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Abstract

Mouse models are great tools to study the mechanisms of disease development. Theiler’s murine 

encephalomyelitis virus is used in two distinct viral infection mouse models to study the human 

diseases multiple sclerosis (MS) and epilepsy. Intracerebral (i.c.) infection of the SJL/J mouse 

strain results in persistent viral infection of the central nervous system and a MS-like disease, 

while i.c. infection of the C57BL/6J mouse strain results in acute seizures and epilepsy. Our 

understanding of how the immune system contributes to the development of two disparate diseases 

caused by the same virus is presented.
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1. Introduction

Theiler’s murine encephalomyelitis virus (TMEV) is a naturally occurring enteric pathogen 

of the mouse (Lipton, 1975; Theiler, 1937). This virus is used as a mouse model for two 

distinct diseases of humans: multiple sclerosis (MS) and epilepsy. These mouse models are a 

powerful tool to study the mechanisms of how the immune response to viral infection can 

contribute to MS and epilepsy and the current knowledge in the field will be reviewed 

herein.

TMEV was first described by Max Theiler in 1937, when he isolated the Theiler’s original 

(TO) strain from the central nervous system (CNS) of mice having flaccid hind leg paralysis 

(Lipton, 1975; Theiler, 1937). In 1952 Daniels et al isolated another TMEV strain, called 

Daniels (DA), from spontaneously paralyzed mice that was shown to induce spinal cord 

demyelination (Daniels et al., 1952). It was not until 1975, when Lipton described an 
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experimental mouse model of TMEV-DA-induced demyelination, that this infection model 

became a commonly used animal model to study MS (Lipton, 1975).

TMEV is a non-enveloped, single stranded RNA virus from the cardiovirus genus, 

picornavirus family (Clatch et al., 1986; Ohara et al., 1988). TMEV normally infects mouse 

gut without causing symptoms, however TMEV can, rarely, naturally infect the CNS. Based 

on neurovirulence in the CNS of susceptible mouse strains, TMEV can be divided into two 

different subgroups: 1) GDVII, comprised of the strains GDVII and FA, is extremely 

virulent to mice and mice die within 1–2 weeks of infection; and 2) TO, that includes the 

DA and BeAn strains, causes encephalitis during the acute stage of infection and 

demyelinating disease during the chronic stage of infection (Libbey et al., 2008; Lipton, 

1975; Tsunoda and Fujinami, 2010). In this review the focus will be on the DA strain.

Disease development following TMEV infection depends on the mouse strain (Figure 1). 

The SJL/J mouse strain, when intracerebrally (i.c.) infected with TMEV, develops a MS-like 

disease termed TMEV-induced demyelinating disease (TMEV-IDD) (Figure 1A) (Dal Canto 

et al., 1996; Lipton, 1975; Lipton and Jelachich, 1997), while the C57BL/6J mouse strain, 

when i.c. infected with TMEV, develops acute seizures, which progress to epilepsy (Figure 

1C) (Libbey et al., 2008). The difference between the mouse strains seems to be partially 

due to the strong antiviral innate immune response, such as type I interferon (IFN), observed 

in C57BL/6J mice (Rodriguez et al., 1995).

2. Multiple sclerosis

MS is the most common inflammatory demyelinating disease of the CNS affecting over 2.5 

million people world-wide, and with approximately 400,000 cases in North America 

(Mazrouei et al., 2016). It is a chronic and progressive autoimmune disease and it is the 

leading cause of non-traumatic neurological disability in young adults (Compston and Coles, 

2008). As an autoimmune disease, the host immune system attacks its own tissue. In the case 

of MS, the myelin proteins (myelin sheath) are attacked by the patient’s own immune 

system (Figure 2). Axons projecting from the neurons are usually wrapped in a material 

called myelin, which “insulates” the nerve cell, and gaps in the myelin called Ranvier nodes 

allow the saltatory impulse conduction to occur (Figure 2A). In MS patients, due to the 

myelin destruction, the saltatory conduction is impaired resulting in inefficient (slow) or 

blocked impulse conduction (Figure 2B). Signs and symptoms of the disease include 

cognitive and motor impairment (including paralysis), vertigo, tremor, loss of vision, 

weakness and dementia (Compston and Coles, 2008; Miller et al., 2012).

MS is characterized by a multifocal inflammatory demyelination, resulting in the formation 

of chronic multifocal sclerotic plaques (Compston and Coles, 2008). Neuronal degeneration 

and axonal loss also occur during the progression of the disease and are related to permanent 

neurological deficit (Bjartmar et al., 2000). The clinical course of the disease consists of an 

early stage that is characterized by the first attack (Clinically Isolated Syndrome), which 

involves inflammation and some characteristics of demyelination. The disease progresses to 

the relapsing-remitting phase, which is characterized by attacks separated by periods of no 

clinical symptoms. This phase can last for decades, and it is characterized by inflammatory 
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demyelination that results in the formation of demyelinating plaques in the white matter 

(Lassmann, 2011; Lassmann and Bradl, 2016; Libbey et al., 2014). Increased demyelination 

and axonal loss are found when disease involves a progressive clinical course (primary 

progressive or secondary progressive) and just a few options for treatment are available at 

this stage of the disease. Active demyelinating lesions in the brain and spinal cord are the 

pathologic hallmark of MS (Frohman et al., 2006). Lesions are comprised predominantly of 

infiltrating immune cells, such as macrophages and T cells, and resident CNS microglia, and 

are accompanied by the disruption of the blood-brain barrier (BBB) [(Compston and Coles, 

2008); reviewed in (Perez-Cerda et al., 2016)].

The etiology of MS is largely unknown, and it is widely accepted that MS is a multifactorial 

disease. The contribution of genetic factors is well established in MS susceptibility, and 

close to 10% of MS patients have first or second degree relatives with the disease (Ebers, 

1983). Although genetic factors specifically associated with the major histocompatibility 

complex (MHC) class II play a role in MS development, studies with monozygotic twins 

demonstrated a disease concordance rate of only 30 to 35%, indicating that genetic factors 

alone may not trigger the disease (Baranzini et al., 2010). Although specific infectious 

agents have not been linked to MS, epidemiological studies suggest that herpes simplex 

virus type-1 (HSV-1), human herpes virus type-6 (HHV-6), T cell leukemia virus type-1, 

Epstein-Barr virus, influenza virus, and human picornaviruses, such as rhinovirus, may be 

associated with MS [reviewed in (Libbey and Fujinami, 2010) (Kriesel et al., 2004)], 

suggesting that environmental factors such as viral infections may be related to the 

development and/or exacerbation of MS in genetically susceptible individuals. In fact, viral 

antigens and virus-specific antibodies were detected in subsets of MS patients [reviewed in 

(Virtanen and Jacobson, 2012)]. Actually, antigens from HHV-6 were found in the MS 

plaques (Cermelli et al., 2003; Challoner et al., 1995; Soldan et al., 1997; Virtanen et al., 

2011). The development of experimental viral infection models, such as TMEV-IDD, made 

possible the study of the contribution of the inflammatory immune response, induced by 

viral infection, to the development of neuroinflammation and demyelination, allowing for 

the advancement of our knowledge in the MS field.

