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Multiple Sclerosis (MS) is traditionally considered an autoimmune-mediated

demyelinating disease, the pathoetiology of which is unknown. However, the key

question remains whether autoimmunity is the initiator of the disease (outside-in)

or the consequence of a slow and as yet uncharacterized cytodegeneration

(oligodendrocytosis), which leads to a subsequent immune response (inside-out).

Experimental autoimmune encephalomyelitis has been used to model the later stages

of MS during which the autoimmune involvement predominates. In contrast, the

cuprizone (CPZ) model is used to model early stages of the disease during which

oligodendrocytosis and demyelination predominate and are hypothesized to precede

subsequent immune involvement in MS. Recent studies combining a boost, or

protection, to the immune system with disruption of the blood brain barrier have

shown CPZ-induced oligodendrocytosis with a subsequent immune response. In this

Perspective, we review these recent advances and discuss the likelihood of an inside-out

vs. an outside-in pathoetiology of MS.

Keywords: inside-out, outside-in, immune response, oligodendrocytosis, cuprizone, experimental autoimmune

encephalomyelitis, demyelination, CNS disorder

INTRODUCTION

Sir Robert Carswell, in his account of spinal cord lesions in humans, was the first to described
demyelination in the human central nervous system (CNS) in 1838. These lesions were
accompanied by atrophy and discolouration that were termed “a peculiar disease,” (1) but made
no attribution to Multiple Sclerosis (MS). Twenty-eight years later, in 1866, the French neurologist
Jean-Martin Charcot first described these lesions as MS, “la Sclerose en plaques disseminee,” and
delineated it from other neurological diseases such as neurosyphilis, epilepsy, and progressive
amyotrophies. Charcot also established diagnostic criteria based on the loss of myelin, thickening of
small blood vessels, and the presence of fatty macrophages around vessels. In addition, he described
that axons were more resistant to injury than myelin and the disability was linked to the axonal
damage [reviewed by (2)]. Over 150 years (1866–2020) from the initial description, demyelination
in the CNS remains the central McDonald criterion for MS in current diagnostic schemes (i.e., two
or more separate episodes of hyperintense demyelinating lesions in at least two or more separate
CNS locations) (3). Although the presence of oligoclonal bands in the cerebrospinal fluid of
MS patients is used as an additional diagnostic criterion (3), the antigen(s) against which these
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FIGURE 1 | Pathoetiology of oligodendrocytosis and autoimmunity in MS. There are two principal competing hypotheses of MS pathoetiology. In the “outside-in”

hypothesis, an unknown trigger activates peripheral T- and/or B-cells and leads to an infiltration of these cells into the CNS via an apparently dysfunctional blood brain

barrier (BBB). T-cells attack myelin in the CNS causing oligodendrocytes to degenerate, resulting in myelin loss and the release of myelin debris. Innate immune cells

(e.g., microglia) engulf the myelin debris and act as antigen presenting cells to T-cells that then exacerbate the process of oligodendrocyte damage and demyelination.

In contrast, in the “inside-out” hypothesis, oligodendrocyte degeneration is initially triggered by internal metabolic dysfunction in the CNS leading to demyelination and

gliosis with subsequent release of inflammatory cytokines and chemokines. This cascade of events compromises the integrity of the BBB resulting in permeability to

peripherally circulating T- and B-cells. Within the CNS, T-cells (CD4+ and CD8+) interact with antigen presenting cells, via major histocompatibility complex, and

become activated. These activated T-cells also release inflammatory mediators such as cytokines, nitric oxide, and glutamate, which exacerbate the degenerative

process leading to a subsequent immune response which further accelerates oligodendrocytosis and demyelination [adapted from (11)]. Figure was constructed using

CorelDraw-version 2018 (www.coreldraw.com, Ottawa, ON, Canada) image processing software.

antibodies react remain poorly defined and are not disease-
specific (4). For example, oligoclonal bands can be found in
patients with other diseases such as neurosyphilis (5), subacute
sclerosing panencephalitis (6), and falciparum malaria (7).
Furthermore, it is not unusual for patients to be diagnosed with
MS in the absence of oligoclonal bands (8, 9). These observations
suggest that demyelination is the primary criterion (disseminated
in time and space) to diagnose MS patients and the involvement
of immune cells in MS is not necessary for the diagnosis.

Two opposing hypotheses have been proposed to explain
the pathoetiology of MS: “outside-in” and “inside-out” (10–
12). Figure 1 summarizes these hypotheses of MS pathoetiology.
In this Perspective, we first outline these hypotheses, explain their
compatibility to the pathoetiology of MS, and examine how well
these hypotheses are aligned with the outcomes of pre-clinical
and clinical research. Finally, we show how recent advances

using the cuprizone (CPZ) animal model support the inside-out
hypothesis of MS pathoetiology, and how this research can be
used to further investigate the earliest stages of demyelination,
as well as the subsequent involvement of the adaptive immune
response in aggravating the demyelinating lesions.

“Outside-in” theorists propose that an undefined
dysregulation of the peripheral immune system and BBB
leads to an autoimmune response against myelin components in
the CNS. The central concept of and support for this hypothesis
have been extensively drawn from studies using an animal model
of experimental autoimmune encephalomyelitis (EAE). The
EAE model was developed from a sequence of observations.
The initial concept of EAE came from several observations
of clinical interventions. First, 1885 rabies vaccinations to
humans were shown, by 1888, to cause paralysis (13). Likewise,
in 1925, repeated inoculation of humans with rabbit spinal
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cord homogenates was shown to cause paralysis (13). Later,
these observations motivated neurologists and researchers
to investigate the effect of inoculating live animals with
CNS extracts [e.g., spinal cord homogenates; (13)]. In the
original article “Observations on attempts to produce acute
disseminated encephalomyelitis in monkeys,” the introduction
revealed prevailing concerns about neurological disease and
immunization and prophetically noted that “The etiology of this
malady is unknown in spite of the fact that considerable work
has been done to disclose it” (14). This study demonstrated that
peripheral inoculation of monkeys with whole rabbit brain
homogenate (injected intramuscularly) can induce a central glial
reaction, loss of myelin sheaths, and “cellular infiltration into the
CNS” (14). By 1934, a “specific antigenicity of homologous brain
runs parallel to the myelin content of the tissue” was described and
led to the speculation of post-infection encephalitis (15). In 1947,
peripheral inoculation with brain homogenates in rabbit and
rhesus monkey when combined with complete Freund adjuvant
[paraffin oil plus heat-killed tubercle bacilli; (16)] resulted in
a distribution of lesions with a “distinct resemblance to that in
disseminated encephalomyelitis and multiple sclerosis of human
beings” (17). It was also demonstrated that “the perivascular
position of the lesions, more particularly about venules and veins,
is much like that in disseminated encephalomyelitis” (17). Notably,
the occurrence of relapse and remission cycles were similar to
those seen in human MS (17). This model then underwent a
progressive renaming from allergic encephalomyelitis (18) to
EAE following the identification of the peripheral immunogenic
role of exogenous human and guinea pig myelin basic protein
(19, 20). The immunogenic/antigenic role of myelin basic protein
may account for the over-/misinterpretation of the EAE model
that has led to the widespread correlation of this model with
MS rather than acute disseminated encephalomyelitis (ADEM).
The correlation between EAE and the autoimmune aspects of
MS has generated over 13,000 articles (https://pubmed.ncbi.
nlm.nih.gov/2020) in the current form of EAE (mainly in mice)
that relies on peripheral immunization with exogenous (human)
antigens (e.g., myelin basic protein). Proponents of the EAE
model, particularly with regard to immune cell involvement,
have thus focused extensively (if not almost exclusively) on
the immunological elements and argued for an (almost purely)
immunological pathoetiology of MS [e.g., (21–23)]. Moreover,
there is limited evidence (24) in EAE as to how autoantigens
that originate in the CNS are recognized by the peripheral
immune system. However, recent evidence indicates that CNS
inflammation in EAE may be regulated by the meningeal
lymphatic vasculature (24). Meningeal lymphatics assist in the
drainage of cerebrospinal fluid-derived soluble molecules and
immune cells into the lymph nodes. The ablation of meningeal
lymphatics reduces the inflammatory response of brain-reactive
T-cells in EAE, suggesting that drainage contributes to the
activation of encephalitogenic T-cells in the lymph nodes (24).
The selectivity of the immunological response tomyelin elements
within the CNS was questioned in studies showing that EAE
also resulted in disruption of myelin structure in the peripheral
nervous system and induced changes in sensory-motor functions
(25–28). However, inMS, peripheral nerve involvement is limited

to ∼5% of patients with chronic inflammatory polyneuropathy
that is responsive to corticosteroid therapy (29). In this regard,
the cross-reactivity of EAE with myelin in the peripheral and
central nervous systems, which resembles only a very small
subset of MS patients, may well reflect immunological aspects
that are shared between EAE and ADEM rather than reflecting
the pathoetiology of MS per se.

Arguments in support of the outside-in hypothesis have
focused on the presence of T-cells, activated glial cells, and
focal demyelination (types I–II, Box 1) in autopsy specimens
from patients with advanced MS (30). It thus remains
uncertain whether or not the focus on the immune aspects
actually addresses the primary causes of disease initiation
(i.e., pathoetiology), as inflammatory cells are evident in both
demyelinated and non-demyelinated sites, indicating that the
presence of inflammatory cells alone is insufficient to induce
demyelination (31). Likewise, a detailed histological analysis of
MS lesions demonstrated that “1/3 of CNS brain lesions did not
involve peripheral inflammatory cells such as T-cells” suggesting

BOX 1 | Key summary of the heterogeneity of MS lesions in the CNS based

on oligodendrocytes loss, immune cell involvement, demyelination, and

BBB disruption using histological examination [adapted from (30)].

Patterns I and II:

Similarities:

• Disruption of BBB which is confirmed by the presence of

immunoglobulin G

• Plaques are centered by small veins and demarcated edges with peri-

venous extensions

• Presence of remyelination shadow plaques (incomplete remyelinated

lesions)

• Presence of T-lymphocytes and macrophages

• Less oligodendrocyte damage than in patterns III and IV

• A similar pattern of loss of myelin proteins (e.g., myelin basic protein)

Differences:

• Pattern I is found mainly in acute MS (patients who die or are subjected to

biopsy within the first year after disease onset) whereas pattern II occurs

mostly in chronic, relapsing-remitting MS, secondary progressive MS, and

primary progressive MS

• Deposition of complement complex (part of the immune system promoting

phagocytosis and inflammation) is found only in pattern II lesions

Patterns III and IV:

Similarities:

• Absence of remyelination shadow plaque

• Presence of T-lymphocytes and macrophages

• Large numbers of oligodendrocytes damaged

• Demyelinating lesions are around inflamed blood vessels

• Absence of immunoglobulin G and complement complex

Differences:

• Preferential loss of myelin-associated glycoprotein in pattern III

• Pattern III lesions are mostly found in patients with acute MS whereas

pattern IV is found in primary progressive MS with prominent cerebellar

and brain stem involvement.
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an alternative pathoetiology of inflammation and demyelination
(30). Specifically, MS lesions were characterized by extensive
oligodendrocyte dystrophy and glial activation with little or no
lymphocyte involvement, as seen in type III–IV lesions [Box 1;
(30)]. Likewise, autopsy samples from a highly progressive MS
patient (Marburg type) showed marked demyelination and glial
activation in the CNS (32). In contrast, subtle perivascular
infiltration of lymphocytes in the CNS and detection of few
lymphocytes in the cerebrospinal fluid without any oligoclonal
band were found in a 27-year-old woman (32). Additionally,
autopsy samples from patients with acute MS showed nominal
T- and B-cell involvement in the lesions, yet with marked
oligodendrocyte loss and glial activation (33). Although MS
lesions are heterogeneous (e.g., early, late, acute, or chronic), the
staging or timing of MS lesion initiation and progression remains
elusive (34).

These observations indicated that oligodendrocyte loss
preceded the involvement of autoreactive T- or B-cells in the
lesion site, i.e., oligodendrocyte loss is an early disease event that
can trigger (or otherwise be followed by) a subsequent autoimmune
response. Moreover, these observations highlighted the question
as to what aspect of MS is being studied in EAE models given
that the autoimmune response in humans occurs spontaneously,
whereas in EAE the immune response is initiated in the periphery
by the acute administration of relatively large amounts of
exogenous antigens and immune activators. Additionally, there
are notable differences in the cellular immune responses of MS
and EAE: first, CD8+ T-cells are the predominant immune
cells in the CNS lesions of MS patients whereas, in EAE,
CD4+ T-cells predominate. Second, the demyelinating lesions
in EAE are mainly located in the spinal cord, whereas in
MS patients, lesions are mainly in the cerebral and cerebellar
cortices [reviewed in (35–37)]. Third, there is a limited overlap
of proteins and genes identified as being involved in EAE and
MS (38, 39). Fourth, when ablation of the immune system in
MS patients was followed by autologous haematopoietic stem
cell transplantation, a reduction in the autoimmune response
was observed but disease progression continued (40). That
same study also demonstrated that over 74% of MS lesions
in patients who received autologous stem cell transplantation
had an active or complete demyelination with <26% of lesions
showing signs of remyelination (40); furthermore, there was
little T- or B-cell involvement indicating that these lesions did
not originate due to an autoimmune response. However, recent
work using bone marrow transplants in patients with primary
progressive MS and secondary progressive MS showed reduced
neurological dysfunction, better survival rates [i.e., longer lives;
(41)], and a significant reduction in relapses (42), but the
disease still progresses. Moreover, transplant-related mortality
and exacerbation of neurological disabilities are not uncommon
(41, 43, 44).

