and to ApoM/HDL and albumin, the major
transporters of S1P in blood [138].

Alterations in blood flow modulate endothelial S1P secretion and receptor S1P1 ex-
pression. In static state, there is a decrease in S1P production and secretion of endothelial
S1P. In addition, S1P1 transcription is less active, which leads to lower S1P1 activity. On
the contrary, in active state, shear stress substantially upregulates S1P1 expression, which
induces an increase in endothelial S1P levels and enhanced S1P1 signaling. S1P enzymatic
degradation in tissues is a key factor in the formation of circulatory S1P gradient across the
endothelial barrier, which keeps S1P levels at ~1 μM in the blood, at ~0.1 μM in the lymph,
and at <1 nM in the interstitial fluids [137].

The above determinants of circulatory S1P gradient along with the S1P plasma levels
could be modulated during TPE, which will be discussed later.
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7. The Role of TPE

TPE is an invasive therapeutic method that involves extracorporeal blood removal,
as well as the return or exchange of blood plasma or components. It usually removes a
large volume of plasma (1 to 1.5 of patient’s total plasma volume (TPV) per treatment) with
adequate volume replacement using colloid solutions (e.g., albumin and/or fresh frozen
plasma (FFP)) or a combination of crystalloid/colloid solutions [139]. TPE is applied to
remove pathogenic substances with high molecular weight (>150 kDA) including autoanti-
bodies, immune complexes, pro-inflammatory mediators, lipids, and many others from
the intravascular space, which ensures its rapid onset of action [139,140]. However, the
mechanism of action of TPE in immune-mediated inflammatory and neurodegenerative
disorders involves more than the simple removal of large pathogenic molecules. For exam-
ple, the application of TPE may also modulate cellular immunological response by altering
the ratio between T-helper type-1 (Th-1) and type-2 (Th-2) cells in peripheral blood. Th-2
cells maintain the humoral immune response by facilitating B-cell autoantibody production
and play an essential role in neurodegenerative autoimmune disorders. By shifting the
balance between peripheral T cells from Th-2 predominance to Th-1 predominance, TPE
has a modulatory effect on the pathogenic immune response and may play a therapeutic
role within and beyond the time of TPE application [141].

The contemporary status of TPE in autoimmune neurological diseases in Japan sug-
gests that it can be considered as an efficient therapy for autoimmune neurological diseases
such as MS, myasthenia gravis (MG), neuromyelitis optica spectrum disorders (NMOSD),
chronic inflammatory demyelinating polyneuropathy (CIDP), and Guillain–Barré syn-
drome (GBS), among others, with a low frequency of adverse effects [142]. Our data corrob-
orate these findings in the mentioned neurological disorders after the use of nanomembrane-
based TPE [58]. This innovative approach involves passing the patient’s blood through sev-
eral nanomembranes, aiming to filter certain large molecules [113,143–148]. The nanomem-
brane-based technology involves the use of the “Hemophenix” apparatus (Figure 7) with
the ROSA nanomembrane (“Trackpore Technology”, Moscow, Russia) (Figure 8). The
nanomembrane has pores with a diameter of 30–50 nm, and it can filter molecules with
molecular weights less than 40 kDa. The device has a filling volume of up to 70 mL and
also possesses the advantage of a single-needle access to a peripheral vein [149].

 

Figure 7. Hemophenix apparatus with ROSA nanomembrane [58].
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Figure 8. Electron microscopic profile of the track membrane ROSA [58].

The most frequently used replacement fluid in nanomembrane-based TPE is saline
(NaCl 0.9), which has low cost and no adverse effects, even when 25% (approximately
700–750 mL plasma) of the circulating plasma is removed [144]. Our practice of saline replace-
ment in the removal of 700–750 mL of plasma is in agreement with the so-called low-volume
plasma exchange (LVPE), which ranges from 350 mL to 2 l plasma volume removal per each
separate procedure. The LVPE approach is preferred in chronic conditions, in which the
separation of smaller volumes of plasma would be justified for long periods of time [150]. The
relevance of minimizing the adverse events of colloid replacement by lowering plasma volume
exchanged per treatment (0.5–0.7 of TPV) is supported by the German practice in the field of
LVPE as well [151,152]. The reported data suggest that effectiveness may be provided with
volumes below the currently recommended volumes (1 to 1.5 of TPV) [151,153]. According to
the Spanish practice, the LVPE approach suggests good effectiveness in neuro-immunological
disorders (GBS, NMOSD, MG, MS). However, more profound studies are needed to con-
firm LVPE as a better alternative to the classical TPE [150]. Nevertheless, our experience
in LVPE adds new insights concerning the effectiveness of the low-volume approach after
implementing an innovative nanomembrane-based technology (Figure 9).

Figure 9. Amount of processed blood and separated plasma (LVPE) during a TPE procedure in a
patient with MS.

TPE is presumed to affect NGF and S1P plasma levels in many different ways. In
classical filtration TPE (1–1.5 of TPV), membrane pores might be blocked by red blood
cells, and hemolysis may occur depending on the hematocrit and the blood flow rate or
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blood shear rate [154]. In addition, the shear flow and shear stress are factors that affect
the leukocyte-material-induced activation [155]. Thus, strict control of the transmembrane
pressure is required [154] in order to avoid these TPE-associated adverse effects. In LVPE
(0.5–0.7 of TPV), the ratio surface area/plasma volume is more favorable in terms of mini-
mizing hemolysis and leukocytes’ activation [156]. This is likely to affect the plasma levels
of NGF and S1P. In our clinical settings, the changes in hemoglobin (a major source of
S1P synthesis [135]), albumin, and ApoM/HDL (major carriers of circulating S1P [137]),
after administering albumin/FFP replacement fluids (infusion of albumin/FFP stimulate
the release of S1P from erythrocytes and platelets [157]), activated leukocytes (source of
growth factors [158]) and are all balanced by the use of nanomembrane-based LVPE. Beyond
these considerations, the most plausible explanation for the observed elevation of NGF
plasma levels (Figures 10 and 11) and reduced S1P plasma levels (Figures 12 and 13) in
our cases of MS patients could be due to the removal of autoantibodies (Figures 14–16)
against NGF-producing cells and NGF itself (discussed above) as well as direct loss of S1P
with discarded plasma [159]. The reduction of blood S1P after TPE leads to the inability
to maintain the circulatory S1P levels and to the accumulation of mature T cells in lym-
phoid organs [160]. This may have the same clinical implications for MS patients as the
administration of S1P1 receptor modulator fingolimod, causing lymphocyte sequestration
in peripheral lymphoid organs and thus preventing autoreactive immune cells’ infiltration
into the CNS [161]. The increased NGF plasma levels after TPE application could either
contribute to or occur as a consequence of increased NGF levels in the CNS (given NGF’s
ability to cross the permeable BBB according to its gradient [106]). In both cases, they
should be considered as a favorable anti-inflammatory response as a result of the reduced
pro-inflammatory load related to discarded plasma. The augmented NGF in CNS could
steer glia toward an anti-inflammatory phenotype and neuroprotection [108]. Likewise, the
removal of circulatory pathogenic factors (autoantibodies, immune complexes, cytokines,
etc.) from peripheral and CNS compartments could alleviate their damaging effect on target
cells (neurons, OLs) and thus promote neuroprotection. As for the possible interaction
between NGF and S1P (NGF stimulates Sphk1 activity via TrkA receptors and increases
intracellular S1P [162,163]), the observed increased NGF plasma levels are apparently not
sufficient to promote enough synthesis of S1P in order to compensate the lowering effect of
TPE on S1P plasma levels.

Figure 10. Changes in the level of NGF before and after a TPE procedure in patients (1, 2, 3, 4, 5) with
acute exacerbations of relapsing–remitting MS (* p < 0.05; ** p < 0.01).
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Figure 11. Changes in the level of NGF before and after the course of TPE procedures (1, 2, 3, 4) in a
patient with acute exacerbations of relapsing–remitting MS (* p < 0.05).

Figure 12. Changes in the level of S1P before and after a TPE procedure in patients (1, 2, 3, 4, 5) with
acute exacerbations of relapsing–remitting MS (* p < 0.05; ** p < 0.01).

Figure 13. Changes in the level of S1P before and after the course of TPE procedures (1, 2, 3, 4) in a
patient with acute exacerbations of relapsing–remitting MS (* p < 0.05).
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Figure 14. Changes in the level of IgG before and after a TPE procedure in patients (1, 2, 3, 4, 5) with
acute exacerbations of relapsing–remitting MS (** p < 0.01).

Figure 15. Changes in the level of IgA before and after a TPE procedure in patients (1, 2, 3, 4, 5) with
acute exacerbations of relapsing–remitting MS (p > 0.05, there is a trend towards reduction).

Figure 16. Changes in the level of IgM before and after a TPE procedure in patients (1, 2, 3, 4, 5) with
acute exacerbations of relapsing–remitting MS (p > 0.05, there is a trend towards reduction).

175



Curr. Issues Mol. Biol. 2023, 45

Hence, the clinical rationale for TPE is that there is a permeable BBB in acute demyeli-
nating attacks, and the pathogenic substances can pass through it in both directions. The
removal of plasma antibodies and immune complexes by TPE may facilitate their efflux
and clearance from the CNS compartment, especially in MS patients with a highly active
disease (involving the progressive forms of MS) [164]. The purpose of a relapse treatment is
to accelerate functional recovery after inflammatory demyelination, alleviate the severity of
the relapse, and decrease the development of persistent neurologic deficit [165]. If patients
are unresponsive to initial corticosteroid treatment, which occurs in 20–25% of all cases, af-
ter an interval of 10–14 days a second corticosteroid pulse therapy in combination with TPE
is recommended. TPE in steroid-refractory acute attacks/relapses is recommended as an
adjunctive treatment by the American Academy of Neurology (AAN) (Level B recommen-
dation) [166] and as a second-line treatment by the American Society for Apheresis (ASFA)
(Category II; Grade 1B: strong recommendation, moderate quality evidence) [148]. In this
acute clinical setting, a course of 5–7 TPE procedures over two weeks has a response rate of
more than 50% [141]. In contrast to the ASFA recommendations, the AAN evidence-based
guideline does not recommend TPE for chronic PP or SP forms of MS (Level A recommen-
dation) [166]. It is noteworthy that a recent retrospective study revealed a 50% response
rate for the PP/SP subgroup of patients with MS, treated with TPE/IA (both IA and TPE
were equally effective) [167]. This observation implies that TPE could also be considered as
escalation therapy in progressive MS [165]. In addition, another current retrospective study
suggests that the escalation towards TPE should be as early as possible. It is important to
point out that the delay between the onset of relapse and the initiation of TPE is crucial for
the clinical response to TPE. A 7-day delay was reported to reduce the probability of TPE
response by more than 30%. A delay of 14 or 21 days (routine clinical practice) results in a
twofold to threefold reduction in the chance of clinically meaningful improvement [168].
All this points to a therapeutic window corresponding to the pathologically permeable
BBB during and immediately after the acute demyelinating attack, which, if not used in
proper time, reduces the chances of TRE for partial or complete resolution of the active
MRI lesions in the great majority of treated patients [169]. This is usually accompanied by
a significant improvement in the EDSS scores in post-TPE patients [170].

In addition, we carried out a second-line nanomembrane-based TPE in steroid-refractory
MS in 15 patients with RR form of MS [146,147,149,171] and in one patient with progressive
MS [149]. Our short-term therapeutic algorithm included 4 sessions of nanomembrane-
based TPE with LVPE mode, 0.8 TPV exchange (Figure 6—our MS with LVPE, in TPE file),
performed every other day, followed by 5th TPE after 1 month, 6th TPE 3 months later,
and 7th TPE 6 months later [171,172]. After the application of a cycle of 4 TPE, usually
the symptoms of ocular and vestibular motor function, of visual acuity, of walking with-
out assistance, etc., as well as those of acute neurological deficit (Kurtzke’s EDSS) were
improved significantly. The latest are in line with the EDSS improvements reported by
other authors [170]. A significant reduction of the markers of oxidative stress (published
previously) was observed as well [58].

TPE is an efficacious and safe method for the treatment of neurological disorders [58,173].
Nevertheless, its use for acute MS relapses is still modest according to recent UK clinical
practice data [173]. Our nanomembrane-based experience suggests a new opportunity in
technical terms and is another argument for TPE’s extended use in the field. However, it
should be interpreted with caution and should be placed in the context of local specificities
regarding study population, experience, availability, and insurance coverage [58,149].

