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Abstract

There is a broad consensus that multiple sclerosis (MS) represents more than an inflammatory
disease: it harbors several characteristic aspects of a classical neurodegenerative disorder, that
is, damage to axons, synapses and nerve cell bodies. While we are equipped with appropriate
therapeutic options to prevent immune-cell driven relapses, effective therapeutic options to
prevent the progressing neurodegeneration are still missing. In this review article, we will
discuss to what extent pathology of the progressive disease stage can be modeled in MS
animal models. While acute and relapsing–remitting forms of experimental autoimmune
encephalomyelitis (EAE), which are T cell dependent, are aptly suited to model relapsing-
remitting phases of MS, other EAE models, especially the secondary progressive EAE stage
in Biozzi ABH mice is better representing the secondary progressive phase of MS, which is
refractory to many immune therapies. Besides EAE, the cuprizone model is rapidly gaining
popularity to study the formation and progression of demyelinating CNS lesions without T
cell involvement. Here, we discuss these two non-popular MS models. It is our aim to point
out the pathological hallmarks of MS, and discuss which pathological aspects of the disease
can be best studied in the various animal models available.

GENERAL INTRODUCTION

Multiple sclerosis (MS) is an inflammatory disease of the central
nervous system (CNS) characterized by large inflammatory plaques
of white matter demyelination. Such focal inflammatory lesions are
associated with oligodendrocyte destruction, reactive gliosis and
axonal degeneration. The composition of established inflammatory
infiltrates varies between patients and/or lesion stages but com-
monly includes T-lymphocytes and macrophages (78). Further-
more, activated astrocytes and microglia cells participate in lesion
development, progression and resolution by the secretion of cyto-
kines, other inflammatory mediators as well as neural growth fac-
tors. Inflammatory white matter lesions can arise virtually
anywhere in the brain parenchyma although certain predilection
sites, such as the periventricular white matter, exist. Besides focal
white matter lesions, two additional histopathological features exist
which were during the last decades in the focus of clinical and his-
topathological studies: (i) gray matter demyelination and/or atrophy
and (ii) diffuse white matter injury (31, 135). These changes within
the white and gray matter are thought to contribute to the clinical
picture of MS and, hence, deserve to be studied.

A primary aim of this brief review is to provide an overview
of the importance of MS animal models for neurologists, MS

specialists and scientists studying MS and related disorders.
We specifically focus on progressive experimental autoimmune
encephalomyelitis (EAE) models and the cuprizone model. Further-
more, we will summarize important recent advances in our under-
standing of the underlying pathology of the cuprizone model. It is
our aim to point out the pathological hallmarks of MS, and discuss
which pathological aspects of the disease can best be studied in the
various animal models available (also see Table 1). We consider it
important to stress from the very beginning that the perfect animal
model for MS does not exist since MS is a purely human disorder.
Pathological processes in MS are manifold and heterogeneous, and
therefore applied animal models allow us to study different and
very distinct aspects of the disease rather than its entire complexity.
Thus, the histopathological characteristics of MS are best studied
using human tissue samples. Animal models, however, are required
to address for example potential pathomechanisms or the efficiency
of new compounds.

Here, we first highlight the distinct aspects of MS pathology
and discuss how these changes relate to clinical symptoms. We
then discuss how the clinical and pathology features can best be
modeled in experimental animals. Finally, we speculate how the
models can be improved to reflect emerging knowledge of MS
pathology.
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RELAPSE: DEFINITION AND
PATHOLOGICAL CORRELATE

Two distinct clinical entities can be defined in patients with MS:
First the relapse or the acute clinical attack, second continuous
progression of clinical disability (see Figure 1C, lower part). Dur-
ing a relapse, patients experience the rapid occurrence of new or
increasing neurologic symptoms. These attacks—also called
exacerbations—are followed by periods of partial or even com-
plete recovery (remissions). By definition, there is no apparent
progression of the disease between two relapses implying that the
level of disability between two attacks remains stable. This phase

of the disease course is called Relapsing Remitting MS (RRMS)
and initially affects �85 percent of patients diagnosed with MS.

What happens during a relapse?

It is broadly accepted that the histopathological correlate of acute
clinical symptoms is a focal inflammatory demyelinating white
matter lesion (see Figure 1A). These focal inflammatory lesions
impact on neuronal integrity eventually leading to axonal dysfunc-
tion or complete axonal destruction (40, 69). Although the accumu-
lation of peripheral immune cells is one characteristic of such
lesions, it is not clear what triggers the influx of immune cells into

Table 1. Different histopathological and clinical characteristics of MS, and whether or not such characteristics can be studies (green) or cannot

be studied (red) in different MS animal models. The term Cup/EAE model refers to a recently developed novel MS animal model in our group

(115).