For how long can these marked differences between EAE
and MS be ignored before we question the merit of accepting
a correlation between an acute, peripherally-induced immune
response and central demyelination (as seen in EAE) as an
effective model for the pathoetiology of MS? It has been
taken ipso facto as proof that a similar process underpins

the initiation of EAE and MS, rather than a demonstration
that EAE models a later immunological response to an earlier
(and likely longer-term) oligodendrocytosis (i.e., degeneration or
loss of oligodendrocytes resulting in subsequent demyelination).
The almost overwhelming focus on EAE has thus allowed the “tail
to wag the mouse” rather than the more realistic circumstance in
which effect follows cause. In this scenario, MS (unlike EAE) is
not a disease that is initially mediated by the T-cells trafficking
from the periphery but is caused by another mechanism, namely
“degeneration of oligodendrocytes” (11, 45). This must be the
target if we are to understand the origins of the disease and
effectively target a potential cure, a task from which we may have
been diverted by focusing on EAE.

Despite nine decades (1930–2020) of intensive research,
EAE has neither revealed a reliable early biomarker for MS
nor aided in the development of a therapeutic that fully
and effectively halts MS. Notably, EAE has most certainly
advanced our understanding of the autoimmune aspects of
MS, albeit later in the “clinical” stages of the disease (22, 46).
Thus, several medications (e.g., glatiramer acetate, mitoxantrone,
natalizumab), that are used for the symptomatic treatment of
MS were developed after showing promising effects in EAE
(47). Nevertheless, while these immunosuppressive therapies are
not without the risk of significant side-effects, they can reduce
the severity of the autoimmune attacks in some patients (e.g.,
decreasing the number of relapses in relapsing-remitting MS).
However, they have little or no effect during the progressive
phase (e.g., primary progressive and secondary progressive MS)
of the disease (48, 49) suggesting alternative mechanism(s)
underpinning the pathoetiology and/or disease progression
of MS.

Due to the inability of EAE to address the initial, underlying
pathoetiology of MS, recent studies have instead focused on
the “inside-out” hypothesis of MS (50–52). This hypothesis
argues that MS is initiated in the CNS as a degeneration of
oligodendrocytes that subsequently triggers an innate immune
response involving microglia and astrocytes, which act as
antigen-presenting cells. This likely slow (i.e., perhaps over
decades) degradation of oligodendrocytes results in the release
of antigenic myelin proteins, such as myelin basic protein,
into the circulatory and lymphatic systems, that trigger a
subsequent autoimmune response in which peripheral T-
and/or B-cells are activated and migrate into the CNS (10,
11). The inside-out hypothesis is consistent with autopsy
findings showing extensive oligodendrocyte loss in MS patients
(disease duration ∼39 months) with histologically proven
active lesions (30). But notably, at the early time points
(acute lesions with disease duration ∼20 days) of disease
presentation, few inflammatory parenchymal T- and B-cells
were found at the active demyelinating sites in the brain stem
of MS patients (33, 53). Qualitative and quantitative magnetic
resonance imaging and histopathologic analysis of the brains of
chronic (disease duration ∼20 years), secondary, and primary
progressive MS patients showed demyelination, extensive axonal
loss, and chronic gliosis rather than focal inflammation (54). In
the early clinical stages of MS (e.g., 2 weeks to 8 months following
clinical diagnosis), electron microscopic studies have shown that
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myelin degeneration or abnormal changes start at the innermost
layers of the myelin sheaths, even at sites that are remote to
the inflammatory CNS lesions. This suggests that the process
of demyelination is not inevitably linked to inflammation and
immune autoreactivity (55). Additionally, inadvertent detection
of multifocal periventricular or juxta-cortical lesions in patients
with non-neurological symptoms such as tumor, intracerebro
ventricular bleeds, or headaches indicated the presence of lesions
prior to the onset of clinical symptoms of MS (56). Likewise,
samples analyzed from live MS patients also revealed less
association of T- or B-cells inMS as seen in post-mortem samples
(57–65). For example, changes of metabolites (e.g., a 30–40%
increase of choline lipid) in normal-appearing white matter from
MS patients are observed (measured by magnetic resonance
spectroscopic imaging) before demyelinating lesions are detected
using magnetic resonance imaging (65). When cerebrospinal
fluid, blood, tear, or urine samples from live MS patients were
analyzed few T-cell markers were detected compared to a host
of other protein changes (57–64). For example, marked changes
in apolipoprotein, ceruloplasmin, creatinine kinase, superoxide
dismutase formed a major cluster of metabolic pathway changes
in MS patients (57–64).

A genome-wide association study from 1,470 MS cases,
including ∼2.5 million single-nucleotide polymorphisms
revealed no single genome-wide significance indicative of MS
susceptibility loci influencingMS severity [InternationalMultiple
Sclerosis Genetics Consortium (66)]. However, bioinformatic
(KEGG pathway) analysis showed the enrichment of genes such
as Ptprd, Ywhag, or Ifna16 from different pathways including
natural killer cell-mediated cytotoxicity and Wnt signaling
[regulates key aspects of organogenesis, neural patterning,
cell migration (67)] may contribute to the perturbation of not
only immune function but also extend to oligodendrocyte
degeneration [International Multiple Sclerosis Genetics
Consortium; (66)]. For example, overexpression of interleukin-
2 (68) or natural killer cells (69) has been shown to evoke
oligodendrocyte degeneration. Moreover, dysregulation of the
Wnt signaling cascade impedes oligodendrocyte differentiation
and maturation resulting in impaired myelination (70, 71)
by modifying energy metabolism (72). Likewise, another
genome-wide association study from MS patients revealed
dysregulation of genes involved in immune regulation and
metabolism (73). In addition, neuronal DNA damage (measured
using γH2A.X as a marker) leads to abnormal cell cycle re-entry
of oligodendrocytes (using cyclin D1 as a cell cycle marker)
resulting in their death in MS (74). This evidence suggests that
oligodendrocyte degeneration in MS is more heterogeneous
than currently perceived and both metabolic dysregulation and
genetic predisposition may contribute to disease initiation and
progression (75).

Radiological abnormalities (identified in T2-weighted brain
magnetic resonance imaging as hyperintense foci) are detectable
in clinically asymptomatic relatives (e.g., parents, siblings, or
children) of MS patients, suggesting that shared susceptibilities
can manifest as radiological markers (76) which may indicate
structural changes in myelin and infiltration of immune cells
(77, 78). While such individuals may be clinically asymptomatic,
they do display tell-tail signs of changes in sensory functions,

such as poorer vibration perception, suggesting that there
are underlying functional changes (35, 76). Furthermore,
longitudinal sampling in military personnel revealed that the
serum level of neurofilament light chain (a marker of axonal
degeneration) was significantly elevated up to 6 years prior
to the onset of clinical MS symptoms (79). Likewise, a
30-month longitudinal study revealed axonal injury (measured
by proton magnetic resonance spectroscopy) in the “normal-
appearing” white matter where magnetic resonance imaging was
unable to show any changes (80). The interplay between the
axon and its supporting oligodendrocytes was evident when
the loss of myelin-associated glycoprotein and apoptotic-like
oligodendrocyte destruction (as seen in type III MS lesions,
Box 1) were seen at the inner layers of the myelin sheath
whereas the outer layers, which are more readily accessible to
interact with the immune system, were unaffected (81). Overall,
a substantial body of data indicates that inherent early and
long-term oligodendrocyte malfunction is the primary driver of
demyelination, rather than autoimmune responses.

In MS patients, it is clear that adaptive immune cells do play
a key role in the longer-term, clinically-defined pathology of the
disease. However, the most important question is whether these
immune cells instigate the primary pathology (as in the outside-
in hypothesis) or represent a normal immune response directed
against a preceding oligodendrocytosis/cytodegeneration (as in
the inside-out hypothesis). If the latter hypothesis is correct,
then the key is to identify the underlying mechanism(s) of
primary oligodendrocyte death (i.e., oligodendrocytosis). For
now, this is still uncertain, but there is growing evidence
arising from research using the non-immune CPZ model
of a demyelination mechanism based primarily on metabolic
susceptibility (50, 82, 83).

This model is generated by feeding CPZ to rodents, resulting
in oligodendrocytosis and subsequent CNS demyelination and
gliosis (35, 82, 84, 85). In this model, CPZ also induces atrophy
of the peripheral immune organs (e.g., spleen and thymus) and
thus reduced T-cell levels, thereby suppressing the functions
of the adaptive immune system. Therefore, the demyelinated
lesions in the CNS of the CPZ-fed animals do not involve
adaptive immune cell [i.e., T-cell; (82)]. In addition, as the
BBB remains intact in the CPZ model this further reduces the
capability of T-cells to infiltrate the CNS (82, 86), although
the lymphatic system remains functional. While some have
interpreted this lack of adaptive immune involvement as a
shortcoming of the CPZ model, this was largely based on
the longstanding dogma developed from the use of the EAE
model. In fact, what the CPZ model demonstrates in the
first instance is very selective and progressive MS-like damage
without the involvement of the peripheral immune system (35,
85, 87). The importance of this observation was nonetheless
downplayed in the literature for quite some time. Nonetheless,
the CPZ model has now been further refined using strategic
modifications that either boost the immune system following
cessation of CPZ-feeding (50) or protect the peripheral immune
system (51) thereby resulting in progressive demyelination, local
inflammation (micro/astrogliosis), and subsequent CD8+ T-cell
infiltration into the CNS (inside-out response) when the BBB
is breached.
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CPZ MODEL: RELEVANCE TO MODELING
MS

It is commonly considered that mature oligodendrocytes are
susceptible to CPZ toxicity that induces mitochondrial oxidative
stress (82, 88–90). Some authors have argued that CPZ can
be used as a model to explore the mechanisms involved in
the later, rather than early, disease stages of MS (36, 91).
However, we, and others, have reported that CPZ can be
used to investigate both aspects of the disease. For example,
when CPZ is fed for a short period or at a low dose
(e.g., 0.1%), significant oligodendrocytosis, demyelination, and
accelerated remyelination are observed (51, 82, 92–94). In
addition, oligodendrocyte degeneration (95) and glial responses
(96) can be observed before detectable demyelination in the CPZ
model. However, prolonged CPZ-feeding (e.g., 0.2% for 12 or
more weeks) leads to a progressive ablation of oligodendrocytes,
massive demyelination, and axonal injury (97–99). These data
suggest that CPZ can be used to investigate both early and
progressive stages of MS by titrating the dose and duration
of CPZ-feeding.

Although there is limited evidence of successful translation,
unlike EAE, of a remyelinating drug tested in CPZ and
approved for human use (100), encouragingly, a large number
of therapeutics are now being tested in the CPZ model
for generating drugs to promote remyelination. For example,
in 2020, 25/70 published papers have investigated different
medications (PubMed by July 2020). However, studies using the
CPZ model to investigate drug development started just over a
decade ago (101) compared to EAE where efforts began over
70 years ago (102). Some authors have argued that both EAE
and CPZ are important for investigating the different aspects of
MS disease (36, 91, 103). To develop therapeutics against the
autoimmune response in MS, the EAE model may be used since
it is immune-driven (22, 46), if we accept that the disease process
is mediated by CD4 T-cells. In contrast, to promote new myelin
formation (demyelination is proven as the hallmark of MS) and
minimize progressive degeneration, use of CPZ would be the
best choice (100). However, perhaps the more important point
with CPZ is that it may better reflect the preclinical stages of the
disease [or perhaps the milder form of MS (104)], and thus its
potential contribution to identifying much earlier, fundamental
drug targets that might fully halt the disease process (and that
could thus also be used as an adjunct to the current immune-
related therapeutics).

Oligodendrocyte degeneration is followed by demyelination
and activation of microglia and astrocytes, resulting in gliosis.
This gliosis is distributed throughout all parts of the CNS but
it is most marked in the cerebrum and cerebellum compared
to the brain stem and spinal cord (82, 84, 96, 105). However,
a recent study demonstrated that CPZ-feeding does not induce
the degeneration of mature oligodendrocytes in the spinal cord
(84). With only three studies (84, 106, 107) examining the
effects CPZ on the spinal cord, using varying techniques in
different mouse strains it may well be premature to assert a
single action. For example, 4-weeks of CPZ-feeding in C57BL/6
mice appeared to have no impact on the luxol fast blue

staining and immunodetection of myelin basic protein but did
reduce mitochondrial complex IV abundance in the spinal cord;
gliosis was not investigated (106). In SJL mice, TUNEL-positive
apoptotic cells were found in the white matter of the spinal
cord with reduced NogoA (a mature oligodendrocytes marker)
and myelin basic protein mRNA expression; whereas no changes
was observed in C57BL/6 mice (107). However, none of the
mouse strains showed demyelination and glial activation (107).
In contrast, in our recent study, 5 weeks of CPZ-feeding was
associated with astro- and microgliosis in both the gray and
white matter of the spinal cord (84). While preliminary evidence
of reduced myelin basic protein staining (unpublished data),
suggested demyelination, this was not confirmed using Silver
staining (84). Whether the limited demyelination in the spinal
cord of the CPZ model is due to technical issues [e.g., saturation
of Silver staining in the high-density tracts of the spinal cord
(vis-a-vis low-density tracts where demyelination was readily
shown) (84)] or the use of different staining methods (e.g., Silver,
myelin basic protein) remains unclear.