Our observations on the plasma levels of immunoglobulins, NGF, and S1P present
for the first time insight into the multifaceted role of TPE in the treatment of MS acute
demyelinating attacks. Further research is necessary to determine their possible role as
reliable biomarkers for appropriate TPE protocols.
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8. Summary of Achieving Neuroprotection in MS

In summary, achieving neuroprotection in MS is a multifaceted task requiring drugs
or a combination of drugs, with different mechanisms of action, aimed at promoting
axonal function (1), glial regulation (2), BBB myelin integrity (3), and restoration of myelin-
protective functions (4) (Figure 17). TPE, without being considered as an alternative to
the available disease-modifying drugs or new drug formulations in development, may
selectively help to advance neuroprotection in all four directions. As described above,
TPE could modulate the CNS microenvironment by reducing oxidative stress (less excito-
toxicity), by removing the pathological antibodies and immune complexes (less OLs loss,
less microglial activation, less neuronal and astrocyte apoptosis, less BBB disruption, etc.),
by increasing NGF (shifting TNF-α signaling from TNFR1-mediated apoptosis to TNFR2-
mediated protection and survival, steering glia toward an anti-inflammatory phenotype
with less secretion of inhibitory molecules, promoting via Erk1/2-MAPK signaling pathway
OLs differentiation, myelination, and remyelination, etc.), and by decreasing S1P (leading
to the inability to maintain the circulatory S1P gradient and to accumulation of mature
T cells in lymphoid organs, decreasing the expression of pro-inflammatory cytokines in
inflammatory sites, minimizing S1P promotion of presynaptic calcium overload and cell
death, etc.) [54–58,71,108,160,174].

 
Figure 17. Main targets to achieve neuroprotection in MS. Adapted from [175] and modified.

9. Limitations and Future Directions

The main drawback of TPE is that this is an unspecific blood purification technique for
removing plasma without special processing for removing only pathological factors and
then replacing the separated plasma with fluids. As a result, some beneficial components,
such as antibodies or cytokines with remyelinating features, are eliminated during the
procedure as well [10]. Another drawback is that direct evidence for the pathogenic role
of serum antibodies in MS is complicated by the marked heterogeneity of the disease and
the variability of experimental procedures [7]. In addition, lessons learned from failed
phase II–III trials of antibody therapies in MS that were discontinued for various reasons or
withdrawn from the market taught us that there is a risk that agents that show promise in
preclinical work may not translate into beneficial effects in humans [8,176]. A well-known
approach from real clinical practice is to look for evidence of pathogenicity through the
effect of the treatment administered. Following best practices in the field, lowering anti-
body levels alleviates the disease. Therapies that reduce inflammation and the immune
response relieve MS symptoms and treat relapses, including prednisone, methylprednisone,
apheresis, and ocrelizumab [177]. Regardless of the considered limitations, during acute
demyelinating attacks with fulminant lesions and a predominant pro-inflammatory re-
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sponse, the positive effect of TPE administration [7] far outweighs the disadvantages of
this therapeutic approach.

At present, we can search for evidence of the effectiveness of TPE based on the relief
of MS symptoms from the reduction of pathological substances [177] or after evaluating
the percentage of patients who achieved confirmed improvement in disability using the
Kurtzke EDSS [176]. From a personalized medicine perspective, a new step in evaluating
the effectiveness of new TPE technologies (including the nanomembrane-based one in
particular) could be through the use of markers of axonal damage such as the level of neuro-
filaments in the serum before and after apheresis for acute demyelinating MS attacks [178].
Further research is needed to determine which patients benefit most from this advanced
TPE treatment.

10. Conclusions

In conclusion, given the accelerated discovery of novel characteristic autoantibodies,
in the near future, it would be expected to see an increase in the number of clinical
TPE applications in the field [179,180]. Altered plasma levels of the reviewed molecular
compounds in response to TPE treatment of acute MS attacks reflect a successful reduction
of the pro-inflammatory burden at the expense of an increase in anti-inflammatory potential
in the circulatory and CNS compartments. Plasmapheresis for MS in the twenty-first
century should be taken by MS patients.
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Abstract: The dysfunction of myelinating glial cells, the oligodendrocytes, within the central nervous
system (CNS) can result in the disruption of myelin, the lipid-rich multi-layered membrane structure
that surrounds most vertebrate axons. This leads to axonal degeneration and motor/cognitive
impairments. In response to demyelination in the CNS, the formation of new myelin sheaths occurs
through the homeostatic process of remyelination, facilitated by the differentiation of newly formed
oligodendrocytes. Apart from oligodendrocytes, the two other main glial cell types of the CNS,
microglia and astrocytes, play a pivotal role in remyelination. Following a demyelination insult,
microglia can phagocytose myelin debris, thus permitting remyelination, while the developing
neuroinflammation in the demyelinated region triggers the activation of astrocytes. Modulating the
profile of glial cells can enhance the likelihood of successful remyelination. In this context, recent
studies have implicated autophagy as a pivotal pathway in glial cells, playing a significant role
in both their maturation and the maintenance of myelin. In this Review, we examine the role of
substances capable of modulating the autophagic machinery within the myelinating glial cells of the
CNS. Such substances, called caloric restriction mimetics, have been shown to decelerate the aging
process by mitigating age-related ailments, with their mechanisms of action intricately linked to the
induction of autophagic processes.

Keywords: oligodendrocyte progenitor cells; oligodendrocytes; microglia; astrocytes; caloric
restriction; caloric restriction mimetics; demyelination; remyelination; autophagy

1. Introduction

Myelin is a lipid-rich multi-layered membrane structure that surrounds most verte-
brate axons. It is characterized by a high lipid-to-protein ratio, containing 75–80% lipids
(by dry weight) and 25–30% proteins [1]. A hallmark of myelinated fibers is saltatory con-
duction, a mechanism that enables the rapid and efficient propagation of action potentials
along the axonal length. Beyond its insulating function, myelin also plays an active role in
providing metabolic support to axons [2]. In the central nervous system (CNS), myelin is
produced by oligodendrocytes (OLs), while in the peripheral nervous system (PNS), it is
synthesized by Schwann cells (SCs) [3].

The dysfunction of myelinating glial cells within the CNS can result in the disruption of
myelin, a phenomenon that can subsequently lead to axonal demyelination and contribute
to eventual axonal degeneration [4]. In response to demyelination in the CNS, the formation
of new myelin sheaths occurs through the homeostatic process of remyelination, facilitated
by the differentiation of newly formed OLs [5]. It is important to note, however, that
remyelination is often inadequate for fully replicating the original myelin ultrastructure [5].
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Apart from OLs, microglia and astrocytes, the two other main glial cell types of
the CNS, play a pivotal role in remyelination [6–8]. Microglia constitute the resident
macrophages within the CNS and display dynamic diversity [9,10]. Following a demyeli-
nation insult, they can phagocytose myelin debris, which is vital for recruiting and differ-
entiating oligodendrocyte progenitor cells (OPCs), and they secrete growth factors and
chemotactic substances. They also alter the extracellular matrix to support OPCs, aiding
remyelination [11–14]. The developing neuroinflammation in the demyelinated region
triggers the activation of astrocytes, the third glial population involved in remyelination,
in a process known as reactive astrogliosis [15]. Activated astrocytes play a dual role,
sometimes favoring or hindering remyelination based on their specific phenotype [16,17].
Astrocytes can directly impact remyelination because they recruit microglia to the lesion site
and, thus, modulate the removal of myelin debris, which is essential for the resolution of
the inflammatory response and, ultimately, remyelination [18]. Additionally, they modulate
the extracellular matrix, affecting OPC proliferation and differentiation [19]. Modulating
the expression profile of these glial cell types can enhance the likelihood of successful
CNS remyelination.

In addition, recently, studies have implicated autophagy as a pivotal pathway in glial
cells, playing a significant role in both their maturation and the maintenance of myelin. A
study by Bankston and colleagues reveals that autophagy deficiency hinders OL differentia-
tion both in vitro and in vivo. Specifically, their findings indicate that inhibiting autophagy
alters the ultrastructure of myelin, thus underscoring the critical role of autophagy in OLs
for proper myelination. Additionally, the observed enrichment of autolysosomes in OL
processes suggests a specialized role of autophagy in these cellular processes. Notably,
this research group also reports an increase in autophagic flux during oligodendrocyte
differentiation in vitro [20]. Two recent consecutive studies have highlighted the essential
role of autophagy in OLs not only in myelination but also in maintaining myelin through-
out the lifespan of mice. Aber et al. demonstrate that OLs orchestrate the autophagic
machinery to turnover myelin sheaths during adulthood, as autophagy deficiency leads to
increased myelin deposition, a phenomenon that intensifies over time [21]. Furthermore,
Ktena et al. corroborate the hypothesis that autophagy plays a pivotal role in myelin
maintenance. The inhibition of autophagy, both genetically and pharmacologically, results
in defects in OL maturation in vitro. The ablation of the core autophagic gene atg5 in
OLs in vivo in 2.5 month-old mice, following the completion of myelination, leads to an
excess of both PLP protein and mRNA levels at the age of 6 months, also implicating
the autophagic machinery in PLP mRNA degradation. Moreover, conditional knockout
mice in which autophagy is ablated in OLs exhibit myelin decompaction with subsequent
axonal degeneration and behavioral deficits at the age of 6 months [22]. Collectively, these
recent findings regarding autophagy and its pivotal role in CNS myelination and myelin
maintenance have made autophagy an attractive therapeutic target for repairing myelin
insults and/or abnormalities.

In the context of this Review, we focused on substances capable of modulating the
autophagic machinery within the myelinating glial cells of the CNS. This modulation is
achieved through a process akin to caloric restriction (CR), and the substances are named
caloric restriction mimetics (CRMs) [23,24]. Dietary or caloric restriction is defined as the
deliberate reduction of food consumption while maintaining proper nutrition, irrespective
of the selective restriction of specific food groups. After nearly a century of extensive
investigation across various model organisms, including Saccharomyces cerevisiae, Drosophila
melanogaster, rodents, and non-human primates, and the analysis of human epidemiological
data, CR is presently widely acknowledged for its capacity to enhance the longevity of
organisms and decelerate the aging process [25,26]. Furthermore, it is recognized for its
ability to mitigate age-related ailments, with its mechanisms of action being intricately
linked to the induction of autophagic processes [27].

In the specific context of the CNS myelin, the advantageous effects of CR have been
demonstrated. Piccio and colleagues provided compelling evidence illustrating the efficacy
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of a chronic CR regimen in enhancing the clinical outcomes of both relapsing–remitting
and chronic experimental autoimmune encephalomyelitis (EAE) models [23]. These im-
provements in clinical outcomes were further validated through the observation of reduced
severity in CNS pathology among the mice subjected to CR. Furthermore, the beneficial
impact of CR on myelin recovery has also been observed in the cuprizone (CPZ) model
of demyelination. Studies have shown that CR fosters the remyelination process by sig-
nificantly increasing the survival rates of OLs. Additionally, it leads to a decrease in both
astrogliosis and microgliosis within the corpus callosum (cc) of mice with CPZ-induced
demyelination [24]. Nevertheless, owing to the systemic and extensive impacts of CR,
unraveling the specific signaling pathways and the exact mechanisms underpinning its
favorable effects mediated via autophagy can prove to be a complex endeavor. Over the
course of decades of research, several hypotheses have arisen, among which the predom-
inant one suggests that CR primarily acts to preserve cellular homeostasis and overall
health [28].

The depletion of nutrients leads to a reduction in intracellular acetyl coenzyme A
(AcCoA) levels, concurrent with the deacetylation of cellular proteins. Within this concep-
tual framework, there are three potential approaches to replicate these effects: (i) decrease
cytosolic AcCoA levels by disrupting its biosynthesis; (ii) inhibit acetyltransferases, en-
zymes responsible for transferring acetyl groups from AcCoA to various molecules; or
(iii) promote the activity of deacetylases, which facilitate the removal of acetyl groups from
leucine residues [27,29,30]. The impact of CR can be replicated through the use of specific
pharmacological agents referred to as CRMs. These agents, including metformin, nicoti-
namide adenine dinucleotide (NAD+) precursors, and resveratrol, are non-toxic natural
compounds, which exhibit the capability to modulate the autophagic flux by triggering
pathways similar to those activated during nutrient deprivation [31]. For the reasons
mentioned above, we will focus this Review on the roles of metformin, NAD+ precursors,
and resveratrol, mainly in demyelinating diseases.

