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Abstract

In human demyelinating diseases such as multiple sclerosis (MS), an imbalance

between demyelination and remyelination can trigger progressive degenerative

processes. The clearance of myelin debris (phagocytosis) from the site of demyelin-

ation by microglia is critically important to achieve adequate remyelination and to

slow the progression of the disease. However, how microglia phagocytose the

myelin debris, and why clearance is impaired in MS, is not fully known; likewise,

the role of the microglia in remyelination remains unclear. Recent studies using

cuprizone (CPZ) as an animal model of central nervous system demyelination rev-

ealed that the up-regulation of signaling proteins in microglia facilitates effective

phagocytosis of myelin debris. Moreover, during demyelination, protective media-

tors are released from activated microglia, resulting in the acceleration of

remyelination in the CPZ model. In contrast, inadequate microglial activation or

recruitment to the site of demyelination, and the production of toxic mediators,

impairs remyelination resulting in progressive demyelination. In addition to the

microglia-mediated phagocytosis, astrocytes play an important role in the phago-

cytic process by recruiting microglia to the site of demyelination and producing

regenerative mediators. The current review is an update of these emerging findings

from the CPZ animal model, discussing the roles of microglia and astrocytes in

phagocytosis and myelination.
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1 | INTRODUCTION

Oligodendrocytes myelinate axons of the central nervous system

(CNS) whereas Schwann cells myelinate axons in the peripheral ner-

vous system, and this process facilitates the rapid propagation of

action potentials. Demyelination leads to the disruption of action

potential propagation and the generation of myelin fragments as

debris. New myelin formation at the site of CNS demyelination occurs

through the maturation of oligodendrocyte progenitor cells (OPCs)

followed by remyelination (reviewed in Nave & Werner, 2014; Sen &
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Hossain, 2021; Sen et al., 2019b; Snaidero & Simons, 2014).

Remyelination is necessary to restore myelin structure, provide meta-

bolic support to axons, and restore rapid action potential propagation

along axons. Remyelination is a tightly controlled process (regulated

by the expression of several transcription factors) that depends upon

the activation, proliferation, migration and maturation of OPCs

(Nave & Werner, 2014; Snaidero & Simons, 2014). Where the pro-

cesses of OPC recruitment and maturation are impeded, progressive

demyelination and chronic neuroinflammation can prevail (Domingues

et al., 2016; Nave & Werner, 2014; Sen et al., 2019b; Snaidero &

Simons, 2014).

In multiple sclerosis (MS), clinically defined as a demyelinating

neuroinflammatory disease of the human CNS, a progressive decline

in the extent of remyelination and increased neurodegeneration is

observed (Sen et al., 2020b; Stys et al., 2012; Trapp et al., 1999).

Notably, currently approved immunomodulatory treatments for MS

can reduce the severity of the disease and improve quality of life, but

recovery from progressive myelin degeneration and disease progres-

sion has been, as yet, unattainable (Robertson & Moreo, 2016).

Although the pathoetiology of remyelination failure in MS remains

elusive, inadequate phagocytosis (Hochreiter-Hufford &

Ravichandran, 2013; Janda et al., 2018; Town et al., 2005) of myelin

debris and secretion of toxic mediators from activated microglia and

astrocytes are believed to contribute to inadequate remyelination

(Franklin, 2002; Lubetzki et al., 2020; Rawji et al., 2020a). Phagocyto-

sis is considered one of the prerequisites for remyelination in MS

(Lampron et al., 2015), but the cellular mechanistic pathways of

microglia and astrocyte-driven phagocytosis and remyelination in MS

remain poorly defined.

2 | MICROGLIAL ACTIVATION
FOLLOWING CUPRIZONE (CPZ)-FEEDING

Microglia are the resident macrophage population in the CNS, derived

from the same mesodermal origin as other peripheral immune system

cells, including macrophages and monocytes (Graeber & Streit, 2010).

In the CNS, microglia constitute 5%–20% of the total glial cell popula-

tion, with total numbers ranging from 100 to 200 billion, depending

on health status (Ginhoux et al., 2013; Harry & Kraft, 2012; Soulet &

Rivest, 2008). In response to injury (e.g., traumatic brain injury) or

CPZ-feeding, microglia were traditionally described as changing from

a normal (resting) branched-shaped to an active “amoeboid” (or rod)

sausage-shaped morphology (Gudi et al., 2014; Praet et al., 2014; Sen

et al., 2020a; Taylor et al., 2014; Ziebell et al., 2012). These classical

morphological descriptions are now less accepted due to recent dis-

coveries and classifications based on molecular analyses (see below).

However, many publications still describe the morphological changes

of microglia (and astrocytes) alone as an index of activity since it pro-

vides a quick and cost-effective way to quantify data. Immunohisto-

chemistry for ionized calcium-binding adapter molecule 1 (Iba1) is the

most commonly used marker to detect microglia in the CPZ model.

Iba1 is a calcium-binding actin-cross-linking protein specifically

expressed in microglia/macrophages, although it does not differenti-

ate between active and resting microglia (Graeber & Streit, 2010;

Ohsawa et al., 2004; Sasaki et al., 2001). Other markers to detect

microglia, immunohistochemistry for translocator protein (Tspo) and

lysosomal-associated membrane protein 2 marker for microglia and

macrophage (Mac-3) can be used (Gudi et al., 2009; Nack et al., 2019;

Nutma et al., 2021; Oveland et al., 2021; Rubino et al., 2018;

Skripuletz et al., 2008; Yao et al., 2020). To detect peripheral macro-

phages, antibodies to CD68 (Krauthausen et al., 2014) or CD45 anti-

gens (Remington et al., 2007) can be used. These markers are given in

Table 1.

Using recent cutting-edge techniques such as single-cell trans-

criptomics, proteomics, and fluorescence-activated cell sorting,

microglia and astrocytes have been grouped into different structural

and functional categories (Table 2). For example, during lipopolysac-

charide (LPS)-induced inflammation in C57Bl/6N mice, distinct clus-

ters of microglia were identified as associated with homeostasis

(e.g., Olfml3 and Tmem119), phagocytosis (Tyrobp and Trem2) and

anti-inflammatory genes (e.g., Mrc1 and Arg1), and these clusters

were significantly decreased in LPS-injected mice, while pro-

inflammatory genes (e.g., Il1b and Ccl2) were markedly increased.

Microglial homeostatic genes (e.g., Tmem119 and Siglech) were

down-regulated, whereas pro-inflammatory genes (e.g., Ccl2 and

Nfkbia) were up-regulated at the single-cell level (Sousa et al., 2018).

Similarly, using single-cell RNA sequencing, a distinct microglial popu-

lation (using C57/Bl and HIV gp120 transgenic mouse models) in the

cortex and the spinal cord was found (Zheng et al., 2021). Notably,

these microglia showed differential signatures based on the expres-

sion of genes involved in homeostasis (e.g., Cx3cr1 and Tmem119),

regulation of immune responses (e.g., Il1a and Ccl4), and cytokine and

chemokine genes (e.g., Il1b and Ccl2; Zheng et al., 2021). Another

recent study by Hammond et al. (2019) revealed at least nine tran-

scriptionally distinct microglial populations (in C57Bl/6J mice) that

express unique sets of genes. Similar to the differential morphological

and functional phenotypes of microglia (Hammond et al., 2019; Sousa

et al., 2018; Taylor et al., 2014; Zheng et al., 2021; Ziebell

et al., 2012), transcriptomic and proteomic studies revealed distinct

forms, and different mRNA and protein changes involved in neuro-

development and neurodegeneration in response to injury or aging

(Ajami et al., 2018; Flowers et al., 2017; Grabert et al., 2016; Mrdjen

et al., 2018). Additionally, using the CPZ model, Masuda et al. (2019)

showed the differential expression of microglial genes (e.g., Apoe, Axl

and Tmem119) during de- and remyelination, suggesting the hetero-

geneity of microglial populations following CPZ-feeding. However,

the way in which the products of these genes regulate phagocytosis

and myelination remains untested in the CPZ model.

Based on the M1 (detrimental) and M2 (beneficial) polarization

states of macrophages (Orihuela et al., 2016), in response to CNS

injury, a similar classification scheme for microglia polarization

(M1 and M2) has been proposed. Microglia polarize in two ways in

response to injury or infection (Aguilera et al., 2018; Gudi et al., 2014;

Praet et al., 2014; Wang et al., 2019; Zheng & Wong, 2019). The M1

phenotype refers to the classical activation (induced by pro-
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inflammatory cytokines such as interferon [Ifn]-γ), which mediates

pro-inflammatory responses. M1 microglia release pro-inflammatory

mediators including tumor necrosis factor-α (Tnf-α), interleukin (Il)-1β,

Il-6, nitric oxide (NO), and Ifn-γ which degenerate tissue and neurons

(Lassmann & van Horssen, 2016; Rossi et al., 2014; Zheng &

Wong, 2019). M1 microglia can be detected and quantified by mea-

suring the expression of cell surface markers such as CD11b, CD16,

CD32, CD86, and iNOS (Zheng & Wong, 2019). In contrast,

M2-activated microglia/macrophages are responsible for the resolu-

tion of inflammation and repair of injured tissue by phagocytosis and

secretion of anti-inflammatory mediators (e.g., Il-10 and Il-13), thus

restoring homeostasis (Aguilera et al., 2018; Gudi et al., 2014; Praet

et al., 2014; Wang et al., 2019; Zheng & Wong, 2019). M2 microglia

can be detected and quantified using the expression of cell surface

markers such as CD206, CD163, and Arg1 (Zheng & Wong, 2019).

Despite the continued use of microglial M1 and M2 phenotype desig-

nations in the literature (Tang & Le, 2016; Zheng & Wong, 2019), this

classification is still controversial because it is deemed an over-

simplification of the heterogeneous complexity of microglial struc-

tures and functions, as they can in fact exist in more than two distinct

polarized states (Bachiller et al., 2018; Martinez & Gordon, 2014;

Mosser & Edwards, 2008; Ransohoff, 2016). Considering the recent

discoveries of the heterogeneous functions (Table 2) of microglia both

in resting and activated states (Ajami et al., 2018; Flowers et al., 2017;

Grabert et al., 2016; Mrdjen et al., 2018), further investigation is

required to characterize the microglial phenotypes in the CPZ model.

3 | ASTROCYTIC ACTIVATION
FOLLOWING CPZ-FEEDING

Routinely, astrocytes are morphologically characterized by non-

overlapping star-shaped extensions from the cell body and comprise

~30% of the glial cells in the CNS (Liddelow & Barres, 2017; Ponath

et al., 2018). Astrocytes can be identified immunohistochemically by

the expression of intermediate filament proteins such as glial fibrillary

acidic protein (Gfap), or vimentin (Vim; Lyck et al., 2008; Sofroniew &

Vinters, 2010). In the CPZ model, the activation of astrocytes

(e.g., when 0.2% CPZ is fed for 4–5 weeks) is often detected using

increased expression of Gfap as a marker (Hibbits et al., 2012; Sen

et al., 2019a; Sen et al., 2020a; Skripuletz et al., 2013). Likewise, Vim

expression is also increased in reactive astrocytes during CPZ-feeding

to a similar level to that of Gfap (Hibbits et al., 2012). These markers

are summarized in Table 1.