The apparent limited demyelination in the spinal cord in CPZ,
unlike that seen in EAE, is less consistent withMS in which spinal
cord lesions are seen, but less so than in the brain (108–111).
However, the detection of spinal cord demyelination in humans
is technically demanding (due to the thin cord, cerebrospinal
fluid, bone, fat) with conventional imaging techniques and may
go undiagnosed during asymptomatic stages (109, 110, 112,
113). Moreover, differential pathological outcomes are found
in different segments of the spinal cord of MS patients; for
example, lesions are more common in the cervical (∼60%) than
the thoracic or lumbar spinal cord (114, 115). In addition to brain
and cerebellum lesions, we have shown demyelination and gliosis
in the brain stem of CPZ-fedmice (84) which is also seen in newly
forming demyelinating lesions in MS patients (33, 116).

In addition to demyelination and gliosis, we (84) and
others (117) have shown comparable functional deficits as seen
in human MS [reviewed in (35)]. The apparent absence of
correlation between behavioral deficits and histological changes
may well be attributed to an undue focus on the corpus callosum
(35); our most recent study showed that early motor deficits
are associated with changes in the spinal cord, brain stem, and
cerebella and cortical pathways associated with sensory-motor
function (84). A perhaps more controversial interpretation of
the results with CPZ is that the lack of more profound physical
manifestations as seen in MS indicates that the main clinical
symptoms of MS are not primarily related to demyelination
but rather to molecular/cellular alterations that have yet to be
effectively characterized. Alternatively, it maybe that rodents are
of limited utility in modeling the human disease. As always,
correlations (notably with findings in animal models) are just
that, and interpretations, as to “likely” causation, vary.

These observations indicate that there are regional differences
in the CNS in terms of oligodendrocytosis and highlight the
fact that oligodendrocytosis and inflammatory responses can
occur independently of each other. However, the underlying
susceptibility to the differential response of CPZ on glial cells is
neither clearly understood nor been systematically investigated.
The heterogeneity of the glial response may depend upon the
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differential expression of type III neuregulin-1 (118) and Fyn
(119). For example, loss of the non-receptor tyrosine kinase
Fyn (a signaling molecule of the Src kinase family) causes hypo-
myelination (120) in the brain rather than the spinal cord
(119). Likewise, mice haplo-insufficient for type III neuregulin-1
(a growth factor that promotes oligodendrocyte and Schwann
cell development) showed reduced myelination in the corpus
callosum (118). In contrast, no effect was observed in the optic
nerve and spinal cord, further indicating regional differences in
the regulation of OLG function and their susceptibility to injury
(118).Whether the expression of Fyn or neuregulin-1 contributes
to the regional heterogeneity of oligodendrocytosis in CPZ-fed
animals remains untested.

Another possibility for these effects could be that different
regions of the CNS have different subtypes of oligodendrocytes
(types I–IV) based on biochemical profile and axon myelination
(121). Most recently, RNAscope analysis showed 12 different
subtypes of mature oligodendrocytes that were not only
differentially distributed in the brain and spinal cord but
also responded differently to injury (122). Likewise, single-
cell RNA sequencing of oligodendrocyte lineage cells from
10 CNS regions (e.g., hippocampus, hypothalamus) revealed
13 distinct populations (123), suggesting the region-specific
expression of oligodendrocyte lineage cells in the CNS. In
addition, oligodendrocyte lineage cells from EAE spinal cord
show overexpression of genes involved in antigen processing
and presentation via major histocompatibility complex classes I
and II (124). In contrast, oligodendrocyte progenitor cells are
capable of phagocytosis and activate memory and effector CD4-
positive T-cells (124)—suggesting an oligodendrocyte mediated
immune response in EAE. Likewise, a similar result was found
when demyelinated areas (e.g., normal-appearing white matter)
were investigated using single-cell RNA sequencing from MS
patients (125). This analysis showed a differential expression of
RNAmarkers inMS patients which was either unique or enriched
(125). For example, platelet-derived growth factor receptor A
(pdgfra) is uniquely expressed in oligodendrocyte progenitor
cells, whereas apolipoprotein E (apoE) is expressed in immune
oligodendroglia (125). Whether these aforementioned factors
contribute to the regional distribution of glial responses in the
CPZ model requires future investigation.

Despite the marked CNS oligodendrocytosis, demyelination,
and gliosis in CPZ-fed mice, no involvement of adaptive immune
cells in the CNS lesions was found (82, 86). However, T-cell
infiltration into the CNS was not evident even when the BBB
was disrupted by injection of ethidium bromide, lysolecithin
(86), or pertussis toxin (82). This indicated the presence of an
alternative mechanism(s) in the adaptive immune cell response
in the CPZmodel, independent of BBB integrity or the lymphatic
system. Recent studies have shown CPZ-induced suppression of
the adaptive immune system (82, 126–129). A time-dependent
reduction in the number of CD4+ T-cells (∼50%) and an
inability to detect upregulation of T-cells (using CD44 and CD69
as markers) were observed in the corpus callosum following
CPZ-feeding (126). Likewise, longer observations (10 months
after cessation of CPZ-feeding) did not reveal any T-cell
infiltration into the CNS (52). However, it was hypothesized

that CPZ might have a direct immunosuppressive effect on
the adaptive immune cells (52). Other studies demonstrated
that the involvement of adaptive immune cells in EAE and
Theiler’s murine encephalomyelitis was reduced following CPZ-
feeding, resulting in a delay in the development of disease
characteristics (130–132). Our recent findings have revealed that
the size of the spleen, as well as its T-cell (CD4+ and CD8+)
levels, were reduced in CPZ-fed animals, following both short
and prolonged feeding (82), confirming previous observations
(127–129). Moreover, using a top-down proteomic analytical
approach, a decreased abundance of specific proteoforms (e.g.,
of leukocyte elastase inhibitor A, calcium/calmodulin-dependent
protein kinase type II subunit alpha, and disulphide isomerase)
known to be involved in T-cell function were identified (82,
133). Furthermore, a reduction of the abundance of complement
protein (part of the immune system) was found in the peripheral
blood mononuclear cells of CPZ-fed animals (133). These
findings indicated that CPZ-induced peripheral immune system
suppression would have to be overcome in order to fully address
the inside-out hypothesis of MS.

The molecular basis by which CPZ-ingestion causes adaptive
immune system suppression is unclear, but CPZ chelates copper,
leading to dyshomeostasis of other essential ions such as iron,
zinc, sodium, and manganese in organs such as the brain
and liver (134–138). The reduction in T-cells following CPZ-
feeding is not surprising since copper is required for the
synthesis of interleukin-2, and decreased levels of interleukin-2
interfere with the growth and maturation of T-cells (139, 140).
Beyond the suppressive effect of CPZ (e.g., reduction of T-cell
number), studies have revealed that T-cell functionality relies on
mitochondrial activity (141). In CPZ-fed mice, mitochondrial
division is inhibited resulting in the formation of extremely
enlarged “mega-mitochondria” in oligodendrocytes, hepatocytes,
and thymocytes (128, 142–145). Mega-mitochondria formation
is an abnormal process that can result in excessive amounts of
reactive oxygen species which reduce adenosine triphosphate
supplies leading to cellular energy failure (146). Moreover, CPZ
interferes with the fission and fusion dynamics of mitochondria
due to the reduction of abundance of dynamin 1 protein
(82) leading to the progressive swelling of mitochondria (88),
reduction of mitochondrial transmembrane potential (90), and
reduction of nicotinamide adenine dinucleotide metabolism
(147). In addition, gene expression analysis revealed marked
mitochondrial gene changes in CPZ-fed mice (148). Likewise,
a selective loss of mitochondrial complex IV was found
in cerebellar Purkinje neurons following CPZ-feeding for 5
weeks (149). Moreover, a marked decrease in the activities of
mitochondrial complexes I-III in the brain of CPZ-fed mice
was also found (150). Furthermore, the addition and deletion
of mitochondrial DNA have been shown in CPZ-fed rats (151).
These changes in mitochondrial function are also supported
by human MS studies; for example, microarray analysis of
post-mortem motor cortices from MS patients revealed the
downregulation of nuclear-encoded mitochondrial genes and
decreased activity of mitochondrial respiratory chain complexes
I and III (152). This is also further supported by the elevated
level of mitochondrial stress markers in the serum of MS
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patients (153). Moreover, a case report revealed that mutation
in the DNA polymerase gamma gene is responsible for the
changes in mitochondrial function and has been implicated in
MS-like illness including ophthalmoplegia, ataxia, and cognitive
impairment (154) – suggesting that MS may well originate as a
disease of mitochondrial dysfunction (155, 156).

Furthermore, proteomic and bioinformatic analyses
revealed marked changes in metabolic pathways associated
with mitochondrial functions (82). Thus, dysregulation of
mitochondrial processes may underlie the compromise of
the peripheral immune system in the CPZ model (157). In
addition, since oligodendrocytes depend upon mitochondria for
energy (158), the compromised mitochondria following CPZ-
feeding supply less energy to oligodendrocytes, thus triggering
oligodendrocytosis (i.e., the suggested initial trigger of MS).

Can CPZ-induced immune system suppression be prevented?
We have addressed this question recently (51, 82). CPZ induces
atrophy of the peripheral immune organs such as the spleen,
making it impossible to see whether or not T-cells can invade the
CNSwhen the BBB is breached (82). To circumvent this problem,
we used juvenile mice [to avoid age-related thymic involution
(159, 160)] and fed them 0.1% CPZ for 2 weeks to overcome
the normal CPZ-mediated adaptive immune system atrophy (51).
Juvenile animals showed less splenic and thymic atrophy when
fed with 0.1 or 0.2% CPZ (51) compared with young adult mice
(82, 127–129). However, no CNS T-cell infiltration was seen after
the BBB was breached using pertussis toxin (51). In a parallel
study, we castrated the juvenile mice to completely prevent
splenic and thymic atrophy (51), since it is known that castration
overcomes androgen-dependent (age-related) thymic involution
and maximizes adaptive immune cell maturation and function
(161, 162).When we combined castration, 0.1%CPZ-feeding and
pertussis toxin injection to juvenile mice for 2 weeks, CD8 T-
cell infiltration into the CNS, in addition to demyelination and
gliosis, was observed (51). The result was confirmed by western
blotting, immunohistochemistry, and flow cytometry (51). This
work concluded that “CD8+ T-cell recruitment into the CNS of
CPZ-fed mice, albeit castrated male mice, provides a potential
new variant of the CPZ model with which to explore the early
events involved in CNS demyelinating diseases like MS” when the
BBB is compromised (51). In contrast, gonadally intact female
mice showed the routinely observed CPZ-induced thymic and
splenic atrophy, and no T-cell infiltration into the CNS (51).
It is noteworthy, however, that MS is more prevalent (2–3-
fold) in females than males (163) suggesting that the lack of T-
cell involvement in the CPZ-fed female mice (51) may indicate
that different mechanism(s) are involved in the pathoetiology
of MS in males and females. Whether female hormones (e.g.,
estrogen and progesterone) play a role in CPZ outcome or T-
cell infiltration into the CNS remains untested. However, the
preferential presence of CD8+ T-cells in this model more closely
resembles human MS pathology since CD8+ T-cells outnumber
CD4+ T-cells by 3-10-fold in MS patients (164, 165). The
work of Almuslehi et al. (51) is supported by another recent
observation in which the peripheral immune systems of CPZ-
fed mice were boosted by peripheral injection of complete
Freund’s adjuvant, and the BBB was breached (50). In this model,
CNS infiltration of CD3+ T-cells (a pan T-cell marker) was

evident, and was followed by a secondary demyelination and
inflammatory process. This variant of the CPZ model has been
termed “cuprizone autoimmune encephalitis.” The origin of the
encephalomyelitis was attributed to citrullination (50), a post-
translational modification in which the amino acid arginine is
converted to citrulline leading to conformational changes of the
affected proteins (166). Citrullination of myelin basic protein
is linked with lymphocyte infiltration and demyelination in the
spinal cord in EAE (167) and MS lesions (168). Western blot
analysis showed a shift in the molecular weight in the blot
of peptidyl arginine deiminases which are similar in molecular
weight to myelin basic protein (50). Altogether, the data indicate
that metabolic dysregulation in the CNS can lead to a subsequent
peripheral immune response in CPZ-fed mice.