2. Metformin

Metformin is a derivative of the natural guanidines present in the plant Galega offic-
inalis and is widely used as a drug for type II diabetes, primarily operating through the
inhibition of hepatic gluconeogenesis [32–34]. Beyond its established role in managing type
II diabetes, metformin administration seems to exert beneficial effects on diseases, including
cancer [35,36], cardiovascular disease [37], and obesity [38], as well as on neurodegener-
ation [39] and aging [40]. However, the precise underlying mechanisms responsible for
these diverse therapeutic benefits remain to be elucidated [41].

Metformin inhibits mitochondrial complex I [42], a crucial component of the elec-
tron transport chain, thereby leading to decreased cellular ATP/ADP and ATP/AMP
ratios and, thus, adenosine 5′-monophosphate-activated protein kinase (AMPK) acti-
vation [43,44]. Importantly, metformin-mediated AMPK activation exerts regulatory ef-
fects on cell energy metabolism and the autophagic cascade by reducing the activity of
EP300 acetyl-transferase [45] and simultaneously enhancing the activity of sirtuin 1 (SIRT1)
protein deacetylase [46]. Furthermore, a recent study has highlighted an additional mode
of AMPK activation by metformin, which directly acts on the lysosomal vacuolar-type
ATPase (v-ATPase), promoting the formation of the v-ATPase-regulator-AXIN/liver ki-
nase B1 (LKB1)-AMPK complex in the lysosome, ultimately leading to AMPK activation.
Interestingly, when the v-ATPase-regulator complex is engaged by AXIN, it inactivates
mammalian target of rapamycin complex 1 (mTORC1), demonstrating that metformin’s
effects extend beyond AMPK activation, also encompassing mTORC1 inactivation [47].
The activation of AMPK together with the inactivation of mTORC1, the two major energy
and nutrient sensors of the cell, induce the activation of the autophagic pathway [48].

It has long been reported that metformin exerts neuroprotective effects on several
neurodegenerative diseases, such as Alzheimer’s disease (AD), Parkinson’s disease (PD),
and Huntington’s disease (HD). Chronic metformin administration was found to amelio-
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rate synaptic malfunctions and cognitive impairment in the amyloid precursor protein
(APP)swe/presenilin-1(PS1)DE9 (APP/PS1) mouse model of AD via the inhibition of
cyclin-dependent kinase 5 (Cdk5) activity [49]. In the same mouse model of early-onset AD,
metformin promoted the phagocytosis of pathological amyloid-β (Aβ) and tau proteins by
microglia via the enhancement of the autophagic pathway, thus reducing the abundance
of Aβ deposits and severity of neuritic plaque (NP) tau-pathology [50]. Metformin was
also found to exert neuroprotective effects on dopaminergic neurodegeneration and alpha-
synuclein aggregation in Caenorhabditis elegans models of PD [51], while it alleviated motor
and neuropsychiatric manifestations in the zQ175 mouse model of HD [52].

Even though most of the current evidence suggests a beneficial effect of metformin
on the prevention of AD in humans, its efficacy seems to be controversial. Recently, an
observational study has indicated that metformin was associated with slower cognitive
decline and reduced risk of dementia in patients with type II diabetes [53]. Furthermore,
a randomized, double-blinded, placebo-controlled crossover pilot study demonstrated
that metformin is safe and well tolerated by individuals, while being able to penetrate
the blood–brain barrier [54]. Interestingly, metformin improved the executive function
and tended to ameliorate memory, learning, and attention [54]. However, results from a
prospective trial revealed that metformin impaired cognitive performance and that this
effect was, at least in part, mediated by metformin-induced vitamin B12 deficiency [55].
This controversy could be attributed to different sample sizes, statistical methods, and drug
administration, suggesting that more clinical trials need to be conducted [40].

In line with the multitude of evidence indicating metformin’s favorable results in
neurodegenerative conditions, many recent studies have diligently scrutinized the poten-
tial therapeutic implications of metformin in the context of multiple sclerosis (MS) [56].
MS, a complex and heterogeneous neurodegenerative disorder affecting the CNS, is pri-
marily characterized by profound demyelination, inflammation, and reactive gliosis [57].
Metformin treatment was shown to protect against intense demyelination in the cc of the
CPZ-induced demyelination mouse model, when administered with the copper chelator
CPZ, by attenuating reactive microgliosis and astrogliosis in the cc (Figures 1 and 2) [58,59].

Figure 1. The effects of different caloric restriction mimetics (CRMs) on microglia. Metformin
treatment reduces oxidative stress, upregulates antioxidant enzymes, and downregulates NF-κB
signaling in microglia, thus attenuating the production of pro-inflammatory cytokines, ultimately
leading to reduced microgliosis. Moreover, a similar reduction in reactive microgliosis is observed
following treatment with NR, NAD+, and NAM. NAD+ administration results in a decreased
expression of pro-inflammatory cytokines and an increased expression of anti-inflammatory ones. In
parallel, NAM facilitates the polarization of microglia toward their anti-inflammatory phenotype, an
effect that is also evident in response to metformin and resveratrol treatment, which additionally re-
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duce iNOS and NO levels. The cumulative impact of these cellular responses contributes to the
establishment of a less inflammatory milieu that could support the remyelination process. iNOS:
inducible nitric oxide synthase; NF-κB: nuclear factor kappa-light-chain-enhancer of activated B cells;
NR: nicotinamide riboside; NAD+: nicotinamide adenine dinucleotide; NAM: nicotinamide; NO:
nitric oxide. Created with BioRender.com (accessed on 21 November 2023).

Figure 2. The effects of different CRMs on astrocytes. Resveratrol attenuates the expression of
pro-inflammatory cytokines and inflammatory markers, such as iNOS and NO, while it also down-
regulates STAT3 signaling, leading to reduced proliferation and activation of reactive astrocytes.
Given that STAT3 is implicated in the formation of glial scars in response to CNS demyelination, it
is possible that resveratrol can reduce reactive astrogliosis in vivo. Furthermore, reduced reactive
astrogliosis is observed upon NR, NAD+, NAM, and metformin treatments. NAD+ administration
results in a decreased expression of pro-inflammatory cytokines and an increased expression of
anti-inflammatory ones. In a similar way, NAM facilitates the polarization of astrocytes toward their
anti-inflammatory phenotype, partially through the induction of autophagy. Metformin, in turn,
acts through the activation of AMPK and induces the production of neurotrophic factors by astro-
cytes. This protective, less inflammatory microenvironment can support the process of remyelination
in vivo after a demyelination insult. STAT3: signal transducer and activator of transcription 3; AMPK:
adenosine 5′-monophosphate-activated protein kinase. Created with BioRender.com (accessed on
21 November 2023).

Largani et al. attributed the beneficial effects of metformin on myelin maintenance and
reduced gliosis to its ability to reduce oxidative stress and upregulate antioxidant enzymes.
There have been reports suggesting that reactive oxygen species (ROS) can regulate the
expression of pro-inflammatory genes in microglia [60] and stimulate astrocytes to secrete
inflammatory cytokines [61]. Abdi and his colleagues showed that metformin reduced
levels of pro-inflammatory microglia markers through suppressing nuclear factor kappa-
light-chain-enhancer of activated B cells (NF-κB) in the CPZ model of MS, an effect that
was accompanied by the delayed initiation of gliosis. Moreover, metformin administration
was shown to decrease inducible nitric oxide synthase (iNOS) mRNA levels in EAE mice
(Figure 1) [62] as well as to protect myelin and promote an anti-inflammatory microglial
phenotype that promotes the clearance of myelin debris in a rat spinal cord injury model
(Figure 1) [63]. In this case, the effects of metformin were mediated by the induction of
autophagy through the activation of AMPK and the inhibition of mTORC1 [63]. These
results indicate that metformin can act in favor of a less inflammatory environment under
demyelinating conditions, thus enabling the physiological process of remyelination to
take over demyelination. In particular, metformin administration during the recovery
period significantly promoted the recruitment of intermediate and premature OPCs to
the lesion site in favor of the remyelination process in a CPZ-induced demyelination
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mouse model [64]. In this case, accelerated myelin recovery upon metformin treatment
was mediated by AMPK activation and m-TORC inactivation in mature OLs (Figure 3),
indicating a possible implication of the autophagic machinery in the recovery process.

Figure 3. The effects of different CRMs on oligodendrocyte lineage cells and the process of re-
myelination. Metformin administration promotes the recruitment of OPCs to the lesion site and
attenuates demyelination through its ability to reduce oxidative stress and upregulate antioxidant
enzymes. Furthermore, metformin promotes OPC proliferation via the blockage of autophagy and
enhances OPC differentiation and maturation into myelinating OLs via CBP phosphorylation. The
remyelination process is also enhanced by the modulation of AMPK/mTORC pathways in mature
OLs. Apart from metformin, NAM and resveratrol can promote the remyelination process. NAM
treatment promotes the maturation of OPCs via the BDNF/TrkB pathway. Resveratrol protects OLs
by reducing the abundance of ROS while it also induces autophagy through the activation of SIRT1,
a mechanism that likely supports remyelination. Finally, direct NAD+ supplementation facilitates
the recruitment of OPCs and alleviates demyelination through the activation of the SIRT1 signaling
pathway and, probably, through the induction of autophagy. OPCs: oligodendrocyte progenitor
cells; OLs: oligodendrocytes; CBP: CREB-binding protein; mTORC: mammalian target of rapamycin
complex; BDNF: brain-derived neurotrophic factor; TrkB: tropomyosin receptor kinase B; SIRT1:
sirtuin 1. Created with BioRender.com (accessed on 21 November 2023).

Despite the positive impacts of metformin on myelin protection and recovery through
the inhibition of mTOR, it has been demonstrated that mTOR signaling regulates the
developmental myelination of the CNS [65]. In particular, the ablation of raptor, the
defining subunit of mTORC1, in OLs results in impaired OPC differentiation and delayed
initiation of myelination in the spinal cords of mutant mice, which are also characterized by
the formation of thinner myelin sheaths [65]. Interestingly, mTORC1 signaling driven by
phosphoinositide 3-kinase (PI3K)/Akt, rather than ERK1/2, regulates the differentiation
of progenitors, whereas both pathways converge at the level of mTORC1 to modulate
myelin growth during active myelination [66]. Nevertheless, it has been shown that the
prevention of the expression of tuberous sclerosis complex 1 (TSC1), a suppressor of mTOR
signaling, resulted unexpectedly in hypomyelination during development [67]. On the
other hand, the loss of TSC1 in adult OPCs enhanced remyelination and increased myelin
thickness following lysolecithin (LPC)-induced focal demyelination [68], indicating that
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the deficiency in mTOR suppressors may exert either beneficial or detrimental effects on
the differentially regulated processes of developmental myelination and remyelination.
Therefore, more research is warranted to elucidate the interactions between AMPK and
mTOR upon metformin administration.

Regarding AMPK, it is a cellular energy regulator found in many types of brain cells,
including neurons, astrocytes, and microglia, as well as OLs [69]. Metformin treatment
accelerates the differentiation of OLs in an AMPK-dependent manner, also requiring ac-
tive glycolysis and/or oxidative phosphorylation to mediate OL differentiation [70]. The
same study demonstrates the potential of metformin to improve myelin recovery from
CPZ-induced demyelination by promoting OL differentiation in vivo [70]. Metformin-
mediated AMPK activation seems to protect OLs against cytokine toxicity and oxidative
stress rescuing their loss in the spinal cords of EAE rats, thus attenuating the clinical
impairments of the disease and restoring the CNS integrity [71]. These immunomodula-
tory activities of AMPK signaling are concomitant with the stimulation of neurotrophic
factor production in astrocytes within the CNS, which subsequently provides a myelino-
genic environment for OLs (Figure 1) [71]. Furthermore, metformin treatment leads to
increased synthesis of neurotrophic factors, like nerve growth factor (NGF), brain-derived
neurotrophic factor (BDNF), and ciliary neurotrophic factor (CNTF), while it also induces
the expression of mature oligodendrocyte markers and the activation of AMPK in the
CPZ-induced demyelination mouse model [72]. Because neurotrophic factors are reported
to enhance OPC survival, migration, proliferation, differentiation, and maturation [73], it is
suggested that metformin enhances the secretion of these factors during the recovery phase
after demyelination, thus affecting the migration and differentiation of oligodendrocyte
transcription factor 2 (Olig2)+ cells in favor of remyelination, effects that are mediated by
AMPK activation [72].

