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1 THE COMPLEX BIOLOGY 
OF MULTIPLE SCLEROSIS

The development of animal models of human dis-
eases has, in general, two main functions. The first func-
tion is to generate a greater level of understanding of the 
basic biology of the disease and the second is to use the 
models to guide the development of new therapeutic ap-
proaches for treatment of the disease. Research into mul-
tiple sclerosis (MS) and other demyelinating diseases of 
the central nervous system (CNS) has followed this path 
closely over the last 60 years since the first description of 
an animal model of MS (Rivers et al., 1933). Unfortunate-

ly, like many other disease conditions our understanding 
of the underlying biology of MS has remained quite lim-
ited and as a consequence the design of accurate animal 
models has been challenging and the most frequently 
utilized models have provided limited insights and ef-
fective therapeutics (Furlan et al., 2009).

MS was first described in the 1800s as a malaise that 
resulted in increasing functional disability. With the ad-
vent of histological techniques it became clear that MS 
was a disease of the CNS that affected regions of the 
brain and spinal cord. Until quite recently MS was con-
ceived as a white matter disease, largely as a result of 
the detection of multiple focal areas of demyelination 
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known as plaques in CNS white matter tracks. This con-
cept is changing with an increasing realization that there 
are also frequent areas of damage in gray matter sug-
gesting that MS is not simply a disease of white matter 
(Grothe et al., 2016). The pathology of MS plaques or le-
sions is characterized by areas of demyelination that of-
ten contain a blood vessel at their core and show damage 
to the myelin sheaths that insulate CNS axons, as well as 
the formation of an astrocytic response or gliosis contrib-
uting to scar formation (Fawcett and Asher, 1999).

The vertebrate CNS contains three major classes of 
neural cells, Neurons the cells that are electrically active 
and transmit information throughout the brain and spi-
nal cord extremely rapidly and with a high level of fidel-
ity (Fig. 37.1). Different subpopulations of neurons arise 

from distinct regions of the CNS and their characteristics 
such as neurotransmitter phenotype, morphology and 
connectivity reflect the interplay of both intrinsic factors 
and the environment in which the cells develop (erik-
ksson et al., 1998; Nornes and Das, 1974). The second 
major class of neural cells is astrocytes (eng, 1985; Hi-
rano and Goldman, 1988; Miller and Raff, 1984; Mont-
gomery, 1994). These cells, which constitute a heterog-
enous population of cells, are probably as numerous 
in the CNS as neurons and perform multiple functions 
that support both the development and maintenance of 
the brain and spinal cord (eng, 1985; Hirano and Gold-
man, 1988; Miller and Raff, 1984; Montgomery, 1994; 
eng and Ghirnikar, 1994). For example, during devel-
opment radially oriented astrocytes or their precursors 

FIGURE 37.1 Organization of the myelinated axons in the vertebrate CNS. Myelination, the fatty insulation surrounding axons in the 
central and peripheral nervous system, facilitates rapid conduction of electrical signals. (A) Neurons are polarized cells that as a general rule 
receive information onto their dendrites that is processed through the cell body and transmitted to their target along their axons. While most 
neurons have multiple dendrites they have only a single axon, which is wrapped in myelin. The myelin sheath is composed of spiral wraps of 
plasma membrane organized into internodes separated by Nodes of Ranvier where the axonal surface is exposed. (B) During the transmission of 
an action potential along an axon the presence of myelin enhances the velocity of transmission since the signal “jumps” from node to node (see top 
to bottom). The threshold activity required to fire an action potential is also reduced because the extent of the exposed axon membrane is reduced 
and the ion channels are more concentrated. During the firing of the action potential sodium flows into the axons resulting in depolarization and 
the resting potential is subsequently restored through outward transport of potassium channels. (C) Myelin in the CNS is synthesized by oligo-
dendrocytes. one oligodendrocyte can myelinate multiple internodes on multiple different axons. As a result, loss of a relatively small number of 
oligodendrocytes can have a significant effect on the functioning of multiple axons.
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are important as guides for the migration of neuronal 
cell bodies from their germinal zones to their final des-
tination (Rakic, 1971, 1972). likewise, astrocytes act as 
identifiable substrates for the growth of axons toward 
their appropriate targets (Smith et al., 1986). in the adult 
CNS, astrocytes play multiple supportive roles includ-
ing removal of excess neurotransmitters, maintenance 
of the ionic environment of the CNS and stabilization of 
the blood–brain barrier (eng and Ghirnikar, 1994) and 
potentially promoting regeneration (Miller, 2006). one 
relatively poorly understood function of astrocytes is 
the generation of a glial scar in response to CNS injuries 
(Fitch et al., 1999; Fitch and Silver, 2008; Silver and Mill-
er, 2004). For example, penetrating insults to the brain 
and spinal cord result in breakdown of the blood brain 
barrier and provoke hypertrophy and proliferation of 
astrocytes in the vicinity of the insult (Fitch et al., 1999; 
Fitch and Silver, 2008; Silver and Miller, 2004). This re-
sults in a dense glial scar or gliosis comprised of astro-
cyte processes and extracellular matrix that is thought 
to inhibit axonal regeneration (Fitch et al., 1999; Fitch 
and Silver, 2008; Silver and Miller, 2004). A similar ro-
bust glial scar is formed around chronic demyelinating 
lesions in the absence of a penetrating insult and by anal-
ogy has been suggested to block myelin repair (Fuller 
et al., 2007). The third major class of neural cells in the 
adult CNS is oligodendrocytes (Miller, 2002) (Fig. 37.1). 
These cells are derived from progenitors that arise in 
distinct regions of the CNS and subsequently disperse 
throughout the CNS (Miller, 2002; ono et al., 1997; Prin-
gle and Richardson, 1993; Rowitch, 2004). oligodendro-
cytes are the primary source of myelin in the adult CNS 

(Bunge et al., 1962; Bunge, 1968; Miller, 2002; Raine, 1977). 
Myelin is a specialized plasma membrane that wraps ax-
ons and forms a fatty insulation that promotes the rap-
id conduction of electrical impulses (Raine, 1977). one 
primary function of myelin is to provide insulation and 
protection to axons within the CNS (Morell et al., 1990) 
and it is composed of multiple layers of modified plasma 
membrane that acts to increase the conduction velocity 
of action potential along the axon as well as reduce the 
threshold for firing axonal action potentials. The bases of 
this improved conductivity are the nature of the myelin 
sheath (Fig. 37.1). Myelin sheaths are discontinuous, and 
the space between adjacent myelin segments is known 
as the Node of Ranvier. The Node of Ranvier is a highly 
specialized region comprised of a wide range of unique 
proteins in both the oligodendrocytes and the axonal 
membrane including high concentrations of ion chan-
nels that are essential for conduction of electrical impuls-
es. This structure is particularly sensitive to damage and 
disruption of the node results in perturbation of axonal 
conduction (Fig. 37.2). The composition of the intermo-
dal myelin has been extensively studies. The develop-
ment of biochemical isolation procedures (larocca and 
Norton, 2007; Norton and Poduslo, 1973) identified a 
number of myelin specific proteins including myelin ba-
sic protein that constitutes more than 50% of the myelin 
sheath, proteolipid protein (PlP) a second major com-
ponent of CNS myelin and other smaller components 
such as myelin—associated glycoprotein (MAG), myelin 
oligodendrocyte protein (MoG), myelin-associated oli-
godendrocyte basic protein (MoBP) and 2′3′ cyclic nu-
cleotide 3′phosphdiesterase (CNP) (Campagnoni, 1988). 

FIGURE 37.2 Demyelination results in a loss of functional conduction and may result in axonal damage and synapse loss. Under normal 
conditions the axon is myelinated along the majority of its length and information flows from one neuronal cell body to the other through action 
potentials and synapses between the myelinated axon and its target dendrites. As a result of demyelination the myelin covering is destroyed, 
conduction along the axon is compromised and synaptic connections are lost.
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The precise roles for each of these myelin components is 
unclear although animals with mutations in MBP, such 
as shiverer fail to form compact myelin in the CNS and 
are not viable (Nave, 1995) while animals lacking PlP 
appear to develop normally but acquire an axonal pa-
thology later in life (Griffiths et al., 1998; Rosenbluth 
et al., 2006).

Pathological studies provide strong support for the 
involvement of neuronal damage in disease progression 
in MS. For example, considerable axonal loss is observed 
in areas of demyelination (Trapp et al., 1998) and in some 
chronic MS patients there is clear brain atrophy as a result 
of large-scale loss of neuronal cell bodies and axons (Ge 
et al., 2000; Moore, 1998; Waxman, 1998). The evidence 
for the role of astrocytes in the pathogenesis of MS is less 
clear. in regions of demyelination astrocytes undergo a 
reactive responses that results in an increase in the ex-
pression of glial fibrillary acidic protein (GFAP) contain-
ing intermediate filaments (Fuller et al., 2007). Whether 
this represents a protective or pathogenic event is cur-
rently unclear (Sofroniew, 2005). The blood brain barrier 
appears to be a critical entity in the formation of demye-
linating lesion in MS and astrocytes have been proposed 
to play an important role in the maintenance of the blood 
brain barrier in the adult CNS (Janzer and Raff, 1987). 