2.1. Immune response and immunological tolerance

After T cell receptor (TCR) rearrangement and during T cell maturation, T cells undergo 

processes called positive and negative selection within the thymus. In the cortex of the 

thymus, epithelial cells express MHC molecules; positive selection occurs when T cells with 

TCR that recognize and bind, in a relatively weak manner, self-peptide loaded on MHC 

molecules are selected to “survive”; T cells that fail to recognize self-peptide-MHC 

molecules (death by neglect), or recognize it too strongly (death by negative selection), die 

by apoptosis (Benoist and Mathis, 1989, 1999; Sebzda et al., 1999; Sprent, 1993; Sprent and 

Webb, 1987). T cells that recognize MHC-II become CD4+ T cells while T cells that bind to 

MHC-I become CD8+ T cells. In order to not initiate an immune response against self, CD4+ 

and CD8+ T cells are subjected to a mechanism called negative selection (central tolerance). 

In the thymic medulla, TCRs that recognize self-peptide, displayed by thymic antigen 

presenting cells (APCs), with high avidity in the context of the MHCs are deleted [reviewed 

in (Sprent and Kishimoto, 2001)]. However, T cells with low or weak affinity recognition of 
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MHC-peptides are selected, generating a functional and self-tolerant T cell repertoire. These 

processes occur to ensure that T cells are only going to react to non-self-peptides presented 

by APCs in the context of MHC molecules. However, although several mechanisms exist in 

order to ensure central tolerance, T cells can still escape from these “checkpoints” resulting 

in the generation of autoreactive T cells, which migrate to the periphery [reviewed elsewhere 

(Goverman, 2011; Sprent and Kishimoto, 2001)]. Peripheral T cell tolerance is another 

checkpoint mechanism to prevent activation of autoreactive T cells that escaped central 

tolerance. In the absence of pathogens, APCs are kept in a non-activated state (quiescent), 

expressing low levels of costimulatory molecules. Engagement of TCR by self-peptide 

loaded on MHC at the cell surface of a non-activated APC can result in T cell clonal deletion 

by apoptosis (Klein et al., 2014; Sprent and Webb, 1987). Another mechanism for peripheral 

tolerance occurs when antigen recognition happens in the absence of costimulatory signals, 

resulting in unresponsive T cells (anergy), or these cells can be suppressed by regulatory T 

cells (Tregs), which secrete immunosuppressive cytokines, blocking T cell activation and 

effector function (Klein et al., 2014; Sprent and Webb, 1987). Despite all the mechanisms to 

prevent the generation of autoreactive T cells, these cells can still escape and may be capable 

of inducing autoimmunity.

Tight junctions of the BBB can limit naïve T cell infiltration into the CNS (Ransohoff and 

Brown, 2012; Schwartz and Deczkowska, 2016). However, once these T cells become 

activated, upregulation and expression of cell surface molecules allows these cells to 

penetrate the BBB (Ransohoff and Brown, 2012; Schwartz and Deczkowska, 2016). Escape 

from central and peripheral tolerance leads to the activation of myelin-specific T cells in the 

periphery, potentially through virus infection, allowing these cells to invade the CNS and 

cause disease. Once inside the CNS, these activated T cells recognize myelin presented by 

local APCs, eliciting the T cells’ effector functions, resulting in cytokine and chemokine 

secretion that leads to increased lymphocyte and macrophage infiltration and, consequently, 

inflammation and demyelination. It is believed that in genetically susceptible individuals, 

environmental factors such as viral infections may induce loss of tolerance and activation of 

T cells that are specific for myelin.

2.2. TMEV-IDD: A mouse model to study MS

I.c. infection of the SJL/J mouse strain with the DA strain of TMEV results in persistent 

viral infection of the CNS, leading to the development of a chronic progressive biphasic 

disease called TMEV-IDD (Figure 1A, B), which is a model for progressive forms of MS. 

This mouse model develops clinical and histopathological features that are similar to those 

observed in MS patients. TMEV-IDD in SJL/J mice is characterized by an acute phase, that 

occurs 1-week post infection, and a chronic phase, which begins within 1 month after 

TMEV inoculation (Tsunoda and Fujinami, 1996, 2010). During the chronic phase of the 

disease, TMEV-infected SJL/J mice develop weakness of the hind limbs, which advances to 

a severe spastic paralysis and no recovery is observed, similar to what is observed in patients 

with the primary progressive form of MS. Each mouse is scored based on the impairment 

severity: asymptomatic (0), mild gait abnormalities (1), severe gait abnormalities (2), mild 

spastic paralysis (3), hind limb paralysis (4), moribund (5) (McCarthy et al., 2012).
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In this disease model, demyelination observed in the CNS is associated with a sustained 

inflammatory immune response due to viral persistence (Figure 3). In contrast, i.c. infection 

of the C57BL/6J mouse strain does not result in an inflammatory demyelinating disease 

since TMEV is cleared. The ability of TMEV to persist in the SJL/J mouse strain throughout 

the animal’s lifespan seems to be in part related to the innate immune response. Cellular 

pattern recognition receptors such as Toll Like Receptors (TLR) recognize pathogens 

through pathogen-associated molecular patterns (PAMPs) resulting in the induction of the 

innate immune response. Once the innate immune response is triggered, secretion of pro-

inflammatory chemokines and cytokines contributes to the induction of the adaptive immune 

response, by recruiting immune cells to the site of infection. The major cytokines induced by 

viral infection are type I IFN, such as IFN-α and IFN-β, and the type II IFN-γ. Activation of 

the type I IFN pathway leads to increased levels of expression of interferon-stimulated genes 

(ISGs), which can exert an antiviral effect (Figure 1D). It was demonstrated that, in contrast 

to C57BL/6J, the SJL/J mouse strain induces low ISG protein expression, which could 

contribute to viral persistence (Figure 1B) (Li et al., 2015). Also an early study conducted by 

Murray et al demonstrated the inverse relationship between IFN-γ production and viral 

persistence in TMEV-infected mice (Murray et al., 2002). It was also reported that TMEV 

infection of a C57BL/6J mouse strain lacking IFN-γ, and in which virus persisted, 

developed demyelination (Bowen and Olson, 2013).

While Tregs play an important role in protecting against autoimmunity, these cells have also 

been implicated in the decreased anti-viral CD8+ T cell response and the decreased viral 

clearance associated with chronic viral infections. Tregs are known to modulate the immune 

response to viral infection, and numerous infection models have demonstrated that Treg 

depletion increases viral clearance and IFN-γ production by CD8+ T cells (Dittmer et al., 

2004; Eggena et al., 2005; Groux et al., 1997; He et al., 2004). Richards et al demonstrated 

that viral persistence in TMEV-infected SJL/J mice may in part be related to the high 

induction of Tregs during the acute stage of infection (Richards et al., 2011). Infection with 

TMEV resulted in an increase in the number of Tregs. The C57BL/6J mouse strain had a 

ratio of 1:1.2 (CD8+ Teffector:Treg), while the SJL/J mouse strain had a 1:4 ratio during the 

acute phase, and these Tregs were capable of suppressing the CD8+ T cells effector function, 

decreasing viral clearance and allowing for viral persistence.

TMEV was demonstrated to initially infect predominantly neurons (Liu et al., 1967). During 

the acute phase of the disease, viral antigens and viral genome are found in neurons and in 

apoptotic neurons in the grey matter, such as the hippocampus and the cerebral cortex 

(Tsunoda et al., 1997). Increased infiltration of CD4+ and CD8+ T cells, monocytes and a 

few B cells and plasma cells are observed in the grey matter of the brain, characteristic of 

CNS inflammation (encephalitis) (Oleszak et al., 2004; Schlitt et al., 2003; Tsunoda and 

Fujinami, 2010). After the acute phase, the viral load decreases but the immune system fails 

to completely clear the viral infection, leading to progression to the chronic phase. In the 

chronic phase of the disease the inflammatory cells persist in the white matter while 

demyelination in the spinal cord and axonal damage are also observed (Tsunoda and 

Fujinami, 2002). Unlike the acute phase, TMEV is not found in neurons but persists in 

oligodendrocytes, astrocytes and microglia/macrophages, as demonstrated by 

immunohistochemistry and in situ hybridization (Clatch et al., 1990; Girard et al., 2002; 
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Jelachich et al., 1995; Misra et al., 2008; Oleszak et al., 2004; Rodriguez et al., 1983). 