Scientific question Cuprizone Cup/EAE MOG-EAE PLP-EAE ABH-EAE

Acute clinical attack

Relapse and remission

Focal inflammatory demyelinating lesions

Gray matter demyelination

Diffuse white matter damage Moderate Moderate

Remyelination

Axonal damage

Progressive worsening of function (ie, progression) Not yet known

Inside-out mechanisms

Outside-in mechanisms

Figure 1. (A) Histopathologic characteristics of an acute,

inflammatory MS lesion within the white matter. Demyelination is

indicated by a focal, well demarcated loss of anti-PLP (proteolipid pro-

tein) immunoreactivity. The entire lesion is interspersed with activated

monocytes and microglia, expressing MHC-II protein. In (B) the corre-

late in EAE is shown. Even in HE-stained sections, inflammatory infil-

trates are clearly visible. In EAE, such lesions are mainly found within

the spinal cord and cerebellum. (C) The three pathological hallmarks

of MS pathology, namely focal inflammation, diffuse white matter

injury and gray matter injury are illustrated. While focal inflammation

causes acute relapses (see red arrows), diffuse white and gray matter

pathology induce neurodegeneration and in consequence accumula-

tion of irreversible clinical disability (red arrowhead). Blue arrow indi-

cates clinical remission.
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the CNS, nor is it known what the primary “target” of the (auto)-
inflammatory attack is, that is, is it the axon, neuron, myelin sheath
or even glia cells. While it has been suggested that oligodendrocyte
stress is an initial trigger of MS lesion development (7, 57, 132,
133), and neuronal damage is the pathological substrate of progres-
sive MS, both hypotheses require further verification. Whatever the
trigger, white matter demyelination, axonal damage and peripheral
immune cell recruitment are histopathologic hallmarks of the acute
relapse. During an acute relapse demyelination, edema formation
(mainly in the spinal cord) and, although probably to a lesser
extent, acute axonal damage all might contribute to the observed
functional deficits. When a demyelinated axon undergoes remyeli-
nation and the extent of axonal damage is compensated by, for
example, neuronal plasticity complete clinical recovery might occur
during the remission phase (62, 89). Notably, most of our knowl-
edge what leads to functional deficits during a relapse, and what is
the morphological correlate of recovery comes from experimental
animal studies (20). To what extent these findings can be translated
to the human situation needs further investigation. We now have a
closer look on the pathophysiology of acute exacerbations.

The effects of demyelination have been extensively studied from
the cellular level to the whole animal and may be summarized as
follows: demyelination leads to attenuated conduction velocity, or
in the worst case scenario to a complete conduction block. Why
so? During an action potential there is a change in polarity across
the cell membrane of the axon and the inside of the axon becomes
more positive compared to the outer membrane. The propagation
of an action potential generates local currents that depolarize the
axonal membrane adjacent to the action potential. When the depo-
larization caused by the local currents reaches a threshold, a new
action potential is produced adjacent to the original one. In unmye-
linated or demyelinated axons, the propagation of an action poten-
tial occurs in a continuous, sequential fashion. This is obviously a
relatively slow way of signal conduction. In myelinated axons how-
ever, this action potential propagation jumps from one node to the
next node, a phenomenon called saltatory conduction (latin saltare,
“to jump”). This form of signal propagation is much faster com-
pared to the continuous one in unmyelinated or demyelinated
fibers. Since the function of the myelin sheath is to facilitate the
conduction of electrical impulses through the axons, demyelination
clearly slows the process of impulse conduction which finally
results in functio laesa. Furthermore, demyelination leads to a func-
tional reorganization of ion channels (53), which might as well con-
tribute to relapse-related functional deficits.

A second pivotal element of impaired neuronal functioning dur-
ing a relapse is edema formation. It is well known from studies on
the peripheral nervous system that the compression of nerve fibers
results in a slowing of conduction velocity, or even a complete con-
duction block (41, 55). Compression of nerve fibers is also operant
during tissue edema as observed during inflammatory demyelin-
ation, especially in CNS regions with low swelling capacity, such
as the spinal cord. A fast recovery of a relapse is, therefore, not
only due to remyelination but at the same time due to resolution of
tissue edema. To what extent axonal damage contributes to neuro-
logical symptoms during a relapse is not clear. Since completely
transected axons cannot be repaired, this type of axonal damage
results in irreversible clinical disability. However, it has been
shown that, in contrast to complete axonal transection, subtle axo-
nal injury is not an irreversible process, and eventually injured

axons can recover (97). Therefore, the acute symptoms during
inflammatory demyelination might well be due to axonal pathol-
ogy, and thus recovery after a relapse might be partly mediated by
direct axonal recovery.

TREATMENT MODALITIES
IN MULTIPLE SCLEROSIS

Treatment of MS has two modalities: therapies to relieve or modify
symptoms during an acute relapse, and immunomodulatory therapy
to decrease relapse frequency. The adequate management of MS
relapses is important as it may help lessen the disability associated
with the acute attack yet also reduce the burden associated with
recurrent attacks. Historically, treatment of MS relapses was the
first approach (and for many years the only approach) to MS treat-
ment. Systemic corticosteroids remain the most established and
validated treatment options for a MS relapse (12). The exact mode
of action of systemic corticosteroid treatment during an acute attack
is incompletely understood but includes stabilization of the blood–
brain barrier, activation of anti-inflammatory pathways, facilitating
the apoptosis of activated immune cells and, maybe most impor-
tantly, relief of tissue edema and thereby reduction of axonal com-
pression. To what extent remyelination contributes to function
recovery during corticosteroid treatment is controversially dis-
cussed. Two previous studies examining the effects of corticoste-
roid treatment on the extent of repair of experimental
demyelinating lesions have yielded conflicting results. Methylpred-
nisolone treatment accelerated spontaneous remyelination in the
spinal cord after lysolecithin-induced focal demyelination, which
was paralleled by reduced macrophage invasion (105). By contrast,
an earlier study using the same lesion model demonstrated a delay
in remyelination in rats treated with dexamethasone (127), findings
which are in line with other studies (22, 30). To conclude, the posi-
tive effect of corticosteroids during an acute relapse is probably due
to its anti-inflammatory rather than regenerative (ie, remyelination)
character.

Immunomodulatory therapies are beneficial during the relaps-
ing–remitting phase of MS, where such treatment reduces relapse
frequency and severity of clinical attacks. As of August 2016, 13
disease modifying therapies (DMTs) have been approved by the
Food and Drug Administration (FDA). Of these, seven are deliv-
ered by injection, three are oral and three are delivered by infusion.
Currently approved drugs include Interferon beta-1a (Avonex,
Rebif), Interferon beta-1b (Betaseron, Extavia), Peginterferon beta-
1a (Plegridy), Glatiramer acetate (Copaxone, Glatopa), Natalizu-
mab (Tysabri), Mitoxantrone, Fingolimod (Gilenya), Teriflunomide
(Aubagio), Dimethyl fumarate (Tecfidera), Alemtuzumab (Lem-
trada) and Daclizumab (Zinbryta). These DMTs have quite differ-
ent mechanisms of action, efficacy, safety and tolerability profiles.
It is out of the scope of this review article to elaborate on the mode
of action of these drugs, and several excellent review articles are
recommended (77, 101).