While there is no conclusive evidence to demonstrate 
that compromising the integrity of the blood brain bar-
rier leads directly to localized demyelination, a disease 
variant of MS that preferentially targets the optic nerve 
known as neuromyelitis opticus (NMo) is thought to 
result from immune mediated attack on astrocytes and 
opening of the blood–brain barrier. The evidence for the 
engagement of oligodendrocytes in the development of 
MS is strong. First, MS is characterized primarily as a 
demyelinating disease and since oligodendrocytes are 
the predominant myelinating cells of the CNS they have 
long been considered to be the potential target of the dis-
ease process (Kerlero et al., 1993; Waxman, 1982).

Currently, it is clear that MS is a complex disease 
(Moore, 1998; Joy, 2001; lassmann et al., 2001; lublin and 
Reingold, 1996; lucchinetti et al., 2000; Poser et al., 1983) 
and MS may in fact reflect a number of distinct but relate 
diseases all of which share some common characteristics. 
This diversity of disease is evident in both the presenta-
tion of the disease and its pathogenesis (Joy, 2001; lublin 
and Reingold, 1996; lucchinetti et al., 2000; Moore, 1998; 
Poser et al., 1983). in many cases, MS initially presents as 
a relapsing remitting disease that frequently progresses 
over time to a more chronic secondary progressive dis-
ease (Fig. 37.3). in a distinct subset of patient the disease 

FIGURE 37.3 Comparison of the progression of disease in the different types of Multiple Sclerosis (MS) and the different models of EAE. 
Multiple sclerosis (MS) manifests as several different patterns of functional deficits. Relapsing remitting disease is the most common and often 
develops into secondary progressive MS. Different stages of MS are functionally mimicked by the animal model eAe. (A) There are general pat-
terns of progression of functional deficits in MS. early in the disease it manifests as a relapsing-remitting disease in which intervals of functional 
deficit (relapses) are interspersed with recovery (remission). As disease progresses there is frequently a cumulative functional impairment with 
each relapse. in a subset of MS patients primary progressive MS results in increasing functional deficit without intervals of remission. Finally, 
after an extended period of relapsing remitting disease, with or without increasing functional impairment the disease progresses to a secondary 
progressive pattern. (B) Variations of the eAe model mimic some aspects of disease progression in MS. For example, PlP immunization of SJl 
mice results in a relapsing remitting disease. The level of functional impairment in eAe animals is scored on the 1–5 scale outlined.
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presents as progressive functional impairment from its 
initial identification known as primary progressive MS 
(Fig. 37.3), while in other cases the rounds of relapsing–
remitting disease slowly accumulate increasing func-
tional impairment (Fig. 37.3).

The diagnosis of MS is relatively complicated (Poser 
et al., 1983). Currently there is no definitive biomarker 
that is specific to MS and as a result a diagnosis is depen-
dent on a number of factors rather than a single diagnos-
tic test. Pathological studies demonstrate that regardless 
of the specifics of presentation virtually all types of MS 
show white matter regions of demyelination, axonal loss, 
and gliosis. in the clinic MS is diagnosed through a com-
bination of approaches that includes medical history and 
clinical examination, as well as imaging and biochemi-
cal assessments including both MRi and CSF oligoclonal 
analyses [reviewed in (Joy, 2001)]. Because the disease is 
frequently intermittent and has a variable presentation 
unambiguous diagnosis is often complex. in general, 
a diagnosis of MS requires clinical evidence of at least 
two white matter lesions on at least two independent oc-
casions (lublin and Reingold, 1996; Poser et al., 1983). 
Such a definition does not include progressive MS, how-
ever, the inclusion of MRi analyses is an important aid 
in the diagnosis. evidence of neuropathological changes 
can be detected by MRi in the majority of MS patients 
although the precise nature of the pathological changes 
and the specificity for MS is poorly defined since other 
neuropathological conditions, such as myelopathy can 
also generate MRi images similar to that seen in with 
MS. Since demyelination will lead to a slowing or block-
ade of axonal conduction (Waxman, 1982) some clinical 
studies have used measurement of axonal conduction 
through analysis of evoked potentials to assess the level 
of CNS demyelination although their use has declined in 
recent years.

Despite intense research efforts the initial stimuli for 
the onset of MS remains unclear. one hypothesis that has 
received significant attention is that the trigger for MS 
is a response to a prior infection or other environmental 
signal (Correale and Gaitan, 2015). This notion is sup-
ported by the findings that MS patients have elevated 
immunological responses to a variety of pathogens, and 
may account for some aspects of the epidemiology of 
MS (Kastrukoff, 1998). The chronic nature of MS and the 
likelihood that the disease has been ongoing for an ex-
tended interval prior to becoming symptomatic makes it 
extremely difficult to isolate the initial pathogenic signal. 
A wide range of pathogens have, however, been linked to 
the onset of MS and these include such diverse entities as 
spirochetes, Chlamydia and a range of viruses (Joy, 2001). 
While it may be that multiple pathogens can initiate the 
disease, or some specific variant of the disease, or that 
the identification of putative pathogens is non causative 
it seems likely that the role of the pathogenic insult may 

be to enhance susceptibility rather than overtly induce 
disease. The evidence for a viral link in MS is perhaps 
the strongest for any pathogen (Das Sarma, 2010; Kaka-
lacheva et al., 2011) and a number of different viruses 
have been implicated including epstein–Barr, human 
herpes virus 6 and human endogenous retroviruses (Das 
Sarma, 2010; Kakalacheva et al., 2011; Tselis, 2011). Pre-
cisely how the viral infection triggers the onset of MS has 
not been clarified, but it may reflect the initial stimula-
tion of immune responses to viral antigens or the induc-
tion of cell death in oligodendrocytes as a result of viral 
infection.

one aspect of MS that has received extensive inter-
rogation is its genetic linkage (oksenberg et al., 1996). 
Several general themes have emerged from these stud-
ies. First it is clear that MS is not caused by a gain or loss 
of function of an individual gene. Rather it appears to 
be linked to a wide range of genetic associations (laz-
zarini, 2004). Several genome wide association studies 
(GWAS) have identified genes in the major histocom-
patability locus (MHC) as being associated with MS. in 
particular it has been proposed that MHC class 11 mol-
ecules, such as HlA-DR and HlA-DQ alleles represent 
risk factors for the disease. Several excellent reviews 
have been recently written on the genetic linkage of MS 
and the details will not be discussed further in this re-
view (Baranzini and Nickles, 2012; Gourraud et al., 2012; 
Mcelroy and oksenberg, 2011). it is perhaps not surpris-
ing that there would be a detectable linkage to genes that 
modulate the immune system in MS given the immu-
nological nature of the disease. What is less clear from 
these studies is the mechanisms by which these genetic 
changes enhance MS susceptibility. one possibility is 
that changes in MHC molecules enhance the susceptibil-
ity of individuals to mount an autoimmune response fol-
lowing a subacute challenge from an unrelated antigen.

The heterogeneity of MS represents a significant chal-
lenge in developing effective animal models that accu-
rately mimic the disease and this has led to the genera-
tion of a number of different models each of which share 
some specific characteristics with a component of the 
disease (Didonna, 2016). The most long-standing and 
best-studied models of MS are those that utilize selec-
tive stimulation of the peripheral immune system as the 
major driver of CNS pathogenesis.

2 IMMUNOLOGICAL MODELS 
FOR CNS DEMYELINATION

one of the characteristics of MS discussed above is the 
engagement of the immune system. Much of the experi-
mental evidence for a role for the immune system in the 
pathogenesis comes from animal models that are collec-
tively known as experimental allergic encephalitis (eAe) 
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(Gold et al., 2006; Mix et al., 2010; Teixeira et al., 2005). 
in general eAe is an inflammation/demyelinating dis-
ease that is induced in host animals through the injec-
tion or immunization of the animal with CNS tissue 
(Krishnamoorthy and Wekerle, 2009). like MS the pre-
sentation of eAe is characterized by functional deficits 
that are correlated with immune cell infiltration into the 
brain and spinal cord. The extent of functional deficits is 
classified on a scale of 1–5 in which 1 represents a flaccid 
tail, 2 represents hind limb weakness, 3 represents seri-
ous hindlimb weakness, 4 represents forelimb engage-
ment and hind limb paralysis and 5 represents death 
(Fig. 37.3). in most studies the degree of severity is ad-
justed to between 2.5 and 3.5 that allows for clear deter-
mination of increased functional severity or functional 
recovery.