Recent investigations of astrocytes using single-cell resolution

methodologies (given in Table 2) reveals a differential distribution of

astrocytes each with differing functions (Batiuk et al., 2020; Bayraktar

et al., 2020; Hasel et al., 2021; Itoh et al., 2018; Wheeler et al., 2020).

For example, Batiuk et al. (2020) showed that astrocytes can be cate-

gorized into five transcriptomically distinct subtypes (AST) in

C57Bl/6J mouse cortex and hippocampus: AST1 and AST4 are pre-

dominantly found in the hippocampus, AST2 mainly in the cortex,

whereas AST3 and AST5 are uniformly distributed between

hippocampus and cortex. Gene enrichment (using DAVID bioinformat-

ics; https://david.ncifcrf.gov/) analysis revealed the differential func-

tionality of these astrocyte populations. AST3 are more consistent

with mature astrocytic functions (e.g., high expression of Gfap). AST4

is associated with neurogenesis (mitosis and cell cycle control). AST5

constitute an overlapping group of astrocytes whose functions may

be intermediate between neurogenesis and mature astrocytes (Batiuk

et al., 2020). Similarly, following LPS-induced acute inflammation, dif-

ferent clusters of astrocytes are found, at the single-cell transcriptome

level (Hasel et al., 2021). For example, while one cluster is associated

with the elevated expression of complement component 3 (C3) and

the C3-like gene encoding Cd109, another cluster is enriched with

Igtp, Tap1 and Stat1 genes (Hasel et al., 2021). These studies are

indicative of the heterogenous characteristics of astrocytes. How

these heterogeneities in gene expression and biochemical processes

temporally align with morphological changes remains unclear. More-

over, while these technological advancements reveal the multifactorial

characteristics of microglia and astrocytes, it is not clear how many of

these genes are translated to functional proteins, nor specifically

which proteoforms (Sen et al., 2021) are involved, since no parallel

studies were found using transcriptomic or any (top-down) proteomic

analyses. Do microglia and astrocytes show differential transcrip-

tional/proteome profiles in different animal models of MS? Is there

any animal model that shows greater similarity to MS than any other

model at either single-cell transcriptome or proteome level? This kind

of multi-animal model analysis may provide the optimal method/

model for examining the roles of microglia and astrocytes in MS.

Upon CPZ-feeding, astrocytes become activated and hypertro-

phic (Gudi et al., 2014; Hibbits et al., 2012; Praet et al., 2014; Sen

et al., 2020a; Sen et al., 2019b). Investigations using the CPZ model

reveal that reactive astrocytes can be beneficial when they are

involved in remyelination and myelin debris clearance whereas astro-

cytes are deemed harmful when associated with demyelination (Brück

et al., 2012; Fulmer et al., 2014; Gudi et al., 2014; Houben

et al., 2020; Mason et al., 2000). Studies from the Barres Lab (Clarke

et al., 2018; Liddelow et al., 2017; Liddelow & Barres, 2017; Zamanian

et al., 2012) showed that CNS neuroinflammation or ischemia caused

astrocytes to polarize into two “reactive” types: harmful (A1) and

helpful (A2). Single-cell resolution analysis showed that A1 astrocytes

up-regulate several genes (e.g., complement component 3, C3) linked

to synapse and neuronal degeneration. The prevalence of A1 reactive

astrocytes is observed in different brain regions of neuroinflammatory

and neurodegenerative diseases including MS, Alzheimer's disease,

and Parkinson's disease (Liddelow et al., 2017). In contrast to A1 reac-

tive astrocytes, A2 astrocytes up-regulate many neurotrophic factors,

aiding the repair of damaged synapses and neurons (Clarke

et al., 2018; Liddelow et al., 2017; Liddelow & Barres, 2017; Zamanian

et al., 2012). Notably, crosstalk between astrocytes and microglia has

been documented. Activation of microglia leads to the activation of

astrocytes, indicating that astrocytic polarization depends upon the

microglial state (i.e., activated or resting; Clarke et al., 2018; Joshi

et al., 2019; Liddelow et al., 2017; Rothhammer et al., 2018). How-

ever, it is not clear whether reactive astrocytes and associated
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mediators' do impact microglial polarization. LPS-activated microglial

secretion of Il-1α, Tnf, and C1q cytokines induces an A1 phenotype,

whereas inhibition of microglial inflammation (using neutralizing anti-

bodies to Il-1α, Tnf, and C1q) blocks A1 phenotype development

(Liddelow et al., 2017), and blocking of microglia-mediated reactive

A1 conversion prevents neurodegeneration (Yun et al., 2018). Like-

wise, another study revealed the differential expression of genes

associated with A1 (e.g., C3) and A2 (e.g., Emp1) reactive astrocytes

(Clarke et al., 2018). Following these studies (Clarke et al., 2018;

Liddelow et al., 2017; Liddelow & Barres, 2017; Zamanian

et al., 2012), other studies (e.g., rat models of pain and human

Creutzfeldt-Jakob disease) also observed the existence and function-

ality of different types of reactive astrocytes (Guttenplan et al., 2020;

Li et al., 2019; Li et al., 2020; Miller, 2018; Ugalde et al., 2020). For

example, a rat model of surgical pain showed an elevation of the A1

astrocytic marker C3 and a reduction of the A2 astrocytic marker

S100a10 using Western blotting (Li et al., 2020). The upregulation of

these reactive astrocytic markers was also observed in a LPS-induced

inflammatory mouse model at the single-cell level (Hasel et al., 2021).

However, this classification into A1/A2 groups may be an over-

simplification (akin to that for M1/M2 microglia/macrophage pheno-

types), as it has been argued that other astrocytic states may exists (e.

g., An, A[n + 1]), although further studies are required to define these

additional phenotypes (Liddelow & Barres, 2017). Moreover, a recent

study also warned against over-simplification of the complexity of

astrocytic functions, recommending that both morphological and

functional readouts be considered (Escartin et al., 2021). Thus, the

interpretation of “reactive astrocytes”, “activated astrocytes” or

“homogenous astrocytes” should likely be used considering the avail-

able experimental evidence and to align with suggested guidelines

(Escartin et al., 2021). That said, no studies have investigated the dif-

ferential polarization states of astrocytes in the CPZ model. However,

to follow the consistency of described microglial polarization (M1 and

M2), this review designates astrocytes as A1 or A2 to describe the

detrimental and beneficial aspects of reactive astrocytes, respectively,

in the CPZ model.

4 | USING THE CPZ MODEL TO
INVESTIGATE MICROGLIAL AND
ASTROCYTIC FUNCTIONS

Animal models are the backbone of MS research, not only for long-

standing efforts to define the pathoetiology of the disease, but also

for the development of therapeutics, despite the fact that no single

animal model fully reflects the complex heterogeneity of MS

(Ransohoff, 2012; Sen et al., 2021; Sen et al., 2020b; Stys

et al., 2012). Of the commonly used animal models such as experi-

mental autoimmune encephalomyelitis (EAE), CPZ, ethidium bromide,

lysolecithin, LPS, diphtheria toxin (DPT), and Theiler's murine enceph-

alomyelitis virus (Denic et al., 2011; Procaccini et al., 2015;

Ransohoff, 2012; Sen et al., 2019b; Sousa et al., 2018; Traka

et al., 2010), CPZ is mostly used to study de- and remyelination. Due

to the progressive deterioration of motor function and limited recov-

ery in EAE, and because of the technically demanding stereotactic

injection and localized demyelination (at the site of injection) using

ethidium bromide or lysolecithin, these models are chosen far less fre-

quently to study remyelination (Hooijmans et al., 2019;

Ransohoff, 2012). Moreover, CPZ-fed C57Bl/6 mice show subtle cog-

nitive and locomotor deficits, but these animals do not undergo

severe motor deficits such as paralysis, due to limited pathology of

the spinal cord, and so is quite similar to (early) human MS motor

symptomology. Therefore, studies of OPC proliferation and recovery

from deficits during demyelination (with CPZ-feeding) and

remyelination (without CPZ-feeding) is possible (Gudi et al., 2014;

Praet et al., 2014; Sen et al., 2020a; Sen et al., 2020b; Sen

et al., 2019b).

In order to identify the early events of remyelination during which

oligodendrocyte function becomes compromised by either inadequate

myelin debris clearance or the production of toxic mediators, the CPZ

model has proven useful. In this model, rodents are fed with CPZ,

which causes metabolic disturbances in the mitochondria and endo-

plasmic reticulum of oligodendrocytes (Praet et al., 2014; Sen

et al., 2019a; Sen et al., 2019b). Oligodendrocytes are reliant upon

mitochondria for energy; CPZ interrupts mitochondria-mediated

energy production, resulting in their degeneration (termed

oligodendrocytosis), leading to subsequent neuronal demyelination

and glial activation in the CNS structures such as the corpus callosum,

hippocampus, and cerebellar nuclei (Almuslehi et al., 2020; Goldberg

et al., 2015; Sen et al., 2019a; Sen et al., 2020a; Sen et al., 2019b).

Activated microglia and astrocytes secrete both beneficial/

protective (e.g., insulin-like growth factor; Igf-1) and detrimental/toxic

cytokines (Il-1β/6, and Ifn-γ) that affect oligodendrocytes and thus

myelination status (Figure 1). Increased production of these pro-

inflammatory mediators and prolonged glial activation enhances oligo-

dendrocyte degeneration (Gudi et al., 2014; Olah et al., 2012; Praet

et al., 2014). Moreover, within 2–3 weeks of feeding 0.2% CPZ, acti-

vation of microglia (evidenced by increased numbers and morphologi-

cal changes) and astrocytes (as evidenced by morphological changes)