PROGRESSION: DEFINITION AND
PATHOLOGICAL CORRELATE

As we have now discussed what happens during a relapse, and the
options that are available to treat relapses and to reduce their
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frequency, we now discuss disease progression, what are the under-
lying mechanisms and why it is so important to understand these
mechanisms to efficiently develop new therapeutic modalities. As
pointed out above, during the initial RR stage of MS the symptoms
appear (relapse) and then resolve either partially or completely
(remission). Histopathologically, white matter inflammatory demy-
elination blocks axonal conduction, and relieve of inflammation
results in recovery. If remyelination is incomplete and/or axons are
destroyed, functional recovery might be incomplete as well. Most
patients (85%) diagnosed with RRMS will develop a secondary
progressive course, called SPMS. In SPMS, there is a progressive
worsening of neurologic function (accumulation of disability) over
time, while acute relapses become less frequent. Thus, SPMS
occurs as a second phase of the disease for many individuals, and
may be seen as a long-term outcome of RRMS. It is the therapy
against continuous progression and accumulation of clinical dis-
ability that is an urgent unmet clinical need. Sufficient to say, to
date no treatment option has proven to be effective during the
SPMS disease stage, nor for primary progressive MS patients that
develop accumulating disability from disease onset.

Why is disease progression in SPMS (probably)
not due to focal inflammation?

Results of several clinical studies strongly suggest that focal,
autoimmune-driven inflammation is not the underlying mechanism
driving disease progression in SPMS patients. Also, while available
DMTs reduce relapse frequency (15, 128), these approaches do not
prevent long-term neurologic disability (65, 103). Of note the two
most widely prescribed therapies for MS (b-interferon and glatir-
amer acetate) have no effect on the progressive forms of the disease
(primary or secondary MS), although relapse rates may be reduced
by about one-third in some patients (103). In line with these find-
ings, a recent study showed that MS subjects with no evidence of
disease activity during the first two years of the study had long-
term outcomes that were no different from the cohort as a whole
(33). Furthermore, in women, the effect of pregnancy on relapse
remission is impressive, however, disability progression is not
influenced by the reduced relapse rate during pregnancy (32).
Finally, treatments such as natalizumab, which are effective in
reducing immune cell invasion into the CNS, may not reduce the
disease progression (92, 140). An important, yet unresolved ques-
tion is: Why are anti-inflammatory therapies not effective during
the progressive disease stage? One simple explanation would be
that inflammation is not the main mediator of disease progression
in SPMS and PPMS. Against this superficial assumption are results
from a recent histopathological study (44). The authors performed
an extensive and detailed quantification of different inflammatory
cells in relation to axonal injury, one of the best predictors of
Expanded Disability Status Scale (EDSS)-rated clinical disability in
MS (124). Those lesions with pronounced axonal injury, irrespec-
tive of being present in RRMS, SPMS or PPMS, clearly showed
inflammation, suggesting a close association between inflammation
and neurodegeneration also during the progressive disease stage.
One possible explanation for therapeutic failure in the progressive
disease stage is that this inflammatory process becomes trapped
within the CNS compartment behind a closed blood–brain barrier
and blood–liquor barrier. Furthermore, it has been suggested that a
chronic inflammatory process, as present in the CNS of progressive

MS patients, creates a microenvironment supporting persistence of
inflammatory cells (90). The presence of B-cell follicle-like struc-
tures within the meninges, especially during progressive disease
stages, should be noted in this context.

In summary, the clinical course of the progressive stage of the
disease remains largely unpredictable, underlying mechanisms of
tissue destruction are poorly understood, but autoimmune-mediated
inflammatory demyelination is presumably not the major force
driving disease progression in SPMS patients.

Disease progression in SPMS is due
to neurodegeneration

The pathological substrate of disease progression is neurodegenera-
tion. It is widely accepted that axonal loss occurs in MS, and is at
least in part responsible for the permanent disability characterizing
the later chronic progressive stage of the disease. While most stud-
ies focused on axonal pathology, all aspects of neurons undergo
degenerative changes including cell somata, dendrites, spines and
neurotransmitter metabolism (6, 104, 134, 137). Our knowledge
regarding the mechanisms leading to progressive neurodegenera-
tion is scant at best, but a number of potential contributors are dis-
cussed including microglia activation, reactive oxygen species and
mitochondrial dysfunction (83, 102, 117). For example, it has been
shown that neuroinflammation enhances glutamate transmission
and promotes synaptopathy, which occurs in the early phase of
EAE and is associated with the release of inflammatory cytokines,
such as TNFa and IL-1b from activated microglia (19, 84). In
addition, mitochondrial structural changes, altered mitochondrial
gene expression and enzyme activities, increased free radical pro-
duction and oxidative damage have all been reported in patients
with MS (86). As demonstrated by Nave’s lab, myelinating oligo-
dendrocytes release lactate through the monocarboxylate trans-
porter MCT1. Lactate is then utilized by axons for mitochondrial
ATP generation (46). Thus, demyelination and subtle oligodendro-
cyte loss are believed to contribute to neurodegeneration by a lack
of trophic axonal support usually provided by oligodendrocytes. To
summarize, although MS is considered to be a classical auto-
immune inflammatory disorder, it harbors at the same time impor-
tant elements of a classical neurodegenerative disease. It is the
extent of neurodegeneration which is responsible for the accumula-
tion of irreversible clinical disability in MS patients. Of note, to
what extent inflammatory processes interfere with this ongoing
neurodegenerative process remains to be clarified.