What happens when adoptive myelin-reactive T-cells
are transferred to the CPZ-fed animal? This question was
addressed recently (169–171). T-cells were transferred from
EAE mice into CPZ-fed mice via intraperitoneal injection
and CD4+ T-cells infiltrated the corpus callosum; delayed
remyelination was observed, suggesting that T-cells promote
continuous demyelination and slowed remyelination in CPZ-
fed mice (170). This model was further developed by Kirby
et al. (171) who demonstrated that the adoptive transfer
of myelin-reactive T-effector cells influenced the properties
and differentiation of oligodendrocyte precursor cells (171).
This work also showed that oligodendrocyte precursor cell
differentiation is reduced by both effector T-cells and interferon-
γ overexpression by astrocytes (171). Moreover, oligodendrocyte
precursor cells exposed to interferon-γ cross-present antigens
to cytotoxic CD8 T-cells, leading to oligodendrocyte precursor
cell degeneration (171). Similarly, peripheral immunization
of myelin oligodendrocyte glycoprotein 35–55 peptide into
CPZ-fed mice induced myelin autoreactive T-cell infiltration
into the CNS (169). All these studies indicate the importance
of brain-intrinsic degenerative cascades for immune cell
recruitment and degeneration of oligodendrocytes. However,
histological investigation mainly concentrated on the corpus
callosum (170, 171) and no reports of either behavioral deficits
or proteomic changes associated with this model were found in
the literature, clearly indicating that further studies are required.
Moreover, these studies (169–171) relied on a preactivated
anti-myelin (e.g., myelin oligodendrocyte glycoprotein) T-cell
mediated immune response (arguably another variant of EAE;
i.e., outside-in) rather than endogenous myelin (50–52).

New CPZ model variants (50, 51) reflect both primary
oligodendrocytosis followed by the production of endogenous
antigens (e.g., myelin debris) and a subsequent adaptive immune
response. Whether or not T-cells were functionally active or if
these treatments resulted in behavioral deficits were not tested
(50, 51) and should be part of the next studies using these
models. However, the microenvironment that facilitates T-cell
infiltration was also not assessed in these recent studies (50, 51,
82). For example, the role of pro-inflammatory cytokines (e.g.,
interleukins-1 and−6, tumor necrosis factor-α, and interferon-γ)
from microglia and astrocytes in the process of T-cell infiltration
should be investigated (172). This would test which cytokine(s)
are responsible for the peripheral T-cell activation and migration
into the CNS following castration and the breach of the BBB
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in CPZ-fed mice. Moreover, Sen et al. recently found a number
of proteoforms (e.g., of calreticulin and dynamin) that appeared
to have arisen due to selective post-translational modifications
following CPZ-feeding (82); however, the antigenicity of these
proteoforms was not tested (82) as for the peptidyl arginine
deiminases (50). While this study (82) used whole-brain samples
to identify proteome changes, detailed proteomic analysis of
tissue from defined regions of the CNS including the cerebellum,
brain stem, and spinal cord may explain the temporal effects
of CPZ.

The presence of an “oligodendrocytosis triggering immune
response” in the CPZ model is also supported by studies
from the diphtheria toxin model (52). In this model, targeted
oligodendrocyte degeneration is achieved either via external
administration (173, 174) or genetic manipulation (52, 175, 176)
of diphtheria toxin in the rodent. However, oligodendrocytosis
triggering immune responses depend upon the duration and
nature of degeneration. For example, when animals are
treated for a short period such as 4 (174), 6 (176), or
5–20 weeks (173), motor behavioral deficits, oligodendrocyte
degeneration, glial activation, and axonal injury are observed,
but no adaptive immune response occurred. On the contrary,
longer incubation leads to immune-mediated oligodendrocyte
degeneration (52). In this work (52), ∼30 weeks after
recovering from oligodendrocyte loss and demyelination, a
secondary disease progression was observed which included
motor behavioral deficits, weight loss, demyelination, and axonal
injury. Importantly, this late-onset disease was also associated
with increased numbers of T-lymphocytes in the CNS and
myelin oligodendrocyte glycoprotein-specific T-cells in lymphoid
organs (52). These data suggest that progressive degeneration
of oligodendrocytes triggers an adaptive autoimmune response
against myelin (52) and this is arguably more consistent with
the apparent slow progression to MS (i.e., the disease, like
other neurodegenerative diseases, may initiate years before the
condition is clinically diagnosed).

While the diphtheria toxin model shows the sensory-motor
behavioral deficits (52, 173, 175–177), these deficits do not extend
to cognitive, affective (anxiety) or visual modalities like those
seen in MS and the CPZ animal model (35). Moreover, studies
revealed diphtheria toxin-mediated oligodendrocyte death and
gliosis in the absence of a peripheral autoimmune response
(173, 176, 177). Whether this effect is due to the effect of
diphtheria toxin on peripheral immune organs, such as the spleen
or thymus remains untested. Furthermore, research from our lab
(82, 133) and others (89, 129, 178, 179) revealed similarities and
differences of proteomic changes in MS and CPZ that remain
unquantified in the diphtheria toxinmodel. In addition, the novel
approaches adopted in the past 5–10 years of combining CPZ and
EAE (169–171) and diphtheria toxin-induced oligodendrocytosis
(52, 173–177) compared to the over 70 years of research on EAE
(14) and ∼60 years on CPZ (180) have yet to reveal their role in
promoting a better understanding of the pathoetiology of MS.

Taken together, evidence from animal models (50–52) thus
support the proposed initial inside-out pathoetiology of MS
(10, 11). While with diphtheria toxin it takes ∼1 year to see
adaptive immune cell recruitment (52), in the CPZ model, this

adaptive immune cell recruitment to the site of demyelination
and subsequent immune-mediated demyelination is seen as early
as 2 weeks after the start of CPZ-feeding (50, 51). Ideally,
while it is quite unequivocal to state that there is no perfect
animal model (perhaps for any human diseases) that mimics
the complete complexity of MS, the legitimate use of an animal
model depends upon the research question to be addressed and
a considered presentation of the findings that acknowledges the
limitations of the model. Having said that, significant progress in
our understanding of MS has been made using animal models
and it is our consistent hope that healthy debate, as presented in
this Perspective, leads to better and more revealing experiments.

CONCLUSIONS

This Perspective describes why the EAE model is widely used
to study the late (autoimmune) aspects of MS. Since, by design,
EAE supports the outside-in hypothesis, it is thus not an effective
model to study MS pathoetiology and should not be the model of
choice when experiments are designed to identify the initiating
trigger(s) of MS. We thus argue that MS primarily originates
from a slow, progressive oligodendrocyte degeneration caused by
metabolic dysfunction that leads to subsequent reactive gliosis in
the absence of adaptive immune cell response. The CPZ model
supports the inside-out hypothesis of MS pathoetiology, and can
be modified to also study CNS infiltration of peripheral immune
cells. The CPZmodel thus has the advantage of enabling the study
of oligodendrocytosis in the absence (immuno-suppression)
and presence (immuno-protection) of the peripheral immune
system via titration of the dose and time. However, the full
extent to which adaptations of the CPZ model mimic human
MS pathology is still unclear but appropriate studies into the
potential underlying/initiating pathological alterations are now
possible. Initially, this will require further optimization of the
new models (e.g., confirming the functionality of T-cells and
testing for behavioral changes) and thus potential validation as
appropriate systems for identifying novel early biomarkers and
therapeutic targets to most effectively address and perhaps even
cure MS.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/supplementary material, further inquiries can be
directed to the corresponding author.

AUTHOR CONTRIBUTIONS

MS and DM conceived the idea and drafted the manuscript.
MA, PS, and JC reviewed the manuscript. JC initiated the MS
research project at WSU upon which this paper builds. All
authors approved the final version.

FUNDING

Western Sydney University Multiple Sclerosis research is
supported by the Rotary Club of Narellan.

Frontiers in Immunology | www.frontiersin.org 9 September 2020 | Volume 11 | Article 572186

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Sen et al. Pathoetiology of Multiple Sclerosis

REFERENCES

1. Carswell R. Illustrations of the Elementary Forms of Disease. London:

Longman. (1838).

2. Clanet M. Jean-Martin Charcot. 1825 to 1893. Int MS J. (2008). 15:59–61.

3. Thompson AJ, Banwell BL, Barkhof F, Carroll WM, Coetzee T, Comi G, et al.

Diagnosis of multiple sclerosis: 2017 revisions of the McDonald criteria. Lan

Neurol. (2018) 17:162–73. doi: 10.1016/S1474-4422(17)30470-2

4. Winger RC, Zamvil SS. Antibodies in multiple sclerosis oligoclonal

bands target debris. Proc Natl Acad Sci USA. (2016) 113:7696–8.

doi: 10.1073/pnas.1609246113

5. Mazzarello P, PoloniM, Citterio A, Camana C, CeroniM. Cerebrospinal fluid

IgG changes in neurosyphilis after high-dose penicillin G treatment. Arch

Neurol. (1987) 44:249. doi: 10.1001/archneur.1987.00520150005003

6. Mehta PD, Patrick BA, Thormar H. Identification of virus-specific

oligoclonal bands in subacute sclerosing panencephalitis by immunofixation

after isoelectric focusing and peroxidase staining. J Clin Microbiol. (1982)

16:985–7. doi: 10.1128/JCM.16.5.985-987.1982

7. Mturi N, Keir G, Maclennan CA, Ross A, Willis AC, Elford

BC, et al. Cerebrospinal fluid studies in kenyan children with

severe falciparum malaria. Open Trop Med J. (2008) 1:56–62.

doi: 10.2174/1874315300801010056

8. Huttner HB, Schellinger PD, Struffert T, Richter G, Engelhorn T, Bassemir

T, et al. MRI criteria in MS patients with negative and positive oligoclonal

bands: equal fulfillment of Barkhof ’s criteria but different lesion patterns.

J Neurol. (2009) 256:1121–5. doi: 10.1007/s00415-009-5081-y

9. Zeman AZ, Kidd D, McLean BN, Kelly MA, Francis DA, Miller DH, et al. A

study of oligoclonal band negative multiple sclerosis. J Neurol Neurosurg Psy.

(1996) 60:27–30. doi: 10.1136/jnnp.60.1.27

10. Stys PK. Pathoetiology of multiple sclerosis: are we barking up the wrong

tree? F1000prime Rep. (2013) 5:20. doi: 10.12703/P5-20

11. Stys PK, Zamponi GW, van Minnen J, Geurts JJ. Will the real

multiple sclerosis please stand up? Nat Rev Neurosci. (2012) 13:507–14.

doi: 10.1038/nrn3275

12. Stys PK, Tsutsui S. Recent advances in understanding multiple sclerosis.

F1000 Res. (2019) 8:2100. doi: 10.12688/f1000research.20906.1

13. Baxter AG. The origin and application of experimental autoimmune

encephalomyelitis. Nat Rev Immunol. (2007) 7:904–12. doi: 10.1038/nri2190

14. Rivers TM, Sprunt DH, Berry GP. Observations on attempts to produce acute

disseminated encephalomyelitis in monkeys. J Exp Med. (1933) 58:39–53.

doi: 10.1084/jem.58.1.39

15. Schwentker FF, Rivers TM. The antibody response of rabbits to injections of

emulsions and extracts of homologous brain. J Exp Med. (1934) 60:559–74.

doi: 10.1084/jem.60.5.559

16. Freund J, Stern ER, Pisani TM. Isoallergic encephalomyelitis and radiculitis

in guinea pigs after one injection of brain and mycobacteria in water-in-oil

emulsion. J Immunol. (1947) 57:179–94.

17. Kabat EA, Wolf A, Bezer AE. The rapid production of acute disseminated

encephalomyelitis in rhesus monkeys by injection of heterologous and

homologous brain tissue with adjuvants. J Exp Med. (1947) 85:117–30.

doi: 10.1084/jem.85.1.117

18. Morgan IM. Allergic encephalomyelitis in monkeys in response to

injection of normal monkey nervous tissue. J Exp Med. (1947) 85:131–40.

doi: 10.1084/jem.85.1.131

19. Laatsch RH, Kies MW, Gordon S, Alvord EC Jr. The encephalomyelitic

activity ofmyelin isolated by ultracentrifugation. J ExpMed. (1962). 115:777–

88. doi: 10.1084/jem.115.4.777

20. Carnegie PR, McPherson TA, Robson GS. Experimental autoimmune

encephalomyelitis. Digestion of basic protein of human myelin with

cyanogen bromide and trypsin. Immunology. (1970) 19:55–63.

21. Glatigny S, Bettelli E. Experimental Autoimmune Encephalomyelitis

(EAE) as animal models of multiple sclerosis (MS). Cold Spring

Harbor Pers Med. (2018) 8:28977. doi: 10.1101/cshperspect.a0

28977

22. Gold R, Linington C, Lassmann H. Understanding pathogenesis and therapy

of multiple sclerosis via animal models: 70 years of merits and culprits

in experimental autoimmune encephalomyelitis research. Brain. (2006)

129:1953–71. doi: 10.1093/brain/awl075

23. Burrows DJ, McGown A, Jain SA, De Felice M, Ramesh TM, Sharrack B,

et al. Animal models of multiple sclerosis: From rodents to zebrafish.Mul Scl

J. (2018) 25:306–24. doi: 10.1177/1352458518805246

24. Louveau A, Herz J, Alme MN, Salvador AF, Dong MQ, Viar KE,

et al. CNS lymphatic drainage and neuroinflammation are regulated

by meningeal lymphatic vasculature. Nat Neurosci. (2018) 21:1380–91.

doi: 10.1038/s41593-018-0227-9

25. Pender MP, Sears TA. Vulnerability of the dorsal root ganglion in

experimental allergic encephalomyelitis. Clin Exp Neurol. (1985) 21:211–23.