Apart from its AMPK-mediated effects on remyelination, metformin was also found
to act via the phosphorylation of the histone acetyltransferase CREB-binding protein (CBP),
ultimately promoting OPC recruitment and differentiation to the lesion site in an LPC-
induced focal demyelination mouse model. In particular, in vitro experiments confirmed
that CBP Ser436 phosphorylation is required for metformin to promote the differentiation
of OPCs into mature OLs. However, it is not responsible for metformin-induced OPC
proliferation, an effect that was connected with the ability of metformin to block autophagy
at early stages (Figure 3) [74].

When the remyelination process is delayed or fails, demyelinated axons are suscep-
tible to irreversible degeneration, which can eventually lead to neuronal death [75]. The
deceleration of remyelination that occurs in aging is marked by the deficient recruitment of
OPCs to the site of the injury, coupled with the delayed progression in their differentiation
into mature OLs [76]. Reversing the age-related intrinsic deficiencies of OPCs that are
associated with their inability to respond to pro-differentiation factors was able to enhance
OPC differentiation and remyelination in aged animals [77]. In this study, metformin was
found to improve the mitochondrial function of aged OPCs by modulating the AMPK
pathway and to restore the CNS remyelination capacity in aged rats, following ethidium
bromide-induced focal demyelination in the cerebellar white matter (Figure 4). The authors
postulated that metformin’s impact on remyelination could also be attributed to its capac-
ity to enhance DNA repair and induce autophagy, both of which are established effects
associated with metformin [78,79].

Regarding its functional behavioral effects, metformin treatment improved motor
impairment and reduced anxiety in the CPZ-induced demyelination mouse model [64],
while it also improved the social interaction of juvenile mice in an LPC-induced focal
demyelination model [74]. These results render metformin a promising remyelinating
agent that could treat neural deficits and impaired social behavior, a common symptom of
white-matter-demyelinating diseases.

192



Curr. Issues Mol. Biol. 2023, 45

Figure 4. The effects of different CRMs on the aged central nervous system (CNS) after a demyeli-
nation insult. The administration of metformin improves the mitochondrial function of aged OPCs
via the activation of AMPK, consequently facilitating the restoration of the CNS myelination, an
effect that could be attributed to the induction of autophagy. Furthermore, β-NMN supplementa-
tion rescues SIRT2 nuclear localization in the OPCs of aged mice, thus enhancing remyelination by
promoting the differentiation of aged OPCs. Finally, NA promotes remyelination by enhancing the
phagocyting activity of middle-aged microglia. This process results in the removal of myelin debris
from the lesion site and the recruitment and maturation of OPCs into myelinating OLs. β-NMN:
β-nicotinamide mononucleotide; SIRT2: sirtuin 2; NA: nicotinic acid. Created with BioRender.com
(accessed on 21 November 2023).

3. NAD+ Precursors

Nicotinic acid (NA), commonly referred to as niacin or vitamin B3, along with
nicotinamide (NAM), its amide derivative, nicotinamide riboside (NR), and nicotinamide
mononucleotide (NMN), serve as precursors for NAD+ (Figure 5). These compounds are
available in various dietary products of both animal and plant origin, and they exhibit CRM-
like properties [80,81]. NA is converted to NAD+ via the Preiss–Handler pathway, while
NAM and NR enter the NAD+ salvage pathway, playing a pivotal role in the maintenance
of cellular NAD+ levels [82]. NMN is synthesized from NAM by nicotinamide phosphori-
bosyltransferase (NAMPT), the rate-limiting NAD+ biosynthetic enzyme in mammals, as
well as from NR by nicotinamide riboside kinases (NRKs), effectively bypassing the need
for NAMPT (Figure 5) [83]. Accumulating evidence suggests that NAD+ intermediates
not only prolong healthspan and/or lifespan [84–86], compensating for reduced NAD+
levels during aging, but also seem to be an effective intervention for various age-associated
diseases, including cardiovascular diseases [87,88], cancer [89,90], and neurodegenerative
disorders [91].

NAD+ plays a dual and pivotal role in cellular responses, serving as an essential
coenzyme for enzymes facilitating oxidation–reduction reactions and as a co-substrate
for NAD+-consuming enzymes. These enzymes compete for bioavailable NAD+ and
belong into three classes: the cyclic ADP-ribose (cADPR) synthases, such as CD38; the poly
(ADP-ribose) polymerase (PARP) protein family; and the sirtuin family of deacetylases
(Figure 5) [92,93].

Specifically, CD38 plays important roles in many physiological processes, including
glucose homeostasis, inflammation, and neuroprotection. Its deletion and the subsequent
elevation in NAD+ levels protect against high-fat diet (HFD)-induced obesity [94], inflam-
matory reactions of microglia and astrocytes, and ROS, while it improves CPZ-induced
demyelination and neurodegeneration [95,96]. PARP proteins mediate ADP-ribosylation
and act as DNA-damage sensors [97]. It has been reported that the upregulation of PARP
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induces OL death, whereas its inhibition reduces CPZ-induced demyelination by suppress-
ing p38 mitogen-activated protein kinases (p-38-MAPK) and JNK activation and increasing
the activation of the PI3K/Akt pathway [98].

Figure 5. NAD+ biosynthetic pathways. NA is converted to NAD+ via the Preiss–Handler pathway,
whereas NAM and NR enter the salvage pathway to produce NAD+. The NAD+ salvage pathway
recycles NAM that is generated as a byproduct of the activity of NAD+-consuming enzymes: CD38,
PARP, and sirtuins. NMN is synthesized from NAM by NAMPT as well as from NR by NRKs.
PARP: poly (ADP-ribose) polymerase; NMN: nicotinamide mononucleotide; NAMPT: nicotinamide
phosphoribosyltransferase; NRKs: nicotinamide riboside kinases. Created with BioRender.com
(accessed on 21 November 2023).

Among the three classes of NAD+-consuming enzymes, sirtuins are the most well
studied. Upon increased NAD+ levels, SIRT1 is activated, leading to the deacetylation of
critical proteins of the autophagic pathway, including autophagy-related gene 5 (Atg5),
Atg7, and microtubule-associated protein 1 light chain 3 (LC3), thus inducing autophagy, as
well as to the deacetylation of transcription factors, like NF-κB, thus regulating inflamma-
tory signaling [99,100]. Additionally, the administration of NA has been shown to inhibit
vascular inflammation in vivo along with the suppression of the NOD-like receptor family
pyrin domain-containing 3 (NLRP3) inflammasome in vascular endothelial cells in vitro
via SIRT1 upregulation [101,102]. Apart from SIRT1, NAD+ supplementation has also been
found to mediate the activation of sirtuin 2 (SIRT2). Specifically, NAD+ administration
increased intracellular ATP levels via the activation of SIRT2, which regulates Akt phos-
phorylation in BV2 microglial cells [103], while NR treatment alleviated cisplatin-induced
peripheral neuropathy in a SIRT2-dependent manner [104].

NAD+ supplementation was demonstrated to exert neuroprotective effects on various
neurodegenerative diseases, including AD, PD, and HD. NR treatment reduced neuroin-
flammation in an APP/PS1 mouse model of AD, promoting the protective, phagocyting
phenotype of microglia, while it also improved cognitive and synaptic functions [105]. A
very recent study has highlighted NMN as a regulator of the gut microbiota, which exerted
positive effects on AD [106]. Furthermore, NAM administration significantly protected
against neuronal loss and attenuated motor dysfunction, oxidative stress, and neuroinflam-
mation in a 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-induced mouse model
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of PD [107], while it also provided neuroprotection in the 3-nitropropionic acid-induced
animal model of HD [108].

Apart from these pre-clinical studies, multiple clinical trials are currently being con-
ducted to evaluate the safety and the effects of NAD+ precursors on neurological disorders.
In particular, NR has been demonstrated to be orally bio-available without serious ad-
verse effects [109,110]. A recent randomized, placebo-controlled, crossover trial of oral
NR supplementation has indicated increased levels of NAD+ in plasma extracellular vesi-
cles enriched for neuronal origin (NEVs). Increased NAD+ levels were accompanied by
decreased levels of Aβ42 and of the activated kinases pJNK and pERK1/2, which are impli-
cated in AD [111]. Furthermore, in a randomized, placebo-controlled, phase I clinical trial,
oral NR administration increased cerebral NAD levels in individuals with PD, an effect that
was associated with the downregulation of inflammatory cytokines and general clinical
improvement [112]. Regarding NAM, a new clinical trial (NCT03061474) is investigating
whether NAM can reduce the phosphorylation of the tau protein found in cerebrospinal
fluid (CSF) in people with mild cognitive impairment or mild AD [113].

In the same context of neurodegenerative conditions, NAD+ precursors have been
shown to exert beneficial effects on demyelinating, neuroinflammatory diseases, like MS.
NAD+ treatment was shown to alleviate demyelination and neuroinflammation in both
the spinal cord [114] and the optic nerve [115] of a murine EAE model. Its administration
exhibited a marked reduction in the activation of microglia and astrocytes, as well as
in the expression of pro-inflammatory cytokines, while it facilitated the expression of
anti-inflammatory cytokines, thereby fostering a less inflammatory milieu in vivo, which
could support the remyelination process (Figures 1 and 2) [114,115]. Notably, successful
remyelination hinges upon the activities of OPCs. In response to myelin damage, these cells
proliferate and migrate to lesion sites, where they mature to myelin-forming cells [116]. Guo
et al. demonstrated that NAD+ supplementation effectively mitigates apoptosis among OLs
and concurrently facilitates the recruitment and proliferation of OPCs in the optic nerve
of mice with EAE. These beneficial effects of NAD+ in optic neuritis were orchestrated
through the activation of the SIRT1-signaling pathway (Figure 3) [115]. Additionally, Wang
et al. attributed the beneficial outcomes of NAD+ administration to the induction of
autophagy because its inhibition abolished the protective effects of NAD+ [114]. Given
the established role of SIRT1 deacetylase as an autophagy inducer [100], both studies
converge on the critical role of the autophagic pathway in ameliorating EAE symptoms
after NAD+ treatment.

In addition to NAD+ supplementation, numerous pre-clinical investigations have
explored NAD+ precursors as potential therapeutic strategies for alleviating symptoms
associated with MS. A recent study from our laboratory has revealed that NAM treatment
resulted in a substantial augmentation in myelin production at the lesion site in the cc
of an LPC-induced focal demyelination mouse model, concurrently with a reduction in
microgliosis and astrogliosis (Figures 1 and 2). Importantly, NAM treatment did not exert a
direct influence on oligodendrocyte lineage cells, thereby suggesting that it accelerated the
overall myelin production under demyelinating conditions by mitigating both microgliosis
and astrogliosis [117]. Furthermore, the same study indicated that NAM directly affected
microglial and astrocyte polarization toward their anti-inflammatory phenotypes, thus
fostering a beneficial, less inflammatory microenvironment for remyelination. In addition
to NAM, NR pre-treatment attenuated inflammatory responses, glial activation, and subse-
quent neurodegeneration in the brain of a lipopolysaccharide (LPS)-injected mouse model
(Figures 1 and 2) [118]. Despite these promising findings, the precise molecular mechanisms
underpinning the NAD+-mediated regulation of glial activity remain elusive. Kaplanis et al.
suggested that the shift in astrocytes toward their anti-inflammatory phenotype arises, at
least in part, from the induction of autophagy, as observed in primary astrocyte cultures fol-
lowing NAM treatment (Figure 1) [117]. Notably, a recent study has identified a correlation
between the induction of autophagy and the suppression of the inflammatory phenotype in
astrocytes [119]. Regarding microglia, it appears that NAD+-dependent deacetylase SIRT2
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inhibits pro-inflammatory responses through the deacetylation of NF-κB [120], indicating
the participation of different NAD+-dependent pathways in glial phenotype commitment.

Among all seven sirtuins, SIRT2 is the most abundantly expressed in the brain, pri-
marily residing in the cytoplasm of mature OLs but also present in neurons, astrocytes, and
microglia [121,122]. Ma et al. further demonstrated that SIRT2 is predominantly expressed
in the nuclei of postnatal OPCs during myelin development and changes its expression
pattern in mature OLs, where it is found in the cytoplasm. Following a demyelination
injury induced by LPC, SIRT2 is re-expressed in the majority of OPCs, primarily localizing
within the OPC nuclear compartment in young adult mice. However, this re-expression
and nuclear localization of SIRT2 declines with aging. Interestingly, β-NMN supplemen-
tation rescues SIRT2 nuclear localization in aged mice and affects the myelin status. In
particular, it delays myelin aging under normal aging conditions and influences myelin
compaction and thickness after a focal demyelinating LPC-induced lesion, thus enhancing
remyelination by promoting the differentiation of OPCs (Figure 4) [123].