occurs in the corpus callosum of C57Bl/6 mice, before the appearance

of obvious demyelination (Hiremath et al., 1998), indicating a highly

sensitive response. However, the direct effects of CPZ on microglia or

astrocytes remain unclear. Analysis of primary glial cell cultures from

neonatal rat brains revealed that CPZ selectively causes the degenera-

tion of mature oligodendrocytes, whereas astrocytes and microglia

remain unaffected (Benardais et al., 2013). However, no study has

specifically investigated the effect of CPZ on mature microglia or

astrocytes in vitro. In addition, the blood–brain barrier (BBB) appar-

ently remains intact in the CPZ model, which is evident in both histo-

logical and proteomic investigations (Almuslehi et al., 2020; Sen

et al., 2021; Tejedor et al., 2017). This is advantageous since it enables

investigation of the roles of brain-resident microglia in myelination

without the interference of peripheral macrophages. However, the

intact BBB limits study of the role of peripheral lymphoid and myeloid

cells (and associated cytokines and chemokines). Some researchers

interpret this as a limitation of the CPZ model, since BBB disruption
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F IGURE 1 Schematic of the microglia and astrocyte-mediated phagocytosis and myelination in the CPZ model. Step 1: CPZ-feeding to young
(7–8-week old) rodents (mainly C57Bl/6 mice) leads to the oligodendrocytes degeneration, demyelination and generation of myelin debris and
direct and indirect microglial and astrocytic activation in the CNS structures (Gudi et al., 2014; Praet et al., 2014; Sen et al., 2020a; Sen
et al., 2019b). Step 2: Local proliferation and astrocyte-mediated microglia recruit at the site of demyelination (through astrocyte regulating
chemokine Cxcl10 - Ifn-γ-induced protein signaling, not shown this figure) (Remington et al., 2007; Skripuletz et al., 2013). Activated microglia
secrete substances that are both beneficial (e.g., Igf-1) which accelerate remyelination by increasing myelin debris clearance and OPC recruitment,
and detrimental (e.g., Csf-1) which enhance demyelination (see Table 4). Step 3: Likewise, astrocytes release substances that contribute to both
remyelination and demyelination (see Table 4). Step 4: One of the prerequisites of effective remyelination is the phagocytosis of myelin debris
(Step 1). Recent evidence shows that this process is facilitated by the upregulation of various transcripts such as Qki, Trem2 and Mertk,
expressed by microglia and astrocytes (Cignarella et al., 2020; Ren et al., 2021; Shen et al., 2021). In addition, increased expression of other
microglial genes (e.g., Lrp and Calr) facilitates phagocytosis and the removal of myelin debris (Olah et al., 2012). Efficient phagocytosis of myelin
debris promotes proliferation of OPCs, as well as the migration of OPC to the site of demyelination that then results in remyelination of denuded
axons. However, if phagocytosis is hampered, excess myelin debris leads to the reduction of Pdgfr-α and Igf-1 signals and stimulates Ifn-γ
secretion. Both of these impair OPC recruitment, proliferation, and maturation, resulting in impaired remyelination (Lampron et al., 2015;
Robinson & Miller, 1999; Shen et al., 2021; Skripuletz et al., 2013). Step 5: Remyelination starts with the specification of neural stem cells to
OPCs and maturation of OPCs to the mature oligodendrocytes. Mature oligodendrocytes wrap and support axons (Nave & Werner, 2014;
Snaidero & Simons, 2014). However, due to the detrimental secretions from microglia and astrocytes following CPZ-feeding, inadequate
phagocytosis is observed. Step 6: The myelinated axons can be demyelinated again if the rodents are again fed with CPZ. Consequently, the
dynamics of de- and remyelination mechanisms and the role of glial activation can be investigated using CPZ-model. ", increase; #, decrease; Csf-
1, colony-stimulating factor-1; CPZ, cuprizone; Fgf-2, fibroblast growth factor-2; Ifn-γ, interferon-γ; Igf-1, insulin-like growth factor-1; Mertk, Mer
proto-oncogene tyrosine kinase; NfK-B, nuclear factor kappa-B; OPC, oligodendrocyte progenitor cell; Pdgfr-α, platelet-derived growth factor
receptors-α; Qki, Quaking protein; Timp-1, tissue inhibitor of metalloproteinases-1; Trem2, triggering receptor expressed on myeloid cells-2; Tnf-
α, tumor necrosis factor-α
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and a prevalence of adaptive immune cells is found in the CNS of MS

patients, particularly at well-defined clinical stages of the disease

(Hemmer et al., 2015; Sen et al., 2021). This, of course, also raises the

issue of which studies are focussing on the earliest (pre-clinical)

models of disease versus the currently irreversible clinical condition(s).

Nonetheless, when the BBB of CPZ-fed mice is breached using per-

tussis toxin, and/or the immune system is primed using complete

Freund's adjuvant, an infiltration by the adaptive immune system and

subsequent immune-mediated demyelination is observed (Almuslehi

et al., 2020; Caprariello et al., 2018). However, the involvement of

myeloid cells, including macrophages, was not investigated in these

studies. Finally, the cessation of CPZ-feeding leads to spontaneous

remyelination via OPC proliferation and resolution of glial activation

(reviewed in Gudi et al., 2014; Sen et al., 2019b). These features make

the CPZ model an ideal tool for investigating microglia and astrocyte-

mediated myelin debris clearance and remyelination. This model has

been in use since 1966 (Carlton, 1966), with over 1000 papers cited

in PubMed (as of November 2021). Although the participation of

microglia in myelin debris phagocytosis and remyelination was first

reported in 2000 (Mason et al., 2000), no review has discussed the

roles of microglia and astrocyte-mediated phagocytosis and

remyelination in the CPZ model. This is the primary focus of this

review, although relevant references from other animal models of MS

(e.g., EAE, LPS, ethidium bromide) are also included. This review will

thus be of primary interest to the neuroscience community studying

the impact of glial activation in demyelination and remyelination.

Additionally, since activated microglia and astrocytes are observed in

almost every neurodegenerative disease including MS, Alzheimer's,

and Parkinson's diseases, this review will also be of broader interest.

5 | MICROGLIA-MEDIATED MYELIN
DEBRIS CLEARANCE

Phagocytosis of myelin debris from damage at the lesion site(s) is cru-

cial to the process of remyelination and reorganization of neuronal cir-

cuits. Inadequate or delayed debris clearance hampers remyelination,

thus hampering the regenerative process (Neumann et al., 2009). For

example, studies using mice deficient in the fractalkine receptor

(Cx3cr1) showed that the clearance of myelin debris by microglia was

reduced, or slowed, in CPZ-fed mice, concomitant with slower

remyelination (Lampron et al., 2015). Moreover, the disruption of

myelin clearance by microglia resulted in disorganization

(e.g., separation of myelin layers, hypermyelination, vacuolization of

axons and large spheroid-like structures) of the surviving myelin in the

corpus callosum following CPZ-feeding in Cx3cr1�/� mice (Lampron

et al., 2015). In addition, the presence of myelin debris in microglia of

wild-type (Control), but not in Cx3cr1�/� mice, indicated the presence

of an active phagocytic process in normal microglia. Furthermore,

lower levels of Pdgfr-α and Olig2+ expression (markers of OPCs) were

found in the corpus callosum of Cx3cr1�/� mice. Overall, mechanisti-

cally, this study supported the concept that insufficient debris clear-

ance is associated with low Pdgfr-α and Igf-1 signals, leading to

impaired OPC recruitment and proliferation, which compromised the

process of remyelination (Lampron et al., 2015). Interestingly, studies

from another lab (Baer et al., 2009) showed that remyelination is regu-

lated by the Fyn-RhoA and protein kinase-C signaling pathways. Inhi-

bition of these pathways resulted in the induction of OPC

differentiation in the presence of myelin debris (Baer et al., 2009). In

the EAE model, activated microglia secrete Ifn-β in the spinal cord at

the peak of dysfunction (Kocur et al., 2015). Ifn-β-expressing microglia

showed an enhanced capacity to phagocytose myelin in vitro and

increased the expression of phagocytosis-associated genes, which

resulted in a faster removal of myelin debris (Kocur et al., 2015).

Nonetheless, considering the Ifn-β expression, the implication is that

inadequate expression of Ifn-β led to the slower removal of debris

(Kocur et al., 2015). Similar to the inefficient clearance of myelin

debris and inadequate remyelination in Cx3cr1�/� or Ifn-β over-

expressing mice (Kocur et al., 2015; Lampron et al., 2015), impaired

remyelination was indicated in another study by a ~60% reduction in

the number of immature and mature oligodendrocyte markers (Plemel

et al., 2013). Myelin debris makes contact with OPCs to inhibit their

maturation (Robinson & Miller, 1999). Likewise, aggregation of myelin

debris stimulates Ifn-γ secretion, which inhibits OPC maturation

resulting in the impairment of myelination (Shen et al., 2021). The

inhibitory role of myelin debris load on OPC differentiation and

remyelination at sites of demyelination was seen in another study

using ethidium bromide administration into the cerebellar peduncle of

adult-female Sprague Dawley rats, to cause oligodendrocyte degener-

ation. This resulted in reduction of the oligodendrocyte differentiation

transcription factor (Nkx2.2) during the pre-myelinating stage

(i.e., when oligodendrocytes are in close contact with myelin but

unable to myelinate), resulting in reduced remyelination (Kotter

et al., 2006). Microglia-mediated phagocytosis of myelin debris is also

supported by another study of genome-wide gene expression analysis

of microglia from the corpus callosum of CPZ-fed C57Bl/6 mice dur-

ing demyelination and remyelination (Olah et al., 2012). This analysis

revealed that a subset of genes (e.g., Lrp-1 and Calr), are involved in

enhanced phagocytosis, as well as the removal of myelin debris (Olah

et al., 2012). While it is clear that microglia are involved in myelin

debris removal, the mechanism(s) underlying microglia-driven phago-

cytosis remain unclear.

A recent study by Ren et al. (2021) has provided a new piece of

evidence, showing that microglial phagocytosis is regulated by expres-

sion of the Quaking signaling protein (Qki). Quaking is an RNA-binding

signaling protein that controls alternative splicing in vascular cell dif-

ferentiation (Caines et al., 2019). The study by Ren et al. (2021) rigor-

ously analyzed the involvement of Qki in myelin debris clearance

using multiple experimental approaches, including immunohistochem-

istry, Western blotting, transcriptomics, and transmission electron

microscopy, demonstrating that deletion of the Qki gene (using an

inducible conditional knockout; iCKO) preferentially impaired

microglia-mediated myelin debris clearance by affecting their phago-

cytic activity. Using the CPZ model, Ren et al. (2021) first observed

the activation of microglia by immunofluorescence staining of

enhanced yellow fluorescent protein (Eyfp) expression in mice bearing
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Cx3cr1CreER-Eyfp allele (Eyfp labeled all Iba1+ microglia) in the corpus

callosum. Demyelination of the same area was quantified by assessing

myelin basic protein. Whether this microglial activation up-regulated

phagocytic activity in the CPZ-fed mice was then investigated. It was

found that microglial cells showed a ~6-fold increase of Qki protein

after 4 weeks of CPZ-feeding compared to Qki expression in microglia

of naïve mice (Ren et al., 2021). Importantly, there was a greater than

10-fold increase of phago-lysosomal components (e.g., lysosomal-

associated membrane protein-1 and 2; assessed by Western blotting)

from isolated microglia of CPZ-fed (using Qki inducible conditional

knockout mice, Qki-iCKO) compared to control mice. The lysosomal

activity of microglia (a phagocytic process) was confirmed using

LysoTracker™, revealing a significant increase of lysosomal activity

and suggesting an activation of phagocytic machinery in microglia

following CPZ-feeding (Ren et al., 2021). Notably, transcriptomic pro-

filing of microglia isolated from the corpus callosum of CPZ-fed

Qk-iCKO mice revealed a significant down-regulation of signaling

pathways other than Qki, such as peroxisome proliferator-activated

receptor (Ppar), related to phagosome formation, suggesting that Qki

may selectively modulate the phagocytic function of microglia in

response to (CPZ-induced) demyelination (Ren et al., 2021). Using

CNS samples from human MS patients, Ren et al. (2021) also observed

a ~3-fold increase of Qki protein in microglia from demyelinating

white matter lesions. Notably, deletion of the Qki gene impaired

microglia-mediated myelin debris clearance and was associated with

down-regulation of phagosome-related genes (e.g., CD36 and C1ra by

transcriptomic analysis). Isolated microglia from Qki-deficient mice

showed a ~80% reduction of phagocytic activity in vitro. Apparently,

due to impaired myelin debris clearance, less remyelination was

observed (~45% remyelination in Qki deficit mice vs. ~76% in con-

trols, Ren et al., 2021), suggesting that this was the main reason for

the inhibition of OPC differentiation into mature oligodendrocytes. In

addition to the involvement of Qki in the CPZ model, using a top-

down proteomic approach, an increased abundance of Qki was

observed in the spinal cord of EAE mice, the primary site of demyelin-

ation in this model (Farias et al., 2012), indicating the involvement of

Qki in EAE model. How Qki upregulation regulates phagocytosis and

myelination in EAE or other animal models of MS (as shown in CPZ

model using Qk-iCKO mice) remains untested.