The utilization of eAe in the study of MS has a long 
history. The early studies followed the observation that 
inoculation of rabies infected rabbit CNS tissue into ra-
bies patients induced functional deficits and subsequent-
ly involved the injection of spinal cord homogenates de-
rived from human or sheep into rabbits (Stuart, 1928). 
These treatments resulted in hind limb paralysis and 
other functional deficits. The initial demonstration of 
eAe in the primate resulted from immunization of mon-
keys with spinal cord homogenate derived from rabbit 
CNS (Rivers et al., 1933). These studies were among the 
earliest to reveal that the functional deficits were corre-
lated with the pathological accumulation of cells around 
blood vessels of the brain and spinal cord. Such obser-
vations prompted the adoption of the term acute dis-
seminated encephalomyelitis. The term experimental al-
lergic encephalomyelitis was subsequently adopted for 
multiple variants of this experimental approach. early 
studies were somewhat limited since the severity of the 
disease and even the adoption of pathological conditions 
was highly variable following injection of spinal cord 
homogenates. The recognition that eAe had an under-
lying immunological basis provoked modifications in 
the experimental protocol to more effectively stimulate 
the immune system. This was accomplished both by the 
use of an immune stimulant such as complete Freund’s 
adjuvant (CFA) ultimately combined with pertussis 
toxin (Munoz et al., 1984). Remarkably, this protocol has 
changed very little and the majority of modern day eAe 
experiments still use a combination of CNS derived ma-
terial delivered in combination with CFA and followed 
by pertussis toxin.

Although early studies identified important compo-
nents of the biology of eAe they continued to be chal-
lenging due to variability between animals and indi-
vidual studies. Much early work utilized either guinea 
pig (Freund et al., 1947) or monkey (Kabat et al., 1947) 
as the host animal and in efforts to generate more repro-
ducible results investigators explored two avenues. in 

one case they reproduced the early studies in rats and 
subsequently mice (lipton and Freund, 1952; olitsky 
and Yager, 1949) in which the individual host variations 
could be minimized. Second, the relevant immunogenic 
peptides in the spinal cord and brain homogenates were 
identified. Perhaps not surprisingly given the demyelin-
ating nature of the model the initial antigenic proteins 
were predominantly myelin-associated proteins includ-
ing myelin basic protein (MBP), myelin-oligodendrocyte 
glycoprotein (MoG) and proteolipid protein (PlP) (Mix 
et al., 2010). Minor myelin components were also found 
to be capable of inducing disease when injected into na-
ïve animals suggesting that there was not a tightly re-
stricted repertoire of antigenic proteins that may stimu-
late an immune attack on the CNS, but rather that most 
myelin components could act as effective priming anti-
gens. Further refinement of the model resulted from the 
identification of specific peptides of myelin proteins that 
provoked a reproducible and consistent disease profile 
following immunization into genetically defined host 
populations. As a consequence, several major models 
of eAe have gained prevalence in the last two decades 
(Gold et al., 2006; Mix et al., 2010; Teixeira et al., 2005). 
Among these are the inductions of eAe in the SJL mouse 
genotype following immunization with the PlP 139–151 
peptide. This model generates a relapsing remitting dis-
ease that mimics some of the characteristics of relapsing 
remitting MS. A second commonly used model is that in-
duced in C57/Bl6 mice following immunization with the 
MoG peptide 35–55. This model generates a more chronic 
and progressive disease course that is often used to mod-
el later stages of MS. other models such as the induction 
of eAe in Pl/J mice following immunization with MBP 
or MoBP (Kaye et al., 2000) and immunization of Biozzi 
ABH mice with MoG protein (Amor et al., 2005) model 
selective aspects of MS.

The mechanisms of disease development in the mu-
rine models of eAe have been extensively studied and 
while like MS they are complex, some general concepts 
have emerged. one central feature is that in many of the 
models there is a primary role for T cells in the develop-
ment of the disease. The most compelling demonstration 
of the pathogenic properties of T cells in CNS demyelin-
ation was obtained using an adoptive transfer approach 
(Ben-Nun et al., 1981; Kojima et al., 1994, 1997). Using 
rats these investigators showed that T cells specific for 
an MBP antigen grown in vitro from immunized donor 
animals were capable of transferring disease to naïve 
hosts. These studies revealed that while transferred T 
cells alone were sufficient to induce CNS damage, they 
did not generate a persistent ongoing disease. Rather 
the functional deficits were transient, resolving within 
1–2 weeks after immunization and more importantly, the 
pathology generated was not characterized by extensive 
demyelination. These results suggest the pathology seen 
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in other models of eAe and in MS itself reflect multiple 
pathogenic processes in addition to T cell cytotoxicity. 
one likely candidate to contribute to the pathology of 
eAe and MS are B cells (Bielekova and Becker, 2010; Cross 
et al., 2001; Franciotta et al., 2008; Kerlero et al., 1993; 
Meier et al., 2012). B cells may play multiple roles in the 
formation of immune mediated pathology in the CNS 
(Cross et al., 2001). First, they may act as antigen present-
ing cells, facilitating the activation and expansion of T 
cell populations within the CNS, as well as enhancing the 
recruitment of other immune cells into the CNS (Fran-
ciotta et al., 2008; Hohlfeld et al., 2008). Perhaps more 
importantly, B cells act as a source of antibodies directed 
against myelin antigens. it has been suggested that some 
subsets of MS lesions are characterized by the expres-
sion of antimyelin antibodies and experimental studies 
implicate MoG as a potential target (Haase et al., 2001). 
The importance of understanding the roles of B cells in 
the development of pathology and functional deficits in 
eAe and MS has increased recently with the demonstra-
tion that the therapy Rituximab, which inhibits B cells 
(Bielekova and Becker, 2010; Hauser et al., 2008) appears 
to be highly effective in some MS patient populations. 
one area that has not received extensive attention until 
relatively recently is the role of the innate immune sys-
tem in the development of demyelinating pathologies. 
The activation of microglial cells and their role in myelin 
clearance has been proposed, and whether they also play 
a role in antigen presentation along with dendritic cells 
is currently not well established. it may be that depend-
ing on the stage of the disease the prevalent pathological 
mechanisms are different. For example, while relapsing 
remitting disease may be largely driven by influx from 
the peripheral adaptive immune system, progressive 
disease may be largely a consequence of the innate im-
mune system (Weiner, 2009).

The array of antigens capable of inducing CNS im-
mune responses is extensive and not limited to myelin 
components. Given that the disease is characterized by 
demyelination this is somewhat of a surprise. Antigens 
associated with axons such as the neurofilament triplet 
and node of Ranvier components such as Contactin/
TAG-1and the more ubiquitous S100 are also associated 
with eAe and MS (Charles et al., 2002). Whether these 
represent primary targets of the disease such that target-
ed attack on neurofilaments results in axonal damage, or 
whether they represent the result of damage to adjacent 
cells that is secondary to myelin sheath insults is current-
ly unclear. What seems likely, however, is that once the 
disease has been initiated the destruction of neural tissue 
that occurs results in a broadening of the pathological 
basis of the disease and more widespread damage and 
functional deficits.

The eAe models have a number of characteristics that 
are extremely useful for understanding the biology of 

MS and have been the subject of detailed and informa-
tive reviews (Gold et al., 2006; Mix et al., 2010). Among 
the major strengths include the variety of the models and 
fact that they utilize well-defined antigens in numerous 
well-developed transgenic animal systems. The engage-
ment of the immune system (lassmann et al., 1988), the 
diversity of genetic influences and the distinct patholo-
gies have facilitated the identification of well-defined 
cytokine/chemokine networks involved in T cell acti-
vation and trafficking as well clarification of the role of 
T cell subsets in regulating disease progression. These 
models have allowed major contributions to our under-
standing of the pathobiology of MS and currently serve 
as the primary tools with which to validate and identify 
new therapeutic approaches for the treatment of MS.

3 LOCAL INDUCTION OF 
DEMYELINATION FOLLOWING 

INJECTION OF MYELIN PEPTIDES

one limitation of the systemic eAe models discussed 
aforementioned is that like MS, the location and timing 
of lesions in the CNS is unpredictable. This makes these 
models difficult to use for directly correlating histologi-
cally the loss of myelin with the subsequent functional 
deficits in any particular axon tract. To address this is-
sue and to facilitate the development of new therapeutic 
approaches for demyelinating disease investigators have 
targeted demyelinating lesions to selected CNS regions 
(Merkler et al., 2006). To achieve targeted immune medi-
ated demyelination, one approach has been to sensitize 
host animals with subthreshold levels of encephalogenic 
peptides and subsequently deliver a local injection of a 
proinflammatory cytokine to stimulate local demyelin-
ation. For example, subcutaneous injection of recombi-
nant 1–125 MoG peptide into the lewis Rat in combination 
with incomplete Freund’s adjuvant results in a robust 
anti-MoG immune response that does not generate overt 
clinical symptoms (Kerschensteiner et al., 2004). After a 
period of approximately 20 days-localized injection of 
recombinant rat tumor necrosis factor alpha (TNFα) or 
interferon-gamma (iNF-γ) resulted in localized infiltra-
tion of immune cells that was associated with intense 
local demyelination and axonal damage. The extent of 
demyelination and the reaction to the injection of pro-
inflammatory cytokines was directly proportional to the 
level of initial immunization with the immunogenic pep-
tide suggesting that the level of sensitization is a major 
contributing factor to subsequent myelin loss. Due to the 
localized nature of the demyelinating lesion, more re-
fined functional studies could be undertaken. Such stud-
ies revealed a rapid functional deficit that presumably 
reflects the damage caused by the intense local immune 
response. This initial functional deficit was followed by 
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some degree of functional recovery, even though some 
structural damage to the targeted axon tract remained.