26. Pender MP, Sears TA. Involvement of the dorsal root ganglion in

acute experimental allergic encephalomyelitis in the lewis rat: a

histological and electrophysiological study. J Neurol Sci. (1986) 72:231–42.

doi: 10.1016/0022-510X(86)90011-0

27. Pender MP, Tabi Z, Nguyen KB, McCombe PA. The proximal peripheral

nervous system is amajor site of demyelination in experimental autoimmune

encephalomyelitis induced in the Lewis rat by a myelin basic protein-specific

T cell clone. Acta Neuropathol. (1995) 89:527–31. doi: 10.1007/BF00571507

28. Wang IC, Chung C-Y, Liao F, Chen C-C, Lee C-H. Peripheral sensory

neuron injury contributes to neuropathic pain in experimental autoimmune

encephalomyelitis. Sci Rep. (2017) 7:42304. doi: 10.1038/srep42304

29. Misawa S, Kuwabara S, Mori M, Hayakawa S, Sawai S, Hattori T.

Peripheral nerve demyelination in multiple sclerosis. Clin Neurophysiol.

(2008) 119:1829–33. doi: 10.1016/j.clinph.2008.04.010

30. Lucchinetti C, Bruck W, Parisi J, Scheithauer B, Rodriguez M, Lassmann H.

Heterogeneity of multiple sclerosis lesions: implications for the pathogenesis

of demyelination. Ann Neurol. (2000) 47:707–17. doi: 10.1002/1531-

8249(200006)47:6<707::AID-ANA3>3.0.CO;2-Q

31. Ozawa K, Suchanek G, Breitschopf H, Brück W, Budka H, Jellinger K, et al.

Patterns of oligodendroglia pathology in multiple sclerosis. Brain. (1994)

117:1311–22. doi: 10.1093/brain/117.6.1311

32. WoodDD, Bilbao JM, O’Connors P,MoscarelloMA. Acutemultiple sclerosis

(Marburg type) is associated with developmentally immature myelin basic

protein. Ann Neurol. (1996) 40:18–24. doi: 10.1002/ana.410400106

33. Barnett MH, Prineas JW. Relapsing and remitting multiple sclerosis:

pathology of the newly forming lesion. Ann Neurol. (2004) 55:458–68.

doi: 10.1002/ana.20016

34. van der Valk P, De Groot CJ. Staging of multiple sclerosis (MS) lesions:

pathology of the time frame of MS. Neuropathol App Neurobiol. (2000)

26:2–10. doi: 10.1046/j.1365-2990.2000.00217.x

35. Sen MK, Mahns DA, Coorssen JR, Shortland PJ. Behavioural phenotypes

in the cuprizone model of central nervous system demyelination. Neurosci

Biobehav Rev. (2019) 107:23–46. doi: 10.1016/j.neubiorev.2019.08.008

36. Ransohoff RM. Animal models of multiple sclerosis: the good, the bad and

the bottom line. Nat Neurosci. (2012) 15:1074–7. doi: 10.1038/nn.3168

37. Sriram S, Steiner I. Experimental allergic encephalomyelitis: a

misleading model of multiple sclerosis. Ann Neurol. (2005) 58:939–45.

doi: 10.1002/ana.20743

38. Farias AS, Pradella F, Schmitt A, Santos LM, Martins-de-Souza D. Ten

years of proteomics in multiple sclerosis. Proteomic. (2014) 14:467–80.

doi: 10.1002/pmic.201300268

39. Raddatz BBR, Hansmann F, Spitzbarth I, Kalkuhl A, Deschl U,

Baumgärtner W, et al. Transcriptomic meta-analysis of multiple

sclerosis and its experimental models. PLoS ONE. (2014) 9:e86643.

doi: 10.1371/journal.pone.0086643

40. Metz I, Lucchinetti CF, Openshaw H, Garcia-Merino A, Lassmann H,

Freedman MS, et al. Autologous haematopoietic stem cell transplantation

fails to stop demyelination and neurodegeneration in multiple sclerosis.

Brain. (2007) 130:1254–62. doi: 10.1093/brain/awl370

41. Muraro PA, Pasquini M, Atkins HL, Bowen JD, Farge D, Fassas A,

et al. Long-term outcomes after autologous hematopoietic stem cell

transplantation for multiple sclerosis. JAMA Neurol. (2017) 74:459–69.

doi: 10.1001/jamaneurol.2016.5867

42. Burt RK, Balabanov R, Han X, Sharrack B, Morgan A, Quigley K, et al.

Association of nonmyeloablative hematopoietic stem cell transplantation

with neurological disability in patients with relapsing-remitting multiple

sclerosis. JAMA. (2015) 313:275–84. doi: 10.1001/jama.2014.17986

43. Fassas A, Passweg JR, Anagnostopoulos A, Kazis A, Kozak T, Havrdova

E, et al. Hematopoietic stem cell transplantation for multiple sclerosis.

Frontiers in Immunology | www.frontiersin.org 10 September 2020 | Volume 11 | Article 572186

https://doi.org/10.1016/S1474-4422(17)30470-2
https://doi.org/10.1073/pnas.1609246113
https://doi.org/10.1001/archneur.1987.00520150005003
https://doi.org/10.1128/JCM.16.5.985-987.1982
https://doi.org/10.2174/1874315300801010056
https://doi.org/10.1007/s00415-009-5081-y
https://doi.org/10.1136/jnnp.60.1.27
https://doi.org/10.12703/P5-20
https://doi.org/10.1038/nrn3275
https://doi.org/10.12688/f1000research.20906.1
https://doi.org/10.1038/nri2190
https://doi.org/10.1084/jem.58.1.39
https://doi.org/10.1084/jem.60.5.559
https://doi.org/10.1084/jem.85.1.117
https://doi.org/10.1084/jem.85.1.131
https://doi.org/10.1084/jem.115.4.777
https://doi.org/10.1101/cshperspect.a028977
https://doi.org/10.1093/brain/awl075
https://doi.org/10.1177/1352458518805246
https://doi.org/10.1038/s41593-018-0227-9
https://doi.org/10.1016/0022-510X(86)90011-0
https://doi.org/10.1007/BF00571507
https://doi.org/10.1038/srep42304
https://doi.org/10.1016/j.clinph.2008.04.010
https://doi.org/10.1002/1531-8249(200006)47:6<707::AID-ANA3>3.0.CO;2-Q
https://doi.org/10.1093/brain/117.6.1311
https://doi.org/10.1002/ana.410400106
https://doi.org/10.1002/ana.20016
https://doi.org/10.1046/j.1365-2990.2000.00217.x
https://doi.org/10.1016/j.neubiorev.2019.08.008
https://doi.org/10.1038/nn.3168
https://doi.org/10.1002/ana.20743
https://doi.org/10.1002/pmic.201300268
https://doi.org/10.1371/journal.pone.0086643
https://doi.org/10.1093/brain/awl370
https://doi.org/10.1001/jamaneurol.2016.5867
https://doi.org/10.1001/jama.2014.17986
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Sen et al. Pathoetiology of Multiple Sclerosis

A retrospective multicenter study. J Neurol. (2002) 249:1088–97.

doi: 10.1007/s00415-002-0800-7

44. Kuan TLT, Amini F, Seghayat MS. Feasibility and toxicity of hematopoietic

stem cell transplant in multiple sclerosis. Iran J Bas Med Sci. (2017) 20:729–

38. doi: 10.22038/IJBMS.2017.9000

45. Partridge MA, Myers SJ, Gopinath S, Coorssen JR. Proteomics of a

conundrum: thoughts on addressing the aetiology vs. progression of multiple

sclerosis. Proteomic Clin App. (2015) 9:838–43. doi: 10.1002/prca.201400141

46. Krishnamoorthy G, Wekerle H. EAE: an immunologist’s magic eye. Eur J

Immunol. (2009) 39:2031–5. doi: 10.1002/eji.200939568

47. Steinman L, Zamvil SS. How to successfully apply animal studies in

experimental allergic encephalomyelitis to research on multiple sclerosis.

Ann Neurol. (2006) 60:12–21. doi: 10.1002/ana.20913

48. Buck D, Hemmer B. Treatment of multiple sclerosis: current

concepts and future perspectives. J Neurol. (2011) 258:1747–62.

doi: 10.1007/s00415-011-6101-2

49. Vargas DL, Tyor WR. Update on disease-modifying therapies for multiple

sclerosis. J Invest Med. (2017) 65:883–91. doi: 10.1136/jim-2016-000339

50. Caprariello AV, Rogers JA, Morgan ML, Hoghooghi V, Plemel JR, Koebel A,

et al. Biochemically altered myelin triggers autoimmune demyelination. Proc

Natl Acad Sci USA. (2018) 115:5528–33. doi: 10.1073/pnas.1721115115

51. Almuslehi MSM, SenMK, Shortland PJ, Mahns DA, Coorssen JR. CD8 T-cell

recruitment into the central nervous system of cuprizone-fedmice: relevance

to modeling the etiology of multiple sclerosis. Front Cell Neurosci. (2020)

14:43. doi: 10.3389/fncel.2020.00043

52. Traka M, Podojil JR, McCarthy DP, Miller SD, Popko B. Oligodendrocyte

death results in immune-mediated CNS demyelination. Nat Neusci. (2016)

15:65–74. doi: 10.1038/nn.4193

53. Henderson AP, Barnett MH, Parratt JD, Prineas JW. Multiple sclerosis:

distribution of inflammatory cells in newly forming lesions. Ann Neurol.

(2009) 66:739–53. doi: 10.1002/ana.21800

54. Seewann A, Vrenken H, van der Valk P, Blezer EL, Knol DL, Castelijns

JA, et al. Diffusely abnormal white matter in chronic multiple sclerosis:

imaging and histopathologic analysis. Arc Neurol. (2009) 66:601–9.

doi: 10.1001/archneurol.2009.57

55. Rodriguez M, Scheithauer B. Ultrastructure of multiple sclerosis. Ultrastruc

Path. (1994) 18:3–13. doi: 10.3109/01913129409016267

56. Maia ACM, Jr., Rocha AJd, Barros BR, Tilbery CP. Incidental

demyelinating inflammatory lesions in asymptomatic patients: a

brazilian cohort with radiologically isolated syndrome and a critical

review of current literature. Arquivos Neuro Psiquiatria. (2012) 70:5–11.

doi: 10.1590/S0004-282X2012000100003

57. Comabella M, Fernandez M, Martin R, Rivera-Vallve S, Borras E, Chiva

C, et al. Cerebrospinal fluid chitinase 3-like 1 levels are associated

with conversion to multiple sclerosis. Brain. (2010) 133:1082–93.

doi: 10.1093/brain/awq035

58. Dumont D, Noben JP, Raus J, Stinissen P, Robben J. Proteomic analysis

of cerebrospinal fluid from multiple sclerosis patients. Proteomic. (2004)

4:2117–24. doi: 10.1002/pmic.200300715

59. Hammack BN, Fung KY, Hunsucker SW, DuncanMW, BurgoonMP, Owens

GP, et al. Proteomic analysis of multiple sclerosis cerebrospinal fluid.Mul Scl.

(2004) 10:245–60. doi: 10.1191/1352458504ms1023oa

60. Berge T, Eriksson A, Brorson IS, Hogestol EA, Berg-Hansen P, Doskeland A,

et al. Quantitative proteomic analyses of CD4(+) and CD8(+) T cells reveal

differentially expressed proteins in multiple sclerosis patients and healthy

controls. Clin Proteomic. (2019) 16:19. doi: 10.1186/s12014-019-9241-5

61. Rithidech KN, Honikel L, Milazzo M, Madigan D, Troxell R, Krupp

LB. Protein expression profiles in pediatric multiple sclerosis: potential

biomarkers.Mul Scl. (2009) 15:455–64. doi: 10.1177/1352458508100047

62. Salvisberg C, Tajouri N, Hainard A, Burkhard PR, Lalive PH, Turck N.

Exploring the human tear fluid: discovery of new biomarkers in multiple

sclerosis. Proteomic Clin App. (2014) 8:185–94. doi: 10.1002/prca.2013

00053

63. DeMasi R, Vergara D, Pasca S, Acierno R, GrecoM, Spagnolo L, et al. PBMCs

protein expression profile in relapsing IFN-treated multiple sclerosis: a pilot

study on relation to clinical findings and brain atrophy. J Neuroimmunol.

(2009) 210:80–6. doi: 10.1016/j.jneuroim.2009.03.002

64. Singh V, Stingl C, Stoop MP, Zeneyedpour L, Neuteboom RF, Smitt PS,

et al. Proteomics urine analysis of pregnant women suffering from multiple

sclerosis. J Proteome Res. (2015) 14:2065–73. doi: 10.1021/pr501162w

65. Narayana PA, Doyle TJ, Lai D,Wolinsky JS. Serial protonmagnetic resonance

spectroscopic imaging, contrast-enhanced magnetic resonance imaging, and

quantitative lesion volumetry in multiple sclerosis. Ann Neurol. (1998)

43:56–71. doi: 10.1002/ana.410430112

66. Genome-wide association study of severity in multiple sclerosis. Gene

Immun. (2011) 12:615–25. doi: 10.1038/gene.2011.34

67. Komiya Y, Habas R. Wnt signal transduction pathways. Organogene. (2008)

4:68–75. doi: 10.4161/org.4.2.5851

68. Morse RH, Séguin R, McCrea EL, Antel JP. NK cell-mediated lysis of

autologous human oligodendrocytes. J Neuroimmunol. (2001) 116:107–15.

doi: 10.1016/S0165-5728(01)00289-2

69. Zaguia F, Saikali P, Ludwin S, Newcombe J, Beauseigle D, McCrea E, et al.

Cytotoxic NKG2 CD4T cells target oligodendrocytes in multiple sclerosis.