Infiltrating immune cells, at this stage of the disease, are predominantly CD4+ and CD8+ T 

cells and to a lesser extent macrophages, B cells and plasma cells. Therefore, while TMEV 

persistence is important to induce demyelination, the trigger mechanism for demyelination is 

inflammation and the induction of autoimmunity.

2.2.1. Immune cells and demyelination in TMEV-IDD

2.2.1.1. Microglia/macrophages: The role of microglia/macrophages in TMEV-IDD is 

correlated in part with the ability of the virus to persist in these cells. Also, the presence of 

macrophages in or close to the demyelinating lesion suggests an active role of these immune 

cells in MS pathology. The presence of myelin-containing macrophages (foamy 

macrophages) has been documented in MS patients and in TMEV-infected mice (Oleszak et 

al., 2004; Oleszak et al., 1997). Macrophages and microglia (the last is defined as the 

resident macrophages within the CNS) are the first line of defense during TMEV infection; 

however, due to their intense secretion of pro-inflammatory cytokines during the chronic 

phase, microglial/macrophage activation may result in local tissue damage/

immunopathology. In agreement with the negative impact of microglial/macrophage 

activation during the chronic phase is the observation that these cells can degrade myelin 

basic protein (MBP) by secreting proteolytic factors, cytokines, nitric oxide metabolites and 

reactive oxygen species (Langrish et al., 2005; Liuzzi et al., 1995; Oleszak et al., 2004). 

Furthermore, production of tumor necrosis factor (TNF)-α by macrophages in the CNS of 

TMEV-infected mice was associated with myelin loss. One direct contribution of 

macrophages to autoimmunity was demonstrated by Katz-Levy et al: macrophages isolated 

from TMEV-infected mice were able to present not only viral-specific antigens but also self-

antigens to T cells, which may result in activation of autoreactive T cells and could initiate 

autoimmune disease (Katz-Levy et al., 2000).

2.2.1.2. T cells

2.2.1.2.1. CD4+ T cells: Genome-wide association studies have demonstrated a correlation 

between human leukocyte antigens (HLA)-DRB1*-1501 and -DQ0601 and MS. These 

alleles encode MHC-II molecules that present antigen to CD4+ T cells. The initial concept 

that CD4+ T cells were involved in the development of MS originated due to results obtained 

using the experimental autoimmune encephalomyelitis (EAE) model [extensively reviewed 

elsewhere (Fletcher et al., 2010)]. In this disease model, EAE-induction using myelin-

derived peptides results in these antigens being presented by MHC-II, eliciting induction of 

CD4+ T cell, but not CD8+ T cell, effector functions. Importantly, adoptive transfer of 

activated myelin-specific CD4+ T cells into a naïve recipient animal was sufficient to trigger 

disease, supporting the idea that MS is a T cell-mediated autoimmune disease. While the 

EAE model is the most common model used to study MS, the induction of the myelin-

specific immune response is somewhat contrived and does not correlate with the 

development of spontaneous disease. Although this model mimics many of the pathological 

and clinical symptoms of MS, it does not recapitulate all of them.

In TMEV-IDD, a strong induction of a virus-specific CD4+ T cell response (Th1 type) is 

observed. As disease progresses to the chronic phase, epitope-spreading (discussed below) 
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occurs, generating immune responses against the myelin proteolipid protein (PLP)139–151 

peptide, resulting in CD4+ T cells that recognize and attack myelin proteins, causing 

demyelination (Katz-Levy et al., 2000; Miller et al., 1997). Furthermore, secretion of pro-

inflammatory cytokines by viral- and myelin-specific CD4+ T cells results in increased 

infiltration of macrophages into the CNS, leading to myelin destruction (Piccio et al., 2002). 

Support for the role of CD4+ T cells in TMEV-IDD was demonstrated when less severe 

demyelination was observed in TMEV-infected SJL/J mice treated with anti-CD4 antibody 

(Montero et al., 2004). The importance of CD4+ T cells was also highlighted by the ability 

of astrocytes to express MHC-II in response to inflammatory stimuli, such as IFN-γ, and 

present antigens to CD4+ T cells. Astrocytes are known to maintain the integrity of the BBB; 

therefore, the observation that astrocytes, involved in presenting antigens to CD4+ T cells, 

died by apoptosis, suggests that this could contribute to deregulation of BBB homeostasis, 

resulting in neuroinflammation, cellular infiltration and demyelination (Palma et al., 1999).

2.2.1.2.2. CD8+ T cells: Viral infections have been implicated in the generation and 

exacerbation of MS, possibly through the production of autoreactive CD8+ T cells. Although 

MS has been viewed as a CD4+ T cell-mediated disease, in part because of its association 

with MHC-II, several groups have shown that specific alleles of the MHC class I, such as 

HLA-A3, have strong associations with MS susceptibility (Friese et al., 2008; Naito et al., 

1972). Importantly, analysis of inflammatory infiltrate in CNS lesions from MS patients 

showed enhanced numbers of CD8+ T cells compared to CD4+ T cells (ratio 10:1) and these 

CD8+ T cells were shown to be clonally expanded within the site of active demyelination 

(Babbe et al., 2000; Neumann et al., 2002). Furthermore, CD8+ T cells were found to be 

preferentially clonally expanded in the cerebrospinal fluid (CSF) and in the circulation of 

MS patients compared to CD4+ T cells (Babbe et al., 2000; Skulina et al., 2004). In vitro 
studies comparing MS patients and healthy individuals showed that the frequency of CD8+ T 

cells specific for CNS antigens was higher than the frequency of CD4+ T cells specific for 

CNS antigens in MS patients (Crawford et al., 2004). Additionally, MHC-I, which normally 

has low expression on astrocytes, neurons and oligodendrocytes, has increased expression on 

these cells in MS lesions, and CD8+ T cells were found interacting with APCs in active 

lesions (Hoftberger et al., 2004).

The role of CD8+ T cells in MS remains controversial regarding its protective or destructive 

function. In the SJL/J mouse strain, CD8+ T cells were shown to play a role in viral 

clearance during the acute phase, but these cells caused tissue damage during the chronic 

phase by recognizing MHC-I expressed on axons and inducing immune responses against 

these cells. Initial studies demonstrated that TMEV-infected SJL/J mice lacking CD8+ T 

cells developed early onset and more severe disease compared to the control group (Begolka 

et al., 2001; Borrow et al., 1992; Murray et al., 1998), suggesting that these cells have an 

immunomodulatory function. However, several lines of evidence point to a pathogenic rather 

than regulatory function of CD8+ T cells. As mentioned above, one possible mechanism that 

is regulating CD8+ T cell function is induction of Tregs in TMEV-infected SJL/J mice. Tregs 

induced following TMEV infection lead to decreased CD8+ T cell effector function, 

allowing for viral persistence. Treg depletion using monoclonal antibody resulted in 

increased viral clearance, increased adaptive antiviral immune response and increased 
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antibody response, demonstrating an important role of Tregs in regulating CD8+ T cell 

function and its contribution to viral clearance and induction of an autoimmune disease 

(Richards et al., 2011).