There are several attractive elements to the model of 
targeted immune mediated demyelination. These in-
clude the ability to assess the long term consequences of 
a localized immune response on functional outcome and 
the capability to develop novel therapies that may alle-
viate not only the initial immunological insult but also 
promote long-term functional recovery. Such a model, 
however, also has several weaknesses. This includes the 
very localized nature of the insult without the engage-
ment of surrounding tissue, such as may occur in MS. 
A more significant concern is the method of induction 
of the inflammatory stimuli. The local injection of cyto-
kines results in damage to the blood–brain barrier and 
the stimulation of a robust astroglial response. The com-
plication of the injection paradigm makes mechanistic 
interpretation of the outcome of these studies difficult.

Regardless of the exact details of the eAe models there 
are however a number of important differences between 
MS and the animal model eAe. Perhaps the most obvi-
ous is that MS is a spontaneous occurring disease within 
human populations while eAe is an induced pathology. 
By contrast, there are no known spontaneous occurring 
animal models of MS or eAe and the added complexity 
of provoking a strong immune response with unrelated 
antigens may have a significant effect on the ultimate 
mechanism of the disease and its natural history. As a 
consequence, therapies developed using the eAe mod-
els have not always proven as effective against ongoing 
MS as predicted.

4 DEVELOPMENT OF MS THERAPIES 
BASED ON MODELS OF IMMUNE 

MEDIATED DEMYELINATING DISEASES

The extensive history of research using eAe as a 
model for MS has resulted in the development of a range 
potential therapies’ for MS and other demyelinating 
diseases. Given the immunological basis of the model 
it is not surprising that the majority of these therapies 
have been oriented toward modulation of the immune 
response and specifically T cell mediated infiltration and 
activation in the CNS. While several of these therapies 
have been quite effective in modulating disease progres-
sion in eAe and in controlling MS relapses they have 
been less effective in promoting long term recovery 
in MS. examples of therapies that have been tested in 
animal models of eAe include Fingolimod otherwise 
known as FTY720 that is directed against the spingosine-
1-phosphate receptor and regulates T and B responses 
but also appears to directly stimulate remyelination in 
the CNS (Balatoni et al., 2007; Miron et al., 2010; Miron 
et al., 2008) and natalizumab that is directed toward 

adhesion molecules on lymphocytes and blocks the 
entrance of those cells in the parenchyma of the CNS 
(Rice et al., 2005; Rose et al., 2008). Such therapies, while 
modulating relapse activity, have generated unexpected 
side effects in the setting of clinical applications that 
have limited their utilization. The development of new 
therapeutic approaches that likely combine dampening 
of the immune response with stimulating endogenous 
myelin repair are likely to be more effective in promot-
ing long-term functional recovery. The development of 
such combinatorial therapies will be leveraged through 
the utilization of other animal models of disease.

5 VIRAL MEDIATED MODELS 
OF DEMYELINATION

Viral infections have been implicated in enhancing 
susceptibility to MS in a number of studies (Correale 
and Gaitan, 2015) and a number of effective viral mod-
els of demyelination have been developed in order to 
better understand the pathobiology of MS. Among the 
most commonly used for the induction of neurological 
diseases are mouse hepatitis virus (MHV) and Theiler’s 
murine encephalomyelitis virus (TMeV). There are a 
number of strengths to the viral demyelination models. 
These include the genetic linkages, the involvement of B 
cells as well as T cells, the ability to modulate the virus, 
and alter host responses. Compared to the immunologi-
cal models of MS, such as eAe the extent of demyelin-
ation is substantially greater and the functional deficits 
longer lasting providing a better opportunity to study 
the cellular and molecular mechanisms mediating my-
elin repair. The progression of TMeV induced disease is 
well established depending on the strain of the virus and 
the genetics of the host. in some combinations the dis-
ease is biphasic in which an early acute phase is followed 
by more chronic demyelinating disease that usually de-
velops a month or so after infection (Dal Canto and Rabi-
nowitz, 1982). The functional deficits are correlated with 
extensive demyelination in both the brain and spinal 
cord. The mechanisms underlying viral induced demy-
elination have been attributed to two primary pathways. 
in one case virally infected cells are lysed as a result of 
the infection and the lysis of oligodendrocytes leads to 
subsequent demyelination. in the second case the loss 
of oligodendrocytes and demyelination is a reflection of 
immune responses to virally infected cells. Several lines 
of evidence are consistent with a role for the immune 
system in viral demyelination. These include the finding 
that passive transfer of anti-TMeV antibody can enhance 
demyelination in the setting of eAe and demyelination 
can be stimulated by macrophages infected with TMeV 
(Tsunoda et al., 1996) and inhibited by macrophage 
depletion (Rossi et al., 1997). Similar general pathology 
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and underlying mechanisms have been suggested to 
mediate disease resulting from MHV infections (Wang 
et al., 1990). When immune compromised animals are 
infected with MHV little or no demyelination is seen, 
however if effective T and B cell functions are restored 
through transfer of immunocompetent cells then demy-
elination is seen (Wu et al., 2000). one additional com-
plexity is that the mechanism and extent of demyelin-
ation is dependent on both the strain of the virus and 
the genetics of the host animal since even in some MHV 
strains, demyelination does not appear to be indepen-
dent of stimulation of the immune system. To begin to 
clearly delineate the relative effects of immune stimula-
tion and oligodendrocyte death in the development of 
demyelinating diseases requires additional animal mod-
els that separate these two phenomena.

6 OLIGODENDROCYTE INDUCED CELL 
DEATH MODELS OF DEMYELINATION

While eAe has provided important insights into the 
potential role of the immune system in the onset and 
progression of demyelination in the vertebrate CNS, 
recent studies suggest that in some conditions the on-
set of T-cell-mediated inflammation reflects a response 
to primary CNS damage rather than an initiation of the 
original insult. Demyelination ultimately reflects dam-
age to oligodendrocytes, the cell responsible for CNS 
myelin formation. Whether in the complex setting of 
disease damage to oligodendrocytes is direct (locatelli 
et al., 2012) or indirect likely depends on the immedi-
ate pathological conditions. An alternative cellular target 
that may trigger oligodendrocyte damage and demye-
lination are the axons that are enwrapped in myelin. in-
deed, axonal damage is evident in many MS lesions even 
at early stages of the disease (Trapp et al., 1998), as well 
as in many of the animal models of immune mediated 
demyelination (Moreno et al., 2011; Soulika et al., 2009; 
Traka et al., 2010). Given the complexity of MS and its 
immune-based animal models, it remains unclear wheth-
er axonal degeneration follows myelin loss or whether 
demyelination is a consequence of axonal damage and 
degeneration. To distinguish between these possibilities, 
a new general approach involving the induction of pri-
mary oligodendrocyte death is being developed. in these 
models oligodendrocytes are being targeted by various 
means to assess whether the loss of oligodendrocytes 
results in demyelination, how effectively and rapidly 
remyelination occurs, and whether localized demyelin-
ation results in axonal damage. These studies, which 
compared to the immunological models discussed earli-
er, are in their infancy, have begun to provide interesting 
insights and potential model systems for the diversity of 
pathologies seen in MS. Here we focus on three distinct 

methodological approaches for selectively inducing cell 
death in oligodendrocytes in the adult vertebrate CNS.

6.1 Induction of Oligodendrocyte Cell Death 
Through the Cell Type Specific Expression of 
Diphtheria Toxin a (DT-α)

one approach to drive selective death of neural cells 
that has proven to be effective in the adult CNS involves 
the selective expression of a toxic molecule targeted to 
specific cell types (Pohl et al., 2011; Traka et al., 2010). For 
example, extensive loss of oligodendrocytes has been 
achieved through the targeted expression of the alpha 
subunit of the diphtheria toxin (DT-α). Diphtheria toxin 
(DT) in its natural state is composed of two subunits that 
have specific functions. While the beta subunit is essen-
tial for the entry of the toxin into the cell through interac-
tion with its appropriate receptors the alpha subunit is 
the cytotoxic component that acts intracellularly.

The cytotoxicity of DT-α is conferred through the in-
hibition of elongation factor 2 and the subsequent halt-
ing of protein translation that in turn results in cell death 
(Fig. 37.4). in the absence of its “β subunit DT is unable 
to penetrate cells, limiting the nonspecific induction of 
cell death in neighboring cells. Targeting the expression 
of the DT to oligodendrocytes is achieved using Cre/
loxP technology (Fig. 37.4). in this system on one al-
lele, the sequence corresponding to DT-α is knocked-in 
to the RoSA26 locus while upstream the sequences for 

FIGURE 37.4 Schematic showing the overall design for the genera-
tion of the DTA mouse. (A) Diagram of the mating scheme used to gen-
erate a Tamoxifin responsive DTA mouse. (B) Schematic representation 
of the functionality of the DTA mouse resulting leading to cell death.
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GFP, a Neo cassette, and a strong transcriptional SToP 
sequence are inserted. on another allele, a cell type spe-
cific promoter such as for the proteolipid protein (PlP), a 
major CNS myelin protein promoter that has repeatedly 
been shown to target expression to oligodendrocytes and 
their precursors, drives the expression of a Tamoxifen-
inducible CreeRT transgene. in such animals, treatment 
with Tamoxifen results in experimentally controlled Cre-
mediated recombination only in oligodendrocytes (tar-
geted by PlP), excision of the SToP sequence, and selec-
tive cell-type expression of cytotoxic DT-α that results in 
death of the cells in which it is expressed. This approach 
has a number of major advantages. if CRe recombines 
efficiently, then a comparatively high number of oli-
godendrocytes in a given mouse line could potentially 
express the transgenes and be susceptible to Tamoxifen-
mediated cell death. Under such conditions the induc-
tion of oligodendrocyte cell death occurs in the absence 
of any direct insult to the brain or spinal cord and allows 
accurate assessment of the subsequent CNS responses. 
Control studies indicate that at low doses Tamoxifen is 
not selectively toxic to neural cells.