WHAT TRIGGERS
NEURODEGENERATION IN MS:
PATHOLOGY OF THE NAWM AND
GRAY MATTER

As discussed above focal inflammatory demyelination accounts for
the relapse-related clinical disability whereas diffuse neurodegener-
ation accounts for the irreversible clinical progression, most evident
during the progressive disease stage (ie, SPMS). Since focal inflam-
matory lesions are a less prominent feature of SPMS compared to
RRMS, the question arises what triggers the neurodegeneration in
progressive MS.
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In MS, brain white matter is not only damaged within the typical
and apparent focal demyelinated lesions but also within the so-
called normal appearing white matter (NAWM), so called since the
white matter appears normal in routine myelin stains, such as anti-
proteolipid protein (PLP) immunohistochemistry or LFB-PAS histo-
chemistry. Detailed histopathological studies, however, have dem-
onstrated that this white matter is not normal at all. Histopathologic
findings include diffuse gliosis, microglial activation, vascular fibro-
sis, perivascular cuffing by inflammatory cells, perivascular lipofus-
cin deposition, abnormal endothelial tight junctions, blood–brain
barrier breakdown or vessels containing proliferating endothelial
cells. Electron microscopy revealed increased numbers of lyso-
somes, particularly, in astrocytes. Notably, axonal loss is observed
as well in the NAWM (39, 71). In addition, the term “NAWM” is
used in the context of white matter parts appearing normal in imag-
ing techniques such as T1 and T2-weighted MRI. There is now sub-
stantial evidence from advanced MRI techniques (including
measures of magnetization transfer, diffusion, relaxation times and
spectroscopic metabolite concentrations) showing that significant in
vivo abnormalities exist in MS WM that appears normal by conven-
tional MRI (43). In contrast to inflammatory white matter lesions,
NAWM pathology is not a focal but a diffuse, widespread process.

Several mechanisms leading to NAWM pathology have been
proposed although it is still debatable as to which are involved in
MS. These include oligodendrocyte stress that may lead to dysfunc-
tional myelination and impaired neuronal support (46, 106), Wal-
lerian degeneration of axons transected by focal demyelination
within near or distant focal white matter lesions (38), tissue hypo-
perfusion (42) or decrease in iron concentration (54) among other
factors. Because there appears to be, at best, a modest relationship
between these widespread white matter abnormalities and the focal
inflammatory lesion load as defined by MRI (125) it is widely con-
sidered that NAWM abnormalities are (at least partly) independent
of focal inflammatory lesions, thus being a distinct or separate dis-
ease process. Another contributor to NAWM abnormalities is corti-
cal pathology (95). Cortical lesion load correlates with diffuse
white matter injury in MS patients. Furthermore, there is a signifi-
cant correlation between the histopathological extent of cortical
demyelination and diffuse changes in the NAWM (71). Underlying
mechanisms of this interplay are not completely understood. Most
of the proteins, vesicles and organelles required for axon survival
have to be continuously synthesized in the cell body, and are then
transported along the microtubule network along the axon to their
final destination. It appears feasible that even a modest impairment
of this neuronal synthesis and transport machinery, due to cortical
demyelination, might finally result in axonal pathology. Of note,
NAWM findings are clearly clinical relevant because, in contrast to
focal WM lesions, they correlate better with disability and cogni-
tive impairment (93), and less NAWM pathology is detected in
patients presenting with a benign disease course (35).

Similar to the diffuse white matter damage, tissue damage in the
gray matter is also a key component of the disease process, espe-
cially during SPMS, and the number of studies investigating gray
matter damage in MS has increased exponentially during the past
few years. Like NAWM, gray matter involvement can also be
extensive involving both the cortex and subcortical gray matter
such as the hippocampus or thalamus (47, 49, 79). Results from
clinical studies suggest that neuronal damage or neuronal loss crit-
ically contributes to functional deficits in MS patients. It has been

shown that disability progression is associated with whole brain
atrophy (48, 89), and reduced levels of brain N-acetyl-aspartate
(NAA) levels, a marker believed to reflect neuronal health, corre-
late with cognitive impairment in MS (87). Virtually every element
of the neuron can be damaged or even destroyed during gray matter
demyelination including cell soma (82, 108), dendritic spines
(64), synapses (37, 91, 137) and neurites (108). Of note, there is
evidence that neuronal structures are not “simply” destroyed but
in parallel neuronal plasticity is impaired in the CNS of MS
patients (98).

Remarkably, post-mortem analyses revealed widespread loss of
dendritic spines in the cortex of patients with MS that similarly
affected demyelinated and non-demyelinated cortex regions, and
preceded loss of cortical axons (64). Another important element of
cortical gray matter injury in progressive MS patients is meningeal
inflammation. The formation of lymphoid structures resembling B-
cell follicles in the inflamed CNS meninges in a subset of patients
with progressive MS and in relapsing–remitting EAE has been
shown, and this form of meningeal inflammation might contribute
to cortical demyelination (68, 81, 82). Importantly, cases with pri-
mary progressive MS with extensive meningeal immune cell infil-
tration exhibited a more severe clinical course, including a shorter
disease duration and younger age at death (26).

To sum up, focal inflammation leads to a relapse with focal neu-
rodegeneration whereas diffuse white matter and gray matter
pathology results in diffuse neurodegeneration and in consequence
accumulation of irreversible clinical disability (see Figure 1C) (45,
74). Since NAWM and gray matter pathology is a diffuse process,
a significant number of neurons can be damaged leading to global
neurodegeneration and finally irreversible clinical disability.
Although this view might well be an oversimplification (pathologi-
cal studies have clearly shown a close association between inflam-
mation and neurodegeneration (45)), and inflammation might well
play an important role during the progressive disease stage, focal
inflammation and diffuse gray/white matter pathology should be
considered as separate disease elements and, in consequence, sepa-
rately addressed in pre-clinical studies.

ANIMAL MODELS TO STUDY DISTINCT
DISEASE PROCESSES IN MULTIPLE
SCLEROSIS

As pointed out above, the three distinct pathogenetic processes in
MS are focal inflammatory lesions, diffuse white matter injury in
the NAWM and diffuse gray matter pathology. All three processes
are associated with neurodegeneration to a certain extent, and might
finally lead to permanent clinical disability. To investigate these
pathogenetic entities distinct animal models can be used. We focus
here on EAE models in which the role of recurrent episodes of neu-
roinflammation as well as ageing promote progressive neurological
disease, and the cuprizone model in which primary oligodendrocyte
damage leads to innate immune activation within the CNS, prior to
demyelination.