In order to study the role of CD8+ T cells in demyelination, CD8+ T cells isolated from 

healthy individuals and MS patients were stimulated with peptides derived from human 

myelin proteins. These CD8+ T cell clones obtained from MS patients were specific for 

MBP, PLP and myelin associated glycoprotein and these cells produced IFN-γ (Honma et 

al., 1997; Tsuchida et al., 1994; Zang et al., 2004). This suggests that autoreactive CD8+ T 

cells can recognize myelin protein. Interestingly, these CD8+ T cell clones reacted with and 

lysed targets that were coated with peptides derived from Saccharomyces cerevisiae, 

suggesting that these autoreactive CD8+ T cells can recognize microbe- and self-peptides, 

possibly by CD8+ T cells having dual TCRs or through molecular mimicry (discussed 

below). In TMEV-IDD, some autoreactive CD8+ T cell clones have been found to be dual-

reactive, reacting with both a self-peptide and a microorganism, such as a virus or bacterium, 

suggesting the possibility of dual TCRs. We and others have shown that adoptive transfer of 

autoreactive CD8+ T cells was sufficient to induce an EAE-like disease (Huseby et al., 2001; 

Libbey et al., 2012; Sun et al., 2001), suggesting that CD8+ T cells are likely playing a role 

in the establishment and progression of MS.

However, while depletion of CD4+ T cells in MS patients has no significant effect on 

symptoms of the disease (van Oosten et al., 1997), MS patients treated with alemtuzumab, a 

drug that depletes both CD4+ and CD8+ T cells, showed significant disease improvement 

(Coles et al., 2006). This implies that more than one cell type is likely responsible for the 

disease development and/or exacerbation in MS, and that this disease results from a 

combination of events involving different immune cells.

2.2.1.3. B cells: B cells are essential for both the innate and adaptive immune responses. 

Although very few B cells are found in the CNS of TMEV-infected SJL/J mice, anti-TMEV 

neutralizing antibodies are found in the serum 1 week post infection and high levels of 

neutralizing antibodies are found in persistent infection (Tsunoda, 1996). Both in MS 

patients and in animal models of MS, B cells and plasma cells are observed at active lesion 

sites. Also, the presence of antibodies has been documented in areas of demyelination 

(Baranzini et al., 2010; Kabat et al., 1942; Krumbholz and Meinl, 2014; Pachner et al., 2011; 

Yamada et al., 1990).

Due to the development of autoantibodies in MS patients, B cell depletion therapy is 

considered a treatment for this disease (Barr et al., 2012; Hauser et al., 2008). In order to 

determine the consequences of B cell depletion, Gilli et al administered anti-CD20 

monoclonal antibody to TMEV-infected mice (Gilli et al., 2015). B cell depletion was 

confirmed by measuring the numbers of B cells in the peripheral blood. They found that 

upon B cell depletion, increased viral load in the CNS, accompanied by microglial 

activation, T cell infiltration, demyelination and axonal damage, was observed, resulting in a 

faster progression and disease exacerbation. Similar results were also obtained with B cell 

depletion using the EAE model (Matsushita et al., 2008; Weber et al., 2010).
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However, contrary to the results obtained in mouse models, treatment of MS patients with 

anti-CD20 antibody resulted in disease improvement, where patients experienced fewer 

attacks. However, one important consideration is whether B cell depletion treatment would 

be beneficial and safe for patients at high risk of viral infections. As the result obtained 

using the TMEV-IDD mouse model suggests, patients without B cells may experience worse 

disease manifestation during a viral infection due to failure to induce a strong antibody-

immune response and/or the inability to control inflammation, since regulatory B cells are 

also depleted.

2.3. How immune response to viral infection can lead to MS

As discussed, lymphocytes that escape from central and peripheral tolerance are 

autoreactive, and can trigger autoimmune responses. Several mechanisms for how 

autoreactive T cells can be activated after infection have been proposed. Three different 

ways in which viral infection may trigger an autoimmune response resulting in MS include 

epitope spreading, molecular mimicry and dual TCR:

1. Epitope spreading: It occurs following persistent viral infection of the target 

organ causing recruitment and activation of viral-specific T cells. These T cells 

will mediate an immune response leading to inflammation, which results in 

tissue damage and release of self-antigens. These self-antigens are engulfed, 

processed and presented by APCs to T cells, resulting in T cells reactive against 

self-antigens. If tissue damage continues, other self-peptides are released, 

leading to the spread of self-epitopes, thus inducing autoimmunity (Lehmann et 

al., 1992; Lehmann et al., 1993). As the identification of the first epitope used to 

induce an immune response is very challenging, it is very difficult, although not 

impossible, to prove epitope spreading in human patients. The existence of this 

mechanism in MS was first demonstrated using the EAE model. In this model, 

disease was induced by priming the immune system with a defined CNS antigen 

(such as PLP or MBP), resulting in an antigen-specific T cell response. 

Interestingly it was observed that after disease initiation and tissue damage, 

antigen specificity changed, confirming epitope spreading as a mechanism to 

induce autoimmunity.

2. Molecular mimicry: It was first suggested by Fujinami et al in 1983 and is the 

most accepted hypothesis to explain how viruses can induce autoimmune disease 

(Fujinami et al., 1983). It occurs when self and virus share sequence or structural 

homology. Infection outside the CNS would result in activation of a virus-

specific T cell response that, upon migration into the CNS, would target self-

antigens, through cross-reactive epitopes, initiating the disease. It has been 

suggested that viruses such as Epstein-Barr share amino acid sequences with 

CNS structures (Wandinger et al., 2000). Furthermore, it was also demonstrated 

that a viral protein from HHV-6, known as U24, and MBP share identical amino 

acid sequences, and T cells obtained from MS patients were able to cross-react 

with both MBP and HHV-6 viral protein (Tejada-Simon et al., 2003). The 

sharing of sequences may contribute to the induction of MS in infected, 

susceptible individuals.
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3. Dual TCR: During T cell development V-D-J recombination occurs, giving rise 

to TCR α and β chains which are expressed on T cells. Although it is believed 

that T cells express only one TCR, recent studies in humans and mice suggest 

that T cells carrying more than one TCR exist. One possible mechanism for how 

dual TCR escape tolerance was described by Blichfeldt et al [(Blichfeldt et al., 

1996; Cusick et al., 2013a)]. One potential dual TCR scenario is where one 

combination of TCR Vα/Vβ chains is specific for self-antigen while another 

combination of TCR Vα/Vβ chains is specific for viral antigen, and which, once 

activated, would react against both virus and self [reviewed in (Cusick et al., 

2013a)]. Supporting this dual TCR hypothesis is the finding using the MBP 

transgenic TCR model (Ji et al., 2010). In this model CD8+ T cells specific for 

MBP encode multiple TCRs and infection of these mice, with vaccinia virus, 

induced EAE. This result suggests a role for dual TCR, where one receptor 

recognizes viral peptide while the other TCR recognizes MBP. Following 

vaccinia virus infection, these cells became activated, in order to overcome the 

viral infection, and infiltrated into the CNS, resulting in disease development due 

to its ability to recognize MBP as non-self, inducing demyelination. Our lab 

demonstrated that following peripheral TMEV infection, autoreactive CD8+ T 

cells containing more than one TCR are induced. Hybridomas were generated 

using these CD8+ T cell clones and adoptive transfer of these cells into naïve 

mice induced disease, suggesting that T cells containing dual TCRs may play a 

role in the induction of autoimmune disease in vivo (Libbey et al., 2012).