Although only a limited series of studies using the 
DT-α model of induced oligodendrocyte death have 
been published there are clearly common themes emerg-
ing from this model. For example, independent stud-
ies corroborate the observation that severe pathology 
occurs as a result of the expression of genetically re-
combined DT-α in oligodendrocytes (Pohl et al., 2011; 
Traka et al., 2010). one somewhat unexpected outcome 
of these studies is that following Tamoxifen treatment, 
while there appeared to be a relatively rapid loss of oli-
godendrocyte cell bodies as anticipated, there was an 
apparent retention of myelin and minimal initial func-
tional deficits. After a posttreatment delay of approxi-
mately 3 weeks the mice displayed progressive motor 
deficits associated with significant myelin degradation 
and vacuolization. The extent of the demyelination was 
directly correlated with the animals’ clinical symptoms 
suggesting that the functional deficits were a primary 
consequence of myelin loss. A second somewhat unex-
pected outcome of these studies was that the widespread 
loss of oligodendrocytes in this model did not trigger a 
rapid robust immune response and the clearance of my-
elin was slow and primarily accomplished by local mi-
croglial cells without a significant influx of cells of the 
peripheral immune system. These studies suggest that 
oligodendrocyte death alone does not provoke a rapid 
large-scale immune response. While remyelination was 
robust in this model, and the animals appeared to re-
cover completely, with longer survival times recovery 
was compromised. in animals allowed to recover for 
approximately 30 weeks from the initial demyelination 
a secondary pathology consisting of demyelination and 
axonal loss was detected (Traka et al., 2016). This second 

phase of demyelination was accompanied by T cell infil-
tration to the CNS and adoptive transplantation of the T 
cells into naïve hosts was sufficient to transfer disease. 
These important findings imply that as a consequence of 
the priming of the immune system with the first insult 
the animals develop a long-term autoimmune condition 
that ultimately leads to CNS demyelination occurring

Not all of the independent studies provide identical 
results. one important difference between the differ-
ent analyses is in the area of functional recovery. While 
clinical recovery was essentially complete in one study, 
it was completely absent in a parallel report using identi-
cal mice, such that the treated mice died only 6 weeks af-
ter treatment. Reports of axon health are also conflicting, 
with clear signs of pathology in one study and no axo-
nal effect in another. Nevertheless, both studies report 
alterations in evoked potentials in two different sensory 
modalities suggesting that regardless of the underlying 
histological abnormalities, the functional outputs of neu-
ral networks are similarly perturbed.

As with any animal model of disease, it is important 
to consider the extent to which specific aspects of human 
disease are successfully captured by the animal model. 
in the case of DT-α induced oligodendrocyte cell death, 
and MS, there are important similarities. A disruption in 
visual evoked potentials coupled with significant myelin 
loss, for instance, is reminiscent of the initial symptom in 
many MS patients. Similarly, newly forming MS lesions, 
often in normal-appearing white matter, are character-
ized by the presence of activated microglia but not ex-
tensive infiltration of peripheral immune cells (van der 
Valk and Amor, 2009; van Horssen et al., 2012). A similar 
cellular profile is observed following oligodendrocyte-
targeted expression of DT-α.

The DT-α model also differs from MS in a number of 
key ways. As discussed previously, MS is not induced 
but rather is a spontaneous disease with focal lesions 
separated in time and space. Multiple Sclerosis is also 
not thought to be toxin-induced although the role of 
pathogens in its initiation is unclear. in this cell death 
model there are likely broad, if subtle, effects owing to 
a toxin that halts cellular protein translation including 
the de novo production of proteins required for a nonim-
munogenic cell suicide and the subsequent recruitment 
of phagocytic cells. Further, in MS it is thought that the 
clearance of myelin is relatively rapid following oligo-
dendrocyte death and this accomplished by both CNS-
resident and peripheral immune cells. By contrast, the 
delayed myelin clearance in the DT-α model would sug-
gest either an inhibited or nonexistent rapid stimulation 
of immune clearance mechanisms. There are concerns 
with this model surrounding the complete nature of oli-
godendrocyte loss. if all oligodendrocytes throughout 
the neuroaxis are lost following Tamoxifen treatment, 
this differs greatly from the focal loss of oligodendro-
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cytes in MS. if, on the other hand, only a portion of cells 
undergo effective recombination then it is difficult to 
define the threshold of oligodendrocyte loss that is re-
quired for the development of myelin pathology.

6.2 Induction of Oligodendrocyte Cell Death 
Through Cell Type Specific Expression of the 
Diphtheria Toxin Receptor

A variation of the model discussed above has also 
been recently developed (oluich et al., 2012). in this 
case specificity of the toxic insult is targeted through the 
transgenic expression of the appropriate receptor on ani-
mals that have a receptor null background. For example, 
the transgenic expression of the DT receptor (DTR) un-
der the control of an oligodendrocyte specific promoter 
results in cell type sensitivity to systemically delivered 
diphtheria toxin. This model has the advantage over the 
DT-α model in that is somewhat simpler, since it elimi-
nates the need for the Cre/loxP technology. An example 
of this approach is the expression of a transgenic DTR 
under transcriptional control of the promoter for myelin 
basic protein (MBP), a major oligodendrocyte-specific 
protein (oluich et al., 2012) (Fig. 37.5). intraperitoneal in-
jection of DT then allows selective uptake by transgenic 
oligodendrocytes expressing the receptor, resulting in 
the induction of cell death by a mechanism similar to 
that evoked by DT-α, namely by inhibiting protein syn-
thesis (Fig. 37.5).

The clinical phenotype following the systemic injec-
tion of DT into DTR transgenic mice is similar to that 
seen in the DT-α mice except that it occurs on a faster 
time scale and does not show the same delay between 
initiation of cell death and onset of functional deficits. 
Neurological symptoms including ataxia, limb paralysis, 
and tail spasticity appear around 10 days postinjection 
and progressively develop until euthanasia is required 
(oluich et al., 2012). Perturbations in somatosensory 
evoked potentials together with histological markers of 
neurodegeneration and abnormal Nodes of Ranvier in-
dicate dysfunctional neural networks. A clear intrathe-
cal immune response is provoked in this model which 
is reflected in elevated numbers of activated microglia, 
as well as a wide spread gliotic response characterized 
by elevated levels GFAP expression in astrocytes (oluich 
et al., 2012).

Given the similarities in the targeting and mechanism 
of cell death, it might be anticipated that the histology 
and pathology of the DT-α and DTR models would be 
identical. Somewhat surprisingly this is not the case and 
while the DT-α mice display severe demyelination, the 
DTR mice show few if any myelin disturbances. The 
explanation for such differences is currently unclear. it 
may be that in the DTR model there is a more extensive 
engagement of axonal damage that leads to rapid mor-
tality, prior to the development of significantly detect-
able myelin perturbations. even if this hypothesis were 
correct it remains unclear why there would be differen-
tial axonal susceptibility in the two models. Possibly, the 
mode of cell penetration (receptor mediated vs. nonre-
ceptor mediated) regulates the detailed cell death path-
ways activated in oligodendrocytes. As these models be-
come more established the basis of such differences will 
likely become resolved.

A potential strength of the DTR model is that it may 
provide a model system to examine the mechanisms and 
develop targeted therapies against axonal damage in de-
myelinating diseases. it is well established that axonopa-
thy is a pathological finding in MS (Trapp et al., 1998), 
even at early stages of the disease and this axon damage 
is generally accepted as the biological basis of perma-
nent disability for patients with either primary or sec-
ondary progressive MS. Therefore, animal models such 
as DTR that recapitulate aspects of this pathological fea-
ture represent important tools for understanding and 
manipulating the CNS response to axonopathies. At the 
current time the DTR model does not appear to provide 
an accurate representation of the lesions that develop in 
MS. indeed, the conspicuous absence of demyelination, 
a hallmark pathological feature of MS, calls into ques-
tion its utility as a useful general model of human dis-
ease. it may be, however, that on different background 
strain the degree of demyelination may be greater or the 
survival of the animals longer. For now, the short sur-

FIGURE 37.5 Schematic showing the overall design for the gen-
eration of the DT-R mouse. (A) Diagram of the construct used to se-
lectively express DT-R in oligodendrocytes on a background strain that 
is DT resistant. (B) Schematic representation of the functionality of the 
DT-R mouse resulting in cell death.
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vival time of the oligodendrocyte-DTR mice represents 
another significant limitation in its ability to model hu-
man disease, as MS is not generally associated with a 
substantially shortened lifespan.