Experimental autoimmune encephalomyelitis

EAE is the most commonly used animal model to study inflamma-
tion and autoimmune-mediated diseases in the CNS. In this model,
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experimental animals (commonly rodents) are immunized with a
CNS-related antigen administered in a strong adjuvant, usually
complete Freud’s adjuvant (CFA). Although it is out of the scope
of this review article to describe the various existing protocols to
reliably induce EAE in rodents, the combination of the peptide
used and the mouse strain determine the disease course, that is,
relapsing or chronic clinical disease (4, 131). For example, immuni-
zation of C57BL6 mice with myelin oligodendrocyte glycoprotein
(MOG)35–55 peptide results in a monophasic chronic disease (Fig-
ure 2), whereas immunization of SJL mice with PLP139–151 peptide
results in a relapsing–remitting disease course. Especially the
MOG35–55 peptide model is frequently used since many transgenic
and mutant mice are bred on the C57BL6 background. Following
immunization, the CNS antigens are phagocytized by local profes-
sional antigen-presenting cells (ie, Langerhans dendritic cells of the
skin). These antigen-presenting cells travel via the lymphatic route
to local lymph nodes or the spleen, and interact there with lympho-
cytes which trigger the formation of encephalitogenic Th1- and
Th17-cells. These encephalitogenic T-cells leave the peripheral
lymphoid organs, invade the brain via the blood–brain barrier or
blood–CSF barrier, and induce inflammation in the spinal cord (see
Figure 1B) and to a certain extent in the cerebellum and optic nerve
(100). Generally, the forebrain including the cortex, corpus cal-
losum and subcortical structures are largely spared in EAE (115).
Of note, mouse EAE lesions are dominated by extensive axonal
degeneration and very little primary demyelination, which is

fundamentally different from what is seen in MS. Indeed, develop-
ment of marked demyelination requires autoantibodies to myelin
components specifically those directed to MOG (96). A closer look
at these inflammatory lesions reveals besides demyelination acute
axonal damage, which can be reversible or permanent (97). Like
augmentation of myelin damage, autoantibodies to neuronal com-
ponents augment axonal damage in acute EAE (60, 76). It is impor-
tant to notice that these models are not progressive models. For
example in MOG35–55-induced EAE, animals develop after 10–14
days a rapid paralysis of the tail and hindlimb, however after a brief
plateau-phase and slight recovery there is no clinical progression
(see Figure 2).

The EAE model is an excellent tool to study mechanism associ-
ated with T cell infiltration which is central to development of acute
monophasic EAE and relapsing–remitting disease. These models
have proven useful in developing and understanding currently
approved DMTs including natalizumab (10), fingolimod (25),
dimethylfumarate (24) or alemtuzumab (129). Notably, the two
approved medications, glatiramer acetate and natalizumab, were
developed directly from studies in the EAE model. Furthermore,
anti-B cell therapies, which are currently tested for their effective-
ness in MS in several clinical trials, have shown beneficial effects
in classical EAE models (113). However, while these current thera-
pies for MS reduce the frequency of relapses by modulating adapt-
ive immune responses they fail to limit the irreversible
neurodegeneration driving progressive disability.

Figure 2. EAE clinical disease score in C57BL/6 mice immunized with

MOG35–55 peptide is shown. After 9–10 days post-immunization,

inflammatory demyelination of the spinal cord results in overt clinical

disability of experimental animals. After the peak of the disease

(around day 15 post-immunization) animals slightly recover, but from

then on do not progress any more. Figure adapted from J Mol Neuro-

sci. 2016 Sep;60(1):102-14. Arrows highlight inflammatory lesions

within the spinal cord.
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Progressive EAE models

To address the contribution of adaptive immune responses in neu-
rodegeneration, different EAE models working with Biozzi ABH
mice have been developed. EAE in Biozzi ABH mice immunized
with spinal cord homogenate recapitulates clinical features of MS
including relapsing–remitting episodes and secondary-progressive
disability (3, 107) (see Figure 3 for histopathology). In addition,
following immunization with the neuronal antigen NF-L protein,
Biozzi ABH mice develop spastic paresis and paralysis concomi-
tant with axonal degeneration and inflammation primarily in the
dorsal column of the spinal cord (59). Notably, age of experimental
animals at the time of disease induction appears to be critical.
While in young animals one can observe a relapsing–remitting
(RR-EAE) followed by a secondary-progressive (SP-EAE) pheno-
type, we have recently reported that EAE induction in old ABH
mice is characterized by progressive disease from onset associated
with pronounced axonal damage (107). Thus, not only does the
extent of neurodegeneration depend on the immunizing antigen,
but as well on the age during disease induction. This result is espe-
cially noteworthy because it has been shown that age is a strong
predictor for RRMS conversion to SPMS (130). While the NF-L
and aged-mouse EAE models required further validation to exam-
ine therapies applicable to SPMS, SP-EAE has already been used
to investigate the pathogenic mechanisms associated with progres-
sive disease as well as test therapies (2, 112). Of note is that these

studies clearly reveal that SP-EAE continues despite T-cells abla-
tion indicating that progression is a T-cell independent process in
this model (112).