2.4. Conclusions

MS is a neurological, progressive disease that results in severe disability. It is an immune 

mediated disease characterized by immune cells attacking the myelin sheath. The etiology of 

MS is unknown, and evidence suggests that it is a multifactorial disease where 

environmental factors, such as viral infection, of genetically susceptible individuals seem to 

play a role in disease establishment and exacerbation. Decades of extensive work in 

neuroimmunology have clearly demonstrated a link between inflammatory response and 

disease development. Importantly, the development of mouse models such as TMEV-IDD to 

study the progressive form of the disease allow for significant advances in understanding 

important immunological and virological aspects of this disease. However, despite these 

advances, in order to identify and develop potential therapeutic targets to treat or even cure 

MS, future studies are needed to better understand the mechanism for how the immune 

response against myelin is developed.

3. Seizures and epilepsy

Epilepsy is a serious chronic neurological disorder characterized by recurrent seizures 

(Vezzani et al., 2016). It is estimated that around 70 million people suffer from epilepsy 

worldwide (Ngugi et al., 2010), and that in the USA alone more than 5 million people have 

been diagnosed with epilepsy (Thurman et al., 2016). The annual cost to treat and care for 

patients with epilepsy in the USA is estimated to be $15.5 billion (England et al., 2012). 

Although treatments to prevent seizures are available, they are mainly anticonvulsants and 
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around 30% of the patients do not respond to the medications, and numerous side effects 

related to the drugs have been reported (reviewed in (Laxer et al., 2014).

Seizures develop as a result of imbalances between excitatory and inhibitory inputs within 

the brain, with these inputs shifting toward excitation. Changes in excitability may result 

from alterations in neuronal cell surface receptor expression and phosphorylation status. 

Glutamate is the most common excitatory neurotransmitter in the CNS and clearance of 

glutamate from the synaptic cleft is essential to maintain CNS homeostasis (Hu et al., 2000; 

Tilleux and Hermans, 2008). Thus, increased expression and function of glutamate can 

contribute to the development of seizures (Nadler, 2012). Ionotropic glutamate receptors are 

divided into three subfamilies: AMPA (α-amino-3-hydroxy-5-methyl-4-

isoxazolepropionate), NMDA (N- methyl-D-aspartate) and KA (Kainate) receptors 

(Dingledine, 2012; Noebels et al., 2010). These receptors are found to be expressed on 

neurons, astrocytes, oligodendrocytes and microglia. While excess extracellular glutamate is 

removed by astrocytes in order to prevent hyperexcitation and excitotoxicity, it has been 

demonstrated that pro-inflammatory cytokines can inhibit glutamate uptake into astrocytes 

(Hu S et al, 2000), suggesting a mechanistic role of inflammation in the development of 

seizures (discussed below).

Approximately 50% of seizures are idiopathic and about 50% of seizures develop as a result 

of CNS injuries, such as traumatic brain injury (TBI), brain tumors and CNS infection 

(Annegers et al., 1988; Delorenzo et al., 2005). In these latter cases, inflammation of the 

brain parenchyma (encephalitis) is the major risk factor for the development of seizures and 

epilepsy (Misra et al., 2008). There are over 200 different viruses that are known to cause 

disease in humans, and at least 100 different neurotropic viruses can cause encephalitis 

(Bale, 2015; Griffin, 2003; Libbey and Fujinami, 2011). Viral encephalitic patients have a 

20% increased risk for developing seizures than the general population (Getts et al., 2008; 

Libbey and Fujinami, 2011; Vezzani et al., 2016). Additionally, patients who survive viral 

encephalitis are 16 times more likely to develop epilepsy (Annegers et al., 1988; Getts et al., 

2008; Misra et al., 2008). Several viruses such as influenza virus, West Nile virus (WNV), 

herpes viruses and non-polio picornaviruses have been associated with seizure development 

and epilepsy (Bonello et al., 2015; Libbey and Fujinami, 2011). An important distinction 

that needs to be made is related to seizures that occur after infection (1–2 weeks post 

infection), called acute seizures, and seizures that appear later (months to years after 

infection), that are unprovoked recurrent seizures defined as epilepsy (Berg et al., 2010; 

Lowenstein, 2009). Although not everyone who experiences acute seizure will develop 

epilepsy, a relationship exists, and acute seizures are a risk factor for epilepsy (Berg et al., 

2010; Lowenstein, 2009).

3.1. TMEV-induced acute seizures and epilepsy

Examination of the mechanism(s) of viral encephalitis-driven epilepsy and the development 

of new therapeutic agents has been limited in part due to the absence of an appropriate and 

relevant animal model to study this disorder. Over the last several years, a number of models 

have attempted to reproduce seizures and epilepsy in mice following viral encephalitis. 

Viruses that were frequently used in these studies were WNV, measles virus and HSV-1; 
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however, a common limitation was a high mortality rate during the acute infection, making it 

impossible to study long-term effects such as epilepsy (Getts et al., 2007; Lehrmann et al., 

2008; Wu et al., 2003).

In order to study the contribution of viral encephalitis to the development of acute seizures 

and epilepsy, our lab has developed an experimental mouse model of virus-induced seizures/

epilepsy, which has now been used by several groups and similar results have been obtained 

(Broer et al., 2016; Libbey et al., 2008; Stewart et al., 2010b). In this model (Figure 1C, D), 

i.c. infection of C57BL/6J mice with the DA strain of TMEV results in acute behavioral 

seizures, accompanied by weight loss, in 50% of the infected mice between 3 and 10 days 

post infection. Typically, day 3 is the first day that seizures are observed, while day 6 is the 

peak of seizure activity, and by day 10 acute seizures have resolved. Mice are monitored for 

acute behavioral seizures daily from days 2 to 10, for 2 hours, twice a day (Libbey et al., 

2008). Seizures were shown to last approximately 1–2 minutes and are scored following the 

Racine scale (stage 3-forelimb clonus, 4-rearing with forelimb clonus, 5-rearing and falling 

with forelimb clonus). However, continuous video-electroencephalogram (video-EEG) 

monitoring demonstrated seizure activity in 75% instead of 50% of mice, suggesting some 

seizures may be missed when observed for only a small portion of the day (Stewart et al., 

2010a). Within 2 weeks post infection, virus is cleared from the CNS, probably through 

activation of antiviral CD8+ T cells and antibodies. After seizures resolve, mice progress to a 

latent period, which is characterized by an asymptomatic phase, where seizures are not 

observed (Monteyne et al., 1997). However, approximately 50% of the infected mice that 

experienced acute behavioral seizures will subsequently develop spontaneous recurrent 

seizures (epilepsy) (Libbey et al., 2008; Stewart et al., 2010b). Therefore, this mouse model, 

where mice display an initial insult followed by a latent period and then epilepsy, resembles 

features observed in patients with temporal lobe epilepsy (TLE), which is the most prevalent 

form of epilepsy affecting humans (Al Sufiani and Ang, 2012).