6.3 Induction of Oligodendrocyte Cell Death 
Through Targeted Activation of the Apoptotic 
Pathway

Two general pathways mediate cell death. During ne-
crosis, a pathological form of cell death resulting from 
overwhelming cellular injury, cells swell, membrane in-
tegrity is perturbed, and noxious intracellular molecules 
are released into the extracellular space (Steller, 1995). 
Apoptosis, on the other hand, is a genetically encoded, 
noninflammatory means of cellular suicide in which a 
dying cell fragments into membrane-bound bodies that 
can be digested by macrophages or neighboring cells. 
Activated by many different signals that may originate 
either from within or outside a cell, the controlled dis-
mantling of unwanted cells requires a group of protein 
degradation enzymes called caspases (Thompson, 1995). 
An early step in the activation of one arm of the apop-
totic cascade is the dimerization of caspase 9 mediated 
by the molecule APAF1 (Pop et al., 2006; Srinivasula 
et al., 1998). A model of selective cell ablation has been 
developed in which a modified, experimentally induc-
ible caspase 9 (iCP9) is introduced into targeted cells us-
ing cell type specific promoters. originally developed 
to eliminate distinct classes of lymphocytes (Straathof 
et al., 2005), the iCP9 gene was engineered so that the 
APAF-1 binding site was replaced with a FK506-like 
binding site for dimerization by a FK506 analog. Chemi-
cally induced dimerization (CiD) by the FK506 analog 
is sufficient to initiate the apoptotic cascade in cells ex-
pressing iCP9. An initial study targeted iCP9 to mature 
oligodendrocytes using the MBP promoter and a lentivi-
ral delivery system. Subsequent injection of the chemical 
inducer of dimerization (CiD) results in the rapid and 
specific induction of oligodendrocyte death.

in this model, a lentivirus containing iCP9 under tran-
scriptional control of the oligodendrocyte-specific MBP 
promoter, as well as a reporter expressed from a constitu-
tive, viral promoter was injected into the corpus callosum 
of adults rats and the animals were allowed to survive for 
7–14 days (Fig. 37.6). This resulted in local viral infection 
of all neural cell types as detected by reporter expression. 
intrathecal injection of the CiD at a remote site 7–14 days 
after viral injection resulted in the selective activation of 
the apoptotic cascade and cell death of oligodendrocytes. 
Unlike other oligodendrocyte cell death models of de-
myelination, the iCP9 model resulted in extremely rapid 
(within 24 h) demyelination, intense localized microglial 
activation, myelin clearance and localized oPC prolifera-
tion in the absence of an initial infiltration of peripheral 
immune cells including T cells (Caprariello et al., 2012). 

Curiously, these effects are not associated with a behav-
ioral phenotype and the histological abnormalities may 
recover over time. More recently this model has been ex-
tended to eliminate the confound of viral delivery. Trans-
genic animals expressing the iCP9 construct off the MBP 
promoter have been generated. local delivery of CiD tar-
gets oligodendrocyte death specifically. During develop-
ment delivery of CiD to a region of the spinal cord in the 
first postnatal week, blocks local myelination (Caprari-
ello et al., 2015). Myelination recovers over a subsequent 
2-week period and appears to have relatively normal 
histology. When the treated region of the spinal cord is 
challenged with a second mechanistically unrelated de-
myelinating insult in the adult, myelin repair is compro-
mised. While the cellular and molecular bases of these 
phenomenas are currently poorly defined these studies 
raise the possibility that insults to the developing CNS 
compromise the potential for subsequent repair in the 
adult (Caprariello et al., 2015).

The significance of the iCP9 model to understanding 
the pathology of MS is still unclear. There are however 
several aspects of this model that may provide impor-
tant insights into the development of early MS lesions 
and perhaps continuing development of the disease in 
a subset of MS patients. For example, apoptotic oligo-
dendrocytes have been reported in neuropathological 
specimens from the earliest known lesions (lucchinetti 
et al., 2000; Barnett and Prineas, 2004) suggesting this 
may represent an early event in the generation of an 
MS plaque. The immunological cell profile of the iCP9 
model also mirrored the human condition in certain 
situations, in which activated microglia but not periph-
eral immune cells were recruited to the lesion site. im-
portantly, this pathological profile was reported from 

FIGURE 37.6 Schematic of the overall design and function of the 
MBP-iCP construct. (A) Diagram of the construct used to selectively 
express the modified caspase 9 in oligodendrocytes. (B) Schematic of 
the mechanisms of inducible oligodendrocytes apoptosis.
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a subset of MS patients (lucchinetti et al., 2000) but 
given the heterogeneity of MS is unlikely to accurately 
represent all patients. it is surprising that rapid histo-
logical abnormalities would not generate behavioral 
abnormalities, however, it is possible that the iCP9 
mice display subtle sensory and/or cognitive deficits 
that have yet to be identified. Additional studies in 
which oligodendrocyte apoptosis is targeted to criti-
cal motor tracts, such as in the spinal cord may reveal 
such functional deficits. Many rodent models of demy-
elination are typically associated with complete repair 
and further studies are needed to assess whether the 
rapid demyelination seen in the iCP9 model results in a 
chronic impairment of myelination or undergoes com-
plete repair.

The emergence of new models that selectively target 
oligodendrocyte death are likely to provide critical new 
insights into the diversity of demyelinating lesions and 
the heterogeneity seen in the MS patient population. 
These models are still in their infancy and whether they 
will provide a useful platform for the development of 
therapies for distinct subsets of MS awaits further refine-
ment and analysis.

7 TOXIN MODELS OF DEMYELINATION

The third general approach used to model the biology 
of demyelination and remyelination in the vertebrate 
CNS are those utilizing the introduction of a demyelin-
ating toxin.

The use of toxins to induce demyelination is ex-
tremely useful for addressing specific questions regard-
ing the biology of the remyelination process given the 
ability to regulate the generation of the lesions in both 
time and space. These models are not intended to reca-
pitulate the complex etiology and pathogenesis of MS 
but instead enable investigators to gain insight into the 
precise cellular and molecular mechanisms that char-
acterize remyelination in the central nervous system. A 
major strength of the toxin models is that the location 
and timing of demyelination and remyelination are 
distinct. Unlike in the immune mediated demyelinat-
ing models where demyelination and remyelination are 
concurrent, in many of the toxin models the epoch of 
demyelination is temporally distinct from the epoch of 
remyelination and this allows for the clear characteriza-
tion of molecular cues regulating each aspect of lesion 
generation and repair.

7.1 Focal Toxins

Focal areas of demyelination can be induced by di-
rectly injecting chemicals that selectively ablate oligo-
dendrocytes and their myelin. Many different demy-
elinating agents have been used over the last several 

decades including antibodies to oligodendrocyte-related 
molecules, 6-aminonicotinamide, and diphtheria toxin 
(see aforementioned), however, those most commonly 
used include lysolecithin, ethidium bromide, and anti-
bodies against the major sphingolipid component of my-
elin, galactocerebroside.

7.1.1 Lysolecithin
lysolecithin (l-α-lysophosphatidylcholine or lPC) is 

a potent membrane-dissolving chemical that is typically 
injected into the white matter as a 1% solution in saline 
in order to induce focal demyelination (Gregson, 1989). 
in 1972, Hall was the first to demonstrate the use of 
lPC to create demyelinating lesions in the white matter 
of the adult mouse spinal cord (Hall, 1972). Since then, 
lPC has been used in several additional species includ-
ing rat (Harrison, 1985), rabbit (Waxman et al., 1979), cat 
(Blakemore et al., 1977; Gledhill and McDonald, 1977), 
and monkey (Dousset et al., 1995). The most common 
locations for the generation of lPC induced lesions in-
clude the dorsal or ventral funiculi of the spinal cord 
typically at the thoracic level, the corpus callosum, the 
optic nerve, and the caudal cerebellar peduncle. lPC in-
jection results in a rapid loss of myelin and the majority 
of oligodendrocytes in a focal area. Compared to other 
models, the loss of oligodendrocytes is somewhat less 
specific and there is a reduction in astrocytes and some 
loss of axons although this tends to be limited to the area 
close to the injection site. one of the remarkable features 
of the lPC lesions is their ability to recover (Blakemore 
and Franklin, 2008). in general demyelination occurs 
rapidly and the lesion area is largely devoid of myelin 
with 2–3 days after lPC injection (Fig. 37.7). The lesions 
rapidly become repopulated with oligodendrocyte pre-
cursors and after a period of proliferation these cells dif-
ferentiate into oligodendrocytes and initiate remyelin-
ation. in rats and mice, remyelination begins between 
7 and 14 days post lesion depending on the location of 
the lesion and the age of the animal and by 30 days post 
lesion, remyelination is essentially complete (Fig. 37.9). 
This reproducible pattern of myelin repair has facili-
tated the identification of molecular mechanisms that 
either enhance or inhibit the repair process including the 
Notch pathway (Zhang et al., 2009), the WNT pathway 
(Fancy et al., 2009), retinoid X receptor gamma signaling 
(Huang et al., 2011), growth factors, such as hepatocyte 
growth factor (Bai et al., 2012), and neuregulin (Penderis 
et al., 2003a), hormones, such as progesterone (Garay 
et al., 2011), cell cycle proteins, such as cyclin-dependent 
kinase (Cdk2) (Caillava et al., 2011), chemokine recep-
tors, such as CXCR2 (Kerstetter et al., 2009), the NoGo 
receptor liNGo-1 (Mi et al., 2005; Mi et al., 2009), and 
death receptor 6 (DR6) signaling (Mi et al., 2011), as well 
as several others. Not all the oligodendrocytes are lost 
in an lPC lesion. in white matter tracts where there are 
many large-caliber axons, the myelin generated by the 