Enhanced remyelination was also observed in middle-aged animals upon niacin
(NA) treatment in an LPC-induced focal demyelination mouse model [124]. Notably,
the aging process is associated with delayed microglial recruitment to the lesion site
and deficient phagocytosis, contributing to the establishment of an inhibitory micro-
environment [125,126]. Rawji et al. demonstrated that NA administration enhanced
the phagocytic activity of microglia in middle-aged animals, thus promoting the clear-
ance of myelin debris from the lesion site and the recruitment of OPCs in favor of the
remyelination process (Figure 4) [124]. Finally, NAM treatment promoted the maturation
of OPCs and enhanced remyelination after stroke. NAM-treated animals had increased
motor, sensory, and cognitive functions, and this functional remyelination was mediated by
the BDNF/tropomyosin receptor kinase B (TrkB) pathway (Figure 3) [127]. Because BDNF
is reported to enhance myelination via a direct effect on OLs [128], it is plausible that BDNF
mediates the maturation of OPCs during remyelination.

These investigations highlight the favorable impacts of NAD+ and its precursors in
age-related diseases, particularly in neurodegenerative and demyelinating diseases, like
MS, rendering them promising therapeutic agents. Nevertheless, it is evident that distinct
NAD+ precursors manifest their beneficial effects by targeting diverse molecules/pathways
in various cell types of the CNS and within different mouse models of MS. Hence, it becomes
imperative to discern the optimal precursor based on the considerations of absorption,
kinetics, and specific MS symptoms. Finally, given that the majority of research efforts have
centered on SIRT1 activation upon NAD+ treatment, it is equally important to delve into the
roles of the other two classes of NAD+-depleting enzymes under demyelinating conditions.

4. Resveratrol

Resveratrol (3,4′,5-trihydroxystilbene) is a natural polyphenol that acts as a phy-
toalexin and is found in a wide variety of foods, including blueberries and peanuts, as well
as grapes and products derived from them, like red wine [129,130]. Ever since resveratrol’s
potent anticancer properties were highlighted by Jang in 1997 [131], both experimental
and epidemiological studies have been conducted to elucidate its diverse bioactivities and,
consequentially, its health advantages. Interestingly, resveratrol has a positive impact on a
wide spectrum of diseases, including heart diseases [132], diabetes [133], cancer [134], obe-
sity [135], and neurodegenerative diseases [136,137], while it also exerts beneficial effects
on aging [138,139].

Mechanistically, resveratrol is mainly associated with the activation of the NAD+-
dependent deacetylase SIRT1. Once activated, SIRT1 can deacetylate the core proteins of the
autophagic pathway, like Atg5 and Atg7, leading to the induction of this pathway [100,140].
Furthermore, the induction of SIRT1 activation by resveratrol necessitates its phosphory-
lation by LKB1 in multiple cell lines, subsequently resulting in the deacetylation of the
peroxisome proliferator-activated receptor-gamma coactivator-1-alpha (PGC-1a) transcrip-
tional co-activator, which regulates mitochondrial biogenesis and respiration [141,142].
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Beyond SIRT1, resveratrol also engages AMPK as a target [143]. Its activation upon resver-
atrol treatment was found to rescue Aβ-mediated neurotoxicity in human neural stem cells
(hNSCs) [144] as well as oxygen and glucose deprivation in human SH-SY5Y neuroblas-
toma cells [145]. Because AMPK has been shown to activate SIRT1 through an indirect
increase in cellular NAD+ levels [146], there is clearly a dynamic interaction between the
two pathways. Finally, it is worth mentioning that resveratrol exhibits anti-inflammatory
properties by suppressing the production of ROS and downregulating NF-κB [147].

Resveratrol has been documented for its neuroprotective potential in various CNS
disorders, notably AD and PD. In particular, resveratrol treatment has been shown to miti-
gate neuroinflammation and reduce Aβ accumulation in the brains of 3×Tg-AD mice [148].
Furthermore, it inhibited tau aggregation and cytotoxicity in vitro, and it reduced the levels
of phosphorylated tau, neuroinflammation, and synapse loss in the brain of a PS19 mouse
model of AD, thus rescuing the cognitive deficits [149]. Resveratrol treatment was also able
to ameliorate motor and cognitive impairments in an A53T α-synuclein mouse model of PD
by diminishing the levels of α-synuclein aggregates and reducing microgliosis, astrocytosis,
and oxidative-stress levels within the brain [150].

Meanwhile, the effects of resveratrol on neurological disorders are evaluated through
clinical trials. One of the first studies evaluating the effects of resveratrol on individuals
with mild to moderate AD was conducted by Turner et al. in 2015. This randomized,
double-blinded, placebo-controlled phase II study indicated that resveratrol is safe and
well tolerated by patients, while it could also penetrate the blood–brain barrier because
it was detectable in the CSF. However, neuroprotective benefits could not be detected in
this study, while the longer AD duration, measured in years from the diagnosis, in the
placebo-treated group should be taken into consideration [151]. In the next step, the same
research group analyzed samples of CSF and plasma from a subset of AD subjects with
CSF Aβ 42 concentrations of <600 ng/mL. In this subset analysis, resveratrol decreased
the levels of metalloproteinase (MMP) 9 in the CSF, suggesting increased maintenance of
the blood–brain barrier and reduced infiltration of immune cells, while it also regulated
neuroinflammation, induced adaptive immunity, and mitigated progressive cognitive
decline [152].

The established capacity of resveratrol to mitigate inflammation and attenuate glio-
sis in the context of neurodegenerative pathologies endows it with substantial thera-
peutic potential for addressing demyelinating diseases, like MS. MS is predominantly
characterized by pronounced inflammatory responses orchestrated by microglia, which
can participate in mechanisms of tissue repair and injury depending on their activation
state [14,153]. Traditionally, microglia have been categorized into pro-inflammatory (M1)
and anti-inflammatory (M2) phenotypes; however, this categorization appears to be sim-
plistic. The use of new technologies, including single-cell RNA sequencing, has led to
the identification of intermediate subpopulations that display a combination of pro- and
anti-inflammatory markers, suggesting that microglial activation is a dynamic process [154–
156]. A crucial requirement for the achievement of successful remyelination in MS is a
switch toward the M2 activation state [157].

Resveratrol was shown to not only suppress microglial polarization toward the M1
phenotype but also promote the M2 phenotype of LPS-stimulated BV2 microglial cells
in vitro and of microglial cells in vivo, in a model of systemic LPS administration that leads
to brain inflammation (Figure 1) [158]. The neuroprotective role of resveratrol in microglial
polarization was mainly attributed to PGC-1a activation, which can not only halt M1
polarization by suppressing NF-κB phosphorylation and the expression of inflammatory
cytokines, like tumor necrosis factor alpha (TNF-α), but also interact with transcription
factor signal transducer and activator of transcription 3 (STAT3) and STAT6, promoting
the expression of the anti-inflammatory M2 markers arginase 1 (Arg1) and IL-10 [158]. A
recent study has also indicated that resveratrol can promote the M2 microglial phenotype
and reduce the degree of neuroinflammation after cerebral ischemia by inhibiting miR-155,
a molecule linked to inflammatory processes and to the promotion of M1 polarization [159].
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Interestingly, resveratrol-loaded macrophage exosomes, which addressed the low solubility
of resveratrol, alleviated inflammation and symptom severity in EAE mice by targeting mi-
croglia [160]. These results indicate that resveratrol promotes the M2 microglial phenotype
by mitigating inflammation, which is the main impediment of the remyelination process.

Like microglia, astrocytes can exert both detrimental and beneficial effects on re-
myelination depending on their neurotoxic (A1) or their neuroprotective (A2) phenotype,
respectively [161]. Resveratrol treatment inhibited the expression of LPS-induced pro-
inflammatory cytokines in both primary murine microglia and astrocytes, while it also
reduced the expression of iNOS and the production of nitric oxide (NO) in these glial cell
types (Figures 1 and 2) [162]. It is well established that in response to CNS demyelination,
astrocytes become activated, proliferate, and form the glial scar, which impedes the remyeli-
nation process and is STAT3 dependent [163]. Resveratrol was found to attenuate reactive
astrocyte proliferation and activation by downregulating STAT3 signaling in primary rat
astrocyte cultures (Figure 2) [164]. These in vitro results suggest that resveratrol could be
a promising agent for facilitating remyelination in vivo by regulating the glial scar and
establishing a less inflammatory microenvironment.

Reduced inflammation following the administration of resveratrol was further ob-
served in a mouse model of CPZ-induced demyelination. In this context, resveratrol also
reduced lipid peroxidation and countered the negative impact of CPZ on the mitochon-
drial respiratory chain, as assayed by increased cytochrome oxidase activity and ATP
levels [165]. Recent studies have established a connection between oxidative stress and the
compromised differentiation capacity of OLs, consequently contributing to the process of
demyelination [166]. Thus, resveratrol’s effect on the alleviation of oxidative stress could
be correlated with the myelin status recovery. Indeed, Ghaiad et al. showed that resveratrol
increased myelin basic protein (MBP) expression levels and the stain intensity of Luxol fast
blue (LFB), while it also improved balance and motor coordination that were impaired in
CPZ-intoxicated mice. These biochemical, histological, and behavioral results indicate that
resveratrol reversed CPZ-induced demyelination and enhanced the remyelination process
(Figure 3) [165].

Similar effects of resveratrol on balance and motor coordination as well as on enhanced
myelin repair in CPZ-treated mice were reported by Samy et al. in 2023. However, the
significant improvement in behavioral tests was incomplete compared to control animals,
whereas despite the increased number of myelinated axons in the cc, not all the repaired
myelin was compacted, and resveratrol failed to upregulate MBP expression levels. These
conflicting effects of resveratrol were attributed to different disease-induction and treatment
protocols [167]. Interestingly, Samy et al. correlated the positive effects of resveratrol with
the induction of autophagy, which is the main result of CR and was interrupted at a
late stage in CPZ-treated mice. The induction of the autophagic flux and the successful
autophagic degradation upon resveratrol administration involved the activation of the
SIRT1/forkhead box protein O1 (FOXO1) pathway [167]. However, the cell-autonomous
effect of resveratrol regarding the induction of autophagy and its beneficial effects on
remyelination are yet to be determined.

Previous studies have highlighted the advantageous impact of resveratrol on myelina-
tion within the PNS. Using an in vitro system comprising a dorsal root ganglion (DRG)/SC
co-culture, researchers discerned that resveratrol enhanced myelination, an effect that was
mediated, at least in part, by SIRT1 activation in SCs, which serve as the myelinating cells
of the PNS [168]. Furthermore, resveratrol induced autophagy in SCs, leading to myelin
sheath degeneration in the early stages of nerve injury and, thus, promoting recovery
from sciatic nerve crush injury [169]. It is important to acknowledge that myelin clear-
ance represents a critical phase in the regeneration process following peripheral nerve
injury [170].

In the context of the CNS, resveratrol mediates protective effects on OLs by preventing
LPS-mediated cytotoxicity and reducing the abundance of ROS [171], while it also pro-
motes the survival, migration, proliferation, and differentiation of OPCs in a rat model of
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ischemic cerebral injury (Figure 3) [172]. Furthermore, resveratrol has demonstrated neu-
roprotective effects on a chronic EAE mouse model because its administration attenuated
the neuronal loss of retinal ganglion cells (RGCs) [173]. Correspondingly, recent research
has corroborated resveratrol’s neuroprotective effects, which were attributed to its capacity
to promote autophagic activity in a mouse spinal cord injury model [174]. Although the
existing evidence pertaining to the roles of resveratrol in myelination and regeneration in
the CNS is limited, it is plausible that these processes are regulated, similarly to PNS, by the
induction of the autophagic pathway in OLs, which are the myelinating cells of the CNS.