Importantly, myelin structure, and how glia support axons, changes

with aging (see below). The study from Ren et al. (2021) used young

mice (8-week old) to induce demyelination; but whether Qki plays an

equal role in myelin debris clearance in aged (e.g., ~2-year old) CPZ-fed

mice remains untested. Similarly, Ren et al. (2021) fed CPZ for 6 weeks

(to induce acute demyelination), but whether the up-regulation of Qki

and its functional effects persist during progressive and prolonged

demyelination (e.g., ~12 weeks is considered chronic demyelination,

[reviewed in Sen et al., 2019b]) remains unknown. Moreover, the study

concentrated on investigation of Qki function in microglia only in the

corpus callosum; whether a similar microglial response is seen in other

parts of the CNS in the CPZ model also remains unreported. Addition-

ally, this study did not concentrate on any potential behavioral changes

associated with knockout of Qki in these mice.

Is only Qki associated with phagocytosis and myelination in CPZ

model? Other CPZ studies indicated that the innate immune lipid-

sensing and scavenging receptor (triggering receptor expressed on

myeloid cells-2, Trem2), regulates the microglia-mediated myelin

debris clearance (Cignarella et al., 2020; Dong et al., 2021). Transgenic

over-expression of Trem2(Trem2+/+ mice) in microglia resulted in a

significant amount of myelin debris clearance, whereas Trem2 defi-

ciency (Trem2�/� mice) led to inadequate phagocytosis (Cignarella

et al., 2020). These observations were further supported by experi-

ments in which a Trem2-agonist (AL002a antibody) treatment

enhanced the amount of myelin debris clearance by microglia in the

CPZ-model in vitro, and bone marrow-derived macrophages in BWZ

cells in vivo (Cignarella et al., 2020). Antibody treatment also

enhanced OPC density and maturation at the site of demyelination,

suggesting an accelerated remyelination in the corpus callosum in

CPZ-fed mice (Cignarella et al., 2020). However, it is not clear how

Trem2 contributes to the pathological function of microglia. In CPZ-

fed mice, microglia lacking Trem2 showed smaller cell bodies and

reduced ramifications compared to wild-type mice, suggesting dys-

functional activation of microglia (Poliani et al., 2015). Likewise, using

CPZ-feeding, Cantoni et al. (2015) showed that Trem2�/� mice had

dysregulated clearance of myelin debris, in addition to reduced micro-

glial proliferation and recruitment at the site of demyelination, and

reduced expression of activation markers (e.g., major histocompatibil-

ity complex-II and iNOS). Notably, ultrastructural and gene expression

analyses revealed a dysregulation in myelin degradation and phagocy-

tosis in the microglia of Trem2�/� mice following CPZ-feeding

(Cantoni et al., 2015). Another study of 0.2% CPZ-fed mice showed

that corpus callosum and cortex microglia up-regulate Trem2 during

both demyelination and remyelination periods (Voss et al., 2012), fur-

ther emphasizing the involvement of Trem2 in microglia-mediated

phagocytosis and myelination in CPZ model.

Increased microglial expression of Trem2 to facilitate debris clear-

ance is also supported by another recent experiment showing the

phagocytosis of oxidized phosphatidylcholines (oxidized myelin debris

which causes cell death and inflammation) in Trem2+/+ mice, whereas

Trem2�/� mice had reduced clearance in the spinal cord (Dong

et al., 2021). Further evidence for the role of microglia in debris clear-

ance is shown in a study analyzing inflammatory chemokine levels in

the corpus callosum and cerebral cortex, identifying a reduction of

key microglial-attracting chemokines (Cxcl10, Cxcl1, and Ccl4) in

Gfap-Il6 over-expressing mice (Gfap-Il6) compared to CPZ-fed wild-

type littermates (Petkovi�c et al., 2016). Reduced microglial accumula-

tion was associated with the slower removal of degraded myelin in

CPZ-fed Gfap-Il6 mice compared with wild-type mice, resulting in

impaired early OPC differentiation (assessed by the quantification of

apoptotic cells using hematoxylin–eosin and active caspase-3

staining). Further investigation showed that levels of microglial Trem2,

as well as the phago-lysosomal protein (CD68), were lower in CPZ-fed

Gfap-Il6 transgenic mice compared with wild-type mice (Petkovi�c

et al., 2016). Similar to changes of Trem2 expression in the brains of

CPZ or LPS models, an up-regulation of the expression of Trem2 in

microglia was observed in the spinal cord of EAE C57Bl/6 mice.
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Trem2 is rarely seen in naïve mouse spinal cord, while blockade of

Trem2 (using an anti-Trem2 antibody) resulted in the exacerbation of

EAE symptoms, and greater demyelination and inflammation (Piccio

et al., 2007). In accordance with elevated expression of Trem2 in the

brain of CPZ and spinal cord of EAE models (Cignarella et al., 2020;

Piccio et al., 2007), an increased abundance of Trem2 was found in

the cerebrospinal fluid of MS patients (Piccio et al., 2008). The phago-

cytic activity in CPZ and EAE models is further supported by detection

of the phagocytosis-related protein Dynamin (Hochreiter-Hufford &

Ravichandran, 2013) via proteomic analyses of brain and spinal cord

(Hasan et al., 2019; Partridge et al., 2016; Sen et al., 2019a; Werner

et al., 2010) following demyelination. This collective evidence thus

suggests that multiple transcripts (e.g., Qki and Trem2) are involved in

microglia-mediated myelin debris removal and maintenance of axonal

health. These events are summarized in Figure 1.

6 | ROLES OF ASTROCYTES IN MYELIN
DEBRIS CLEARANCE

Since microglia are the primary cells of phagocytosis, a key question is

what happens if microglia are impaired during the early phagocytosis

of myelin debris; do astrocytes play a compensatory role? A previous

study showed that myelin debris phagocytosis was hampered if

astrocyte-mediated microglial recruitment was compromised in CPZ-

fed mice (Skripuletz et al., 2013). Using a Gfap-thymidine kinase trans-

genic mouse line 7.1 (Gfap-TK) to induce conditional depletion of

astrocytes, the role of astrocytes in myelin debris clearance in CPZ-

fed mice was investigated. In this study, CPZ-feeding to transgenic

mice produced a significant reduction of demyelination in the corpus

callosum and cerebral cortex compared to the wild-type mice. Addi-

tional experiments by Skripuletz et al. (2013) revealed that astrocytes

recruited microglia to the site of demyelination, and if this process is

disrupted, microglia-mediated phagocytosis is delayed. Consequently,

OPC proliferation, maturation, and recruitment to the site of demye-

lination was inhibited, which delayed remyelination (Skripuletz

et al., 2013). This indicates that astrocytes participate in myelin debris

clearance by recruiting microglia to the site of demyelination, most

likely via astrocyte-microglia crosstalk (Clarke et al., 2018; Matejuk &

Ransohoff, 2020). However, while both glial cell types are activated

following CPZ-feeding, no study has yet investigated the temporal

sequence (i.e., which glial cells are activated first to initiate the phago-

cytic process in the CPZ model). Although the involvement of both

microglia and astrocytes in demyelination is evident (reviewed in

Traiffort et al., 2020), the role of astrocytes in myelin debris clearance

is also supported by other work. Transient ablation of Gfap+ astro-

cytes (using Gfap-iCP9 transgenic mice) from the spinal cord during

the first postnatal week either reduced or delayed the number of

mature oligodendrocytes and inhibited myelin formation, followed by

local loss of myelin integrity and regional demyelination during adult-

hood (Tognatta et al., 2020). Another recent study found that astro-

cytes are involved in debris clearance when microglia are ablated in

transgenic mice (Siglechdtr and Irf8�) (Konishi et al., 2020). This

suggests that astrocytes are also capable of phagocytosis and can pro-

vide a compensatory mechanism if microglia are unable to execute

phagocytosis. However, this compensatory phagocytosis by astro-

cytes has not been studied in the CPZ model. In addition, single cell

analysis of astrocytes from the brains of adult C57Bl/6 mice showed

that astrocytic gene (e.g., Mertk) expression is linked with phagocyto-

sis (Batiuk et al., 2020). The role of the Mertk gene product in phago-

cytosis is also supported by another recent study (Shen et al., 2021)

which showed that the deletion of the Mertk gene (using Mertk-KO

mice) reduced microglial recruitment and activation following CPZ-

feeding. This reduction of microglial presence leads to the impairment

of myelin debris phagocytosis. However, no difference in astrocyte

numbers was found, indicating that astrocytes are not associated with

phagocytic response in Mertk-KO mice (Shen et al., 2021). Similar to

Shen et al. (2021), Ren et al. (2021) and Cignarella et al. (2020) dem-

onstrated that the roles of Qki and Trem2 in debris clearance are

independent of an astrocytic response. This suggests that the sole

expression of Qki or Trem2 on microglia can mediate the phagocytic

response in CPZ mice, akin to that seen in Cx3cr1�/� mice (Lampron

et al., 2015). An additional study showed that CD36 expression regu-

lates microglia-mediated phagocytosis (using niacin receptor-lacking

Hcar2�/� mice) in the lysolecithin model of demyelination (Rawji

et al., 2020b). Specifically, the reduction of CD36 in microglia reduces

phagocytosis of myelin debris, whereas over-expression of CD36

using the niacin receptor (hydroxycarboxylic acid receptor 2/Gpr109a

receptor) prevented the deficit in phagocytic activity (Rawji

et al., 2020b). However, the role of Gpr109a in microglial function

and phagocytosis remains untested in the CPZ model. Interestingly, a

study using CPZ-fed mice indicated that Cxcl10 chemokine (using

Cxcl10�/� mice) regulates early microglial activation, chemotaxis, and

induction of a pro-inflammatory (iNOS and Tnf-α) phenotype but does

not play a role in phagocytosis (Clarner et al., 2015). This suggests that

activated microglia can be non-phagocytic despite the presence of

myelin debris. The relevant mouse lines and functions are summarized

in Table 3. Other relevant mouse lines (e.g., S100B-Cre) and viral vec-

tors (e.g., AAV5) are available (Eme-Scolan & Dando, 2020; Yu

et al., 2020) but have yet to be implemented using the CPZ model in

order to analyze astrocytes (and microglia) from tissue to synaptic

level using advanced techniques.