Neurodegeneration and diffuse
pathology in EAE

Using EAE one can investigate the mechanisms operant during T-
cell priming, how encephalitogenic T-cells and other peripheral
immune cells cross the blood–brain barrier, the cell types involved
in orchestrating local T-cell reactivation within the brain paren-
chyma and how inflammation, demyelination and axonal pathology
are related to each other. As an example, the Kerschensteiner lab
demonstrated that focal axonal degeneration is a reversible event,
and that demyelination—a hallmark of MS—is not a prerequisite
for this form of axon damage (97). As another example, it has
recently been demonstrated in the EAE model how T-cell traffick-
ing between the leptomeninges and the cerebrospinal fluid is regu-
lated (116). Besides focal pathology, certain EAE models allow us
to investigate underlying mechanisms of diffuse pathology. For
example, by means of neurophysiological recordings from single
neurons, it was found in mice with EAE that central neurons
undergo dramatic changes in glutamate-mediated transmission,
starting in the presymptomatic phase of the disease and evolving
independently of demyelination or axonal injury (19). From a mor-
phological point of view, electrophysiological abnormalities were

Figure 3. Histopathology of secondary progressive EAE in Biozzi ABH

mice. Compared to aged-matched controls in which myelin integrity is

intact and in which few if any Iba-11 cells are present (A), in SP-EAE

demyelination is demarcated by the loss of PLP associated with highly

immunereactive Iba-11 microglia/macrophages (B). In white matter,

SMI32 depicting damaged axons is prominent in regions of highly

reactive Iba-11 cells (C). In addition to Iba-1 positive cells in the white

matter, large infiltrates are also observed in gray matter in close asso-

ciation with motor neurons (D). Like MS, clusters of activated micro-

glia are observed in normal appearing white matter in mice with SP-

EAE (E). In comparison to acute EAE in Biozzi ABH mice, a sparse

number of adaptive immune cells are observed during SP-EAE, and

when observed are generally restricted to the leptomeninges (F).
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found to be associated with marked dendritic and spine pathology.
Additional important histopathological characteristics of MS that
are not adequately replicated in EAE include the inflammatory
white matter demyelination of the forebrain, diffuse NAWM
pathology and gray matter demyelination (21, 115). In summary,
although MS is a uniquely human disease, many pathological fea-
tures can be induced in EAE models and thus be studied. Of note,
EAE is a heterogeneous group of models and each of the various
subtypes might be well suited or not for a particular scientific
question.

The cuprizone model

Another model to study demyelination and related pathological
changes in MS is the cuprizone model (52, 66, 110). Several impor-
tant differences exist between the EAE and the cuprizone model.
Maybe most importantly, in contrast to EAE T-cells are not rele-
vant for cuprizone-induced demyelination. This is best documented
by the finding that RAG-deficient mice are fully susceptible to
cuprizone-induced demyelination and oligodendrocyte pathology
(58). Furthermore, breakdown of the blood–brain barrier, a

hallmark of MS and EAE, is not a characteristic feature of the
cuprizone model (5). Although the exact mode of action of
cuprizone-intoxication is not well understood, it is believed that the
copper-chelation action of cuprizone inhibits mitochondrial
enzymes of the respiratory chain which require copper as co-factor.
This leads to oxidative stress (36) and in consequence to primary
oligodendrocyte apoptosis which is closely followed by microglia
and astrocyte activation (see Figure 4A). The first signs of oligo-
dendrocyte apoptosis can be seen as early as two days after initia-
tion of the cuprizone-diet, paralleled by a massive reduction of
oligodendrocyte-specific mRNA species (18). Demyelination is
complete after 4–5 weeks cuprizone intoxication, paralleled by
massive microgliosis, astrocytosis and axonal damage (see Figure
4B). Of note, robust endogenous remyelination occurs if the
cuprizone-intoxication is ceased, and the animals are provided nor-
mal chow. Due to this endogenous repair process, the cuprizone
model is frequently used to study mechanisms operant during
remyelination (72, 119, 121). There are several similarities between
cuprizone-induced pathology and histopathological alterations as
described in post-mortem MS material. For example, the density of
mitochondria within demyelinated axons is increased in both,

Figure 4. (A) Histopathological characteristics of early (1 week

treatment) cuprizone-induced lesions. While the myelination appears

still normal in an anti-PLP stain, microglia activation and oligodendro-

cyte apoptosis is clearly evident. Left column control, right column 1

week cuprizone-intoxication. (B) The diffuse pathology after prolonged

(5 weeks treatment) cuprizone intoxication is illustrated. Besides the

midline of the corpus callosum, the cortex, hippocampus and diverse

subcortical areas are affected. Demyelination is paralleled by intense

microglia (Iba1) and astrocyte (GFAP) activation. Furthermore, acute

axonal damage can be seen in brain sections processed for amyloid

precursor protein (APP)-immunohistochemistry. APP is a membrane-

spanning glycoprotein which is transported from neuron cell bodies to

axon terminals by fast anterograde axonal transport. In healthy axons,

APP is below the immunohistochemical detection limit. Under patho-

logical conditions, for example cytoskeletal disruption, anterograde

axonal transport is disturbed and APP accumulates as ovoid spheroids

(70). Accumulation of such axonal spheroids can be directly demon-

strated by electron microscopy. In yellow, the intact part of the axon

is highlighted, red shows the axonal spheroid. Blue shows severe axo-

nal enlargement.
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active MS lesions (138), and cuprizone-induced white matter
lesions (102). Besides, dying-back oligodendrogliopathy, which
manifests primarily at the most distal processes of the oligodendro-
cyte, has been described in MS (114) and the cuprizone model
(80). Finally, the presence of active caspase-3 expressing, pre-
apoptotic oligodendrocytes during lesions formation has been
reported in MS (111) and cuprizone-induced demyelination (18).
Thus, understanding mechanisms operant during cuprizone-
induced oligodendrocyte loss and subsequent demyelination might
help to understand what happens in the CNS of MS patients.