J Immunol. (2013) 190:2510–8. doi: 10.4049/jimmunol.1202725

70. Fancy SP, Baranzini SE, Zhao C, Yuk DI, Irvine KA, Kaing S, et al.

Dysregulation of the Wnt pathway inhibits timely myelination and

remyelination in the mammalian CNS. Genes Develop. (2009) 23:1571–85.

doi: 10.1101/gad.1806309

71. Feigenson K, Reid M, See J, Crenshaw EB 3rd, Grinspan JB. Wnt signaling is

sufficient to perturb oligodendrocyte maturation. Mol Cell Neurosci. (2009)

42:255–65. doi: 10.1016/j.mcn.2009.07.010

72. Vallée A, Lecarpentier Y, Guillevin R, Vallée JN. Demyelination in

multiple sclerosis: reprogramming energy metabolism and potential

pparγ agonist treatment approaches. Int J Mol Sci. (2018) 19:1212.

doi: 10.3390/ijms19041212

73. Liu G, Zhang F, Jiang Y, Hu Y, Gong Z, Liu S, et al. Integrating

genome-wide association studies and gene expression data highlights

dysregulated multiple sclerosis risk pathways. Mul Scl. (2017) 23:205–12.

doi: 10.1177/1352458516649038

74. Tse KH, Cheng A, Ma F, Herrup K. DNA damage-associated

oligodendrocyte degeneration precedes amyloid pathology and contributes

to Alzheimer’s disease and dementia. Alz Demen. (2018) 14:664–79.

doi: 10.1016/j.jalz.2017.11.010

75. Young CA. Factors predisposing to the development of multiple sclerosis.

QJM. (2011) 104:383–6. doi: 10.1093/qjmed/hcr012

76. Xia Z, Steele SU, Bakshi A, Clarkson SR, White CC, Schindler MK, et al.

Assessment of early evidence of multiple sclerosis in a prospective study of

asymptomatic high-risk family members. JAMA Neurol. (2017) 74:293–300.

doi: 10.1001/jamaneurol.2016.5056

77. Absinta M, Sati P, Fechner A, Schindler MK, Nair G, Reich DS. Identification

of chronic active multiple sclerosis lesions on 3T MRI. AJNR Amn J

Neuroradiol. (2018) 39:1233–8. doi: 10.3174/ajnr.A5660

78. Fox RJ, Beall E, Bhattacharyya P, Chen JT, Sakaie K. Advanced MRI in

multiple sclerosis: current status and future challenges. Neurol Clin. (2011)

29:357–80. doi: 10.1016/j.ncl.2010.12.011

79. Bjornevik K, Munger KL, Cortese M, Barro C, Healy BC, Niebuhr

DW, et al. Serum neurofilament light chain levels in patients with

presymptomatic multiple sclerosis. JAMA Neurol. (2019) 2019:e193238.

doi: 10.1001/jamaneurol.2019.3238

80. De Stefano N, Matthews PM, Fu L, Narayanan S, Stanley J, Francis GS, et al.

Axonal damage correlates with disability in patients with relapsing-remitting

multiple sclerosis. Results of a longitudinal magnetic resonance spectroscopy

study. Brain. (1998) 121:1469–77. doi: 10.1093/brain/121.8.1469

81. Aboul-Enein F, Rauschka H, Kornek B, Stadelmann C, Stefferl A, Brück W,

et al. Preferential loss of myelin-associated glycoprotein reflects hypoxia-

like white matter damage in stroke and inflammatory brain diseases.

J Neuropathol Exp Neurol. (2003) 62:25–33. doi: 10.1093/jnen/62.1.25

82. Sen MK, Almuslehi MSM, Gyengesi E, Myers SJ, Shortland PJ, Mahns

DA, et al. Suppression of the peripheral immune system limits the central

immune response following cuprizone-feeding: relevance to modelling

multiple sclerosis. Cells. (2019) 8:1314. doi: 10.3390/cells8111314

83. Caprariello AV, Stys PK. Turned inside out: will myelin-protective therapies

become the next-generation anti-inflammatories? DNA Cell Biol. (2019)

38:219–22. doi: 10.1089/dna.2018.4496

Frontiers in Immunology | www.frontiersin.org 11 September 2020 | Volume 11 | Article 572186

https://doi.org/10.1007/s00415-002-0800-7
https://doi.org/10.22038/IJBMS.2017.9000
https://doi.org/10.1002/prca.201400141
https://doi.org/10.1002/eji.200939568
https://doi.org/10.1002/ana.20913
https://doi.org/10.1007/s00415-011-6101-2
https://doi.org/10.1136/jim-2016-000339
https://doi.org/10.1073/pnas.1721115115
https://doi.org/10.3389/fncel.2020.00043
https://doi.org/10.1038/nn.4193
https://doi.org/10.1002/ana.21800
https://doi.org/10.1001/archneurol.2009.57
https://doi.org/10.3109/01913129409016267
https://doi.org/10.1590/S0004-282X2012000100003
https://doi.org/10.1093/brain/awq035
https://doi.org/10.1002/pmic.200300715
https://doi.org/10.1191/1352458504ms1023oa
https://doi.org/10.1186/s12014-019-9241-5
https://doi.org/10.1177/1352458508100047
https://doi.org/10.1002/prca.201300053
https://doi.org/10.1016/j.jneuroim.2009.03.002
https://doi.org/10.1021/pr501162w
https://doi.org/10.1002/ana.410430112
https://doi.org/10.1038/gene.2011.34
https://doi.org/10.4161/org.4.2.5851
https://doi.org/10.1016/S0165-5728(01)00289-2
https://doi.org/10.4049/jimmunol.1202725
https://doi.org/10.1101/gad.1806309
https://doi.org/10.1016/j.mcn.2009.07.010
https://doi.org/10.3390/ijms19041212
https://doi.org/10.1177/1352458516649038
https://doi.org/10.1016/j.jalz.2017.11.010
https://doi.org/10.1093/qjmed/hcr012
https://doi.org/10.1001/jamaneurol.2016.5056
https://doi.org/10.3174/ajnr.A5660
https://doi.org/10.1016/j.ncl.2010.12.011
https://doi.org/10.1001/jamaneurol.2019.3238
https://doi.org/10.1093/brain/121.8.1469
https://doi.org/10.1093/jnen/62.1.25
https://doi.org/10.3390/cells8111314
https://doi.org/10.1089/dna.2018.4496
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Sen et al. Pathoetiology of Multiple Sclerosis

84. Sen MK, Almuslehi MSM, Coorssen JR, Mahns DA, Shortland PJ.

Behavioural and histological changes in cuprizone-fed mice. Brain Behav

Immun. (2020) 87:508–23. doi: 10.1016/j.bbi.2020.01.021

85. Praet J, Guglielmetti C, Berneman Z, Van der Linden A, Ponsaerts P. Cellular

and molecular neuropathology of the cuprizone mouse model: clinical

relevance for multiple sclerosis. Neurosci Biobev Rev. (2014) 47:485–505.

doi: 10.1016/j.neubiorev.2014.10.004

86. Tejedor LS, Wostradowski T, Gingele S, Skripuletz T, Gudi V, Stangel M.

The effect of stereotactic injections on demyelination and remyelination:

a study in the cuprizone model. J Mol Neurosci. (2017) 61:479–88.

doi: 10.1007/s12031-017-0888-y

87. Kipp M, Clarner T, Dang J, Copray S, Beyer C. The cuprizone animal

model: new insights into an old story. Acta Neuropathol. (2009) 118:723–36.

doi: 10.1007/s00401-009-0591-3

88. Faizi M, Salimi A, Seydi E, Naserzadeh P, Kouhnavard M, Rahimi A,

et al. Toxicity of cuprizone a Cu(2+) chelating agent on isolated

mouse brain mitochondria: a justification for demyelination and

subsequent behavioral dysfunction. Toxicol Mech Meth. (2016) 26:276–83.

doi: 10.3109/15376516.2016.1172284

89. Werner SR, Saha JK, Broderick CL, Zhen EY, Higgs RE, Duffin KL,

et al. Proteomic analysis of demyelinated and remyelinating brain tissue

following dietary cuprizone administration. J Mol Neurosci. (2010) 42:210–

25. doi: 10.1007/s12031-010-9354-9

90. Benardais K, Kotsiari A, Skuljec J, Koutsoudaki PN, Gudi V, Singh

V, et al. Cuprizone [bis(cyclohexylidenehydrazide)] is selectively

toxic for mature oligodendrocytes. Neurotox Res. (2013) 24:244–50.

doi: 10.1007/s12640-013-9380-9

91. Faissner S, Plemel JR, Gold R, Yong VW. Progressive multiple sclerosis: from

pathophysiology to therapeutic strategies. Nat Rev Drug Discover. (2019)

18:905–22. doi: 10.1038/s41573-019-0035-2

92. Zhen W, Liu A, Lu J, Zhang W, Tattersall D, Wang J. An alternative

cuprizone-induced demyelination and remyelination mouse model.

ASN Neurol. (2017) 9:1759091417725174. doi: 10.1177/1759091417

725174

93. Pfeifenbring S, Nessler S, Wegner C, Stadelmann C, Bruck W.

Remyelination after cuprizone-induced demyelination is accelerated

in juvenile mice. J Neuropathol Exp Neurol. (2015) 74:756–66.

doi: 10.1097/NEN.0000000000000214

94. Steelman AJ, Thompson JP, Li J. Demyelination and remyelination

in anatomically distinct regions of the corpus callosum

following cuprizone intoxication. Neurosci Res. (2012) 72:32–42.

doi: 10.1016/j.neures.2011.10.002

95. Mason JL, Jones JJ, Taniike M, Morell P, Suzuki K, Matsushima GK.

Mature oligodendrocyte apoptosis precedes IGF-1 production and

oligodendrocyte progenitor accumulation and differentiation during

demyelination/remyelination. J Neurosci Res. (2000) 61:251–62. doi: 10.

1002/1097-4547(20000801)61:3<251::AID-JNR3>3.0.CO;2-W

96. Hiremath MM, Saito Y, Knapp GW, Ting JP, Suzuki K, Matsushima

GK. Microglial/macrophage accumulation during cuprizone-induced

demyelination in C57BL/6 mice. J Neuroimmunol. (1998) 92:38–49.

doi: 10.1016/S0165-5728(98)00168-4

97. Hibbits N, Yoshino J, Le TQ, Armstrong RC. Astrogliosis during acute and

chronic cuprizone demyelination and implications for remyelination. ASN

Neurol. (2012) 4:393–408. doi: 10.1042/AN20120062

98. Skripuletz T, Lindner M, Kotsiari A, Garde N, Fokuhl J, Linsmeier

F, et al. Cortical demyelination is prominent in the murine cuprizone

model and is strain-dependent. Amn J Pathol. (2008) 172:1053–61.

doi: 10.2353/ajpath.2008.070850

99. Sun SW, Liang HF, Trinkaus K, Cross AH, Armstrong RC, Song

SK. Noninvasive detection of cuprizone induced axonal damage and

demyelination in themouse corpus callosum.Mag ResMed. (2006) 55:302–8.

doi: 10.1002/mrm.20774

100. Hooijmans CR, Hlavica M, Schuler FAF, Good N, Good A, Baumgartner

L, et al. Remyelination promoting therapies in multiple sclerosis animal

models: a systematic review and meta-analysis. Sci Rep. (2019) 9:822.

doi: 10.1038/s41598-018-35734-4

101. Torkildsen O, Brunborg LA, Milde AM, Mork SJ, Myhr KM, Bo

L. A salmon based diet protects mice from behavioural changes in

the cuprizone model for demyelination. Clinic Nut. (2009) 28:83–7.

doi: 10.1016/j.clnu.2008.10.015

102. Gooo RA, Campbell B, Good TA. Prophylactic and therapeutic effect

of para-aminobenzoic acid and sodium salicylate on experimental

allergic encephalomyelitis. Proc Soc Exp Biol Med. (1949) 72:341–7.

doi: 10.3181/00379727-72-17426

103. Kipp M, van der Star B, Vogel DY, Puentes F, van der Valk P, Baker D, et al.

Experimental in vivo and in vitro models of multiple sclerosis: EAE and

beyond.Mul Scl Rel Dis. (2012) 1:15–28. doi: 10.1016/j.msard.2011.09.002

104. Sorensen PS, Sellebjerg F, Hartung H-P, Montalban X, Comi G, Tintoré

M. The apparently milder course of multiple sclerosis: changes in

the diagnostic criteria, therapy and natural history. Brain. (2020) 145.

doi: 10.1093/brain/awaa145. [Epub ahead of print].

105. Goldberg J, Clarner T, Beyer C, Kipp M. Anatomical distribution of

cuprizone-induced lesions in C57BL6 mice. J Mol Neurosci. (2015) 57:166–

75. doi: 10.1007/s12031-015-0595-5

106. Acs P, Selak MA, Komoly S, Kalman B. Distribution of oligodendrocyte

loss and mitochondrial toxicity in the cuprizone-induced experimental

demyelination model. J Neuroimmunol. (2013) 262:128–31.

doi: 10.1016/j.jneuroim.2013.06.012

107. Herder V, Hansmann F, Stangel M, Skripuletz T, Baumgartner W, Beineke

A. Lack of cuprizone-induced demyelination in the murine spinal cord

despite oligodendroglial alterations substantiates the concept of site-specific

susceptibilities of the central nervous system. Neuropathol App Neurobiol.