Recent research has emphasized the significance of oligodendroglial autophagy in OL
maturation and the maintenance of CNS myelin [21,22]. The activation of the autophagy
inducer SIRT1 has been shown to mediate the proliferation and regeneration of OPCs in
the white matter of neonatal mice under hypoxic conditions [175]. During adulthood,
on the other hand, the genetic ablation of SIRT1 increased the pool of OPCs after focal
demyelination, promoting the remyelination process and, thus, indicating the temporally
restricted role of SIRT1 in glial regeneration following brain injury [176]. Furthermore,
recent findings have suggested that SIRT1 is upregulated in OPCs in EAE and likely plays
a role in remyelination [177]. Given that resveratrol is predominantly associated with
SIRT1 activation, these pieces of evidence underscore the importance for investigating
the cell-autonomous effects of resveratrol on OLs under demyelinating conditions and its
potent role as a therapeutic agent for MS.

5. Conclusions

CRMs have gained significant attention within the scientific community, emerging as
promising agents capable of emulating numerous effects that are typically induced by CR.
Notably, many CRM candidates can induce autophagy, prolong lifespan and/or healthspan,
and mitigate the symptoms of age-related diseases, all without the subjective discomfort
associated with CR. In addition, CRMs have been shown to exert beneficial effects on
demyelinating neuroinflammatory diseases, like MS, by modulating the profile of glial
cells, ultimately facilitating the remyelination process. In particular, apart from targeting
the migration, proliferation, and differentiation of OLs, CRMs affect microglia and astro-
cytes by promoting their protective phenotypes, thereby establishing a less inflammatory
microenvironment that supports remyelination.

This translational research on CRMs has now progressed to the clinical phase because
there is an unmet need to verify their favorable effects through clinical trials. Presently,
there are ongoing clinical trials investigating the effects of metformin on endogenous neural
progenitor cells in children or young adults with MS (NCT04121468) [178], as well as the
safety of metformin for the treatment of progressive MS (NCT05349474) [179]. There is also
a clinical trial (NCT05740722), currently recruiting patients, that aims to evaluate the safety
and efficacy of NR in the treatment of patients with progressive MS [180]. Despite the
large number of in vitro and in vivo studies using animal models of MS, clinical evidence
for the protective role of polyphenols in MS patients is restricted, encompassing only a
few compounds, like curcumin [181]. However, taking into consideration the beneficial
effects of resveratrol on mouse models of MS, as well as its established safety and its
ability to modulate neuroinflammation in patients with AD, clinical trials need to be
conducted to evaluate the potential of resveratrol to mitigate the symptoms of patients with
MS. It is important, though, that aspects such as bioavailability, cellular uptake, systemic
distribution, and organ-specific effects are settled. A recent study has used resveratrol
nanoparticles to address the poor water solubility and bioavailability of resveratrol in
an EAE mouse model. The results have suggested that the nanoparticles increased the
bioavailability of the resveratrol and exerted neuroprotective effects by reducing the loss of
retinal ganglion cells [182]. Moreover, it is possible that the combination of mechanistically
different CRMs will have synergistic effects, thereby maximizing their positive impact.

Additional research also needs to be undertaken to elucidate the influences of distinct
CRMs on the myelin sheaths of the elderly. As the human brain ages, the capacity of OPCs
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to differentiate in mature myelinating OLs significantly declines [183,184]. Notably, the
transition from relapsing–remitting to progressive MS takes place at around the same age
in MS patients, indicating that it is mostly age rather that disease-duration dependent [185].
Apart from aging, both the disease duration and anatomic sites of lesions affect the remyeli-
nation potential of MS patients. It is suggested that remyelination is a more frequent event
at the beginning of the disease than in the chronic phase, when remyelination is scarce
and predominantly confined to the peripheries of lesions [186]. Regarding the location,
cortical lesions are more extensively remyelinated than white-matter ones [187]. Thus, it
becomes evident that even though remyelination is highly efficient in animal models and is
commonly observed in MS patients, it varies considerably between lesions and between
individuals, and these facts should be taken into account during the design of clinical trials.
Finally, neuropathological studies reveal that some lesions of MS patients lack OPCs [188],
whereas other lesions are characterized by a great number of OPCs with an impaired differ-
entiation capacity [189], indicating that proliferating or differentiating agents should be
used according to the lesion status. Consequently, even though spontaneous remyelination
exists in humans following a demyelination insult, many obstacles need to be overcome
not only for the development of efficient MS treatments based on CRMs but also for the
proper evaluation of remyelination. However, despite the imperative for validating CRMs
as therapeutic approaches, the existing body of evidence corroborates the considerable
potential of these autophagy inducers against MS and multiple age-related diseases.
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Abstract: Astrocytes play an important role in the regulation of the inflammatory response in the CNS,
e.g., in demyelinating diseases. Since the chemokine CXCL1 is known to be secreted by astrocytes and
to have a pro-inflammatory effect on immune cells in the CNS, we verified the effect of testosterone on
its secretion in vitro (in the astrocytic cell line DI TNC1). Testosterone reduced the increase in CXCL1
production caused by the pro-inflammatory agent lysophosphatidylcholine and restored the basal
production level of CXCL1. The androgen receptor (present and functional in the studied cell line) was
strongly suggested to mediate this effect—its non-steroid ligand flutamide exerted an agonist-like effect,
mimicking the activity of testosterone itself on CXCL1 secretion. This novel mechanism has important
implications for the known immunomodulatory effect of testosterone and potentially other androgenic
hormones. It provides a potential explanation on the molecular level and shows that astrocytes are
important players in inflammatory homeostasis in the CNS and its hormonal regulation. Therefore, it
suggests new directions for the development of the therapeutic intervention.

Keywords: astrocyte; inflammation; chemokine; CXCL1; testosterone; androgen; demyelination;
LPC; neuroprotection; remyelination

1. Introduction

The inflammatory response in the central nervous system (CNS) is also known as neu-
roinflammation. This complex process is mediated by various cytokines and chemokines
acting through specific receptors. Among the CNS resident cells, microglia and astrocytes
are the most important sources of cytokines and chemokines. Astrocytes are considered
a key element of neuroinflammation control by outside factors, including endocrine hor-
mones. Following activation, astrocytes can become a potent source of proinflammatory
cytokines such as TNFα, IL-12, IL-6, and IL-27, which are characteristic of the Th1 response.
Upon a change of inflammatory milieu, astrocytes can also secrete the immunomodulatory
cytokines IL-10 and IL-19, which are associated with the Th2 response [1–6]. Moreover,
astrocytes secrete a repertoire of chemokines with different properties. Among them,
CXCL1 is the most salient one, but others like CCL2, CCL3, and CXCL10 can also attract
hematogenous cells such as T cells and macrophages, which may further enhance neuroin-
flammation. On the other hand, CXCL1, as well as CXCL2 and CXCL12, can promote repair
by recruiting CNS resident cells such as oligodendrocyte progenitor cells (OPCs) [1,7–9].
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We still do not understand well enough the mechanisms responsible for switching as-
trocyte function so that it promotes either damage to the CNS from excessive inflammation
or its protection by anti-inflammatory mediator secretion. Deregulation of this response is
strongly linked with the etiology of some demyelinating diseases of the CNS, including
multiple sclerosis (MS) [1,10–12].

The chemokine (C-X-C motif) ligand 1 (CXCL1) is a small cytokine from the CXC
chemokine family. CXCL1 is also known as melanoma growth-stimulating activity alpha
(MGSA-α) and GRO-α in humans and as KC in mice [13]. Expression of CXCL1 has
been observed in macrophages, neutrophils, epithelial cells, and glial cells [14–16]. Its
effects are mediated through the chemokine receptor CXCR2 [16,17] and require binding
to glycosaminoglycans (GAG) on endothelial and epithelial cells and the extracellular
matrix [18]. High levels of CXCL1 are also able to stimulate the receptor CXCR1 [17].

When signaling through CXCR2, it bolsters the recruitment of neutrophils to the CNS.
In other tissues, it is often a physiological response to microbial infection or tissue injury,
but in the CNS, it is often pathological, e.g., in demyelinating diseases [19]. A recent
report suggests that CXCL1 signaling is involved in microglia activation following brain
injury [20]. While the role CXCL1 plays in OPC proliferation, migration, and differentiation
into myelinating oligodendrocytes is multi-faceted [21–24], recent studies have identified
mostly its negative effects, e.g., inhibition of the CXCL1/CXCR2 pathway, which promotes
the differentiation of OPCs and consequently promotes myelin repair [25]. Astrocytes
have also been reported to express CXCR2 receptors [26]. Since they are also a source of
their ligand CXCL1, it suggests the possibility of an autocrine feedback loop regulating
inflammation and remyelination.

Sex steroids influence not only the development and maintenance of reproductive sys-
tems but also several other organ systems, including the central nervous system (CNS) [27–29].
Among many functions, similarly to other steroid hormones, sex steroids (androgens, estro-
gens, and progestagens) exert several neuroprotective effects [30–32]. Within the context of
immune response, particularly androgens and estrogens show effects on inflammatory cells
and are potent modulators of immune responses within the CNS. It has become evident over
last few decades that both the prevalence and severity of neuroinflammatory diseases of the
brain and spinal cord are linked to sex hormones [33–36]. Epidemiological data from many
studies show the higher prevalence of particularly demyelinating diseases of the CNS with
neuroinflammation, such as MS, in women [37–39]. However, men with MS accumulate
symptoms leading to a permanent neurological disability faster than female patients [40].
Moreover, men with testicular hypofunction are more likely to develop MS [41]. Testosterone
is the major androgen with an important role in the physiology of both sexes. Testicles are the
main source of testosterone in males; ovaries, adrenal glands, and adipocytes are the main
source of this hormone in women. Testosterone and its metabolite dihydrotestosterone (DHT
or 5αDHT) exert their principal function through a specific nuclear receptors—the androgen
receptor (AR). Experimental data from animal models of MS further support androgens,
particularly testosterone, as key players in alleviating inflammation-related pathological states
in the CNS [42]. Experimental autoimmune encephalomyelitis (EAE) induced by the transfer
of T cells shows a milder course when they are pre-treated with testosterone [43]. At the same
time, testosterone has been shown to induce the production of anti-inflammatory IL-10 by T
cells [44]. There is a large body of evidence pointing to resident and infiltrating immune cells
as direct targets of androgen action in the CNS. However, despite the still-insufficient number
of studies, the overall picture inexorably expands to include testosterone acting directly on
astrocytes as well [45–47]. A key element of this mechanism is the recently confirmed expres-
sion of androgen receptors in astrocytes [48,49], but the functionality of this expression was
hitherto in doubt.

In the present work, we present for the first time a direct mechanistic study of the axis
androgen-astrocyte-chemokine in the context of inflammation. We tested the influence of
primary androgen testosterone on CXCL1 expression and secretion, which turned out to
depend strictly on the proinflammatory milieu. The use of the highly specific androgen
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receptor ligand flutamide, which is commonly applied as an antagonist of this nuclear
receptor but has been previously shown to be able to have an agonist-like effect as well
(which was also the case in our study), implicated this transcription factor in the observed
phenomenon. Thus, we provide new insights on the molecular mechanism of this effect,
which we found to most probably depend on the genomic action of the androgen receptor.

2. Materials and Methods

2.1. Cell Culture

Type 1 astrocyte cell line DI TNC1 was purchased from ATCC (cat. no. CRL-2005). The
cells were cultured at 37 ◦C in a 5% CO2 humidified atmosphere in high glucose Dulbecco’s
modified Eagle’s medium (Mediatech, Inc., Corning subsidiary, Manassas, VA 20109, USA,
cat. no. 10-013-CV) supplemented with 10% (v/v) heat-inactivated fetal bovine serum
(FBS) (Mediatech, Inc., Corning subsidiary, Woodland, CA 95776, USA, cat. no. 35-016-CV),
100 units/mL penicillin, and 100 μg/mL streptomycin (Mediatech, Inc., Corning subsidiary,
Manassas, VA 20109, USA, cat. no. 30-002-CI).

2.2. Viability Assay

To verify the cytotoxic effect of lysophosphatidylcholine (LPC) treatment, the in-
tegrity of the cell plasma membrane was verified by staining cells with propidium iodide
(cell impermeable) and Hoechst 33342 (cell permeable). Cells were seeded into a 96-well
plate at a density of 1.0 × 104 cells per well and treated with increasing concentrations
of LPC (0−200 μg/mL) for 24 h. Following the incubation, cells were treated with 5 μM
Hoecht33342 and 20 μM propidium iodide for 15 min at 37 ◦C. Subsequently, cells were
washed once with phosphate-buffered saline (PBS, pH = 7.4) and fixed with 4% formalde-
hyde in PBS prepared freshly from paraformaldehyde. Cell viability was assessed with an
automated fluorescence microscope, ArrayScan® VTI (Thermo Fisher Scientific, Waltham,
MA, USA), by comparing the number of cell nuclei stained with membrane-impermeable
(propidium iodide) and permeable (Hoechst 33342) dye.