Brain intrinsic degeneration as trigger of
inflammatory lesion development

In recent years, the MS community gained interest in the under-
lying mechanisms of cuprizone-induced pathology. Presumably,
this is due to major clinical and histopathological advances of
the last decade, which shaped our understanding of MS pathol-
ogy. While in the year 2000 there were 116 reports on cuprizone
listed in pubmed, ten years later, this number has increased to
269. Today (August 2016) 543 publications are listed in the
pubmed database which either used the cuprizone model as an
experimental tool (mainly as remyelination model), or investi-
gated the mode of action underlying cuprizone-induced pathol-
ogy. As already stated above, histopathological hallmarks after
short-term cuprizone intoxication are oligodendrocyte apoptosis,
normal appearing myelin on the histological level and focal
microglia activation without T-cell infiltration. Such histopatho-
logical characteristics have been described during early MS
lesion formation by the Prineas lab (57). In their study, twenty-
six active lesions from 11 patients with early MS were histopa-
thologically characterized. They observed extensive oligoden-
drocyte apoptosis and microglial activation associated with few
lymphocytes and phagocytes in regions of myelin preservation.
This was followed by the disappearance of oligodendrocytes and
the presence of intramyelinic edema with tissue vacuolation.
Finally, the myelin sheaths were fragmented and phagocytosed
by macrophages in the presence of infiltrating T-cells. Although
it was speculated that the case(s) described by Barnett and Pri-
neas may have been neuromyelitis optica rather than MS (17) ,
there is clear evidence from other studies, conducted in other
laboratories, showing that demyelination (either as new lesion of
at the rim of established lesions) in MS can start with initial oli-
godendrocyte degeneration with concomitant microglia activa-
tion. The nomenclature of this phenomenon is unfortunately
rather heterogeneous including the terms “preactive” lesions
(132), slowly expanding lesions (14), smoldering lesions (45) or
prephagocytic areas (73). Although these lesions have different
pathological characteristics, all these terms describe white matter
prone to demyelination eventually with signs of oligodendrocyte
degeneration and microglia activation. The predominance of T-
cells, in contrast, is not a characteristic feature of such areas. By
some authors it was even speculated that MS relapses are pri-
marily caused by metabolic changes influencing glial and/or
neuronal function that secondary lead to a breakdown in the
blood–brain barrier integrity and consequently peripheral
immune cell recruitment (23, 122).

An important question thus is: Can brain intrinsic, degenerative
events in the CNS trigger peripheral immune cell recruitment

(122). To answer this question, the cuprizone model has proven to
be extremely helpful. In a recently published work, our group dem-
onstrated that primary oligodendrocyte stress can act as a potent
trigger for peripheral immune cell recruitment into the brain (115).
In this study, mice were fed cuprizone for 3 weeks, followed by a
period of 2 weeks on normal chow to induce primary oligodendro-
cyte apoptosis, followed by the formation of degenerative forebrain
lesions. Subsequent immunization with MOG35–55, which induces
myelin autoreactive T-cells in peripheral lymphoid organs, resulted
in massive immune cell recruitment into the mouse cerebrum. On
the histopathological level, such infiltrates were characterized by
destruction of the perivascular glia limitans, monocyte and lympho-
cyte extravasation as well as demyelination (see Figure 5). In line
with reports from other groups (11, 13), these results clearly illus-
trate the significance of brain-intrinsic degenerative cascades for
immune cell recruitment and MS lesion formation. Since activated
immune cells show enhanced migration into the brain parenchyma,
one might speculate that two triggers have to occur simultaneously
during the formation of new inflammatory lesions: intracerebral oli-
godendrocyte/myelin damage and peripheral immune activation.
Additional studies have now to address the signaling cascades and
mechanistic processes that form the top-down communication
between the affected brain area, neurovascular unit and peripheral
immune cells. Furthermore, additional studies have to investigate
whether, and if so, under which conditions oligodendrocyte degen-
eration is sufficient to trigger an adaptive autoimmune response
against myelin (126).

Diffuse white matter injury in the
cuprizone model

To what extent brain intrinsic degenerative changes are at the root
of MS lesion formation has to be investigated more in detail in the
future. However, without a doubt diffuse white and gray matter
pathology is an important pathological event in MS. Since the pres-
ence of T-cells is less prominent in these diffusely damaged areas,
but rather oligodendrocyte pathology and microglia activation can
be found, the cuprizone model appears to be a valuable tool to
study such processes. First, there is diffuse demyelination in the
cuprizone model. We and others have shown that cuprizone pro-
vokes demyelination in several brain regions among the hippocam-
pus (99), cerebellum (51), caudate putamen, corpus callosum (1)
and ventral part of the caudate nucleus (109). Interestingly, distinct
gray matter sub-regions in the cortex (120), within the hippocam-
pus, and the striatal complex are also affected. In a recent study,
our group was able to show that microglia activation is less intense
in demyelinated gray compared to white matter areas. Myelin
debris might play a critical role in this context, not just in the cupri-
zone model but as well in human gray matter lesions (28). A sec-
ond reason why the cuprizone model is a valuable tool to study
diffuse tissue damage in MS is the fact that even after prolonged
cuprizone exposure there are white matter areas, such as the hippo-
campal fimbria region, parts of the corpus callosum or the anterior
commissure, that are not demyelinated but rather present classical
abnormalities of the NAWM (ie, minor myelin deficits, microglia
activation and oligodendrocyte stress) (50, 67). Why some regions
display overt demyelination in the cuprizone model, whereas others
do not is currently not known, however it allows us to study
NAWM pathology.
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The signature and magnitude of diffuse
neurodegeneration in the cuprizone model
needs further studies

Another critical question is whether diffuse neurodegeneration can
be observed in the cuprizone model. The answer is yes, although

systematic studies having addressed this important aspect are rare.
First, it has been shown by many groups that axonal damage can
be observed in demyelinated white matter areas such as the corpus
callosum (61, 121). In an elegant study Bruce Trapp’s lab was able
to show that disturbed mitochondrial mobility within demyelinated