980 37. ANIMAL MOdELS fOr ThE STUdy Of MULTIpLE ScLErOSIS  

M. SCleRoSiS

spared oligodendrocytes can be easily distinguished 
from newly generated oligodendrocytes by the thickness 
of the myelin sheaths that they generate. Remyelinated 
axons are covered by myelin sheaths that are much thin-
ner and have shorter internodes than those generated 

during development (Figs. 37.8 and 37.9). Remyelination 
occurs spontaneously in both rats and mice, is quite 
rapid, and is accomplished mainly by newly generated 
oligodendrocytes derived from local precursors and not 
Schwann cells in this model.

FIGURE 37.8 Demyelination changes the structure and cellular composition of the lesion area. in regions of the CNS that are undergoing 
demyelination as shown by: (A) the reduced staining with the myelin probe luxol fast blue, there is (B) an increase in the number of activated 
microglial cells compared to surrounding tissue. This is shown by the upregulation in the density of iBA-1+ microglia following labeling frozen 
sections with antibodies to iBA-1. (C) The density of oli2+ oligodendrocyte precursors, the cells that will differentiate into oligodendrocytes is 
substantially reduced in the lesion area. (D) Demyelination also alters the organization of astrocytes in the lesion area as shown by labeling with 
antibodies to GFAP. in the middle of the lesion there is a reduction in the number of GFAP+ cells while at the perimeter of the lesion there is an 
increase in the expression of GFAP as a result of reactive astrocytes that are undergoing gliosis.

FIGURE 37.7 Local delivery of the gliotoxin lysolethicin into the corpus callosum of the adult mouse generates a demyelinating lesion 
that repairs over time. Two days after stereotactic injection of lPC, coronal sections through the level of the corpus callosum show an area of 
demyelination following staining with luxol fast blue. The lesion repairs spontaneously beginning at around 7 days post injection and is almost 
completely repaired by 28 days post lesion as shown by a recovery of luxol fast blue staining in the area.
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7.1.2 Ethidium Bromide
The toxic effects of ethidium bromide are due to its 

DNA intercalating properties, therefore all nucleated 
cells are affected by this agent. The very first experi-
ments that made use of this toxin demonstrated that a 
direct infusion of ethidium bromide into the cisterna 
magna resulted in a reproducible acute demyelinating 
lesion of the rat brain stem (Reynolds and Wilkin, 1993; 
Yajima and Suzuki, 1979a, 1979b). over time, the mode 
of injection has changed, and ethidium bromide is now 
typically injected directly into white matter tracts as a 
saline solution that varies from 0.01% or 0.05% to 0.1% 
depending on the injection site. The lesions following 
ethidium bromide injections in the dorsal spinal cord 
tend to be quite large compared to lPC-induced lesions 
and can involve almost the entire dorsal funiculus, ex-
tending up to 8mm longitudinally. The caudal cerebellar 
peduncles of rats have also been targeted with this ap-
proach in order to address critical questions regarding 
the effects of age, sex, growth factors, and the role of mi-
croglia/macrophage activation on remyelination (Pen-
deris et al., 2003a; li et al., 2005; li et al., 2006; Zhang 
et al., 2012; ibanez et al., 2004; Adamo et al., 2006; Pend-
eris et al., 2003b; Sim et al., 2002).

Although ethidium bromide injections are typically 
made in either rats or mice, injection into the spinal cords 
of cats has also been shown to result in large demyelin-
ating lesions (Blakemore, 1982). The early response to 
ethidium bromide injection involves the destruction 
of astrocytes, oligodendrocytes, and oPCs while ax-
ons are typically spared. Soon after, the initial genera-

tion of the lesions’ large numbers of macrophages are 
found in and around the lesioned area and astrogliosis 
occurs only around the perimeter of the lesion leaving 
the center of the lesions essentially devoid of astrocytes 
(Blakemore, 1982). Following the clearance of myelin de-
bris, remyelination is relatively rapid, although it occurs 
more slowly than after lPC-induced demyelination. 
in a comparative study where either lPC or ethidium 
bromide-induced demyelinating lesions were examined 
in the caudal cerebellar peduncle of adult rats, exten-
sive oligodendrocyte remyelination was already seen 
throughout lPC-induced lesions at 6 weeks post injec-
tion whereas, a significant proportion of axons remained 
demyelinated in ethidium bromide-induced lesions. By 
3.5 months postinjection, however, almost all axons had 
remyelinated in ethidium bromide lesions (Woodruff 
and Franklin, 1999). interestingly, in contrast to lPC or 
anti-GalC-induced lesions where most remyelination 
is mediated by oligodendrocytes a significant amount 
of remyelination in ethidium bromide-induced lesions 
are undertaken by Schwann cells (Woodruff and Frank-
lin, 1999; Blakemore, 2005). Remyelinating Schwann cells 
are typically found in astrocyte-depleted areas of the de-
myelinated spinal cord and it was initially assumed that 
they were derived from Schwann cells associated with 
peripheral nerves or spinal nerve roots in the vicinity 
(Franklin and Blakemore, 1993). A recent study, how-
ever, used in vivo fate mapping to demonstrate that af-
ter demyelinating injury, CNS-derived oPCs are able to 
generate Schwann cells, a surprising finding given that 
Schwann cells normally develop from the embryonic 

FIGURE 37.9 Remyelination is characterized by thinly myelinated axons. Fourteen days after the induction of a local demyelinating lesion 
by the injection of lPC remyelination is ongoing in the dorsal spinal cord of the 8-week old mouse. Toluidine blue stained 1mm sections clearly 
show remyelinated axons in the initial lesion when viewed at high power. (A) low power micrograph with the lesion border clearly delineated 
(dotted line). (B) Higher power micrograph from the box outlined on a showing thinly remyelinated axons demonstrating myelin repair in the 
adult spinal cord.
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neural crest and are restricted to the peripheral nervous 
system (Zawadzka et al., 2010). one likely hypothesis is 
that in the absence of astrocyte signaling, cells specified 
for the oligodendrocyte lineage are diverted to become 
Schwann cells suggesting the commitment to a myelin-
ating fate over rides the commitment to a specific cell 
type. The molecular mechanisms responsible for this 
regulation of cell fate are currently unclear. in MS, when 
remyelination occurs, it is largely mediated by oligoden-
drocytes and not Schwann cells thus the significance of 
the ethidium bromide model for therapeutic develop-
ment is somewhat limited.

7.1.3 Anti-GalC Antibodies
one approach for selective cell type elimination that 

has been used in multiple systems is the targeting of the 
complement cascade though binding to cell type specif-
ic, cell surface antibodies (Piddlesden et al., 1993; Raff 
et al., 1978). in this model the antibody binds to specific 
cell surface epitopes and addition of complement results 
in selective cell lysis. This model has been used effective-
ly in vivo using antibodies to galactocerebroside (GalC) 
the major myelin sphingolipid that marks mature oli-
godendrocytes as the targeting vector (Raff et al., 1978). 
initial studies demonstrated that a single intraspinal 
injection of complement proteins plus antibodies to 
GalC resulted in demyelination (Keirstead and Blake-
more, 1997). in this model of demyelination in the adult 
rat spinal cord, some oligodendrocytes survived demye-
lination enabling the authors to demonstrate that the oli-
godendrocytes that survive within demyelinated lesions 
are not induced to divide in the presence of naked axons 
demonstrating that fully-differentiated oligodendro-
cytes are postmitotic and do not contribute significantly 
to remyelination in the adult CNS. Demyelination has 
also been induced in the rat cerebellar peduncle using 
this model where axons tend to be spared and remyelin-
ation is typically accomplished by oligodendrocytes, not 
Schwann cells (Woodruff and Franklin, 1999).