2.3. Gene Expression Assay

The gene expression level was determined by quantitative real-time RT-PCR. The
aliquots of 2.6 × 105 DI TNC1 cells were cultured for 24 h in 24-well plates in the presence
or absence of 150 μg/mL LPC or with various concentrations of testosterone added from a
stock solution prepared in ethanol. All cells, including control ones, were treated with the
same amount of ethanol (0.2%). Following incubation, cells were washed once with PBS,
pH = 7.4, and total cellular RNA was isolated using the InviTrap® Spin Cell RNA Mini Kit
(Stratec, Birkenfeld, Germany) according to the manufacturer’s protocol. Complementary
DNA (cDNA) was transcribed from mRNA using the Maxima First Strand cDNA Synthesis
Kit (Thermo Fisher Scientific, Waltham, MA, USA) and used for real-time PCR amplification
with GoTaq® qPCR 2x master mix (Promega Corporation, Madison, WI, USA) according
to the manufacturer’s protocol. Each 16 μL reaction volume contained ca. 3 ng of cDNA
and 0.25 μM of forward and reverse primers (for primer sequences, see Table 1). Ywhaz,
Ubc, and B2m were used as reference genes. PCR reactions were performed in 96-well
microplates using the CFX96 Real-Time PCR Detection System (Bio-Rad Laboratories,
Hercules, CA, USA). The expression level of assayed genes was calculated using the ΔΔCt
method and expressed as the number of mRNA copies per respective number of copies of
geometric-averaged mRNA for reference genes.
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Table 1. Sequences of primers used in this study.

Gene Forward and Reverse Sequences (5′-3′) Source

Ywhaz Fw: AACTTGACATTGTGGACATCGG
Rv: AAAGGTTGGAAGGCCGGTTA this study

Ubc Fw: ACACCAAGAAGGTCAAACAGGA
Rv: CACCTCCCCATCAAACCCAA [50]

B2m Fw: GTCACCTGGGACCGAGACAT
Rv: AGAAGATGGTGTGCTCATTGC [51]

Ar Fw: CTTATGGGGACATGCGTTTGG
Rv: GCTCCGTAGTGACAACCAGA this study

Fdps Fw: GCAGACTCTCGACCTCATCACA
Rv: CCCATCAATTCCAGCCATG [52]

Camkk2 Fw: AGAACTGCACACTGGTCGAG
Rv: CCGGCTACCTTCAAATGGGT [53]

Cxcl1 Fw: GCCACACTCAAGAATGGTCG
Rv: TGGGGACACCCTTTAGCATC [54]

Tnfa Fw: GACCCTCACACTCAGATCATCTTCT
Rv: TGCTACGACGTGGGCTACG [55]

2.4. Quantification of CXCL1 Secreted to the Medium by Astrocytes

At 72 h prior to medium collection, cells were seeded in 24-well plates at a concentration
of 1.5 × 105 cells per well. Cells were treated for 24 h with 150 μg/mL LPC and/or various
concentrations of testosterone and/or flutamide prepared in fresh medium. Control cells were
incubated with an equal concentration of ethanol (0.2%) that was used as a solvent for the
respective treatments. At the time of medium collection, cells reached ca. 90% confluence
and were counted to calculate the amount of CXCL1 secreted relative to 1.0 × 105 of cells.
Measurements were made with an enzyme-linked immunosorbent assay (ELISA) according
to the manufacturer’s protocol (Rat CXCL1/CINC-1 DuoSet ELISA—R&D, cat. no. DY515).
Cell-free medium was bound for 24 h to 96-well plates pre-coated with the capture antibody.
After 2 h of incubation, the unbound material was washed off and a detection antibody
was added for another 2 h incubation. Finally, the amount of bound antibody was detected
colorimetrically, and the amount of CXCL1 was calculated from the calibration curve prepared
for the recombinant protein included in the kit.

2.5. Statistical Analysis

The N values reported in the study refer to independent biological replicates. The
Shapiro-Wilk test was used to evaluate whether the data follow a gaussian distribution. The
effects of testosterone and flutamide on CXCL1 production by astrocytes were evaluated
using three three-way ANOVA and, subsequently, Tukey’s post-hoc test to demonstrate
the significance of differences between individual values. The evaluation of the effects of
different doses of testosterone and flutamide was performed using the U Mann-Whitney
test. Results of gene expression assays at the mRNA level were analyzed by the one-
way ANOVA and, subsequently, Tukey’s post-hoc test to demonstrate the significance of
differences between individual values and the control.

3. Results

3.1. Lysophosphatidylcholine Is Not Toxic to DI TNC1 Astrocytes but Exerts a Pro-Inflammatory
Effect at the Signaling Level

Since incubation with the known in vivo inflammation stimulant lysophosphatidy-
choline (LPC) can change the composition of cell plasma membrane, leading to cytotoxicity,
we verified the cytotoxic effect of LPC on DI TNC1 astrocytes. Cells were incubated with
increasing concentrations of LPC, namely 0, 50, 100, 150, and 200 μg/mL, and the integrity
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of their cellular membrane was assessed after 24 h by comparing the amounts of cell nuclei
stained with cell membrane permeable (Hoechst 33342) and impermeable (propidium
iodide) dye. At all LPC concentrations, cell membrane integrity was preserved, since the
number of cell nuclei stained by propidium iodide was less than 1% of those stained with
Hoechst 33342.

Next, we tested if 24-h treatment with 150 μg/mL LPC has a pro-inflammatory effect
on DI TNC1 astrocytes. At the mRNA level, the expression of the Tnfa gene increased by
360% (Figure 1A). At the same time, LPC treatment induced the expression of the Cxcl1 gene
by 13%, providing a mechanistic explanation for the increased secretion of this chemokine
by cells incubated with LPC (Figure 1B).

Figure 1. Incubation with LPC induces expression of proinflammatory genes in rat astrocytes.
DI TNC1 cells were incubated for 24 h without (control) or in the presence of LPC (150 μg/mL).
Subsequently, the expression of Cxcl1 (A) and Tnfa (B) genes was quantified at mRNA level by real-
time PCR, and expression level was expressed relative to a validated set of reference (housekeeping)
genes. Significance of overall differences was tested by one-way ANOVA (p < 0.05). Significance of
differences between treated samples and control was tested by Tukey’s post-hoc test (* p < 0.05).

3.2. DI TNC1 Astrocytes Produce an Increased Amount of CXCL1 When Treated with
Lysophosphatidylcholine

We have quantified the amount of CXCL1 that type I rat astrocytes (DI TNC1 cells)
secreted into culture medium when incubated for 24 h with LPC (150 μg/mL) or in control
conditions (cells treated with ethanol in equal volume used as a solvent for LPC). The level
of CXCL1 in the culture medium was significantly increased in the group treated with
LPC (Figure 2). The average concentration of CXCL1 in the culture medium was equal
to 0.94 ± 0.03 ng/mL per 100,000 DI NTC1 cells. When stimulated with LPC, astrocytes
produced 1.27 ± 0.03 ng/mL of CXCL1 per 100,000 DI NTC1 cells.

3.3. Testosterone Affects the Production of CXCL1 but Only in Cells Stimulated with
Lysophosphatidylcholine

Considering that incubation with LPC exerted a pro-inflammatory effect on DI TNC1
astrocytes and stimulated them to produce increased amounts of CXCL1, we were interested
in verifying how testosterone affects this phenomenon. The amounts of CXCL1 secreted into
culture medium by DI TNC1 astrocytes were quantified after 24 h of incubation with and
without LPC and in the presence and absence of 60 μM testosterone (Figure 2). Testosterone
antagonized the induction of CXCL1 stimulated by LPC treatment while having no effect on
the basal level of secretion of this chemokine. Cells stimulated with LPC in the presence of
testosterone and cells treated only with testosterone secreted CXCL1 in the same quantity
as non-stimulated, control cells. Subsequently, we have set out to explore if this effect is
dose-dependent. We have stimulated DI TNC1 astrocytes for 24 h with 150 μg/mL LPC in
the presence of increasing concentrations of testosterone (0–80 μM). The concentration of
secreted CXCL1 decreased gradually with an increasing dose of testosterone, reaching values
similar to those secreted by the cells unstimulated with LPC (Figure 3). This observation
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confirms that testosterone mitigates the excess secretion of CXCL1 by binding to specific
effectors (receptor-like effect), whose effectiveness is dependent on its concentration.

Figure 2. Quantification of CXCL1 secreted to culture medium by rat astrocytes. DI TNC1 cells
were incubated for 24 h without (control, C), in the presence of LPC (150 μg/mL), in the presence
of 60 μM testosterone (T), or in the presence of 60 μM testosterone and 60 μM flutamide (T + F).
Subsequently, the amount of CXCL1 secreted by the cells was quantified in culture media by ELISA
and it is presented as a value ± SEM per 100,000 cells. Significance of overall differences was tested
by one-way ANOVA (p < 0.05). Significance of differences between treated samples and the control
was tested by Tukey’s post-hoc test (* p <0.001), N = 4.

Figure 3. Quantification of CXCL1 secreted to culture medium by rat astrocytes in the presence of
testosterone or flutamide. DI TNC1 cells were incubated for 24 h in the presence of LPC (150 μg/mL)
and in the presence of increasing concentrations of either testosterone or flutamide. Subsequently, the
amount of CXCL1 secreted by the cells was quantified in culture media by ELISA, and it is presented
as a value ± SEM per 100,000 cells. * p < 0.05, N = 4.
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3.4. DI TNC1 Cells Express Functional Androgen Receptor

Subsequently, we have verified whether DI TNC1 cells are expressing functional
androgen receptor (AR), which could be the target of action of testosterone in the studied
phenomenon. First, we quantified the expression of the Ar gene in this cell line at the
mRNA level by performing quantitative real-time PCR. We measured that the androgen
receptor is expressed in DI TNC1 cells, and its expression was not affected by incubation
with testosterone (data shown in Supplementary Materials—Tables S1–S4, Figure S1).

To assess if the effect of testosterone is mediated through the androgen receptor, we
measured the expression of known AR-dependent marker genes: Fdps and Camkk2 [52]
upon stimulation with testosterone (Figure 4). Both 20 μM and 60 μM concentrations of
testosterone enhanced the expression of the Fdps gene (by 21% and 27%, respectively)
and the Camkk2 gene (by around 10% at both concentrations), showing that the androgen
receptor is stimulated by testosterone in DI TNC1 cells and implying that the effects of
testosterone on CXCL1 secretion may be mediated through AR.

Figure 4. Incubation with testosterone induces expression of marker genes of androgen receptor in
rat astrocytes. DI TNC1 cells were incubated for 24 h without (control) or in the presence of 20 μM or
60 μM testosterone. Subsequently, the expression of Fdps (A) and Camkk2 (B) genes was quantified
at mRNA level by real-time PCR, and expression level was expressed relative to a validated set of
reference (housekeeping) genes. Significance of overall differences was tested by one-way ANOVA
(p < 0.05). Significance of differences between treated samples, and control was tested by Tukey’s
post-hoc test (* p < 0.05).

3.5. Flutamide Similarly to Testosterone Reduces the Pro-Inflammatory Stimulus of LPC on
CXCL1 Secretion

To determine if the effect of testosterone on the secretion of CXCL1 is mediated by the
androgen receptor, we incubated DI TNC1 cells for 24 h with testosterone and flutamide,
which is usually used as an antagonist of testosterone’s effect on AR, in equal concentrations
(60 μM). We tested its effects in the presence and absence of pro-inflammatory milieu
(150 μg/mL of LPC). Cells unstimulated with LPC and incubated with both compounds
secreted similar basal levels of CXCL1 (0.95 ± 0.03 ng/mL per 100,000 cells). Surprisingly,
we observed that flutamide co-incubated with testosterone in the presence of LPC does not
show antagonistic properties (Figure 2). Similar to cells treated with testosterone alone, the
cells incubated with LPC in the presence of testosterone and flutamide produced almost
the same amount of CXCL1 (1.03 ± 0.01 ng/mL per 100,000 cells).