Figure 5. Distribution and characteristics of inflammatory forebrain

lesions in the Cup/EAE model is shown (115). Infiltrates were found

widespread within the forebrain, including the cortex, corpus callosum

and subcortical regions (upper-left part). Anti-GFAP stains show the

breakdown of the glia limitans perivascularis. Anti-CD3 stains

demonstrate that a significant number of perivascular cells are lym-

phocytes. Double staining for GFAP and the water channel protein

AQP4 (aquaporin-4) clearly demonstrate functional impairment of

astrocytes around such inflammatory lesions.
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axons is involved in axonal degeneration in this model (102). Inter-
estingly, results of a recent study clearly show that even after com-
pleted remyelination, axonal degeneration continues to progress at
a low level leading to substantial clinical deficits (85). Second,
Hamada and Kole were able to show that apical dendrites of corti-
cal pyramidal cells are shorter after cuprizone-intoxication (53).
Besides, when comparing cuprizone-treated groups to control, it
was found that chronic demyelination induced an increase in num-
ber of dendritic branches. In the same study, the authors also
showed axon initial segment pathology, the axonal domain respon-
sible for action potential initiation. Of note, axon initial segment
pathology was as well demonstrated in the non-inflammed cortex
of EAE-induced mice (27), strongly suggesting that such changes
are not directly related to autoimmune-driven, focal inflammation.
Third, it has been shown that glutamate-signaling is altered in the
brains of cuprizone-treated animals (123). To sum up, although
there is good evidence that neurodegeneration occurs in the cupri-
zone model, gold standard methods such as design-based stereol-
ogy, dendritic spine imaging or serial block-face scanning electron
microscopy should be applied in the future to give a precise picture
about the magnitude and kinetic of cuprizone-induced neuronal
pathology. Some of these studies are currently performed in our
laboratory.

SUMMARY

It was our aim to present a brief overview about preclinical models
available to study MS pathology, and to develop new therapeutic
options. One of the most frequently applied MS animal models is
EAE, and from the various EAE protocols, MOG35–55-induced dis-
ease in C57BL6 mice is in many laboratories the first method of
choice. As of this day (August 2016), 1015 publications are listed
in the pubmed database using MOG35–55-induced EAE whereas
just 54 reports are listed when entering the search key “Biozzi
AND EAE.” Despite its heavy use it is however questionable to
what extent the C57BL6 model will prove helpful for the develop-
ment of novel therapeutic strategies for progressive MS. In our
opinion, other animal models should be taken into account, and
some of them have been listed herein. Disease progression is not a
feature of MOG35–55 (136) nor is it characteristic of PLP139–151-
induced EAE (139) and as such might, thus, be best studied in the
Biozzi ABH EAE model. Another option is to use MOG-induced
EAE in the non-obese diabetic (NOD) mouse strain (8, 34, 88),
where continuous progression has been reported after the initial
inflammatory attack. Disease progression can as well be studied in
the cuprizone model, although this is less well appreciated by the
community. As pointed out elsewhere one hallmark of the cupri-
zone model is spontaneous remyelination after experimentally
induced acute demyelination. This is paralleled by an impaired
motor performance and, during remyelination, functional recovery
(75, 85). However, long after remyelination is completed (approxi-
mately 6 months after the last demyelinating episode), locomotor
performance again declines in remyelinated animals as compared
to age-matched controls. This functional decline is accompanied by
brain atrophy and callosal axonal loss. Furthermore, the number of
acutely damaged axons is still significantly elevated in long-term
remyelinated animals as compared to age-matched controls (66,
85). To conclude, diffuse pathology is as well evident after

demyelination episodes in the cuprizone model, and neuroprotec-
tive compounds might be tested using this experimental paradigm.

Not in extenso discussed in this review article are EAE models
in which myelin damage is augmented with antibodies directed to
CNS components, nor was the relevance of B-cells discussed (9).
Although MS is still dominated by concepts of myelin reactive
autoaggressive T-cells, analogy to murine EAE models, and a
belief that CNS immunoglobulins, including oligoclonal bands,
represent meaningless, nonsense antibodies, the effectiveness of B-
cell depletion therapy (such as rituximab) clearly points toward an
important function of antibodies and/or B-cells in MS pathogenesis
(56). Of note, B-cells are extremely diverse members of the uni-
verse of adaptive immunity, and have numerous effector functions
independent of their differentiation from antibody-secreting plasma
cells. In this context it is important to mention that peptide immuni-
zation models are B-cell independent because the B-cell receptor
that binds mostly conformational rather than short linear epitopes is
not involved in antigen capture.

Another aim of this review article was to highlight the signifi-
cance of the cuprizone model to understand pathological processes
operant in MS. If we understand which factors link oligodendrocyte
degeneration, microglia activation and neurodegeneration, we may
well get an insight into cellular and molecular processes of NAWM
and gray matter pathology in MS. For example, it has been shown
that the chemokine CXCL10, but not CCL2 or CCL3, actively par-
ticipates in the initiation of early microglial activation in the cupri-
zone model (29). Just as EAE, the cuprizone model can be used to
identify pathogenic mechanisms and therapeutics. For example, it
has recently been shown that Laquinimod prevents cuprizone-
induced demyelination (16). Recent findings from the Phase III
study “ALLEGRO” indicate that Laquinimod has even more pro-
nounced effects on sustained disability progression as well as on
brain atrophy compared to its effect on inflammatory relapses. The
finding that cuprizone-induced oligodendrocyte damage is amelio-
rated by Laquinimod, and that brain-intrinsic degenerative cascades
can trigger the formation of new inflammatory brain lesions raises
the question whether the observed anti-inflammatory effects of
Laquinimod are secondary due to amelioration of diffuse white
matter pathology.

As announced at the very beginning of this review article, we
briefly would like to discuss how these models can be improved to
reflect emerging knowledge of MS pathology. There is clinical evi-
dence that the clinical course of MS is age related, and age is a
good predictor for entering the secondary progressive disease stage.
Moreover, while in patients younger than 30 years of age, the dis-
ease typically begins as RRMS, in patients greater than 40 years of
age, the disease often begins as PPMS. In contrast, most experi-
mental studies use young animals to reveal underlying mechanisms
of neurodegeneration in MS. There is clear evidence that regenera-
tive processes decrease with age (94, 118) strongly indicating that
experiments performed in aged animals will reveal new findings
which will help to understand underlying mechanisms of neurode-
generation is SPMS and, eventually, PPMS. Furthermore, parame-
ters used in clinical studies to measure neurodegeneration (eg, brain
or cortical atrophy) should be implemented in preclinical studies to
allow a better understanding what the radiological parameters
mean. The first studies covering this area have already been pub-
lished (63, 118) and certainly more of them will follow in the
future.
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