7.1.4 Advantages of Focal Toxins
All of these agents produce large areas of demyelin-

ation with minimal axonal damage. Focal toxins induce 
synchronized demyelination in a defined region allow-
ing the investigation of remyelination in the absence of 
concurrent demyelination. This offers a clear advantage 
when analyzing molecular changes specific to remyelin-
ation since the processes of demyelination and remye-
lination have temporal separation and spontaneous re-
myelination follows a highly reproducible time course 
in rodents. The timing of remyelination has been shown 
to differ between the three most commonly used focal 
toxins although all models eventually undergo extensive 
spontaneous remyelination. After lPC-injection into the 
cerebellar peduncle of adult rats, remyelination was 

evident by 14 days and extensive by 6 weeks whereas, 
ethidium bromide or anti-GalC induced lesions showed 
very little remyelination after 14 days although they did 
show extensive remyelination after 3 months (Woodruff 
and Franklin, 1999). Finally, unlike immune or viral-
mediated models of demyelination, focal toxin-induced 
lesions have the advantage that they can be induced at 
any age, in either the brain or the spinal cord, and in 
any strain or species. The disadvantage of these mod-
els is that, particularly in the case of lPC and ethidium 
bromide the mechanisms of induction of cell death is 
nonphysiological and if the development of the lesion 
and the potential repair process is in part dependent on 
the mechanisms of cell death then it is unclear wheth-
er these models will be useful in defining pathogenic 
processes in MS. Where these models have proven ex-
tremely useful is in the development of therapeutics 
targeted towards remyelination rather than immune 
regulation. one of the best examples of such therapeu-
tic development is the identification and characteriza-
tion of anti-liNGo-1 antibodies as a therapy promoting 
remyelination. A major role of the leucine-rich repeat 
and ig domain containing NoGo receptor (liNGo-1) 
is to inhibit the differentiation of oligodendrocyte pro-
genitor cells (Mi et al., 2005, 2009). liNGo-1 knockout 
mice show precocious myelination, which suggested 
that liNGo-1 antagonists might be useful to accelerate 
myelin repair after demyelination. Using both the lPC 
and cuprizone models of demyelination, anti-liNGo-1 
antibody treatments have been shown to significantly 
increase the speed of remyelination, a finding that may 
result in a new therapeutic option for MS patients (Mi 
et al., 2005, 2009). The anti-liNGo-1 li81 antibody is the 
first MS therapy that directly targets myelin repair and 
is currently being evaluated in clinical trials for MS (Pe-
pinsky et al., 2011). Finally, the use of complement bind-
ing antibodies to target oligodendrocyte death may have 
immediate relevance to MS. it has been suggested that 
in some MS lesions complement mediated cell lysis con-
tributes to the generation of the pathology and thus this 
model may directly reflect the generation of lesions in a 
subset of MS patients.

7.2 Systemic Toxins

one disadvantage of the local toxin models is that 
they require the injection of the toxin in the parenchyma 
of the CNS. While this allows for precise localization of 
the subsequent lesion, it introduces the complexity that 
any pathology that develops is a consequence of both 
the injection and the presence of the toxin. An alterna-
tive strategy is to utilize a systemic toxin that prefer-
entially targets oligodendrocytes in specific regions of 
the CNS. The most commonly utilized systemic toxin is 
Cuprizone.
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7.2.1 Cuprizone
ingestion of the copper chelator cuprizone (biscy-

clohexanone oxaldihydrazone) results in the reproduc-
ible demyelination of specific brain regions in either 
C57Bl/6 or SJl/SVJ mice. The exact mechanism un-
derlying cuprizone-induced demyelination remains 
unknown but the toxicity is thought to result from a 
combination of mitochondrial stress and an innate im-
mune response (linares et al., 2006; liu et al., 2010; 
Pasquini et al., 2007). Cuprizone-induced demyelin-
ation appears to result from the degeneration of oligo-
dendrocytes rather than a primary attack on the my-
elin sheaths (Carlton, 1966, 1967; Tansey et al., 1996). 
experiments conducted in the late 1960’s demonstrat-
ed that high doses (0.5%) of cuprizone mixed with ba-
sic rodent chow and given to mice early in develop-
ment resulted in high mortality but that lower doses 
resulted in demyelinated lesions accompanied by 
astrogliosis (Carlton, 1967). This model has been re-
fined to the point where mice aged 6–9 weeks are now 
typically given 0.2%–0.3% cuprizone treatment of for 
5–6 weeks which results in acute demyelination of the 
corpus callosum (Matsushima and Morell, 2001; Stid-
worthy et al., 2003), as well as the hippocampus (Hoff-
mann et al., 2008; Koutsoudaki et al., 2009) external 
capsule (Pott et al., 2009), cerebellar peduncles (Blake-
more, 1973; ludwin, 1978; Torkildsen et al., 2008), cer-
ebellum (Skripuletz et al., 2010; Groebe et al., 2009) ce-
rebral cortex (Skripuletz et al., 2010; Gudi et al., 2009), 
and striatum (Pott et al., 2009). Far less demyelination 
is seen in spinal cord suggesting either a differential 
susceptibility of oligodendrocytes to the toxin or non-
uniform penetration of the toxins to the CNS. Distinct 
gray matter regions have also been shown to be affect-
ed in the cortex and hippocampus (Gudi et al., 2009; 
Norkute et al., 2009), which may reflect death of oli-
godendrocytes in those regions or a toxic effect of 
curpizone on other neural cell types. Mice exposed to 
cuprizone exhibit extensive reactive gliosis, activation 
of microglia, and significant oligodendrocyte apopto-
sis. Similar to what is noted with the focal models of 
demyelination discussed above, acute demyelination 
is followed by spontaneous remyelination that occurs 
during the weeks following treatment removal while 
the mice are fed regular chow. When cuprizone treat-
ment is prolonged to 12 weeks or longer however, 
remyelination is very sparse resulting in a model of 
chronic demyelination (ludwin, 1980).

7.2.2 Advantages of Systemic Toxins
While it is debatable whether the cuprizone model 

reflects human MS pathology, this reversible demy-
elination model is useful for studying the biological 
processes related to both demyelination and remy-
elination in the CNS. Two major pathological features 

characteristic of the cuprizone model, however, in-
clude primary oligodendrocyte death along with the 
activation of microglia and these two features are 
known to occur in a subset of human MS lesions (Bar-
nett and Prineas, 2004). The cuprizone model has been 
extensively used to examine the potential of various 
compounds to stimulate myelin repair (Koutsoudaki 
et al., 2010; Moharregh-Khiabani et al., 2010). A signifi-
cant advantage of this model is that demyelination can 
be induced in a reproducible manner in both space and 
time and mechanisms specific to both demyelination 
and remyelination, which are not specific to primary 
inflammatory events, can be investigated. Because the 
time-course of cuprizone treatment is so long, demy-
elination is progressive in this model and remyelin-
ation begins while demyelination is still taking place. 
The reappearance of myelin protein expression and 
partial remyelination has been shown to occur during 
the late stages of acute demyelination (after 3 weeks) 
while the mice are still undergoing cuprizone treat-
ment (Jurevics et al., 2001; lindner et al., 2008; Nor-
kute et al., 2009). This temporal overlap presents a 
challenge when trying to understand the mechanisms 
specific to either demyelination or remyelination, how-
ever, it does model the human condition more closely 
since demyelination and remyelination occur concur-
rently in patients with MS. Recent studies have shown 
that when Cuprizone treatment is combined with ra-
pamycin treatment which blocks mTor signaling, the 
spontaneous remyelination is dramatically reduced 
thereby allowing better quantification of repair pro-
cesses. A significant advantage of the cuprizone model 
over other approaches is the relative simplicity of the 
experimental paradigm. Cuprizone is simply added 
to regular mouse chow that is fed to the animals each 
day in contrast to the focal toxin models, which call for 
potentially technically challenging surgeries involving 
the use of a stereotactic apparatus to direct the focal 
lesions to specific areas. Despite the apparent simplic-
ity of this model there are a number of confounding 
features. First the use of cuprizone is generally limited 
to mice (although recent studies have reported its use 
in rat (Adamo et al., 2006; Silvestroff et al., 2012) and 
there is a clear genetic linkage to the susceptibility for 
cuprizone toxicity. The basis for such strain difference 
is unknown. likewise there are significant differences 
in susceptibility between gender and age that are poor-
ly understood (Kipp et al., 2009). This lack of clarity is 
likely a reflection of the lack of understanding about 
the mechanism mediating Cuprizone toxicity, however 
proof of principle studies have indicated that signals 
known from in vitro studies to stimulate oligoden-
drocyte differentiation such as thyroid hormone (T3) 
promote remyelination in the cuprizone model (Franco 
et al., 2008).
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8 CONCLUSIONS AND COMMENTS

The heterogeneity of the demyelinating disease 
MS is well established and this is readily reflected in 
the wide range of models that mimic a wide range of 
different attributes of the disease. While some of the 
models, such as eAe have been established for many 
years and have formed the basis of a range of current 
therapies used to treat the disease, other models, such 
as those that target oligodendrocyte cell death to par-
ticular regions of the CNS are recent additions to the 
arsenal of understanding the pathology of the disease. 
each of the model systems discussed in this review has 
particular merit for developing our understanding of 
some specific aspect of the disease. For example while 
eAe models have been very effective at furthering our 
insights of the immunological basis of the CNS demy-
elination and particularly the role of T cells in MS, the 
use of gliotoxins, such as lPC or ethidium bromide 
have been particularly useful in developing our under-
standing of the cellular and molecular mechanisms of 
remyelination.
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