To further corroborate this result, we investigated how different concentrations of
flutamide (0–80 μM) affected the astrocytes in the presence of LPC (Figure 3). We observed
the dose-dependent reduction of CXCL1 secretion by flutamide, but this effect was even
more pronounced than the one observed with the same concentrations of testosterone,
confirming that flutamide in this case probably exerts an agonistic effect on androgen
receptors like testosterone, but even stronger.
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4. Discussion

Inflammatory processes in the central and peripheral nervous systems, which accom-
pany a variety of pathological states, are extremely complex phenomena that contribute
to the etiology of clinically important neurological syndromes such as demyelinating and
neurodegenerative diseases. To elucidate their mechanism, it is crucial to study the inter-
play and cross-communication between cells of the immune system and resident elements
of the neural tissue, as both of these cell groups contribute to the distinctive elements of
the inflammatory state. Chemokines play a pivotal role as messenger molecules. They can
be secreted by non-specialized cells in order to signal specific immune cell populations
to induce (or, in some situations, inhibit) their migration. They also have other proper-
ties, including activation, stimulation of the production of cytokines and other mediators,
and specialized immune-related functions. There is a significant knowledge gap with
regard to the involvement of individual cell types in producing the chemokine repertoire
observed in neuroinflammation, for example concerning CXCL1, one of the most impor-
tant chemokines with somewhat contradictory effects in the regulation of pathological
inflammation. Research in this direction is needed, as this may be a potential therapeutic
approach utilizing natural inhibitory mechanisms to counteract unwanted inflammation,
which has deleterious consequences.

There is overwhelming evidence from animal models of neuroinflammation that
CXCL1 production and secretion in the neural tissue are strictly regulated. It significantly
impacts both the cellular and systemic presentation of pathological symptoms. Specifically,
in some mouse models, the overexpression of CXCL1 under the glial fibrillary acidic protein
(GFAP) promoter in astrocytes leads to a reduction in lesion load and enhances repair mech-
anisms in relapsing and remitting encephalomyelitis models [56]. Moreover, the chemokine
receptor CXCR2 and its ligands CXCL1 and CXCL2 were shown to be upregulated during
viral-induced demyelination, where CXCR2 signaling in oligodendrocytes seemed to play
a role in their protection and the restriction of the demyelination process [57]. On the other
hand, it has been shown that the rise in the expression of CXCL1 in astrocytes is associated
with an increased severity of experimental autoimmune encephalomyelitis (EAE) due to the
increased recruitment of neutrophils [58]. CXCL1 was reported to be upregulated during
the acute phase of EAE, both in the brain and the spinal cord [8]. It has also been reported
that CXCL1 was upregulated in mouse dorsal root ganglion (DRG) neurons during the
asymptomatic phase of neuroinflammation. Neutrophils accumulated in the DRG produce
neutrophil elastase, which is able to sensitize DRG neurons, leading to the induction of
mechanical allodynia; therefore, gene silencing of CXCL1 attenuated neutrophil accumula-
tion in the DRG and consequent mechanical allodynia [59]. Inhibition of CXCL1 signaling
through CXCR2 by the use of anti-CXCR2 antibodies or pharmacological antagonists had
beneficial effects for in vivo models of demyelination and encephalomyelitis, such as re-
duced size of lesions, increased OPC differentiation, functional improvement, enhanced
myelination, and reduced lesion load. This was attributed to reduced infiltration and
activation of macrophage/microglial cells under CXCR2 inhibition [60].

There are numerous natural mechanisms counteracting neuroinflammation at the level
of cellular communication. Their potential therapeutic utilization is a hot topic in clinical
studies, especially for demyelinating diseases. Among these, hormonal effects are very
promising, including an emerging body of data on the favorable action of androgens in
several in vivo models, which tie in, e.g., with epidemiological data on the penetration of
demyelinating diseases in different sexes [38,61–65]. In the presence of testosterone, areas
of LPC-induced focal demyelination in the spinal cord were repopulated with astrocytes
to a much larger extent than in the absence of the hormone. The androgen-activated
astrocytes promoted axonal remyelination through oligodendrocytes, whereas in control
(untreated) lesions, Schwann cells were the main myelin-producing cell type [66]. This,
along with other accumulated evidence for the anti-inflammatory action of testosterone in
the CNS, is convincing at the physiological level in animal models; however, the specific
molecular mechanisms at the cellular level and participating immune mediators need to
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be elucidated in direct biochemical experiments on isolated in vitro models, which is a
prerequisite to understanding the feasibility of proposed modes of action. Therefore, the
experiments presented in this paper fulfill an important role in providing basic data on how
androgens can potentially counteract neuroinflammation. Our research demonstrates that
they can directly (most probably via their nuclear receptor AR) suppress the stimulation
of CXCL1 production in astrocytes by pro-inflammatory agents. Since CXCL1 is strongly
implicated in enhancing the detrimental pro-inflammatory feedback loop by recruiting
and activating neutrophils and/or macrophages, this suppression is one of the possible
mechanisms explaining the moderating influence of testosterone on clinical manifestations
of neuroinflammation.

While LPC is widely used in vivo as a demyelinating agent, it is also known to act as a
bona fide proinflammatory mediator produced in the neural tissue itself [67,68]. It has been
shown that LPC increases the production of pro-inflammatory cytokines and chemokines
by immune cells [69,70]. In addition, LPC can also induce glial cell activation via the
Rho-kinase pathway [71]. Enhanced expression of MCP-1 and CCR2 has been observed in
activated microglia in response to LPC produced in astrocytes and neurons [72]. It has been
observed that astrocytes and immature oligodendrocytes are sensitive to LPC-induced
injury in vivo [68,73].

Our experimental model was composed of physiologically relevant elements, which
enhanced the credibility of the proposed mechanism. Treatment with LPC mimics natural
pro-inflammatory steps observed in demyelinating disease development pathways. We
were able to further confirm this in our experiments showing the ability of LPC to induce the
expression of another pro-inflammatory mediator, TNF-alpha. The DI TNC1 astrocyte cell
line was derived from the same species and strain (Sprague-Dawley rats) and has been used
in studies on experimental inflammatory demyelination, including those that identified
astrocytes as potential mediators of androgen action. Our experimental approach involves
measuring not only CXCL1 expression but, more importantly, its secretion to the outside
environment, a central feature of the detrimental role of astrocytes in pro-inflammatory
cell recruitment. Thus, the mechanism of action of the androgen-astrocyte-chemokine
regulatory axis that emerges from our study can be directly applicable to in vivo models of
neuroinflammation.

Taken together, our data points to a coherent mechanistic explanation of this regulatory
phenomenon: Under the conditions of pro-inflammatory signaling (and only under these
conditions), testosterone acts on the androgen receptor in astrocytes, preventing the signal-
induced increase of CXCL1 secretion. In human monocytes exposed to parasitic (amoebal)
antigens, CXCL1 secretion increased after androgen pre-treatment, which also points to the
potential for androgen receptor-mediated modulation of the expression of this gene [74]. It
is important to note that astrocytes produce and secrete a significant amount of CXCL1 in
the resting state as well, and the molecular mechanisms responsible for this baseline level
are not affected by testosterone. Identification of the exact elements (transcription factors)
involved in CXCL1 expression in physiological and pathological conditions will require
more profound exploration by molecular genetic techniques and is beyond the scope of
the present study. However, the role of AR in the action of testosterone on astrocytes is
strongly suggested by our experimental approach: we demonstrate that it is functionally
expressed in the investigated cells (by showing the induction of known marker genes by
testosterone [75]); testosterone acts in a dose-dependent (rather than threshold) manner
on CXCL1 expression; and finally, and most convincingly, flutamide (which was applied
as a presumptive antagonist of testosterone action) fortuitously turned out to have an
analogous effect to testosterone in repressing CXCL1 induction. The latter argument points
convincingly towards AR as the mediator of this effect, since there is a body of literature
that identifies flutamide (or its metabolite, hydroxyflutamide) as a possible agonist of AR in
several cell types [76–78]. This similarity between testosterone and flutamide is a powerful
argument for the direct involvement of AR because there is no other known effector
common to both of these chemically dissimilar ligands. It is, however, important to keep in
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mind that testosterone itself may indeed have other ways of inhibiting CXCL1 production
in astrocytes, and therefore the effect of testosterone is potentially at least partially non-AR-
dependent. One possible additional mechanism involves conversion to 17-beta-estradiol
by aromatase expressed in these cells [79], with subsequent interference with the function
of transcription factor AP-1, with which it is able to interact [80], and which is involved in
CXCL1 induction during inflammatory signaling [81]. Importantly, estrogens have also
been reported to increase CXCL-1 expression via estrogen receptor β (ERβ) [82]. Therefore,
the conversion of testosterone to estrogen by aromatase could lead to a reduction of the
original effect of testosterone, which could explain why flutamide alone demonstrated a
stronger effect on CXCL1 level reduction than testosterone. In contrast, it has also been
reported that estradiol at high concentrations down-regulates epithelial expression of
CXCL1 [83]. In our study, we observed that the inhibitory effect of testosterone on CXCL1
production, while weaker at low doses, increases at the highest applied dose of 80 μM. This
may be caused specifically by the shift in the effect of aromatase-produced estrogen at this
concentration no longer counteracting the inhibitory effect of testosterone but enhancing it.
Confirmation of the actual conversion of testosterone to estrogen occurring in astrocytes
would help provide further proof for this postulate. Thus, further investigation of this
mechanism is required to fully elucidate the mechanisms underlying the above effect.
While we are certain that the AR-mediated pathway is involved in testosterone effects,
further experiments are needed to quantify the extent of this involvement, e.g., using other
AR antagonists or gene silencing.

The identification of a potential beneficial molecular mechanism of action of androgens
in a model of neuroinflammation, with astrocytes as the novel site of action, is an important
step in studies on hormonal regulation of CNS pathology. We demonstrate that (as was
previously suggested on the basis of phenomenological in vivo data) testosterone and other
androgens may indeed work via resident cells of the CNS which are not directly involved in
immune activity and that astrocytes, which are already an important target in clinical studies
on demyelinating and neurodegenerative diseases, acquire an even broader array of upstream
regulators. This is also one of the first demonstrations of functional AR activity in astrocytic
cells, while at the same time it adds to the increasing number of studies that encourage caution
in the uncritical application of receptor antagonists as investigative and/or therapeutic tools
since some of them (in this case flutamide) may also cause the opposite (agonistic) effect on
some cell types. In general, the demonstration that pro-inflammatory chemokine secretion is
an important function of astrocytes and that it can be modulated pharmacologically adds to
our understanding of the complexity of neuroinflammation.

From a practical point of view, it is important to note that weak AR agonists, like
testosterone and (hydroxy)flutamide, which may have beneficial effects in diseases that
involve neuroinflammation, also have therapeutically favorable pharmacokinetics, being
able to reach the CNS through the blood-brain and blood-cerebrospinal fluid barrier. Since
CXCL1 has been implicated in many neuroinflammatory disorders and their models, such
as EAE, MS, other demyelinating diseases, neurodegeneration, and infection, being able
to modulate its secretion at one of its sources may be a common solution to seemingly
unrelated pathologies. Of course, we do not suggest that this is the only chemokine that
astrocytes use to influence the inflammatory milieu, nor do we suggest that androgens
(or even AR itself) exert their documented beneficial physiological effects exclusively via
the mechanism that we identified, but the fact that this signaling axis is theoretically
possible in vivo is important for the interpretation of physiological phenomena such as
sex differences in disease penetration or hormonal effects in MS. From the clinical point of
view, another important corollary is the possibility of side effects of hormonal treatments
in the CNS. However, the potentially most important therapeutic implication of our results
is the indication that astrocytes are a viable target for AR-mediated adjuvant treatment of
demyelinating diseases by alleviating the pathologically increased production of at least
some pro-inflammatory mediators.
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In the future, it will be important to verify whether AR binds directly to the CXCL1
promoter or whether its action is indirect. We also plan to work on identifying the physio-
logically important cellular targets of astrocyte-derived CXCL1 (resident vs. hematogenous
cells) and optimizing the agonistic function of androgens in animal models.

In conclusion, the probable direct involvement of AR in the effects of androgen on
the pro-inflammatory activity of astrocytes is a newly identified mechanism of hormonal
regulation of neuroinflammation. This mechanism involves the inhibition of CXCL1 release,
underlining the central role this chemokine plays in regulatory loops between glial and
immune cells in the CNS.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cimb46030135/s1. Tables S1–S4: Analysis of expression of the Ar
gene in DI TNC1 cell line using quantitative real-time PCR. Figure S1: The expression of Ar gene in
DI TNC1 cell line.
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