In TLE more than 50% of patients have detectable levels of HHV-6 genomic DNA and 

protein, and the hippocampal sclerosis is characterized by gliosis, neuronal loss and glial 

scarring (Al Sufiani and Ang, 2012; Crespel et al., 2002; Donati et al., 2003). Analysis of the 

histopathological features in TMEV-infected mice that experienced acute seizures 

demonstrated a profound loss of CA1 to CA2 pyramidal neurons in the hippocampus, likely 

due to apoptosis, microglial activation and astrogliosis, which mimic features found in 

epileptic foci in the brains of human patients (Kirkman et al., 2010; Libbey et al., 2011b; 

Loewen et al., 2016). Additionally, by analyzing the brains of TMEV-infected mice 

experiencing seizures, a correlation was demonstrated between increased inflammation in 

the hippocampus and acute seizures (Kirkman et al., 2010; Libbey et al., 2011b). Because 

mice begin to experience acute seizures at day 3 post infection, prior to the development of 

the adaptive immune response, one plausible hypothesis is that seizures are induced as a 

consequence of the activation of the innate immune response (Kirkman et al., 2010; Libbey 

et al., 2008; Libbey et al., 2010).
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3.2. Innate immune response to viral infection of the CNS and its contribution to the 
development of acute seizures

While observed CNS infections are relatively rare, they can be extremely destructive. The 

BBB works to prevent circulating peripheral cells, proteins and pathogens from entering the 

CNS. Activation of the innate immune response occurs hours after viral infection and relies 

on: 1) innate immune cells, such as macrophages, natural killer (NK) cells and neutrophils; 

2) CNS resident cells, microglia and astrocytes; 3) proteins secreted by these cells, such as 

pro-inflammatory cytokines; and 4) the complement system (Chakraborty et al., 2010; 

Libbey et al., 2010). Viruses can gain access to the CNS using different routes, such as by 

infecting peripheral cells that penetrate into the CNS, or by infecting peripheral nerves and 

disseminating into the CNS via axonal or retrograde transport (Eeg-Olofsson, 2003). Viruses 

that have a tropism for neurons (neurotropic viruses), after gaining access to the CNS, can 

spread from neuron to neuron using connecting synapses (Ehrengruber et al., 2002; Young 

and Rall, 2009). Direct viral infection of neurons can result in neuronal death leading to the 

release of danger signals, comprised of cellular products, and pro-inflammatory cytokines, 

which can lead to the activation and recruitment of innate immune cells to the CNS, 

resulting in inflammation [Reviewed in (Vezzani et al., 2016)]. Additionally, upon viral 

infection of neurons, these cells signal astrocytes and microglia through the production of 

cytokines, such as type I IFN, and chemokines, such as CX3CL1 (fractalkine). Microglia 

and macrophages express the fractalkine receptor (CX3CR1) and become activated upon 

CX3CL1 secretion. Activated microglia and macrophages produce pro-inflammatory 

cytokines, such as interleukin (IL)-6, IL-1 and TNF-α, resulting in additional microglial 

activation. Also, secretion of chemokines results in peripheral leukocyte recruitment to the 

CNS, leading to an increase in inflammation [Reviewed in (Vezzani et al., 2016)].

3.2.1. Microglia/macrophages—Brain sections from TMEV-infected mice stained with 

Ricinus communis agglutinin (RCA)-I lectin, which recognizes macrophages and activated 

microglia, revealed significantly greater numbers of RCA-I positive cells in mice with 

seizures, compared with mice without seizures. Cusick et al clearly demonstrated that 

infiltration of macrophages into the brain occurs as early as 3 days post infection, further 

confirming the importance of macrophages in seizure development (Cusick et al., 2013b). 

Although there is not a specific marker to distinguish macrophages from microglia, the use 

of flow cytometry to analyze the level of expression of CD45 and CD11b on the cell surface 

made it possible to separate these two cell populations: microglia are characterized by 

CD45low/int CD11bhi expression and macrophages are characterized by CD45hi CD11bhi 

expression (Cusick et al., 2013b).

The role of macrophages in this animal model was explored further through the use of 

wogonin and minocycline. Wogonin is a natural product extracted from the root of the plant 

Scutellaria baicalensis (Baikal Skullcap) which has antioxidant and anti-inflammatory 

activities (Fas et al., 2006; Shao et al., 1999). Minocycline is an antibiotic with an anti-

inflammatory property that was reported to decrease excitability within the CNS (Giuliani et 

al., 2005; Tikka and Koistinaho, 2001; Yrjanheikki et al., 1998). Fewer TMEV-infected mice 

developed seizures when treated with wogonin or minocycline (Cusick et al., 2013b). 

Importantly, analysis of the cellular infiltration into the brain demonstrated that wogonin-
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treated mice had decreased infiltration of macrophages, supporting the role of macrophage 

infiltration in seizure development. Furthermore, a study by Howe et al has shown that while 

depletion of myeloid cells, including neutrophils, decreased neuron damage, depletion of 

only neutrophils had no effect on disease (Howe et al., 2012).

Macrophages are a highly heterogeneous population of myeloid cells characterized by their 

plasticity (Mantovani et al., 2013). Macrophages can respond to a variety of stimuli leading 

to functional changes. In reponse to TLR4, through lipopolysaccharide (LPS) stimulation, 

and IFN-γ, macrophages undergo classical (M1) activation, while alternative (M2) 

activation is induced by IL-4 and IL-13 (Davis et al., 2013). Since M1 activated 

macrophages produce pro-inflammatory cytokines and M2 activated macrophages secrete 

anti-inflammatory cytokines, the presence of M1 macrophages are normally associated with 

inflammation while M2 macrophages are related to resolution or control of the inflammatory 

response. Inflammatory macrophages can secrete pro-inflammatory cytokines such as IL-6 

and TNF-α. Interestingly, after viral infection of the CNS, increased levels of IL-6, IL-1β 
and TNF-α were observed [reviewed in (Chakraborty et al., 2010)]. Additionally, mRNA 

expression of IL-6 and TNF-α was found to be increased in TMEV-infected mice (Kirkman 

et al., 2010; Theil et al., 2000). To assess the requirement of these cytokines in the 

development of acute seizures, Kirkman et al infected C57BL/6J knockout (KO) mouse 

strains for IL-1 receptor 1 (IL-1R1), IL-6, TNF-R1 or myeloid differentiation primary 

response gene 88 (MyD88) with TMEV. While no differences in seizure frequencies were 

observed in IL-1R1 and MyD88 deficient mice compared to control, in the absence of IL-6 

and TNF-R1, fewer mice experienced seizures, suggesting these cytokines are contributing 

to the development of acute seizures (Kirkman et al., 2010).

While infiltration of macrophages following TMEV infection was associated with seizure 

development, it was unclear whether secretion of IL-6 and TNF-α was linked to 

macrophages or activated microglia. Using green fluorescence protein (GFP) chimeric mice, 

where microglia are GFP negative and macrophages are GFP positive, Cusick et al 

demonstrated that IL-6 secretion was associated with infiltrated macrophages while 

microglia were the major producer of TNF-α in the CNS (Cusick et al., 2013b). In support 

of the role of IL-6 in the induction of acute seizures, it was demonstrated that transgenic 

mice overexpressing IL-6 within the CNS, under the control of the astrocyte promoter glial 

fibrillary acidic protein (GFAP), developed spontaneous seizures (Campbell et al., 1993). 

Additionally, increased CSF and serum levels of IL-6 have been observed in several 

conditions associated with seizures, such as TBI (Yang et al., 2013). Therefore, these results 

confirm an inflammatory role for the infiltrating macrophages in the development of acute 

seizures.