Studies indicate that multiple transcripts are involved in regulat-

ing phagocytosis (Cignarella et al., 2020; Ren et al., 2021; Shen

et al., 2021), although no study of these genes (e.g., Qki, Trem2 and

Mertk) was found using double (Qki�/� and Trem2�/�) or triple

(Qki�/�, Trem2�/� and Mertk�/�) knockouts in relation to whether

these gene products synergistically regulate microglial or astroglial

functions and phagocytosis. However, studies using triple knockout

mice lacking microglial-secreted cytokines (Il1α, Tnf, and C1qa;

an inducer of A1 astrocytes) showed a reduction of astrocytic reactiv-

ity (transcriptomic analysis), suggesting that microglia influence astro-

cytic function (Clarke et al., 2018). Unfortunately, no studies have

investigated astrocytic secretion of cytokines with regard to microglia

activation. Using the STRING Bioinformatic database (https://string-

db.org/; version 11.5, accessed in November 2021), protein–protein

SEN ET AL. 1227
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interaction (PPI) analysis of common microglial and astrocytic tran-

scripts (Qki, Trem2, Mertk, Cxcl10, Hcar2 and Cx3cr1) associated with

phagocytosis was performed. This revealed strong interactions among

Trem2, Mertk, Cxcl10, Hcar2 and Cx3cr1 indicating possible regula-

tory roles in phagocytosis and myelination (Figure 2). This remains to

be tested experimentally. In contrast, no interactions of Qki with

other transcripts were indicated, suggesting either limitations in the

database or that Qki may work independently in regulating microglial

function, which also remains untested. However, this inter-

connectedness is nonetheless consistent with previous observations,

indicating that ~80% of the proteins do not work alone but in a com-

plex (Berggard et al., 2007; Sen et al., 2019a; Turvey et al., 2014).

Another study showed that application of low dose irradiation

strengthens immunity and improves neurodegeneration in the animal

models by altering the microglial phenotypes (reviewed by Boyd

et al., 2021). Administration of low dose irradiation in microglia

reduces microglial activation and enhances anti-inflammatory cytokine

and anti-oxidant properties, thus enhancing neuroprotection (Boyd

et al., 2021). This irradiation strategy to examine the mechanisms

underlying the regulation of myelination by microglia remains

untested in the CPZ model. Moreover, microglial depletion (e.g., using

clodronate liposomes) can be used to investigate the role of microglia

in homeostasis and myelination (Eme-Scolan & Dando, 2020). Studies

showed microglial depletion is associated with the disruption of

microglial homeostasis, behavioral deficits (e.g., motor), synaptic for-

mation impairment and neurodegeneration (Parkhurst et al., 2013;

Rubino et al., 2018). This kind of microglial depletion study has not

been performed in the CPZ model. Other studies have also shown

that progressive microglial activation results in phagocytosis of astro-

cytic end-feet, resulting in BBB disruption (Haruwaka et al., 2019).

This is of great significance for MS as BBB disruption and infiltration

of adaptive immune cells into the CNS is a clinical hallmark of the dis-

ease (Daneman & Prat, 2015; Małkiewicz et al., 2019), the

pathoetiology of which remains unclear. Since in the CPZ model, the

BBB remains intact, the CPZ model may be ideal to investigate how

microglia and astrocytes regulate BBB integrity without peripheral

immune interference.

7 | MICROGLIAL ROLE IN MYELINATION
FOLLOWING CNS INJURY

In addition to the phagocytosis of damaged myelin fragments follow-

ing demyelination, activated microglia (M2 polarization) secrete pro-

tective mediators (e.g., Tnf-α, Igf-1, and Pdgf-α) that are associated

with the elevation of oligodendrocyte function and myelination

(Figure 1 and Table 4). For example, an increased abundance of Tnf-α

ligand is found in the cerebellum of CPZ-fed mice (Raposo

et al., 2013), and microglia have been shown to secrete Tnf-α (Stoll

et al., 1993). Another study investigated the effects of microglial Tnf-

α in oligodendrocyte function in CPZ-fed Tnf-α�/� mice and found it

significantly delayed oligodendrocyte degeneration (presumably by

Tnf-α acting as an anti-inflammatory molecule [Arnett et al., 2001]).

Further investigation revealed that during the standard two-week

recovery phase after cessation of CPZ-feeding, ~80% of axons

remained demyelinated in Tnf-α�/� mice compared to ~10% in wild-

type C57Bl/6J mice (Arnett et al., 2001). Notably, of the two recep-

tors, Tnfr-1 and Tnfr-2, Tnfr-2 showed greater expression in the cor-

pus callosum during both demyelination and remyelination (Arnett

et al., 2001). Also, Tnf-α�/� or Tnfr-2�/� mice had a greater reduction

of neuron-glial antigen-2+ (Ng2, a chondroitin sulphate proteoglycan

marker) OPC number in the corpus callosum. These observations sug-

gest that Tnf-α signaling may regulate oligodendrocyte proliferation

and myelination in CPZ-fed mice through Tnfr-2 receptors (Arnett

et al., 2001), possibly by protecting oligodendrocytes from cytolytic

degradation (Raine et al., 1998). Likewise, the up-regulation of Tnf-α,

Igf-1 and fibroblast growth factor, Fgf-2 (a potential tissue reg-

enerating and repairing factor, [Maddaluno et al., 2017]) were found

in microglia isolated from the corpus callosum and cerebral cortex of

CPZ-fed C57Bl/6 mice (Voss et al., 2012). Collectively, these studies

suggest that microglia create an environment for myelination by the

production of growth factors. Conversely, the toxic (pro-inflamma-

tory) effects of Tnf-α have also been described in the literature

(Chung & Benveniste, 1990; Li et al., 2008; Selmaj & Raine, 1988; Stoll

et al., 1993; Su et al., 2011). For example, microglia-mediated secre-

tion of Tnf-α has been shown to cause immune-mediated demyelin-

ation in the peripheral nervous system in an animal model of

experimental autoimmune neuritis (Stoll et al., 1993); however, the

degeneration of oligodendrocytes was not investigated. Similar to the

detrimental role of Tnf-α from reactive microglia (Chung &

F IGURE 2 Protein–protein interaction (PPI) analysis. Using a
search tool for the retrieval of interacting genes/proteins (STRING),
PPI analysis (with confidence level of 0.40) shows the association of
Hcar2, Cxcl10, Cx3cr1, Trem2 and Mertk, suggesting that these
transcripts work in a complex way in regulating microglial and
astrocytic functions. Here, each node represents a transcript and
connecting lines show the interaction with each other. The thickness
of the lines indicates the strength of interactions, the greater the
thickness, the stronger the connection. The strength of connections is
based on multiple parameters, including text-mining, experiments,

gene fusion, co-occurrence, co-expression, neighborhood, and
databases collected in the STRING database. The interaction value is
based on the combined score (highest score 0.9) found in the STRING
database. Cx3cr1, CX3C chemokine receptor 1; Cxcl10, C-X-C motif
chemokine ligand 10; Hcar2, hydroxycarboxylic acid receptor 2;
Mertk, Mer proto-oncogene tyrosine kinase; Qki, Quaking protein;
Trem2, triggering receptor expressed on myeloid cells-2
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Benveniste, 1990; Li et al., 2008; Selmaj & Raine, 1988; Stoll

et al., 1993; Su et al., 2011), reactive astrocytic secretion of Tnf-α aug-

ments immune responses and inhibits OPC differentiation into mature

oligodendrocytes, thus suppressing remyelination (Chung &

Benveniste, 1990; Li et al., 2008; Su et al., 2011). Likewise, elevation

of Tnf-α activates astrocytic Tnfr-1 in the hippocampus, resulting in a

disruption of hippocampal excitatory synapses, leading to the cogni-

tive impairment (assessed using contextual fear conditioning, contex-

tual learning, and memory) in EAE mice (Habbas et al., 2015).

Similarly, elevation of Tnf-α was observed in the cerebrospinal fluid of

patients with progressive MS, and Tnf-α has been shown to associate

with excitotoxic neuronal degeneration (Rossi et al., 2014). These

observations suggest a dual role of Tnf-α. Therefore, the use of Tnf-α

as a therapeutic agent for enhancing remyelination merits further

investigation.

Elevation of Igf-1, a growth hormone and associated with tissue

regeneration and repair (Slavin et al., 2021), in CPZ-fed C57Bl/6 mice

coincides with the appearance of OPC, suggesting a protective role

for Igf-1 (Mason et al., 2000). While the source of Igf-1 was not inves-

tigated in that study (Mason et al., 2000), another study revealed that

the astrocytic expression of Igf-1 was associated with remyelination

(Schulz et al., 2012). Genome-wide gene expression analysis of

microglia from the corpus callosum during demyelination and

remyelination in CPZ-fed C57Bl/6 mice identified changes in 7500,

9000, and 9000 genes, respectively, for Control (without CPZ),

5 weeks CPZ-feeding, and 2 weeks remyelination (no CPZ-feeding),

with 6200 genes shared among all groups (Olah et al., 2012). Gene

ontology analysis showed the involvement of these genes in the cho-

lesterol metabolic process, acute inflammatory response, cell cycle,

immune response, and antigen processing and presentation (Olah

et al., 2012). Interestingly, recruitment of OPC and oligodendrocyte-

supporting genes including Cxcl10 and Cxcl13, Igf-1, Tfg-β1, Pdgf-α

and -β was also observed (Olah et al., 2012). In particular, Pdgf-α

assisted recovery from chronic CPZ-induced demyelination by pro-

moting the proliferation and recruitment of OPC (Vana et al., 2007). In

this work, corpus callosum demyelination was induced by CPZ-feed-

ing of hPdgf-α�/� mice and following cessation of CPZ-feeding, an

increased oligodendrocyte density was observed in the transgenic

mice (Vana et al., 2007). This suggests that activation of the Pdgf-α

receptor promotes remyelination in demyelinated lesions (12 weeks

of 0.2% CPZ-feeding) in the corpus callosum. These studies collec-

tively suggest that microglia, upon activation, release protective medi-

ators that enhance OPC proliferation and remyelination.

8 | THERAPEUTIC INTERVENTIONS
MODULATE MICROGLIAL POLARIZATION

The beneficial effects of myelin debris removal by microglia to facili-

tate remyelination is supported by various therapeutic approaches

that modulate microglial functions towards a protective

(M2) polarization (Aryanpour et al., 2021; Laflamme et al., 2018; Tian

et al., 2021; Wang et al., 2020; Zhu et al., 2016). For example,

electroacupuncture (a derivative of traditional Chinese acupuncture)

improves motor behavioral deficits (measured by beam walking and

pole tests) and enhances remyelination by reducing myelin debris in

CPZ-fed C57Bl/6 mice (Zhu et al., 2016). Further investigation rev-

ealed a greater number of microglial aggregations and an elevated

expression of phagocytosis-related genes in the demyelinated corpus

callosum. Likewise, administering CZ-7, a derivative of Claulansine F

(a traditional Chinese medicine believed to be protective), to CPZ-fed

C57Bl/6 mice, improved motor behavioral deficits (measured by pole

and grip strength tests, [Wang et al., 2020]). In addition, CZ-7

improved remyelination via the clearance of degraded myelin debris

by mediating a change of microglia from M1 to M2 polarization (mea-

sured using Q-PCR). Moreover, higher numbers of Ng2 and O4 posi-

tive OPC were observed at the site of demyelination following CZ-7

treatment (Wang et al., 2020). The results of these studies (Wang

et al., 2020; Zhu et al., 2016) are supported by other recent investiga-

tions. Treatment with 17β-estradiol (an estrogen steroid hormone)

alleviated cognitive (learning) behavior deficits and a reduction of M1

microglial markers (CD86, iNOS and MHC-II) in CPZ-fed C57Bl/6

mice (Aryanpour et al., 2021). However, an up-regulation of M2

markers (Arg1, CD206 and Trem2) was observed in the corpus cal-

losum of CPZ-fed mice (Aryanpour et al., 2021). Likewise, 18β-

glycyrrhetinic acid (a natural active component of Glycyrrhiza glabra

root) treatment improved locomotor and balance deficits and

enhanced the expression of the M2 microglial marker CD206, while

reducing the M1 microglial marker CD16 in the corpus callosum of

CPZ-fed Kunming mice (Tian et al., 2021). Similarly, administration of

macrophage colony-stimulating factor, which promotes the differenti-

ation of myeloid cells and modulates microglia towards the anti-

inflammatory M2 phenotype, thus regulating phagocytic activity to

CPZ-fed C57Bl/6J mice, resulted in reduced myelin loss and enhanced

proliferation of OPC at lesion sites (Laflamme et al., 2018). Enhanced

phagocytosis by microglia is also supported by a study showing that

administration of Fasudil (a Rho kinase inhibitor) promoted phagocy-

tosis in CPZ-fed mice through the up-regulation of the Trem2/DAP12

pathway, a key regulator of microglial function (Konishi &

Kiyama, 2018), resulting in the acceleration of remyelination (Ding

et al., 2021). These observations collectively suggest that CZ-7, 17β-

estradiol or 18β-glycyrrhetinic acid can be used as agents to promote

remyelination by modulating microglial polarization. However, further

investigations using different animal models of MS (e.g., EAE) and clin-

ical validation are required.