(2011) 37:676–84. doi: 10.1111/j.1365-2990.2011.01168.x

108. Nociti V, Cianfoni A, Mirabella M, Caggiula M, Frisullo G, Patanella

AK, et al. Clinical characteristics, course and prognosis of spinal multiple

sclerosis. Spinal Cord. (2005) 43:731–4. doi: 10.1038/sj.sc.3101798

109. Ciccarelli O, Cohen JA, Reingold SC, Weinshenker BG. Spinal

cord involvement in multiple sclerosis and neuromyelitis

optica spectrum disorders. Lan Neurol. (2019) 18:185–97.

doi: 10.1016/S1474-4422(18)30460-5

110. Marrodan M, Gaitán MI, Correale J. Spinal cord involvement in

ms and other demyelinating diseases. Biomedichine. (2020) 8:130.

doi: 10.3390/biomedicines8050130

111. Love S. Demyelinating diseases. J Clin Pathol. (2006) 59:1151–9.

doi: 10.1136/jcp.2005.031195

112. Barakat N, Gorman MP, Benson L, Becerra L, Borsook D. Pain and spinal

cord imaging measures in children with demyelinating disease. NeuroImage

Clin. (2015) 9:338–47. doi: 10.1016/j.nicl.2015.08.019

113. Stroman PW,Wheeler-Kingshott C, Bacon M, Schwab JM, Bosma R, Brooks

J, et al. The current state-of-the-art of spinal cord imaging: methods.

NeuroImage. (2014) 84:1070–81. doi: 10.1016/j.neuroimage.2013.04.124

114. DeLuca GC, Williams K, Evangelou N, Ebers GC, Esiri MM. The

contribution of demyelination to axonal loss in multiple sclerosis. Brain.

(2006) 129:1507–16. doi: 10.1093/brain/awl074

115. Moccia M, Ruggieri S, Ianniello A, Toosy A, Pozzilli C, Ciccarelli O.

Advances in spinal cord imaging in multiple sclerosis. Therap Adv Neurol

Dis. (2019) 12:1756286419840593. doi: 10.1177/1756286419840593

116. Adams CWM, Poston RN, Buk SJ. Pathology, histochemistry and

immunocytochemistry of lesions in acute multiple sclerosis. J Neurol Sci.

(1989) 92:291–306. doi: 10.1016/0022-510X(89)90144-5

117. Franco-Pons N, Torrente M, Colomina MT, Vilella E. Behavioral deficits

in the cuprizone-induced murine model of demyelination/remyelination.

Toxicol Let. (2007) 169:205–13. doi: 10.1016/j.toxlet.2007.01.010

118. Taveggia C, Thaker P, Petrylak A, Caporaso GL, Toews A, Falls DL, et al.

Type III neuregulin-1 promotes oligodendrocyte myelination. Glia. (2008)

56:284–93. doi: 10.1002/glia.20612

119. Sperber BR, Boyle-Walsh EA, Engleka MJ, Gadue P, Peterson AC, Stein

PL, et al. A unique role for Fyn in CNS myelination. J Neurosci. (2001)

21:2039–47. doi: 10.1523/JNEUROSCI.21-06-02039.2001

120. Umemori H, Sato S, Yagi T, Aizawa S, Yamamoto T. Initial events of

myelination involve Fyn tyrosine kinase signalling. Nature. (1994) 367:572–

6. doi: 10.1038/367572a0

121. Butt AM, Ibrahim M, Ruge FM, Berry M. Biochemical subtypes

of oligodendrocyte in the anterior medullary velum of the rat as

revealed by the monoclonal antibody Rip. Glia. (1995) 14:185–97.

doi: 10.1002/glia.440140304

Frontiers in Immunology | www.frontiersin.org 12 September 2020 | Volume 11 | Article 572186

https://doi.org/10.1016/j.bbi.2020.01.021
https://doi.org/10.1016/j.neubiorev.2014.10.004
https://doi.org/10.1007/s12031-017-0888-y
https://doi.org/10.1007/s00401-009-0591-3
https://doi.org/10.3109/15376516.2016.1172284
https://doi.org/10.1007/s12031-010-9354-9
https://doi.org/10.1007/s12640-013-9380-9
https://doi.org/10.1038/s41573-019-0035-2
https://doi.org/10.1177/1759091417725174
https://doi.org/10.1097/NEN.0000000000000214
https://doi.org/10.1016/j.neures.2011.10.002
https://doi.org/10.1002/1097-4547(20000801)61:3<251::AID-JNR3>3.0.CO;2-W
https://doi.org/10.1016/S0165-5728(98)00168-4
https://doi.org/10.1042/AN20120062
https://doi.org/10.2353/ajpath.2008.070850
https://doi.org/10.1002/mrm.20774
https://doi.org/10.1038/s41598-018-35734-4
https://doi.org/10.1016/j.clnu.2008.10.015
https://doi.org/10.3181/00379727-72-17426
https://doi.org/10.1016/j.msard.2011.09.002
https://doi.org/10.1093/brain/awaa145
https://doi.org/10.1007/s12031-015-0595-5
https://doi.org/10.1016/j.jneuroim.2013.06.012
https://doi.org/10.1111/j.1365-2990.2011.01168.x
https://doi.org/10.1038/sj.sc.3101798
https://doi.org/10.1016/S1474-4422(18)30460-5
https://doi.org/10.3390/biomedicines8050130
https://doi.org/10.1136/jcp.2005.031195
https://doi.org/10.1016/j.nicl.2015.08.019
https://doi.org/10.1016/j.neuroimage.2013.04.124
https://doi.org/10.1093/brain/awl074
https://doi.org/10.1177/1756286419840593
https://doi.org/10.1016/0022-510X(89)90144-5
https://doi.org/10.1016/j.toxlet.2007.01.010
https://doi.org/10.1002/glia.20612
https://doi.org/10.1523/JNEUROSCI.21-06-02039.2001
https://doi.org/10.1038/367572a0
https://doi.org/10.1002/glia.440140304
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Sen et al. Pathoetiology of Multiple Sclerosis

122. Floriddia E, Zhang S, van Bruggen D, Gonçalves dos Santos J, Altinkök

M, Llorens-Bobadilla E, et al. Distinct oligodendrocyte populations have

spatial preference and injury-specific responses. bioRxiv [Preprint]. (2019)

doi: 10.1101/580985

123. Marques S, Zeisel A, Codeluppi S, van Bruggen D, Mendanha Falcao A,

Xiao L, et al. Oligodendrocyte heterogeneity in the mouse juvenile and adult

central nervous system. Sci. (2016) 352:1326–9. doi: 10.1126/science.aaf6463

124. Falcão AM, van Bruggen D, Marques S, Meijer M, Jäkel S, Agirre E, et al.

Disease-specific oligodendrocyte lineage cells arise in multiple sclerosis. Nat

Med. (2018) 24:1837–44. doi: 10.1038/s41591-018-0236-y

125. Jäkel S, Agirre E, Mendanha Falcão A, van Bruggen D, Lee KW, Knuesel

I, et al. Altered human oligodendrocyte heterogeneity in multiple sclerosis.

Nature. (2019) 566:543–7. doi: 10.1038/s41586-019-0903-2

126. Remington LT, Babcock AA, Zehntner SP, Owens T. Microglial recruitment,

activation, and proliferation in response to primary demyelination. Amn J

Pathol. (2007) 170:1713–24. doi: 10.2353/ajpath.2007.060783

127. Sui RX, Miao Q, Wang J, Wang Q, Song LJ, Yu JW, et al. Protective

and therapeutic role of Bilobalide in cuprizone-induced demyelination. Int

Immunopharmacol. (2018) 66:69–81. doi: 10.1016/j.intimp.2018.09.041

128. Solti I, Kvell K, Talaber G, Veto S, Acs P, Gallyas F, et al. Thymic atrophy and

apoptosis of CD4+CD8+ thymocytes in the cuprizone model of multiple

sclerosis. PLoS ONE. (2015) 10:e0129217. doi: 10.1371/journal.pone.0129217

129. Martin NA,Molnar V, Szilagyi GT, Elkjaer ML, Nawrocki A, Okarmus J, et al.

Experimental demyelination and axonal loss are reduced in MicroRNA-146a

deficient mice. Front Immunol. (2018) 9:490. doi: 10.3389/fimmu.2018.00490

130. Herder V, Hansmann F, Stangel M, Schaudien D, Rohn K, Baumgartner

W, et al. Cuprizone inhibits demyelinating leukomyelitis by reducing

immune responses without virus exacerbation in an infectious

model of multiple sclerosis. J Neuroimmunol. (2012) 244:84–93.

doi: 10.1016/j.jneuroim.2012.01.010

131. Mana P, Fordham SA, Staykova MA, Correcha M, Silva D, Willenborg

DO, et al. Demyelination caused by the copper chelator cuprizone halts

T cell mediated autoimmune neuroinflammation. J Neuroimmunol. (2009)

210:13–21. doi: 10.1016/j.jneuroim.2009.02.013

132. Yakimov V, Schweiger F, Zhan J, Behrangi N, Horn A, Schmitz C, et al.

Continuous cuprizone intoxication allows active experimental autoimmune

encephalomyelitis induction in C57BL/6 mice. Histochem Cell Biol. (2019)

152:119–31. doi: 10.1007/s00418-019-01786-4

133. Partridge MA, Gopinath S, Myers SJ, Coorssen JR. An initial top-down

proteomic analysis of the standard cuprizone mouse model of multiple

sclerosis. J Chem Biol. (2016) 9:9–18. doi: 10.1007/s12154-015-0138-0

134. Komoly S, Jeyasingham MD, Pratt OE, Lantos PL. Decrease in

oligodendrocyte carbonic anhydrase activity preceding myelin degeneration

in cuprizone induced demyelination. J Neurol Sci. (1987) 79:141–8.

doi: 10.1016/0022-510X(87)90268-1

135. Zatta P, Raso M, Zambenedetti P, Wittkowski W, Messori L, Piccioli

F, et al. Copper and zinc dismetabolism in the mouse brain upon

chronic cuprizone treatment. Cell Mol Life Sci. (2005) 62:1502–13.

doi: 10.1007/s00018-005-5073-8

136. Moldovan N, Al-Ebraheem A, Lobo L, Park R, Farquharson

MJ, Bock NA. Altered transition metal homeostasis in the

cuprizone model of demyelination. Neurotoxicol. (2015) 48:1–8.

doi: 10.1016/j.neuro.2015.02.009

137. Varga E, Pandur E, Abraham H, Horvath A, Acs P, Komoly S, et al.

Cuprizone administration alters the iron metabolism in the mouse

model of multiple sclerosis. Cell Mol Neurobiol. (2018) 38:1081–97.

doi: 10.1007/s10571-018-0578-5

138. Venturini G. Enzymic activities and sodium, potassium and copper

concentrations in mouse brain and liver after cuprizone treatment in vivo.

J Neurochem. (1973) 21:1147–51. doi: 10.1111/j.1471-4159.1973.tb07569.x

139. Hopkins RG, Failla ML. Transcriptional regulation of interleukin-2 gene

expression is impaired by copper deficiency in Jurkat human T lymphocytes.

J Nut. (1999) 129:596–601. doi: 10.1093/jn/129.3.596

140. Bala S, Failla ML. Copper deficiency reversibly impairs DNA synthesis in

activated T lymphocytes by limiting interleukin 2 activity. Proc Natl Acad

Sci USA. (1992) 89:6794–7. doi: 10.1073/pnas.89.15.6794

141. Desdin-Mico G, Soto-Heredero G, MittelbrunnM. Mitochondrial activity in

T cells.Mitochondrion. (2018) 41:51–7. doi: 10.1016/j.mito.2017.10.006

142. Suzuki K. Giant hepatic mitochondria: production in mice fed with

cuprizone. Science. (1969) 163:81–2. doi: 10.1126/science.163.3862.81

143. Suzuki K, Kikkawa Y. Status spongiosus of CNS and hepatic changes

induced by cuprizone (biscyclohexanone oxalyldihydrazone). Amn J Pathol.

(1969) 54:307–25.

144. Flatmark T, Kryvi H, Tangerås A. Induction of megamitochondria by

cuprizone(biscyclohexanone oxaldihydrazone). Evidence for an inhibition of

the mitochondrial division process. Eur J Cell Biol. (1980) 23:141–8.

145. Acs P, Komoly S. Selective ultrastructural vulnerability in the cuprizone-

induced experimental demyelination. Ideggyogyaszati Szemle. (2012)

65:266–70.

146. Wakabayashi T. Megamitochondria formation - physiology and pathology.

J Cell Mol Med. (2002) 6:497–538. doi: 10.1111/j.1582-4934.2002.tb00452.x

147. Taraboletti A, Walker T, Avila R, Huang H, Caporoso J, Manandhar E, et al.

Cuprizone intoxication induces cell intrinsic alterations in oligodendrocyte

metabolism independent of copper chelation. Biochemistry. (2017) 56:1518–

28. doi: 10.1021/acs.biochem.6b01072

148. Shen Y, Wang X, Guo S, Qiu M, Hou G, Tan Z. Evolutionary genomics

analysis of human nucleus-encoded mitochondrial genes: implications for

the roles of energy production and metabolic pathways in the pathogenesis

and pathophysiology of demyelinating diseases. Neurosci Lett. (2020)

715:134600. doi: 10.1016/j.neulet.2019.134600

149. Varhaug KN, Kråkenes T, AlmeMN, Vedeler CA, Bindoff LA.Mitochondrial

complex IV is lost in neurons in the cuprizone mouse model.Mitochondrion.