3.2.2. NK cells—NK cells are part of the innate immune system and are implicated in a 

variety of functions ranging from dendritic cell maturation to T cell maturation and the 

killing of lymphoid and glial cells (Lunemann et al., 2009). The function of NK cells in the 

CNS is not well established and opposite functions such as neuroprotection and 

neurotoxicity have been attributed to these cells (Hao et al., 2010; Winkler-Pickett et al., 

2008). However, NK cells are known to play an important antiviral role, as demonstrated by 
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the increased susceptibility to herpes virus infection of patients lacking NK cells [reviewed 

in (Poli et al., 2013)].

NK cells can be recruited to the CNS by the secretion of chemokines such as CCL2, 

CXCL10, CXCL9, CXCL11 and XCR1, and are one of the first effector cells at an 

inflammation site (Poli et al., 2013). Analysis of mRNA expression demonstrated that at 2 

days post infection, C57BL/6J mice infected with TMEV had levels of CXCL9 and 

CXCL11 which were highly elevated, but this elevation was not sustained at 6 days post 

infection which represents the peak of seizure activity (unpublished). Additionally, although 

NK cells have been shown to infiltrate into the CNS after TMEV infection of C57BL/6J 

mice (Cusick et al., 2013b), depletion of NK cells in TMEV-infected mice using anti-NK1.1 

antibody had no significant effect in the frequency of acute seizures, suggesting that this 

innate immune cell is not playing a role in the induction and/or establishment of acute 

behavioral seizures (Libbey et al., 2011a).

3.3. How inflammation within the CNS can result in acute seizures

The balance between excitatory and inhibitory inputs is essential for maintaining 

homeostasis in the CNS. A disruption in this balance, such as an increase in excitatory or a 

decrease in inhibitory inputs, can lead to hyperexcitability and, in turn, seizures (Getts et al., 

2008). One way by which this disruption can take place is through changes in receptor 

expression and function on post-synaptic neurons. For example, a decrease in the main 

inhibitory transmitter γ-aminobutyric acid (GABA), or its receptor, can lead to an increase 

in neuronal excitation due to a loss of inhibitory tone (Ben-Ari and Dudek, 2010). 

Alternatively, an increase in signaling mediated by glutamate can result in hyperexcitability 

and eventually excitotoxicity. In fact, a number of changes in the glutamate signaling system 

have previously been shown to lead to an increase in excitability. These changes include, but 

are not limited to, an increase in the amount of glutamate released into the synaptic cleft, 

disruptions in glutamate clearance from the synapse, changes in neuronal receptor 

expression or function, and how efficiently a neurotransmitter is degraded (Coulter and 

Steinhauser, 2015; Dietrich et al., 2002; Prince et al., 1995). The three main subfamilies of 

ionotropic glutamate receptors, AMPA, NMDA, and KA, have a variety of different subunit 

combinations that can influence how glutamate signals through them (Meldrum, 2000; 

Sanchez et al., 2001). In addition to ionotropic glutamate receptors, there are several classes 

of metabotropic glutamate receptors (mGluRs) that modulate neuronal excitability and 

synaptic transmission through regulation of various membrane ion channels and intracellular 

second-messenger systems (Notenboom et al., 2006). Disruption in the expression or 

function of mGluRs can disrupt the excitatory/inhibitory balance and lead to hyperexcitable 

states (Dietrich et al., 2002; Merlin et al., 1995; Merlin and Wong, 1997).

During viral infection of the CNS, four main acute phase cytokines are produced. These 

cytokines include: IL-6, TNF-α, IL-1β and type 1 IFNs (Choi et al., 2009; Koj, 1996). The 

acute phase cytokines IL-1β and TNF-α have been shown to lead to neurotoxicity in human 

fetal brain cell and glial co-culture, an effect that was significantly reduced by NMDA 

receptor antagonists (55% reduction) or nitric oxide synthase inhibition (55%) (Chao et al., 

1995). In a later study, it was demonstrated that IL-1β and TNF-α inhibit glutamate uptake 
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into cultured primary human fetal astrocytes (Hu et al., 2000). These experiments suggest 

that IL-1β and TNF-α can lead to increased exposure to, and extended availability of, 

glutamate in the synapse, which in turn can result in increased excitation and excitotoxicity 

(Campbell and Hablitz, 2008). The potential role of TNF-α and IL-1β on the development 

of seizures and epilepsy has been reviewed elsewhere [reviewed further in (Rijkers et al., 

2009; Vezzani and Viviani, 2015)].

IL-6 has been reported to be increased in the plasma and CSF of epilepsy patients with 

generalized motor seizures (Ishikawa et al., 2015; Lehtimaki et al., 2007; Peltola et al., 

2000). Furthermore, studies have shown that IL-6 alone can induce epileptiform activity in 

both in vivo and ex vivo models. In a study by Levy et al, mice treated with intraventricular 

injections of IL-6 were monitored for cortical seizure activity and they displayed 

significantly more seizure-like activity when compared to control mice (Levy et al., 2015). 

Single cell recordings performed in cortical rat slice preparations have shown that IL-6 

application causes a decrease in evoked inhibitory post synaptic current amplitude without 

changing evoked excitatory post synaptic current amplitudes (Garcia-Oscos et al., 2012); 

suggesting IL-6 can drive neurons into a more excitable state. Moreover, transgenic mice 

with increased astrocytic production of IL-6 driven by GFAP (GFAP-IL6) have been found 

to be significantly more sensitive to NMDA- and KA-induced seizures (Campbell et al., 

1993; Samland et al., 2003). The brains from these mice have neurodegeneration in the CA1 

consisting of a reduction in dendritic branching (Campbell et al., 1993), and a loss of 

parvalbumin-positive hippocampal interneurons, a specific subset of GABAergic inhibitory 

neurons (Heyser et al., 1997). However, there was no significant difference in the number of 

general GABAergic neurons (Samland et al., 2003). Furthermore, GFAP-IL6 mice have 

enhanced dendritic post synaptic potentials and somatic population spikes in the CA1 region 

of the hippocampus as compared to controls, suggesting that increased IL-6 in the CNS can 

affect neuronal excitability (Nelson et al., 2012). Other disease models have also given 

insight to the role of IL-6 in hyperexcitability. Use of trigeminal ganglia cell cultures has 

demonstrated that an application of IL-6 can lead to an increased number of action potentials 

in response to a stimulus along with a decreased latency to the first spike as compared to 

controls, due to downstream modulation of sodium ion channels (Yan et al., 2012). These 

results underscore the ability of IL-6 to signal through neurons in a way that results in 

channel modifications leading to increased excitability.

The inflammatory action of IL-6 also appears to effect neuronal glutamate receptor 

expression and function during development. Two examples of receptor proteins that are 

observed to change in response to exposure to IL-6 are the group-II metabotropic glutamate 

receptors (mGluR2/3), and the AMPA receptor subunit 2 (GluA2). mGluR2/3 are mainly 

presynaptic receptors that negatively regulate glutamate release, and a loss of these receptors 

could increase the levels of glutamate released into the synapse (Dietrich et al., 2002; Kim et 

al., 2008; Ure et al., 2006). Moreover, GluA2 is an AMPA receptor subunit that renders the 

receptor impermeable to calcium if expressed (Isaac et al., 2007). It has been shown that a 

decrease in GluA2 leads to expression of more calcium permeable AMPA receptors and, in 

turn, increased excitability (Prince et al., 1995; Sanchez et al., 2001). IL-6 treatment of 

cultured hippocampal neurons during the first 2 weeks in vitro, the main period of 

physiological development, showed a significant decrease in expression mGluR2/3, and 
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GluA2 at 14 days in vitro (Vereyken et al., 2007). This same study also found that GFAP-

IL6 mice also displayed a decrease in mGluR2/3 expression. This study demonstrates the 

downregulation of several proteins, which could result in increased neuronal excitability. 