Microglia-mediated remyelination, as seen in the CPZ model, is

supported by studies in other animal models (Fan et al., 2018; Miron

et al., 2013). For example, in the ethidium bromide model (in C57Bl/6

mice and Sprague Dawley rats), M2 microglial cell-derived activin-A

(a member of the transforming growth factor-β family secreted by

activated microglia/macrophages) promotes oligodendrocyte differen-

tiation during remyelination in cerebellar slice cultures. This suggests

activin-A as a potential therapeutic target for CNS regeneration

(Miron et al., 2013). Likewise, demyelination was decreased when

microglia were manipulated from a M1 to M2 polarization in the EAE

model (Fan et al., 2018). Furthermore, anti-Kv 1.3 antibodies
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(recognizing a voltage-gated potassium channel enriched in T-cells

and microglia/macrophages) from an anti-Kv1.3 vaccine (PADRE-

Kv1.3) against Kv1.3 channels reduce the EAE clinical score,

decreased inflammatory reactions, and reduced demyelination. Signifi-

cantly, an elevated number of protective T-cells (CD4+ Il-10+ T-cells

and T-regulatory cells) were observed in the vaccinated group. Most

importantly, in the vaccinated group, M1 microglia (iNOS+/CD68+

double positive microglia) shifted towards the M2 phenotype

(CD68+/Arg1+ double positive) (Fan et al., 2018).

Collectively, these studies suggest that administration of tradi-

tional pharmacological or complementary medicines in preclinical

studies reduce demyelination and glial activation but enhance

remyelination by altering the balance between the detrimental and

protective effects of microglia. Thus, it can be argued that the manip-

ulation of microglia from a toxic (M1) to a protective (M2) phenotype

within appropriate time windows may be used to identify rem-

yelinating therapeutics for demyelinating diseases.

9 | ASTROCYTIC CONTRIBUTIONS TO
REMYELINATION FOLLOWING CNS INJURY

In addition to the astrocyte-mediated phagocytosis, astrocytic secre-

tions are associated with accelerating remyelination. For example,

astrocytic secretion of ciliary neurotrophic factor (Cntf) during CPZ-

induced demyelination promotes OPC proliferation, resulting in

remyelination (A2 polarization) (Gudi et al., 2014; Houben

et al., 2020). A recent study revealed that astrocyte-derived tissue

inhibitor of metalloproteinase-1 (Timp-1) drives OPC into mature oli-

godendrocytes and promotes remyelination in CPZ-fed mice (Houben

et al., 2020). Likewise, astrocytic secretion of Fgf-2, a potent mitogen

for OPC, has been shown to facilitate remyelination in mouse hepati-

tis virus (MHV-A59) injected mice (Albrecht et al., 2003). Also, the

astrocyte-mediated release of brain-derived neurotrophic factor

(Bdnf), a neurotransmitter modulator (Bathina & Das, 2015), in CPZ-

fed mice increases the levels of metabotropic receptors in OPCs in

the corpus callosum, resulting in the elevated expression of myelin

proteins (e.g., myelin-associated glycoprotein) (Fulmer et al., 2014).

This astrocyte-mediated remyelination is elevated when the secretion

of Bdnf is enhanced in the CPZ model (Saitta et al., 2021). This sug-

gests that astrocyte derived Bdnf might be a potential therapeutic for

remyelination in demyelinating diseases. However, Bdnf can be pro-

duced by microglia and contributes to neuropathic pain (Trang

et al., 2011). Therefore, before using Bdnf as a therapeutic for MS,

further studies are required. However, no therapeutics have been

found that reduce A1 (reactive and detrimental roles) but increase the

number of A2 astrocytes (supportive) in the CPZ or any other animal

models of MS.

To the best of our knowledge, there are no approved

remyelination therapies for MS. Likewise, there are no approved ther-

apeutics that can modulate microglia or astrocytes for efficient phago-

cytosis or promote production of growth factors that can accelerate

remyelination. Similarly, there are no approved therapeutics that can

effectively reduce/block detrimental secretions (Table 4). However,

protective mediators from microglia and astrocytes (Table 4) can be

used as a remyelinating therapies if they can be further validated by

additional animal experiments (ideally with different animal models of

MS) and approved following clinical trials with human MS patients.

10 | DETRIMENTAL ROLES OF MICROGLIA
AND ASTROCYTES IN MYELINATION
FOLLOWING CNS INJURY

Are inadequate remyelination and progressive demyelination associ-

ated with the deleterious activity by microglia and astrocytes? Studies

revealed that activated microglia (M1) and astrocytes (A1) produce a

number of noxious, pro-inflammatory molecules (summarized in

Table 4), which negatively affect OPC proliferation, resulting in

impaired remyelination and thus prolonged demyelination (Figure 1).

Animal studies have shown that if microglia are depleted using the

colony-stimulating factor-1 (Csf-1) cytokine receptor inhibitor

(PLX3397), the myelin sheath remains protected from demyelination

in CPZ-fed transgenic (Cx3cr1CreER-iresGFP/+; Rosa26stop-DsRed) mice

(Marzan et al., 2021). However, the administration of Csf-1 to healthy

transgenic mice activates microglia, causing demyelination in the cor-

pus callosum, suggesting that microglial activation can also trigger

demyelination, while blocking the Csf-1 receptor (using PLX3397)

abrogates the demyelination in CPZ-fed mice (Marzan et al., 2021).

Whether Csf-1 injection activates astrocytes and triggers demyelin-

ation remains unclear. The involvement of Csf-1 in myelination has

been described by other investigators. One study using the Csf-1

receptor (Csf-1r) inhibitor (BLZ945) in the CPZ model shows the

acceleration of remyelination (Beckmann et al., 2018) while another

found the reduction of demyelination and immune activation using

the EAE (using PLX5622 Csf-1r inhibitor) model (Nissen et al., 2018).

In contrast, administration of Csf-1r inhibitor (PLX5622) in mice

infected with a neurotropic coronavirus (a mouse model of hepatitis

virus) showed an exacerbation of demyelination and an impairment of

remyelination (Sariol et al., 2020). This latter result suggests that addi-

tional unknown mechanisms may be involved in regulating mye-

lination, which requires further investigation.

Microglia-mediated demyelination was observed in a study using

Gfap-Il3 transgenic mice, in which the expression of a microglia/

macrophage activation cytokine, Il-3, targeted astrocytes using a Gfap

fusion gene (Chiang et al., 1996). This study revealed that transgenic

mice with Il-3 expression experienced progressive motor impairment

(measured by the rota-rod test), and multi-focal, plaque-like white

matter lesions appeared in the cerebellum and brainstem (Chiang

et al., 1996). A study by Li et al. (2017) revealed that LPS-activated

microglia secrete heat shock protein-60 (Hsp-60), which causes OPC

apoptosis. While it has been argued that upon oligodendrocyte

degeneration and demyelination, microglia are recruited to the injured

site (Gudi et al., 2014; Sen et al., 2019b), interestingly, in stressed con-

ditions oligodendrocytes produce factors that can modulate microglial

activation. For example, in proteolipid protein/suppressor of cytokine
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signaling-1 transgenic EAE mice (Plp/Socs1 mouse line), oxidative

stress in oligodendrocytes resulted in the up-regulation of many

chemokines including Cxcl10, Ccl-2 (monocyte chemoattractant

protein-1) and Ccl-5. This suggests that mediators secreted by the

interaction of Ifn-γ (a cytokine involved in mediating responses in

both the innate and adaptive immune system, [Schoenborn &

Wilson, 2007]), with oligodendrocytes facilitates infiltration of micro-

glial cells at the demyelinating site (Balabanov et al., 2007). Similarly,

we have reported significant microglia (mainly in the gray matter) and

astrocyte (predominately in the white matter) activation in specific

regions of the spinal cord, despite the lack of demyelination and oligo-

dendrocyte loss in CPZ-fed mice (Sen et al., 2020a). However, it is not

known which signaling process is associated with early glial activation

prior to CNS injury. Moreover, whether or not stressed oligodendro-

cytes caused glial activation as demonstrated by Balabanov et al. (2007)

has not been investigated in any CPZ study, and so merits further

investigation. Is microglial and astrocytic activation the first line of

response following CPZ-feeding? As illustrated in Figure 1, gliosis can

lead to oligodendrocyte degeneration. Whether CPZ differentially

affects different sub-types of oligodendrocytes (Ferrer, 2018;

Simons & Nave, 2015) remains unknown. Single-cell transcriptomics/

proteomics of microglia, astrocytes or oligodendrocytes isolated from

different parts of the CNS (brain, cerebellum, spinal cord) can help to

identify differential signaling pathways regulating oligodendrocytosis

and gliosis in the CPZ model. This kind of comprehensive and system-

atic CNS study is critical in helping to define the pathoetiology of

localized demyelination in MS.

Astrocytic secretion of nuclear factor kappa-B (Nfk-B), involved in

inflammatory response (Liu et al., 2017), during CPZ-feeding also

leads to the degeneration of oligodendrocytes and, thus, demyelin-

ation (Brück et al., 2012). Similarly, work by Colombo et al. (2021) rev-

ealed that mice lacking the astrocyte neurotrophin receptor tyrosine

kinase B (Gfap-TrkB KO mice) were prone to demyelination

(by alteration of copper distribution), in both CPZ and EAE models of

MS. Likewise, an inhibitory interaction between reactive astrocytes

and OPCs resulted in inhibition of remyelination (Hammond

et al., 2014; Hammond et al., 2015). Following lysolecithin-induced

demyelination, astrocyte activation and up-regulation of endothelin-1

resulted in reduced OPC differentiation and thus decreased

remyelination. Inhibition of endothelin-1 signaling using an

endothelin-receptor antagonist (PD142,893) blocks Notch activation,

resulting in acceleration of remyelination (Hammond et al., 2014).