(2020) 50:58–62. doi: 10.1016/j.mito.2019.09.003

150. Pasquini LA, Calatayud CA, Bertone Uña AL, Millet V, Pasquini JM, Soto

EF. The neurotoxic effect of cuprizone on oligodendrocytes depends on the

presence of pro-inflammatory cytokines secreted by microglia. Neurochem

Res. (2007) 32:279–92. doi: 10.1007/s11064-006-9165-0

151. Guerineau M, Guerineau S, Gosse C. Abnormal mitochondrial dna

molecules in megamitochondria from cuprizone-treated rats. Eur J Biochem.

(1974) 47:313–9. doi: 10.1111/j.1432-1033.1974.tb03695.x

152. Dutta R, McDonough J, Yin X, Peterson J, Chang A, Torres T, et al.

Mitochondrial dysfunction as a cause of axonal degeneration in multiple

sclerosis patients. Ann Neurol. (2006) 59:478–89. doi: 10.1002/ana.20736

153. Senanayake VK, Jin W, Mochizuki A, Chitou B, Goodenowe DB. Metabolic

dysfunctions in multiple sclerosis: implications as to causation, early

detection, and treatment, a case control study. BMC Neurol. (2015) 15:154.

doi: 10.1186/s12883-015-0411-4

154. Echaniz-Laguna A, Chassagne M, de Sèze J, Mohr M, Clerc-Renaud P,

Tranchant C, et al. POLG1 variations presenting as multiple sclerosis. Arch

Neurol. (2010) 67:1140–3. doi: 10.1001/archneurol.2010.219

155. Mao P, Reddy PH. Is multiple sclerosis a mitochondrial disease? Bio Biophys

Acta. (2010) 1802:66–79. doi: 10.1016/j.bbadis.2009.07.002

156. Barcelos IP, Troxell RM, Graves JS. Mitochondrial dysfunction and multiple

sclerosis. Biology. (2019) 8:37. doi: 10.3390/biology8020037

157. Sukumar M, Liu J, Mehta GU, Patel SJ, Roychoudhuri R, Crompton

JG, et al. Mitochondrial membrane potential identifies cells with

enhanced stemness for cellular therapy. Cell Metabol. (2016) 23:63–76.

doi: 10.1016/j.cmet.2015.11.002

158. McTigue DM, Tripathi RB. The life, death, and replacement of

oligodendrocytes in the adult CNS. J Neurochem. (2008) 107:1–19.

doi: 10.1111/j.1471-4159.2008.05570.x

159. Gui J,Mustachio LM, SuDM, Craig RW. Thymus size and age-related thymic

involution: early programming, sexual dimorphism, progenitors and stroma.

Aging Dis. (2012) 3:280–90.

160. Hsu HC, Zhang HG, Li L, Yi N, Yang PA, Wu Q, et al. Age-related

thymic involution in C57BL/6J × DBA/2J recombinant-inbred mice

maps to mouse chromosomes 9 and 10. Genes Immun. (2003) 4:402–10.

doi: 10.1038/sj.gene.6363982

161. Roden AC, Moser MT, Tri SD, Mercader M, Kuntz SM, Dong

H, et al. Augmentation of T cell levels and responses induced

by androgen deprivation. J Immunol. (2004) 173:6098–108.

doi: 10.4049/jimmunol.173.10.6098

162. Tang S, Moore ML, Grayson JM, Dubey P. Increased CD8+ T-cell

function following castration and immunization is countered by

parallel expansion of regulatory T cells. Cancer Res. (2012) 72:1975–85.

doi: 10.1158/0008-5472.CAN-11-2499

Frontiers in Immunology | www.frontiersin.org 13 September 2020 | Volume 11 | Article 572186

https://doi.org/10.1101/580985
https://doi.org/10.1126/science.aaf6463
https://doi.org/10.1038/s41591-018-0236-y
https://doi.org/10.1038/s41586-019-0903-2
https://doi.org/10.2353/ajpath.2007.060783
https://doi.org/10.1016/j.intimp.2018.09.041
https://doi.org/10.1371/journal.pone.0129217
https://doi.org/10.3389/fimmu.2018.00490
https://doi.org/10.1016/j.jneuroim.2012.01.010
https://doi.org/10.1016/j.jneuroim.2009.02.013
https://doi.org/10.1007/s00418-019-01786-4
https://doi.org/10.1007/s12154-015-0138-0
https://doi.org/10.1016/0022-510X(87)90268-1
https://doi.org/10.1007/s00018-005-5073-8
https://doi.org/10.1016/j.neuro.2015.02.009
https://doi.org/10.1007/s10571-018-0578-5
https://doi.org/10.1111/j.1471-4159.1973.tb07569.x
https://doi.org/10.1093/jn/129.3.596
https://doi.org/10.1073/pnas.89.15.6794
https://doi.org/10.1016/j.mito.2017.10.006
https://doi.org/10.1126/science.163.3862.81
https://doi.org/10.1111/j.1582-4934.2002.tb00452.x
https://doi.org/10.1021/acs.biochem.6b01072
https://doi.org/10.1016/j.neulet.2019.134600
https://doi.org/10.1016/j.mito.2019.09.003
https://doi.org/10.1007/s11064-006-9165-0
https://doi.org/10.1111/j.1432-1033.1974.tb03695.x
https://doi.org/10.1002/ana.20736
https://doi.org/10.1186/s12883-015-0411-4
https://doi.org/10.1001/archneurol.2010.219
https://doi.org/10.1016/j.bbadis.2009.07.002
https://doi.org/10.3390/biology8020037
https://doi.org/10.1016/j.cmet.2015.11.002
https://doi.org/10.1111/j.1471-4159.2008.05570.x
https://doi.org/10.1038/sj.gene.6363982
https://doi.org/10.4049/jimmunol.173.10.6098
https://doi.org/10.1158/0008-5472.CAN-11-2499
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Sen et al. Pathoetiology of Multiple Sclerosis

163. Harbo HF, Gold R, Tintoré M. Sex and gender issues in multiple sclerosis.

Therap Adv Neurol Dis. (2013) 6:237–48. doi: 10.1177/1756285613488434

164. Booss J, Esiri MM, Tourtellotte WW, Mason DY. Immunohistological

analysis of T lymphocyte subsets in the central nervous system in

chronic progressive multiple sclerosis. J Neurol Sci. (1983) 62:219–32.

doi: 10.1016/0022-510X(83)90201-0

165. Babbe H, Roers A, Waisman A, Lassmann H, Goebels N, Hohlfeld R,

et al. Clonal expansions of CD8(+) T cells dominate the T cell infiltrate

in active multiple sclerosis lesions as shown by micromanipulation and

single cell polymerase chain reaction. J Exp Med. (2000) 192:393–404.

doi: 10.1084/jem.192.3.393

166. Witalison EE, Thompson PR, Hofseth LJ. Protein arginine deiminases

and associated citrullination: physiological functions and diseases

associated with dysregulation. Curr Drug Target. (2015) 16:700–10.

doi: 10.2174/1389450116666150202160954

167. Raijmakers R, Vogelzangs J, Croxford JL, Wesseling P, van Venrooij WJ,

Pruijn GJM. Citrullination of central nervous system proteins during

the development of experimental autoimmune encephalomyelitis. J Comp

Neurol. (2005) 486:243–53. doi: 10.1002/cne.20529

168. Yang L, Tan D, Piao H. Myelin basic protein citrullination in multiple

sclerosis: a potential therapeutic target for the pathology. Neurochem Res.

(2016) 41:1845–56. doi: 10.1007/s11064-016-1920-2

169. Scheld M, Rüther BJ, Große-Veldmann R, Ohl K, Tenbrock K,

Dreymüller D, et al. Neurodegeneration triggers peripheral immune

cell recruitment into the forebrain. J Neurosci. (2016) 36:1410–5.

doi: 10.1523/JNEUROSCI.2456-15.2016

170. Baxi EG, DeBruin J, Tosi DM, Grishkan IV, Smith MD, Kirby LA,

et al. Transfer of myelin-reactive th17 cells impairs endogenous

remyelination in the central nervous system of cuprizone-fed mice.

J Neurosci. (2015) 35:8626–39. doi: 10.1523/JNEUROSCI.3817-1

4.2015

171. Kirby L, Jin J, Cardona JG, Smith MD, Martin KA, Wang J, et al.

Oligodendrocyte precursor cells present antigen and are cytotoxic

targets in inflammatory demyelination. Nat Com. (2019) 10:3887.

doi: 10.1038/s41467-019-11638-3

172. Zhou F, Lu M, Wang W, Bian ZP, Zhang JR, Zhu JJ. Electrochemical

immunosensor for simultaneous detection of dual cardiac markers

based on a poly(dimethylsiloxane)-gold nanoparticles composite

microfluidic chip: a proof of principle. Clinic Chemist. (2010) 56:1701–7.

doi: 10.1373/clinchem.2010.147256

173. Locatelli G, Wörtge S, Buch T, Ingold B, Frommer F, Sobottka

B, et al. Primary oligodendrocyte death does not elicit anti-CNS

immunity. Nat Neurosci. (2012) 15:543–50. doi: 10.1038/n

n.3062

174. Oluich LJ, Stratton JA, Xing YL, Ng SW, Cate HS, Sah P, et al.

Targeted ablation of oligodendrocytes induces axonal pathology

independent of overt demyelination. J Neurosci. (2012) 32:8317–30.

doi: 10.1523/JNEUROSCI.1053-12.2012

175. Traka M, Arasi K, Avila RL, Podojil JR, Christakos A, Miller SD,

et al. A genetic mouse model of adult-onset, pervasive central nervous

system demyelination with robust remyelination. Brain. (2010) 133:3017–29.

doi: 10.1093/brain/awq247

176. Pohl HBF, Porcheri C, Mueggler T, Bachmann LC, Martino G, Riethmacher

D, et al. Genetically induced adult oligodendrocyte cell death is associated

with poor myelin clearance, reduced remyelination, and axonal damage.

J Neurosci. (2011) 31:1069–80. doi: 10.1523/JNEUROSCI.5035-10.2011

177. Gritsch S, Lu J, Thilemann S, Wortge S, Mobius W, Bruttger J,

et al. Oligodendrocyte ablation triggers central pain independently of

innate or adaptive immune responses in mice. Nat Com. (2014) 5:5472.

doi: 10.1038/ncomms6472

178. Gat-Viks I, Geiger T, Barbi M, Raini G, Elroy-Stein O. Proteomics-

level analysis of myelin formation and regeneration in a mouse model

for vanishing white matter disease. J Neurochem. (2015) 134:513–26.

doi: 10.1111/jnc.13142

179. Oveland E, Nystad A, Berven F, Myhr KM, Torkildsen O,Wergeland S. 1,25-

Dihydroxyvitamin-D3 induces brain proteomic changes in cuprizone mice

during remyelination involving calcium proteins. Neurochem Int. (2018).

112:267–77. doi: 10.1016/j.neuint.2017.08.008

180. Carlton WW. Response of mice to the chelating agents sodium

diethyldithiocarbamate, alpha-benzoinoxime, and biscyclohexanone

oxaldihydrazone. Toxicol App Pharmacol. (1966) 8:512–21.

doi: 10.1016/0041-008X(66)90062-7

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Copyright © 2020 Sen, Almuslehi, Shortland, Coorssen and Mahns. This is an open-

access article distributed under the terms of the Creative Commons Attribution

License (CC BY). The use, distribution or reproduction in other forums is permitted,

provided the original author(s) and the copyright owner(s) are credited and that the

original publication in this journal is cited, in accordance with accepted academic

practice. No use, distribution or reproduction is permitted which does not comply

with these terms.

Frontiers in Immunology | www.frontiersin.org 14 September 2020 | Volume 11 | Article 572186

https://doi.org/10.1177/1756285613488434
https://doi.org/10.1016/0022-510X(83)90201-0
https://doi.org/10.1084/jem.192.3.393
https://doi.org/10.2174/1389450116666150202160954
https://doi.org/10.1002/cne.20529
https://doi.org/10.1007/s11064-016-1920-2
https://doi.org/10.1523/JNEUROSCI.2456-15.2016
https://doi.org/10.1523/JNEUROSCI.3817-14.2015
https://doi.org/10.1038/s41467-019-11638-3
https://doi.org/10.1373/clinchem.2010.147256
https://doi.org/10.1038/nn.3062
https://doi.org/10.1523/JNEUROSCI.1053-12.2012
https://doi.org/10.1093/brain/awq247
https://doi.org/10.1523/JNEUROSCI.5035-10.2011
https://doi.org/10.1038/ncomms6472
https://doi.org/10.1111/jnc.13142
https://doi.org/10.1016/j.neuint.2017.08.008
https://doi.org/10.1016/0041-008X(66)90062-7
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

	Revisiting the Pathoetiology of Multiple Sclerosis: Has the Tail Been Wagging the Mouse?
	Introduction
	CPZ Model: Relevance to Modeling MS
	Conclusions
	Data Availability Statement
	Author Contributions
	Funding
	References