Furthermore, research utilizing cultured cerebellar granule neurons demonstrated that IL-6 

treatments increased membrane and current responses to NMDA receptor stimulation and 

increased calcium influx through voltage-sensitive calcium channels in developing neurons 

(Qiu et al., 1998).

Previously described research has clearly demonstrated there is an association between 

inflammatory responses and hyperexcitability in the CNS. Furthermore, pro-inflammatory 

cytokines such as IL-6 are not only increased in patients after seizures, but have been shown 

to influence neuronal excitability by affecting glutamate clearance, changing expression of 

glutamate receptors and receptor subunits, and by decreasing inhibitory tone.

3.4. Conclusion

Seizures/epilepsy are neurological disorders highly associated with viral infection of the 

CNS. Available treatments are mainly anticonvulsants and 1/3 of the patients are refractory 

to current treatment. Therefore, the discovery and characterization of new therapeutics to 

prevent, ameliorate and inhibit seizures/epilepsy are in urgent need.

With development of the TMEV-induced seizures/epilepsy model, the first viral-induced 

epilepsy model, it has become clear that the immune response plays a striking role in the 

development of acute seizures. Although adaptive immune cells, such as T and B cells, do 

not seem to play a role (not discussed in the review), the innate immune response is 

implicated in this disorder. Using this model, it was demonstrated that following viral 

infection, increased infiltration of IL-6-producing macrophages within the CNS is associated 

with seizure development. In agreement with this, in IL-6 KO mice infected with TMEV 

fewer mice experienced seizures compared to the control group. Similar effects are observed 

in mice treated with anti-inflammatory compounds, suggesting that new effective 

therapeutics may need to target the innate immune response, by modulating cellular 

infiltration into the CNS or altering its inflammatory phenotype and effector functions.

Future studies are still required to understand at the cellular and molecular levels the 

mechanism of how viral encephalitis induces seizures/epilepsy. One extremely important 

question is to determine how IL-6 functions in the CNS, timing of IL-6 production and cell 

types that are affected by this cytokine. Also, the majority of the studies are focused on acute 

seizures and not on the spontaneous recurrent seizures. It will be important to use this model 

to study and demonstrate the mechanism of epileptogenesis and to understand the reason 

why patients are refractory to treatment.
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Abbreviations

AMPA α-amino-3-hydroxy-5-methyl-4-isoxazolepropionate

APCs antigen presenting cells

BBB blood-brain barrier

CNS central nervous system

CSF cerebrospinal fluid

DA Daniels

EAE experimental autoimmune encephalomyelitis

GABA γ-aminobutyric acid

GFAP glial fibrillary acidic protein

GFP green fluorescence protein

HHV-6 human herpes virus type-6

HSV-1 herpes simplex virus type-1

i.c. intracerebrally

IFN interferon

IL interleukin

IL-1R1 IL-1 receptor 1

ISGs interferon-stimulated genes

KA Kainate

KO knockout

LPS lipopolysaccharide

MBP myelin basic protein

mGluRs metabotropic glutamate receptors

MHC major histocompatibility complex

MS multiple sclerosis

MyD88 myeloid differentiation primary response gene 88

NK natural killer

NMDA N-methyl-D-aspartate

PAMPs pathogen-associated molecular patterns
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PLP myelin proteolipid protein

RCA Ricinus communis agglutinin

TBI traumatic brain injury

TCR T cell receptor

TLE temporal lobe epilepsy

TLR Toll Like Receptors

TMEV Theiler’s murine encephalomyelitis virus

TMEV-IDD TMEV-induced demyelinating disease

TNF tumor necrosis factor

TO Theiler’s original

Tregs regulatory T cells

video-EEG video-electroencephalogram

WNV West Nile virus
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Highlights

• TMEV-IDD is a mouse model of the progressive form of multiple sclerosis

• The adaptive immune response plays a major role in the development of 

TMEV-IDD

• The TMEV-induced seizure model replicates many aspects of acute seizures 

& epilepsy

• Infiltration of immune cells into the CNS contributes to seizure development

• Viral infection models allow for the study of the immune response and 

disease link
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Figure 1. Schematic representation of two distinct mouse models using TMEV infection
A) TMEV-IDD: I.c infection of SJL/J mice with TMEV results in persistent viral infection 

that lasts throughout the lifespan of the mouse. This results in a biphasic disease. An acute 

phase occurs between 3-10 days post infection. Viral persistence in the CNS results in 

chronic neuroinflammation leading to a MS-like phase, which appears after 30 days post 

infection. In this phase weakness of the hind limbs and an ataxic paralysis are observed. This 

model mimics some of the pathological and clinical features observed in MS patients with 

the progressive form of the disease. B) TMEV infection of the susceptible SJL/J mouse 

strain induces low type I (IFN-α and IFN-β) and type II (IFN-γ) IFN responses during the 

acute phase. Additionally, CD8+ T cell effector function is suppressed by the elevated 

induction of Tregs in this mouse strain, resulting in viral persistence and demyelination. C) 
Virus-induced seizures/epilepsy: I.c infection of C57BL/6J mice with TMEV results in acute 

seizures in 50% of the infected mice between 3–10 days post infection. After viral clearance, 

a variable latent period occurs where no behavioral seizures are observed. After the latent 

period, approximately 50% of the mice that have experienced acute seizures develop 

epilepsy. D) TMEV infection of the C57BL/6 mouse strain results in an efficient induction 

of antiviral immune response by type I and type II IFNs. Also, the lower number of Tregs 

induced in this mouse strain after TMEV infection allows for viral clearance by CD8+ T 

effector cells.
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Figure 2. Demyelination as a result of TMEV infection of the CNS
A) Healthy neurons have an intact myelin sheath, produced by oligodendrocytes. Nodes of 

Ranvier between myelin sheaths facilitate the saltatory conduction mechanism (curved red 

arrows). B) Immune cell infiltration during TMEV-IDD: myelin-specific and/or viral-

specific T cells, together with other inflammatory immune cells, infiltrate the CNS through 

the blood-brain barrier. In response to viral infection, antigen-presenting cells (APCs) 

process and present viral peptides to T cells, which become activated resulting in the 

secretion of pro-inflammatory cytokines leading to the recruitment of other immune cells 

such as macrophages, resulting in tissue damage and release of self-antigens. Self-antigens 

can also be released through direct lysis of virus-infected neurons and oligodendrocytes. 

Self-antigens are processed and presented by APCS to T cells, a process called epitope 

spreading. The structural and sequence homology shared between viral-peptides and self-

peptides can also result in the activation of virus-specific T cell in the periphery. These T 

cells when migrate into the CNS, react against self-antigens (molecular mimicry), leading to 

tissue damage. Prolonged inflammation in the CNS results in immune-mediated tissue 

damage, where myelin is targeted, leading to demyelination. In the absence of myelin, 

impulse conduction by neurons is impaired resulting in clinical signs of the disease.
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Figure 3. Infection of SJL/J mice with TMEV leads to demyelination
Spinal cord sections obtained from a PBS injected mouse (A) and a TMEV infection mouse 

(B), both at 8-weeks post injection/infection, and stained with Luxol fast blue. Infiltration of 

inflammatory cells into the CNS is observed. Perivascular cuffing (dashed red arrows) in the 

white matter; meningitis (solid red arrow) and demyelination (black arrows) are indicated.
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