These studies collectively indicate that upon activation, both

microglia and astrocytes are associated with inhibition of

remyelination and acceleration of demyelination. However, it is not

clear how the dynamics of astrocytes or microglia are altered when

the status of myelination (i.e., demyelination or remyelination)

changes and this merits future research. Additionally, while both

astrocytes and microglia are associated with myelination, the question

remains: what signaling process determines which types of glial cell(s)

will be involved in either demyelination, or the remyelination of a

demyelinated lesion. Moreover, while astrocytes and microglia are

associated with the secretion of both protective and destructive

substances, the temporal profiles and thresholds of glial activation

remain to be determined. Likewise, what are the signaling pathways

that determine what substances are secreted and are they all secreted

in parallel upon activation of glia? Which signaling pathways then

dysregulate the balance of beneficial versus detrimental molecules?

Future studies are thus required to find the answers to these research

questions to better understand the role of glial activation in

myelination.

11 | BEHAVIORAL DEFICITS FOLLOWING
CNS INJURY IN CPZ MODEL

Is there any mechanistic link between glial activation and behavioral

changes in the CPZ model? CPZ-fed mice show subtle behavioral

(e.g., motor and cognitive) deficits during the demyelination period

which do not fully recover following remyelination (Franco-Pons

et al., 2007; Manrique-Hoyos et al., 2012; Sen et al., 2020a; Sen

et al., 2019b). These studies showed demyelination, gliosis and behav-

ioral deficits but no study showed the correlation or causal relation of

behavioral deficits with glial activation/myelin loss, particularly at the

single-cell level, in CPZ model. This raises the following questions for

future studies. How much glial activation or myelin loss is required to

initiate behavioral deficits? Which signaling pathways (e.g., sensory-

motor) are impacted by glial activation? Why do behavioral deficits

persist after remyelination? Studies using other animal models suggest

an association between changes in transcriptome profiles and behav-

ioral changes. For example, microglial transcriptomic analysis of EAE

brain and spinal cord tissue, prior to the onset of motor deficits (pre-

onset) and during the period of motor deficits, increased the gene

expression in the brain and spinal cord (Acharjee et al., 2021). The

magnitude of expression is greater in the spinal cord (the main site of

demyelination and gliosis, and associated with motor control) than the

brain during the symptomatic stage (Acharjee et al., 2021). Similar

studies with other animal models (e.g., CReCOM mouse model of sys-

temic lupus erythematosus) (Gonzalez-Pena et al., 2016; Makinde

et al., 2020) showed a correlation between microglial transcriptome

change and behavioral deficits. Likewise, a positive correlation of

proteoform (e.g., peroxiredoxin-6) changes and motor score was

recently observed in the Gfap-Il-6 mouse model of neuroinflammation

(Asgarov et al., 2021). Such transcriptomic/proteomic and behavioral

analyses thus hold promise for future investigations using the CPZ

animal model.

12 | SYNAPTIC DEGENERATION
FOLLOWING ACTIVATION OF MICROGLIA
AND ASTROCYTES

In addition to microglia-mediated demyelination in the CNS, activated

microglia inhibit axonal growth and engulf synapses, collectively called

synaptopathy (Mandolesi et al., 2015). For example, LPS-mediated

microglial activation inhibits neurite outgrowth and induces growth
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cone collapse of cortical neurons in vitro (Kitayama et al., 2011). In

addition, microglial activation enhances the expression of repulsive

guidance molecule-a (RGMa) and reduction of RGMa expression upon

the treatment with RGMa-neutralizing antibodies or transfection of

RGMa siRNA, resulting in the regeneration of axonal structure

(Kitayama et al., 2011). Likewise, activated microglia in MS patients

and multiple MS animal models (EAE: C57Bl/6J mice and DPT:

Plp1-CreErt; Rosa26-Egfp-DTA mice) have been associated with the

engulfment of synapses (Werneburg et al., 2020). Importantly, glial

activation and microglia-mediated synaptic degeneration are seen

prior to marked demyelination. Furthermore, vesicular glutamate

transporter-2 terminals were engulfed by Iba1+ microglial cells

(Werneburg et al., 2020). Similarly, studies with post-mortem brain

samples from MS patients showed the loss of dendritic spines and

synapses in the hippocampus and cortex prior to the usual marked

demyelination and neuronal injury (Dutta et al., 2011; Jürgens

et al., 2015). Synaptic changes in the hippocampus and visual pathway

were also observed in the EAE and CPZ animal models prior to mar-

ked changes in myelin structure and neuronal injury (Araújo

et al., 2017; Bellizzi et al., 2016). Microglia-mediated synaptic phago-

cytosis is further supported by other studies showing that microglia

predominantly engulf presynaptic structures, which is evident in the

mouse models of several human diseases (Azevedo et al., 2013; Hong

et al., 2016; Schafer et al., 2012; Weinhard et al., 2018). These studies

collectively suggest that activated microglia are associated with syn-

aptic destruction. In addition to synaptic engulfment, microglia/

macrophages are associated with engulfing axonal bulbs, which indi-

cate the association of microglia in axonal injury (Huizinga

et al., 2012).

Do astrocytes engulf synapses, as is seen with microglia? While

one study indicated that astrocytes are not associated with synaptic

engulfment (Werneburg et al., 2020), other studies showed that astro-

cytes are actively involved in synaptic phagocytosis (Chung

et al., 2013; Jay et al., 2019; Lee et al., 2021; Vainchtein et al., 2018).

For example, astrocytes can engulf both CNS excitatory and inhibitory

synapses (both in vitro and in vivo), through Megf10 and Mertk

phagocytic pathways in adult (Megf10tm1[Komp]Vlcg and B6;129-Mer-

tktm1Grl/J) mice (Chung et al., 2013). Likewise, Lee et al. (2021) showed

that astrocytes eliminate excitatory synaptic connections through the

Megf10 phagocytic pathway, and that Megf10-knockout mice

showed a reduction in synapse elimination (Lee et al., 2021). Another

mechanism by which astrocytes engulf synapses involves Trem2 and

Il-33 signaling pathways (Jay et al., 2019; Vainchtein et al., 2018).

These studies showed that reduction of astrocyte-mediated synaptic

engulfment is observed in microglia from Trem2�/� mice (Jay

et al., 2019) which was also found in another study (Filipello

et al., 2018). Further research revealed that astrocytes promote syn-

aptic engulfment (through the production of Il-33) and neuronal cir-

cuit development (Vainchtein et al., 2018). This suggests multifactorial

roles for Mertk and Trem2 in maintaining both glial function and syn-

aptic health (Chung et al., 2013; Jay et al., 2019; Poliani et al., 2015;

Shen et al., 2021). Is synapse elimination age-related, as seen in the

age-related dysregulation of myelination? Recent studies (summarized

in Table 5 and illustrated in Figure 3) have shown that aged astrocytes

are associated with the up-regulation of genes that are associated

with synaptic elimination (e.g., Tgf-b2 and C3) (Boisvert et al., 2018)

and assembly of excitatory synapses (e.g., Sparcl1 and Sparc) (Clarke

et al., 2018). Moreover, synaptic plasticity is impaired in aged astro-

cytes (Popov et al., 2021). Taken together, these studies suggest an

age-related degeneration of synapses, although this phenomenon

remains untested in the CPZ animal model.

Collectively, these studies suggest that both microglia and astro-

cytes are associated with synaptic engulfment, although the magni-

tude of glial reactivity required to engulf synapses remains unclear.

Nonetheless, this results in the disruption of synaptic transmission

and thus synaptic dysfunction (e.g., dysregulation of glutamatergic

and GABAergic systems) that may lead to the early decline of motor

and cognitive functions, a hallmark of neurodegenerative diseases

including Alzheimer's and Parkinson's diseases, and MS (Henstridge

et al., 2019; Mandolesi et al., 2015). Importantly, the destruction of

synapses is not the consequence of neuronal or axonal damage;

rather, synaptic changes can occur independently and prior to the

marked changes in myelin structure or neuronal injury. Since synapses

can be restored if disruption is detected and treated early (Mandolesi

et al., 2015), functional deficits as a result of synaptic destruction can

be reversed. However, while both microglia and astrocytic synaptic

engulfment have been described in many studies (Azevedo

et al., 2013; Chung et al., 2013; Hong et al., 2016; Jay et al., 2019;

Lee et al., 2021; Schafer et al., 2012; Vainchtein et al., 2018;

Weinhard et al., 2018), none were found that investigated these pro-

cesses following CPZ-feeding. Again, this clearly warrants future

investigation.

13 | THE EFFECT OF AGING ON
MICROGLIA AND ASTROCYTES, AND
MYELINATION

The efficiency of phagocytosis and CNS remyelination declines with

age in MS patients (Koellhoffer et al., 2017; Neumann et al., 2019);

however, the mechanism(s) by which this occurs remains unclear.

Upon aging, a similar reduction of glial support to myelin, neurons and

axons has been shown in experimental models (see Table 5 and

Figure 3). Therefore, it is important to uncover the mechanism of age-

related reduction of debris clearance and remyelination so that

remyelination therapeutics can be developed. Microglia derived from

aged mice exhibit an altered inflammatory profile (Table 5). For exam-

ple, using the lysolecithin model, there is delayed recruitment and

activation of microglial scavenger receptors (a combination of con-

served proteins expressed on the surface of microglia) in older rats

(10–13-month old) compared to young Sprague Dawley rats (8–

10-week; Zhao et al., 2006). Following the LPS challenge, microglia

from 18-month old mice (p7.2fms-Egfp mouse line) are characterized by

lipofuscin granules, a decreased complexity of processes, altered gran-

ularity, and greater expression of Il-1β, �6, and � 10 when compared

to microglia from 2-month old mice, suggesting that older microglia
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may become more pro-inflammatory (Sierra et al., 2007). Similarly, in

situ hybridization analysis revealed age-related differences in Igf-1,

Tgf-β1, and Pdgf-α mRNA expression during remyelination following

lysolecithin-induced demyelination in Sprague Dawley rats (Hinks &

Franklin, 2000). Notably, Igf-1 and Tgf-β1 mRNA in old rats had a del-

ayed and lower peak expression compared to young rats. Moreover,

an age-related difference in the expression pattern of the macrophage

marker Sr-b, a transcript unique to macrophages was found (Hinks &

Franklin, 2000). This indicates a delayed expression of macrophage

markers in old compared to young animals (Hinks & Franklin, 2000).

Another recent study identified age-related changes in the proteomic

profiles of OPC from Sprague Dawley rats; notably, proteins associ-

ated with inflammatory responses were found to increase with aging

(de la Fuente et al., 2020). However, none of these studies sought to

analyze proteoforms (i.e., the active biological entities; Bogaert

et al., 2020; Carbonara et al., 2021; Coorssen & Yergey, 2015; Sen

F IGURE 3 Age-related changes of glial response in the CNS. Step 1: At younger ages (e.g., ~7–8-week old adult mice), faster oligodendrocyte
progenitor cell (OPC) migration and maturation into the site of demyelination results in rapid remyelination (e.g., CPZ-induced demyelination and
remyelination). Likewise, microglia and astrocytes also recruit and activate faster. In addition, microglia and astrocytes from a young age are
associated with faster phagocytosis. Moreover, both microglia and astrocytes show more supportive and homeostatic roles. However, by
~24 months, a marked age-related change in glial support and myelination is observed (given in Table 5). This reduction of glial support is
observed in the CPZ model as well as other animal models (e.g., LPS and lysolecithin). In aged mice, microglia/macrophages show altered
morphology (e.g., reduced numbers of processes), are recruited less to the site of demyelination, and express reduced levels of the scavenger
receptor (CD36). They become more pro-inflammatory and have increased aggregates of lipofuscin in microglia (Hammond et al., 2019; Natrajan
et al., 2015; Poliani et al., 2015; Rawji et al., 2018; Rawji et al., 2020b; Safaiyan et al., 2016; Safaiyan et al., 2021; Sierra et al., 2007; Zhao
et al., 2006). Similarly, aged astrocytes are prone to a pro-inflammatory phenotype, secrete less cholesterol for myelin synthesis, and are enriched
in lipofuscin and hyaluronan (Boisvert et al., 2018; Cantuti-Castelvetri et al., 2018; Cargill et al., 2012; Clarke et al., 2018; Popov et al., 2021;
Willis et al., 2020). In addition, OPC recruitment and maturation is delayed with aging (Sim et al., 2002). Step 2: This elevation of detrimental
factors in aged glia shifts the dynamics of the hypothetical balance. At younger ages, there is marked support by glial cells (shown in the greater
weight of beneficial aspects in balance) whereas the reduction of this support (as shown in the greater weight of detrimental aspects in balance) is
seen with aging. These series of events impair phagocytosis and myelination with aging, resulting in progressive demyelination and
neurodegeneration. OPC, Oligodendrocyte progenitor cell
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et al., 2021; Zhan et al., 2019). Thus, an appropriately designed (top-

down) proteomic analysis may identify age-dependent changes in spe-

cific proteoforms related to microglial (and astrocytic) function. How-

ever, such detailed proteomic analyses have not been performed in

microglia or astrocytes. Also, young C57Bl/6J mice (7–8-week old)

after 0.2% CPZ-feeding for 5–6 weeks, displayed marked oligoden-

drocyte degeneration, demyelination, and gliosis in the corpus cal-

losum, while a higher CPZ dose (~0.4%) was needed to achieve a

comparable change in older mice (~6-month old) (Gingele et al., 2020).

Furthermore, in young mice, spontaneous and complete remyelination

was observed upon cessation of CPZ-feeding, whereas incomplete

remyelination was noted in older mice (Gingele et al., 2020). Again, in

the ethidium bromide model, a delay in the migration of OPC in the

old compared with the young Sprague Dawley rats was also observed

(Sim et al., 2002). Moreover, axonal injury (assessed by electron

microscopy and quantification of the axonal marker SMI-32) in CPZ-

fed mice was significantly greater in adult (6–7-month old) mice com-

pared to young (8–10-week old) C57Bl/6 mice (Irvine &

Blakemore, 2006). Similarly, CPZ-feeding to both 3-week old juvenile

and 8-week old adult C57Bl/6 mice revealed an early onset oligoden-

drocyte loss, microglial activation, and acute axonal damage and

demyelination in juvenile mice compared to adult mice; however in

juvenile mice, rapid remyelination was also evident compared to adult

mice (Pfeifenbring et al., 2015).

In addition to the secretion of toxic products by microglia, and

impaired remyelination with aging, microglial phagocytosis also

declines with age (Table 5 and Figure 3). For example, in wild-type

mice, a normal expansion of microglia in the corpus callosum is

observed with age; however, in aged Trem2�/� mice, a reduction of

microglia is observed, suggesting that Trem2 is important for mainte-

nance of microglia number (Poliani et al., 2015). In addition, following

a short term (4 weeks) phase of demyelination and remyelination in

the CPZ model, both wild-type and Trem2�/� mice showed similar

pathological changes; however, when demyelination was extended

(12 weeks), a greater demyelination and accumulation of myelin frag-

ments was observed (Poliani et al., 2015). This suggests that

remyelination is incomplete during prolonged progressive demyelin-

ation and that microglial expression of Trem2 plays a vital role in

remyelination by promoting phagocytosis of myelin debris. Similarly,

single-cell RNA-sequencing of microglia showed age-dependent

changes in white matter-associated (corpus callosum) microglia

(Safaiyan et al., 2021). Notably, this microglial phagocytosis relies on

Trem2 signaling (Safaiyan et al., 2021). Likewise, single-cell trans-

criptomics of microglia from aged mice revealed that microglia tend to

be inflammatory compared to the microglia from younger mice

(Hammond et al., 2019). Similarly, compared with young mice (8-week

old), aged mice (up to 24-month old) show a greater deposition of

myelin fragments resulting in the formation of insoluble, lipofuscin-

like lysosomal inclusions in microglia (Safaiyan et al., 2016). In addi-

tion, multi-lamellar myelin fragments are observed in aged mice when

examined ultra-structurally. The sarkosyl-insoluble lipofuscin granules

(a biomarker of aged post-mitotic cells) accumulate in microglia with

age, and this is more predominant in white than in gray matter.

Lipofuscin increased as early as 9 weeks after CPZ-feeding and con-

tinued to increase throughout the period of study (Safaiyan

et al., 2016). Comparable deposition of lipofuscin (in 18-month old

mice) was also observed in an earlier study (Sierra et al., 2007). Age-

dependent accumulation of intracellular lipofuscin (mostly a combina-

tion of lipids and misfolded proteins) leads to neurodegeneration and

is observed in age-related neurodegenerative disorders (Moreno-

García et al., 2018). A recent study revealed that reduction of the

expression of the scavenger receptor CD36 in microglia resulting

reduction of microglia-mediated phagocytosis in both aged C57Bl/6

mice (9-12-month old vs. 23-month old mice) and human microglia in

culture (Rawji et al., 2020b). The age-dependent reduction of myelin

debris clearance and a decrease in microglial/macrophage motility and

surveillance was also observed in other independent studies (Natrajan

et al., 2015; Rawji et al., 2016; Rawji et al., 2018).

Similar to microglia, aged astrocytes or astrocytes from aging

rodents disrupt the myelination process (Table 5 and Figure 3). For

example, an in vitro study with aged murine astrocytes (≤ 4-week vs.

≥ 16-week old primary astrocytes) identified a reduced ability to

support oligodendrocyte differentiation (Willis et al., 2020). Like-

wise, increased astrocytic expression of CNS hyaluronan

(a polysaccharide that inhibits OPC maturation) in aged (~25-year

old) rhesus macaques has also been observed (Cargill et al., 2012).

Similarly, hyaluronan accumulates in the demyelinating lesions of MS

and the EAE animal model, and this prevents remyelination by dis-

rupting OPC maturation in the lysolecithin model (Back et al., 2005).

Age-related changes (e.g., A1 reactivity) in astrocytes (postnatal day

7, 4.5-week young adult, 10-week mature, 9.5-month middle aged

and 2-year aged astrocytes from Aldh1l1-eGFP-L10a transgenic

mouse line) have been documented at single-cell resolution (Clarke

et al., 2018). Importantly, gene expression profiles of astrocytes from

the cortical region remain unchanged whereas reactive astrocytes

are more prominent in the hippocampus, suggesting a potential link

with age-related cognitive decline (Clarke et al., 2018). In addition,

aging causes an upregulation of genes involved in synaptic destruc-

tion (e.g., Sparc and Tgf-b2) and reduction of cholesterol synthesis

(Boisvert et al., 2018). Astrocytic secretion of cholesterol (as well as

cholesterol transporters like apolipoprotein E) is a major source of

cholesterol in myelin formation during remyelination (Camargo

et al., 2017; Cantuti-Castelvetri et al., 2018) and a reduction of cho-

lesterol during aging reflects the negative effect on the

remyelination process (Cantuti-Castelvetri et al., 2018). This is

supported by a study showing CPZ-feeding reduces the concentra-

tion of cholesterol in the demyelinating phase (Berghoff et al., 2017)

whereas during remyelination an up-regulation of cholesterol path-

ways (cholesterol biosynthesis I, II, and III) is observed (Voskuhl

et al., 2019) and dietary cholesterol accelerates remyelination

(Berghoff et al., 2017). Similar to previous observations (Boisvert

et al., 2018; Cantuti-Castelvetri et al., 2018; Clarke et al., 2018),

Popov et al. (2021) showed reduced cell numbers and process length

in aged astrocytes (20-24-month old C57Bl/6 mice), and reduced

phagocytosis/pinocytosis (K+ and glutamate clearance), indicating

the disruption of synaptic plasticity following aging.
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These studies collectively suggest that while both microglia and

astrocytes modulate different physiological pathways in de- and

remyelination, these capacities decline with age. However, no study

has investigated microglia or astrocyte-mediated myelin debris clear-

ance and remyelination following prolonged (e.g., 20 weeks) CPZ-

feeding. Such a study could prove quite informative since prolonged

CPZ-feeding leads to marked demyelination, gliosis and inadequate

remyelination, as seen during late-stage progressive demyelination

in MS (Fancy et al., 2010; Gudi et al., 2014; Koellhoffer et al., 2017;

Neumann et al., 2019; Sen et al., 2019b). While studies investigated

the reduction of microglial and astrocytic activities in aging mice,

rats or humans, the impact of aged microglia or astrocytes on mye-

lination is not clear from these studies. Additionally, it is not clear

from any of these exactly when (i.e., at what stage of life) these

age-related changes start. Transcriptomic or proteomic sampling of

microglia or astrocytes in a longitudinal study (e.g., over the lifespan

of mice models of MS, e.g., CPZ) may reveal the age when these

cells start to become pro-inflammatory/destructive. This information

will be crucial for regular monitoring of disease progression, and to

inform clinical trials about early therapies for demyelinating

diseases.

14 | CONCLUSIONS AND FUTURE
PERSPECTIVES

This review has highlighted the crucial role of activated glial cells in

myelination, while disruption of this process leads to progressive demy-

elination. Importantly, both microglia and astrocytes contribute to

phagocytosis of myelin debris and are thus associated with

remyelination. In addition, activated glial cells secrete several growth

factors that are important for OPC proliferation and differentiation,

resulting in faster remyelination. Despite these beneficial effects, secre-

tion of detrimental mediators and progressive microglial (and astrocytic)

activation is associated with disruption of the myelination and protec-

tion dynamics. This affirms the double-edged nature of activated

microglia and astrocytes in producing both beneficial and detrimental

effects, the balance of which is critically important in the maintenance

of myelin health. Additional studies are required to discover whether

glial activation is friend or foe to animal models of MS, or to MS itself,

and to translate the beneficial aspects of gliosis from preclinical studies

to clinical practice. The data to date also indicates that no single glial cell

(microglia or astrocyte) or its associated mediators control the complex

myelination process. Importantly, different signaling molecules and

pathways tightly regulate demyelination, phagocytosis and

remyelination. Disruption of these regulatory pathways may trigger

switching of glial phenotypes from helpful to harmful, thereby changing

the balance of glial support and homeostasis. This leads to progressive

demyelination and neurodegeneration akin to that observed in

microglia or astrocytes from aged subjects or persons with demyelinat-

ing diseases. Additional studies are needed to investigate the temporal

effects of glial activation in order to define the magnitude, duration and

extent of glial activation that underlies beneficial versus detrimental

roles in the CNS. Unfortunately, as yet, there is no clear, detailed molec-

ular signature for the various glial phenotypes. Further studies are thus

required to better understand the complex interaction between the

roles of microglia and astrocytes to identify new potential therapeutic

strategies for demyelinating diseases such as MS.
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